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ABSTRACT 
 

The 7.5 Moz Çöpler Au-(Cu) deposit, located in the Tauride mountain range of east central 

Turkey, represents a sub-economic porphyry-style vein stockwork system that is overprinted by 

an intermediate-sulfidation state vein zone. The deposit is hosted by the middle Eocene Çöpler–

Kabataş intrusive complex that is hosted by late Paleozoic-Mesozoic basement rocks.  

 

To unravel fluid evolution at the deposit, detailed paragenetic studies were conducted 

integrating optical petrography, fluid inclusion petrography, optical cathodoluminescence 

microscopy, and scanning electron microscopy. These investigations showed that repeated 

reopening and reactivation of veins occurred throughout the entire evolution of the magmatic-

hydrothermal system. The earliest quartz generation present in the porphyry-style veins formed 

under lithostatic and super-lithostatic pressure conditions at temperatures above 400°C. The 

second generation of quartz present in the porphyry-style veins records a pressure transition from 

lithostatic to hydrostatic conditions at a minimum paleodepth of 1.4 km. Both quartz types are 

associated with potassic alteration. Coarse	chalcopyrite and pyrite were the first ore minerals 

that formed at Çöpler and are associated with chlorite and sericite alteration, respectively. Coarse 

chalcopyrite, accounting for the bulk of the secondary copper resource, precipitated at ca. 400°C 

under hydrostatic pressure conditions. Fluid inclusions and mineral stabilities record a consistent 

cooling trend of lower-salinity liquids. Base metal Zn-Cu-Pb-Sb mineralization at Çöpler 

occurred between 300−250°C, and Au mineralization below 250°C. Backscattered electron 

imaging and trace element analysis of pyrite showed that Au enrichment at Çöpler can be related 

to the hydrothermal alteration of earlier formed pyrite and the formation of small Au-bearing 

euhedral pyrite crystals late in the paragenesis. No evidence for boiling was identified in the 

veins. 

 

It is proposed here that the Çöpler deposit formed from a single cooling magmatic-

hydrothermal system. The deposit represents a rare example of the transition from an early 

porphyry system to a porphyry-related intermediate-sulfidation state hydrothermal system. The 

results of the study provide exploration vectors that could be used in the search for peripheral 

deposits around Çöpler, and generally for intermediate-sulfidation state hydrothermal vein 

deposits.
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CHAPTER 1 

INTRODUCTION 

 

The Çöpler Au-(Cu) deposit in the eastern Tauride mountain range of east central Turkey 

represents one of the most significant gold discoveries in the Alpine-Himalayan orogenic belt 

made in the past decade (İmer et al., 2012; Richards, 2015). The deposit, located 90 km 

southwest of the city of Erzincan, between the northern margin of the Munzur Mountains and the 

Euphrates River, is centered on the middle Eocene Çöpler–Kabataş intrusive complex that is 

hosted by late Paleozoic-Mesozoic basement rocks (İmer et al., 2012). Between 2010 and 2015, 

gold production at Çöpler yielded about 0.73 million ounces of gold from 29.2 million metric 

tonnes of supergene oxide and 3.3 million tonnes of hypogene sulfide ore. An additional 

measured and indicated resource of 122.8 million tonnes of ore grading 1.73 grams/tonne gold 

for a total of 6.8 million ounces has been identified, most of which is contained in sulfide ores. 

Processing of the low-grade ore via whole-ore pressure oxidation will extend the projected life of 

the mine to over 25 years (Alacer Gold, 2015). 

 

Previous research at Çöpler suggested that the deposit comprises an early stage, sub-

economic porphyry-style vein stockwork system that is spatially associated with, and overprinted 

by, an intermediate-sulfidation state vein zone containing the bulk of the minable gold resource 

(İmer et al., 2012; Alacer Gold, 2015). Although no suitable minerals were found allowing direct 

dating of the intermediate-sulfidation state veins, field relationships indicate that these veins 

containing abundant base metal sulfides including low-Fe sphalerite, galena, and tetrahedrite 

may be close in age to the porphyry-style vein stockwork system (İmer et al., 2012). Based on 

the field relationships, İmer et al. (2012) proposed that Çöpler provides the rare opportunity to 

study the evolution of magmatic-hydrothermal fluids evolving from an early porphyry system to 

a porphyry-related intermediate-sulfidation state hydrothermal system. 

 

To unravel fluid evolution at this transition, the present study focuses on the detailed 

description of the main styles of mineralization occurring at Çöpler. The sequence of vein 

mineral formation and associated wall-rock alteration was determined through a combination of 

optical petrography, optical cathodoluminescence microscopy, fluid inclusion petrography, and 
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scanning electron microscopy. Results show that the hydrothermal veins at Çöpler are 

characterized by complex overprinting relationships caused by multiple events of vein opening 

and sealing. Textural evidence is presented, demonstrating that the gold in the porphyry 

stockwork and intermediate-sulfidation state veins was introduced during a distinct, late, low-

temperature stage of mineralization. Fluid inclusion evidence suggests that the late-stage gold 

deposition took place at a paleodepth of over 1.4 kilometers, below boiling conditions. A genetic 

model is proposed that relates the different stages of mineralization recognized at the deposit to a 

single, progressively evolving magmatic-hydrothermal system linked to the Çöpler-Kabataş 

intrusive complex exposed at the deposit. 
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CHAPTER 2 

GEOLOGIC BACKGROUND 

 

The Çöpler Au-(Cu) deposit is located in central eastern Turkey, approximately 120 km 

southwest of the city of Erzincan. The deposit is situated within the eastern part of the Tauride-

Anatolide Block, one of the main terranes of Turkey which were assembled as a result of the 

closure of the northern and southern Neo-Tethys oceans. 

 

2.1 Regional Setting 

 

Turkey is composed of multiple Laurasian and Gondwanan terranes separated by crustal 

suture zones (Şengör and Yilmaz, 1981; Bozkurt, 2001; Robertson et al., 2013). Three main 

terranes are recognized (Fig. 2-1). The Pontides in the northern part of Turkey have a Laurasian 

affinity (Okay, 2008; Okay et al., 2008); the Tauride-Anatolide Block with Gondwana affinity 

occurs in the central part of Turkey; the Arabian Platform is located in the southwest, 

representing the northern margin of the Arabian Plate and the modern expression of northern 

Gondwana (Ketın, 1966; Okay, 2008; Robertson et al., 2013). The boundaries of these main 

terranes in Turkey are marked by the occurrence of ophiolite successions, representing vestiges 

of the Paleo-Tethys and Neo-Tethys Ocean basins that existed between continental fragments 

from the mid-Paleozoic to the Miocene.  

 

The Paleo-Tethys ocean existed from the middle Paleozoic to the Triassic while the Neo-

Tethys Ocean is thought to have existed from the Triassic to the Miocene. The Neo-Tethys 

Ocean was composed of a northern and southern branch separated by the Tauride-Anatolide 

Block. The relationship between the Paleo-Tethys and the Neo-Tethys Oceans are not agreed 

upon (Şengör and Yilmaz, 1981; Robertson et al., 2004), though imbricated fragments of the 

Paleo-Tethys and northern Neo-Tethys Oceans suggests they overlapped in time and space in the 

Triassic (Bozkurt et al., 1997). Closure of the northern and southern Neo-Tethys occurred 

through north-directed subduction as evidenced by southerly emplacement of carbonate and 

ophiolite thrust sheets (Şengör and Yilmaz, 1981). 
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Fig. 2-1: Map of Turkey showing the distribution of major terranes, suture zones, and modern fault systems. The 
location of the Çöpler deposit is highlighted. Map is based on ASTER90 m data. Modified from Bozkurt (2001) and 
Okay (2008). IAESZ=Ismir-Ankara-Erzincan Suture Zone; ITSZ = Inner-Tauride Suture Zone; BZSZ = Bitlis-
Zagros Suture Zone. 

 

 

The northern branch of the Neo-Tethys closed in the late Cretaceous to early Cenozoic, 

forming the Ismir-Ankara-Erzincan Suture Zone (Fig. 2-1) that separates the Pontides from the 

Tauride-Anatolide Block. Collision of these two terranes led to emplacement of imbricated thrust 

sheets and regional metamorphism. The southern branch of the Neo-Tethys persisted until the 

Miocene when the Arabian Platform collided with the Tauride Anatolide Block in eastern 

Turkey (Şengör et al., 1985; Robertson et al., 2013). This collision formed the Bitlis-Zagros 

Suture Zone (Fig. 2-1) in eastern Turkey while the westernmost extent of the southern Neo-

Tethys was still open in the eastern Mediterranean Sea (Garfunkel, 2004). 

 

2.2. Deposit Geology 

 

The Çöpler Au-(Cu) deposit is located within the ENE-trending Çöpler basin that is 4 x 2 

km in size. Mining takes place in three ore zones, referred to as the Main Zone in the southwest, 

the Marble Contact Zone in the center of the deposit, and the Manganese Zone in the northeast 

(Fig. 2-2). These three zones reflect differences in the host rock lithologies and styles of 

mineralization as well as stages in mine development. 
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The Çöpler basin acts as a window through the Cretaceous Munzur Formation (Okay, 

2008), exposing the Devonian-Carboniferous Yoncayolu Formation (Özgül and Turşucu, 1984; 

Gücer and Aslan, 2014). The contact between the Munzur and the Yoncayolu formations dips 

shallowly to the east-northeast such that the basement Yoncayolu Formation only outcrops to the 

west of the Marble Contact Zone (Fig. 2-2). Previous work on the stratigraphy of the Eastern 

Taurides proposed that the contact is depositional (Rice et al., 2009). However, outcrop 

exposures at Çöpler show drag folding and fault gouge, indicative of a low angle thrust fault 

contact (Easterday, 2004; İmer et al., 2012). 

 

Clastic sedimentary rocks of the basement Yoncayolu Formation at Çöpler show centimeter 

scale beds of siltstone and sandstone interpreted to represent a marine shelf succession (Özgül 

and Turşucu, 1984), though bedding orientations are highly irregular due to structural 

complications. Surface exposures of the basement rocks are generally rare within the Çöpler 

basin, with most of the outcrops representing large xenoliths within the intrusions of the Çöpler-

Kabataş intrusive complex. Petrographically, the clastic sedimentary rocks consist of variable 

amounts of quartz, chlorite, epidote, and biotite, reflecting low-grade regional metamorphism 

related to closure of the northern Neo-Tethys ocean (Gücer and Aslan, 2014) and contact 

metamorphism related to the emplacement of the Çöpler-Kabataş intrusive complex. 

 

The overlying Munzur Formation consists of shelf carbonate deposits, which are widely 

exposed across the Munzur Mountains (Özgül and Turşucu, 1984). The full stratigraphic 

succession is interpreted to be approximately 1,200 m in thickness and formed between the upper 

Triassic and the upper Cretaceous (Aktimur et al., 1990). Along the edges of the Çöpler basin, 

carbonate rocks form resistant outcrops that exhibit meter scale bedding and large-scale folding. 

Limestone exposed toward the center of the Çöpler basin, proximal to the Çöpler-Kabataş 

intrusive complex, has been contact metamorphosed to a coarsely crystalline marble.  

 

Intermediate to felsic magmatic rocks of the Çöpler-Kabataş intrusive complex 

preferentially intrude the basement clastic sedimentary rocks of the Yoncayolu Formation, with 

carbonate rocks of the Munzur Formation generally acting as a cap. However, the occurrence of 

isolated dikes extending into the limestone as well as the widespread contact metamorphism of 

the Munzur Formation demonstrate that magmatism postdates allochthonous emplacement of the 
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Munzur Formation. 

 

The Çöpler-Kabataş intrusive complex forms part of a series of Eocene calc-alkaline 

intrusions in the region that have post-subduction affinities and can be related to the northerly 

closure of the southern Neo-Tethys ocean (İmer et al., 2012; Kuşcu et al., 2013). Dating of 

igneous biotite yielded 40Ar/39Ar plateau ages of ca. 43.75±0.26 and 44.19±0.23 Ma, whereas 

igneous hornblende yielded an age of 44.13±0.38 Ma (İmer et al., 2012). The intrusive complex 

comprises a number of intermediate porphyritic units characterized by macroscopically zoned 

plagioclase and variable amounts of hornblende phenocrysts set in a groundmass of quartz and 

plagioclase. A medium-grained granodiorite porphyry forms the most volumetrically abundant 

unit within the Çöpler-Kabataş intrusive complex and represents the main ore host. Smaller 

stocks of quartz diorite, diorite porphyry, and hornblende diorite porphyry also form part of the 

intrusive complex (İmer et al., 2012). 

 

2.3. Structural Setting 

 

The regional setting of the Çöpler-Kabataş intrusive complex is at least partly controlled by 

major strike-slip faults that form splays off the regional Yazyurdu-Göksu fault zone (Fig. 2-2; 

Kuşcu et al., 2013). At Çöpler, two sinistral ENE−WSW transform structures, referred to as the 

north and south Çöpler faults, appear to partly control the elongate shape of the intrusive 

complex. These structures are interpreted as reactivated block faults related to emplacement of 

intrusions and post-subduction extension (Easterday, 2004). Similarly oriented structures are 

present within the adjacent kilometer north of the deposit and appear to control the location of 

high-grade manganese deposits within the region (Easterday, 2004; Alacer Gold, 2015). 

Secondary NE−SW and N−S oriented faults connect the major transform faults, likely acting as 

accommodation structures. Faults in the northeastern portion of the deposit form discrete traces 

in limestone and often contain massive calcite veins. Structures in the southwest portion of the 

Çöpler deposit are indistinct, forming broad zones of fracturing in basement clastic sedimentary 

rocks and the Çöpler-Kabataş intrusive complex. 
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Fig. 2-2: Map of the geology of the Çöpler deposit showing the distribution of intrusions and host-rock lithologies. 
Sampled drill holes are highlighted. Data provided by Alacer Gold. 

 

 

2.4. Styles of Mineralization and Alteration 

 

The Çöpler deposit consists of a low-grade porphyry-style vein stockwork system that is 

spatially associated with, and overprinted by, an intermediate-sulfidation state vein zone. At the 

deposit scale, the Cu ore shell forms a shallow dome centered on the porphyry-style ores of the 

Main Zone in the southwest of the deposit (Fig. 2-3). Chalcopyrite is the main ore mineral, 

forming centerlines within porphyry veins, or occurs along vein contacts with the wall rocks, and 

as monomineralic vein traces. Chalcopyrite also occurs as disseminated grains throughout altered 

igneous wall rocks. The porphyry-style vein zone in the Main Zone is surrounded by an 

extensive potassic alteration zone of K-feldspar, magnetite, and biotite. A zone of overprinting 

sericitic alteration surrounds the potassic alteration zone (İmer et al., 2012). 

 

Gold enrichment is dominantly associated with disseminated pyrite and pyrite in 
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rhodochrosite-bearing intermediate-sulfidation state veins (Alacer Gold, 2015). Economic gold 

enrichment occurs in distinct ore zones within the Marble Contact Zone in the center of the 

deposit and the Manganese Zone in the northeast (Fig. 2-3). The ore zones are vertically 

extensive and partially follow major structures and extend deeper in the deposit than the Cu ore 

shell. Gold enrichment occurs in supergene and hypogene ores. Argillic alteration is pronounced 

in the supergene zone near surface and along faults. In the Manganese Zone, elevated gold 

grades are mostly associated with rhodochrosite-bearing intermediate-sulfidation state veins and 

supergene black manganese oxide wad replacing marble. At the Marble Contact Zone, gold 

enrichment is associated with structurally controlled gossans and massive limonite surrounded 

by intensely leached intrusive and sedimentary rocks. Trace visible free gold has been observed 

in these zones of supergene alteration (Alacer Gold, 2015). 

