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Abstract

The termination of the northward subduction of the Southern Neotethyan oceanic slab 
beneath the Anatolide-Tauride Block in Turkey led to the onset of the Arabia-Eurasia continental 
collision in the Oligocene. The subducting Southern Neotethyan slab was affected by post-
subduction segmentation manifested by slab break-off (central-eastern Anatolia) and tearing 
(western Anatolia) during the late Cenozoic. Many igneous complexes formed in the late 
Cenozoic and some of them host gold-rich porphyry and epithermal prospects and deposits. 
New temporal (U-Pb, 40Ar/39Ar and Re-Os dates), spatial (field observations and GIS) and 
geochemical data (elemental and Sr-Nd-Pb isotopic analyses) provide robust constraints on the 
genetic relationship between late Cenozoic slab segmentation tectonic events, Anatolian 
magmatism and associated gold mineralization.

The newly-defined Eastern Anatolian Magmatic Belt formed in response to the slab 
break-off initiation at ca. 25 Ma, window opening, westward break-off propagation to central 
Anatolia and induced asthenospheric flow. The slab break-off-related igneous units were 
subsequently covered by widespread volcanic products in eastern Anatolia (12 Ma-Present) 
that resulted from the long-lived asthenospheric heating, destabilization of the thickened 
Anatolian lithosphere root and its partial removal by convective dripping. Magmatic sources 
include the shallow melting of the previously-metasomatized Anatolian subcontinental 
lithospheric mantle and asthenosphere by decompression due to impingement of the Arabian 
and African sub-slab asthenospheric mantles.

Late Cenozoic Anatolian magmatism produced porphyry and epithermal prospects and 
deposits that cluster in nine isolated mineral districts controlled by graben, transtensional 
corridors and pull-apart basins. The bulk of gold mineralization (33 Moz Au) peaked at the 
beginning of the slab break-off event at 25 Ma in central and eastern Anatolia, and slab tear at 
15 Ma in western Anatolia. 

The late Cenozoic trench-parallel and -perpendicular migrations of slab rupture and 
window opening in Anatolia 1) allowed toroidal and poloidal flow of asthenosphere beneath 
Anatolia, 2) caused the migration of melting source and associated igneous complexes and 
mineral deposits in the overriding crust, 3) destabilized the Anatolian lithospheric mantle, 
which reduced the amount of available volatiles and metals, and therefore 4) increased the 
production of barren, drier and mantle-dominant volcanism through time that partially covers 
fertile igneous units. 
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Lay Summary

The increasing demand for metals requires efficient mineral exploration processes and 
thus well-constrained tectonic, magmatic and metallogenic models for a particular metal-
endowed region. The Anatolian region in Turkey has been known for its gold resources for 
millenniums. However, factors controlling the formation and distribution of Anatolian gold 
mineralization and associated magmatic rocks have not been determined. New temporal, spatial 
and geochemical constraints on mineralized magmatic rocks reveal that most of Anatolian gold 
mineralization occurred for the last 25 million years as a result of mantle flow beneath Anatolia 
after the onset of the continental collision between the Arabia and Eurasia tectonic plates. The 
outcomes of this research work provide new empirical criteria and a comprehensive model for 
gold exploration in Anatolia as well as insights into the geodynamic evolution of the Eastern 
Mediterranean region and metallogenic processes in collisional domains.
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List of Abbreviations

 Geochemistry
Ag: Silver
Al: Aluminium
Al2O3: Aluminium oxide
Ar: Argon
Au: Gold
Ba: Barium
Ca: Calcium
Cl:  Chlorine
Ce: Cerium
Co: Cobalt
Cr: Chromium
Cu: Copper
Dy: Dysprosium
Eu: Europium
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Glossary

Tectonics
Asthenosphere: highly viscous and convecting part of the upper mantle below the rigid 
lithosphere (Houseman, 1996). Seismic asthenosphere is a layer of low velocity and high 
attenuation of the seismic waves.

Continental collision: the moment of time when two opposite converging continental plates 
first come into contact at a point where intervening oceanic lithosphere, or slab, has been 
completely subducted (Hu et al., 2016).

Lithosphere: rigid outer layer of the Earth composed of the oceanic or continental crust and 
the cold uppermost mantle, named oceanic or subcontinental lithospheric mantle (SCLM), 
which are separated by the Moho discontinuity (Houseman, 1996). 

Ophiolites: portion of the oceanic lithosphere exposed above sea level and often emplaced 
onto continental crust.

Orogeny: large structural deformation along converging plates, or lithospheres, responsible 
for the formation of mountain ranges, or orogenic belt.

Post-collision: tectonic, magmatic or metallogenic events that take place once the collision 
and converging forces have ceased, and are driven by gravitational instability and possibly by 
earlier subduction-related features.

Post-subduction: tectonic, magmatic or metallogenic events that take place once the 
subduction has ceased or migrated, and are driven by earlier subduction-related features 
(Menant et al., 2018).

Slab: portion of a tectonic lithosphere that is being subducted.

Subduction: geological process that takes place at convergent boundaries of tectonic plates 
where one plate, usually oceanic lithosphere, moves under an oceanic or continental 
lithosphere, and is forced or sinks due to gravity into the mantle.
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Metallogeny
Belt: elongate area, or domain, that links similar mineral districts (metallogenic belt) or 
magmatic complexes (magmatic belt) as a result of a same tectonic event (orogenic belt).

Mineral deposit: mineral prospect that has been tested and is known to be of sufficient size, 
grade, and accessibility to be producible to yield a profit.

Mineral district: restricted area gathering mineral occurrences, prospects and/or deposits 
that share similar geological, structural, metallogenic, age and tectonic features.

Mineral occurrence: concentration of a mineral that is considered valuable by someone 
somewhere, or that is of scientific or technical interest (USGS).

Prospect: mineral occurrence of sufficient size (tonnage) and concentration (grade) that 
might be considered to have economic potential under favorable circumstances.

Province: large-scale area, or domain, characterized a concentration of mineral occurrences, 
prospects and/or deposits (mineral province) or magmatic complexes (magmatic province), 
regardless of their compoistion, age and tectonic affinity.

Trend: elongate area that links similar mineral districts (metallogenic trend) or magmatic 
complexes (magmatic trend) from different tectonic domains.
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Chapter 1: Introduction

The increasing demand for precious (Au-Ag) and base (Cu-Pb-Zn) metals implies 

the need for an increasing rate of mineral discoveries. However, the efficiency of mineral 

exploration processes requires well-constrained tectonic, magmatic and metallogenic models. 

Subduction zones along convergent margins host a significant amount of metals, mainly hosted 

within porphyry deposits that supply about three-quarters of the world’s Cu, half the Mo and 

about one-fifth of the Au (Sillitoe, 2010). The formation of those porphyry and associated 

epithermal deposits above active subduction zones is well understood compared to those that 

form in post-subduction tectonic settings. The 1500 x 200 km Anatolian segment of the Western 

Tethyan Orogenic Belt in Turkey was affected by various tectonic events including back-arc 

and post-subduction slab roll-back, slab tearing and break-off, and partial lithospheric mantle 

removal during the late Cenozoic (e.g., Keskin, 2007; Jolivet et al., 2013). Geochronology 

of new mineral deposit discoveries in Anatolia indicates that some porphyry and epithermal 

systems formed contemporaneously with post-subduction tectonic events in the late Cenozoic. 

This PhD research study investigates the metallogenic, tectonic and magmatic processes 

active during the late Cenozoic post-subduction slab tearing and break-off events in Anatolia 

by establishing the genetic links between the time-space distribution of mineral deposits 

and the complex geodynamic processes. Background information about slab break-off and 

tearing theories, the tectono-magmatic framework of Anatolia, post-subduction metallogeny 

exemplified by the Western Tethyan Orogenic Belt with a focus on the Turkish metallogeny, are 

presented in this Chapter, which further states the research objectives that will be investigated 

and achieved in this thesis.

1.1 Subduction and post-subduction metallogeny

1.1.1 Subduction magmatism and porphyry-epithermal systems 

The genetic relationship between porphyry systems and arc magmatism along orogenic 

belts has been recognized for decades and emphasized by the use of geochronology (Livingston 
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et al., 1968; Moore et al., 1968; Sillitoe, 1972; Kesler, 1973; Titley, 1975; Gustafson, 1978; 

Mortensen et al., 1995). Arc magmas result from the complex interaction between fluids released 

from the subducting oceanic slab and the overlying asthenospheric mantle wedge between the 

subducting oceanic and overriding oceanic or continental lithospheres (Figure 1.1; Ringwood, 

1977; Gill, 1981; Tatsumi et al., 1983; Arculus, 1994). Partial melting of the metasomatized 

mantle wedge generates high-alumina, hot, hydrous, relatively oxidized, depending on sulfate-

oxide-sulfide assemblages in the subducting slab, and volatile-rich (H2O, Cl, S) basalt (Tatsumi 

et al., 1983; Tatsumi et al., 1986; Parkinson and Arculus, 1999). Mafic magma ascending from 

the mantle wedge is denser than crustal rocks (Herzberg et al., 1983) and thus accumulates near 

the base of the crust (Fyfe, 1992). The build-up of heat caused by the ponding of mafic magma 

results in partial melting and assimilation of lower crustal rocks as envisaged in the MASH 

(melting, assimilation, storage and homogenization) or deep hot zone models of Hildreth and 

Moorbath (1988) and Annen et al. (2005), respectively. The homogenization of mafic magmas 

with evolved crustal rocks generates a layer of lower density hybrid calc-alkaline andesitic 

magma that is stored at the base of the crust and continually evolves to become enriched in 
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Figure 1.1 Subduction zone setting illustrating the melting processes and the formation of 
porphyry deposits (redrafted from Winter, 2001; Richards, 2011a). 
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volatiles, sulfur and incompatible elements (Hildreth and Moorbath, 1988; Annen et al., 2005). 

At some point, the evolving magma will have sufficient buoyancy to rise into the upper crust 

(Walker, 1989) along large-scale lithospheric structural pathways (Clemens and Mawer, 1992; 

Benn et al., 1998; Vigneresse, 2004). Certain structural geometries such as jogs, step-overs and 

fault intersections, preferentially along trench-parallel lithospheric structures, represent low-

stress extensional volumes developed during transpressional or transtensional strain (Tosdal 

and Richards, 2001). Such sites provide highly permeable vertical conduits where magma is 

most likely to ascend. Structural focusing of volatile-rich and evolved magma in the upper 

crust, followed by further magmatic fractionation, volatile enrichment and exsolution are what 

ultimately lead to the development of ore-forming magmatic-hydrothermal systems (Richards, 

2003). After emplacement in the upper crust, crystallizing plutons release fluids during their 

cooling which can generate proximal porphyry Cu ± Au ± Mo (Lowell and Guilbert, 1970; 

Sillitoe, 2010) and Cu-Fe-W-Zn-Pb-Sn-Au skarn deposits (Einaudi et al., 1981; Meinert, 

2005), and distal high-sulfidation Au-Ag ± Cu (Hedenquist and Lowenstern, 1994; Simmons 

et al., 2005) and carbonate replacement Au deposits (Sillitoe and Bonham, 1990). 

The bulk of precious and base metals in arc settings is provided by the metasomatized 

asthenospheric mantle and to lesser extent by the oceanic crust and sediments through 

dehydration of volatiles or melting (McInnes et al., 1999; Richards, 2011b), although the 

mantle itself is not anomalously enriched in Cu (Lee et al., 2012). Oxidation state (fO2) and 

sulfur fugacity (fS2) control the behaviour of chalcophile (Cu) and siderophile metals (Au) 

during partial melting; partial melting at high fS2 and fO2 conditions results in the saturation of 

sulfide phases that will preferentially trap Au relative to Cu giving way to a high Cu:Au ratio 

magma and ultimately Cu-rich porphyry deposits and potentially Au-rich residual cumulates 

in the lower crust (Peach et al., 1990; Hattori and Keith, 2001; Richards, 2009, 2011a). Ideal 

magmatic conditions for the formation of porphyry systems require high oxidation states (> 

FMQ+1.3-2; e.g., Mungall, 2002; Richards and Kerrich, 2007; Lee et al., 2012), and high 

water (> 4 wt %; Richards, 2011a) and sulfur contents (> 1000 ppm; Chambefort et al., 2008). 
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Such conditions favor hornblende fractionation and suppress the early plagioclase fractionation 

giving way to adakitic magma signature (i.e., SiO2 ≥ 56 wt %; Al2O3 ≥ 15 wt %; Na2O ≥ 3 wt %; 

Sr/Y ≥ 20; La/Yb ≥ 20; Y ≤ 10 ppm; Yb ≤ 1ppm; Richards and Kerrich, 2007; Castillo, 2012). 

