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Chapter 4
Epithermal Deposits of Turkey

Tolga Oyman

Abstract In Europe and Middle East, Turkey is currently positioned as the largest
producer of gold with a 2015 production of 27.5 t from predominantly porphyry and
epithermal deposits. Although exploration for gold by advanced geochemical meth-
ods started in 1980s, Turkey entered into hard-rock mining based on cyanide pro-
cess for extracting gold from low-grade ore in 2001. Before that, apart from placer
mining, gold was sold in concentrate ore as by product in some deposits chiefly
mined for base metals. Epithermal deposits are high-grade deposits dominated by
open-space textures generally formed at depths of ~2 km with temperatures of
<400 °C. Due to their shallow-depth location, it is regarded that they represent eas-
ily mineable source of gold. This chapter is designed to focus attention on the geol-
ogy of important epithermal gold mineralisation in Turkey with the aim to understand
the basic regional and local geological setting and mineralogical and geochemical
properties setting for the mineralisation. In the chapter the brief summary of selected
epithermal deposits is emphasized the principal characteristics of important epither-
mal mineralisation all over Turkey including low, intermediate and high sulphida-
tion types without taken into account their major economic element content on the
base of reports from government and private companies and published or unpub-
lished studies. Up to date, although literature on epithermal mineralisation in Turkey
has been increasing with significant exploration and published data, still numerous
questions remain unanswered and provide a source for future research.

4.1 Introduction

Mining in Anatolia dates back to nearly 3200 BC with the archaeological evidence
showing that many of the epithermal deposits in western Anatolia and surroundings
were exploited. The gold mining industry has a long history with its roots reaching
ancient times in Anatolia, called also as Asia Minor. Around 550 BC, the first gold
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coin was minted in Salihli (West Anatolia) which had been known in antiquity as
Sardis capital of Lydian Kingdom. Alacahdyiik located at the junction of three trade
routes: to Mesopotamia, to the Black Sea, and to the Aegean Sea was the most
important civilisation in the production of gold artefacts in the Bronze age.
Alacahdyiik near the modern Turkish city Corum (Central Anatolia), is regarded as
the wealtiest city of pre-Hittite times. Due to its coarser gold grain size ranging up
to visible gold and shallow emplacement, epithermal vein systems were the main
targets for the Romans who had experienced mining methods from the different
nations they had conquered and accumulated considerable experience which had
been acquired in the course of centuries by many different ethnic groups. The
Romans and their descendants mined on a large scale throughout Europe and Africa.

Gold is one of the most important items in Turkish economy both as investment
instrument and raw material for the jewellery sector. As the world’s fourth largest
consumer of gold Turkey is in second place behind India in the production of gold
jewellery. The Turkish gold mining industry is small when compared with giant
gold producing countries but it is growing rapidly. Gold mining and extraction with
cyanide-leach methods started in 2001 with the Ovacik gold mine by Newmont.
Increasing gold production almost every year since 2001, growing from 2 tonnes to
almost 35 tonnes in 2015 promotes Turkey as Europe’s largest gold producer. More
than 200 tonnes of gold were being produced between 2001 and 2014 and the
Turkish Gold Miners Association estimates ¢.US$ 700 million has been spent on
exploration by foreign companies in the past 25 years. Since a peak was reached in
2012-2013, the number of foreign companies with active exploration projects has
decreased somewhat and this is partly due to the reduction of exploration budgets
globally. Gold was produced as a by products or coproduct from base-metal and
silver mines. Aegean, Black Sea and Central-East Anatolia are the leading gold-
producing regions of Turkey. The scientific study on ore deposits in Turkey using
modern methods of mineralogy and geochemistry started in the early 2000s. Most
of these studies were focused on the deposits of Western Anatolia. In this chapter,
on the basis of our studies and the cited published literature, we summarize and
describe the principal geological, mineralogical and geochemical characteristics of
selected epithermal deposits in Turkey.

The term “epithermal” was first defined by Lindgren (1933) according to the
mineralogy, textures, alteration, and temperature and depth of ore formation. In the
beginning of 1980s paragenesis based nomenclature has been started to identify the
certain type epithermal deposit owing to its high sulphidation state sulphides and
characteristic acid-sulphate alteration mineral assemblages (Ashley 1982; Bethke
1984; Bonham 1984, 1986; Berger 1986; Heald et al. 1987; Berger and Henley
1989). Between 1987 and 2003 epithermal deposits have been divided into two
groups as high-sulphidation (acid-sulphate, quartz-alunite) and low-sulphidation
(adularia-sericite) types, by different workers on the base of their position relative
to the magmatic hydrothermal system which is responsible for the associated metal
contents and hydrothermal alteration (Henley 1985; Heald et al. 1987; White and
Hedenquist 1990; Cooke and Simmons 2000; Hedenquist et al. 1996, 2000). More
recently on the base of tectonic setting and volcanic associations, the nature of fluids
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involved and the mineral assemblages of epithermal deposits are subdivided into
low (LSEM: Low Sulphidation Epithermal Mineralisation), intermediate (ISEM:
Intermediate Sulphidation Epithermal Mineralisation), and high (HSEM: High
Sulphidation Epithermal Mineralisation) sulphidation subtypes (Sillitoe and
Hedenquist 2003). Intermediate sulphidation deposits correspond to “carbonate
base metal deposits” of Corbett and Leach (1998). For this review, we use the widely
accepted classification scheme of high-sulphidation low-sulphidation type deposits
and intermediate sulphidation and the term “intermediate sulphidation” will be used
to describe both sulphidation state and a separate sub-type for “carbonate base metal
deposits” of Corbett and Leach (1998).

4.2 Tectonic Settings and Ages of Mineralisation

The Tethyan Orogenic Belt is one of the most complex tectonically active regions of
the Earth’s crust. Turkey encompasses several continental fragments of the super-
continents, Gondwana and Laurasia which were sutured during the closing of the
Tethyan oceanic basins during the late Paleozoic to Cenozoic period (Sengér and
Yilmaz 1981; Sengor et al. 1984). The Izmir-Ankara-Erzincan suture (IAES)
(Brinkmann 1966), representing by the closure of the northern branch of the Neo-
Tethys along a northern-dipping subduction and the following continental collision
between Laurasia and Gondwana during in the Late Cretaceous-Eocene is accepted
as the main structure in the tectonic framework of Turkey (Ketin 1966; Okay and
Tiiystiz 1999). The IAES zone extending nearly 1500 km between Rhodope-Stranca
in the west and Caucasus in the east separates the Sakarya Zone of Pontides
(Laurasia) from the Anatolide-Tauride Platform (Gondwana) (Sengér and Yilmaz
1981; Okay et al. 1996).

In the West of Anatolia IAES separates the Sakarya Zone of Pontides from the
Bornova Flysch and Afyon and Tavsanli Zones which were derived from deeply
buried northern edge of the Anatolide-Tauride Platform. In the east however, IAES
zone represents northward subduction of the northern branch of the Neotethys
beneath the southern margin of the Laurasia and continental collision between
Eastern Taurides and Pontides. This subduction generated well-developed
Cretaceous arc magmatism which is known as the Pontide arc. The Intra-Pontide
Suture which is accepted as a small oceanic branch within the Neotethyan system
separates the Istanbul and Sakarya fragments in northwest Turkey. Furthermore, the
existence of another suture zone, Inner Tauride Suture, is still controversial. In
many studies, this suture zone is placed between Central Anatolian Crystalline
complex (CACC) which is accepted as an isolated microcontinent rifted from north-
ern margin of Gondwana during the Triassic time and eastward continuation of the
Afyon zone (Okay and Tiysiiz 1999). This oceanic branch is assumed to have
closed along northward subduction beneath the CACC during the Late Cretaceous
(Pourteau et al. 2010).
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Fig. 4.1 Tectonic framework of Turkey showing the major sutures and continental blocks.
(Modified after, Okay and Tiiysiiz 1999)

Within this tectonic framework epithermal gold deposits occur mainly in three
regions: Western Anatolia, Central Anatolia and Eastern Black Sea. These regions
are separated from each other with distinct geodynamic evolution and associated
magma generations with different geochemical character reflecting spatial and tem-
poral variations (Fig. 4.1).

4.3 Distribution and Geological Features of Epithermal
Deposits of Turkey

4.3.1 Western Anatolia Volcanic and Extensional Province
(WAVEP) in Western Turkey

The province consists of several NE-trending structural domes composed of meta-
morphosed Palaeozoic and Mesozoic rocks, volcanic piles and intrusive complexes,
and intervening east to northeast trending extensional basins filled with Paleogene
and younger volcanoclastic sequences (Fig. 4.2). WAVEP hosts metallogenic prov-
ince in the Biga Peninsula (NW Anatolia-Turkey) covering an area both in the
Sakarya block and a slice of Rhodope Massif. Pre-Jurassic basement rocks, includ-
ing the Kazdag metamorphic core complex and numerous exhumed igneous bodies
with coeval volcanic rocks (e.g. Okay et al. 1991; Bonev and Beccaletto 2007,
Cavazza et al. 2009) can be found throughout the Sakarya block. Northward sub-
duction of northern branch of Neo-Tethyan Ocean initiated the magmatism in the
Biga Peninsula during the Late Cretaceous to Eocene. The Late Eocene-Early
Oligocene ages (e.g. Kozak and Eybek plutons) may record the subduction related
magmatism and the initiation of continental collision. Magma generation during
Late Oligocene and Early Miocene is strongly associated with astenospheric uplift
in an extended continental crust due to the slab roll-back and/or break-off the
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Fig. 4.2 Regional geological map of Biga Peninsula and spatial distribution of significant epither-
mal mineralisation. (Geology modified from MTA Emre et al. 2013; Akbas et al. 2017)

subducted slabs (Altunkaynak et al. 2012, Black et al. 2013; Aysal 2015). Recent Sr
and Nd isotope results from plutons North of Yenice (Canakkale) indicate that
intrusions were generated by magmatic assimilation and fractional crystallization
and formed during large-scale lithospheric thinning during the Late Oligocene
(Cicek et al. 2017).

In Biga Peninsula, world class epithermal gold deposits and prospects are mainly
hosted and spatially associated with Cenozoic volcanic rocks (Pirajno 2009). The
Cenozoic volcanic rock associations in Biga Peninsula can be divided into three
main groups based on their geochemical features and ages. The Eocene volcanic
rocks, known as Balikligesme volcanics in the Biga Peninsula, include andesitic and
basaltic lavas with medium- to high-K in character which are interlayered with shal-
low marine sedimentary rocks towards the upper part of the volcanic sequence
(Ercan et al. 1995; Altunkaynak et al. 2012; Giilmez et al. 2013). The K-Ar dating
of these volcanic rocks yields 52-34 Ma (Donmez et al. 2005; Kiirkctioglu et al.
2008; Giilmez et al. 2013). Widespread high-K calc-alkaline volcanism took place
during the Late Oligocene to Early Miocene and comprise andesite, dacite and



164 T. Oyman

trachyandesite with large amounts of dacitic-rhyolitic ignimbrite, pyroclastic and
tuffaceous rocks (Ercan et al. 1995; Chakrabarti et al. 2012). The Oligocene-
Miocene volcanic associations comprise the Oligocene Can volcanics (34.3 + 1.2
and 29.2 + 0.6 Ma), Kirazli volcanics (31.1 = 0.7 and 27.6 + 0.6 Ma) and Early-
Middle Miocene Behram volcanics (21.5-6.8 Ma) in the Biga Peninsula (Ercan
et al. 1995). Continuation of Cenozoic volcanic activity to the late Miocene is rep-
resented by Na-alkaline volcanism including basaltic-trachyandesitic lavas and
dykes. They are known as Ezine volcanics in northern Anatolia and yield an Upper
Miocene age ranging from 11.68 + 0.25 to 6.47 + 0.47 Ma (Ercan et al. 1995;
Aldanmaz 2002). In the North and around Kozak Pluton the volcanic association
comprises lavas and pyroclastic rocks of nearly equal proportions. The composi-
tions range from dacite-rhyolite to basaltic andesites (Altunkaynak and Yilmaz
1998). In the south Dikili group is Early-Middle Miocene in age and consists mainly
of pyroclastic rocks, andesitic-dacitic lavas, lava breccia, lahar flows and associated
sedimentary rocks. The Candarli group consists of Upper Miocene-Pliocene lavas
and sediments. The volcanic rocks consist mainly of rhyolitic domes and basaltic
trachyandesite-basaltic andesite lavas erupted along the NW-SE and NE-SW trend-
ing fault systems; the faults controlled the development of the Candarli depression
(Karacik et al. 2007).

4.3.2 Epithermal Systems In Biga Peninsula

The Biga Peninsula located in northwestern Anatolia, represents one of the impor-
tant Turkish metallogenic province, which has been divided into several tectonic
zones separated by suture zones. This area is one of the most widely recognised
metallogenic provinces in terms of precious and base metal potential in the world
due to the diversity in metallogeny and abundance of mineral occurrences with >50
hydrothermal Pb-Zn-Cu = Ag + Au and Au-Ag deposits (e.g., Koru, Tesbihdere,
Balya, Arapucandere, Kalkim-Handeresi, Kiigiikdere) and ongoing projects (e.g.,
Sahinli, Kartaldag, Kestanelik, Cataltepe, Kirazli, Ag1 Dagi, TV Tower), (Fig. 4.2).
Until the early 2000s the importance of this metallogenic province had not been
fully understood, but has since emerged in the spotlight of geological studies with
modern analytical techniques (Bozkaya and Gokce 2001, 2009; Bozkaya 2009;
Yilmaz et al. 2010; Yalginkaya 2010; Cigek et al. 2012; Yigit 2012; Cicek 2013;
Bozkaya et al. 2014; Cigek and Oyman 2016). Among the most essential and debat-
able problems regarding the genesis of the base metal + silver + gold and gold +
silver deposits in Biga Peninsula can be given as the origin of the fluids, spatial and
temporal relationship between volcanism and ore-forming hydrothermal activity.
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4.3.2.1 TV Tower

The TV Tower prospect is located in the central part of Biga Peninsula. The base-
ment rocks of the TV Tower property is composed of metamorphic basement rocks
of Paleozoic and Early Mesozoic mainly including various schists and phyllite. The
basement is intruded by the Eocene (~43 Ma) calc-alkali Kuscayirt pluton com-
posed of feldspar-hornblende-biotite porphyritic monzonite (Yigit 2012) at the
southern end of the property. Both basement and intrusive rocks are overlain by a
thick pile of volcanic rocks including rhyodacitic to basaltic-andesite lavas. The
volcanic rocks are overlain by crystal lapilli tuffs and sedimentary rocks with a wide
grain size spectrum from mud to conglomerates. The property covers an area of
67 km? and contains nine targets including Kiiciikdag, Kayali/Nacak, Karaay1/K2,
Sarp/Columbaz, Valley, Kestanecik, Glimiisliik, Tesbihcukuru and Kartaldag West.
Kiigtikdag target that is hosting the third largest silver resources in Turkey, is char-
acterized characterised by a high sulphidation gold-pyrite-enargite assemblage and
associated silicification and advanced argillic alteration. Many of the targets, except
Giimiigliik and Kestanecik which are low-sulphidation epithermal gold targets, are
characterised by high-sulphidation ore assemblages in TV Tower property. These
targets are in association with lithocaps which are spatially, temporarily and geneti-
cally linked to shallow seated mineralised porphyritic intrusions.

The Kiigiikdag target is one of the most important project among nine target
areas in TV Tower property (Fig. 4.2). Tuff and volcaniclastic rocks are ideal hosts
for structure controlled mineralisation due to their high permeability in Kiiciikdag.
Gold is predominantly found in the permeable lithic lapilli tuffs and epiclastic rocks
with lesser amounts in andesitic breccias and welded lithic lapilli tuff. Copper is
mainly associated with Au in the sedimentary sequence and volcaniclastic rocks
respectively. In the upper oxide zone gold mineralisation is associated with massive
to weakly vuggy quartz alteration with hematitic breccias, WNW- and NS-striking
shears, and fracture infills in rhyodacitic crystal and lapilli tuff (Smith et al. 2014).
The lower gold zone is largely hosted in dacitic tuff with different subtypes of ore
formation styles that can be divided into three subzones including (a) Stratiform
gold in zones of dark grey to black vuggy quartz (b) ESE-WNW trending gold-
sulphide veins with varying amounts of quartz, (c) Au-Ag breccia (Smith et al.
2014). The silver-rich zone is primarily hosted in the fluvial-lacustrine sequence
and overlying andesitic breccia and gold-copper mineralisation. Characteristic sul-
phide minerals and sulphosalts of high-sulphidation systems represented by enar-
gite which is precipitated in veins and breccia zones. Tetrahedrite-tennantite,
famatinite, bournonite, seligmannite, pyrite, marcasite, chalcopyrite, covellite are
the main sulphide and sulphosalt minerals (Ross 2013a, b). While principal sul-
phide minerals associated with pyrite-marcasite which are banded and very fine
grained along main silver mineralisation. Alunite, barite, dickite and kaolinite are
widespread clay minerals associated with ore in veins and breccia zones.
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4.3.2.2 Ag Dag

Similar to worldwide HSEM hosted volcanic sequences, the Ag1 Dag1 deposit
formed in the Oligo-Miocene volcanic suite composed of andesitic, dacitic and
rhyolitic rocks. Igneous rocks of intermediate composition formed either as porphy-
ritic intrusions or porphyritic andesite lavas at the bottom of the sequence, whereas
the dacite-rhyolite facies are located at the top. The entire volcanic sequence is cut
by mushroom shape pipes of phreatic and phreatomagmatic breccias. Although gold
mineralisation is present in five zones including the Baba, Ay1 Tepe, Fire Tower,
Thlamur and Deli Zones, resources will only be exploited at Baba, Deli and Fire
Tower zones. The Ag1 Dag north-east trending silica cap and associated alteration
occupies a discontinuous zone of 4 x 2 km extent characterised by a massive vuggy
silica core. The Baba, Fire Tower and Deli zones occur along the east side of the
NE-SW trending mountain ridge, characterised by silicified dacite and phreatic
breccia that fills a paleo-basin in dacite and feldspar porphyritic andesite. Alteration
assemblages including massive silica, vuggy silica, advanced-argillic, argillic, pro-
pylitic, and sericitic facies indicate the role of hot acidic fluid and vapour phases
associated with a deeper intrusion related hydrothermal system. As a result of leach-
ing by the hot acidic fluid and vapour phases both vuggy and massive silica formed
in the core of the high sulphidation system. The gold is associated mainly with
pyrite in the intense silicic alteration comprising both massive and vuggy silica.