 

The magmatic-hydrothermal system at Çöpler shows a pronounced element zoning (Fig. 2-

3). Copper enrichment is restricted to the porphyry-style vein stockwork system of the Main 

Zone. Molybdenum grades are typically low throughout the deposit, with elevated grades (>10 

ppm) being mostly restricted to the western portion of the North Çöpler Fault. The base metals 

Zn and Pb form two concentric rings around the margins of the Cu ore shell. Economic Au 

grades occur throughout the deposit, but are particularly high in the northeastern portion of the 

Main Zone, the southern portion of the Marble Contact Zone, and the center of the Manganese 

Zone. The distribution of Ag, As, Mn, and Sb mimics the geometry of Au ore shells. 
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Fig. 2-3: Geochemical zoning at the Çöpler deposit. A. Mine topography as of August 2014, with planned final pit 
outlines shown in green. B. Distribution of igneous units relative to final pit outlines. C. Spatial distribution of Cu 
assay values. D. Spatial distribution of Zn assay values. E. Spatial distribution of Pb assay values. F. Spatial 
distribution of Sb assay values. G. Spatial distribution of Au assay values. H. Spatial distribution of Mn assay 
values. Data provided by Alacer Gold. 



- 10 - 

	

 
CHAPTER 3 

MATERIALS AND METHODS 

 

Initially, detailed field work involving core logging and inspection of open pit exposures 

was conducted to identify and classify the different vein types occurring in the open pits and 

exploration drill core of the Çöpler Au-(Cu) deposit. In total, over 100 representative vein 

samples were collected for the present study. The selected sample material originated from 

elevations between 600 m and 1250 m, with a focus on lateral coverage of the deposit, including 

the Main, Marble Contact, and Manganese Zones. Approximately 75 samples were used to 

prepare doubly polished, 90 µm thick sections. In most cases thick sections included the vein(s) 

of interest and adjacent wall-rock to allow the study of the vein(s), as well as associated wall-

rock alteration. 

 

To constrain paragenetic relationships and fluid inclusion characteristics, petrographic 

inspection of the thick sections was performed in transmitted and reflected light using an 

Olympus BX51 microscope. Petrography was supplemented with optical cathodoluminescence 

(CL) microscopy on the carbon-coated thick sections using a HC5-LM hot cathode CL 

microscope by Lumic Special Microscopes, Germany. The microscope was operated at 14 kV 

and with a current density of ~10 µA mm-2 (Neuser, 1995). CL images were captured using a 

high-sensitivity, double-stage Peltier cooled Kappa DX40C CCD camera. Acquisition times 

varied depending on the intensity of the emission, but typically ranged from 8 to 14 seconds for 

quartz. Correlation between textural observations, fluid inclusion assemblages, and CL allowed 

the definition of different quartz generations. 

 

Texturally well-characterized fluid inclusion assemblages, as defined by Goldstein and 

Reynolds (1994), hosted by quartz were selected for microthermometry. Heating and freezing 

was conducted using a FLUID INC.-adapted U.S. Geological Survey gas-flow heating and 

freezing stage that was calibrated using synthetic fluid inclusions. Freezing temperatures were 

accurate to ±0.5°C. The accuracy of heating measurements ranged from approximately ±2°C at 

200°C to approximately ±10°C at temperatures above 600°C. Imaging of fluid inclusion 
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assemblages was conducted using an Optronics Microfire A/R camera. The SoWat software by 

Driesner and Heinrich (2007) was used to calculate phase and density relationships in 

temperature–pressure–composition space for the H2O-NaCl system. 

 

Textural relationships that could not be resolved by optical microscopy were studied by 

scanning electron microscopy using a Tescan Mira3 LMH Schottky field-emission microscope. 

High-resolution back-scattered electron (BSE) images were collected at 15 kV and a working 

distance of 8 mm. Chemical analysis of mineral grains was performed by energy-dispersive X-

ray (EDX) spectroscopy using a Bruker XFlash 6/30 silicon drift detector. 

 

A Scintag XDS-2000 X-ray diffractometer with Cu K-alpha radiation was used to perform 

XRD analysis of rhodochrosite-bearing veins. Mounted powder samples were scanned from 4° to 

60°2Θ at a step size of 0.02 seconds and a counting time of 1°2Θ per minute. The obtained X-ray 

diffraction patterns were compared with known patterns to identify the mineralogy of the vein 

(Warren, 1969; Moore and Reynolds, 1997). 

 

Representative samples of the different vein types were further investigated by automated 

mineralogical analysis using QEMSCAN technology, which is based on a Zeiss EVO50 

scanning electron microscope equipped with four Bruker X275HR silicon-drift EDX detectors 

for fast data acquisition. The instrument was operated at 25 kV, a specimen current of 5 nA 

(measured on the Faraday cup), and a working distance of 20 mm. Images were collected using a 

pixel resolution of 2−20 µm, depending on the field of view. Based on the EDX data and BSE 

contrast information collected, a mineral name was assigned to each pixel using predefined 

mineral definitions developed on a large number of reference materials. Data processing was 

conducted with the iDiscover 5.3 software package. The obtained false-color mineral distribution 

maps were particularly useful in the study of the alteration halos surrounding the veins. 

 

As no native gold or gold mineral was recognized in mineralized vein samples by optical 

and scanning electron microscopy, the trace element content of pyrite was studied. Following 

high-resolution BSE imaging, spot analyses were conducted by laser ablation-inductively 

coupled plasma-mass spectrometry (LA-ICP-MS) at the U.S. Geological Survey in Lakewood, 

Colorado. Quantitative trace element data were obtained using a Perkin-Elmer DRC-e mass 
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spectrometer coupled to 193 nm Analyte G2 Eximer laser ablation system by Photon Machines. 

The operating conditions included a spot size of 30 µm, a pulse frequency of 2 Hz, an energy 

density of close to 5 J/cm2, and a He carrier gas flow of 0.8−0.95 l/min. Signals were calibrated 

using the U.S. Geological Survey reference material MASS-1 (Wilson et al., 2002). The standard 

was analyzed 10 times at the start of an analytical session and monitored throughout for 

instrument drift. Repeated analyses of the standard showed that the instrumental precision was 

typically better than 5−10%. Element concentrations were determined using the off-line 

calculation protocol of Longerich et al. (1996). Iron was used as the internal standard for 

concentration calculations with the assumption that the pyrite has a stoichiometric Fe content. 

Trace elements analyzed included Ag, As, Au, Bi, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, Sb, Se, 

Sn, Te, Tl, and Zn. 
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CHAPTER 4 

VEIN TYPES AND STYLES OF ASSOCIATED ALTERATION 

 

Initially, the evolution of the magmatic-hydrothermal system at the Çöpler Au-(Cu) deposit 

was deduced through the macroscopic study of hydrothermal veins. Detailed outcrop inspection 

and core logging of exploration drill core were conducted to classify different vein types and to 

establish crosscutting relationships. Alteration selvages surrounding the veins were documented 

to link the different vein types with alteration styles visible in hand specimen. 

 

4.1. Porphyry Veins 

 

Porphyry veins are the earliest veins documented at Çöpler. They primarily occur within 

the porphyritic rocks of the Çöpler-Kabataş magmatic complex, but can also occur within 

sedimentary rocks close to the intrusive contacts. Based on the vein morphology, mineralogy, 

and alteration selvages, porphyry veins were further subdivided. This subdivision was based on 

the terminology of Gustafson and Hunt (1975) developed for the El Salvador deposit in Chile. 

 

A-veins represent the earliest porphyry vein type. They are 1−3 mm wide, often undulating 

or irregular, and discontinuous. The A-veins are primarily composed of gray and white quartz 

that is anhedral and has a mottled to granular texture, with a distinct vitreous luster. The 

undulating or irregular shape of veins, together with the lack of internal symmetry and open 

vugs, suggest that this vein type formed under ductile conditions where the host rocks could not 

sustain continuous brittle fractures. Macroscopically, A-veins are surrounded by very narrow 

potassic alteration selvages composed of shreddy, hydrothermal biotite and K-feldspar (Fig. 4-1). 

Biotite is commonly replaced by chlorite, which is interpreted to be related to a younger 

alteration overprint (Fig. 4-2A). Pyrite, chalcopyrite, and carbonate minerals are texturally late 

and often form centerlines in the A-veins or occur as linings along the contacts of the A-veins 

and the host rocks.  

 

Cross-cutting relationships suggest that B-veins are younger than A-veins. B-veins at 
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Çöpler are 3−20 mm wide and consist of massive gray quartz that is typically granular (Fig. 4-

1B). These veins sometimes show faint internal banding. Although small euhedral quartz grains 

are occasionally present along centerlines and in vugs, B-veins at Çöpler do not contain coarse 

quartz crystals that are elongate perpendicular to the vein walls with cockscomb textures as 

described by Gustafson and Hunt (1975). The vein walls are typically parallel and planar, but can 

also be slightly wavy. Rare traces of molybdenite are present in veins located close to the 

northern margin of the Main Zone. The B-veins are surrounded by potassic alteration selvages 

that can be up to several millimeters in width. Pyrite, chalcopyrite, and carbonate minerals form 

texturally late centerlines and linings along vein selvages, similar to the A-veins. Small vugs 

with late chalcedony infill also occur.  

 

D-veins, the latest porphyry vein-type at Çöpler, are composed of coarse pyrite with 

variable amounts of quartz. Chalcopyrite is a minor component of these veins, typically being 

present in the center of the veins. Small D-veins are <1 mm in width and primarily composed of 

pyrite. Larger, 1−3 mm wide, D-veins consist of quartz with sulfide minerals forming central 

linings or fractures cutting across the quartz vein. Many of the D-veins are more continuous and 

thicker than earlier porphyry veins. The larger veins often consist of breccias with angular pyrite 

clasts surrounded by quartz and carbonate minerals (Fig. 4-1C). Quartz ranges from white to 

glassy-white in color and can form euhedral crystals in vugs. D-veins are surrounded by well-

developed, millimeter- to centimeter-wide sericite alteration halos (Fig. 4-1C) that are 

recognizable as white to pale green, texturally-destructive selvages. Where hosted by limestone 

(i.e., in the Marble Contact and Manganese Zones), the D-veins tend to be more irregular and 

undulating, with swirled internal textures (Fig. 4-1D). These veins, referred to as mantos by İmer 

et al. (2012), contain associations of quartz, sericite, pyrite, anhydrite, and gypsum. Chalcopyrite 

is largely absent. 
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Fig. 4-1: Photographs of the different vein types identified at Çöpler. A. A-vein with centerlines of sulfide and 
carbonate minerals. Hole 421, 611.90 m. B. B-vein with carbonate centerline and pale blue chalcedony infill. Hole 
512, 70.50 m. C. D-vein showing a jigsaw-fit breccia texture and a wide sericite alteration halo. Hole 364, 110.50 m. 
D. Limestone hosted D-vein. Hole 336, 318.50 m. E. Rhodochrosite-base metal vein with sulfide margins and 
fragments in rhodochrosite-quartz. Hole 430, 358.50 m. F. Carbonate vein showing white dolomite and a thin 
centerline of transparent calcite. Hole 336, 271.20 m. G. Gypsum veins with thin dark alteration rims and a purple 
anhydrite core visible in the left part of the image. Hole 421, 599.60 m. 
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4.2. Intermediate-Sulfidation State Veins 

 

The porphyry-style stockwork veins at the Çöpler deposit are spatially associated with, and 

overprinted by, an intermediate-sulfidation state vein zone. In the present study, all vein types 

crosscutting the porphyry stockwork veins are considered to belong to this stage of veining. 

 

Rhodochrosite-base metal veins are common in the Manganese Zone of the deposit where 

they form discrete veins. These veins show sharp margins (Fig. 4-1E), range from straight to 

highly irregular in shape, and are millimeter to centimeters in width. In the Marble Contact Zone, 

rhodochrosite-base metal veins form centerlines in previously formed B- and D-veins, while 

veins containing rhodochrosite are not common in the Main Zone of the Çöpler deposit. The 

rhodochrosite-base metal veins primarily consist of fine-grained and banded rhodochrosite and 

quartz, although quartz can form distinct euhedral crystals in vugs. Sphalerite, galena, and 

tetrahedrite are the main base metal sulfides and typically occur together along vein margins. 

Clasts of base metal sulfides floating in rhodochrosite and quartz can occur in some of the larger 

veins. Sphalerite ranges in color from yellow to greenish, with individual bands being red to 

black. Alteration halos around the rhodochrosite-base metal veins contain very fine-grained 

brown to gray sericite. 

 

The rhodochrosite-base metal veins are overprinted by white, <1 cm wide, anastomosing 

carbonate veins consisting of Fe- and Mn-bearing dolomite (Fig. 4-1F). These dolomite veins 

also occur as hairline fractures. The dolomite commonly forms coarse, euhedral grains, with 

distinct compositional growth banding (Fig. 4-2C). In addition to forming distinct veins, 

dolomite also overprints earlier vein types as <1−5 mm centerlines. In some cases, dolomite 

cements clasts of earlier vein material or infills vugs that were not completely filled by quartz. 

 

Dolomite is usually accompanied by later transparent gray calcite that forms discrete veins 

or infills centerlines and vugs in earlier formed veins. Discrete calcite veins crosscut all earlier 

vein types, including the dolomite veins, at variable angles. Where calcite overprints previously 

existing veins, the calcite forms distinct centerlines or anastomosing fractures that cut across the 

earlier veins. Calcite also forms cement around clasts of earlier vein material in small breccia 
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zones or as a late infill of vugs. Calcite veins are generally <1 mm wide, but can be up to 1 m 

wide where hosted by limestone in the northeastern part of the deposit. 

 

Realgar and orpiment occur as irregular and discontinuous veins in the Marble Contact 

Zone and Manganese Zone. Crosscutting relationships with other vein types described in the 

present study could not be determined conclusively. İmer (2014) described orpiment and realgar 

as part of a late stage of the intermediate-sulfidation state system and noted that these minerals 

are texturally associated with barite and have similar fluid inclusion characteristics. 

 

Sulfate veins are the latest vein type at Çöpler and are mostly composed of gypsum. These 

veins dominantly occur in sedimentary wall rocks, are 1 mm to 5 cm wide, and have sharp, 

straight margins (Fig. 4-1G). The sulfate veins crosscut all earlier vein types at various angles 

and can also form an overprint on preexisting veins. Anhydrite forms a significant proportion of 

some sulfate veins and, where present, gypsum appears to crosscut and corrode the anhydrite. 

Gypsum also forms cements in vein breccia that contain earlier quartz vein material. Gypsum 

grains in the veins and breccia zones vary from equigranular to elongate, often forming palisade 

textures at a high angle to the vein margins. 
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Fig. 4-2: Mineral maps of porphyry veins from the Çöpler deposit. A. The diagonal A-vein in the upper part of the 
image is surrounded by a halo of shreddy biotite. Anorthite phenocrysts are albitized. The horizontal B-vein in the 
lower part of the image is surrounded by distinct margins of K-feldspar alteration. Cores of phenocrysts show weak 
sericite alteration. Hole 421, 404.00 m. B. The diagonal B-vein in the upper part of the image is surrounded by a K-
feldspar alteration halo. A narrow D-vein in the lower part of the image is surrounded by a distinct sericite alteration 
selvage that overprints the earlier K-feldspar. Late calcite cuts both veins. The cores of phenocrysts are altered to 
sericite and kaolinite. Hole 512, 96.50 m. C. Dolomite with distinct compositional banding and a late infill of Mn-
carbonate and calcite within a porphyry vein. Hole 428, 198.00 m. 
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CHAPTER 5 

VEIN PETROGRAPHY AND PARAGENESIS 

 

Detailed petrographic investigations were performed on the different vein types recognized 

at the Çöpler Au-(Cu) deposit. Optical microscopy, coupled with fluid inclusion petrography, 

optical CL microscopy, and SEM microscopy, were used to establish paragenetic relationships 

within the veins. The results from these investigations revealed that most veins are typified by 

complex overprinting relationships caused by multiple events of vein opening and sealing. 