Worldwide porphyry systems are commonly associated with high Sr/Y and La/Yb magmas that 

accumulated and matured at the base of the crust in the MASH zone in arc settings (Richards 

and Kerrich, 2007; Chiaradia et al., 2012). However, similar fertile magmas and associated 

porphyry systems can be produced in post-subduction and post-collisional tectonic settings 

(Richards, 2009) that yield similar elemental and isotopic geochemical signatures (Richards, 

2015).

1.1.2 Post-subduction metallogeny

Although the formation of arc magmas and their genetic relationship with porphyry 

deposits in subduction zones have been well-established, new mineral discoveries, improvement 

in geodynamic models and geochronological techniques revealed that porphyry and epithermal 

deposits can also form in the back-arc, post-subduction settings including slab roll-back, tearing, 

break-off, and during and/or after a collision in response to crustal thickening, lithospheric 

mantle delamination and orogenic collapse (e.g., Richards et al., 1990; De Boorder et al., 1998; 

Blundell, 2002; Lips, 2002; Cloos et al., 2005; Richards et al., 2006; Wang et al., 2006; Vos et al., 

2007; Hou et al., 2009; Richards, 2009). The geological and geochemical similarities between 

arc-related and post-subduction to collisional porphyry systems suggest identical second- and 

third-order controls during their emplacement in the crust; alternatively, different tectonic 

settings imply contrasting first-order controls on magma fertility involving contributions of 

crustal, lithospheric and asthenospheric components to the magmatic sources and processes. In 

the absence of subduction-modified asthenospheric mantle wedge, the metal source(s) in post-

subduction settings are matter of debate and include: 1) previously-fertilized subcontinental 

lithospheric mantle (SCLM; Pettke et al., 2010; Mair et al., 2011) by asthenosphere-derived 

low-degree partial melts (Hronsky et al., 2012; Griffin et al., 2013); 2) subduction-modified 

cumulates in the lower crust as remnants of previous cycles of arc magmatism (Chiaradia et al., 
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2009; Richards, 2009); 3) juvenile lower crust after arc magma underplating (Hou et al., 2009; 

Shafiei et al., 2009). The infiltration of hot asthenosphere as a response to post-subduction 

slab ruptures or windows, or lithospheric delamination or dripping can play a critical role to 

remobilize fertile material in the lithospheric mantle and/or lower crust which can lead to the 

formation of porphyry deposits (Lips, 2002; Wang et al., 2006; Vos et al., 2007; Hou et al., 2009; 

Richards, 2009, 2011b; Logan and Mihalynuk, 2014). However, remobilization processes may 

cause the dilution of hydrous, fertile magmas by barren and drier, asthenosphere-derived melts 

(Hronsky et al., 2012) leading to the drastic reduction of magma fertility for precious and base 

metal mineralization through time. Those remelting mechanisms are not well understood and 

deserve further investigations.

1.1.3 Temporal and spatial distribution of porphyry deposits

Porphyry and epithermal deposits commonly form during specific epochs and in 

clusters that may be lined up along magmatic belts (Sillitoe, 2010). Mineralized porphyry 

intrusions are typically the final episode of a given magmatic cycle in the Andes (Richards, 

2003; Chiaradia et al., 2009). In contrast, post-subduction porphyry deposits may form at 

the early stages of tectonic perturbations (e.g., Pettke et al., 2010). Trench advancement and 

retreat in response to variations in convergence rate result in arc migrations, change in crustal 

regime and thus magmatic peaks and gaps (Bertrand et al., 2014). The transpressional regime 

favors the development of large magma chambers in the crust; stress relaxation facilitates the 

release of metal-rich fluids (Tosdal and Richards, 2001). The reversal of subduction polarity 

(Solomon, 1990), flat subduction (Kay and Mpodozis, 2001; Hronsky et al., 2012) caused by 

ridge subduction (Hollings et al., 2005), subduction of major transform structures (Richards 

and Holm, 2013), cessation of subduction (Sillitoe, 1997), crustal thickening associated with 

compressive tectonism (Sillitoe, 1998), and oblique convergence (Tosdal and Richards, 2001) 

are favorable tectonic scenarios for the production of fertile magma and associated porphyry 

deposits. In addition, slab segmentation and rupture propagation in the mantle also affect the 

spatial distribution of magmatism and associated mineralization that across- or along-strike 
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migration. Recent numerical and seismic tomographic models can image the 3D complexity 

of subduction and collisional zones. Thus, the temporal, spatial and geochemical evolution 

of fertile magmatism and associated porphyry-style mineralization interpreted with well-

constrained 3D slab dynamics allow to determine first-order factors controlling the formation 

of those Cu-Au deposits in a particular metallogenic province. 

1.2 Slab break-off and tearing models

Initially proposed by analogue modeling (e.g., Isacks et al., 1968) and subsequently 

supported by seismic tomography (Spakman et al., 1988), slab break-off is defined as the 

buoyancy-driven detachment of the subducting oceanic lithosphere from the continental 

lithosphere during the continental collision by the lateral propagation of a sub-horizontal 

rupture (Figure 1.2A; Davies and von Blanckenburg, 1995; Wortel and Spakman, 2000). A slab 

rupture can also be sub-vertical within the subducting slab, known as slab tear (Figure 1.2B), to 

accommodate different roll-back velocities along the length of the subduction system (Govers 

and Wortel, 2005; Rosenbaum et al., 2008). The term slab detachment is frequently used as 

a synonym to slab break-off (Gerya et al., 2004) but refers to tectonic events that might take 

place before or independently from continental collision and subduction  processes (van der 

Voo et al., 1999; Levin et al., 2002). The term slab detachment also includes the delamination 

of a cooler, denser and over-thickened lithospheric mantle, which is peeled away from the 

overlying continental crust and founders into the underlying asthenosphere (Bird, 1978, 1979; 
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Houseman et al., 1981; Platt and England, 1994). The opening of a sub-horizontal or sub-

vertical window within the subducting slab allows the upwelling of hot and dry asthenosphere, 

and the significant heat influx into the hydrated mantle wedge, which facilitates the production 

of magma (Davies and von Blanckenburg, 1995; van de Zedde and Wortel, 2001). As the 

asthenospheric heat flux increases during sub-horizontal slab rupture propagation and expansion 

of the slab window, the resultant magmatism is expected to form a narrow belt (< ca. 200 km) 

and migrate laterally (Davies and von Blanckenburg, 1995; Ferrari, 2004). 

The slab break-off concept has been widely applied, in particular along the Western 

Tethyan Orogenic Belt, to account for a variety of phenomena including magmatism above 

the slab rupture (Zhu et al., 2015; Ekici, 2016). In the overriding plate, slab break-off tends 

to be manifested by an increase in oceanic island basalt (OIB)-like deep mantle signature, 

and a decrease in arc signature. (Keskin et al., 1998; Ferrari, 2004; Prelević et al., 2015). 

This shift has been rationalized by decreasing involvement of subduction-hydrated mantle 

and increasing contribution from the dry asthenosphere rising from depth, particularly from 

beneath the slab (e.g., Maury et al., 2000; Coulon et al., 2002; Keskin, 2003; Ferrari, 2004; 

Prelević et al., 2015), a pattern also established at sites of ridge subduction (Thorkelson et 

al., 2011). Additionally, a slab break-off episode can account for rapid crustal uplift (Huang 

et al., 2010; Schildgen et al., 2014) and exhumation of metamorphic massifs (Davies and von 

Blanckenburg, 1995; O’Brien, 2001), increasing sediment supply (Sinclair, 1997), changes in 

crustal stress regime from compression to extension (Sue et al., 1999; Kaymakçı et al., 2010), 

anomalous distribution of seismicity (Sperner et al., 2001), inversion of subduction polarity 

(Teng et al., 2000) and ore-forming processes (Cloos et al., 2005; Neubauer et al., 2005; Vos 

et al., 2007; Logan and Mihalynuk, 2014). However, a broad range of contemporaneous post-

subduction geological phenomena such as magmatic episodes, rapid crustal uplift, changes 

in crustal stress regime and ore-forming processes can be explained by either slab break-

off, tearing, roll-back, or lithospheric mantle removal by either delamination or dripping. In 

addition, the interpretation of geochemical data in post-subduction settings is often ambiguous 
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(Garzanti et al., 2017) and cannot be used unequivocally as a direct evidence for slab break-off 

or tearing models. Thus, the combination of 3D numerical modeling, seismic tomography and 

surface studies on the geochronological and spatial constraints on magmatism provide robust 

evidence for slab rupture initiation, propagation and orientation. 

1.3 Tectono-magmatic framework of the Anatolide-Tauride Block

The Western Tethyan Orogenic Belt is > 6,000 km from the Alps to Pakistan via Eastern 

Europe, Turkey, Lesser Caucasus and Iran. This Belt was generated through the accretion 

of many Gondwana-derived, ribbon-like, continental fragments to the southern margin of 

Laurasia closing the various branches of the Paleotethys and Neotethys Oceans during the 

Paleozoic to Mesozoic accretionary and the Cenozoic collisional orogenesis (Figure 1.3; Le 

Pichon and Angelier, 1979; Şengör and Kidd, 1979; Şengör and Yılmaz, 1981; Şengör et al., 

1984; Sengör and Natal’In, 1996; Jolivet and Faccenna, 2000; Stampfli, 2000; Stampfli and 

Borel, 2004; Barrier and Vrielynck, 2008; Faccenna et al., 2014). The Anatolide-Tauride Block 

(ATB), which is one of those continental fragments, is the central segment of the Western 

Tethyan Orogenic Belt and defined by the 1500 x 200 km area centered along the 39th parallel 

in Turkey. It is bordered to the north by the Rhodope-Pontide Block, the Aegean Sea and 

volcanic archipelago to the west, the Mediterranean Sea to the south-west, the Arabia plate to 

the south-east and the Iran plateau, or Sanandaj-Sirjan terrane, to the east (Figures 1.3 and 1.4; 

e.g., Okay and Tüysüz, 1999). 

The ATB consists of Neoproterozoic to Mesozoic metamorphosed and exhumed massifs 

(e.g., Menderes, Tavşanlı Zone and Afyon-Ören Zone), non-metamorphosed Paleozoic to 

Mesozoic sedimentary platforms (e.g., Taurus and Eastern Anatolian Accretionary Complex) 

and Mesozoic ophiolitic complexes (Figure 1.4; e.g., Şengör and Yılmaz, 1981; Okay and 

Tüysüz, 1999; Moix et al., 2008; Robertson et al., 2013). The ATB docked to the southern 

active margin of Laurasia, now called Eurasia, along the İzmir-Ankara-Erzincan suture zone 

after the closure of the Northern Neotethys Ocean in the Late Cretaceous-Paleocene (Figure 

1.5; Şengör and Yılmaz, 1981; Okay and Tüysüz, 1999; Barrier and Vrielynck, 2008; Meijers 
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et al., 2010; van Hinsbergen et al., 2016). Numerous continental fragments (i.e., Central 

Anatolian Crystalline Complex, Bitlis-Pütürge Massifs, South Armenian and Rhodope-Pontide 

Blocks, and Arabian platform), and remnants of oceanic basins (i.e., İzmir-Ankara-Erzincan 

or Northern Neotethys, Berit, Inner Tauride and Southern Neotethys) surround the ATB but 

their number, nature, age and timing of closure are matter of debate (Robertson et al., 2013; 

van Hinsbergen et al., 2016). Only the northward subduction of the Southern Neotethys Ocean, 

11

Figure 1.5 Paleogeographic reconstructions of the Middle East showing the Mesozoic 
northward migration of the Anatolide-Tauride Block (ATB) opening and closing the Northern 
and Southern Neotethys Oceans: A. Toarcian; B. Aptian; C. Maastrichtian; D. Burdigalian 
(modified from Barrier and Vrielynck, 2008).
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initiated in the Late Cretaceous, remained active beneath ATB during the Paleogene (e.g., 

Robertson et al., 2013) until the indentation of Arabia into eastern Anatolia along the Bitlis 

suture zone (Dewey et al., 1986; McClusky et al., 2000; Robertson, 2000; Reilinger et al., 

2006). The Arabia-Eurasia (ATB) continental collision likely initiated in the Oligocene (Jolivet 

and Faccenna, 2000; Agard et al., 2005; Allen and Armstrong, 2008; Barrier and Vrielynck, 

2008; McQuarrie and van Hinsbergen, 2013; Karaoğlan et al., 2016) rather than in the Eocene 

(Rolland et al., 2012) and the Miocene (Şengör and Yılmaz, 1981; Dewey et al., 1986; Yılmaz, 

1993; Yiğitbaş and Yilmaz, 1996; Robertson et al., 2007; Hüsing et al., 2009; Okay et al., 2010; 

Robertson et al., 2016).