Camyurt is located about 3.5 km southeast of Ag1 Dagu. It is a silica ridge lying
along 1.5 km at NE-SW direction. Main lithological unit at Camyurt is andesite
which is locally cut by phreatic breccia. Dacite is shown only at northern area. Gold
mineralisation is mostly in andesite which is covering the largest part of the area and
less in phreatic breccia. The main alteration trend is NE to SW along the main struc-
ture trend. Silica alteration, advanced argillic, argillic and propylitic alterations are
the main alteration types at Camyurt. Gold mineralisation is associated with silica
alteration which has NE-SW trend along the main structure. Camyurt has a higher
contained Au grade than both Kirazli and the Ag1 Dag1 deposits.

4.3.2.3 Kirazh

Kirazli is situated 25 km to the northwest of A1 Dagi mineralisation and 10 km east
of TV Tower property (Fig. 4.2). Camlica Metamorphics of Lower-Middle Triassic
Karakaya Complex are exposed as basement rocks. Various schists and ultramafic
rocks of Camlica Metamorphics are overlain by andesitic tuffs of Oligocene Can
Volcanics. Mineralisation consists of gold-silver-copper bearing veins and veinlets,
hydrothermal breccia, phreatic and phreatomagmatic breccias hosted in dacitic-
andesitic volcanic rocks. The sequence is cut by gold-hosted heterolithic, phreatic
and phreatomagmatic breccias that were emplaced as mushroom-shaped pipes. The
root zones of mushroom-shaped breccia pipes were intersected at a vertical depth of
400 m. Multistage generation of silicification is represented by grey massive and
vuggy silica, chalcedonic to opaline silica, grey quartz with a high pyrite content
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and fracture-filling crystalline silica is the most prominent alteration type with
advanced argillic alteration. Silica ledges and their sub-vertical roots are surrounded
by advanced argillic alteration. Degassing of hot acidic magmatic vapour prompted
intense leaching of volcanic rocks to form vuggy quartz texture of the silica ledges
and the associated advanced argillic alteration around it. Vuggy silica derived as a
residual product of acid leaching which is characteristic texture of silicification with
massive and sugary silica. Hydrothermal breccia with vuggy silica, advanced argil-
lic and silicic alterations are the prominent alteration facies in association with high
grades of gold and silver. In advanced argillic alteration the main minerals in asso-
ciation with silica are alunite, dickite and pyrophyllite. Well developed, multiphase
silicification is the most common and widespread alteration in association with
phreatic and hydrothermal breccias. Earlier argillic and later advanced argillic alter-
ations formed around the margins of phreatic breccia pipes due to induced second-
ary porosity and permeability. Propylitic alteration which has been intersected in
deeper levels seems earlier than the argillic alteration. Based on spatial and tempo-
ral relationship with breccia pipes, sulphide and gangue paragenesis, alteration
assemblages this mineralisation is classified as high-sulphidation epithermal gold
deposit (Alamosgold company report 2012).

4.3.2.4 Kartaldag

The Kartaldag gold mine is located 55 km southwest of Canakkale. The Kartaldag
gold mine as similar to many epithermal deposits, the gold in Kartaldag has been
exploited since ancient times. Kartaldag property was subjected to an exploration
program including trenching, tunnelling and drilling by MTA during 1960-1962.
The mine was reopened by Canakkale Mining Co. in the late 1980s. The Kartaldag
epithermal vein system is hosted by Middle Miocene dacite porphyry which is the
volcanic equivalent of granodioritic intrusions in the area. Kartaldag fault is the
most prominent structure in the area which acts as a conduit for the ore-forming
hydrothermal fluids. In the early phase of silicification, vuggy quartz is accompa-
nied by massive silicification. Vuggy texture formed due to leaching of the pheno-
crysts (e.g., plagioclase and hornblende) of the host dacitic volcanic rocks by acidic
hydrothermal fluids. The Au mineralisation is in association with intensive pinkish
coloured hypogene quartz-alunite and vuggy quartz assemblages. The late phase of
silicification is represented by coarse to medium grained, banded, comb, sometimes
colloform, and generally zoned quartz crystals truncating early phase massive silici-
fication. Leaching of the host volcanic rocks was followed by the development of
argillic alteration dominated by quartz-alunite-pyrophyllite and quartz-kaolinite
from core to rim. Quartz-kaolinite alteration is the most widespread type of altera-
tion, enveloping the quartz-alunite-pyrophyllitexkaolinite assemblage extending to
the NW. Chlorite/smectite—illitexkaolinite form the propylitic alteration zone.

The spatial association of the alteration and ore minerals, dominated by pyro-
phyllite, kaolinite, and alunite, vuggy quartz texture, enargite, and covellite, pyrite,
and light coloured sphalerite (indicating high Fe**/Fe?*) support the formation of the
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Kartaldag epithermal gold mineralisation under the control of low pH-oxidising
fluid typical of high sulphidation type epithermal deposits (Unal-imer et al. 2013;
Einaudi et al. 2003; Sillitoe and Hedenquist 2003). Although homogenisation tem-
peratures from vein quartz are distributed in a wide range, they are scattered mainly
between two intervals; 190-290 °C and 300-370 °C (Vural 2006). Vural (2006)
ascertained that the quartz crystallisation in association with gold precipitation
started to occur at 370 °C and it lasts till about 190 °C. Based on fluid inclusion
studies of quartz samples, primary fluid inclusions from late quartz exhibit with
relatively low homogenisation temperatures (245-285 °C) and low salinities
(< 1.7 wt.% NaCl eq.) indicating that a significant amount of meteoric water inter-
acted with the hydrothermal system. The formation of pyrophyllite, kaolinite, alu-
nite-bearing alterations and pyrite alteration and vuggy quartz were generated by
leaching under oxidising conditions. Enargite also formed in relatively oxidising
conditions. Combined petrographic and geochemical studies suggest that, gold min-
eralisation at/below the boiling level might have occurred at temperatures greater
than 285 °C. The Kartaldag epithermal gold mineralisation was formed under low
pH-oxidising fluids typical of high-sulphidation type epithermal deposits (Unal-
Imer et al. 2013).

4.3.2.5 Madendag

The Madendag gold deposit is located nearly 20 km northwest of the Kartaldag
mine and 50 km southwest of Canakkale (Fig. 4.2). Mining in this deposit was first
recorded in the beginning of the last century. An exploration program including
trenching, tunnelling and drilling was conducted by MTA during 1960-1962. The
deposit is hosted by quartz-mica schists of Paleozoic Camlica formation, (Okay
et al. 1991) which is overlain and intruded by Middle Miocene to Late Oligocene
volcanic rocks including andesite and dacite flows and domes. The Camlica forma-
tion comprises mainly of quartz-mica schists and calc-mica schists. Both mica
schists and dacitic, andesitic volcanic rocks display widespread argillic alteration.
The main mineralisation is hosted in the two main silicified structures trending E-W
to WNW-ESE and almost parallel to each other with southward dip. In the vein zone
multi-stages of ore deposition including network of quartz veins, brecciation and
intensive alteration are observed.

Detailed studies by Unal (2010) and Unal-imer et al. (2013) reveal that mineral-
ogy of argillic alteration around mineralisation in Madendag is controlled both by
host rock composition and the distance from the quartz veins. Although the main
mineralisation is sulphide poor, in places pyrite disseminations are associated with
low grade gold. The gold quartz-cemented breccias have values ranging from 0.27
to 20.60 ppm Au. The low homogenisation temperatures mostly in the range
between 235 and 255 °C and low salinities (0.0-0.7 wt.% NaCl eq.) combined with
paragenetic and stable isotope characteristics indicate that Madendag could be
regarded as “Low Sulphidation” epithermal deposit (Unal-imer et al. 2013).
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4.3.2.6 Kestanelik (Sahinli)

The Kestanelik gold deposit is located 35 km NE of the regional centre of Canakkale,
4 km west of Sahinli village on the Biga Peninsula. Traces of small-scale historical
mining activities are observed around the epithermal quartz veins. Low sulphidation
epithermal veins hosted within Paleozoic metamorphic rocks and Lutetian quartz-
feldspar-hornblende porphyry stock (Unal-imer et al. 2013). Kestanelik property
consists of a series of low sulphidation style epithermal quartz vein zones namely
Karatepe, Karakovan (KK1, KK2 KK3), K (K1, K2, K3, KS and KW) and Meydan
zone from north to south respectively. NE-SW and E-W trending vein systems
exposed over a strike length up to 400 m and vary in width from 1 to 13.6 m. Veins
are dipping as moderately to shallow towards southeast and south respectively. The
Meydan Zone, which lies in the southern part of the porphyry intrusion, is charac-
terised as a zone of silicification rather than representing discrete quartz vein zone.
However, the gold tenor is generally much less then major quartz veins. The major-
ity of gold-silver mineralisation is in association with multiple episodes of fluid
flow. At Kestanelik epithermal system, the degree of erosion can be inferred from
near surface high-grade zones in combination with variety of textures including
cockade, hydrothermal brecciated, colloform-crustiform banding. At Kestanelik
recent studies show that, structural locations along pathways such as vein bends are
more favourable than replacement processes for gold precipitation (Giilyiiz et al.
2017). Pyrite is the only sulphide mineral associated with the gold mineralisation. It
is not particularly widespread and is usually finely disseminated in the breccia
matrix and some of the quartz veins. The dominant alteration that appears to be
associated with the mineralisation is clay in the form of illite-smectite. An alteration
halo of clays is common around the veins.

The Scoping Study Update assumes processing of approximately 844,000 tonnes
of ore per year, at an average grade of approximately 2.53 g/t gold and 1.9 g/t silver
for life of mine production averaging 63,000 oz of gold and 38,000 oz of silver per
year. The Scoping Study Update has a proposed mine life of 8 years (Chesser
Resources, news release 2013). It is planned that first gold production will com-
mence at the end of 2017.

4.3.2.7 Koru and Tesbihdere

The Koru and Tesbihdere mining districts in the Biga Peninsula, consist of twelve
deposits covering approximately 12 km?. Early-Oligocene basaltic andesite lavas
and dacitic lava and tuffs in the south and Late-Oligocene rhyolitic tuff-lava domes
and late stage andesite dykes of Can Volcanics are the main volcanic units around
the Koru and Tesbihdere mining districts (Siyako et al. 1989; Ercan et al. 1995,
1998). Mineralisation in the Koru and Tesbihdere mining districts are mainly hosted
by rhyolitic lava-domes and tuffs. While the NW-trending fault system between
domes and tuffs hosts the Au-Ag enriched base metal epithermal veins, hanging
wall rocks of the vein system host brecciated, stockworks and disseminated ore
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(Besir 2003; Yal¢inkaya 2010; Cicek et al. 2012; Cigek 2013; Cigek and Oyman
2016). Cicek and Oyman (2016), focused on seven mineral systems in the Koru and
Tesbihdere districts, which show a complex paragenetic sequences and mineral
zonations. On the basis of the paragenetic sequence, hydrothermal alteration assem-
blages, and the nature of the ore-forming fluids, the Au-Ag enriched base metal
epithermal deposits in the Koru and Tesbihdere districts are classified as volcanic-
hosted intermediate-sulphidation epithermal deposit (Cigek and Oyman 2016). In
the Koru district, galena is the dominant ore mineral in barite-quartz veins contain-
ing sphalerite, chalcopyrite, pyrite, bornite, enargite and tennantite can be subdi-
vided into sphalerite-galena dominated Tesbihdere mineralisation and
chalcopyrite-pyrite dominated Bakir and Kuyu mineralisation. The Ag/Au ratio is
high in Ag showing assays of up to few hundreds of ppm associated with small
quantities of gold with maximum 3.14 g/t Au values either as free grains in quartz
or as micro inclusions in pyrite and galena. The most widespread silver minerals are
polybasite, pearceite, argentite and native silver, which commonly occur as replace-
ments of galena, sphalerite and pyrite, and other sulphides, or as fillings of micro-
fractures in sulphides and quartz. Isotopic composition indicates a progressive
dilution of ore forming fluids as a result of increasing input of meteoric water during
transportation along fluid flow path from the Koru to Tesbihdere mining district.
The intensity of boiling in the area may also show a decrease with distance away
from the Koru mining district and an increase in 6'® O in the residual liquid, which
probably resulted by steam separation during boiling (Cigek and Oyman 2016).

4.3.2.8 Arapucandere

Arapucgandere Pb-Zn-Cu (Au-Ag) ISEM is located in the northeastern part of Yenice
(Canakkale-Biga Peninsula), and is hosted by Triassic metasandstones and metadia-
base dykes of the Hodul unit of the Karakaya Complex (Fig. 4.2). The first studies
at Arapucandere were conducted by MTA (i.e. Mineral Research and Exploration
Institute of Turkey) as part of a research project in the 1970s. The deposit contains
a total reserve of 4 Mt at 16.4% Pb, 12.1% Zn and 2.2% Cu averaging of 4 g/t Au
and 260 g/t Ag (MTA 1993a, b). The highest gold grade is obtained from upper part
of the deposit (308 m asl) which reaches up to 20 g/t Au, while low-grade gold is
observed in deeper levels where Au assayed up to 4 g/t in massive ore. The
Arapucgandere mining area contains five sets of mineralised veins parallel to each
other in the east-west trending structural zones and these veins were numbered I to
V, from NW to SE (Bozkaya et al. 2008; Bozkaya 2011; Yigit 2012). After intermit-
tent mining operations in the early 1980s, I, IT and III veins have been closed because
of the uneconomic ore contents. At present, Nesco mining company is actively
operating the ore production from IV and V veins. These two veins systems show a
close genetic relationship as suggested by their temporal and spatial relationships.
Both veins show an E-W strike with steep dips 70-80°S at the surface, however the
dips of these veins tend to decrease (approximately 40-50°S) downward and the
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veins crosscut at an elevation of 120 m above sea level (asl). The IV and V veins
extending to lower level are vary from 0.6 to 17 m in width and mining by conven-
tional underground techniques from 6 different production levels show that they are
about 200 m length and extend to a depth of 120 m (asl). The veins (IV and V) and
associated stockworks at Arapugandere show various textures including crustiform,
colloform, bladed and brecciated. Ore paragenesis within the veins display a similar
assemblage, in order of abundance, comprising mainly galena, sphalerite, chalcopy-
rite, pyrite, Ag-sulphosalts and minor amount of tennantite-tetrahedrite, magnetite,
hematite and chalcosite-covelline. Gangue minerals in both veins exhibit a zonation
pattern represented by decrease in quartz and increase in calcite with locally minor
barite towards deeper levels of the deposit. Silver mainly occurs as Ag-sulphosalts
which fills fractures and cavities within the earliest sulphides.

4.3.2.9 Kisacik

The Kisacik gold deposit is a characteristic multi-stage gold mineralisation within
the Ayvacik-Karabiga tectonic zone of the Biga Peninsula (Fig. 4.2). The property
was discovered by MTA during 2008 exploration program by defining two old adits
and at least four small pits which are suspected to represent gold mining operations
(Ozpinar et al. 2012). Deposit area is underlain by basement rocks of the Paleozoic
Kazdag Metamorphic Group, which is unconformably overlie younger Upper
Cretaceous Cetmi Ophiolitic Melange. Mid-Miocene volcanic rocks including
ignimbrites, rhyolite, rhyolitic tuffs and lapilli tuffs mainly host the gold mineraliza-
tion and has angular disconformity over pre-Tertiary rocks. The Pliocene conglom-
erates, sandstones and siltstones unconformably overlie older rock units.

Gold mineralisation at Kisacik property is controlled by structure and lithology.
Gold occurs as two different type of mineralisation. The first one is relatively
high grade gold ore associated with quartz-sulphide veins within pumice and
low grade disseminated gold mineralisation within thick layers of pyroclastic
rocks. NE-SW trending quartz-sulphide veins at the centre are surrounded by
illite-sericite and chlorite-carbonate clay alterations from inner to outer respec-
tively. Based on the MTA’s resource estimations, property comprises 56.5 Mt
(proven+probable+possible) grading 0.5 g/t Au mineralisation (Ozpinar et al.
2012).