 

5.1. Q1 Quartz  

 

Grains of Q1 quartz are clear, 120−500 µm, and anhedral with irregular grain margins. 

Recrystallization textures characteristic of subgrain rotation and grain boundary migration are 

common in Q1 quartz. Subgrains typically range from 10 to 100 µm in size. Local occurrences of 

triple junction grain boundaries suggest limited static recrystallization. In addition, grains and 

subgrains often show undulatory extinction and anomalous birefringence along margins. Veins 

containing abundant Q1 quartz are enveloped by potassic alteration halos composed of shreddy 

biotite and K-feldspar. 

 

The quartz shows a stable blue, purple, or bright blue CL signal. Recrystallized Q1 quartz 

grains typically show a mottled texture, but local zones of growth zoning and angularly patchy 

textures are present in preserved coarse anhedral grains (Fig. 5-1B,C). 

 

Grains of Q1 quartz contain abundant secondary hypersaline liquid inclusions containing 

large halite crystals as well as other daughter phases, including chalcopyrite, sylvite, and 

anhydrite. Based on the size of the halite daughter crystals and the vapor bubble, two types of 

hypersaline liquid inclusions could be distinguished. The first type contains medium-sized vapor 

bubbles with large halite crystals (Fig. 5-1C). Upon heating, the vapor bubble in these types of 

inclusions homogenizes first and the final homogenization temperature is by halite dissolution. 

The second type of hypersaline inclusions coexists with vapor inclusions, resulting in larger 

vapor bubble to salt volumetric proportions. Upon heating, homogenization in this type of 
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inclusion is by vapor bubble disappearance (Fig. 5-1D). Both types of hypersaline liquid 

inclusions occur along discrete secondary trails or in dense arrays of overlapping secondary 

planes. Fluid inclusions in recrystallized Q1 quartz are often observed along triple junction grain 

boundaries (Fig. 5-1E), reflecting inclusion migration during recrystallization. Grains of Q1 may 

contain liquid-rich, undersaturated (with respect to NaCl) inclusions along healed microfractures. 

Solid inclusions identified in Q1 quartz include biotite, K-feldspar, anhydrite, and clusters of an 

unidentified, acicular opaque mineral. 

 

5.2. Q2 Quartz  

 

Euhedral crystals of Q2 quartz are 120−300 µm in size and commonly overgrow Q1 quartz 

(Fig. 5-1C). The euhedral quartz crystals commonly show discrete oscillatory growth zoning 

visible in transmitted light (Fig. 5-1G, H), and euhedral crystal terminations are typically encased 

by minerals formed later in the paragenesis. Recrystallization textures are present, but limited to 

early Q2 quartz. Veins containing abundant Q2 quartz are surrounded by potassic alteration 

halos. 

 

Under electron bombardment, Q2 quartz shows distinct oscillatory growth banding with 

alternating zones that are dark purple or show shades of blue grading progressively into maroon 

(Fig. 5-1B, G). Oscillatory zoning observable under CL correlates to the growth bands observed 

in transmitted light (Fig. 5-1G). Most oscillatory growth bands are planar. However, some bands 

have irregularly shaped outer margins that may represent dissolution surfaces. These undulating 

surfaces can crosscut growth bands, suggesting intermittent quartz dissolution between episodes 

of quartz precipitation (cf. Rusk and Reed, 2002). Quartz with CL signatures indicative of Q2 

quartz commonly occurs along grain boundaries of Q1 quartz, forming pseudo-breccia textures 

(Fig. 5-1B). 

 

Coexisting hypersaline liquid and vapor inclusions crosscutting Q2 quartz form discrete 

secondary planes or arrays of sub-parallel secondary planes. In some cases, Q2 quartz contains 

primary assemblages of hypersaline liquid inclusions, vapor inclusions, or both that are aligned 

along growth bands (Fig. 5-1H). Secondary planes of liquid inclusions also crosscut the quartz. 
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Fig. 5-1: Photomicrographs showing textural relationships. A. Vein of Q1-Q2 quartz with a chalcopyrite centerline. 
Hole 421, 611.90 m. PPL. B. Same image showing Q1 quartz with a stable blue signature overgrown and 
overprinted by Q2 quartz with banded maroon signatures. Potassium feldspar in the lower left and upper right 
corners show a characteristic bright cyan signature. CL. C. Secondary hypersaline liquid inclusions homogenizing 
through salt disappearance. Hole 421, 122.00 m. PPL. D. Trail of coexisting, secondary hypersaline liquid and vapor 
inclusions. The inclusions have negative crystal shapes. The hypersaline liquid inclusions homogenized through 
vapor disappearance. Hole 428, 279.40a. PPL. E. Recrystallized Q1 quartz with triple point grain boundaries 
containing aggregates of migrated fluid inclusions. Hole 421, 404.00 m. PPL. F. Secondary fluid inclusion 
assemblage of hypersaline liquid and vapor inclusions. The inclusions have variable morphologies. The hypersaline 
liquid inclusions have moderately sized vapor bubbles and homogenized through salt disappearance. Hole 428, 
198.00 m. PPL. G. Growth zoning in Q2 quartz. Gypsum shows dark colors. Hole 421, 680.00 m. CL. H. Inset of 
previous image showing banding. PPL. I. Inset of previous image showing presence of primary hypersaline liquid 
inclusions in Q2 quartz. PPL. 
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5.3. Coarse Chalcopyrite and Pyrite 

 

Coarse-grained chalcopyrite and pyrite fill space around euhedral terminations of Q2 quartz 

or occur as small monomineralic fracture fills within preexisting quartz (Fig. 5-1A,B). Where 

observed, pyrite is more abundant than chalcopyrite, although the chalcopyrite to pyrite ratio 

appears to increase in samples taken toward the center of the Main Zone (Fig. 5-1A, B). Where 

chalcopyrite dominates, alteration around the veins is dominated by chlorite. The chlorite 

replaces biotite, but K-feldspar appears to be stable. 

 

Coarse-grained pyrite ranges in size from 100 to 1,200 µm and typically forms anhedral 

and elongate grains that show a weak blue-brown anisotropy near extinction in reflected light. 

Coarse-grained pyrite also occurs as angular breccia clasts in veins containing minerals that 

formed later in the paragenesis (Fig. 5-2A, B). Veins containing significant amounts of coarse-

grained pyrite are typified by sericite alteration selvages. The alteration intensity is variable, 

ranging from sericite patches in rocks previously affected by potassic alteration to coarse sericite 

alteration that is texturally destructive.  

 

5.4. Q3 Quartz  

 

Grains of Q3 quartz are comparably small, commonly saccharoidal, and host euhedral to 

anhedral pyrite grains (Fig. 5-2A, D). The quartz appears dirty under transmitted light and shows 

a mottled light purple signature in CL (Fig. 5-2B, E). Fluid inclusions are limited to isolated 

liquid inclusions ranging from <1 to 10 µm in size. Hypersaline liquid and vapor inclusions are 

absent in Q3 quartz and all subsequent quartz generations. Grains of Q3 quartz are locally 

intergrown with coarse sericite or contain sericite solid inclusions (Fig. 5-2C), and veins 

containing Q3 quartz have sericite alteration selvages. 

 

5.5. Q4 Quartz  

 

The formation of medium-grained euhedral crystals of Q4 quartz started before base metal 

sulfide precipitation and continued through the onset of rhodochrosite precipitation (Figs. 5-2D, 

5-3A). Early growth bands of Q4 quartz contain dense populations of primary liquid inclusions 
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ranging up to 10 µm in size. These inclusions have consistently small vapor bubbles (Fig. 5-2G). 

Later growth bands in Q4 quartz contain mineral inclusions. Bands with abundant sphalerite 

inclusions (Fig. 5-2F) are overgrown by growth bands with trace tetrahedrite, and later bands 

containing rhodochrosite inclusions. Growth bands with solid inclusions are intergrown and 

overgrown with clear, Q4 quartz bands lacking mineral inclusions. Secondary trails of liquid 

inclusions crosscut the quartz (Fig. 5-3A). Under CL, Q4 quartz is dominantly dark purple with 

mottled to banded faint brown, pink, and gray-black zones (Fig. 5-2B, E). 

 

5.6. Base Metal Sulfides 

 

Base metal sulfides, mainly sphalerite with minor chalcopyrite and some galena and 

tetrahedrite, formed between early Q4 quartz and late Q4 quartz. Sphalerite was observed to 

form solid inclusions in early Q4 quartz as well as 1−4 mm banded grains (Fig. 5-2H). The 

sphalerite is largely yellow and transparent in transmitted light, but contains growth bands with 

red margins grading to opaque centers. Coarse sphalerite grains commonly show abundant 

secondary planes of undersaturated liquid-rich inclusions with small vapor bubbles. The shape 

and orientation of the fluid inclusions is strongly controlled by the crystal structure of the host 

mineral (Fig. 5-2I). Chalcopyrite is a minor base metal sulfide. It forms thin rims along margins 

of sphalerite and, in rare cases, fills cracks in sphalerite. Galena and tetrahedrite are typically 

abundant and crosscut sphalerite and chalcopyrite. Textural relationships commonly suggest that 

galena formed before tetrahedrite. However, contradictory textures have also been observed. 

Tetrahedrite also occurs as solid inclusions in Q4 quartz growth bands post-dating sphalerite-

bearing Q4 quartz growth bands (Fig. 5-2H and 5-4A). 
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Fig. 5-2: Photomicrographs showing textural relationships. A. Grains of Q3, Q4, and Q5 quartz forming the margin 
of a brecciated coarse-grained pyrite vein. Hole 364, 110.50 m. PPL. B. Same image with Q3 quartz occurring along 
vein margin and as brecciated clasts in Q4 and Q5 quartz. CL. C. Sericite intergrown with Q3 quartz containing 
liquid inclusions. Hole 421, 294.30 m. PPL. D. Grains of Q3 quartz overgrown by Q4 quartz and base metal 
sulfides. The crosscutting banded vein consists of Q5, Q6, and Q7 quartz. Early Q4 quartz is cloudy due to abundant 
presence of primary liquid inclusions. Hole 430, 358.50b m. PPL E. Same image. CL. F. Sphalerite inclusions 
within growth bands of Q4 quartz. Hole 430, 358.50a m. PPL. G. Primary irregularly-shaped liquid inclusions in Q4 
quartz. Hole 430, 358.50b m. PPL. H. Zoned sphalerite grains with transparent core and Fe-rich red to opaque rim, 
surrounded by tetrahedrite and galena. Rhodochrosite on left side of image conforms to base metal sulfide margins. 
Hole 430, 358.50a m. PPL. I. Liquid inclusions in sphalerite. Hole 430, 358.50a m. PPL.
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5.7. Rhodochrosite 

 

Previous work at Çöpler misidentified veins of rhodochrosite and quartz as rhodonite due 

to a pink color and apparent hardness in hand sample. However, optical microscopy, coupled 

with automated mineralogy, and X-ray diffraction analysis (Fig. 5-3) confirmed that all samples 

investigated were composed of a mixture of rhodochrosite and quartz, not rhodonite. 

Rhodochrosite forms massive overgrowths on base metal sulfides, solid inclusions in growth 

bands of Q4 quartz, and millimeter-scale bands that are intergrown with Q5 and Q6 quartz (Figs. 

5-2H and 5-4A). The rhodochrosite has a dull pink-purple CL color and shows a finely mottled 

texture. 

 

 

 

 

 

Fig 5-3: XRD pattern of a rhodochrosite-bearing vein sample with peak matches for rhodochrosite and quartz. 
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5.8. Q5 Quartz and Associated Pyrite 

 

Grains of Q5 quartz mostly form thin growth bands overgrowing minerals formed earlier in 

the paragenesis. This quartz has a dirty brown appearance in transmitted light due to the 

abundant presence of undersaturated liquid-rich inclusions having a distinct ratty appearance and 

inconsistent vapor to liquid ratios (Fig. 5-4A, B). Optical CL signatures of Q5 quartz are 

generally difficult to discern due to small-scale intergrowth with other minerals showing a 

stronger CL response. Where observed, Q5 quartz shows a featureless dark purple CL signature 

similar to that of Q4 quartz. The Q5 quartz can contain euhedral pyrite crystals, ranging from 40 

to 200 µm in diameter. 

 

5.9. Q6 Quartz  

 

Grains of Q6 quartz are clear, medium- to fine-grained, euhedral, and contain solid 

inclusions along discrete growth bands that occur in crosshatched textures (Fig. 5-4C). Analysis 

of the solid inclusions proved difficult as grains intersecting the surface of the polished sections 

were commonly plucked. The main cations detected by EDX analyses were Si, Al, and Ca. 

In CL microscopy, Q6 quartz shows euhedral growth banding with alternating black and gray 

zones. A distinct brown CL signature of varied intensity locally overprints and crosscuts the 

growth banding (Fig. 5-4D).  

 

5.10. Q7 Quartz  

 

The Q7 quartz, forms 5 to 50 µm euhedral crystals that overgrow earlier formed vein 

minerals or clasts in vein breccia (Fig. 5-4E). Locally, Q7 quartz crosscuts Q6 quartz, forming 

jagged and anastomosing fractures. In transmitted light, Q7 quartz is clear with faint growth 

banding visible at high magnification. Under CL, the quartz shows a distinctive stable yellow 

signature. Primary oscillatory growth banding can be recognized. In addition, sectors of slightly 

different CL color can be observed. Some of these sectors can be interpreted as sector zones as 

they form triangles with the crystal face at the base, and the apex being located in the center of 

the euhedral crystal, while other triangular zones do not align with crystal faces, possibly 
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representing Dauphiné twins. The CL investigations also revealed the presence of irregular CL 

boundaries within individual euhedral grains that may represent dissolution surfaces.  

 

5.11. Chalcedony 

 

The last quartz generation at Çöpler, chalcedony forms a late-stage colloform vug-fill that 

is characterized by continuous bands having rounded or botryoidal textures. Under crossed-

polarized light, the colloform texture commonly shows an evolution from fine-grained to more 

coarse-grained chalcedony that has a plumose or feathery texture oriented orthogonal to the 

colloform banding (Fig. 5-4F). Early chalcedony is colorless in transmitted light, while later 

bands are more commonly brown. The chalcedony is typified by a bright yellow to greenish CL 

color that rapidly transitions to a stable dark brown to gray or tan signature (Fig. 5-4F). Although 

the colloform, often rhythmic, banding is interpreted to be primary texture, the chalcedony did 

not contain primary fluid inclusions in the samples investigated. 

 

5.12. Dolomite 

 

Dolomite forms euhedral crystals in veins and vugs that can range from 0.1 to 0.5 mm in 

size and show compositional banding. Zones that are darker in transmitted light typically show 

enrichment in Mn or Fe when compared to growth bands that are transparent (Fig. 4-2C). The 

dolomite has a bright orange stable CL color. 