1.4 Late Cenozoic segmentation of the Southern Neotethyan oceanic slab

The resulting continental collision between Arabia and Eurasia terminated subduction 

and led to the steepening and break-off of the Southern Neotethyan oceanic slab and/or 

delamination of the lithospheric mantle beneath central and/or eastern Anatolia (Keskin, 2003; 

Faccenna et al., 2006; Keskin, 2007; Şengör et al., 2008; Kaymakçı et al., 2010; Bartol and 

Govers, 2014; Neill et al., 2015; Delph et al., 2017; Oruç et al., 2017; Topuz et al., 2017). 

Although many researchers have indicated that late Cenozoic magmatism in central and eastern 

Anatolia is the major magmatic response to Southern Neotethyan oceanic slab steepening, 

break-off and/or delamination, there is considerable debate about the spatial constraints and 

timing of those post-subduction tectonic events, most specifically whether they initiated in 

the Oligocene (Agard et al., 2005; Hafkenscheid et al., 2006; Kaymakçı et al., 2010; İmer et 

al., 2014), middle Miocene (Çolakoğlu and Arehart, 2010; Ekici, 2016), middle-late Miocene 

(Karaoğlan et al., 2016), or late Miocene (Keskin, 2003, 2007; Şengör et al., 2008). According 

to Faccenna et al. (2006), the sub-horizontal slab rupture propagation in eastern Anatolia 

increased and focused the load on the neighboring, and still attached, western and central 

segments, namely the Aegean and Cyprus slabs since 11 Ma (Keskin, 2003; Figure 1.6). The 

additional slab pull force accelerated the Aegean slab roll-back, Hellenic trench retreat and 

curvature, westward extrusion of the Anatolian microplate along the North Anatolian fault 
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zone (Wortel and Spakman, 2000; Faccenna et al., 2006). The acceleration of the Aegean slab 

roll-back velocity relative to the Cyprus slab segment beneath central Anatolia initiated a south-

trending sub-vertical tear between both slabs from 15 to 8 Ma (Jolivet et al., 2015). Thus, the 

slab tear in western Anatolia developed before the slab break-off in eastern Anatolia, according 

to those previous studies cited above. 

1.5 Metallogeny of the Western Tethyan Orogenic Belt

The complex tectono-magmatic framework of this Western Tethyan Orogenic Belt was 

favorable for the generation of fertile magmatism and ore-forming processes in arc, back-arc, 

post-subduction (e.g., slab tearing, roll-back and break-off), and post-collisional lithospheric 

mantle delamination tectonic settings (Dixon and Pereira, 1974; Janković, 1977, 1997; 

13

Figure 1.6 3D diagram of the subducted Southern Neotethyan oceanic slab beneath Anatolia 
interpreted from seismic tomographic model and illustrating the segmented geometry of the 
slab and the projection to the surface of the major tectonic features (modified from Biryol et 
al., 2011).
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Lips, 2002; Cassard et al., 2004; Neubauer et al., 2005; Richards et al., 2006; Yiğit, 2006; 

Zimmerman et al., 2008; Shafiei et al., 2009; Yiğit, 2009; Richards et al., 2012; Yiğit, 2012; 

Kuşcu et al., 2013; Bertrand et al., 2014; Richards, 2015; Moritz et al., 2016a; Moritz et al., 

2016b; Richards and Sholeh, 2016; Menant et al., 2018). The ore deposits within the Tethyan 

domain include porphyry Cu-Mo-Au, podiform chromite, sediment-hosted Pb-Zn (SEDEX and 

MVT), Kuroko- and Cyprus-type volcanogenic massive sulfide (VMS), skarn Fe-Pb-Zn-Cu, 

Carlin-style Au-Ag, iron oxide copper-gold (IOCG), high-, intermediate and low-sulfidation 

epithermal Au-Ag and orogenic Au deposits (Janković, 1977, 1997; Yiğit, 2009; Bertrand et 

al., 2014; Richards, 2015; Moritz et al., 2016a; Baker, 2017; Melfos and Voudouris, 2017; 

Menant et al., 2018). This emerging Belt hosts numerous world-class porphyry and epithermal 

Cu-Au deposits such as Rosia Montana, Kışladağ, Sar Cheshmeh and Reko Diq (Janković, 

1977; Hezarkhani, 2006; Manske et al., 2006; Razique et al., 2014; Baker et al., 2016) and 

remains a focus of on-going exploration efforts (Figure 1.3). However, the distribution of 

porphyry and epithermal systems along the Western Tethyan Orogenic Belt is neither uniform 

in time nor space (Zimmerman et al., 2008; Bertrand et al., 2014; Richards, 2015). Major 

clustering resulted in specific metallogenic periods and along distinct Belt segments such 

as the Oligocene to Miocene Urumieh-Doktar Belt in southeast Iran (Richards and Sholeh, 

2016), the Jurassic to Cretaceous Somkheto-Karabagh Belt and the Eocene to Pliocene ore 

deposits of the Zangezur-Ordubad region in the Lesser Caucasus (Moritz et al., 2016a; 2016b), 

the Cretaceous and Oligo-Miocene deposits of the Alpine-Balkan-Carpathian-Dinaride Belt 

(Heinrich and Neubauer, 2002), the Biga district of northwest Turkey (Yiğit, 2012; Smith et al., 

2014; Brunetti, 2016; Leroux, 2016; Sánchez et al., 2016; Smith et al., 2016) and the Pontide 

Belt on the Rhodope-Pontide Block of northern Turkey (Bilir, 2015; Delibaş et al., 2016). The 

Anatolian segment of the Western Tethyan Orogenic Belt in Turkey seems to be characterized 

by isolated porphyry and epithermal deposits rather than mineral clusters (Yiğit, 2006, 2009; 

Bertrand et al., 2014; Richards, 2015).



1.6 Overview of the Turkish metallogeny 

1.6.1 Birthplace of mining

Situated at the cross-roads between the European, Asian and African continents and 

surrounded by the Mediterranean, Aegean and Black Seas, Anatolia, in the current Turkey, 

occupied the heart of a vast trading network and provided access to the rich cities of lower 

Mesopotamia and westward into the Aegean for centuries. Since the Neolithic, Anatolia has 

been the birthplace of many civilizations and the prominent centre of commerce. The civilization 

growth and trading was accompanied by the development of currencies, and ultimately by 

the use of metals. The earliest traces of worked copper ore were reported in Çayönü Tepesi 

near Diyarbakir-Ergani in 9000 BC (Cambel and Braidwood, 1970), and more significant 

metallurgical workings in the Çatalhöyük and Ergani regions in southeastern Turkey in 6000 

BC (Bucha and Mellaart, 1967; Wagner and Öztunalı, 2000). Anatolian metallurgy peaked 

during the Phrygian period (700-550 BC) where bronze materials were exported to Greece 

and Italy (Akurgal, 1962). The domination of the Lycian kingdom (700-550 BC) in western 

Anatolia relied on the exploitation of placer gold deposits in the Menderes region, notably 

along the famous Pactolus (Gediz) River, or “river that flowed with golden waves” (Young, 

1972). Croesus (560-546 BC), King of Lydia, was so wealthy that the popular reference “as 

rich as Croesus” originated in reference to him. According to the legend, his wealth came from 

the sands of the Pactolus River in which the legendary King Midas washed his hands to rid 

himself of the “Midas Touch”, which turned everything he laid hands on into gold, and made 

the sands of the river rich in gold. Prior to Croesus, King Gyges (687-652 BC) was credited for 

the invention of the first coins of gold and silver (Akcil, 2006).

The Anatolian mineral endowment contributed to the hegemony of the successive 

Persian, Hellenistic, Roman, Byzantine, Seljuk and Ottoman Empires through the long 

accumulation of metallurgical skills and technique improvements. The old Anatolian tradition 

of metal production thrived through centuries and revealed the outstanding potential for 

precious and base metals, still considered as underexploited based on the modern standards. 
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Modern exploration techniques and metal endowment assessment have only been conducted 

for the last four decades due to recent amendments of the mining law in 1985 and 2004, and 

economic stability that boosted the exploration licenses attribution by the mining bureau 

(Yiğit, 2006). Modern mineral exploration in Turkey is mainly driven by the distribution and 

reinterpretation of old prospects and deposits that sometimes leads to the life extension of 

old mines (e.g., Ergani and Gümüşköy), or the discovery of modern-sized deposits such as 

Ovacık and Çöpler around the Greek workings in Pergamon (Bergama) and Roman workings 

near Erzincan, respectively (Akcil, 2006; İmer et al., 2016). Nevertheless, Turkey still largely 

remains an unexplored country with a base of diverse mineral resources as well as being one 

of the least studied segment of the Western Tethyan Orogenic Belt. 

1.6.2 Mineral diversity of Turkey

The tectonic and magmatic activity in Turkey has been a favorable environment for 

the formation of metal-endowed magmas and hot fluids since the Cretaceous. The majority 

of precious metal resources and reserves are hosted within porphyry and high-, intermediate-, 

and low-sulfidation deposits such as at Kışladağ (21.5 Moz Au), Çöpler (12.8 Moz Au) and 

Efemçukuru (3.4 Moz Au). These metal-rich, hydrothermal systems will be extensively 

reviewed the Chapter 4. 

Volcanogenic massive sulfide (VMS) deposits contain most of the economic base metal 

endowment in Turkey. The Kuroko-type VMS systems that formed in back-arc basins (Franklin 

et al., 2005) are Cretaceous in age and cluster in the Pontides (Figure 1.7) such as Cayeli, 

Cerratepe and Murğlu, and are rich in Cu (± Pb ± Zn) and less commonly in Au, except for 

Hot Maden (2.6 Moz Au and 0.3 Mlbs Cu; Sandstorm Gold Royalties, 2018). In contrast, the 

Cu-rich Cyprus-type VMS deposits, such as Ergani and Siirt, are hosted within ophiolitic rocks 

along the Bitlis suture zone, and in the Kure district in northern Turkey. Recent discoveries of 

stratabound massive sulfide bodies within the Anatolian metamorphic units have been made at 

Yenıpazar in Central Anatolia (0.91 Moz Au, 30 Moz Ag, 0.21 Mlbs Cu, 660 Mlbs Pb and 961 

Mlbs Zn; Armstrong et al., 2012) and Gediktepe (0.4 Moz Au, 8 Moz Ag, 315 Mlbs Cu and 780 
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Mlbs Zn; Alacer Gold, 2016) in western Anatolia. The minor Fe-Cu, Pb-Zn, W and Mo skarn 

(e.g., Çelebi, Keskin, Höröz, Ayazmant and Karamadazı), IOCG deposits (e.g., Şamlı, Divriği 

and Hasançelebi) and metamorphic- and ophiolite-hosted orogenic Au-bearing quartz veins 

(e.g., Kaymaz; 0.6 Moz Au; Koza Gold, 2015) do not significantly contribute to the precious 

and base metal endowment of Turkey. 