4.3.3 Epithermal Systems in the South of Biga Peninsula
4.3.3.1 Kiiciikdere and Coraklik Tepe
The Kiigiikdere deposit is a fracture-filling vein-type formed in extensional tec-

tonic settings (Fig. 4.2). Well developed tension fracture systems and normal
faults are the major components of the extensional tectonic settings. The vein zone
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is associated with the main fault which extends in a SW to NE direction. The vein
system consists of two main segments with different inclinations. The main vein
extends east to northeast and dip towards the south with an inclination varying
between 60 and 90°. The vein system is traced over approximately 5000 m strike
length and few tens of metres down plunge from surface with a different thickness
varies between 1 and 50 m. A subhorizontal vein formed as a branch of the main
vein and outcrops in the east and south east of Germe vein. It strikes east to north-
east and dips 0-30° to the northwest. Ore and gangue minerals precipitated as
episodic open-space filling with various internal textures including colloform-
crustiform, cockade, brecciated, drusy, comb and bladed textures. Intense breccia-
tion and stockworking occur in the hanging wall and are closely associated with
the main fault zone. Among the four mineralisation centres namely Germe,
Karayanik, Coraklik, Cengel in the Kiiciikdere, the abundance and variations of
sulphide minerals are significant in Germe pit. While higher gold grades are con-
trolled by sulphide-rich assemblages (>5% Py) in Germe, textural control plays a
far greater role in Karayanik and Coraklik, such as bladed and brecciated-cockade
without the significant sulphide assemblage. The total amount of sulphide miner-
als in Germe, did not exceed 10% of the total vein minerals. The ore minerals
include: pyrite, sphalerite, galena, chalcopyrite as the major phases with minor
amounts of tetrahedrite, bornite, hessite, argentite, electrum and native gold with
supergene phases. Combined fluid inclusion and stable isotope analysis in Germe
and Karayanik suggests that precious metal mineralisation most likely occurs in a
wide range of vertical depth.

In Coraklik pit, from NE to SW the vein curves to E-W and slightly to WNW
along its strike while the dip ranges between 47 and 50° to N. Textural variation
along the open pit walls indicates that the vein cross cut and are displaced vertically
by normal faults. The Coraklik vein and associated silicified zone are enveloped by
a mushroom-shaped argillic alteration and both hosted by propylitic altered andes-
itic rock. Along the contact between the vein and the hanging-wall disseminated and
stockwork ore is hosted extensively by an argillic alteration zone in the hanging
wall. The propylitic assemblage consists of chlorite, calcite with lesser amounts of
epidote and pyrite. In addition, amorphous silica, crustiform-colloform, cockade
and breccia, bladed, comb and carbonate replacement textures were identified mac-
roscopically in Coraklik. Jigsaw, plumose and spherulitic textures were identified in
thin section. In the boiling zone gold mineralisation is strongly related to sulphides
including chalcopyrite, pyrite, sphalerite and galena. According to our preliminary
fluid inclusion measurements, fluids responsible for Coraklik Tepe mineralisation
showed that the fluid was a low T, low salinity, H,O-NaCI-CaClL,-MgClI, brine.
Inclusions from the Coraklik open pit are two-phase, liquid-rich inclusions and
occur in coarse quartz crystal with a cockade texture. The final melting of the ice
occurred with a final temperature range of —0.4 to —0.9 °C which yielded salinities
between 0.7 and 1.6% wt. NaCl equivalent.
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4.3.3.2 Kubaslar

The Kubaslar property is located on the northwest margin of Kozak Caldera of the
Kozak Plutonic Complex (Fig. 4.3). The district also contains the Ovacik and
Kiigtikdere mines and a number of other exploration prospects including Karadere
and Gomec. A low sulphidation quartz vein and associated multi-stage breccia
structures 200 m in width and 1400 m in length extends NW-SE between Cenozoic
volcanic-plutonic rocks and meta-sedimentary rocks of the Kinik Formation.

Good examples of flamboyant, feathery, plumose, colloform banded plumose
textures have been identified in the vein system. This texture is regarded as a typical
recrystallisation texture related to boiling and thought to develop after the amor-
phous silica phase and before the later crystalline quartz phase. Clast supported
breccia composed mainly of quartz and rock fragments supported by micro-
cryptocrystalline quartz and opaque minerals (Tezer 2006). Fragments with well-
developed colloform banded, colloform-crustiform, plumose jigsaw textures with
amorphous and crystalline quartz phases indicate repeated episodes of sealing and
fracturing during the lifetime of the shallow hydrothermal system. Opaque minerals
are pyrite and marcasite in outcrop samples. Since the acquisition in 2008 by Koza
Gold, exploration included drilling programs in 2011 and 2012 as well as surface
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Fig. 4.3 Regional geological map of Inner-west Anatolia and spatial distribution of significant
epithermal mineralisation. (Geology modified from MTA Emre et al. 2013; Akbas et al. 2017)
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sampling, geophysics, geochemistry and resource modelling. Kubaslar deposit has
70.000 oz grading 2.31 g/t Au and 14.53 g/t Ag.

4.3.3.3 Gomeg

The Gomeg Project comprises five contiguous exploration licenses and is an early-
stage gold exploration project located 35 km northwest of Ovacik and 20 km south-
west of the Havran-Kiictikdere gold deposit and 1 km south of Koza Gold’s Kubaslar
low-sulphidation gold Project (Fig. 4.3). The Gomec¢ project was acquired through
government tender by Royal Road’s JV-Partner, Oremine Madencilik Sanayi ve
Ticaret Inc. (“Oremine”) in 2008. Soil geochemistry within the Samantasi and
Oremine’s Kubaslar (Kubaslar East) licences indicated anomalous gold values in
excess of 0.5 ppm up to 6 ppm Au which are interpreted to reflect gold-bearing
zones. Soil anomalies are fault-controlled and extending E-W in Kubaglar. At
Gomeg 4494 m of combined reverse circulation and diamond drilling was con-
ducted in two separate drilling campaigns during 2014 and 2015. In 2016, a new
drilling program was started. The Kocakiran prospect is represented by both outcrop
and sub-crop of low-sulphidation epithermal veining and silicified fault systems
which extend north-west along strike for approximately 1 km. Mineralisation in
Kocakiran consists of silica veins and associated quartz breccia bodies within silici-
fied and altered volcanic rocks in an area of 100-200 m in width. The silica veins
with a low sulphide content, display characteristic epithermal textures such as collo-
form and crustiform silica with banding of quartz-pseudomorphs with bladed cal-
cite and multiphase episodic hydrothermal breccias.

The fragments of the hydrothermal breccia are angular to sub-angular in shape
ranging up to few centimetres down to micron scale. The fragments mainly com-
prise micro-crystalline quartz crystals with irregular and interpenetrating grain
boundaries. The clasts of the breccia are supported by dark-coloured, sulphide dom-
inated cryptocrystalline quartz matrix. Disseminated pyrite and marcasite are the
most widespread sulphide minerals in the hydrothermal breccia with lesser chalco-
pyrite, galena and sphalerite. Gold and silver sulphosalts including pyrargyrite were
identified either as disseminated individual crystals or adjacent crystals.

4.3.3.4 Karadere

At the Karadere low-sulphidation prospect, five different rock units are recognised;
from oldest to youngest these are metamorphic rocks, intrusive rocks, and volcanic-
volcanoclastic sequences consisting of agglomerate, volcanic breccia, andesitic
flow-dome complexes and basaltic andesite. Gold and silver mineralisation are
hosted by quartz veins confined to high to moderate angle normal faults traversing
the andesitic domes, and overlying agglomerate-volcanic breccia. The veins are
confined to a structural corridor bounded on the south by a NE-trending low-angle
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normal fault, and on the north by a high angle normal fault. The structures within
this corridor appear to be sub-parallel faults trending in N45-50E direction. The
mineralised veins are enclosed within quartz-clay-sericite alteration, sericite being
closer to the veins (Alug et al. 2014). PIMA (Portable Infrared Mineral Analyzer)
analyses show three alteration zones: Chlorite-epidote, illite-sericite, and quartz
stockworks. The low-sulphidation mineralised veins are composed predominantly
of sugary quartz with occasional bladed to brecciated textures. No significant verti-
cal zoning with respect to ore-vein texture association is observed throughout the
veins. Based on the geographical distribution, five different main ore zones are rec-
ognised in Karadere: South Ore zone, Ballik Ore zone, Kabak Ore zone, Kartaldere
Ore zone and Goktepe Ore zone.

4.3.3.5 Ovacik

The Ovacik gold-silver mine is located in West Anatolia about 100 km north of
[zmir near the historical city of Pergamon (Fig. 4.3). The cyanide leaching method
was first used in the Ovacik mine in Turkey and the mine has been operating since
early June, 2001. The Ovacik gold-silver deposit consists of six epithermal quartz
veins. Among them production is still ongoing on M and Z veins by underground
operation. Both mineralised and unmineralised epithermal quartz veins are con-
trolled by sinistral faults generally oriented E-W and NW-SE. The high-grade, low-
sulphidation quartz veins are dominantly northwest-southeast-trending, with dips
ranging from 65 to 85° to N. The veins at Ovacik have six main textural types of
ores: (a) crustiform/colloform banded ore, which occurs in both the veins and as
breccia clasts; (b) coarse, bladed carbonate, occurring as distinct bands or infilling
vugs; (c) clast-supported crackle (shattered) breccia with angular monomictic frag-
ments; (d) matrix-supported fluidised (milled) breccia with angular to subrounded
polymictic fragments, in which the clasts consist mainly of quartz and adularia with
common crustiform banding and quartz-cemented breccia; (e) cockade texture;
formed from clasts of silicified wall rock overgrown by crustiform/colloform bands
and cockades of chalcedonic quartz and adularia; and (f) a hanging wall zone of
silicified porphyritic andesite and sheeted quartz veinlets. High grade gold values
up to 100 ppm occur in crustiform/colloform banded quartz-adularia veins and late
stage crackle breccia and silicified wall-rock hydrobreccia. Sulphide content is low
(<2%) and is dominated by pyrite with traces of chalcopyrite arsenopyrite, acan-
thite, argentite, pyrargyrite, stibnite, galena and bornite. Alteration minerals are
smectite, mixed layer illite/smectite, quartz, adularia and calcite. Fluid inclusion
data from the Ovacik Au deposit suggest that the ore-forming fluids were low salin-
ity (<2 wt.% NaCl equiv.) and low temperature ranging from 150 to 250 °C, with
most below 200 °C. “Ar/°Ar dating of adularia from gold-bearing quartz veins
indicates an age of mineralisation of about 18.2 + 0.2 Ma. §'®0, 6Oy, and 6D
values suggest that mineralising solutions were a mixture of meteoric and magmatic
waters. The 6*Sypmice data at Ovacik and Narlica range from —2.1 to 5.3%c
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(average: +1.7) and from —4.6 to +2.7%0 (average: —0.36), respectively. These
5**Ssaupnice Values are consistent with a magmatic source for S (Yilmaz et al. 2007).

4.3.3.6 Efemcukuru

Efemcukuru is an outstanding example among the epithermal deposits in western
Anatolia with its gold and /or silver rich assemblages with diverse gangue minerals,
and structural control on vein formation. Efemcukuru shows characteristics of both
low and intermediate sulphidation epithermal deposits. Physical and mineralogical
properties of the wall rock, erosion level of the different segments of the vein, direc-
tion of the hydrothermal fluid path and the distance from the heat source are the
main controls on three dimensional zonations of the veins. Along the strike of the
veins, there is also a zonation characterised by both ore and gangue mineral distri-
bution and base and precious metal geochemistry in Kestanebeleni vein from South
(South Ore Shoot) through middle part (Middle Ore Shoot) to North (North Ore
Shoot) respectively. There are several lines of evidence for multiple stages (or
pulses) of ore formation. In different levels and in different sectors of the
Kestanebeleni vein, more than one generation of sulphide crystallisation (e.g.,
galena, sphalerite and pyrite) is present. The hydrothermal gangue minerals (mainly
quartz and rhodonite, but also axinite, rhodochrosite + adularia) are crosscut by
sulphide assemblage in some core samples (e.g., in North Ore Shoot). Extensive
crosscutting relationship among the different hydrothermal gangue phases also indi-
cates distinct pulses of gangue mineral generation. Change in either strike and dip
of the vein system reflects the changing volume of the space for the precipitation of
gold from boiling hydrothermal fluid. On the base of this approach it has been stated
that, most NW-oriented and steepest segments correlate to areas of elevated gold
mineralisation. The spaces formed at the joints of two different fracture system are
the site of gold rich zones. The Kestanebeleni hydrothermal system produced a
sequence of vein textures and breccias in different stages during its evolution. On
the basis of a recent study by Boucher et al. (2016) veins in different stages have
different mineral assemblages and internal textures such as;

Stage I. Calc-Silicate (qtz-chl-act-ep-py veinlets), Stage I1. Quartz-Rhodochrosite
Breccia (qtz-rdn-rds), Stage III. Quartz-Rhodochrosite (colloformbanded qtz-rds-
rdnzpy), Stage I'V. Quartz-Sulphide (colloform-crustiform, cockade qtz-rds-py-gn-
sp), Stage V. Base Metal Sulphide (massive to colloformbanded gn-sp-py-qtz-cpy),
Stage VI. Late Quartz-Carbonate (stringers of qtz-cal+rds). Gold occurs as inclu-
sions in galena and pyrite of Stage IV and V, and as electrum in Stage [T and I'V. The
fluid inclusions clearly indicate that a complex geothermal system existed.
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4.3.3.7 Ergama (Gokceyazi)

Ergama Property is situated 35 km West of Balikesir city centre. The property
involves a HSEM gold deposit within a large area of propylitic and argillic altera-
tion. The project area consists of a complex Late Oligocene volcanic structure
developed on a slightly metamorphosed basement of Permian age. High grade gold
mineralisation is mostly associated with tectonic controlled brecciation and silicifi-
cation. Silicified zones at higher elevations are represented by fine sugary and drusy
cavities and thin breccia zones composed by vein quartz fragments in gossanous
matrix. Alunite, pyrophyllite, dickite, kaolinite, diaspore are the main clay minerals
along advanced argillic alterations while illite-sericite, smectite are common along
argillic alterations. Chlorite dominant propylitic alteration surround all clay miner-
als at the outer part of the system. Property also comprises high-level porphyry
mineralisation zone represented by sheeted or stockwork type dark greyish quartz
veinlets and quartz-sericite alterations towards the northern margins of the HSEM.

Recent drilling by Sandstorm Gold Co. (formerly Mariana Resources) inter-
sected long intervals of gold-bearing, porphyry-style quartz (pyrite-chalcopyrite)
stockwork mineralisation. Best intersections up to date, 141 m @ 0.23 g/t Au and
156.4 m @ 0.25 g/t Au including 56.4 m @ 0.33 g/t Au and 0.12% Cu (Mariana
Resources, News Release, 2017).

4.3.4 Kiitahya-Afyon-Usak Region

The Menderes Massif is a well-studied metamorphic complex, which is made up of
a polymetamorphic Precambrian basement which is dominated by orthogneisses
and unconformably overlying Paleozoic to Early Tertiary cover series consisting of
metaclastic and platform-type metacarbonates (Basarir 1970; Sengor et al. 1984;
Doraetal. 2001; Candan et al. 2011). E-W trending active graben systems, dividing
the Menderes Massif into submassifs and associated detachment faults are the main
structures that give to the Menderes Massif its present structure. In the northernmost
area the prominent structure in the Simav region is the Simav detachment fault that
is characterised by mylonites in core rocks. They consist of migmatitic-banded
gneiss, orthogneiss, biotite gneiss, high-grade schist, amphibolite, and marble and
separates so-called mylonitic core rocks of the northern Menderes Massif in the
footwall from the Akdere Basin in the hanging-wall (Isik and Tekeli 2001; Bozkurt
et al. 2011).

The Egrigoz pluton is one of the largest (approximately 550 km?) exhumed gran-
itoid body coexisting with the Koyunoba and Alagam plutons in Western Anatolia
(Fig. 4.3). The pluton is assumed to be a syn-extension following the subduction of
African/Arabian Plate beneath Anatolide-Tauride block (Catlos et al. 2012). These
syn-extensional granitoid plutons intrude pre-existing regionally metamorphosed
basement in the footwall (e.g., Akay et al. 2011; Ring and Collins 2005; Thomson
and Ring 2006; Ozgeng and ilbeyli 2008; Erkiil 2010; Hasozbek et al. 2010; Catlos
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etal. 2012). The plutons are surrounded by contact-metamorphic aureoles of pyrox-
ene hornfels and hornblende hornfels facies that grade from the pluton to green-
schist facies rocks. Zircon crystals from southern, central and northern portions of
the Egrigéz pluton yield 2¥U/2% Pb ages of 20.4 + 0.5 Ma, 20.8 = 0.4 Ma and 20.8
+ 0.4 Ma (weighted mean) respectively. Similar to Egrigéz pluton, zircon crystals
from the southern, centre and northern flanks of the Karakoca pluton yield 234U/
Pb ages of 26.0 = 0.6 Ma, 20.6 = 0.8 Ma and 24.1 + 0.5 Ma respectively (Catlos
et al. 2012). These ages are in agreement with U-Pb zircon ages reported from
Hasozbek et al. (2010) and SIMS U-Th-Pb zircon ages by Ring and Collins (2005),
which are 19.4 + 4.4 and 20.7 + 0.6 Ma, respectively.