 

5.13. Calcite 

 

In thin section, calcite crosscuts all minerals formed earlier in the paragenesis along 

irregular, often anastomosing traces, including rhodochrosite and dolomite. Calcite also locally 

fills vugs and partially cements breccia fragments of quartz and dolomite. It forms very fine-

grained textures and has a distinct bright yellow CL signal (Fig. 5-4G). 
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5.14. Sulfate Minerals 

 

Gypsum formed last in the paragenesis. In transmitted light, gypsum is transparent and 

shows a distinctive low relief. In optical CL microscopy, gypsum shows a short-lived gray-black 

signature which transitions to cloudy white-blue under continued electron bombardment (Fig. 5-

1G). Presumably due to heating of the thin section during electron bombardment, gypsum is 

almost opaque in transmitted light following the CL investigations. In rare cases, gypsum and 

anhydrite were observed in intergrowth, where anhydrite appears to predate the gypsum. 

Gypsum crosscuts anhydrite grains and, where in contact with anhydrite, forms irregular grain 

boundaries resembling corrosion. In addition to gypsum and anhydrite, barite is rarely present 

and was observed to crosscut calcite. 
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Fig. 5-4: Photomicrographs showing textural relationships. A. Sphalerite, tetrahedrite, and galena grains overgrown 
by Q4 quartz with rhodochrosite-bearing growth bands. Late, clear Q4 quartz is encased by thin brown margins of 
Q5 quartz and infilling Q6 quartz. Hole 430, 358.50b m. PPL. B. Grains of Q5 quartz intergrown with rhodochrosite 
and euhedral pyrite. Hole 430, 358.50b m. PPL. C. Subset of previous image showing irregularly shaped 
undersaturated liquid-rich inclusions with inconsistent liquid to vapor ratios. PPL D. Overgrowth of Q6 quartz on 
rhodochrosite showing crosshatched laths in growth zones and clear late Q6 quartz. Hole 430, 358.50a m PPL. E. 

Same image with patchy brown overprint of gray banded zones of Q6 quartz. CL. F. Dirty Q1-Q2 quartz with thin 
clear Q7 quartz overgrowths along vugs filled by clear and brown botryoidal chalcedony. Hole 512, 96.50 m. PPL. 
G. Overgrowth of Q7 quartz on Q1-Q2 quartz grains along vug margins filled by chalcedony. Hole 512, 96.50 m. 
CL. 
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CHAPTER 6 

ZONING AND COMPOSITION OF PYRITE 

 

Previous unpublished metallurgical work has shown that the gold at the Çöpler Au-(Cu) 

deposit is primarily contained in pyrite, requiring pressure oxidation of the hypogene ore prior to 

cyanide leaching and gold recovery. This is consistent with the fact that no visible gold was 

observed in the present study and no gold or gold minerals were found as mineral inclusions in 

pyrite using scanning electron microscopy. To establish the paragenetic setting of pyrite 

containing invisible gold, high-resolution BSE imaging and LA-ICP-MS analyses were 

conducted on selected pyrite grains hosted in the different vein types. 

 

6.1. Pyrite in Porphyry Veins 

 

Most veins containing abundant pyrite at Çöpler are classified as D-veins. Coarse pyrite in 

these veins lacks primary growth zoning in BSE images and is typically of uniform brightness 

(Fig. 6-1A). Brightness variations are only observed in some grains, yielding irregular patchy to 

granular textures (Fig. 6-1B). In samples from D-veins that have elevated gold grades, as 

established by gold assay of the billets (Table 6-1), coarse pyrite shows discontinuous bright 

rims along the grain margins or zones of brighter phase contrast surrounding fractures 

crosscutting the grains (Fig. 6-1C). These zones of higher phase contrast are irregularly shaped 

and typically show wavy or curved margins, with only locally parallel pyrite grain margins. The 

textural relationships suggest that these zones of higher phase contrast formed as a result of a 

hydrothermal overprint of the coarse pyrite grains in the D-veins. However, the compositional 

banding is locally crosscut by grain boundaries or appears embayed at the margins of individual 

grains, suggesting that subsequent fluid flow resulted in partial pyrite dissolution. 
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Fig. 6-1: Back-scattered electron images of pyrite contained in the different vein types at Çöpler. A. Coarse-grained 
pyrite in D-vein showing no compositional zoning. Hole 364, 150.40 m. B. Coarse-grained pyrite in D-vein showing 
patchy compositional zoning. Hole 364, 150.40 m. C. Coarse-grained pyrite in D-vein showing bright rims. Hole 
428, 198.00 m. D. Coarse-grained disseminated pyrite in altered igneous wall rock adjacent to a B-vein. The grain 
exhibits wrinkled bright rims. Hole 364, 120.10 m. E. Euhedral pyrite contained in Q5 quartz showing oscillatory 
growth zoning. Hole 430, 358.50b m. F. Euhedral pyrite in Q6 quartz showing a thick outer growth zone and 
corroded grain boundary. Hole 430, 358.50b m. 
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Fig. 6-2: Box-and-whisker plots depicting the Au content of pyrite as determined by LA-ICP-MS. Horizontal lines 
depict median values and solid circles represent mean values. A. Gold content of pyrite contained in different vein 
types sorted by BSE signature. B. Gold content of pyrite sorted by the morphology of the ablation craters.  

 

 

Chemical analysis using LA-ICP-MS showed that the patchy to granular textures observed 

in coarse pyrite grains can be related to variations in the Cu content of the pyrite. The Cu 

concentrations for individual spots in this type of pyrite vary from below the detection limit to 

over 4,050 ppm (Table 6-1) and correlate to brightness variations in BSE images, which can be 

broadly classified as light, medium, and dark patchy zones. 

 

In contrast, Au shows no relationship with the patchy to granular textures, but is enriched 

in the bright rims, where Au values range from 1.4 to 21.6 ppm, with a median value of 16.2 

ppm (n=5; Fig. 6-2A). Au values measured in these spots correlate with the relative amount of 

bright rim material ablated. Some ablated spots show high Au values, but were not located on 

bright zones visible in BSE. However, these spots correlate with the presence of abnormal 

ablation crater morphologies. SEM investigations showed that the abnormal crater morphologies 

can be related to the ablation of minerals other than pyrite, with quartz being the mineral most 

commonly intersected (Fig. 6-2B). In addition, time-resolved ablation signals collected on these 

spots show that the Au signals increased significantly toward the end of the ablation process. 
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This suggests that ablation intersected a mineralized pyrite rim below the surface of the section. 

 

One sample of altered igneous rock surrounding a B-vein was investigated (Hole 364, 

120.10 m). This sample contained abundant disseminated pyrite grains having irregular grain 

shapes. High-resolution BSE imaging revealed that the disseminated pyrite grains also show 

irregular zones of higher phase contrast. These bright zones consist of multiple bands of high 

phase contrast and occur discontinuously along grain margins, along fractures crosscutting the 

pyrite grains, and around pits and mineral inclusions in the irregularly shaped grains (Fig. 6-1D). 

Disseminated pyrite in altered igneous rocks commonly shows irregular grain boundaries or 

pitting at the surface that crosscut the zones of high phase contrast, implying that pyrite 

dissolution occurred later in the paragenetic sequence, as observed in coarse pyrite contained in 

D-veins. However, unlike the bright rims in coarse pyrite, zoning in the disseminated grains only 

rarely occurs along grain margins and forms a distinctly wrinkled texture. 

 

Spot analysis by LA-ICP-MS showed that the wrinkled bright zones in disseminated pyrite 

have elevated Au concentrations, similar to the bright rims in the coarse pyrite in the D-veins. 

Gold values in the bright wrinkled rims range from 15.0 to 37.5 ppm (n=3) and, as with the 

bright rims in the coarse pyrite of the D-veins, the Au values correlate with the amount of bright 

material ablated. 

 

6.2. Pyrite in Intermediate-Sulfidation State Veins 

 

The Q5 quartz contained in the rhodochrosite-base metal veins, or overprinting earlier 

formed porphyry veins, contains abundant pyrite grains that range up to 100 µm in size. These 

euhedral pyrite grains show oscillatory growth banding defined by zones of different phase 

contrast (Fig. 6-1E). The cores of these euhedral pyrite grains are commonly homogenous, with 

most of the oscillatory growth zoning occurring in the outer portions of the grains. 

 

The Q6 quartz in rhodochrosite-base metal veins, or overprinting earlier formed porphyry 

veins, can also host euhedral pyrite grains. In many cases, pyrite grains hosted in this quartz 

generation show a bright outer growth band (Fig. 6-1F) that is thicker than the growth bands 

observed in euhedral pyrite hosted by Q5 quartz. The euhedral pyrite in Q6 quartz frequently 
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shows slightly irregular or embayed grain boundaries that crosscut growth banding, suggesting 

that later hydrothermal fluid flow has resulted in partial pyrite dissolution. 

 

Chemical analysis confirmed that growth zones in euhedral pyrite having a high phase 

contrast are also characterized by Au enrichment. Spot analyses yielded Au values ranging from 

2.7 to 9.8 ppm (n= 3; Fig. 6-2A). As these zones of Au enrichment formed during growth of the 

pyrite, it has to be concluded that Au enrichment at the Çöpler Au-(Cu) deposit paragenetically 

coincided with the precipitation of Q5 quartz. As Au-bearing pyrite contained in Q6 quartz is 

partially dissolved and crosscut by Q6, gold mineralization likely terminated before or during Q6 

quartz formation. 

 

6.3. Elemental Associations 

 

Elevated Au values in LA-ICP-MS spots in pyrite consistently show elevated As values 

(r2=0.85). The approximate Au/As ratio is 1:125, although some outliers containing anomalously 

high As occur (Fig. 6-3). This relationship is independent of pyrite zoning patterns or ablation 

crater morphology, suggesting that Au enrichment of pyrite is coupled to the incorporation of As 

in this mineral. In addition, the Sb and Ag concentrations of pyrite also show a statistically 

significant (r2=0.58) positive correlation (Fig. 6-3). 
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Fig. 6-3: Correlation diagrams between Au and As as well as Ag and Sb concentrations in pyrite as determined by 
LA-ICP-MS analysis. Data points are sorted based on the BSE zoning patterns where ablation spots were positioned 
and the morphologies of the ablation craters. 
.
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Table 6-1: Selected LA-ICP-MS analyses of pyrite contained in the different vein types at the Çöpler deposit (all 
data in ppm). Detection limits were element specific and are given at the 99% confidence level. 
 

No. Zoning Crater. Mo Cu Zn Pb Sb Ag As Au Mn 

Detection limit 

 

1.64 3.75 21.2 0.23 0.84 0.61 4.82 0.2 5.3 

Hole 364, 150.40 m (D-vein; 2.91 ppm Au in billet): 

 1 - E - 598 - - - - - - 20.0 
 2 - F-B - 237 - 525 296 37.8 2880 10.4 - 
 3 P-L F-B - 4050 43.5 67.4 13.2 15.4 58.4 3.1 20.9 
 4 P-D F-B - 1460 57.1 366 146 37 2710 17.4 514.0 
 5 P-M E - 1020 - 2.7 1.4 - 8.8 0.4 21.0 
 6 P-M E - 580 - 1.9 3.1 - 24.4 - 34.5 
 7 - E - 782 - - - - - - 16.8 
 8 - E - 702 - - - - - - 21.3 
 9 - E - 418 - - - - - - 22.6 
10 P-M E - 331 - 0.4 - - - - 9.8 
11 - E - 494 - - - - - - 20.6 
12 P-M F-B 1.9 126 - 136 113 13.7 1080 6.8 26.4 
13 - E 2 - - - - - - - 18.1 
14 - E - - - - 0.9 - - - 23.1 
15 - E - - - - - - - - 16.8 
16 - F-B 1.7 412 - 76.8 5.1 4.4 37.5 0.8 25.9 
17 - F-B - 343 - 10.5 1.1 - 27.6 - 17.0 
18 - E - 9.8 - - - - 7.2 - 21.3 
19 - E - - - 1.2 - - - - 23.5 
20 - E 2 5.1 - - - - - 0.4 19.3 
21 - E - 202 - - - - - - 24.6 
22 - E - 488 - - - - - - 32.6 
23 - E - 419 - - - - - - 15.2 
24 - E - 306 - 0.4 - 3.1 - - 15.7 
25 - E - 59.2 - 1.7 - 4.6 - 0.3 21.3 
26 - E - 361 - - - - - - 10.9 
27 - E 1.7 474 - 0.4 - - - - 19.4 
28 P-M E - 452 - - - - - - 16.1 
29 P-M E - 889 - - 1.2 1.1 - - 29.4 
30 P-M E - 550 - - - - - - 25.3 
31 P-M E - 761 - - - - - - 25.2 
32 P-M E - 407 - 0.3 - - 7.2 - 23.4 
33 - E - 306 - 0.6 - - 5.7 - 14.6 
34 - E - 449 - 3.9 3.5 - 8.1 - 13.8 
35 - E - 728 27.9 0.4 - - - - 20.9 
36 - E - 706 - - - - - - 25.5 
37 - E - 508 - 0.3 - 1.2 - - 23.7 
38 P-M F-B - 486 - 240 67.3 20.6 175 3.0 22.6 
39 P-L E - 1160 - 2.3 0.9 - - - 14.8 
40 P-M E - 473 - 159 48.6 9.9 207 2.6 17.7 
41 P-D E - 367 - 3.2 0.9 2.5 - 0.5 24.7 
42 P-M F-B - 439 - 3.1 - 1.3 - 0.3 15.0 
43 P-M F-S 3.9 390 23.9 268 43.6 4.9 278 2.0 14.0 
44 P-M F-B - 556 - 118 25.4 6.8 104 1.2 17.6 
45 P-M E - 314 - 0.5 - - 48.8 0.3 29.7 
46 P-M E - 467 - 0.6 - 0.7 53.8 - 22.3 
47 P-M F-B - 159 52.1 235 92.8 23.6 2860 6.9 7.3 
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Table 6-1: Continued. 
 

No. Zoning Crater. Mo Cu Zn Pb Sb Ag As Au Mn 

48 P-D F-B - 331 - 40.2 28.6 4.8 700 7.2 68.9 
49 P-M E - 463 - 4.4 1.6 1.1 13.9 - 27.7 
50 P-D E - 610 - 0.8 - - - - 22.2 
51 P-M E - 744 - - - - - - 21.0 
52 P-D E 2.2 438 - 2.6 - 2.6 8.3 0.7 24.6 
53 - E - 451 - - 1.3 - - - 26.1 
54 P-D F-B 2.1 199 - 17.5 8.7 1.9 333 2.8 24.8 
55 P-D F-B 1.9 1290 - 21.8 8.9 1.9 366 1.6 22.5 
56 P-D F-S - 105 - 47.8 19.9 5.8 925 3.3 36.9 
57 P-M F-S - 273 66.4 74.3 66.2 7 591 1.0 149.0 
58 P-M E - 2260 - - - - - - 25.6 
59 - E - 80 26.7 9.6 - - 8.2 0.3 20.1 
60 - E - 97 - - - 1.4 - - 11.4 
61 - E - 351 - - 1 - - 0.2 32.5 

Hole 421, 264.30 m (D-vein; 0.163 ppm Au in billet): 

62 - E - - - - - - 8.1 - 16.0 
63 - E - - - - - - - - 22.7 
64 - E 2.8 - - - - - - - 16.4 
65 - E - - - - - - - 0.2 19.3 
66 - E - - - 0.5 - - - - 16.6 

Hole 421, 294.30 m (D-vein; 0.095 ppm Au in billet): 

67 - E - - - - - - - - 19.4 
68 - E - 9.4 - - - - - - 14.0 
69 - E - - - - - - - - 20.3 
70 - E - 9.1 - - - - - - 25.0 
71 - E - 15.8 - - - - - - 16.6 
72 - E - - - - - - - - 17.2 
74 - F-B - 43.3 - 1.9 - - 75.4 - 19.6 
75 - E - - - - - - - - 23.1 
76 - E - - - - - - - - 16.7 
77 - E - - - 1.4 - - - - 16.2 
78 - F-S - 13.4 - 4.3 - - 82.8 - 29.1 
74 - E - - - - - - - - 19.5 

Hole 428, 198.00 m (D-vein with dolomite infill; 1.465 ppm Au in billet): 

79 - E - - - - - - 7.8 - 18.7 
80 - E - 4.3 - - - - - - 21.3 
81 - E - 5.5 - - - - 4.9 - 21.5 
82 - E - - - - 0.9 - - - 17.9 
83 - E - - 26.8 - - - 5 - 32.8 
84 - E - - - - - - - - 20.0 
85 BR E 1.7 147 - - - - 1720 18.6 13.8 
86 - E - - - - - - - - 14.2 
87 - E - - - - - - 6.2 - 21.3 
88 - F-S - 18.3 - - - - 8.8 - 10.8 
89 - E - 63.4 - 4.8 - 1 1120 10.6 24.5 
90 - F-B - 512 62.2 6.7 1.6 15.6 1430 19.4 15.2 
91 - E 4.4 - - - - - - - 20.8 
92 - E - 7.2 - 0.4 - - - - 11.3 
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Table	6-1:	Continued.	
 