The widespread Tauride carbonate platform hosts several small (< 0.5 Mt ore), Paleozoic 

to Cenozoic, MVT-, SEDEX- and carbonate replacement-type Pb-Zn deposits such as in the 

Bolkardağ, Yahyali, Tufanbeyli, Malatya, Keban and Hakkari districts (Ceyhan, 2003). Turkey 

is an emergent precious and base metal producer but also plays an important role in the world 

production of podiform chromite ore. Those deposits, rarely greater than 1 Mt, are hosted 

within ultramafic cumulates of the Mesozoic ophiolitic assemblages such as in the Pozanti-

Karsanti and Harmancik districts (Yiğit, 2009). Other minor types of deposits such as placer 

gold, mainly in the Menderes Massif with the famous Pactolus and Sardis Rivers, sediment-

hosted copper in Cenozoic basins in Central Anatolia and lateritic bauxite ore in the Tauride 

platform have also been reported by Yiğit (2009).

Metallogenic studies in Turkey are restricted to mineral inventories (Yiğit, 2006, 2009) 

or to some specific areas (Kuşcu and Erler, 1998; Delibaş and Genç, 2012; Yiğit, 2012; Kuşcu 

et al., 2013; Eyuboğlu et al., 2014; Delibaş et al., 2016). In the last few years, numerous 

deposit-scale metallogenic studies focused on porphyry and epithermal deposits and prospects 

have emerged (e.g., Çolakoğlu et al., 2011; İmer et al., 2013; Yılmaz et al., 2013; İmer et al., 

2014; Yılmazer et al., 2014; Baker et al., 2016; Boucher, 2016; Brunetti, 2016; İmer et al., 

2016; Leroux, 2016; Sönmez and Kuşcu, 2016; Delibaş et al., 2017) and provide an improved 

basic knowledge to this regional study for the implementation of a comprehensive metallogenic 

model that encompasses all of those Oligocene to Miocene deposits and prospects.

1.6.3 Tectono-magmatic context of Anatolian porphyry and epithermal mineralization

Formation of Anatolian porphyry- and epithermal-style mineralization peaked in the 

Late Cretaceous, Eocene and since the late Cenozoic (Yiğit, 2006, 2009; Kuşcu et al., 2013). 
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Figure 1.7 Map of Turkey showing the distribution of metal occurrences, prospects and deposits with an emphasis on magmatic-
hydrothermal ore systems, namely porphyry, epithermal, skarn and VMS. Basement boundaries were modified from Okay and Tüysüz, 
1999; Şengör et al., 2008; Pourteau et al., 2013; the igneous units were modified from MTA, 2002.
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Late Cretaceous and Eocene porphyry, epithermal, skarn and IOCG prospects and deposits 

formed during arc, back-arc and post-collisional magmatic episodes as a result of the evolution 

towards closure of the Northern Neotethys and the subduction of the Southern Neotethys (İmer 

et al., 2013; Kuşcu et al., 2013).

Recent geochronological studies indicate that numerous major gold-rich porphyry and 

epithermal systems such as Kışladağ (Baker et al., 2016), Pınarbaşı (Delibaş et al., 2017) and 

Cevizlidere (İmer et al., 2014) are hosted within late Cenozoic igneous units. Those deposits 

are lined up along the Anatolian Metallogenic Trend that links the westerly Aegean back-

arc to the easterly Arabian continental collision domains (Chapter 4). The Anatolian Trend 

therefore provides an excellent natural laboratory to investigate mechanisms of back-arc, post-

subduction and syn-collisional metallogeny. 

1.7 Thesis research questions and objectives

The genetic relationship between tectonics, magmatism and metallogeny in Anatolia 

since the late Cenozoic is a fundamental unresolved question, despite recent efforts in western 

Anatolia (Baker et al., 2016; Gessner et al., 2017; Menant et al., 2018). However, the determination 

of first-order controls on gold metallogeny in Anatolia requires a well-constrained tectono-

magmatic framework in which mineral deposits will be placed and their genesis interpreted. 

Therefore, this thesis is divided into two parts that are dedicated to the definition of 1) a robust 

tectono-magmatic framework in Anatolia (Chapters 2 and 3), and 2) lithospheric-scale factors 

controlling the formation of late Cenozoic Anatolian gold mineralization (Chapters 4 and 5). 

New results and interpretations will provide new insights into the geodynamic evolution of 

the Eastern Mediterranean region and the role of asthenosphere upwelling on post-subduction 

magmatism and metallogeny. 

1.7.1 Part 1: Temporal, spatial and geochemical evolution of late Cenozoic magmatism in 

central and eastern Anatolia

As summarized above, the timing of slab tear in western Anatolia is well-constrained 
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by paleomagnetic rotations, and metamorphic and magmatic events (van Hinsbergen, 2010; 

Jolivet et al., 2015); whereas many uncertainties about the tectono-magmatic evolution of 

central and eastern Anatolia remain and include: 1) the timing of slab break-off initiation 

in eastern Anatolia; 2) the spatial propagation of the sub-horizontal slab rupture to central 

Anatolia; and 3) melting sources and processes involved in the production of post-subduction 

late Cenozoic magmatism. Those approximations thereby add some uncertainty to the 

geodynamic relationships between slab break-off at the onset of the Arabia-Eurasia continental 

collision in eastern Anatolia and the Aegean slab roll-back in western Anatolia. Thus, the main 

objective of Part 1 is to define the temporal, spatial and geochemical evolution of late Cenozoic 

magmatism in the least-studied central and eastern Anatolian regions to constrain the slab 

break-off event. Chapter 2 provides temporal and spatial constraints on the evolution of the 

Southern Neotethyan slab break-off and window opening events in central and eastern Anatolia 

at the onset of the Arabian continental collision. Chapter 3 determines the magmatic processes 

and sources involved during the late Cenozoic slab break-off and partial lithospheric mantle 

removal events in central and eastern Anatolia.

1.7.2 Part 2: Late Cenozoic Anatolian Gold Metallogeny

The lack of temporal, spatial and chemical constraints on mineralized igneous rocks 

hinders to place the late Cenozoic Anatolian porphyry and epithermal deposits into the regional 

tectono-magmatic framework and identify the first-order factors controlling their formation. 

Therefore, Part 2 aims to build up a comprehensive genetic model for late Cenozoic Anatolian 

gold metallogeny. More precisely, Chapter 4 characterizes the late Cenozoic porphyry and 

epithermal districts, constrains the timing of gold mineralization and determines the regional 

structural control on mineralized igneous units along the late Cenozoic Anatolian Metallogenic 

Trend. Chapter 5 focuses on the determination of petrogenetic controls on magma fertility in 

the late Cenozoic Anatolian Metallogenic Trend. 
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1.8 Thesis approach

The new data acquired for this study include 1) outcrop and petrographic observations, 

and rock sampling, among the numerous mineralization-bearing igneous units throughout 

Anatolia; 2) multi-technique geochronological data (U-Pb, 40Ar/39Ar and Re-Os methods); 

and 3) elemental and isotopic geochemical analyses (Sr-Nd-Pb). However, Part 1 primarily 

relies on the extensive compilation, critical evaluation, integration and interpretation of 

previously-published geochronological, geochemical and geological data, and tectono-

magmatic models from the literature focused on the central and eastern Anatolian regions. In 

contrast, interpretations in Part 2 are mainly supported by those new mineralization-focused 

geochronological and geochemical data. The newly-acquired U-Pb age data and geochemical 

analyses from mineralization-bearing igneous units can provide constraints on both local 

magmatic episodes in central and eastern Anatolia (Part 1) and mineralization events (Part 2), 

and thus are used in both Parts. 
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Part 1: Temporal, spatial and geochemical evolution 
of late Cenozoic magmatism in central and eastern 

Anatolia, Turkey
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Chapter 2: Migration of late Cenozoic magmatism as a proxy for slab break-

off and mantle flow initiation and propagation, central and eastern Anatolia, 

Turkey

2.1 Introduction

Slab break-off is a major tectonic process that commonly develops during the waning 

stages of subduction and occurs by the lateral propagation of a sub-horizontal rupture and 

subsequent detachment of the leading edge of the hanging, sinking lithospheric slab (Wortel and 

Spakman, 2000). This opposes slab tear which is a sub-vertical rupture within the subducting 

slab that accommodates different roll-back velocities along the length of the subduction system 

(Govers and Wortel, 2005; Rosenbaum et al., 2008). The opening of a sub-horizontal or sub-

vertical window within the subducting slab allows the upwelling of hot and dry asthenosphere, 

and the significant heat influx into the hydrated mantle wedge, which facilitates the production 

of magma (Davies and von Blanckenburg, 1995; van de Zedde and Wortel, 2001). Magma 

ascent and emplacement in the crust are controlled by regional stress fields. Those magmas 

are preferentially focused along active trans-crustal structures (Vigneresse, 2004). As the 

asthenospheric heat flux increases during sub-horizontal slab rupture propagation and expansion 

of the slab gap, the resultant magmatism is expected to form a narrow belt (< ca. 200 km) 

and migrate laterally (Davies and von Blanckenburg, 1995; Ferrari, 2004). Although seismic 

tomography can image the present-day geometry of a subducting slab in the asthenosphere 

(e.g., Hafkenscheid et al., 2006; Lei and Zhao, 2007; Biryol et al., 2011), temporal constraints 

on past slab rupture initiation and propagation have been poorly documented because of the lack 

of appropriate sampling and precise geochronological constraints on the resultant magmatism.

The late Cenozoic tectonic complexity of the Eastern Mediterranean region is due to 

the indentation of the Arabian platform into the Turkish Anatolide-Tauride Block (ATB), which 

closed the Southern Neotethyan oceanic basin along the Bitlis suture zone (Figure 2.1; Şengör 

and Yılmaz, 1981; Yılmaz et al., 1993; Westaway, 2003). The resulting collision terminated 
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subduction and led to the steepening and break-off of the Southern Neotethyan oceanic slab 

and/or delamination of the lithospheric mantle beneath central and/or eastern Anatolia (Keskin, 

2003; Faccenna et al., 2006; Keskin, 2007; Şengör et al., 2008; Kaymakçı et al., 2010; Bartol 

and Govers, 2014; Neill et al., 2015; Delph et al., 2017; Oruç et al., 2017; Topuz et al., 2017). 

Although many researchers have indicated that late Cenozoic magmatism in central and eastern 

Anatolia is the major magmatic response to Southern Neotethyan oceanic slab steepening, 

break-off and/or delamination, there is considerable debate about the spatial constraints and 

timing of those post-subduction tectonic events, most specifically whether they initiated in 

the Oligocene (Agard et al., 2005; Hafkenscheid et al., 2006; Kaymakçı et al., 2010; İmer et 

al., 2014), middle Miocene (Çolakoğlu and Arehart, 2010; Ekici, 2016), middle-late Miocene 

(Karaoğlan et al., 2016), or late Miocene (Keskin et al., 1998; Keskin, 2003, 2007; Şengör et 

al., 2008). The sub-horizontal slab rupture propagation in eastern Anatolia transferred the slab 

pull force to the western segment of the Southern Neotethyan or Aegean slab since 11 Ma, 

resulting in the acceleration of Aegean slab roll-back velocity and the westward extrusion of 

the Anatolian microplate along the North Anatolian fault zone (Faccenna et al., 2006). The 

acceleration of the Aegean slab roll-back velocity relative to the Cyprus slab segment beneath 

central Anatolia initiated a south-trending sub-vertical tear between both slabs from 15 to 8 

Ma (Jolivet et al., 2015). Thus, the time constraints on slab rupture events suggest that the slab 

tear in western Anatolia developed before the slab break-off in eastern Anatolia. Overall, the 

timing of slab tear in western Anatolia is well-constrained by paleomagnetic rotations, and 

metamorphic and magmatic events (van Hinsbergen et al., 2010; Jolivet et al., 2015); whereas 

the timing of slab break-off initiation in eastern Anatolia is only approximate, thereby adding 

to the uncertainty about the geodynamic relationships between slab break-off at the onset of the 

Arabia-ATB continental collision in eastern Anatolia and the Aegean slab roll-back in western 

Anatolia.