The Kalkan Formation is the lowermost unit that is crosscut by the Egrigéz
Pluton and mainly consists of banded migmatites, gneiss, and marble lenses of the
Menderes Massif. It is assumed that these high-grade rocks are unconformably
overlain by low-grade Simav Metamorphics representing the cover series of the
Menderes Massif (Akdeniz and Konak 1979). The Simav metamorphic rocks are
made up biotite-muscovite schist, muscovite-quartz schist, biotite-muscovite-
chlorite schist, garnet schist, quartzite, chlorite-bearing calc schist (Akdeniz and
Konak 1979). The Balikbast Formation conformably overlies the Simav
Metamorphic rocks and consists of locally dolomitized marbles derived from neritic
limestones. The Balikbas1 formation is unconformably overlain by Upper Paleozoic-
Lower Triassic Saricasu Formation consisting of low-grade schist, phyllite, quartz-
ite and marble intercalations. The Saricasu Formation is overlain by the Arikaya
Formation. The age of the Arikaya Formation is thought to be Permian, based either
on lithological similarities with the fossiliferous Permian limestone or boundary
with overlying fossiliferous Middle-Upper Triassic rocks. The Arikaya Formation is
composed mainly of crystalline limestone, which is obscured by dolomitization in
places (Akdeniz and Konak 1979).

The Karakoca and Sudosegi Pb-Zn-(Cu-Ag) mineralisation are good examples
of intra-plutonic epithermal vein type base-metal deposits in the Inner Western
Anatolia. They are hosted by Koyunoba and Egrigéz Plutonic Complex (EPG)
respectively (Fig. 4.3). Although there are a number of iron skarns occur in the con-
tact zone between the plutons and carbonate rocks of the Afyon Zone and Menderes
Massif, vein type Pb-Zn (Cu-Ag) mineralisation similar to the Karakoca and
Sudosegi have been rarely recognised.

4.3.4.1 Karakoca

The intra-plutonic Karakoca vein, hosted by Karakoca pluton, strikes NW discon-
tinuously for 1400 m and dips 60° to SW. The true thickness of the vein is variable,
in a range between a few cm to 2-3 m. Mining operations in Karakoca were only
carried out for 1 year in 1960 with the production of ore containing 11% Pb, 3—4%
Zn and 2-3% Cu. High grade massive ore with colloform-crustiform texture passes
gradually to brecciated and stockwork ore in the hangingwall of the vein zone. The
ore paragenesis is represented by pyrite, galena, sphalerite and chalcopyrite with
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lesser tetrahedrite-tennantite, bornite and hematite. In the oxidation stage, chalcoc-
ite, covellite, goethite, malachite and cerussite replace the hypogene ore minerals.
Primary two phases (liquid-rich) inclusions from quartz samples have yielded
homogenisation temperatures (T}), ranging between 250.2 and 322.7 °C (avg.
283 °C with 51 measurements) (unpublished data). Corresponding salinity based on
final ice melting (T,,;..) temperatures are clustered in a wide range of area in between
0.4 and 15.3 wt.% NaCl equivalent (avg. 4.72 wt.% NaCl eq.) The first ice melting
(T,p) measurements are 29-63 °C, indicating NaCl, CaCl,, MgCl, and KCI (Li and
Br free) dominated fluids are responsible for the quartz crystallisation in association
with mineralisation. Sulphur isotope results close to zero (5**S %o) from sphalerite,
pyrite and galena indicate a major contribution of magmatic fluids (unpublished
data). The characteristics of Karakoca vein in terms of its texture, composition, ore
mineralogy and ore-forming fluid correspond to intermediate sulphidation epither-
mal veins.

4.3.4.2 Su Dosegi

Similar to Karakoca, Su Dosegi is another example of intra-plutonic vein system
which crops out along a NE-SW fracture-fault system in the Egrigéz Plutonic
Complex. High-grade ore is found in the hanging wall of the vein system, showing
clear colloform-crustiform texture, while some stockwork and brecciated ore are
found in the footwall. Although, there is no recorded mining activity in Sudosegi,
small excavations and some dumped floats were found during our field study, sug-
gesting that short-lived operations took place.

Ore mineralisation consists of a sulphide mineral assemblage containing galena,
sphalerite and chalcopyrite in colloform-crustiform and stockwork zones. Galena
and sphalerite with subordinate chalcopyrite are more common in colloform-
crustiform banded zones, while pyrite, quartz and carbonate gangue are more abun-
dant in stockworks and brecciated zones. The oxidation stage is characterised by
goethite, limonite, siderite, cerussite, azurite, malachite and chalcocite-covellite.
Fluid inclusion assemblages in quartz yielded T, between 211 and 349 °C (avg.
269 °C with 32 measurements) with salinities between 0.7 and 9 wt.% NaCl equiva-
lent (mean 4.5 wt.% NaCl eq.). The first ice melting (Tmf) measurements are
29-63 °C, indicating NaCl, CaCl,, MgCl, and KClI (Li and Br free) dominated fluids
are responsible for quartz crystallisation. Similar to Karakoca, sulphur isotope
results (5*S %o) close to zero from sphalerite, pyrite and galena indicate magmatic
origin for the fluids are responsible in ore generation (unpublished data).

4.3.4.3 Yukari Ortaburun (Katrandag)

Katrandag Pb-Ag (Au) is a complex epithermal and associated skarn type minerali-
sation, hosted by a roof pendant of dolomitic limestone of Balikbag1 formation,
Simav Metamorphics and Egrigoz pluton. Epithermal veins extend along N-NE/SW
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striking faults. Although there has been some manganese mining in vicinity of
Katrandag, no mining activity has occurred in the area.

The upper part of the system is thought to occur at the interface between the
water table and the overlying surficial zone, based on the occurrences of silica cap,
oxidation and supergene alteration. The hydrothermal mineralisation occurs in sil-
ica cap including silica-rich veins and silicified dolomitic limestone (Balikbas1 for-
mation), which hosts a Ag-Au rich zone for approximately 6—6.5 m at the uppermost
section. Below the Ag-Au rich ore, massive galena, barite with lesser amounts of
sphalerite and pyrite are observed. At further depths, the contact zone of Egrigoz
pluton with Balikbas1 formation and Simav Metamorphics show distal and proximal
skarn zone with about 1-1.5 m thickness in average. Based on core samples, the
copper-rich distal skarn zone is thinner and characterised by chalcopyrite, bornite
and pyrite association, while the iron dominated proximal skarn zone is represented
by abundant magnetite, sphalerite, pyrite, chalcopyrite and galena with a thickness
up to 4.5 m. Additionally, veinlets of 50-55 mm width in stockworks and stringer
zones are observed in the interior of the pluton, which shows roughly % 1-2 sul-
phide mineralisation including chalcopyrite, galena and pyrite.

4.3.4.4 Mumcu

Mumcu is a poorly studied epithermal system, cropping out along N-S transfer
faults linked with the Simav Graben. It is situated within Paleozoic Metamorphics
and Miocene andesitic volcanics. The mineral system is associated with silicified,
brecciated and opal bearing zones and surrounding argillic alteration mineral assem-
blages including kaolinite, montmorillonite and cristobalite. The ore minerals
including cinnabar, arsenopyrite, electrum and low grade gold (500 and 340 ppb
from Hg bearing opal and pyrite samples) are found in opal-rich zones (Oygiir
1997). Since there are no core samples, the data from Mumcu epithermal system is
only limited to surface observations. However, the presence of arsenopyrite, wall
rock alteration and gold anomalies point to the outlying section corresponding to an
upper parts of an epithermal system, which also means that higher ore grades might
be found at depth.

4.3.4.5 Degirmenciler

The Degirmenciler is an antimony bearing epithermal deposit, hosted in silica
replaced limestone lenses of Paleozoic metamorphic rocks. The silicified host rocks
show colloform-crustiform texture and jasperoid alteration as a result of calcite-
silica replacement. Argillic and advanced argillic alteration represented by montmo-
rillonite, smectite, quartz, opal, cristobalite and dickite surround this epithermal
system. Hydrothermal breccia with dark grey silica and abundant pyrite is associ-
ated with high grade ore. Lesser amount of galena, chalcopyrite, molybdenite, bis-
muth, gold and silver accompany to the main ore.
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4.3.4.6 Kaymaz

Kaymaz Gold Mine situated at the Kaymaz village near Sivrihisar town of Eskigehir
city. Kaymaz is located in the Tavsanli Zone of the Anatolide-Tauride Block, that
was subjected to high pressure-low temperature metamorphism during the
Cretaceous. Paleozoic and Mesozoic metamorphic rocks of the Tavsanli Zone were
intruded by the Eocene dykes. Under the influence of these granite dykes, three
styles of mineralisation are evident; manto-type mineralisation, quartz stockworks
and veinlets and episodic brecciation adjacent to the granite dyke. Mineralisation is
hosted mainly in the serpentinites and quartz schists at Damdamca, Karakaya,
Kii¢tik Mermerlik and Kizilagil districts (Yavuz 2013).

Among these, the Damdamca and Main Zone are the two most important dis-
tricts because of their reserves and exploration activities. The vein in Damdamca
has been traced along its N-S strike for over 220 m and dips 45-60° to the east.
Similar to Damdamca the vein in the Main Zone has been traced for a length of
1100 m along a N-S strike dipping 45-60° S. Early hydrothermal ore assemblage is
composed mainly of magnetite, millerite, pentlandite, nickeline, arsenopyrite, mar-
casite, pyrite-I, bravoite, gold and silver. Late hydrothermal ore assemblage is com-
posed of pyrite-II and supergene hematite, pyrolusite, goethite, limonite,
lepidocrocite and rarely chalcocite-covellite (Yavuz 2013). Quartz, serpentine,
ankerite, and dolomite are the main gangue minerals. Homogenisation temperatures
for liquid-rich inclusions in quartz, range from 240 to 390 © C with salinities between
0.3 and 14 NaCl wt.% (Yavuz 2013). On the basis of field relations, petrography and
fluid inclusion studies, the Kaymaz gold mineralisation can be considered as list-
wanite type deposit which formed under epithermal conditions.

4.3.4.7 Red Rabbit (Kiziltepe)

The epithermal mineralisation at Kiziltepe is hosted within the Sindirgt Volcanic
Complex, which comprises a sequence of dacitic and rhyolitic intrusions, lava flows
and pyroclastic rocks. The Sindirgi Volcanic Complex is considered to be of
Miocene age on the basis of K-Ar ages of 19.0 + 0.4 and 20.2 = 0.5 (Erkiil et al.
2005). Dating of the lower ignimbrite host-rocks also yielded a comparable
40Ar/39Ar plateau age of 19.82 + 0.14 Ma. There are four main epithermal quartz
(-adularia) vein swarms located across the region, namely: Kiziltepe, Kepez,
Karakavak, and Kizilgukur (listed from SW to NE). Epithermal gold was discovered
in the region during a regional bulk leach extractable gold (BLEG) and 180-um
stream-sediment sampling program, carried out by EuroGold (Yilmaz 1992) and
TUPRAG in 1990 and 1992 respectively (Yilmaz 1992). At Kiziltepe, low-
sulphidation type epithermal veins, including four economically viable veins
referred to as Arzu South, Arzu North, Banu and Derya, are controlled by NW and
NNW trending structures in the lower ignimbrite sequence. The subparallel and
curvilinear Arzu and Banu vein systems dip steeply 75-85° to the NE and 75-80° to
the SW respectively. Along their strikes, the total length of the veins reach up to
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19.5 km (Sener et al. 2006a, b). The Kiziltepe deposit exhibits characteristics of an
adularia-bearing low sulphidation paragenesis with a low total sulphide content and
with a simple ore mineralogy. Disseminated pyrite and associated supergene oxides
with traces of electrum and acanthite are the main ore minerals.

Crustiform, carbonate replacement and associated bladed, breccia and associated
cockade textures are the prominent textures, which yield the highest gold grades
ranging from 12 to 32.5 ppm in the Kiziltepe vein system (Y1lmaz et al. 2013). The
Kiziltepe low sulphidation epithermal system possesses characteristic textures that
are directly or indirectly related to boiling hydrothermal fluids. Silver mineralisa-
tion is represented by native silver and acanthite and associated with gold in both
the mineralised quartz veins and the stockwork envelope around the veins. Overall,
a wide range of Ag:Au ratios has been recorded, commonly between 5:1 and 30:1.
Detailed fluid inclusion studies were conducted by Yilmaz et al. (2013), on medium-
grained quartz from crustiform banding, carbonate replacement and hydrothermal
breccia textures of Phase II, which is regarded as the main phase of Au-Ag deposi-
tion. These yielded an average homogenisation temperature of 231 °C (number of
samples, n = 85) and salinity of 1.1 wt.% NaCl equivalent (n = 85), suggesting that
relatively low temperature diluted fluids of mixed origin were responsible for the
Phase II mineralisation.

4.3.4.8 Inkaya

The Inkaya Cu-Pb—Zn—(Ag) is an epithermal vein-type ore mineralisation, hosted
by Simav Metamorphics and Arikaya formation. The epithermal veins extend E-W
along strike with a thickness of up to 2 m. Galena, sphalerite, chalcopyrite, pyrite
and fahlore with lesser amounts of cerussite, anglesite, digenite, enargite, chalcocite-
covellite, bornite are the ore minerals within an iron oxide dominated quartz gangue.
Grades of Cu, Pb, Zn and Ag are 77,400 ppm, 102,600 ppm, 6843 ppm and 203 ppm,
in average respectively. Microthermometry results from quartz range from 235 to
340 °C with salinities, between 0.7 and 4.49 wt.% NaCl equivalent. Based on wide
range of homogenisation temperatures and lower salinities, multiple fluid genera-
tions from same source is thought to have occurred as a result of meteoric water
mixing with magmatic fluids (Ozen and Arik 2015).

4.4 The Central Anatolian Province

Tectono-magmatic evolution of Central Anatolia is closely related to multiphase
compressional and extensional events following the continental collision of
Gondwana and Eurasian plates. As a consequence of this convergence processes,
NE to SW trending volcanic arc extended from Konya to Nevsehir developed during
Neogene to Quaternary times. Central Anatolian Crystalline Complex (CACC),
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which is also known as Kirsehir Block is bounded on the North by the izmir Ankara
Erzincan Suture that separates the Pontides from both CACC and from Anatolide—
Tauride (Fig. 4.1).

In the southwest, CACC is separated from Anatolide—Tauride block by the Inner
Tauride suture (Gortir et al. 1984, 1998; Dilek et al. 1999; Okay and Tiiystiz 1999;
Andrew and Robertson 2002; Robertson et al. 2009; Pourteau et al. 2010). The
Inner Tauride suture is assumed to have been formed by the closure of an oceanic
branch located between the Tauride-Anatolide Block and the CACC. On the basis
of geochronological data obtained from ophiolites of the metamorphic soles (Parlak
et al. 2013) this oceanic basin is suggested to have been consumed as a result of
northward subduction which initiated between 95 and 90 Ma. The latest Cretaceous
to Early Cenozoic age is envisaged for the complete consumption and following
continental collision of this (Parlak et al. 2013).

The Central Anatolian Crystalline Complex experienced high-temperature,
medium-pressure (HT-MP) Barrovian metamorphism at 5-6 kbar/>700 °C, dated
about 91-84 Ma. The metamorphic rocks of the Kirsehir Block were subjected to
regional high-temperature, medium-pressure (HT-MP) conditions and are subdi-
vided into three massifs namely Akdag, Kirsehir, and Nigde-Agacoren-Hirkadag
(Lefebvre 2011; Van Hinsbergen et al. 2016) (Fig. 4.1). The ophiolites and the
underlying high-grade metamorphic rocks of the metamorphic basements are
intruded by granitoids suites range in age from Late Cretaceous to Eocene with a
large compositional diversity from calc-alkaline through subalkaline to alkaline as
a result of closure of the Inner Tauride Ocean (Akiman et al. 1993; Aydin et al.
1998; Whitney and Dilek 1998; Fayon et al. 2001; Whitney et al. 2001, 2003;
Whitney and Hamilton 2004; Hbeyli et al. 2004; Hbeyli 2005; Kadioglu et al. 2003,
2006; Koksal et al. 2004; Onal et al. 2005; Boztug 1998, 2000; Boztug et al. 2007;
Kusgu et al. 2010). The North-west segment is known as “Kirikkale granitoid belt”
and composed of several calc-alkaline granitoid stocks including Sulakyurt, Keskin,
Behrekdag, Celebi granitoid and alkaline stocks including Buzlukdag and Baranadag
granitoids. Agacoren calc-alkaline intrusive suite which can be divided into two
bodies as Agagoren and Ekecikdag granitoids lie along the arc which is parallel
NW-SE trending Tuz Golii Fault (Kadioglu and Giile¢ 1996; Tiireli 1991).
Baranadag and Buzlukdag stocks are the well-known examples of alkali plutonism
in the Kaman-Kirsehir region.