No. Zoning Crater. Mo Cu Zn Pb Sb Ag As Au Mn 

93 - E - - - - - - - - 17.5 
94 - F-S - 65 - 12.5 - 2 1250 11.6 17.0 
95 - E - - - - - - 7.8 - 22.3 
96 BR E - 19.2 - 3.3 - 2.5 61 1.4 17.9 
97 - E - - - - - - - - 22.5 
98 - E - - - - - - 5.1 - 15.8 
99 - E - - - - - - 6.1 - 16.1 
100 - F-S - 7.9 - 0.3 - - 6.2 - 25.9 
101 - E - - - - - - - - 15.7 
102 - E - 61.3 - 1.4 - 3.1 - - 19.1 
103 - F-B - 19.3 - 0.3 - - 6.8 - 23.3 
104 - F-B - 20.9 - 0.4 - - - - 19.7 
105 - E - - - 0.9 - - 23.9 - 22.0 
106 - E - - - 0.3 - - - - 13.2 
107 - E - - - - - - 4.9 - 27.3 
108 BR F-S - 133 - 1.3 1.5 - 1520 16.2 26.9 
109 - E - - - - - - - - 16.5 
110 BR F-S - 56.6 - 0.6 - - 1100 14.8 122.0 
111 - E - - - - - - - - 15.7 
112 - E - - - - - - 5 - 25.3 
113 - F-B - - - 0.4 - - - - 17.3 
114 - E - - - 0.4 - - - - 27.2 
115 - E - - - - - - - - 12.5 
116 - E - - - - - 0.7 - - 22.7 
117 - E - - - - - - - - 19.5 
118 - E - - - - - - - - 14.0 
119 - E - 18.8 23.1 4.2 1.1 0.9 63.8 1.1 17.8 
120 - F-S - 105 - 7.9 - 2.3 2010 16.0 22.1 
121 - F-S - - - - - 0.9 62.3 - 34.2 
122 BR F-S - 94.1 - 6.8 1.4 - 1660 21.6 583.0 
123 - F-S - 616 166 61.4 75.5 49.9 1670 14.6 37.7 

Hole 430, 358.50b m (Rhodochrosite-base metal vein; billet not assayed): 

124 G E - 685 10.5 20.7 201 15.9 1450 9.8 576.0 
125 - E 8.8 - - 1 1.7 - 31.7 - - 
126 - E 8.9 34.6 7.7 22.7 2.6 13.4 41.2 - 171.0 
127 - E - 94.1 - 1.1 - - 95.1 - 15.1 
128 G E - 600 - 5.1 2.3 2.2 862 2.7 15.8 
129 WR F-B 14.6 145 - 11.9 3.6 - 968 15.0 350.0 
130 P-M E 10.8 107 - 13.9 - 1.7 22.3 1.2 28.7 
131 P-D E - 111 1.9 0.7 - - 37.6 2.9 15.8 
132 G F-S 16.2 774 5.6 48.4 127 9.4 1280 9.4 27.3 

Hole 364, 120.10b m (Disseminated pyrite in altered igneous rock adjacent to B-vein with dolomite centerline; 
billet not assayed): 

133 - F-B - - - - - 1.6 - - 24.3 
134 WR F-B 14.1 512 2.1 18.1 19.6 14 4450 37.5 10.9 
135 WR F-B - 695 - 17.1 8.9 7.9 4550 33.1 24.6 

 

Zoning: G=Growth zoning (Fig. 6-1E,F); BR=Bright rim (Fig. 6-1C); WR=Wrinkled bright rim (Fig. 6-1D); P-
L=Light patchy zone (Fig. 6-1B); P-M=Medium patchy zone (Fig. 6-1B); P-D=Dark patchy zone (Fig. 6-1B) 
Crater Morphology: E=Euhedral; F-B=Bottom feature; F-S=Side feature. 
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CHAPTER 7 

FLUID INCLUSION MICROTHERMOMETRY 

 

Fluid inclusion petrography formed an important basis for the establishment of the 

paragenetic relationships in the different vein types encountered at the Çöpler Au-(Cu) deposit. 

Microthermometric investigations were conducted on texturally well-characterized fluid 

inclusion assemblages hosted by quartz to constrain the evolution of the magmatic-hydrothermal 

system. Because individual quartz grains could contain hundreds or thousands of inclusions, 

microthermometry was only performed on a limited number of texturally well-defined fluid 

inclusion assemblages as defined by Goldstein and Reynolds (1994). This approach yielded well-

constrained information about discrete events in the vein paragenesis. Quartz in porphyry veins 

contained suitable fluid inclusion assemblages for determining formation temperatures and 

pressures of fluid inclusion assemblages while later quartz contained suitable inclusions to assess 

the conditions of fluids present during specific points of the paragenetic sequence. 

 

7.1. Quartz in Porphyry Veins 

 

The early quartz contained in porphyry veins at Çöpler is characterized by abundant 

secondary hypersaline liquid inclusions and coexisting vapor inclusions. Two secondary fluid 

inclusion assemblages contained in Q1 and Q2 quartz showing these inclusions were studied. 

The hypersaline liquid inclusions in these assemblages homogenized at 365−387°C (n=3) and 

460−480°C (n=3) through vapor disappearance. Halite dissolution in these fluid inclusion 

assemblages occurred at 280−287°C, corresponding to a salinity of 36.4−36.9 wt. % NaCl 

equivalent, and 395−410°C, corresponding to a salinity of 46.7−48.4 wt. % NaCl equivalent, 

respectively (Table 7-1). As both fluid inclusion assemblages record fluid immiscibility, the 

homogenization temperatures record the entrapment conditions. Combined with the fluid 

inclusion salinities, the two secondary trails were entrapped at pressures of 140−181 and 

300−360 bar, respectively. 

 

Many fluid inclusion assemblages in Q1 and Q2 quartz contain hypersaline liquid 
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inclusions and homogenize by disappearance of the salt crystal. These fluid inclusion 

assemblages lack coexisting vapor inclusions. Four such secondary fluid inclusion assemblages 

contained in Q1 quartz yielded consistent homogenization temperatures ranging from 382°C to 

415°C (Table 7-1). These temperatures correspond to salinities of 45.2−49.1 wt. % NaCl 

equivalent. These same fluid inclusion assemblages showed highly variable liquid-vapor 

homogenization temperatures by vapor bubble disappearance at 290−400°C (Table 7-1). Using 

the phase relationships in the H2O-NaCl system, as established by Driesner and Heinrich (2007), 

these liquid-vapor homogenization temperatures his equate to a wide range of internal pressures 

from 290 bars to 1,751 bars.  

 

 

 
 
Fig. 7-1: Secondary fluid inclusion trail with hypersaline liquid inclusions. The labels give the temperatures of 
vapor-liquid homogenization. Halite disappearance occurs over a narrow temperature range of 405−415°C, 
suggesting that all of the inclusions in the assemblage have similar salinities. The observed variations in the vapor-
liquid homogenization temperatures are interpreted to reflect density differences between the inclusions, caused by 
stretching. 
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The observed variations must reflect differences in the density of the fluid inclusions. 

Textural observations suggest that density correlated with relative inclusion size within any 

given fluid inclusion assemblage. Larger inclusions showed higher homogenization temperatures 

(Fig. 7-1), lower densities, and lower internal pressures. Since consistent salinities within any 

single fluid inclusion assemblage imply homogenous entrapment without subsequent leaking, it 

is probable that pressure variations formed through post-entrapment stretching. The link between 

lower densities and larger inclusions suggests that these inclusions stretched more than smaller 

inclusions within the same fluid inclusion assemblage. 

 

7.2. Quartz in Intermediate-Sulfidation State Veins 

 

As described above, Q4 quartz contains primary undersaturated liquid-rich inclusions. One 

texturally well-characterized fluid inclusion assemblage was measured, yielding homogenization 

temperatures of 285−290°C and temperatures of the final melting temperature of ice of -2.6 to  

-2.9°C, which corresponds to a salinity of 4.3−4.8 wt. % NaCl equivalent (Table 7-1). One 

secondary liquid inclusion assemblage was measured in texturally late Q4 quartz. This 

assemblage gave homogenization temperatures of 240−245°C and showed a final melting 

temperature of ice of -3.0 to -3.5°C, which corresponds to a salinity of 5.0−5.7 wt. % NaCl 

equivalent (Table 7-1). 

 

Grains of Q5 quartz contain abundant primary undersaturated liquid-rich inclusions that 

show inconsistent liquid to vapor ratios and amoeboid morphologies, suggesting that necking of 

the inclusions occurred under two-phase conditions. The widespread evidence for necking and 

the morphology of these primary inclusions is consistent with entrapment temperatures below 

about 220°C (Bodnar et al. 1985). Due to the evidence for necking, homogenization temperatures 

could not be obtained on most primary fluid inclusion assemblages recognized. However, one 

primary fluid inclusion assemblage consisting of three liquid inclusions with consistent liquid to 

vapor ratios was recognized, giving homogenization temperatures of 225−230°C and final 

melting temperatures of ice of -2.0 to -2.5°C. This corresponds to a salinity of 3.4−4.2 wt. % 

NaCl equivalent (Table 7-1). Freezing runs were conducted on a total of five primary inclusion 

assemblages. These yielded final melting temperature of ice of -1.0 to -3.5°C, which corresponds 
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to a salinity of 1.7−5.7 wt. % NaCl equivalent (Table 7-1). 

 

Table 7-1: Microthermometric data of fluid inclusion assemblages hosted by quartz contained in different vein 
types.  
 

Quartz 

generation 
n Assemblage Th (°C) TNaCl (°C) Tm (°C) 

Salinity (wt.% 

NaCl equiv.) 

Hole 421, 94.10 m (A-vein with D-vein centerline, 1.17 km elevation) 

Q1-Q2 2 Secondary (HSHalite) 329–331 382–382 -  44.5–45.2 

Hole 421, 122.00 m (A-vein, 1.15 km elevation) 

Q1-Q2 7 Secondary (HSHalite) 307–351 405–415 -  47.8–49.1 

Hole 421, 611.90 m (A-vein, 0.69 km elevation) 

Q1-Q2 3 Secondary (HSHalite) 290–308 400–405 -  47.2–47.8 

Hole 421, 12.00 m (B-vein, 1.25 km elevation) 

Q1-Q2 4 Secondary (HSHalite) 400 410–415 -  48.4–49.1 
Q1-Q2 3 Secondary (HSVapor+V) 460–480 395–410 -  46.7–48.4 

Hole 428, 198.00 m (D-vein with dolomite infill, 1.04 km elevation) 

Q1-Q2 3 Secondary (HSVapor+V) 365–387 280–287 -  36.4–36.9 

Hole 430, 358.50 m (Rhodochrosite-base metal vein, 0.90 km elevation) 

Q4E 6 Primary (L) 285–290 -  2.6–2.9 4.3–4.8 

Q4L 5 Secondary (L) 240–245 -  3.0–3.5 5.0–5.7 
Q5 2 Primary (Li) -  -  2.5–3.5 4.2–5.7 

Hole 364, 256.00 m (D-vein with dolomite centerline, 0.98 km elevation) 

Q5 3 Primary (Li) 225–230 -  2.0–2.5 3.4–4.2 

Q5 3 Primary (Li) -  -  2.0–2.5 3.4–4.2 
Q5 2 Primary (Li) -  -  1.5–2.0 2.6–3.4 

Hole 428, 198.00 m (D-vein with dolomite infill, 1.04 km elevation) 

Q5 4 Primary (Li) -  -  1.0–3.0 1.7–5.0 

 
n= number of measured inclusions in assemblage, Th = homogenization temperature, TNaCl = halite dissolution 
temperature, Tm = final melting temperature of ice 
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CHAPTER 8 

DISCUSSION 

 

8.1. Vein Textures 

 

Following extensive studies of the El Salvador deposit in Chile (Gustafson and Hunt, 

1975), porphyry deposits are widely recognized as containing a consistent succession of vein 

types formed in evolving magmatic-hydrothermal systems (Seedorff et al., 2005). Vein types are 

hereby subdivided based on macroscopic appearance, vein mineralogy, and alteration selvage 

mineralogy. In many deposits, the earliest veins are composed of quartz and actinolite, biotite, or 

K-feldspar. These veins generally lack sulfide minerals and clearly notable alteration halos. The 

earliest veins are crosscut by sulfide-bearing granular quartz veins (irregularly shaped A-veins 

and continuous planar B-veins in the in the terminology of Gustafson and Hunt, 1975), with 

narrow potassic alteration selvages. The latest vein type is composed of crystalline quartz and 

sulfide minerals, and has feldspar-destructive alteration selvages that typically contain abundant 

sericite. These veins are referred to as D-veins in the terminology of Gustafson and Hunt (1975). 

 

Porphyry style veins at Çöpler follow this macroscopic succession established by 

Gustafson and Hunt (1975), with irregular A-veins, planar B-veins, and planar D-veins. 

However, detailed microscopic studies show that these veins do not contain distinct quartz types 

as revealed by optical and fluid inclusion petrography as well as optical CL microscopy. Textural 

relationships suggest that porphyry veins formed by repeated reopening of closed veins or 

reactivation of open fluid pathways within veins. 

 

The earliest quartz generation, Q1 quartz, is present in both A-veins and B-veins, raising 

the question whether distinction of these vein types based on macroscopic investigations is 

reliable and meaningful (Fig. 8-1). Grains of Q1 quartz are anhedral and subgrain rotation and 

grain boundary migration (cf. Stipp et al., 2002; Passchier and Trouw, 2005) are common 

recrystallization textures. The occurrence of these recrystallization textures is consistent with the 

interpreted link between the irregular morphologies of A-veins and ductile deformation of the 

host rocks (Gustafson and Hunt, 1975; Fournier, 1999). Recrystallization of the quartz is 
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probably also responsible for the relatively uniform, mottled CL appearance of Q1 quartz. Based 

on numerical modeling, Weis et al. (2012) showed how actively degassing fluids propagate 

through a cooling pluton at ductile conditions. In the model, fluid flow occurs through discrete 

waves of overpressured fluids migrating along transient permeability. Pressures of 290−1,750 

bar recorded by hypersaline liquid inclusions in Q1-Q2 quartz are interpreted as records of this 

process of overpressuring (Fig. 8-2). The inclusions are interpreted to have trapped hypersaline 

liquids at pressures exceeding lithostatic conditions and variably stretched to accommodate 

lower pressures as they returned to near-lithostatic conditions. Larger inclusions with weaker 

confining strength stretched more than smaller inclusions resulting in lower observed internal 

pressures. That these fluid inclusions occur along healed microfractures formed at temperatures 

greater than 400°C, as shown by recrystallized quartz textures, is evidence of vein reopening 

under ductile conditions to accommodate fluid flow. 