The temporal and spatial variations of late Cenozoic magmatism in central and eastern 

Anatolia resulted from the progressive westward sub-horizontal rupture and break-off of the 
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Southern Neotethyan oceanic slab and that the resulting mantle flow propagation was followed 

by the partial lithospheric mantle removal during the collision of the Arabian platform with 

the Eurasian continental active margin (ATB). Supporting evidence includes the compilation, 

integration and interpretation of previously-published age determinations, mantle tomography 

and numerical models from this region. The regional geochronological data compilation 

was completed by additional, new U-Pb age data from the least-constrained late Cenozoic 

magmatic complexes in central and eastern Anatolia, namely Konya, Melendiz, Tekkedağ, 

Develidağ, Yamadağ and Ağrı. Taken all together, the interpretation of compiled and newly-

acquired data in this Chapter aims to constrain the timing of slab break-off initiation and its 

westward propagation in central and eastern Anatolia. 

2.2 Geodynamic setting of the Anatolide-Tauride Block

The Western Tethyan Orogenic Belt in the Eastern Mediterranean region formed 

through the accretion of many Gondwana-derived, ribbon-like, continental fragments to the 

southern margin of Laurasia since the Paleozoic (e.g., Şengör and Yılmaz, 1981; Şengör et al., 

1984; Stampfli and Borel, 2004; Barrier and Vrielynck, 2008). The Anatolide-Tauride Block 

(ATB), which is one of those continental fragments, consists of the Paleozoic-Mesozoic Taurus 

platform, Malatya-Keban metamorphic massif, Eastern Anatolian Accretionary Complex and 

Mesozoic ophiolitic complexes in central and eastern Turkey (Şengör et al., 2008; Yılmaz et 

al., 2010; Robertson et al., 2013). The ATB has been part of the Anatolian microplate along 

southern active margin of Laurasia-now called Eurasia, since the Late Cretaceous-Paleocene 

(Şengör and Yılmaz, 1981; Okay and Tüysüz, 1999; Barrier and Vrielynck, 2008; Meijers et al., 

2010; van Hinsbergen et al., 2016). Numerous continental fragments (i.e., Central Anatolian 

Crystalline Complex, Bitlis-Pütürge Massifs, South Armenian and Rhodope-Pontide Blocks, 

and Arabian platform; Figure 2.1), and remnants of oceanic basins (i.e., İzmir-Ankara-Erzincan 

or Northern Neotethys, Berit, Inner Tauride and Southern Neotethys) surround the ATB but 

their number, nature, age and timing of closure are matter of debate (Robertson et al., 2013; 

van Hinsbergen et al., 2016). 
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Figure 2.1 Tectono-magmatic map of central and eastern Anatolia (1:4,000,000 scale; Lambert Conic projection; European Datum 1950) 
showing the basement boundaries, late Cenozoic igneous rocks (modified from MTA (2002)), complexes and provinces, and regional 
structures. The location of dated rock samples and compiled geochronological data is also displayed. Base map: SRTM 90 m digital 
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In Turkey, slab break-off tectonic events systematically occurred after subduction 

terminated due to the closure of the Northern Neotethys (Altunkaynak, 2007; Keskin et al., 

2008; Dilek and Altunkaynak, 2009; Sosson et al., 2010), Inner Tauride (Kadıoğlu et al., 2006) 

and Southern Neotethys oceans (e.g., Keskin, 2003; Şengör et al., 2008). The break-off of the 

Northern Neotethyan and Inner Tauride oceanic slabs occurred in the Eocene (Altunkaynak, 

2007; Keskin et al., 2008; Dilek and Altunkaynak, 2009; Sosson et al., 2010) and Late Cretaceous 

(Kadıoğlu et al., 2006), respectively, and thus did not play any role in the production of the 

late Cenozoic magmatism (Neill et al., 2015). Only the northward subduction of the Southern 

Neotethys remained active beneath Anatolia during the Paleogene (Robertson et al., 2013) 

until the indentation of Arabia into eastern Anatolia (Dewey et al., 1986; McClusky et al., 

2000; Reilinger et al., 2006) along the Bitlis suture zone (Robertson, 2000; Westaway, 2003; 

Figure 2.1). The Arabian collision and indenture caused westward escape of the Anatolian 

microplate along the North and East Anatolian fault zones (e.g., McKenzie, 1972; Dewey et 

al., 1986; McClusky et al., 2000; Faccenna et al., 2006), and delamination-, slab break-off-, 

tear- and roll-back-related tectonism and magmatism since the late Cenozoic (e.g., Keskin, 

2003; Jolivet et al., 2013).

The timing of the initial Arabian collision in eastern Anatolia is controversial and 

variably includes the Eocene (Rolland et al., 2012), the most accepted Oligocene (Jolivet and 

Faccenna, 2000; Agard et al., 2005; Allen and Armstrong, 2008; Barrier and Vrielynck, 2008; 

McQuarrie and van Hinsbergen, 2013; Karaoğlan et al., 2016), and the Miocene on the basis 

of stratigraphy, deformation history, climate transition and thermochronological interpretations 

(Şengör and Yılmaz, 1981; Dewey et al., 1986; Yılmaz, 1993; Yiğitbaş and Yilmaz, 1996; 

Robertson et al., 2007; Şengör et al., 2008; Hüsing et al., 2009; Okay et al., 2010; Robertson 

et al., 2016). Subduction of the Southern Neotethyan oceanic slab beneath eastern Anatolia 

terminated with collision and initiation of steepening and rupture of the subducting Arabian 

oceanic slab segment. The timing of the slab rupture is similarly controversial, with suggestions 

of the Oligocene (Hafkenscheid et al., 2006; İmer et al., 2014), middle Miocene (Faccenna et 
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al., 2006; Schildgen et al., 2014; Ekici, 2016), middle-late Miocene (Karaoğlan et al., 2016), 

or late Miocene (Keskin et al., 1998; Keskin, 2003, 2007; Şengör et al., 2008). The initiation 

age of the slab rupture has been interpreted from either magmatic events (Keskin et al., 1998; 

Keskin, 2003, 2007; Şengör et al., 2008; Çolakoğlu and Arehart, 2010; İmer et al., 2014; Ekici, 

2016), crustal uplift initiation estimates from thermochronology (Karaoğlan, 2016; Karaoğlan 

et al., 2016), crustal deformation (Kaymakçı et al., 2010), biostratigraphy (Cosentino et al., 

2012), semi-quantitative paleotopographic results (Schildgen et al., 2014), seismic tomography 

with analogue modeling (Faccenna et al., 2006), and seismic tomography with tectonic 

reconstructions (Hafkenscheid et al., 2006; Lei and Zhao, 2007; Li et al., 2013). The resultant 

sub-horizontal rupture is interpreted to propagate westwards all the way to the Cyprus segment 

of the Southern Neotethyan slab beneath central Anatolia (Piromallo and Morelli, 2003; 

Faccenna et al., 2006; Gans et al., 2009; Schildgen et al., 2014). This hypothesis is ruled out 

by numerical modeling (Menant et al., 2016), which supports recent tomography (Biryol et al., 

2011) that postulates slab rupture propagation only along the strong lateral rheological contrast 

between the buoyant Arabian continental and the Southern Neotethyan oceanic lithospheres, 

leaving the Cyprus oceanic slab steep and unbroken.

The roll-back of the western segment of the Southern Neotethyan, or Aegean slab, was 

initiated at 35 Ma (Jolivet et al., 2013). Then, the acceleration of the Hellenic trench retreat 

velocity (ca. 30 mm/year) relative to the Cyprus trench (ca. 10 mm/year; McClusky et al., 

2003; Wdowinski et al., 2006; Jolivet et al., 2015) progressively tore the slab from 25 to 16 Ma 

(Jolivet et al., 2015). The active slab tearing and slab window opening occurred between 15 

and 8 Ma and consequently induced fast clockwise rotation of the Hellenides (van Hinsbergen 

et al., 2010; Jolivet et al., 2015; Govers and Fichtner, 2016). The roll-back and subsequent 

tearing of the Aegean slab also caused magmatism that migrated southwestward in western 

Anatolia since the Eocene (Ersoy and Palmer, 2013, and references therein). The Isparta angle 

at the intersection of the southward-convex Hellenic and Cyprus trenches is an artifact of the 

slab tear between the downgoing Aegean and Cyprus slabs (Koç et al., 2016, and references 
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therein).

The steepening and break-off and/or delamination of the Southern Neotethyan oceanic 

slab is responsible for the formation of the central and eastern Anatolian magmatism since the 

middle to late Miocene (Pearce et al., 1990; Keskin, 2003, 2007; Şengör et al., 2008; Bartol 

and Govers, 2014; Abgarmi et al., 2017; Delph et al., 2017; Reid et al., 2017). This model is 

based on the southward age progression of magmatism from middle to late Miocene (ca. 13-

11 Ma) to Present in eastern Anatolia, the apparent absence of, or thin, lithospheric mantle 

beneath eastern Anatolia, and systematic changes in magma geochemistry from subduction- to 

OIB-like affinity through time (Keskin, 2003). Recent age and geochemical data on Oligocene 

to middle Miocene magmatic units in eastern Anatolia (e.g., Çolakoğlu and Arehart, 2010; 

Lebedev et al., 2010; İmer et al., 2014) support neither the southward magmatic migration nor 

the previously proposed slab steepening and delamination models. 

2.3 Late Cenozoic magmatism of the central and eastern Anatolide-Tauride Block

Late Miocene to Quaternary volcanic rocks of central Anatolia overlie Permian 

metamorphic basement, Triassic limestone and Jurassic-Cretaceous ophiolitic complexes 

and Late Cretaceous batholiths of the Central Anatolian Crystalline Complex and the 

Mesozoic carbonates of the Taurus platform (Toprak and Göncüoğlu, 1993; Aydar et al., 

1995). Those volcanic rocks were emplaced at intersections between the regional, conjugate, 

NW-trending, dextral Tuz Gölü and NE-trending, sinistral Ecemiş faults, and ENE-trending 

structures (Pasquare et al., 1988), or along the Akşehir normal fault. Those structures result 

from transtensional and transpressional kinematics related to the regional N-S compression 

(Toprak, 1998; Figure 2.1). The central Anatolian volcanic edifices form NW- to NE-trending 

elongate stratovolcanoes (e.g., Hasandağ, Melendiz, Erciyes, Tekkedağ and Develidağ), ENE-

trending linear clusters of monogenetic, bimodal vents and volcanoes (e.g., Acigöl, Karaman 

and Karapınar), volcanic ridges and widespread ignimbrite provinces (e.g., Cappadocia and 

İncesu; Pasquare et al., 1988; Toprak and Göncüoğlu, 1993; Aydar et al., 1995). 

Late Cenozoic magmatism of eastern Anatolia consists of the westerly Yamadağ, Elazığ 
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and Kepez volcanic complexes, Cevizlidere intrusive stock, Erzurum-Kars volcanic plateau 

overlain by a NE-oriented trend of stratovolcanoes (e.g., Nemrut, Süphan, Etrüsk, Tendürek 

and Ararat), and easterly Ağrı and Sarıçimen magmatic complexes. Those magmatic complexes 

were emplaced on the Paleozoic to Mesozoic imbricated sedimentary and ophiolitic nappes 

of the Taurus platform, and the Paleozoic metamorphic basement, Mesozoic ophiolites, and 

Cretaceous to Oligocene flysch of the Eastern Anatolian Accretionary Complex (Robertson et 

al., 2007; Şengör et al., 2008; Yılmaz et al., 2010; Topuz et al., 2017).