Development of the intensive Neogene-Quaternary volcanism in the Central
Anatolian Volcanic Complex is related to subduction and the following continental
collision between the Afro-Arabian and Eurasian plates. The main transcurrent
faults such as the North Anatolian, the East Anatolian, the Tuz Golii and the Ecemis
faults were formed in association with compressional and extensional forces during
the closure of the Northern branch of Neo-Tethys (McKenzie 1972; Sengor 1979;
Sengor and Yilmaz 1981; Pasquare et al. 1988; Toprak and Gonciioglu 1993). As the
largest volcanic province of the central Anatolia, it includes Upper Miocene-
Holocene ignimbrites, volcanic ash deposits and lava flows intercalated with fluvio-
lacustrine sediments (Ciner et al. 2015). Central Anatolian Volcanic Province hosts
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numerous monogenetic volcanoes including Erciyes, Hasandag and Melendiz main
stratovolcanoes which are responsible for the volcanic activities between Miocene
to recent. The Melendizdag Volcanic Complex hosts several high sulphidation min-
eralisation and comprises Miocene-age coalescing lava domes, flows, vent breccias,
and pyroclastic deposits. The Miocene Develidag volcanic complex is situated at
the southeastern end of the Sultansazligi pull-apart basin and the southern part of
the eastern Ecemis fault. Ecemis and Tuz Golii Faults create an area of crustal exten-
sion resulting in tectonic depressions such as pull apart basins exemplified by
Sultansazligi and Tuz G6lii basins. Tuz golii and Sultansazligi basins along with the
Ecemis Fault Zone are active pull apart basin since the Early Quaternary (Dirik and
Gonctioglu 1996). Previous structural studies suggest that Develidag volcanism was
generated prior to and during the extension of the Sultansazligi pullapart basin
(Kogyigit and Beyhan 1998; Toprak 1998). The common features of the central
Anatolian volcanic rocks are abundant tholeiitic and calc-alkaline rocks, followed
by alkaline activities at the final stage of the volcanic events. Develidag eroded
stratovolcano is represented mainly by tholeiitic basalts associated with minor calc-
alkaline products (Kiirk¢iioglu 2010). The CAFZ transform microplate boundary
separates Sultansazligi basin from the Develidag volcanic system.

Within the Anatolian block, some sedimentary basins are related to these faults
(Sengor 1979; Sengor and Yilmaz 1981), such as the Sultansazligi and Tuz Golii
basins (pull-apart basins, according to Pasquaré et al. 1988). The common features
of the central Anatolian volcanic rocks are abundant tholeiitic and calc-alkaline
associations, followed by alkaline activities at the final stage of this volcanism. The
Develidag volcanic system is represented mainly by tholeiitic basalts associated
with minor calc-alkaline rocks. Melting modelling suggests that basaltic rocks can
be derived by partial melting (3—4%) of a spinel peridotite source component,
whereas calc-alkaline rocks show minor amount of crustal contribution during dif-
ferentiation as indicated by LIL/HFS element ratios and supported by AFC model-
ling. Development of the tholeiitic calc-alkaline associations for Develidag volcanic
system could be related to the activities of the eastern segment of the Ecemis fault.
Tholeiitic and calc-alkaline associations can be explained either by combined devel-
opment of partial melting of a mantle source and following crustal involvement or
by the change in the rate of the melting degree. The lack of alkaline rocks seems to
be attributed to either the lack of extensional development or to the poor extension
in Central Anatolia before the late Miocene.

Another important volcanic centre Konya Volcanics outcrop along a 60 km,
northwest trending zone which is up to 40 km in width, between the cities of Konya
and Beysehir. Permo-Mesozoic autocthon-para autocthon Gokceyurt Group and
allocthonous Ladic Metamorphics are the main components of the metamorphic
basement. The basement is overlain unconformably by subduction related calc-
alkaline volcanic and volcano-sedimentary rocks of the Late Miocene-Pliocene
Konya Volcanics. The Konya Volcanics comprise dykes, lava flows, tuffs, ignim-
brites, volcanic breccias and agglomerates in composition vary from rhyolite to
andesite. The Konya belt is a recently discovered metallogenic unit defined by at
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least 15 alteration zones of gold and/or silver mineralisation including Inlice,
Doganbey and Karacadren in the Central Anatolia of Turkey. Mineralisation is
related to a belt of Miocene volcanic rocks, most of which constitute a series of
large compound stratovolcanoes of calc-alkaline composition.

4.4.1 Oksiit

Oksiit is a high-sulphidation epithermal gold deposit located in Develidag Volcanic
Complex (DVC) in Central Anatolia (Fig. 4.1). The deposit was discovered by
Stratex in early 2007. Develidag is an eroded stratovolcano represented by tholeiitic
basalts and minor calc-alkaline rocks composed mainly of andesites (Kiirk¢tioglu
2010). The deposit covers two reasonably well-defined targets, known as Kel Tepe
and Giiney Tepe, which are characterised by intense silicic alteration and advanced
argillic alteration. Keltepe and Giineytepe deposit are both considered to be con-
trolled by NW-SE and NE-SW trending faults.

Intense silicic alteration formed as massive silica and massive silica breccia with
lesser vuggy silica. Advanced argillic alteration is characterised by the presence of
the mineral assemblage comprising alunite, kaolinite, dickite, pyrophyllite, dia-
spore, aluminium-phosphate-sulphate minerals (woodhouseite-svanbergite series),
zunyite, minamyite, pyrite and enargite.

In Kel Tepe four different types of breccia have been identified on the basis of
their clasts, matrix and alteration features. These are massive silica breccia, silica-
hematite-limonite breccia, alunite breccia and the quartz-kaolinite + alunite breccia.
Texturally a variety of polymictic breccias and a texturally uniform porphyritic
andesite are the main host rock for gold mineralisation (Sillitoe 2012).

Massive to vuggy residual quartz commonly occurred at increasing elevations
with a vertical limit of up to 100 m. (Massive to vuggy residual quartz with associ-
ated silicification were formed at the higher levels of the system with a vertical
extent of up to 100 m. However, quartz-alunite and quartz-kaolinite alteration is
encountered at lower levels of the system. These two alteration controlled by
NW-SE and NE-SW trending faults are the most prominent alteration types asso-
ciated with gold mineralisation. The property contains probable reserves of
26.1 Mtat 1.4 g/t gold, containing 1.16 million ounces of gold. The Oksiit feasibil-
ity study evaluates a mine plan of two open pits operated over an 8 year mine life
(http://sandstormgold.com/news/2016/index.php?&content_id=475).

Mineralisation at Oksiit is believed to be related to the contemporaneous
emplacement of a subvolcanic breccia and a porphyritic andesite. A 2012 site visit
by Dr. Richard Sillitoe described gold mineralisation as being “preferentially pre-
cipitated in the siliceous ledge and its immediate quartz-alunite halo,” and having
been “fed by at least one, and probably several steep structures represented by mas-
sive silicification.”
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4.4.2 Inlice

This prospect was the first of more than twenty hydrothermal alteration zones dis-
covered by Stratex in the Konya Volcanic Belt. The Inlice epithermal gold project is
located in the Konya (Erenlerdag) Volcanic Belt, approximately 40 km northeast of
Konya (Fig. 4.1). In the area, Miocene-Pliocene volcanism with calk-alkaline and
high-K calk-alkaline affinity is composed mainly of andesitic and dacitic lavas and
tuffs. The widespread alteration of the andesitic and dacitic lavas consists mainly of
kaolinite, and associated halloysite, alunite, cristobalite, quartz, illite, montmoril-
lonite, and zeolite group minerals (Karakaya et al. 2001).

The Inlice epithermal gold project comprises WNW to NW trending subvertical
silica ledges referred to as Ana Zone, Bati1 Zone and Kesif Zone which are hosted
within intensely altered dome-like andesitic body. Silica veins which crosscut the
dome-like andesitic body are controlled by oblique-slip normal faults. Ana zone is
the widest and longest silica ledge which striking N 50-80° W and dipping 60-70°
SW. Alteration typically changes outwards from silica to quartz-alunite and quartz-
kaolinite, illite-chlorite and smectite-chlorite respectively, which reflects the
decreasing temperature and the increasing pH of the hydrothermal fluid. The vuggy
and sugary quartz host the gold mineralisation in the main zone, and show outward
transition to advanced-argillic and argillic alteration zones, typical of the outflow
path of a high sulphidation epithermal system in which alteration and gold precipi-
tation is controlled by mainly pH and temperature changes. Chalcedony after opal
is also present in the eastwards of Ana East section.

Doganbey alteration zone is located near the side of the eroded stratovolcanoap-
proximately 15 km NE of Inlice deposit. Doganbey prospect is believed to have
similar potential to inlice and is in the focus of continuing exploration. The silica
alteration is largely represented by opalisation of andesitic and dacitic volcanic
rocks that are covered by unaltered rhyodacitic lavas. Beneath the opalised horizon
the pyroclastic volcanic rocks in andesitic to dacitic composition were crosscut by
structurally controlled quartz-alunite ledges. Kaolinite dominated illite-bearing
alteration widespreadly outcrops between the quartz-alunite ledges. Advanced
argillic alteration is represented by vuggy quartz with infilling alunite, kaolinite and
hematite.

The anomalous gold grades up to 0.6 gr/t encountered at Doganbey, occur with
the network of quartz veinlets with a thickness varies between 1 and 3 mm. Gold is
positively corellated with Mo, Sb, Pb, S, As, and S in soil samples and with Mo, Pb,
Ag, Hg, Sb, Bi, Cu in rock samples. Further exploration activities including shallow
drill programme to test the porphyry and or gold enriched zone are necessary.
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4.5 Eastern Black Sea, Pontide Metallogenic Province:
Northeastern Turkey

Due to its complex geological dynamics, the Pontide Belt hosts numerous kuroko,
porphyry, skarn and epithermal prospects and deposits associated with Late
Cretaceous-Mid-Eocene magmatism. The Pontide Belt extends east—west along the
Black Sea coast and was formed in the eastern part of Alpine-Himalayan belt
between the Rhodopes in the west and the Caucasus in the east. The subduction of
the northern branch of the Neo-Tethyan oceanic crust beneath the Eurasian
(Laurasian) plate (Okay and Sahintiirk 1997; Sengtr and Yilmaz 1981; Yilmaz et al.
1997) caused an arc-type magmatism during the Late Mesozoic-Early Cenozoic
(e.g., Sengor and Yilmaz 1981; Okay and Sahintiirk 1997; Boztug et al. 2004, 2006;
Rice et al. 2006, 2009; Yilmaz and Boztug 1996; Altherr et al. 2008; Cinku et al.
2010; Karsh et al. 2010, 2011, 2012; Meijers et al. 2010; Ustadmer and Robertson
2010; Topuz et al. 2011). This subduction, was followed by collision of the Tauride—
Anatolide block with the Pontide and Kirsehir blocks in the Late Paleocene and
Early Eocene closing the Ankara—Erzincan branch of the northern Neotethys
(Richards 2015). It is also suggested that northward subduction of Paleotethys
formed the eastern Pontides orogenic belt during the Paleozoic—Mesozoic (e.g.,
Adamia et al. 1977, 1981; Dilek et al. 2010; Rice et al. 2009; Ustadmer and
Robertson 1997). The Pre-Jurasic basement units are composed mainly of
Carboniferous metamorphic rocks, and associated Permocarboniferous granitoids
and sedimentary rocks (Topuz et al. 2004, 2007). In this crystalline basement cross-
cutting granitoids of the Late Carboniferous age were also recognised previously
(e.g., Cogulu 1975; Dokuz 2011; Kaygusuz et al. 2012; Okay and Sahintiirk 1997,
Topuz et al. 2010).

Plutonic rocks in Eastern Pontide Belt are dominantly I-type metaluminous,
calc-alkaline to high-K and shoshonitic with lesser A-type constituting more than
50% of the present erosion surface of the Eastern Pontides. The emplacement age of
these intrusive rocks ranges a time interval from Cretaceous to Paleocene (Delaloye
et al. 1972; Giles 1974; Taner 1977; Gedikoglu 1978; Moore et al. 1980; Jica 1986;
Okay and Sahintiirk 1997; Yilmaz et al. 2000; K&priibasi et al. 2000; Y1lmaz-Sahin
2005; Boztug et al. 2006; Kaygusuz et al. 2008, 2009; Boztug 2008; ilbeyli 2008;
Kaygusuz and Aydingakir 2009) and the Eocene (Boztug et al. 2004; Arslan et al.
2004; Yilmaz-Sahin 2005; Topuz et al. 2005; Karsh et al. 2007).

The Pontide Belt is divided into three zones by Bektas et al. (1995) and Bektas
et al. (1999) as the northern, southern and axial zones, based on their characteristic
tectonic and lithological features. Konak et al. (2009) proposed to divide Eastern
Pontides into two zones as northern/outer and southern/inner zones on the basis of
geochemical, geochronological and tectono-magmatic features. The Northern zone
is characterised dominantly by arc-related igneous rocks of Late Mesozoic and
Cenozoic volcanic and volcanoclastic rocks. The occurrences of VMS deposits and
some porphyry type mineralisation are usually attributed to the formation of the
Late Cretaceous arc related igneous activity in the region. Post-collisional Early to
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Fig. 4.4 Regional geological map of Eastern Pontides and spatial distribution of significant epith-
ermal mineralisation. (Geology modified from MTA Emre et al. 2013; Akbas et al. 2017)

Late Eocene volcanic and plutonic rocks are very important in terms of hosting
porphyry and epithermal mineralisation and prospects in the Southern Zone of the
eastern Pontides orogenic belt (Fig. 4.4) (Akgay and Giindiiz 2004; Yigit 2009;
Eyiiboglu et al. 2014; Richards 2015).

The Pontide Belt is considered to be the most important lead-zinc-copper metal-
logenic province of the Turkey. Porphyry and epithermal deposits are also common,
however, just few of them are of economic interest. Below, brief geological data are
given on selected epithermal systems (e.g., Mastra, Hasandag, Sisorta, Arzular,
Olucak, Eskine, Etir, Asarcik, Inler) scattered mainly on Southern Zone of the east-
ern Pontides orogenic belt. The Altintepe, Bahcecik, Midi, Kirint1, Aktutan, Ta¢ and
Corak are the other important mineralisation in this belt (Fig. 4.4).

4.5.1 Mastra

The Mastra Gold Mine is located approximately 5 km northwest of Gilimiishane, in
the southern zone of East Pontides (Fig. 4.4). Although it has been known since the
1980s, the mine commenced open pit production in May 2007 and underground
mining in 2008. The ore production is carried out by open pit and underground min-
ing until the open pit production was terminated at the end of 2013. Porphyritic
andesitic lavas and volcanoclastic rocks of Eocene age are the most widespread
rocks in the area. Andesitic lavas gradually change to pyroclastic rocks towards the
north and to agglomerates towards the south. Andesitic lavas are unconformably
overlain by Eocene sedimentary rocks. The ore vein is envelopped by the intense
argillic alteration which overprint porphyritic andesites. Outwards from argillic
alteration zone, a propylitic alteration zone is present changing gradually to unal-
tered andesitic volcanics. Mineralisation and associated argillic alteration at Mastra
are controlled by NW-SE striking and NE dipping structures. Occurences of barite
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and alunite confirm that higher oxidition and sulphidation states are present in the
evolutionary history of the deposit (Bilir 2015; Bilir and Kusgu 2016). In addition
to barite and alunite, characteristic minerals of acid-sulphate alteration (e.g., kaolin-
ite, jarosite and gypsum) were found in the alteration assemblage (Tiiysiiz et al.
1995). However, adularia-sericite were identified as main gangue minerals in the
boiling zone with bladed calcite. Mineralisation at the Mastra deposit is divided into
two stages. The first stage is represented by galena and sphalerite with lesser chal-
copyrite, pyrite, argentite and tetrahedrite-tennantite. The second phase is domi-
nated by native gold, pyite and chalcopyrite. Detailed fluid inclusion studies from
two stages of quartz related to gold mineralisation have been realized by Tiiysiiz
et al. 1995. In this study the homogenisation temperatures ranging from 160 to
340 °C with salinities ranging from 4.1 to 10.9 wt.% NaCl equivalent. Similarly
more recent fluid inclusion study shows that the ore forming solution varies in tem-
perature between 113 and 390 °C (Aslan and Akcay 2011). Free gold in Mastra was
formed in association with quartz predominantly in the native state with lesser
amounts as electrum. The ore and alteration mineral assemblages in association
with ore textures and fluid inclusion data are consistent with a low-sulphidation
epithermal environment.