 

Porphyry-stage A- and B-veins at Çöpler also contain a distinct second generation of 

quartz, Q2 quartz, which forms euhedral crystals or forms a breccia of Q1 quartz (cf. Bennett, 

2013). Early Q2 shows similar recrystallization textures to those observed in Q1, but is 

distinguished from Q1 by its purple-maroon CL signatures. Late Q2 quartz forms large euhedral 

crystals with brown growth bands caused by the presence of small inclusions visible in 

transmitted light, which can be correlated to the oscillatory growth zoning visible in CL. Because 

formation of euhedral Q2 crystals requires open space during vein formation, Q2 quartz at 

Çöpler is interpreted to have formed at ca. 400°C near the ductile to brittle transition of the 

cooling porphyritic stock (Fournier, 1999). Associated lithostatic-hydrostatic pressure 

fluctuations are recorded by dissolution textures in Q2 quartz (cf. Landtwing et al., 2010). 

 

In their original classification of porphyry veins, Gustafson and Hunt (1975) stated that B-

veins at El Salvador in Chile contain abundant euhedral quartz that is elongate perpendicular to the 

vein wall having cockscomb texture while A-veins are dominated by equigranular quartz. Based 

on the observation of the present study, it appears possible that B-veins in El Salvador may be 

dominated by Q2 quartz that would crosscut an earlier A-vein-forming recrystallized Q1 quartz. At 

Çöpler, correlation between microscopic and macroscopic observations may be more complicated 

as both vein types contain Q1 and Q2 quartz. 
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Fig. 8-1: Summary diagram showing the evolution of the magmatic-hydrothermal system at Çöpler. 
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Chalcopyrite and pyrite formation required reopening of previously formed quartz 

porphyry veins. The sulfide minerals overgrow euhedral Q2 quartz terminations and crosscut 

Q1-Q2 quartz grains. These textures establish that ore minerals postdate porphyry-stage quartz 

and must have formed during vein reopening at hydrostatic conditions. Thus, ore minerals in the 

porphyry veins are not contemporaneous with the quartz, which is consistent with the occurrence 

of monomineralic chalcopyrite veins in porphyry deposits, referred to as paint veins (J. Reynolds 

and T. Monecke, pers. communication, 2015). Similar textural relationships indicative of vein 

reopening have been reported from Butte in Montana (Rusk and Reed, 2002) and Bingham in 

Utah (Redmond et al., 2004). 

 

Reopening of porphyry-stage veins at Çöpler continued throughout the low-temperature 

intermediate-sulfidation state stage of the magmatic-hydrothermal system in the porphyritic 

intrusions and the surrounding contact aureole. The petrographic investigations showed that 

porphyry veins at Çöpler frequently contain minerals that post-date Q2 quartz, including later 

quartz generations, minor base metal sulfides such as sphalerite, carbonate minerals, chalcedony, 

and late gypsum. These later minerals occur as centerlines within the porphyry veins, infill of 

breccia textures with porphyry-stage breccia clasts, or marginal traces along the contacts 

between porphyry veins and wall rock. In addition to reopening preexisting porphyry veins, low-

temperature hydrothermal fluid formed new vein traces throughout the deposit that were 

overprinted during later fluid flow.  

 

Grade distribution at the deposit scale, coupled with interpreted mineral paragenesis, 

suggest that vein formation and reopening occurred in different zones of the deposit as fluids 

evolved from the porphyry-stage through the low-temperature intermediate-sulfidation state 

stage. Copper grades associated with porphyry-stage chalcopyrite are elevated in a zone centered 

on the intrusion exposed in the Main Zone of the deposit. Zinc and Pb enrichment associated 

with base metal sulfides form two expanding concentric rings around the Cu shell. Elevated Au 

grades occur in structurally controlled zones within the porphyry stocks and surrounding 

sedimentary rocks along an ENE−WSW structural trend. The grade distributions highlight how 

fluid flow occurred later in the evolution of the magmatic-hydrothermal system when vein 

formation occurred through refracturing of porphyry veins and the formation of new discrete 

veins. 
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Vein textures in the intermediate-sulfidation state veins suggest that fluid pathways often 

remained open under hydrostatic conditions. Low-temperature quartz, sulfide minerals, as well 

as carbonates, and sulfate minerals form euhedral crystals with primary growth banding. In many 

cases, these minerals overgrow or brecciate paragenetically earlier minerals. The textures 

indicate episodic mineral precipitation associated with vein reopening and open space formation. 

In general, vein textures observed are similar to those described for the Victoria deposit in the 

Philippines (Sajona et al., 2002), but distinct from the symmetrical banding characteristic of 

epithermal vein deposits such as Acupan in the Philippines (Cooke et al., 1996), Pallancata in 

Peru (Gamarra-Urrunaga et al., 2013), and Waihi in New Zealand (Brathwaite and Faure, 2002). 

 

The detailed microscopic studies of veins at Çöpler highlight how correct paragenetic 

relationships cannot be identified based on macroscopic observations alone. Classification of 

veins based on sulfide and gangue mineralogy, or the nature of the alteration selvages, can be 

misleading as the veins formed through repeated vein reopening and reactivation during the 

continuous evolution of the magmatic-hydrothermal system. This occurred from high 

temperatures at lithostatic conditions to lower temperatures at hydrostatic conditions. The present 

study illustrates that correlative microscopic techniques employing optical microscopy, fluid 

inclusion petrography, and optical CL microscopy, can be used effectively to unravel the relative 

timing of ore and gangue mineral formation in complex overprinting systems such as Çöpler. 

 

8.2. Temperature and Pressure Evolution 

 

Despite the complex crosscutting and overprinting relationships encountered macroscopically 

and microscopically, a consistent paragenetic trend was observed across the three ore zones of the 

Çöpler deposit, recording the evolution of a single magmatic-hydrothermal system. The fact that 

the paragenetic trends observed in a large number of carefully studied thin sections are consistent 

represents an important prerequisite for a meaningful interpretation of the microthermometric data. 

Although only few fluid inclusion assemblages were measured, care was taken to collect data only 

on assemblages hosted by quartz grains of known textural and paragenetic setting in order to 

address specific questions. Microthermometric data in Q1 and Q2 quartz were gathered to 

determine pressures that existed at discrete points in time; microthermometric data in later quartz 
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was collected to constrain temperatures and compositions present at discrete points in time. 

 

The results of the microthermometric investigations and fluid inclusion petrography, 

combined with mineral stability constraints, are indicative of a continuous cooling trend of the 

magmatic-hydrothermal fluids from temperatures at around 700°C to below 150°C. Lithostatic 

conditions prevailed early in the paragenesis. However, upon cooling to below 400°C, the 

magmatic-hydrothermal system experienced a pressure drop to hydrostatic conditions. These 

conditions were maintained through the later part of the paragenesis. 

 

The earliest quartz generations, Q1 and Q2 quartz (Fig. 8-1), contain abundant hypersaline 

liquid and vapor inclusions. Measured secondary hypersaline liquid inclusions, with coexisting 

vapor inclusions, along trails crosscutting Q1-Q2 quartz were found to homogenize through vapor 

disappearance at temperatures ranging from 480−460°C to 387−365°C. The salinity of these 

hypersaline liquid inclusions decreases from 46.7−48.4 wt. % down to 36.4−36.9 wt. % NaCl 

equivalent. Phase constraints imply that the higher temperature hypersaline liquid inclusions were 

entrapped at pressures of about 330 bar, while entrapment of the lower temperature hypersaline 

liquid inclusions occurred at pressures of 141−180 bar. This pressure drop corresponds to the 

transition from lithostatic to hydrostatic condition at a minimum paleodepth of 1.4 km, given 

measured local rock density of 2,400 kg/m3 (Greenwood et al., 2012). Although this depth estimate 

is in good agreement with İmer (2014) and estimated thickness of the overlying Munzur limestone 

(Özgül and Turşucu, 1984), it is important to note that this estimate is still a minimum depth. The 

presence of undetected trace gasses in the fluid inclusions cannot be ruled out, deviations from 

reported rock densities, or measurement of a fluid inclusion assemblage at conditions between 

lithostatic and hydrostatic pressures are all possibilities that would require an increases in the 

paleodepth estimate. 

 

A second type of fluid inclusion assemblage containing hypersaline liquid-rich inclusions but 

lacking vapor-rich fluid inclusions is also present in Q1 quartz. Hypersaline liquid-rich inclusions 

in these fluid inclusion assemblages homogenized by final halite dissolution at 415−382°C and 

have salinities of 49.1-45.2 wt. % NaCl equivalent (Fig. 8-2). Stretching of these inclusions after 

entrapment at over-pressured conditions precludes determining entrapment temperatures by 

pressure correction along an isochore; however, assuming that the coexisting hypersaline liquid 
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and vapor inclusions formed from a single-phase parent fluid, which typically have salinities ~5 

wt. % NaCl (Redmond et al., 2004; Rusk et al., 2008; Landtwing et al., 2010), phase separation 

must have occurred between ca. 450−730°C and 300−1,160 bar to yield a hypersaline liquid of the 

observed salinity. Phase separation of the single-phase parent fluid must have taken place below 

the deposit as no intermediate density fluid inclusions were observed within the samples 

investigated. 

 

Vein quartz formed subsequent to Q1-Q2 quartz does not contain hypersaline liquid or vapor 

inclusions. Where present, fluid inclusions contain an undersaturated (with respect to NaCl) liquid-

rich H2O fluid that likely represents the contracted parental single-phase fluid that never entered in 

the two-phase field (cf. Hedenquist et al., 1998). Previous work suggested that such a liquid could 

also form through contraction of the vapor produced during condensation of the parental single-

phase fluid under two-phase conditions (Heinrich et al., 2004; Heinrich, 2005). However, this 

process would be expected to produce lower salinities than those observed in low-temperature 

quartz at Çöpler, unless phase separation would have occurred at significantly higher pressures 

below the deposit. In either case, oxygen isotope investigations by İmer (2014) suggested that the 

low-salinity liquid is of magmatic origin and that dilution with meteoric water, if present, was not 

significant at Çöpler. 

 

Small and isolated liquid inclusions are present in Q3 quartz, but no fluid inclusion 

assemblages were observed which would allow determination of homogenization temperatures and 

salinities. Homogenization temperatures and salinities from primary liquid inclusions in early Q4 

quartz and secondary liquid inclusions in late Q4 give a range of 290−240°C. The liquid that 

precipitated the sphalerite and other base metal sulfide minerals had a salinity of ca. 5 wt. % NaCl 

equivalent. A similar temperature range has been documented for base metal sulfide precipitation 

in magmatic-hydrothermal deposits associated with porphyry systems (Rusk et al., 2008) as well as 

for a variety of intermediate-sulfidation state vein systems (Sajona et al., 2002; Dreier, 2005; 

Yilmaz et al., 2010). As these deposits formed at different depths, base metal precipitation appears 

to be primarily controlled by temperature, not pressure or the phase state of the magmatic-

hydrothermal liquid. 
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Fig. 8-2: Phase diagram of the H2O-NaCl system containing 5 wt. % NaCl (red line) and the conditions under which 
a 48 wt. % NaCl can form from it (blue line). The microthermometric data obtained on Q1-Q2-hosted HSHalite 
fluid inclusion assemblages are plotted. The ca. 48 wt. % NaCl liquid contained in HSHalite inclusions must have 
formed from a 5 wt. % NaCl parent fluid at conditions along the blue line between (A) and (B). This liquid was then 
entrapped in HSHalite FIAs at over-pressured conditions approximated by (C). Upon cooling to 387-410°C at (D), 
halite crystals precipitated within the FIA. Different liquid-vapor homogenization temperatures within a single FIA 
at (E) show differences in density that must have formed from disparate amounts stretching of fluid inclusions due 
to entrapped over-pressured conditions. Consistent salinities within an FIA show that density differences are not due 
to leaking or entrapment of a heterogeneous fluid. 
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A single primary fluid inclusion assemblage with consistent liquid-vapor ratios in Q5 quartz 

gave homogenization temperatures of 230−225°C, with a salinity of 2.6−3.4 wt. % NaCl 

equivalent. This assemblage probably records the highest temperatures at which Q5 quartz was 

formed. Most primary fluid inclusion assemblages in Q5 quartz contain inconsistent liquid-vapor 

ratios with highly irregular shapes indicative of temperature of entrapment below 220°C (Bodnar 

et al., 1985). These fluid inclusions have salinities of 1.7−5.7 wt. % NaCl equivalent. As Q5 quartz 

is intergrown with Au-bearing pyrite, Au mineralization at Çöpler is interpreted to have occurred 

at a temperature below 250°C. 

 

Quartz generations postdating Q5 quartz either lack fluid inclusions or contain fluid 

inclusion assemblages with inconsistent liquid-vapor ratios. It is inferred that late-stage mineral 

formation at Çöpler occurred from a magmatic-hydrothermal system that cooled significantly as 

chalcedony precipitation takes place at temperatures at or below 180°C (Fournier, 1985) and 

aqueous solubility of barite is also restricted to temperatures at or below 150°C (Blount, 1977). 

 

The overall sequence of alteration styles observed at Çöpler is also consistent with a simple 

cooling trend of the magmatic-hydrothermal system (Fig. 8-1). Early Q1 quartz-dominated veins, 

which formed at lithostatic conditions at temperatures exceeding 450°C from hypersaline liquids 

(45−49 wt. % NaCl equivalent), are surrounded by alteration halos containing hydrothermal biotite 

and K-feldspar. Solid inclusions of biotite and K-feldspar in Q1 quartz confirm this association. 

Later veins dominated by Q2 quartz formed at lithostatic-hydrostatic conditions and have potassic 

K-feldspar alteration selvages. Chlorite commonly found between grains of Q2 quartz suggests 

that the observed chlorite overprint of hydrothermal biotite post-dates Q2 quartz. This is supported 

by observed chlorite stability in alteration selvages associated with coarse chalcopyrite. Since the 

chalcopyrite in the coarse sulfides is the only volumetrically significant Cu ore mineral at Çöpler, 

Cu mineralization is likely associated with chlorite alteration at Çöpler. This is contrary to 

generally accepted alteration models for porphyry deposits (Seedorff et al., 2005; Sillitoe, 2010), 

but consistent with some detailed textural studies at Santa Rita in New Mexico (Reynolds and 

Beane, 1985) and Far Southeast in the Philippines (Hedenquist et al., 1998) where mineralization 

is believed to be associated with chlorite, chlorite-sericite, or sericite alteration that formed after 

the potassic alteration and related quartz veins. 
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Coarse pyrite is the first vein mineral that can be clearly related to sericite alteration around 

porphyry veins. The presence of primary sericite inclusions in Q3 quartz suggests that sericite 

remained stable later in the paragenesis. Limits on the formation of hydrothermal sericite suggest 

that coarse pyrite and Q3 quartz must have precipitated below 400°C (Richards, 2011). Late in the 

paragenesis at Çöpler, fine-grained kaolinite overprints sericite alteration around the veins.  

 

The cooling trend recorded by the vein paragenesis and fluid inclusions as well as the 

consistent changes in alteration styles suggest that the magmatic-hydrothermal fluids forming the 

Çöpler deposit traveled progressively farther from the degassing magma source over time. This 

suggests that the fluids originated from either a single, cooling and crystallizing pluton, with the 

cooling front retracting towards depth over time, or multiple plutons emplaced at progressively 

deeper levels in the Çöpler–Kabataş intrusive complex. In either case, the consistent trends 

observed suggest that the Cu and Au mineralization at Çöpler was related to a single, evolving 

magmatic-hydrothermal system. 