Other late Cenozoic volcanic provinces formed in central and eastern Turkey such as 

the post-subduction Galatian (Varol et al., 2014, and references therein) and the collisional 

foreland Karacadağ volcanic provinces (Ekici et al., 2014, and references therein) in the central 

Rhodope-Pontide Block and on the Arabian platform, respectively (Figure 2.1). Post-subduction 

Quaternary volcanism also occurred within pull-apart basins (e.g., Niksar and Erzincan) along 

the North Anatolian fault zone, mainly in the Rhodope-Pontide Block (Tatar et al., 2007; Karsli 

et al., 2008).

2.4 Methodology

2.4.1 Age data compilation

This study primarily relies on the compilation and interpretation of 428 isotopic dates 

from late Cenozoic igneous rocks in central and eastern Anatolia. Most dates were obtained 

by K-Ar and 40Ar/39Ar dating techniques on igneous biotite, hornblende, feldspar, groundmass, 

and whole-rock material from volcanic rock samples. Those dates can be interpreted as 

crystallization ages, but are susceptible to alteration and partial to whole resetting, which may 

conspire to yield dates that may be too young. Ages for undated magmatic rock units were 

estimated from the 1:500,000-scale geological map of Turkey (MTA, 2002). Rock unit age 

information on the MTA geological maps was updated from the compiled age data in this 

study, but many uncertainties remain, especially in eastern Turkey. The time ranges of the 27 

late Cenozoic magmatic complexes and the Galatian volcanic province defined in this study 
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from the age data compilation (Table A.1) are in the appendix A.

2.4.2 Sample selection

In order to complete the existing age database, nine rock samples were collected with 

a focus on the oldest and less-constrained late Cenozoic igneous complexes in central and 

eastern Anatolia (Figure 2.1). Those complexes include the early to middle Miocene Yamadağ 

complex (FR-14-82), and the undated Ağrı plutons (FR-14-124, FR-14-129 and FR-14-142) 

in the east that were previously inferred to be Late Cretaceous (MTA, 2002) or early Miocene 

in age (Topuz et al., 2017), or coeval with the middle Miocene Sarıçimen pluton, which was 

the oldest igneous unit dated in the Eastern Anatolian Accretionary Complex before this study 

(Çolakoğlu and Arehart, 2010). In central Anatolia, the undated Tekkedağ (FR-15-40) and 

Develidağ volcanoes (FR-13-254), inferred to be late Miocene in age (MTA, 2002), and the 

poorly constrained late Miocene to Pliocene Melendiz stratovolcano (FR-15-36) were dated 

in this study. In contrast, the timing of the Hasandağ, Erciyes and Cappadocia-İncesu volcanic 

units in central Anatolia was well constrained by previous studies (e.g., Notsu et al., 1995; 

Platzman et al., 1998; Aydar et al., 2012; Dogan, 2016; Reid et al., 2017). The oldest lavas in 

the Konya volcanic complex were also dated herein (FR-13-181 and FR-14-73) because of the 

limited published geochronological data (Keller et al., 1977; Platzman et al., 1998).

2.4.3 LA-ICP-MS U-Pb dating analytical technique

Those nine U-Pb zircon dates were obtained by laser ablation-inductively coupled 

plasma-mass spectrometry (LA-ICP-MS) method at the Pacific Center for Isotopic and 

Geochemical Research (PCIGR), The University of British Columbia, Canada. Results are 

presented in Table 2.1; the Th-U-Pb isotopic analyses and quality control results are in the 

Appendix A (Figures A.1 and A.2; Table A.2). Zircon grains from igneous rocks were extracted 

from 1- to 3-kg samples following the conventional mineral separation procedures, namely 

crushing, grinding Wilfley table, heavy-liquid separation (diiodomethane; ρ > 3.32 g/cm3), 

and hand magnet and Frantz magnetic separation. Non-magnetic, euhedral and inclusion-free 
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grains were handpicked, and a representative set of 20 to 40 grains per sample was mounted in 

thermal-setting epoxy pucks together with several grains of Plešovice (337.13 ± 0.37 Ma; Sláma 

et al., 2008) and Temora2 (416.78 ± 0.33 Ma; Black et al., 2004). These zircons were ground 

and polished to reveal internal surfaces. After carbon coating, the zircon grains were imaged at 

the University of British Columbia Electron Microbeam and X-Ray Diffraction facility using 

the Philips XL-30 scanning electron microscope (SEM) in the cathode-luminescence mode 

under the under the operating conditions of 15.0 kV of accelerating potential and 15-20 nA 

beam current. The zircon grains were subsequently rinsed by 5 vol% HNO3 solution.

U-Pb dating on zircons was conducted using the New Wave UP-213 laser ablation system 

and a Thermo Finnigan Element2 single collector, double-focusing, magnetic sector ICP-MS 

with a 25 μm laser beam and 42 % laser energy; employing line scans instead of spot analyses 

to minimize within-run elemental fractionation. 238U and 232Th data were acquired in analog 

mode, whereas 208Pb, 207Pb, 206Pb, 204Pb, and 202Hg were acquired using ion-counting mode1. 

Analyses of zircon reference material (Plešovice and Temora2) systematically bracketed every 

five zircon unknowns (Figures A.1 and A.2). Data reduction was carried out using IOLITE 

software (Hellstrom et al., 2008) and carefully avoided portions of signal reflecting Pb loss, 

older inherited cores and/or altered zones in the zircon analyzed. Concordia diagrams were 

generated by the ISOPLOT version 4.15 software (Ludwig, 2012). Published ages are based on 

a weighted average of overlapping, concordant 206Pb/238U ages of individual analyses for each 

sample as 206Pb/238U age is the most precisely determined age for relatively young (Phanerozoic) 

zircons yielding the best estimate for the crystallization age of the samples (Tafti et al., 2009). 

Reported ages include both internal and propagated errors.

2.5 Results

2.5.1 U-Pb zircon dating

The Konya volcanic complex, 200 km west of Hasandağ (Figure 2.1), is spatially 

isolated and composed of porphyritic andesitic lavas and domes yield data that indicate 
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formation at 8.67 ± 0.13 (FR-13-181) and 10.21 ± 0.13 Ma (FR-14-73) based on 16 concordant 

zircon analyses each (Table 2.1; Figure 2.2). Those samples are older than the previously-dated 

rocks (6.9 ± 0.3 Ma by K-Ar) from the Konya volcanic complex by Platzman et al. (1998). 

Nonetheless, the Konya volcanic rocks are younger than the more northerly Galatia (23-17 

Ma) and Sulutas (16-11.5 Ma) volcanic units. The Melendiz volcanic edifice is represented 

by a clinopyroxene-bearing andesite (FR-15-36) that yields an age of 3.62 ± 0.06 Ma (Table 

2.1; Figure 2.2), determined from the analysis of 20 zircon grains and is within the range of 

previous K-Ar dates from 4.43 ± 0.16 to 2.40 ± 0.15 Ma (Platzman et al., 1998). The Develidağ 

volcanic complex pre-dates the Melendiz complex according to concordant data obtained 

from 14 zircon grains from a two-pyroxene-bearing andesitic flow (FR-13-254) that yields 

a 206Pb/238U weighted mean age of 5.34 ± 0.21 Ma (Table 2.1; Figure 2.2). The porphyritic 

clinopyroxene-bearing andesite (FR-14-40) from the Tekkedağ volcano yields a crystallization 

age of 7.92 ± 0.14 Ma based on 19 concordant zircon analyses (Table 2.1; Figure 2.2). Many 

zircon grains from this sample contain inherited cores; four zircon xenocrysts yield 206Pb/238U 

ages of 80.3 ± 2.2, 81.7 ± 5.6, 351 ± 13 (discordant) and 2502 ± 50 Ma (discordant), consistent 

with the crystalline basement age (Whitney et al., 2007; Toksoy-Köksal et al., 2009; Paquette 

and Le Pennec, 2012). 
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Locality Lat Long Igneous complex Lithology Agea Error MSWDb

(°N) (°E) (Ma) (2σ)

FR-13-181 İnlice 37.751 32.075 Konya volcanic complex Biotite andesite 8.67 0.13 1.7 16
FR-14-73 Doğanbey 37.823 31.946 Konya volcanic complex Two-pyroxene andesite 10.21 0.13 0.62 16
FR-15-36 Boz Tepe 38.221 27.063 Melendiz volcanic complex Clinopyroxene andesite 3.62 0.06 1.2 20
FR-15-40 Başdere 38.590 28.576 Tekkedağ volcanic complex Clinopyroxene andesite 7.92 0.14 0.9 19
FR-13-254 Öksüt 38.289 35.512 Develidağ volcanic complex Two-pyroxene andesite 5.36 0.20 0.88 16

FR-14-82 Hasançelebi 39.008 37.823 Yamadağ volcanic complex Clinopyroxene andesite 21.23 0.33 0.63 22
FR-14-129 Taş lıçay 39.599 43.264 Ağrı magmatic complex Monzonite 21.32 0.29 1.6 15
FR-14-142 Taşkapı 39.280 43.469 Ağrı magmatic complex Monzonite 17.38 0.36 0.49 15
FR-14-124 Diyadin 39.569 43.435 Ağrı magmatic complex Granite 19.84 0.19 0.98 19

bMean square of weighted deviates
cExcluding discordant and outlier analyses, and xenocrystic zircons.

a 206Pb/238U weighted mean ages

Central Anatolia

Eastern Anatolia

ncSample 
number

Table 2.1 U-Pb geochronological results from central and eastern Anatolia.
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Figure 2.2 Concordia diagrams of selected late Cenozoic volcanic rocks from Konya (FR-
13-181 and FR-14-73), Melendiz (FR-15-36), Develidağ (FR-13-254) and Tekkedağ 
volcanic complexes (FR-15-40). Dashed black ellipses are discordant data not included in 
weighted mean 206Pb/238U age calculation. MSWD: mean square of weighted deviates. The 
cathodoluminescence images for each sample display the internal structure of representative 
igneous zircon grains.
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Figure 2.3 Concordia diagrams of selected late Cenozoic magmatic rocks from Yamadağ 
(FR-14-82), and Ağrı magmatic complexes (FR-14-129, FR-14-142 and FR-14-124). Dashed 
black ellipses are discordant data not included in weighted mean 206Pb/238U age calculation. 
MSWD: mean square of weighted deviates. The images under optical microscope (left) and 
cathodoluminescence (right) for each sample display the internal structure of representative 
igneous zircon grains.
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In eastern Anatolia, the Yamadağ volcanic complex is composed of porphyritic 

clinopyroxene-bearing andesite (FR-14-82) where zircon grains crystallized at 21.23 ± 0.33 

Ma (Table 2.1; Figure 2.3). This age is older than published K-Ar and 40Ar/39Ar age data from 

Yamadağ (18.7 ± 0.5 to 8.90 ± 0.70 Ma; Leo et al., 1974; Kürüm et al., 2008; Ekici et al., 

2009). Monzonitic to granitic rocks (FR-14-129, FR-14-124 and FR-14-142) from the Ağrı 

magmatic complex give dates of 21.32 ± 0.29, 19.84 ± 0.19 and 17.38 ± 0.36 Ma, respectively 

(Table 2.1; Figure 2.3). Those three ages are notably older than K-Ar cooling age data from 

the Sarıçimen monzonitic pluton (12.6 ± 0.3 to 11.9 ± 0.4 Ma; Çolakoğlu and Arehart, 2010), 

50 km southeast of sample FR-14-142. Samples FR-14-129 and FR-14-124 contained zircon 

xenocrysts that yielded ancient 206Pb/238U dates of 428.3 ± 28 and 328.4 ± 11 Ma (concordant 

analyses), respectively, consistent with protolith age of the Paleozoic crystalline basement in 

eastern Anatolia (Topuz et al., 2017).

2.5.2 Timing of late Cenozoic magmatism

Magmatic activity was initiated in the late Oligocene in central and eastern Anatolia 

at the onset of the Arabian continental collision (Figure 2.4). The E-trending alignment of 

late Cenozoic magmatic complexes formed the Eastern Anatolian Magmatic Belt (Figure 2.5). 

The earliest magmatic phase of this Belt consisted of the rare exposures of late Oligocene 

igneous rocks such as at Cevizlidere (26-25 Ma; İmer et al., 2014). This brief magmatic event 

was followed by a 4 million-year (m.y.) magmatic hiatus from 25 to 21 Ma (Figure 2.4). 