4.5.2 Hasandag

The Hasandag epithermal gold mineralisation located 20 km northeast of Alucra
(Giresun) (Fig. 4.4). The Hasandag mineralisation is hosted in Eocene volcanic
rocks including andesite, dacite andesitic tuff, brecciated andesite and andesitic
dykes in the southern zone of East Pontides. The volcanic succession is crosscut by
intrusions varying in composition from quartz-monzodiorite to syenogranite. The
volcanic and intrusive rocks of the area have experienced several stages of intense
hydrothermal alteration. It seems like that the intrusions of felsic magma along the
fracture zones prompted advanced argillic alteration due to high temperature, acidic
fluids and associated diatreme formation. Silicification and argillisation are wide-
spread as the main types of hydrothermal alteration (Acarlioglu et al. 2013). Field
and paragenetic studies demonstrate that centres of acid-sulphate-altered rock are
internally zoned and transition outward from argillic (smectite =+ illite) into propyl-
itic zones (chlorite + epidote =+ sericite + calcite). Vuggy quartz dominated silicifica-
tion with advanced argillic to argillic alteration which formed due to the leaching of
host rocks by hot acidic hydrothermal fluids are indicators of high-sulphidation type
mineralisation (Acarlioglu et al. 2013). The ore minerals are pyrite, native gold,
hematite, goethite-lepidochrosite (Acarlioglu et al. 2013; Bilir 2015). Iron oxide
alteration dominated by hematite and goethite is associated with higher gold assays
indicating gold enrichment via supergene alteration.
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4.5.3 Sisorta

The Sisorta epithermal mineralisation is located in 120 km northeast of Sivas and
60 km southwest of Giresun city (Fig. 4.4). Igneous rocks of Eastern Pontide arc
varying ages between Late Jurassic to Pliocene with different composition and
facies unconformably overlie the metamorphic basement and cover large areas in
the region. The calc-alkaline volcanics of Late Cretaceous are characterised by
andesitic dacitic lava, agglomerate and tuffs. Andesite and andesitic tuffs are the
main volcanic rocks, which host the HSEM and the associated alteration. The vol-
canic successions are intruded by stock-like intrusions ranging from quartz-
monzonitic to monzo-gabbroic in composition.

Sisorta alteration system covers a large area of more than 5 x 5 km and displays
typical features of the HSEM systems, including vuggy silica lithocap, underlain by
advanced argillic style alteration, high level multi-stage phreatic and hydrothermal
breccias and associated intrusions. Gold is enriched at the top of the HSEM system,
and is localised within silica cap which is surrounded by the advanced argillic alter-
ation assemblage dominated by alunite, dickite, kaolinite, pyrophyllite and
diaspore.

Post-mineral faults are responsible for secondary enrichment of gold and oxide
and sulphide assemblages (Bilir 2015). In hydrothermal breccia zone, the silica cap
with the significant gold assays comprises pyrite, chalcopyrite, barite and hematite.
The lithocap represents the largely oxidised, gold enriched top of the system, and is
underlain by less oxidised mineralisation enriched at depth. Petrographic studies
indicate that Sisorta deposit includes fine to medium grained pyrite with some chal-
copyrite, and tetrahedrite-tennantite group minerals with minor enargite.

“OAr/ ¥ Ar age dating is ranging from 78.85 + 0.94 to 76.59 + 2.19 Ma as a plateau
age and 78.25 = 0.42 and 75.30 + 0.90 Ma as an isochron age in K-alunite, 80.44 +
0.84 in hornblende minerals from unaltered andesitic volcanic rocks. This shows
that hydrothermal gold mineralisation was deposited 3 Ma later than the volcanic
host rock eruption (Sahin Demir and Ugurum 2016).

4.5.4 Arzular

Arzular is hosted in the Eocene volcanic rocks in the southern part of the Eastern
Pontides Orogenic Belt (Fig. 4.3). The Eocene volcanic sequences around the proj-
ect area are subduction related basaltic-andesitic volcanic and associated pyroclas-
tic rocks. These volcanic sequences are the final products of Early Cenozoic adakitic
magmatism and cut by non-adakitic granitoid intrusions. The alteration and associ-
ated mineralisation are formed under the control of NE-SW and NW-SE striking
fault zones (Akaryali and Tiiysiiz 2013; Bilir 2015). The E-W trending fracture zone
where the LSEM emplaced in, extends over 400 km along its strike and dips about
70 to the north. The thickness of quartz veins varies from 10 cm or less up to 50 cm.
In the early stage of silicification, the quartz-chlorite assemblage is not associated
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with significant mineralisation. However, in the later stage of silicification, quartz is
formed in association with sulphides dominated by pyrite and gold (Bilir 2015).

Fluid inclusion petrography and vein mineral textures are the indicatives of boil-
ing conditions in an open system (Akaryali and Tiiysiiz 2013). The homogenisation
temperatures for fluid inclusions from quartz vary from 130 to 295 °C, with an aver-
age of 214 °C. Ice melting temperatures ranges from —2.6 to —8.6 °C, and the cor-
responding salinities of the inclusions are 4.3-12.4 wt.% NaCl eq. Sphalerite
crystallisation was achieved at a temperature between 90 and 133 °C from hydro-
thermal fluids with a salinity in a narrow range between 0.7 and 2.7 wt.% NaCl with
a mean of 1.7 wt.% NaCl eq. (Akaryali and Tiiysiiz 2013). The O and H isotope
compositions of sericite and quartz suggest derivation of hydrothermal fluids from
mixed sources including magmatic, metamorphic and meteoric waters.

The main ore minerals are native gold, silver, galena, sphalerite, chalcopyrite,
fahlore minerals, pyrite and covelline, and associated gangue minerals are calcite,
quartz, clay and gypsum. Gold commonly occurs as native Au intimately associated
with chalcopyrite or as isolated grains, and ranges in size from 1 to 15 mm. The Fe
content of analysed sphalerite ranges between 0.54 and 1.76 wt.%, corresponding to
FeS contents of 0.85-2.77 mol%. The range of FeS content between 0.85 and 2.77
is comparable with those of the lower limit of the ISEM systems ranging from 1 to
20 mol% FeS.

4.5.5 Olucak

This property is situated within the central part of the Eastern Pontides. The prop-
erty is located approximately 100 km South-southwest of Trabzon and 13 km north-
east of Giimiishane (Fig. 4.4). Silicified zones hosting anomalous gold-silver and
associated base metals were originally identified by MTA in 1990 by stream sedi-
ment sampling surveys.

The Early to Middle Lutetian basaltic—andesitic lavas and their pyroclastic
equivalents widely crop out in the area. The Early to Middle Lutetian volcanic
sequence was cut by Late Lutetian non-adakitic granitic intrusions. The vein and
veinlet zones are hosted by altered andesitic and dacitic volcanic rocks. Silicified
zone extends for 600 m along strike with a thickness up to 50 m until it is covered
with overburden. Intermediate argillic alteration is widespread in the andesitic lavas
and represented by illite and smectite with lesser kaolinite. Phenocrysts of plagio-
clase, hornblende and biotite are replaced by clay minerals. The argillic alteration
grades outwardly propylitic alteration. Epidotisation is the most prominent altera-
tion with chloritisation in basaltic lavas.

Mineralisation and associated alteration are mainly controlled by sets of NW-SE
trending strike slip and oblique faults typically dipping at high-angles between 70
and 90°. Pyrite, chalcopyrite, sphalerite, fahlore group, galena are the major sul-
phides in gold-bearing veins. Hematite, limonite, bornite, covellite, chalcosite and
digenite are observed as supergene enrichment. Quartz, barite, sericite, calcite,
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adularia, illite and kaolinite are the main gangue and clay minerals of the veins.
Epithermal textures including crustiform banding, comb textures, alteration miner-
alogy and patterns and geothermometres of fluid inclusion studies are indicative of
low sulphidation epithermal system (Bilir 2015).

4.5.6 Eskine Yayla

Granitoid rocks in the Eskine Yayla area (Sebinkarahisar), host polymetallic (Pb,
Zn, Cu, U) vein-type mineral deposits (Fig. 4.4). The host granitic rocks belong to
the Upper Cretaceous—Middle Eocene metaluminous, subduction-related plutonic
rocks composed of quartz syenite, syenite, granite, monzonite and quartz monzo-
nite. The veins are dispersed in an area of about 1 km?. The strikes of the veins are
N 75-85° E with dips of 70-80° SE. The veins extend for about 10-200 m with
thicknesses of 10 cm and 3 m. Sphalerite, galena, pyrite and chalcopyrite are the
most common ore minerals in the vein paragenesis of Eskine Yayla. Fahlore group
minerals, Bi-sulphides and sulphosalts, green and purple fluorites are present in
minor amounts. Quartz is the major gangue mineral with fluorite in some veins and
with barite in the rest. Some carbonate minerals are also present. Three successive
crystallisation stages of quartz are identified during the formation of vein system.
Native gold is recorded in between the crystals of stage II quartz. The homogenisa-
tion temperatures are in the range of 200-260 °C concentrating between 220 and
240 °C for quartz I and in the range of 100-200 °C concentrating between 120 and
160 °C for quartz II. The homogenisation temperatures on fluid inclusions in green
fluorites range from 160 to 330 °C concentrating between 270 and 300 °C for green
fluorite I and between 160 and 190 °C for the green fluorite II. The inclusions from
purple fluorites homogenise to liquid in the range between 120 and 220 °C concen-
trating between 140 and 170 °C. Salinities were 9.5-15 wt.% NaCl equivalent for
inclusions trapped within quartz II, 5.0-11 wt.% NaCl equivalent for green fluorites
and 7-13 wt.% NaCl equivalent for purple fluorites (Ayan 1991).

4.5.7 Etir Yayla

Etir Yayla veins are hosted in andesite and andesitic breccia of the Upper Cretaceous
volcanic succession of the region (Fig. 4.4). Three subparallel vein systems strike
mainly N 10—40° W and dip about 80-85° to SW. The longest vein has been traced
for more than 300 m. Sphalerite is the most common sulphide in the ore paragenesis
which also includes pyrite, arsenopyrite, chalcopyrite, Bi-minerals, fahlore group
minerals, and galena. Fluorite is the dominant gangue mineral and most of the fluo-
rite veins have thickness of 1-15 cm with some of them exceeding 50 cm. Both
green and purple fluorites are common gangue minerals of the Etir Yayla veins
formed under a wide range of temperatures between 110 and 290 °C (Ayan 1991).
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4.5.8 Asarcik

The Asarcik intermediate sulphidation type vein system is hosted by granitoids
composed mainly of syenite, monzonite (Fig. 4.4). Tourmaline is the most promi-
nent gangue phase with lesser quartz in Asarcik vein system, which is controlled by
a steeply-dipping, NW-SE strike-slip fault zone. The vein system has lengths of up
to 3050 m with thicknesses varying from a few cm up to 4 m. The strike of the vein
is N45-50°W, dipping nearly vertically southwest. Three phases of mineral deposi-
tion are recorded: early pyrite-pyrrhotite, and arsenopyrite, intermediate arsenopy-
rite, chalcopyrite, Bi-minerals and base metals. The highest ore-forming temperatures
are with the sulphide minerals including pyrrhotite, pyrite and arsenopyrite associ-
ated with quartz I which has higher homogenisation temperature interval mainly
scattered in between 320 and 360 °C. On the basis of homogenisation temperatures
from sphalerite and quartz III, the main base metal mineralisation is formed in the
range of between 130 and 160 °C with salinities between 6.5 and 14 wt.% NaCl
equivalent (Ayan 1991).

4.5.9 Inler Yaylas

The Inler Yaylas1 system is hosted in a series of volcanic rocks of rhyolitic, rhyo-
dacitic, andesitic composition, and consists mainly of veins with strike lengths of
between 80 and 450 m. Their thickness vary from 0.5 to 2 m and their vertical exten-
sion vary between 100 and 300 me. Sphalerite, galena, chalcopyrite and pyrite are
the most common ore minerals. Fahlore group minerals, enargite-luzonite are pres-
ent as accessory minerals. Quartz and minor carbonates and barite are the main
gangue minerals. Inclusions in quartz I are primary, two-phase (L+V), liquid-rich,
and irregular to negative crystal shaped, and have homogenisation temperatures
ranging from 180 to 330 °C (mainly between 240 and 270 °C). Inclusions from
sphalerite have yielded homogenisation temperatures of 160-270 °C, and ranging
between 190 and 230 °C (Ayan 1991).

4.6 Ore Mineralogy

Well developed mineralised veins of low-sulphidation epithermal systems provide
convenient material for advancing our knowledge of the nature of the vein forma-
tion systematics. In a typical low and intermediate epithermal system, ore bodies
include veins, veinlets, stockwork, stringer, brecciated and disseminated ore.
Precipitation of precious minerals and associated sulphide and sulphosalts is a func-
tion of diverse factors including temperature, pressure and redox state of the solu-
tion oxygen and sulphur fugacity. Although the elemental association is represented
by ore elements such as Au, Ag, As, Sb, Hg, Tl, Te, Pb, Zn and Cu, the mineralogy
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of sulphide, sulphosalt and associated gangue minerals are rather complex.
Characterisation of gold-bearing ore including the distribution of gold in different
mineral phases, grain size, and, if present, the distribution and nature of invisible
gold is important for the best method of metallurgical recovery. A rather complex
system of fluid circulation seems to have been involved in the genesis of the both
intermediate and high sulphidation subtypes, which have a more complex mineral-
ogy and metal suite that includes gold, silver, copper, zinc, lead, bismuth sulphides
and sulphosalts that tend to be associated with porphyry systems. Correlations
between gold, silver and Te-Se sulphosalts in epithermal deposits has not been stud-
ied yet in Turkey.

The total sulphide content is negligible or lower than 5 wt% of the whole vein in
LSEM. The gold in some LSEM in western Anatolia is associated mainly with
pyrite and subsequently with other sulphides such as galena, sphalerite and chalco-
pyrite. Although sulphide and sulphosalt contents are in trace amounts in the para-
genesis of LSEM their composition and paragenetic relationship with gold and
silver minerals furnish important data both in exploration and mine development
processes. The ISEM sub-type is characterised by the highest content of base-metals
among all the sub-types of epithermal deposits. The Ag/Au ratio is also higher than
those of LSEM and HSEM. The most common sulphide minerals in both Au-Ag
ISEM and base metal ISEM are galena, sphalerite, pyrite and chalcopyrite. Bornite,
arsenopyrite, cubanite, chalcocite, marcasite, hessite, native gold, electrum, tellu-
rides occur in different quantities.

4.6.1 Pyrite

Without a depth limit, pyrite is the most common and widespread sulphide in most
of the epithermal systems in Turkey. Different grain size, crystal shape and textures
of pyrite in epithermal deposits have been documented in Turkey. It occurs in more
than one generation and in general one is formed in the early stages of sulphide
precipitation. Crystal morphology of the pyrite may be a useful indicator during
exploration. Changes in the crystal morphology of the pyrite from cubes through
octahedra to gelpyrite, generally coincides with the changes from barren to miner-
alised systems (e.g., Mauk et al. 1998).

Porous pyrite of early stages in Efemcukuru is an important host for gold miner-
alisation. Pyrite, particularly arsenian pyrite and arsenopyrite, are the major sul-
phides that carry significant quantities of invisible gold. The term “invisible” arises
from the fact that one cannot distinguish, by conventional microscopy, between
gold chemically bound in the mineral and submicroscopic inclusions (Cabri et al.
2000). The laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has been successfully used for in situ determination of gold and trace
elements in minerals and their inclusions in last two decades (Cook et al. 2009;
Maslennikov et al. 2009; Large et al. 2009; Sung et al. 2009; Thomas et al. 2011; Ye
et al. 2011; Zhao et al. 2011; Winderbaum et al. 2012; Zheng et al. 2013). It has
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been inferred that the solubility of Au in nonarsenian pyrite does not exceed few
ppm, however Au content increases with As-rich compositions in pyrite growth
zones (Cook and Chryssoulis 1990; Wells and Mullens 1973; Sha 1993; Arehart
et al. 1993; Fleet and Mumin 1997; Simon et al. 1999; Cline 2001; Pals et al. 2003).
The quasi-steady arsenian pyrite in Carlin-type and epithermal deposits has abun-
dant Au contents, because those pyrites are formed at low-temperatures (<250° C)
in which disequilibrium conditions and surface defects are pervasively developed
(Zhu et al. 2011).

Pyrite is abundant in Efemgukuru with variable morphology and grain size from
sub-mm, idiomorphic single and clustered grains, making this deposit worthwhile
to study the distribution of invisible gold in pyrite. In Kiigiikdere, pyrite is common
however less abundant than Efemcukuru. The pyrite content is increased with the
total sulphide content in certain parts of the deposit. Pyrite is the most common
sulphide throughout the deposit, with its subhedral to euhedral cubic and pyritohe-
dron crystals. Laser Ablation studies were performed on pyrites of Efemc¢ukuru and
Kiictikdere to provide analytical data on precious and trace element composition.
Laser Ablation data in Efem¢ukuru show a positive correlation between Au content
and As-rich zones (Oyman et al. 2010). Gold concentration in pyrite and arsenopy-
rite ranges from below one ppm to several hundred ppm. In HSEM of Turkey, pyrite
is the most widespread sulphide in association with gold mineralisation.

4.6.2 Sphalerite

In epithermal deposits the common occurrence of sphalerite provides an additional
useful measure of sulphidation state. The mol% FeS in sphalerite coexisting with
pyrite or pyrrhotite is continuously variable as a function of sulphidation state (Scott
and Barnes 1971; Czamanske 1974); 40-20mol % FeS at low sulphidation states,
20-1 at intermediate sulphidation states, 1.0-0.05 at high, and <0.05 at very high.
Unfortunately, there are few studies that document sphalerite compositions in any
detail and address the question of equilibrium with iron sulphides (Einaudi et al.
2003).