 

Spatial fluid evolution from porphyry systems to high-sulfidation state magmatic-

hydrothermal systems has been well documented (cf. Hedenquist et al., 1998; Perelló et al., 2001; 

Camprubí and Albinson, 2007; Pudack et al., 2009). A similar link between porphyry systems and 

intermediate-sulfidation state magmatic-hydrothermal systems has been proposed at Morococha in 

Peru (Catchpole et al., 2015). However, this link is currently poorly understood, as the transition is 

not commonly found in a single deposit (Sillitoe, 2010). The fluid evolution of a single magmatic-

hydrothermal system at Çöpler from porphyry to intermediate-sulfidation state provides a rare 

example. Early high-temperature pyrite-chalcopyrite assemblages are typical of porphyry deposits 

(Einaudi et al., 2003). As fluids cool to 300−200°C, ore mineral associations of low-Fe sphalerite, 

chalcopyrite, tennantite, and pyrite are indicative of the attainment of intermediate-sulfidation 

states in the evolving magmatic-hydrothermal fluids (Einaudi et al., 2003). The change in 

sulfidation state can be simply related to cooling, but may also be influenced by partial wall-rock 

buffering of the magmatic-hydrothermal fluids (Einaudi et al., 2003).  
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8.3. Timing of Mineralization and Deposit Classification 

 

The results of this study show that the Çöpler Au-(Cu) deposit comprises an early 

porphyry-style vein stockwork zone that is spatially associated with, and overprinted by, an 

intermediate-sulfidation state vein zone. The research demonstrates that the deposit formed from 

a single, evolving magmatic-hydrothermal system. However, Cu and Au mineralization occurred 

at different times and under differing physicochemical conditions. 

 

The Cu resource at Çöpler forms a flat-lying tabular ore body centered on the porphyritic 

intrusions exposed in the Main Zone of the deposit. Chalcopyrite contained in the veins formed 

during the porphyry-stage of the fluid evolution and represents the principal ore mineral. 

Chalcopyrite within porphyry veins is texturally late and interpreted to have precipitated at 

400−300°C, during or subsequent to the transition of the magmatic-hydrothermal system from 

lithostatic to hydrostatic conditions. As the chalcopyrite did not coprecipitate with quartz, the 

exact nature of the mineralizing fluid could not be ascertained. It could have formed from the 

high-salinity liquid that coexisted with vapor, as observed in fluid inclusions in Q1 and Q2 

quartz, or could have precipitated from the lower salinity liquid observed in fluid inclusions in 

Q3 and Q4 quartz. Regardless of the exact nature of the mineralizing fluids, temperature and 

pressure conditions for chalcopyrite precipitation at Çöpler are consistent with those observed 

and predicted for porphyry deposit formation elsewhere (Redmond et al., 2004; Landtwing et al., 

2005; Weis et al., 2012). 

 

The present study also establishes that porphyry-related Cu mineralization at Çöpler is not 

accompanied by Au enrichment. In all porphyry veins carrying grade, Au enrichment is related 

to the overprint of the porphyry veins by late, lower-temperature hydrothermal fluids. There is no 

evidence that the porphyry-style vein stockwork system at Çöpler was characterized by 

anomalously high Au/Cu ratio prior to this low-temperature overprint. This appears to be in 

contrast to other porphyry deposits having elevated Au grades such as Bingham in Utah 

(Redmond et al., 2004; Gruen et al., 2010; Landtwing et al., 2010; Redmond and Einaudi, 2010), 

Far Southeast in the Philippines (Hedenquist et al., 1998), Pebble in Alaska (Lang et al., 2013), 

and Grasberg in Indonesia (MacDonald and Arnold, 1994) where Cu and Au mineralization are 

interpreted to have occurred contemporaneously. The findings at Çöpler are also inconsistent 
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with theoretical considerations by Murakami et al. (2010), suggesting that Cu and Au 

coprecipitate at the same temperature and pressure conditions in shallow (<3 km) porphyry 

systems. 

 

The textural evidence suggests that Au mineralization at Çöpler is related to the low-

temperature magmatic-hydrothermal event that overprinted the porphyry veins and resulted in 

the formation of the intermediate-sulfidation state veins. Euhedral pyrite grains hosted by Q5 

quartz contain elevated Au concentrations. Backscattered electron images of these grains show 

bright growth bands caused by the presence of As. LA-ICP-MS spot analyses established that Au 

and As incorporation in the pyrite is coupled and that the Au enrichment of the pyrite is confined 

to the same primary growth bands. The textural evidence shows that pyrite was stable through 

Q5 quartz precipitation. Similarly zoned pyrite grains containing elevated Au grades are also 

present in Q6 quartz. These grains typically show mineralized outer rims. However, corrosion of 

the rims and pitting of grain surfaces suggest that pyrite stability was not maintained through Q6 

quartz precipitation. 

 

Textural evidence suggests that Au mineralization at Çöpler was closely tied to 

precipitation of Q5 quartz. This quartz generation formed from a low-temperature liquid 

(<250°C) at hydrostatic pressures. The quartz precipitation appears to have been associated with 

sericite alteration of the wall rocks. While the late timing of Au enrichment and the low-

temperature deposition of the Au at Çöpler are not in agreement with previous models of Au 

enrichment in porphyry systems (cf. MacDonald and Arnold, 1994; Hedenquist et al., 1998; 

Landtwing et al., 2010; Lang et al., 2013), the observations correspond to textural descriptions of 

intermediate-sulfidation Au and Au-Ag vein deposits such as the Victoria veins in the 

Philippines (Sajona et al., 2002), Pallancata in Peru (Gamarra-Urrunaga et al., 2013), Shia-Paula 

in Peru (Chauvet et al., 2006), and Pachuca Real del Mont in Mexico (Dreier, 2005). 

 

Based on models of the transition between porphyry and high-sulfidation epithermal 

deposits (Hedenquist et al., 1998), İmer et al. (2012) proposed that the Çöpler Au-(Cu) deposit 

represents a rare example of a deposit recording fluid evolution at the transition from the 

porphyry to the intermediate-sulfidation state vein system formed in the epithermal environment.  

At a minimum paleodepth of 1.4 km and temperatures of <250°C during Au mineralization, 
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Çöpler is deeper than most epithermal deposits. Hedenquist et al. (2000) showed that epithermal 

deposits form mostly at a depth below the paleowater table of about 50 to 700 m, although some 

may be as deep as 1.5 km (Simmons et al., 2005). 

 

Given the paleodepth estimate of 1.4 km and the likelihood that the deposit formed at even 

greater depth, it does not appear to be practical to refer to Çöpler as an epithermal deposit. Fluid 

inclusion textures (Bodnar et al., 1985) and vein quartz textures (Dong et al., 1995; Moncada et 

al., 2012) regarded to be characteristic of epithermal systems are absent at Çöpler. No evidence 

for phase separation was found in low-temperature quartz present in overprinted porphyry veins 

and intermediate-sulfidation state veins. Thus, gold precipitation in the intermediate-sulfidation 

state vein system at Çöpler deposits cannot be related to boiling and precipitation of bisulfide-

complexed gold, as it is the case in most epithermal deposits (Hedenquist et al., 2000). As Çöpler 

formed at greater depth under non-boiling conditions, gold precipitation must have been related 

to the other factors, such as the cooling of the magmatic-hydrothermal fluids or reaction of the 

fluids with the host rocks, in particular earlier formed sulfide minerals. 

 

8.4. Exploration Implications 

 

The present study provides new supporting evidence that intermediate-sulfidation state vein 

deposits can form in association with porphyry intrusions (Sillitoe, 2010). At Çöpler, the 

intermediate-sulfidation state vein system spatially overlaps with the related, but sub-economic 

porphyry stockwork. In other more telescoped systems, the intermediate-sulfidation state veins 

may be located above or laterally away from the porphyry intrusion or distal to a deep stock 

(Camprubí and Albinson, 2007). As spatial separation between the porphyry intrusion and 

intermediate-sulfidation state vein deposits can be significant, regional gold exploration around 

Çöpler or in similar setting should not be restricted to areas proximal to known porphyry stocks. 

 

Çöpler represents an intermediate-sulfidation state vein system that has formed at 

significant paleodepth, below boiling conditions of gold-transporting low-temperature 

hydrothermal liquids. The occurrence of deep intermediate-sulfidation state deposits has been 

previously demonstrated at deposits such as the Victoria deposit (Sajona et al., 2002), 

establishing that gold deposit formation from liquids having intermediate-sulfidation states is not 
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restricted to boiling magmatic-hydrothermal systems. However, many large intermediate-

sulfidation state deposits such as Creede in Colorado (Bethke and Hay, 2000) have formed in the 

epithermal environment. Exploration in epithermal settings would normally focus on 

identification of a boiling zone, as gold precipitation in this environment is mostly related to the 

destabilization of the bisulfde complex (Hedenquist et al., 2000). In the case of deep systems 

such as Çöpler that have formed below boiling conditions, such an exploration strategy would 

not be appropriate and would not likely be successful. In deep intermediate-sulfidation state 

systems, vein textures indicative for boiling cannot be used as indicators for exploration 

potential. 

 

Exploration for deep intermediate-sulfidation state vein systems must consider the effects 

of paleotemperature gradients and transport distances on gold solubility in magmatic-

hydrothermal liquids. Heinrich (2005) suggested that acid neutralization in magmatic-

hydrothermal liquids allows them to maintain Au in solution towards lower temperatures due to 

increased HS— concentrations available for complexation. Thus, acid neutralization through 

sericite alteration of feldspar contained in wall rocks and contact with carbonate-bearing 

sedimentary rocks potentially allows gold transport towards lower temperature and increased 

distance from the related porphyry intrusion. As such, significant Au exploration potential may 

exist laterally away from the Çöpler–Kabataş intrusive complex and the known Çöpler deposit.  

 

As mineralization at Çöpler occurred from magmatic-hydrothermal liquids at temperatures 

significantly below the brittle-ductile transition at ~400°C (Fournier, 1999), fluid flow must have 

been controlled by brittle structures and lithological properties of the host rocks. Therefore, gold 

exploration at Çöpler and similar settings should consider major local structures and lithologic 

controls on paleofluid flow. Possible geometric relationships between the intermediate-

sulfidation vein systems and related porphyry stocks will probably differ significantly from the 

traditional intrusion-centered cupola mineralization model (Lowell and Guilbert, 1970; Sillitoe, 

2010). 

 

The case study at Çöpler also demonstrates that geochemical zoning patterns around 

intrusions may be used to guide exploration. The mineral paragenesis study of the present thesis 

combined with fluid inclusion microthermometry and petrography showed that Cu 
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mineralization occurred between 300−400°C, while base metal Zn-Cu-Pb-Sb mineralization 

occurred between 300−250°C, and Au mineralization occurred below 250°C. These systematic 

trends broadly coincide with deposit-scale geochemical zoning patterns at Çöpler, ranging from 

an intrusion-centered Cu enrichment outward through Zn and Pb enrichment, to the broadly 

ENE-WSW oriented enrichment of Au. The results of the present study further suggest that As 

and Mn are the most effective geochemical vectors to ore at Çöpler and similar intermediate-

sulfidation state vein systems. The LA-ICP-MS analyses of pyrite showed that Au and As exhibit 

co-enrichment in pyrite in veins that carry gold grades. At the same time, there is a close 

paragenetic relationship between rhodochrosite formation and Au mineralization at the vein 

scale. 
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CHAPTER 9 

CONCLUSIONS 

 

Çöpler represents a low-grade, large-tonnage Au-(Cu) deposit comprising a sub-economic 

porphyry-style vein stockwork that is spatially associated with, and overprinted by, an 

intermediate-sulfidation state vein zone. The deposit formed from a single, evolving magmatic-

hydrothermal system associated with middle Eocene magmatic activity at the Çöpler–Kabataş 

intrusive complex.  

 

Fluid evolution at the deposit was unraveled through the study of the sequence of vein 

types and associated alteration as well as paragenetic studies using a combination of microscopic 

and microanalytical tools. Textural relationships within the veins were found to be complex due 

to repeated reopening and reactivation of veins throughout the entire evolution of the magmatic-

hydrothermal system. Careful textural investigations showed that the Cu resource of the deposit 

is primarily related to the presence of chalcopyrite in porphyry veins. Chalcopyrite precipitated 

at temperatures of 400−300°C, at or immediately after the transition from lithostatic to 

hydrostatic pressure conditions. In contrast to current models of Au enrichment in porphyry 

deposits, it could be demonstrated that Cu and Au enrichment at Çöpler were not 

contemporaneous. The Au is contained in pyrite formed during the porphyry stage of the 

magmatic-hydrothermal system evolution that was altered at lower temperatures, as well as 

newly formed pyrite precipitated during the formation of the intermediate-sulfidation state veins. 

Gold precipitation occurred at temperatures below 250°C. 

 

Fluid inclusion investigations on vein quartz suggest that the Çöpler deposit formed at a 

minimum paleodepth of ca. 1.4 km. During the porphyry stage of the evolution of the magmatic-

hydrothermal system, lithostatic pressure conditions of about 330 bar prevailed, although fluid 

flow through ductile host intrusion involved overpressuring to at least 1,750 bar along 

microscopic fractures formed in earlier quartz. Following cooling of the host intrusion to below 

the ductile-brittle transition, fluid flow occurred at hydrostatic pressures of about 140 bar. There 

is no evidence for the occurrence of boiling during the formation of the intermediate-sulfidation 



- 59 - 

state vein zone. The absence of boiling explains the fact that typical epithermal vein textures are 

not present at Çöpler. The Çöpler deposit represents a rare example of a magmatic-hydrothermal 

deposit that records fluid evolution from a high-temperature porphyry to low-temperature 

intermediate-sulfidation state system at a depth below which most epithermal deposits are 

formed. 



- 60 - 

 
REFERENCES CITED 

 

Aktimur, H.T., Tekirli, M.E., and Yurdakul, M.E., 1990, Geology of the Sivas-Erzincan Tertiary 
Basin: Mineral Resource Exploration Bulletin, v. 111, p. 21–30. 

 
Alacer Gold, 2015, Çöpler sulfide expansion project feasibility-update 

(http://www.alacergold.com/operations/technical-reports). 
 
Bennett, M.M., 2013, Cathodoluminescence and fluid inclusion characteristics of hydrothermal 

quartz from porphyry deposits: Unpublished M.Sc. thesis, Golden, Colorado, Colorado 
School of Mines, 175 p. 

 
Bethke, P.M., and Hay, R.L., 2000, Overview: Ancient lake Creede: Geological Society of 

America Special Paper 346, p. 1–8. 
 
Blount, C.W., 1977, Barite solubilities and thermodynamic quantities up to 300°C and 1400 

bars: American Mineralogist, v. 62, p. 942–957. 
 
Bodnar, R.J., Reynolds, T.J., and Kuehn, C.A., 1985, Fluid-inclusion systematics in epithermal 

systems: Reviews In Economic Geology 2, p. 73–97. 
 
Bozkurt, E., 2001, Neotectonics of Turkey: Geodinamica Acta, v. 14, p. 3–30. 
 
Bozkurt, E., Holdsworth, B.K., and It, A.K., 1997, Implications of Jurassic chert identified in the 

Tokat Complex, northern Turkey: Geological Magazine, v. 134, p. 91–97. 
 
Brathwaite, R.L., and Faure, K., 2002, The Waihi epithermal gold-silver-base metal sulfide-

quartz vein system, New Zealand: temperature and salinity controls on electrum and 
sulfide deposition: Economic Geology, v. 97, p. 269–290. 