Magmatism continued into the early Miocene (21-17 Ma) with the formation of the localized 

Yamadağ (21-9 Ma) and Ağrı magmatic complexes (21-17 Ma), thereby extending the east-

trending Eastern Anatolia Magmatic Belt westward (Figure 2.5). This period is also marked by 

the formation of the Galatian magmatic province (23-17 Ma) in the region of Ankara. 

The magmatic activity increased in the middle Miocene (16-11.6 Ma), notably in the 

Aladağ (15-13 Ma), Kepez (16-13 Ma), and Yamadağ volcanic complexes, and the Sarıçimen 

pluton (13-11.5 Ma; Çolakoğlu and Arehart, 2010). Magmatism continued to evolve westerly 

to the Ecemiş fault in central Anatolia, and broadened the Eastern Anatolia Magmatic Belt 
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in eastern Anatolia (Figure 2.5). This Belt reached central Anatolia at ca. 15 Ma as recorded 

in the formation of the Sivas volcanic suite (15-1 Ma). In central Anatolia, middle Miocene 

magmatism migrated southwards from Galatia (23-17 Ma) to Sulutas (17-11.5 Ma), northwest 

of Konya. 

Magmatic activity produced its highest volume in the late Miocene (11.6-5.3 Ma), 

dominantly in eastern Anatolia where it formed the first stage of the triangular-shaped Erzurum-

Kars volcanic plateau (ca. 13-11 Ma-Present) on the Rhodope-Pontide Block, South Armenian 

Block and ATB (Figure 2.6). The westward extension of the Eastern Anatolia Magmatic Belt 

reached central Anatolia in the late Miocene and overlies the tectonic boundaries. In the late 
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Figure 2.4 Age histogram of late Cenozoic magmatism in central (grey) and eastern Anatolia 
(black) counting the number (n) of available age data for each 1 m.y. bin since 30 Ma. The 
horizontal segments represent the succession of tectonic events that occurred a few million 
years prior to the crustal emplacement of dated magmatic units. The Ağrı magmatism is 
continuous from 21 to 17 Ma. Age data from the Galatian magmatism (22-17 Ma) are not on 
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to Table 2.1). Reference: 1İmer et al. (2014); references of compiled data are in Table A.1.
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Miocene, central Anatolian magmatism consisted of the Cappadocia and İncesu ignimbrites 

(ca. 11 Ma-Present), the Tekkedağ volcanic center (8-7 Ma) and the Develidağ stratovolcano 

(6-5 Ma). This period was also characterized by the formation of the Konya volcanic complex 

(10-6 Ma), southeast of Sulutas, in the western part of central Anatolia.

Although Konya volcanism stopped in the late Miocene, the construction of volcanic 

edifices in central Anatolia continued in the Pliocene and Quaternary dominated by the 

emergence of the Acigöl volcano (1 Ma-Present), and Melendiz (5-2 Ma), Erciyes (4 Ma-

Present) and Hasandağ stratovolcanoes (2 Ma-Present; Figure 2.6). Those stratovolcanoes were 

accompanied by the formation of numerous monogenetic vents such as the Karaman (3 Ma-

Present) and Karapınar (5 Ma-Present) volcanoes at the southwesternmost Eastern Anatolia 

Magmatic Belt in central Anatolia. 

In eastern Anatolia, the Erzincan-Kars volcanic plateau built up and experienced a 

southward shrinking of the active magmatic domain along the NE-oriented Nemrut-Ararat 

axis. This volcanic trend includes the Nemrut (2 Ma-Present), Süphan (6 Ma-Present), Etrüsk 

(5-3 Ma), Tendürek (1 Ma-Present) and Ararat stratovolcanoes (2 Ma-Present). Volcanism was 

also emplaced along the North Anatolian fault zone in the Quaternary (1 Ma-Present), north of 

the Eastern Anatolia Magmatic Belt.
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Figure 2.5 Time-sliced tectono-magmatic maps of central and eastern Anatolia (1:4,000,000 
scale; Lambert Conic projection; European Datum 1950) showing the westward migration of 
magmatism in the Oligocene, early Miocene and middle Miocene. The black lines outline the 
magmatic complexes whereas the dashed lines and grey areas are the interpreted connections 
between contiguous magmatic complexes, and the older magmatic belts, respectively. ATB 
= Anatolide-Tauride Block. References: 0this Chapter; 1İmer et al. (2014); 2Leo et al. (1974); 
3Kürüm et al. (2008); 4Ekici et al. (2009); 5Varol et al. (2014); 6Wilson et al. (1997); 7Kurt et al. 
(2008); 8Platzman et al. (1998); 9Ekici (2016); 10Asan and Ertürk (2013); 11Koç et al. (2012); 
12Korkmaz et al. (2017); 13Lebedev et al. (2010).
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2.6 Discussion

2.6.1 Initiation and propagation of the lithospheric slab break-off

Late Cenozoic magmatism initiated first in eastern Anatolia at the beginning of the 

Arabian collision in the late Oligocene, and subsequently migrated westwards to form the 

narrow E- to NE-trending Eastern Anatolia Magmatic Belt that links magmatic complexes 

in both eastern and central Anatolia (Figure 2.7). This westward migration of magmatism 

through time was accompanied by localized NW-SE extension (Kaymakçı et al., 2010) and 

the propagation of crustal uplift that started at ca. 23-20 and 15-10 Ma in eastern and central 

Anatolia, respectively (Okay et al., 2010; Cosentino et al., 2012; Schildgen et al., 2012; 

Schildgen et al., 2014; Karaoğlan, 2016; Karaoğlan et al., 2016; McNab et al., 2017). Both 

magmatic migration and crustal uplift propagation reflect the slab rupture trend that is imaged 

by seismic tomography (Piromallo and Morelli, 2003; Zor et al., 2003; Hafkenscheid et al., 

2006; Lei and Zhao, 2007; Biryol et al., 2011; Bakırcı et al., 2012) and modeled by analogue 

and numerical studies (Faccenna et al., 2006; Menant et al., 2016). This suggests that there is 

a genetic and spatial relationship between slab break-off propagation, slab break-off-induced 

asthenospheric upwelling, crustal uplift and deformation, and late Cenozoic magmatism in 

central and eastern Anatolia.

The northward mantle flow in the Middle East was driven by the Afar plume in eastern 

Africa and played a crucial role in the Eastern Mediterranean geodynamics (Faccenna et al., 

2013). This plume may have generated a mantle convection cell that entrained the Arabia 

plate northward, facilitated the slab break-off in eastern Anatolia and thereby accelerated 
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Figure 2.6 Time-sliced tectono-magmatic maps of central and eastern Anatolia (1:4,000,000 
scale; Lambert Conic projection; European Datum 1950) showing the westward migration of 
magmatism in the late Miocene, Pliocene and Quaternary. The black lines outline the magmatic 
complexes whereas the dashed lines and grey areas are the interpreted connections between 
contiguous magmatic complexes, and the older magmatic belts, respectively. References: 0this 
Chapter; 1Leo et al. (1974); 2Platzman et al. (1998); 3Pearce et al. (1990); 4Keskin et al. (1998); 
5Notsu et al. (1995); 6Dogan (2016); 7Aydar et al. (2012); 8Lepetit et al. (2014); 9Lustrino et al. 
(2010); 10Tatar et al. (2007); 11Aydin et al. (2014); 12Kuzucuoglu et al. (1998); 13Schmitt et al. 
(2011);14Arger et al. (2000).
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Figure 2.7 A. Schematic map of Turkey (1:6,000,000 scale; Lambert Conic Projection, 
European Datum 1950) displaying the distribution of major late Cenozoic magmatic domains, 
including the Eastern Anatolian Magmatic Belt (in blue), the area affected by the late Miocene 
partial removal of the subcontinental lithospheric mantle (SCLM; blue dashed area in eastern 
Anatolia), and regional faults (NAFZ = North Anatolian Fault Zone; EAFZ = Eastern Anatolian 
Fault Zone; BSZ = Bitlis Suture Zone; DSF = Dead Sea Fault). The vertical projection of 
slab margins and contours (in km) from tomography (Biryol et al., 2011) shows the spatial 
relationship between slab tear/break-off and surface magmatism. References: 1Jolivet et al. 
(2015). B. Schematic 3D block (adapted from Wortel and Spakman (2000) and Ferrari (2004)) 
illustrating the westward migration of magmatism and sub-horizontal slab rupture propagation 
along the Arabian segment of the Southern Neotethyan slab during the Arabia-ATB collision in 
the middle Miocene. On this cartoon, the Bitlis-Pütürge Massifs, Central Anatolian Crystalline 
Complex, ATB and South Armenian Block are part of the same rigid overriding slab that 
undergoes the Arabian. 
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the retreat of the Hellenic trench in the Aegean domain and the westward extrusion of the 

Anatolian microplate along the North Anatolian fault zone (Faccenna et al., 2013). The drop 

in convergence rate at the beginning of the Arabian collision in the Oligocene (Bertrand et al., 

2014; Menant et al., 2016) accelerated the roll-back of the Southern Neotethyan slab beneath 

Anatolia; the resulting suction of the asthenosphere into the mantle wedge and subsequent 

upward flux of hydrous mantle wedge (Freeburn et al., 2017) produced melts that generated 

the first peak of magmatism in the late Oligocene in eastern Anatolia (Figure 2.4). This brief 

magmatic event (1 m.y.) was followed by a 4 m.y. magmatic hiatus during which time slab 

heating, weakening, and rupture initiated. Tomographic models and kinematic reconstructions 

support slab break-off initiation at 30 Ma or older in northeast Zagros in Iran (Hafkenscheid 

et al., 2006; Mouthereau et al., 2012), certainly at the maximum contortion of the Southern 

Neotethyan oceanic slab. Slab rupture subsequently propagated westwards to eastern Anatolia 

and perhaps southeastwards along the Sanandaj-Sirjan zone (Hafkenscheid et al., 2006) where 

it also produced magmatism (Ghasemi and Talbot, 2006; Omrani et al., 2008). The first break-

off-derived magmas in eastern Anatolia were likely emplaced into the crust in the early Miocene 

at Ağrı and Yamadağ (ca. 21 Ma), and igneous activity then migrated westwards to form the 

narrow E- to NE-trending Eastern Anatolia Magmatic Belt. 

This Belt has an average width of ca. 150 km and a maximum width of 250 km in the 

middle Miocene (Figure 2.5), similar to slab break-off magmatic belts in northern Maghreb 

(< 200 km; Maury et al., 2000), central Mexico (ca. 150 km; Ferrari, 2004) and the Eocene 

magmatic belt related to the break-off of the northern Neotethyan oceanic slab along the İzmir-

Ankara-Erzincan suture zone (ca. 100-150 km; Altunkaynak, 2007; Keskin et al., 2008; Sosson 

et al., 2010). Break-off likely occurred at ca. 300 km north of the Bitlis suture zone, now ca. 

200 km, because of the continental collision and resulting crustal shortening (Şengör et al., 

2008). By analogy, the Eastern Anatolian Magmatic Belt is currently located 150 to 200 km 

north of the Bitlis suture zone, thus likely formed at ca. 300 km in the early to middle Miocene.

The timing of the early Miocene magmatic event provides a minimum age on slab 
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rupture initiation in Anatolia because of the time delay of a few million years required between 

slab rupture, asthenospheric upwelling, melting, and magma ascent and emplacement in the 

crust (McKenzie, 1972; Paterson and Tobisch, 1992; Ferrari, 2004; Cesare et al., 2009). Thus, 

slab rupture initiation in eastern Anatolia occurred between ca. 30 (collision onset) and 21 Ma, 

approximated at ca. 25 Ma. This contrasts with previous models that proposed the onset of 

slab break-off at ca. 13-10 Ma, mainly based on previous geochronological studies of middle 

Miocene to Present volcanic cover in eastern Anatolia (Keskin, 2003; Şengör et al., 2008; van 

Hunen and Allen, 2011; Cosentino et al., 2012; Schildgen et al., 2014). In addition, recent 

seismic tomographic studies show that the upper edge of the detached slab is imaged at a 

depth of ca. 660 km below eastern Anatolia whereas the rest of the Southern Neotethyan slab 

continues beyond the mantle discontinuity into the lower mantle (e.g., Hafkenscheid et al., 

2006; Biryol et al., 2011). This suggests sinking times between 13 and 28 m.y. considering free 

sinking rates of 2-4 cm/year in the upper mantle and break-off depth between 100 and 150 km 

(Zor, 2008; Schildgen et al., 2014; Menant et al., 2016). Hence, the slab break-off must have 

occurred well before 13 Ma in eastern Anatolia.