Sphalerite from both Sahinli and Tesbihdere is very poor in iron. The iron con-
tent of sphalerite vary between 0.4 and 1 wt.% Fe which corresponds 0.6—1.4 mol%
FeS (Yilmaz et al. 2010). Cigek and Oyman 2016, reported that the Fe content of
sphalerite from Tespihdere is 0.89 wt.%, corresponding to FeS content of 1.41 mol%
which is consistent with the data of Yilmaz et al. (2010). The highest Fe concentra-
tion of sphalerite in the Koru and Tesbihdere mining districts is in the Kuyutasi
mineralisation where it reaches up to 3.09 wt.% Fe content, corresponding to
4.86 mol% FeS. In general, the Fe content of sphalerite from both mining districts
is compatible with the values of intermediate sulphidation epithermal base metal-
rich deposits ranging from 1 to 20 mol% FeS, while high sulphidation epithermal
deposits usually contain <1 mol% FeS (Shikazono 1974, 2003; Watanabe and Soeda
1981; Einaudi et al. 2003; Yilmaz et al. 2010). Early-stage sphalerite in V. Viraj
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(Koru Mining district, Canakkale), which surrounds and postdates early-stage
pyrite, commonly occurs as euhedral to subhedral crystals without distinct exsolu-
tions. Contrary, late-stage sphalerite contains exsolutions of chalcopyrite as tiny
blebs and replaces other abundant sulphide minerals such as galena, chalcopyrite
and pyrite. The Fe content of late-stage sphalerite vary from 0.71 to 1.12 wt.%, cor-
responding to FeS contents of 1.12—1.76 mol%.

In Efemcukuru, grains of sphalerite with overgrowths were analysed from North
Ore Shoot (N2, 9 spots). The data show that the cores have mean concentrations of
13.5 wt.% Fe, with very high Ag (mean 1880 ppm) and are also rich in Cd (mean
8400 ppm), Sn (mean 180 ppm) and Ga (mean 62 ppm) (Oyman et al. 2010).

In Arapugandere deposit, the ore assemblages and moderate iron content up to
11 mol% of FeS in sphalerite typically refer to the properties of base metal-rich
Ag+Au ISEM. The FeS content of sphalerite (Znggs_o.9sF€0-0.11C000.06Cdo-0.0250.97-1.03)
displays an increase towards the deeper levels of the mineralisation (Cicek et al.
2017). In sphalerite of ISEM, it seems like high Cd contents positively correlated
with gold assays.

4.6.3 Fahlore Group

The composition and substitution mechanisms of “Fahlore” group minerals have
been used as a petrogenetic indicator of ore forming processes in epithermal envi-
ronments. The composition of fahlores and its evolution could be used as an impor-
tant guide to follow up the flow pattern and fluid evolution with respect to time and
space. Chemical evolution of fahlores from porphyry to epithermal systems is deter-
mined in mining districts all over the world.

Such sulphides, including the relatively high-sulphidation state minerals
tennantite-tetrahedrite (Barton and Skinner 1979), are typically rare or absent in
low-sulphidation deposits. In Turkish LSEM fahlore group minerals are rare and
tetrahedrite is the dominant fahlore mineral. Up till now, mineral chemistry on sul-
phide and sulphosalts including fahlore group minerals are based on SEM and EDS
analysis. In Ovacik and Kiiciikdere LSEM fahlore group minerals are represented
by tetrahedrite. Tetrahedrite at Ovacik is associated with chalcopyrite, bornite and
gold with lesser galena and sphalerite. At the Ovacik gold deposit, tetrahedrite—ten-
nantite is represented by Sb—Ag-rich tetrahedrite (26.7-29.6 wt.% Sb, 1.3-2.5 wt.%
Ag, 29.5-33.9 wt.% Cu, 1.5-2.7 wt.% As), with minor As-rich tennantite (14.6—
19.6 wt.% As, 0.4-0.9 wt.% Ag, 33.9-34.8 wt.% Cu, 2.3-3.9 wt.% Sb). It is clear
that some paragenetic overlap occurs between bornite and tetrahedrite, since these
minerals enclose one another (Yilmaz et al. 2007). In Kiicilikdere, tetrahedrite
(20 wt.% Sb; <5 wt.% As) replaced chalcopyrite both of which are replaced by the
late stage sphalerite.

Minerals of tetrahedrite-tennantite solid solution series are more abundant in
intermediate sulphidation assemblages in western Turkey. ISEM with fahlore group
minerals are more common in accordance with their higher base metal content and
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sulphidation state. Fahlore group minerals in ISEM are closely associated with pre-
cious metal tellurides and/or gold-silver alloy (e.g., electrum). Fahlore group miner-
als in Koru, Tesbihdere and Sahinli ISES were studied using SEM in the beginning
of 2010s.

It has been inferred that the fahlore group minerals such as goldfieldite, tellurian
tennantite and extreme “Cu-excess” tennantite and tetrahedrite are indicative of
high-sulphidation, enargite/luzonite-bearing assemblages and a very close associa-
tion with native gold (Repstock et al. 2015).

4.6.4 Gold and Silver

Native gold and electrum either as free grains within gangue or associated with
sulphides, sulphosalts, tellurides and selenides are the main gold phases which have
been identified in the epithermal deposits of Turkey. Efem¢ukuru has a more com-
plex paragenesis due to multiple pulses of fluid in a short period of time with differ-
ent geochemical character even in the same zone (SOS, MOS or NOS) of the vein
system. Although native gold occurs associated with all sulphides, pyrite is the most
common gold-host followed by galena, sphalerite, chalcopyrite and arsenopyrite in
descending order. In SOS, we observe that gold is tied to galena (notably where
relictic galena is present in sphalerite), as droplet-shaped inclusions up to 50 pm in
size. In MOS, gold in association with silver minerals is present in pyrite, especially
in the porous bands, as sub-rounded to elongate grains, up to 10-20 pm in size
(Fig. 4.5a, b). In NOS, native gold is present in arsenopyrite as sub-5 pm-sized
grains.

As documented in most of the epithermal systems free gold is present chiefly in
pyrite as is the case for the Kiiciikdere deposit. Pyrite is the main sulphide in
Kiictikdere including gold and some tellurides dominated by hessite (Fig. 4.5¢c, d).
In Coraklik, our preliminary petrographic studies show that in high-grade samples,
gold is intimately associated with silver minerals and sulphosalts in sulphides
including pyrite, chalcopyrite, galena and sphalerite (Fig. 4.5¢). Gold distribution
and associated fluid flow is well documented in the Ovacik deposit. Both electrum
and native gold are associated with sulphides at certain depths below the current
topographic level. It seems like that the base metal zone is related to the boiling
zone at least along 300 m vertically. Detailed mineralogical studies combined with
geochemistry showed that gold is associated with chalcopyrite more than other cop-
per minerals including bornite and tetrahedrite and tennantite in Ovacik (Fig. 4.5f).
In the Red Rabbit Project a relatively simple ore mineralogy has been documented
by Yilmaz et al. (2013). Pyrite is the essential sulphide where the sulphides are in
trace amounts in the vein paragenesis. Gold is commonly found as individual crys-
tals or in association with acanthite.

ISEM are characterised by high Ag: Au ratios and base metal content. Silver min-
eral assemblage is well documented in the Koru and Tesbihdere mining districts by
Cigek (2013) and Cigek and Oyman (2016). In Koru, the Kuyutast mineralisation
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Fig. 4.5 Photomicrographs under reflected light (//N), showing textural relationships between
Au-Ag minerals and associated sulphide minerals at the selected epithermal deposits. (a, b) Gold
in association with silver minerals in pyrite (Py) in Middle Ore Shoot of Efemgukuru gold deposit.
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commonly contains Ag-sulphosalt, up to 80 pm in size, which occurred as cavity-
filling in pyrite in the later stages of the mineralisation. The Kuyutast mineralisation
comprises pearceite type Ag-sulphosalt, which has lower Sb (0.29 wt.%) and As
(4.16 wt.%) contents. Furthermore, fine-grained gold ranging between 1 and 6.5 pm
in size is usually found as free grains in association with euhedral quartz. The abun-
dance of gold and silver tends to increase with the increase in copper ore at depth
(Cicek 2013). At Sahinli, economic concentrations of Au occur mainly within
quartz-rich veins whereas higher Ag concentrations are associated with base metal-
rich quartz veins, particularly those rich in Pb.

Argentite, acanthite, jalpaite, polybasite-pearceite, freibergite and Ag-rich
tetrahedrite-tennantite are the most widespread Ag-bearing sulphosalt minerals in
the overall Arapucan vein zone. They are associated with late stage mineralisation,
and mainly occur either as fracture-fillings, or as haloes surrounding the early sul-
phides. Gold occurs as rounded-shaped inclusions within chalcopyrite and galena,
and present variable Au and Ag contents. Electron microprobe measurements also
have shown that most gold grains are compositionally zoned. Gold grains present a
marked variation in their contents in Cu, Fe and S, as a function of their host sul-
phide and sulphosalt phases (Cicek et al. 2017).

4.7 Epithermal Textures and Associated Minerals

The recognition and interpretation of textural features of epithermal systems and to
be able to determine the physical and chemical environments where the hydrother-
mal fluids circulate is one of the important approaches in exploration. In epithermal
systems, varieties of silica with carbonates are the main gangue minerals. The car-
bonates mainly consist of calcite with rhodonite, ankerite and siderite. Multiphase
calcite generations are found in most of LSEM and ISEM systems in Turkey. While
barite is found in some ISEM in Koru Mining district of the Biga Peninsula, fluorite
is abundant in epithermal deposits in the Sebinkarahisar area in the Black Sea
Region.

Boiling is often temporally and spatially associated with gold and silver miner-
alisation in epithermal systems and the boiling horizon also outlines a possible pre-
cious metal zone in an epithermal system where rising magmatic fluids mix with
oxidising near surficial groundwater. Occurrence of hydrothermal breccias is

<
<

Fig. 4.5 (continued) (¢, d) Euhedral gold and some tellurides dominated by hessite (Hes) is pres-
ent chiefly in pyrite as the main sulphide with galena (Gn) and sphalerite (Sp) in Kiiciikdere. (e)
Gold and sulphide association after pyrite represented by enclosed gold (Au) in galena in Coraklik.
(f) Positive correlation between gold and copper is emphasized by the close relationship between
chalcopyrite (Ccp) fahlore (Fh) and native gold (Au) in Ovacik. Galena and sphalerite are the com-
mon accompanying sulphides. (g) Silver minerals are represented by native silver, acanthite, poly-
basite and pearceite in Tesbihdere. (h) In Arapucandere argentite is one of the dominated silver
minerals in association with galena and sphalerite.
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regarded as an evidence of boiling. Hydrothermal breccias are formed when hydro-
thermal fluid exceeds the lithostatic pressure, resulting in the fracturing of the rock
showing typical jig-saw structures. Beside brecciation, quartz veins in the epither-
mal environment are characterised by multiple generations of chalcedonic, micro-
crystalline, and comb-textured quartz exhibiting crustiform and colloform bands
and cockade overgrowths.

The style of carbonate occurrences in epithermal deposits is discussed broadly in
some papers and examples mentioned in economic geology literature. In epithermal
systems, carbonates assemblages are composed mainly of calcite with rhodochrosite,
ankerite with lesser amounts of siderite. Multistage calcite generations are found in
both LSEM and ISEM systems. Either as barren or as boiling-related calcite is a
widespread mineral in epithermal systems in western Anatolia. As long as boiling
continues, volatiles such as CO,, H,S, CH,, SO,, SO, are lost to the steam phase
along the open system up to the paleosurface. Partitioning of CO, in the steam phase
causes precipitation of calcite and a rise of pH in the remaining solution. Thus the
occurrence of bladed calcite is accepted as evidence of boiling in epithermal systems.
Microthermometric studies on bladed calcite would guide us to approach the true
trapping temperatures. Although calcite is a widespread gangue in LSEM and ISEM
bladed-like texture is more likely developed in classic LS epithermal vein deposits.
In some epithermal deposits including Kiiciikdere, Coraklik, Ovacik, Efemcukuru,
Cukuralan and Kepez (Red Rabbit) carbonates are the most common gangue miner-
als in association with quartz. Kiiciikdere is one of the best examples of LSEM with
its carbonate content and carbonate paragenesis. Calcite, ankerite, rhodochrosite are
the most common carbonates in and around the veins. Most of the rhodochrosites are
at and near the surface, well developed examples of bladed calcite were found in the
Karayanik vein in Kiiclikdere. Replacements of bladed calcites pseudomorphly by
silica were not observed. This observation suggests that bladed calcite formation is
the latest hydrothermal event in the mineralisation. Parallel type bladed calcites vary
in thickness from 0.3 to 2 mm. Lattice type bladed calcites were formed as thin and
discontinuous lamellas. There are at least four stages of calcite precipitation in
Karayanik Tepe. Early calcites (Cal I) tend to be thicker, reaching a maximum thick-
ness of 2 mm and range in length from 0.3 to 2 cm (Fig. 4.4a). The early calcites (Cal
I and Cal II) show bright blue or yellow colours of the fourth and fifth orders in thin
section. The later calcites which form as lattice type bladed crystals range in thick-
ness from 20 pm to about 800 pm. Under the microscope, calcites from the third and
fourth generations (Cal III and Cal IV) are pale brown or grey colours. Although not
widespread as in Kiiciikdere and Coraklik, in Ovacik calcite, ankerite and siderite are
the most common carbonates associated with mineralisation. Networks of intersect-
ing blades of calcite were replaced by quartz. Lattice-bladed carbonate replacement
texture is well developed in Karadiiz area in Kiziltepe vein system
(Sindirgi-Balikesir).

The crustiform texture is usually interpreted to represent episodic rapid nucle-
ation that occurs as a result of intermittent boiling and changes in pressure (Taylor
2009). The crustiform textures in the veins system are represented by rhythmic
alternation of bands different mineral proportions dominated by cryptocrystalline
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quartz, calcite, manganese-bearing calcite, sulphides, rhodochrosite and rhodonite
with lesser amounts of adularia. Crustiform texture is the most widespread texture
in Germe Tepe vein. Calcite is the major constituent of some veins (e.g., Germe Tepe
and Karayanik Tepe) where it precipitates in different stages of vein formation
either as bladed, crustiform or infilling forms. The mineralogy of crustiform tex-
tures gives important clues about the formation of precious mineral deposition in
epithermal deposits. In the Efemcgukuru, complex crustiform texture shows succes-
sive bands with different orientations and defined by differences in mineralogy or
colour. Calcite is an abundant carbonate with rhodochrosite in concentric and
banded vein formations. Calcite bands of the concentric structures are replaced by
euhedral crystals of manganaxinite and tinzenite (Oyman et al. 2003). Cockade
structures are widespreadly occurred. Drusy quartz is commonly occurring in the
cavities, vugs either in breccia or in crustiform bands.

The study of textural features of hydrothermal breccia is one of the requirement
to be able to ascertain the chronology, mechanism and classification of ore deposi-
tion. Hydrothermal breccias are commonly observed in veins that were formed
close to the surface where it is favourable for brittle deformation (Genna et al.
1996). As mentioned a boiling occurs when pressure drops due to fracturing when
fluid pressure exceeds lithostatic pressure.

Critical fracturing is related to the destruction of the equilibrium between the
pressure of the fluid and the regional stress within a vein (Hobbs 1985). High fluid
pressures and the local structural context combine to maintain open the hydrother-
mal channelways, enabling hydraulic fracturing within the vein (Phillips 1972).
Fluid pressure decreases in response to a sudden opening of space generated by
rapid slip or by the intersection between different veins. Within the vein system,
repeated episodes of brecciation due to cyclic self-sealing and overpressuring could
result in the multi-phase enrichment of gold. One of the most diagnostic feature of
epithermal breccias is the widespread occurrence of fine grained chalcedonic quartz
both as replacement of fragments and a cement between fragments (Sillitoe 1985).
Rock-flour is silicified in most of epithermal system-related breccia. The lithology
of fragments, rock flour and intensity of silicification of both matrix and fragments
are controlled by various factors (e.g., depth of the system, duration of the hydro-
thermal activity, permeability of surrounding rocks, and inclination of the vein).

The clast-supported breccia is composed mainly of wall-rock fragments in some
LSEM and ISEM such as Kiigiikdere and Efemgukuru. As observed in most LSEM
systems (e.g., Ovacik, Red Rabbit, Kiiciikdere) clasts of vein material, cemented by
silica or other materials including sulphides are commonly due to hydraulic fractur-
ing or to multiple generations of quartz. The Ovacik examples of clast-supported
crackle (shattered) breccia with monomictic fragments and matrix-supported flui-
dised (milled) breccia with angular to subrounded polymictic fragments have been
well documented in Yilmaz et al. (2007). Examples of cockade breccias are also
well documented in Efemcukuru, Red Rabbit, and Kiigiikdere deposits. The
Efemcukuru deposit provides an exceptional example of mineralised breccias, and
in particular cockade breccias. The cockade breccias varying in size from few cen-
timetres up to decimetres were observed in various depths in Kestanebeleni vein
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system in Efem¢ukuru. In Efemcukuru, the fragments which formed the nuclei of
the breccias are composed mainly of hornfels which formed by the contact meta-
morphism of pelitic rocks of the Bornova Flysch Formation. Low permeability of
the hornfels is diminished in time as a result of repeated silicification during the
active period of the Efemcukuru hydrothermal system. The fragments of hornfels
are coated by alternating manganaxinite—tinzenite, rhodonite, rhodochrosite, quartz
and calcite bands to form cockade textures (Oyman et al. 2003). Significant rotation
of clasts was observed.