 
Camprubí, A., and Albinson, T., 2007, Epithermal deposits in México—Update of current 

knowledge, and an empirical reclassification: Geological Society of America Special Paper 
422, p. 377–415. 

 
Catchpole, H., Kouzmanov, K., Putlitz, B., Seo, J.H., and Fontboté, L., 2015, Zoned base metal 

mineralization in a porphyry system: Origin and evolution of mineralizing fluids in the 
Morococha District, Peru: Economic Geology, v. 110, p. 39–71. 

 
Chauvet, A., Bailly, L., André, A.S., Monié, P., Cassard, D., Tajada, F.L., Vargas, J.R., and 

Tuduri, J., 2006, Internal vein texture and vein evolution of the epithermal Shila-Paula 
district, southern Peru: Mineralium Deposita, v. 41, p. 387–410. 

 
Cooke, D.R., McPhail, D.C., and Bloom, M.S., 1996, Epithermal gold mineralization, Acupan, 

Baguio District, Philippines; geology, mineralization, alteration, and the thermochemical 
environment of ore deposition: Economic Geology, v. 91, p. 243–272.  

 



- 61 - 

Dong, G.Y., Morrison, G., and Jaireth, S., 1995, Quartz textures in epithermal veins, 
Queensland—Classification, origin, and implication: Economic Geology, v. 90, p. 1841–
1856. 

 
Dreier, J.E., 2005, The environment of vein formation and ore deposition in the Purisima-Colon 

vein system, Pachuca Real del Monte District, Hidalgo, Mexico: Economic Geology v. 
100, p. 1325–1347. 

 
Driesner, T., and Heinrich, C.A., 2007, The system H2O–NaCl. Part I: Correlation formulae for 

phase relations in temperature–pressure–composition space from 0 to 1000˚C, 0 to 5000 
bar, and 0 to 1 XNaCl: Geochimica et Cosmochimica Acta, v. 71, p. 4880–4901.  

 
Easterday, C., 2004, Çöpler Project Exploration Evaluation: Unpublished Report, Placer Dome 

Asia Pacific, 43 p. 
 
Einaudi, M.T., Hedenquist, J.W., and Inan, E.E., 2003, Sulfidation state of fluids in active and 

extinct hydrothermal systems: Transitions from porphyry to epithermal environments: SEG 
Special Publication 10, p. 285–313. 

 
Fournier, R.O., 1985, The behavior of silica in hydrothermal solutions: Reviews in Economic 

Geology 2, p. 45–61. 
 
Fournier, R.O., 1999, Hydrothermal processes related to movement of fluid from plastic into 

brittle rock in the magmatic-epithermal environment: Economic Geology, v. 94, p. 1193–
1211.  

 
Gamarra-Urrunaga, J.E., Castroviejo, R., and Bernhardt, H.J., 2013, Preliminary mineralogy and 

ore petrology of the intermediate-sulfidation Pallancata deposit, Ayacucho, Peru: Canadian 
Mineralogist, v. 51, p. 67–91. 

 
Garfunkel, Z., 2004, Origin of the Eastern Mediterranean Basin: Tectonophysics, v. 391, p. 11–

34. 
 
Goldstein, R.H., and Reynolds, T.J., 1994, Systematics of fluid inclusions in diagenetic minerals: 

Society for Sedimentary Geology Short Course 31, 199 p. 
 
Greenwood, J.D., Workman, J.L., and Solseng, P.B., 2012, Pit wall stability analysis: 

Unpublished Report, Barr Engineering Company. 
 
Gruen, G., Heinrich, C.A., and Schroeder, K., 2010, The Bingham Canyon porphyry Cu-Mo-Au 

deposit. II. Vein geometry and ore shell formation by pressure-driven rock extension: 
Economic Geology, v. 105, p. 69–90.  

 
Gustafson, L.B., and Hunt, J.P., 1975, The porphyry copper deposit at El Salvador, Chile: 

Economic Geology, v. 70, p. 857–912. 
 
Gücer, M.A., and Aslan, Z., 2014, 40Ar-39Ar age, petrography and geochemistry of the 

Yoncayolu metamorphic rocks (NE Turkey): Subduction-reated metamorphism under 



- 62 - 

greenshist facies conditions: Neues Jahrbuch für Mineralogie-Abhandlungen, v. 191, p. 
257–276.  

 
Hedenquist, J.W., Arribas, A., and Reynolds, T.J., 1998, Evolution of an intrusion-centered 

hydrothermal system; Far Southeast-Lepanto porphyry and epithermal Cu-Au deposits, 
Philippines: Economic Geology, v. 93, p. 373–404.  

 
Hedenquist, J.W., Arribas, A., and Gonzalez-Urien, E., 2000, Exploration for epithermal gold 

deposits: Reviews in Economic Geology 13, p. 245–277. 
 
Heinrich, C.A., 2005, The physical and chemical evolution of low-salinity magmatic fluids at the 

porphyry to epithermal transition: a thermodynamic study: Mineralium Deposita, v. 39, p. 
864–889. 

 
Heinrich, C.A., Driesner, T., Stefánsson, A., and Seward, T.M., 2004, Magmatic vapor 

contraction and the transport of gold from the porphyry environment to epithermal ore 
deposits: Geology, v. 32, p. 761–764.  

 
İmer, A., 2014, Tectonomagmatic controls on the Çöpler epithermal and Cevizlidere porphyry 

Cu-Au-Mo deposits (Central Eastern Turkey) and the genesis of the porphyry-epithermal 
mineralization at the Çöpler epithermal Au deposit: Unpublished Ph.D. thesis, Edmonton, 
Alberta, University of Alberta, 218 p. 

 
İmer, A., Richards, J.P., and Creaser, R.A., 2012, Age and tectonomagmatic setting of the 

Eocene Çöpler–Kabataş magmatic complex and porphyry-epithermal Au deposit, East 
Central Anatolia, Turkey: Mineralium Deposita, v. 48, p. 557–583.  

 
Ketın, İ., 1966, Tectonic units of Anatolia (Asia Minor): Turkey Mineral Resource Exploration 

Institute Bulletin, v. 66, p. 23-34. 
 
Kuşcu, İ., Tosdal, R.M., Gencalioğlu-Kuşcu, G., Friedman, R., and Ullrich, T.D., 2013, Late 

Cretaceous to middle Eocene magmatism and metallogeny of a portion of the southeastern 
Anatolian orogenic belt, east-central Turkey: Economic Geology, v. 108, p. 641–666. 

 
Landtwing, M.R., Pettke, T., Halter, W.E., Heinrich, C.A., Redmond, P.B., Einaudi, M.T., and 

Kunze, K., 2005, Copper deposition during quartz dissolution by cooling magmatic–
hydrothermal fluids: The Bingham porphyry: Earth and Planetary Science Letters, v. 235, p. 
229–243. 

 
Landtwing, M.R., Furrer, C., Redmond, P.B., Pettke, T., Guillong, M., and Heinrich, C.A., 2010, 

The Bingham Canyon porphyry Cu-Mo-Au deposit. III. Zoned copper-gold ore deposition 
by magmatic vapor expansion: Economic Geology, v. 105, p. 91–118. 

 
Lang, J.R., Gregory, M.J., Rebagliati, C.M., Payne, J.G., Oliver, J.L., and Roberts, K., 2013, 

Geology and magmatic-hydrothermal evolution of the giant Pebble porphyry copper-gold-
molybdenum deposit, Southwest Alaska: Economic Geology, v. 108, p. 437–462.  

 



- 63 - 

Longerich, H.P., Jackson, S.E., and Günther, D., 1996, Inter-laboratory note: Laser ablation 
inductively coupled plasma mass spectrometric transient signal data acquisition and 
analyte concentration calculation: Journal of Analytical Atomic Spectrometry, v. 11, p. 
899–904.  

 
Lowell, J.D., and Guilbert, J.M., 1970, Lateral and vertical alteration-mineralization zoning in 

porphyry ore deposits: Economic Geology, v. 65, p. 373–408.  
 
MacDonald, G.D., and Arnold, L.C., 1994, Geological and geochemical zoning of the Grasberg 

Igneous Complex, Irian Jaya, Indonesia: Journal of Geochemical Exploration, v. 50, p. 
143–178.  

 
Moncada, D., Mutchler, S., Nieto, A., Reynolds, T.J., Rimstidt, J.D., and Bodnar, R.J., 2012, 

Mineral textures and fluid inclusion petrography of the epithermal Ag–Au deposits at 
Guanajuato, Mexico: Application to exploration: Journal of Geochemical Exploration, v. 
114, p. 20–35. 

 
Murakami, H., Seo, J.H., and Heinrich, C.A., 2010, The relation between Cu/Au ratio and 

formation depth of porphyry-style Cu-Au±Mo deposits: Mineralium Deposita, v. 45, p. 11–
21. 

 
Neuser, R.D., 1995, A new high-intensity cathodoluminescence microscope and its application to 

weakly luminescing minerals: Bochumer Geologische und Geotechnische Arbeiten, v. 44, 
p. 116–118. 

 
Okay, A.I., 2008, Geology of Turkey: Anschnitt v. 21, p. 19–42. 
 
Okay, A.I., Bozkurt, E., Satır, M., Yiğitbaş, E., Crowley, Q.G., and Shang, C.K., 2008, Defining 

the southern margin of Avalonia in the Pontides: Tectonophysics, v. 461, p. 252–264. 
 
Özgül, N., and Turşucu, A., 1984, Stratigraphy of the Mesozoic carbonate sequence of the 

Munzur Mountains (Eastern Turkey), in Tekeli, O. and Göncuoglu, C., eds., Geology of 
the Taurus Belt. Proceedings of the International Tauride Symposium. Mineral Research 
and Exploration Institute of Turkey (MTA) Publications, Ankara, Turkey, p. 173–180. 

 
Passchier, C.W., and Trouw, R.A.J., 2005, Microtectonics: Berlin, Springer, 372 p. 
 
Perelló, J., Cox, D., Garamjav, D., Sanjdorj, S., Diakov, S., Schissel, D., Munkhbat, T.O., and 

Oyun, G., 2001, Oyu Tolgoi, Mongolia: Siluro-Devonian porphyry Cu-Au-(Mo) and high-
sulfidation Cu mineralization with a Cretaceous chalcocite blanket: Economic Geology, v. 
96, p. 1407–1428. 

 
Pudack, C., Halter, W.E., Heinrich, C.A., and Pettke, T., 2009, Evolution of magmatic vapor to 

gold-rich epithermal liquid: The porphyry to epithermal transition at Nevados de Famatina, 
Northwest Argentina: Economic Geology, v. 104, p. 449–477.  

 



- 64 - 

Redmond, P.B., and Einaudi, M.T., 2010, The Bingham Canyon porphyry Cu-Mo-Au deposit. I. 
Sequence of intrusions, vein formation, and sulfide deposition: Economic Geology, v. 105, 
p. 43–68. 

 
Redmond, P.B., Einaudi, M.T., Inan, E.E., Landtwing, M.R., and Heinrich, C.A., 2004, Copper 

deposition by fluid cooling in intrusion-centered systems: New insights from the Bingham 
porphyry ore deposit, Utah: Geology, v. 32, p. 217–220. 

 
Reynolds, T.J., and Beane, R.E., 1985, Evolution of hydrothermal fluid characteristics at the 

Santa Rita, New Mexico, porphyry copper deposit: Economic Geology, v.80, p. 1328–
1347.  

 
Rice, S.P., Robertson, A.H.F., Ustaömer, T., Inan, N., and Tasli, K., 2009, Late Cretaceous–

Early Eocene tectonic development of the Tethyan suture zone in the Erzincan area, 
Eastern Pontides, Turkey: Geological Magazine, v. 146, p. 567–590. 

 
Richards, J.P., 2011, Magmatic to hydrothermal metal fluxes in convergent and collided 

margins: Ore Geology Reviews, v. 40, p. 1–26.  
 
Richards, J.P., 2015, Tectonic, magmatic, and metallogenic evolution of the Tethyan orogen: 

From subduction to collision: Ore Geology Reviews, v. 70, p. 323–345. 
 
Robertson, A.H.F., Ustaömer, T., Pickett, E.A., Collins, A.S., Andrew, T., and Dixon, J.E., 2004, 

Testing models of Late Palaeozoic–Early Mesozoic orogeny in western Turkey: Support 
for an evolving open-Tethys model: Journal of the Geological Society of London, v. 161, 
p. 501–511.  

 
Robertson, A.H.F., Parlak, O., and Ustaömer, T., 2013, Late Palaeozoic–Early Cenozoic tectonic 

development of southern Turkey and the easternmost Mediterranean region: Geological 
Society, London, Special Publications 372, p. 9–48. 

 
Rusk, B.G., and Reed, M.H., 2002, Scanning electron microscope–cathodoluminescence analysis 

of quartz reveals complex growth histories in veins from the Butte porphyry copper 
deposit, Montana: Geology, v. 30, p. 727–730. 

 
Rusk, B.G., Reed, M.H., and Dilles, J.H., 2008, Fluid inclusion evidence for magmatic-

hydrothermal fluid evolution in the porphyry copper-molybdenum deposit at Butte, 
Montana: Economic Geology, v. 103, p. 307–334.  

 
Sajona, F.G., Izawa, E., Motomura, Y., Imai, A., Sakakibara, H., and Watanabe, K., 2002, 

Victoria carbonate-base metal gold deposit and its significance in the Mankayan mineral 
district, Luzon, Philippines: Resource Geology, v. 52, p. 315–328. 

Seedorff, E., Dilles, J.H., Proffett, J.M., Jr., and Einaudi, M.T., 2005, Porphyry deposits: 
Characteristics and origin of hypogene features: Economic Geology 100th Anniversary 
Volume, p. 251–298. 

 
Sillitoe, R.H., 2010, Porphyry copper systems: Economic Geology, v. 105, p. 3–41. 
 



- 65 - 

Simmons, S.F., White, N.C., and John, D.A., 2005, Geological characteristics of epithermal 
precious and base metal deposits: Economic Geology 100th Anniversary Volume, p. 485–
522. 

 
Stipp, M., Stünitz, H., Heilbronner, R., and Schmid, S.M., 2002, The eastern Tonale fault zone: 

A ‘natural laboratory’ for crystal plastic deformation of quartz over a temperature range 
from 250 to 700°C: Journal of Structural Geology, v. 24, p. 1861–1884. 

 
Şengör, A.M.C., and Yilmaz, Y., 1981, Tethyan evolution of Turkey: A plate tectonic approach: 

Tectonophysics v. 75 , p. 181–241. 
 
Şengör, A.M.C., Görür, N., and Şaroğlu, F., 1985, Strike-slip faulting and related basin 

formation in zones of tectonic escape: Turkey as a case study: Society of Sedimentary 
Geology Special Publication 37, p. 227−264. 

 
Weis, P., Driesner, T., and Heinrich, C.A., 2012, Porphyry-copper ore shells form at stable 

pressure-temperature fronts within dynamic fluid plumes: Science, v. 338, p. 1613–1616.  
 
Wilson, S.A., Ridley, W.I., and Koenig, A.E., 2002, Development of sulfide calibration 

standards for the laser ablation inductively-coupled plasma mass spectrometry technique: 
Journal of Analytical Atomic Spectrometry, v. 17, p. 406–409. 

 
Yilmaz, H., Oyman, T., Sonmez, F.N., Arehart, G.B., and Billor, Z., 2010, Intermediate 

sulfidation epithermal gold-base metal deposits in Tertiary subaerial volcanic rocks, 
Sahinli/Tespih Dere (Lapseki/Western Turkey): Ore Geology Reviews, v. 37, p. 236–258. 


	Skewes_Thesis
	Skewes_Thesis.2
	Skewes_Thesis.3