In Germe Tepe (Kiigiikdere), cockade textures composed mainly of concentric
layers of quartz were formed around the nucleus of the propylitically altered andes-
ite breccia fragments. Gangue minerals are mainly quartz, calcite and Mn-oxides
with lesser barite. In Cengel Tepe (Kiigiikdere), relatively coarse (up to cm in length)
crystal aggregates of quartz have a comb-like radial disposition around the nucleus
of the phyllic altered andesite breccia fragments. The cockades are interpreted as
reflecting the occurrence of hydraulic fracturing within open-space domains (Genna
etal. 1996). Matrix or clast-supported hydrothermal breccia with angular-subround
monomictic to polymictic fragments is also common. Best examples of hydrother-
mal breccias were observed in Coraklik Tepe vein system. In between 50 and 150 m
of depth in drillholes well developed matrix-supported breccias are thought to have
formed during repeated brecciation. Angular to sub-angular clasts of the breccia
composed mainly of calcite and bladed-calcite indicate boiling and related
self-sealing.

4.8 Fluid Inclusions

Due the limited space in most of the recent papers on epithermal deposits in Turkey,
fluid inclusion studies are not fully considered or represented. The fluid inclusion
data from epithermal mineralisation in Turkey are summarized in Table 4.1. Fluid
inclusion studies were performed mainly on LS and IS type epithermal systems in
Turkey. One of the most crucial features related to boiling hydrothermal fluids are
the fluid inclusion assemblages trapped from the boiling horizon to the surface.
Coexisting liquid-rich and vapour-rich inclusions of a same paragenetic stage is
accepted as one of the most reliable evidence of boiling. It should be taken into
account that boiling causes higher homogenisation temperatures than the true trap-
ping temperatures. These coexisting inclusions indicate trapping also in an immis-
cible fluid environment. As mentioned earlier, the occurrence of platy or bladed
calcite is a good indicator of boiling conditions (Browne 1978; Simmons and
Christenson 1994), consistent with the occurrences of some coexisting liquid-rich
and vapour-rich inclusions (Bodnar et al. 1985). Therefore, it is believed that
homogenisation temperatures obtained from calcite represent true trapping temper-
atures, excluding the need for pressure corrections. The lattice-bladed calcite could
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be observed as being indicator of boiling throughout a wide range of vertical depth
in Germe and Karayanik in Kiigiikdere deposit. The best examples of lattice-bladed
calcite bearing samples, were proved of having higher gold values, thus indicating
their relationship with the boiling zone. In Karayanik the fluid inclusion studies on
the bladed calcites, indicates similar homogenisation temperatures with the adjacent
quartz.

Fluid inclusion data indicate that the low-sulphidation deposits (e.g., Ovacik,
Red Rabbit) have very low salinity ore-forming fluids. Low salinity (<2 wt%) fluids
are responsible for the gold precipitation of quartz and calcite gangue (Albinson
et al. 2001). Such low-salinity fluids were incapable of transporting significant
quantities of silver and base metals (Henley 1990), explaining their generally low
contents in these ores.

In ISEM systems such as Tesbihdere and Koru, Ag sulphosalt minerals (e.g.,
polybasite, pearceite) are precipitated by saline fluids with about >10 wt% NaCl
equiv (Bozkaya et al. 2014; Cicek and Oyman 2016). In Arapugandere there are at
least two episodes of quartz precipitation. Petrographical studies indicate that euhe-
dral quartz crystals of an early generation were surrounded by sulphide dominant
ore minerals representing the main ore phase. Fluid inclusion assemblages in these
quartz crystals are good examples of primary fluid inclusions which form when fluid
is trapped on the active growth surfaces of a crystal (Bozkaya and Banks 2015).
Fluid inclusion data of Orgun et al. (2005) indicate that these veins were deposited
at temperatures ranging from 242 to 438 °C with an average of 303 °C in quartz and
from 229 to 384 °C with an average of 295 °C in sphalerite. Although salinity of the
fluid inclusions had not been measured because of the low salinity and small size of
the inclusions, the salinity was estimated between 1.7 and 18.5 wt.% NaCl equiva-
lent by using the temperature-depth diagram. The fluid inclusion measurements of
Bozkaya et al. (2008) were performed on primary and secondary inclusions within
sphalerite, quartz and calcite, which represent the early and late stage deposition at
Arapugandere. The homogenisation temperatures in sphalerite range from 276.3 to
319.7 °C with an average of 301.4 °C and salinity varying from 16.3 to 29.2 wt.%
NaCl equivalent with an average of 18.3 wt.% NaClI equivalent (Bozkaya et al.
2008). These high homogenisation temperature and intermediate salinity were
interpreted to indicate sulphide precipitation during the early stage of mineralisa-
tion. The later stages are represented by a slightly decreasing homogenisation tem-
perature with increasing salinity which reflects multiple precipitation of quartz (an
average of: Th = 240.2 °C and salinity = 25.3 wt.% NaClI equiv.) and calcite (an
average of: Th = 263.6 °C and salinity = 27.1 wt.% NaClI equiv.) (Bozkaya et al.
2008). Recent fluid inclusion data of Bozkaya and Banks (2015) shows that fluid
inclusions in quartz have very low salinity values varying from 1.7 to 0 wt.% NaCl
equivalent and wide ranges of homogenisation temperatures from 360 to 160 °C.

In Efemcukuru the fluid inclusion data indicate a broad range in 7} from about
200 to 300 °C and range in salinity from near zero to about 9 eq. wt.% NaCl. The
higher salinities are more common at depth with no apparent difference in 7, with
depth (Oyman et al. 2003). Fluid inclusion assemblages in high grade plunges from
Kestanebeleni and Kokarpinar contain coexisting liquid-rich and vapour-rich
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inclusions with a high varying liquid/vapour ratios indicating the boiling of fluids.
Higher homogenisation temperatures (over 300 °C) and moderate salinities (>10 eq.
wt.% NaCl) in coexisting liquid-rich and vapour-rich inclusions in Kokarpinar indi-
cating relatively higher temperatures for the boiling and associated gold precipita-
tion in Kokarpinar vein (unpublished data).

Up till now, there no published data are available on fluid inclusions from HSEM
in Turkey. Fine grain size of the quartz in such systems is one of the main reasons
for the Kartaldag HSEM homogenisation temperatures associated with mineralisa-
tion being in the range of 245-285 °C. The salinities calculated from these fluid
inclusions are low.

4.9 Stable Isotopes

In Turkey sulphur isotopes have been widely applied for the study of ore deposits to
determine the formation temperatures of sulphide assemblages and the origin of the
sulphur in the epithermal deposits. Characteristic intervals of sulphur isotope com-
positions of some geological environments are given in Fig. 4.6. The §*S values of
sulphide minerals from various epithermal deposits in Turkey are distributed in the
interval of §*S values of granitic rocks (Fig. 4.6). Caution should be taken in the use
of sulphur isotopes to distinguish between ore deposits originating in sedimentary
(e.g., sea water) and igneous environments due to the extensive overlap of §**S val-
ues (Fig. 4.6). ISEM and HSEM tend to have greater variation in the sulphur isotope
composition of ore minerals because of the precipitation of significant quantities of
both sulphide and sulphate from the hydrothermal fluids at the time of mineralisa-
tion. Low-Fe sphalerite is a characteristic mineral of intermediate sulphidation state
with sulphide-rich Ag-Au bearing base-metal veins containing chalcopyrite, pyrite,
galena and fahlore group minerals. In most base metal rich ISEM, galena is a com-
mon sulphide mineral together with sphalerite. They precipitate contemporaneously
in similar conditions in at least one of the ore deposition stage of an individual
deposit, implying that the galena-sphalerite pair is a reliable geothermometer. In
epithermal systems, pyrite is the most common sulphide which tends to precipitate
at different stages and at different temperatures of ore deposition. Similar to pyrite,
more than one generation of sphalerite and/or galena precipitation could be respon-
sible for the widely scattered §*S values in epithermal deposits. Additionally, in
most ISEM systems the broad distribution of sulphide S values suggests either a
mixture of several sulphur sources or disequilibrium mineralisation in an open
system.

Oxygen isotopes have been widely used since the 1970s to determine the nature
and source of the fluids associated with oxygen-bearing gangue minerals, alteration
and ore minerals in ore deposits. In Turkey since the 2000s some papers including
contributions to O and D isotope compositions of ore forming hydrothermal fluids
have been published (e.g., Yilmaz et al. 2007, 2010; Cigek and Oyman 2016). In the
final analysis, O and D isotope systematics of hydrothermal fluids can only be
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Fig. 4.6 Sulphur isotope composition diagram for different environments and some epithermal
deposits in Turkey
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Fig. 4.7 Summary diagram showing the variation in 6Oy, and 5D isotopic compositions of
hydrothermal fluids in the selected epithermal deposits in Turkey

realistically evaluated in conjunction with other data, including fluid inclusion
measurements, petrography and, importantly, field relations (Pirajno 2009).

The D and O isotopic data for the ore fluids obtained from quartz and clay sam-
ples indicates varying degrees of 6'®0,,., enrichment relative to the meteoric water
line (Fig. 4.7). The wide range in the O values of the LSEM systems can be inter-
preted by different degrees of mixing and/or boiling in an individual hydrothermal
system. Most of the quartz samples plot in the low sulphidation area through the
O-shift (black arrow), which represents the effect of isotope exchange between
meteoric water, magmatic water, wall-rock and the formation waters. This trend can
also be explained by isotopic exchange as a result of the interaction between deep
circulating meteoric fluid and the wall-rock (Taylor 1979). However, clay samples
from varying depths associated with mineralisation plot on the mixing field which
exhibits an involvement of magmatic fluid. In most of the epithermal systems the
early hydrothermal fluids, associated with the main Au mineralisation, have oxygen
and hydrogen isotope compositions that plot in a field close to waters which are
associated with magmatic ore deposits and felsic magmas, but they are displaced
slightly towards values of present-day meteoric water. One of the effects of boiling
on fluid chemistry might be relative enrichment and depletion in isotope composi-
tions. In most of LSEM in western Anatolia the D and O data for the ore fluids
obtained from the quartz samples exhibit a trend emphasized by the relative
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enrichment of the 8'30,,,, combined with a relative depletion in D. This trend could
have occurred due to vapour separation due to boiling.

There can be some problems with the quartz from epithermal systems regarding
the source of fluid. It should be considered that the O and D isotopic composition of
water from fluid inclusions reflects the possible mixture of late stage meteoric domi-
nated water mixing, depending on the amount of secondary fluid inclusion in the
analysed quartz. The D and O data for ore fluids obtained from quartz identified by
their low salinity and temperature, indicates varying degrees of 8'%0,,, enrichment
relative to the local meteoric water. This is the result produced by the exchange of
igneous or metamorphic rocks at relatively shallow levels of formation (b1.0 kbar):
the classic '3O-shift (Criss and Taylor 1983; Larson and Taylor 1986; Larson and
Zimmerman 1991).

Although it is not suitable quantitative comparison of O and D isotope values
yielded with different techniques, we have plotted some data from epithermal
deposits on a O versus D diagram. Conventional fluorination techniques involve
sample heating between 500 and 700 °C (Clayton and Mayeda 1963) using an exter-
nal furnace whereas the new generation laser-fluorination technique use IR or UV
laser for localised heating of the samples (Mattey and Macpherson 1993; Young
et al. 1998; Sharp 1990; Elsenheimer and Valley 1992). Recently, the fluorination
based IRMS is a preferred technique producing data with high precision better than
0.1%.

4.10 Conclusions

Anatolia (Turkey) is part of the Tethyan orogenic belt, which formed by the amal-
gamation of microcontinental blocks as a result of evolution through complex tec-
tonic periods from the Late Paleozoic to the late Cenozoic. The epithermal gold
provinces of Turkey occupy three main tectonic domains including Western
Anatolian Extensional Province, Pontides and Central Anatolian Volcanic Complex.
Epithermal deposits of Turkey are hosted essentially in poorly eroded volcanic ter-
rains which are genetically linked with relatively younger or active subduction
zones.

In the Late Paleocene—Early Eocene, the Anatolide-Tauride block began to sub-
duct northwards beneath the Pontides of Eurasian Plate, resulting widespread igne-
ous activity, strike-slip faulting and the following extensional tectonic regime in
Oligo-Miocene. The porphyry and epithermal deposits of the Black Sea Region are
genetically linked with back arc extension which follows the collision between
Pontide and Anatolide-Tauride blocks. The ore deposits in Black Sea Region are
related to Late Cretaceous arc-magmatism in association with subduction and post
collisional extension related Eocene magmatism. Late Cretaceous volcanic,
volcano-sedimentary rocks in Eastern Pontide metallogenic belt has been known as
the host lithological assemblage mainly for the Kuroko type VMS (e.g., Murgul,
Cayeli and Lahanos). Early Cretaceous epithermal systems were preserved in the



210 T. Oyman

Jurassic-Late Cretaceous Banatitic Metallogenic Belt in the western extension and
Lesser Causcasus in the eastern extension of Pontide belt. Due to the intimate link-
age between the Eastern Pontides with these two belts, Eastern Pontide should be
tested for the buried epithermal systems in association with Late Cretaceous arc
type volcanism.

Currently active dextral North Anatolian Fault zone becomes wider from east to
west and splits in to dextral strike-slip fault branches covering almost whole of the
Biga Peninsula. The pull-apart—originated basins of various sizes along North
Anatolian Fault System have been recorded. In Biga Peninsula, the epithermal sys-
tems are associated spatially and temporally with the NE-SE trending pull-apart
basins and volcano-tectonic depressions or calderas (e.g., TV Tower, Kirazl,
Arapucan). In the Aegean Region NNE-SSW directed continental extension and
associated graben development resulted from the combination of Anatolian extru-
sion and Hellenic subduction roll-back. The graben systems (e.g., Bergama,
Edremit, Simav grabens) and associated extensional structures are the conduits for
both the calcalkaline igneous activity and the circulation of the hydrothermal fluids
between Late Miocene and Late Pliocene.

Epithermal systems are closely related to extensional deformation and magma-
tism during the Oligocene-Miocene interval in Biga, Eocene in Black Sea, Miocene
in South Central Turkey. Epithermal deposits in Black sea region are hosted by
Eocene volcanic suits associated with lavas and pyroclastic rocks of volcanic com-
plexes that show mainly andesitic compositions with dacite in lesser amounts. There
is only few epithermal mineralisation has been recognised in Late Cretaceous-
Paleocene volcanic rocks, which developed due to the arc-type magmatism during
the Late Mesozoic-Early Cenozoic.

In Biga Peninsula, epithermal deposits are hosted by Paleogene to Neogene
(Oligo-Miocene) volcanic association that records bimodal, calc—alkaline, high-K
calc-alkaline shoshonitic and midly alkaline volcanism at several discrete volcanic
centres. The epithermal mineralisation and prospects in the Kiitahya region are
hosted by the Egrigdz and Koyunoba plutons and their sedimentary roof pendants.

The epithermal deposits in South-central Anatolia are hosted in volcanic rocks
with ages ranging from Miocene to Pliocene, of which the Messinian volcanic
sequences are the most important. Formation of HSEM systems is associated with
the subvolcanic-volcanic systems including stratovolcanos, calderas, phreatomag-
matic breccia pipes and fracture systems. In the central Anatolia, HSEM are hosted
in stratovolcanos comprising the lava flows and pyroclastic units in andesitic to
rhyolitic compositions (e.g., Oksiit, inlice, Doganbey). Spatial and temporal distri-
bution of ore in some HSEM were controlled by caldera structures and geometry of
related faults systems (e.g., Kirazli and Kartaldag). Large scale phreatomagmatic
brecciation which caused by the contact of the magma with groundwater is the one
of most characteristic indicator for HSEM systems in Biga Peninsula (e.g. Kirazli,
Agidagt). Flow dome complexes are important volcanic edifices for vein type and
associated stockwork, disseminated and replacement type epithermal mineralisa-
tion. In western Anatolia, post-dome vein type epithermal mineralisation is hosted
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in rhyolitic to dacitic flow-dome complexes (e.g., Koru, Tesbihdere, Ag1 Dag,
Kirazli, Kuscayiri, TV Tower prospects).

Host-rock rheology as a function of mineralogical compositions of the host rocks
is one of the key issues on the control of the permeability and open spaces for the
circulating hydrothermal fluids and volatiles. Andesite like intermediate volcanic
rocks is reactive lithologies permitting to develop different hydrothermal alteration
types. Fractures that are path for the ascending ore-bearing fluids are better devel-
oped in silicified host rocks than shales or phyllites. Unlike HSEM, the vein zones
of LSEM and ISEM systems are mostly associated with narrow alteration haloes
dominated by clay alteration giving illite, smectite, illite-smectite mixed layers and
kaolinite (e.g., Red Rabbit, Ovacik, Kiigiikdere, Efemcgukuru, Tesbihdere and Koru).
Both LSEM and ISEM systems have appreciable carbonate contents, however the
amount and the minerals of carbonates are different.

Well-developed hypogene advanced argillic alteration related to the low pH and
oxidised volatiles and fluids are characteristic for HSEM systems. In this context, it
seems like oxidised zones characterised by hematite-rich iron-oxides after sulphides
are one of the exploration keys for HSEM. Whereas lath-like and/or fibrous hypo-
gene hematite crystals in subordinate amounts are characteristic for ISEM systems.
However, it should be taken in to consideration there are also post mineralisation
barren porphyritic intrusions particularly in Biga region.
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