A slab rupture at relatively great depth (i.e., > 100 km deep) is common but would not be 

expected to generate a large volume of magma (Davies and von Blanckenburg, 1995; Freeburn 

et al., 2017). However, numerical models showed that previous subduction-related partial 

melts were already present at the base of the overriding crust during the slab break-off event, 

and sustained toroidal asthenospheric flow dragged those melts northwards away from the 

collisional front (Menant et al., 2016). Another evidence for pre-Oligocene, subduction-related 

melting processes in the region is the presence of Cretaceous- and Eocene-aged intrusions 

(e.g., Kuşcu et al., 2010). Despite the deep slab rupture, those tectono-magmatic conditions 

were sufficient to produce some hydrous magma during the slab break-off event which formed 

small and isolated magmatic complexes as observed in eastern Anatolia (Figure 2.5) and did 

not prevent asthenospheric flow from reaching shallow depths (< 50 km; Şengör et al., 2003; 

Delph et al., 2017; Reid et al., 2017).
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2.6.2 Spatial extent of the sub-horizontal slab rupture

The geometry and extent of the sub-horizontal slab rupture beneath central Anatolia is 

matter of debate. Some tomography and crustal uplift studies infer the partial rupture of the 

Cyprus slab to be the result of the westward slab break-off propagation from eastern Anatolia 

(Piromallo and Morelli, 2003; Faccenna et al., 2006; Gans et al., 2009; Schildgen et al., 2014). 

In contrast, numerical modeling with recent tomography (Biryol et al., 2011) demonstrates that 

the slab rupture propagation, caused by buoyancy variations between the Arabian continental 

and the Southern Neotethyan oceanic lithospheres, ceased at the northwesternmost edge of the 

Arabia plate (Menant et al., 2016), and ultimately did not reach the Cyprus slab. The current 

eastern margin of the Cyprus slab in the mantle is sharp since the Arabian segment is now 

completely detached, and can be vertically projected along a north-south axis through central 

Anatolia (Biryol et al., 2011; Figure 2.7a), approximately between the Karapınar vents and 

Hasandağ stratovolcano (Reid et al., 2017). The discontinuous lithosphere-asthenosphere 

boundary in this area, and significantly west of the Dead Sea fault, separates the African and 

Arabian plates (Kind et al., 2015). Although the western part of the Cyprus slab is coherent, 

the eastern part has a blocky appearance on tomographic images that, in association with the 

stagnation of subduction and subvertical slab geometry, implies that the slab is tearing (Biryol 

et al., 2011). Thus, the slab break-off trend extends to the Quaternary Hasandağ stratovolcano, 

excluding the Pliocene to Quaternary Karapınar and Karaman volcanoes that are apparently 

located above the Cyprus slab. The validity of this interpretation relies on the approximate 

projection of the Cyprus slab margin on the surface from tomographic images. Regardless of 

the exact location of Karaman and Karapınar volcanoes with respect to the underlying slab 

rupture, the Cyprus slab is too deep (ca. 250 km) to produce magma in this region in the 

Pliocene-Quaternary (Biryol et al., 2011). 

Slab rupture and window opening drastically modified mantle flow such that resulting 

magmatism may not have been emplaced immediately above the underlying rupture. This 

could explain the southwestward extension of the Eastern Anatolian Magmatic Belt above the 
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Cyprus slab. In addition, the SW-trending, slow, upper mantle wave velocities beneath central 

Anatolia indicate the presence of melts at shallow depth (Delph et al., 2017); the high Bouguer 

gravity anomalies below eastern Anatolia and narrowing westward to central Anatolia support 

the presence of buoyant asthenospheric material beneath the Moho (Ates et al., 1999) and 

mimic the shape of the Eastern Anatolian Magmatic Belt. 

Notably, the westernmost evidence of slab break-off-related magma is the Karaman 

volcano in central Anatolia. The formation of the isolated, middle to late Miocene, Sulutas and 

Konya volcanic complexes lack spatial relationships with the other coeval central Anatolian 

volcanic edifices at ca. 200 km east since they are not lined up with the late Miocene to Present, 

SW-trending axis of Sivas-Cappadocia-Hasandağ-Karaman volcanic complexes (Figure 2.7a). 

Instead, the age progression from the northerly Galatian province (23-17 Ma) to the Sulutas 

volcanic suite (17-11.5 Ma) to the southerly Konya volcanic complex (10-6 Ma) suggests a 

southward migration of the magmatic front resulting from the roll-back of the Cyprus slab, 

which has not detached (Biryol et al., 2011), since the early (this Chapter) or middle Miocene 

(Koç et al., 2012; Abgarmi et al., 2017; Figures 2.5 and 2.6). This tectonic event also resulted 

in the formation of basins in central Taurides, north of Cyprus subduction (e.g., Altınapa basin; 

Koç et al., 2012). Alternative scenarios involve crustal decoupling, subduction of the Cyprus 

lithospheric mantle and its subsequent delamination (Bartol and Govers, 2014; Delph et al., 

2017) or gravitational instability of the thickened arc root by drip tectonics to account for the 

today-presence of thin lithospheric mantle and regional > 1 km crustal uplift (Göğüş et al., 2017). 

However, the arguments against those models include: 1) the presence of melts and volatiles 

significantly reduce shear wave velocities in the upper mantle which leads to uncertainties 

about lithosphere thickness (e.g., Kaviani et al., 2007; Foulger et al., 2015); 2) thin SCLM and 

regional crustal uplift can be explained by small-scale convection in a post-subduction setting 

(Kaislaniemi et al., 2014); 3) central Anatolian magmatism involves a significant component of 

subduction-modified lithospheric mantle (Deniel et al., 1998; Şen et al., 2004).

In addition, Quaternary alkaline volcanism emplaced in extensional pull-apart basins 
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(e.g., Niksar and Erzincan) along the North Anatolian fault zone, north of the Eastern Anatolian 

Magmatic Belt (Figure 2.6), was also produced in response to asthenospheric upwelling (Tatar 

et al., 2007; Karsli et al., 2008). Despite the distance (max. 150 km) from the Eastern Anatolian 

Magmatic Belt, it might be considered that the sub-slab asthenosphere, remotely driven by 

the Afar plume (Faccenna et al., 2013; McNab et al., 2017), flowed far enough to the north to 

heat and produce magma that conveyed through and along the lithospheric North Anatolian 

fault zone that extends to the upper mantle (Fichtner et al., 2013). Lastly, the late Miocene to 

Quaternary Karacadağ volcanism on the Arabia platform in southeast Turkey is located on the 

collisional foreland (Ekici et al., 2014 and references therein; Figure 2.1). The mantle source 

of Karacadağ magmatism has not been affected by the Southern Neotethyan subduction and 

the fate of the oceanic slab contrary to Anatolian magmatism (e.g., Keskin et al., 2012; Ekici 

et al., 2014).

2.6.3 Slab break-off-related sub-slab asthenospheric infiltration

Late Cenozoic post-subduction magmatism in central and eastern Anatolia was 

emplaced during the short period of localized W- to NW-trending extension, manifested as 

transtensional pull-apart basins along regional strike-slip faults, from the late Oligocene to 

middle Miocene, and since the late Miocene in eastern and central Anatolia, respectively 

(Şengör, 1985; Dhont et al., 1998; Toprak, 1998; Kaymakçı et al., 2010; İmer et al., 2014). 

Magmatism is characterized by a temporal transition from calc-alkaline to alkaline affinity 

(Yılmaz, 1990; Keskin, 2003; Aydin, 2008), coexistence of both calc-alkaline and alkaline 

melts (Kürüm et al., 2008; Dogan-Kulahci et al., 2018), or interactions between lithospheric 

and asthenospheric melts (e.g., Kürkçüoğlu et al., 2004; Özdemir and Güleç, 2013; Reid et al., 

2017). Those patterns reflect the heat input caused by sustained asthenospheric flow through 

the slab rupture to the hydrated mantle wedge (Davies and von Blanckenburg, 1995), which 

is in accordance with geophysical and modeling studies cited above. Alkaline magmas are 

sparsely present in the middle Miocene such as at the Yamadağ volcanic complex (Kürüm et 

al., 2008), and dominantly in the Pliocene to Quaternary including at the Sivas volcanic suite 
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at the transition between central and eastern Anatolia (Kürkçüoğlu et al., 2015), Tendürek and 

Nemrut stratovolcanoes in eastern Anatolia (Pearce et al., 1990; Özdemir et al., 2006) and at 

lesser extent at the Hasandağ stratovolcano in central Anatolia (Aydar and Gourgaud, 1998; 

Dogan-Kulahci et al., 2018). The increasing magma alkalinity and asthenospheric component 

through time caused by asthenospheric infiltration into the base of the overriding lithosphere 

is typical of all post-subduction and post-collisional tectonic scenarios including those with a 

slab tear (e.g., Gasparon et al., 2009; Prelević et al., 2015), slab break-off (e.g., Maury et al., 

2000; Coulon et al., 2002; Keskin et al., 2008) and lithospheric mantle delamination (e.g., 

Pearce et al., 1990; Kay et al., 1994). The time-space distribution of post-subduction or post-

collisional magmatism presented herein, coupled with seismic tomography, modeling and 

crustal uplift studies provide more robust constraints on slab geometry and evolution than 

magmatic petrogenesis alone. Thus, the data presented herein suggest that the temporal, 

spatial and also geochemical evolution of the Eastern Anatolian Magmatic Belt is a direct, 

upper crustal magmatic proxy of the westward propagation of the slab break-off and resulting 

asthenospheric mantle flow beneath central and eastern Anatolia since the early Miocene as a 

response to the indentation of the Arabian platform in the Oligocene.

2.6.4 Propagation rates of magmatism and crustal uplift

Slab rupture likely occurs episodically, and in segments, rather than at a continuous rate 

(Wortel and Spakman, 2000), and starts on an existing tear or contortion in the slab, or where 

the continental crust is subducted deepest (Davies and von Blanckenburg, 1995) about 2 to 25 

m.y. after the onset of continental subduction (van de Zedde and Wortel, 2001; van Hunen and 

Allen, 2011). Temperature and thus rheological contrasts control the initiation of slab rupture 

that might occur at a distance between 110 and 610 km from the collisional front, 26 and 330 

km depth and over a period between 1.7 and 39 m.y., based on numerical modeling (Ton and 

Wortel, 1997). The impingement of the sub-slab asthenosphere during the slab break-off causes 

magmatism and crustal uplift (2 to 6 km; Davies and von Blanckenburg, 1995; Buiter, 2000). 

The underplating and rebound of the subducted thinned continental crust after the oceanic slab 
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rupture also contributes to the confined uplift of the overriding plate and the migration of the 

melts in the mantle wedge away from the suture zone (Menant et al., 2016; Magni et al., 2017). 

Migration of the magmatic front was accompanied by the westward propagation of 

crustal uplift from eastern to central Anatolia (Schildgen et al., 2014; McNab et al., 2017). 

In eastern Anatolia, thermochronological data suggests that the timing of uplift ranged 

between 30 and 10 Ma (Karaoğlan et al., 2016), or 18 and 13 Ma (Okay et al., 2010) whereas 

regional magmatic studies suggest that crustal uplift was initiated almost at the same time as 

magmatism at ca. 13-11 Ma (Keskin, 2007). The 30-10 Ma time range coincides with the onset 

of the Arabia-ATB continental collision and subsequent slab break-off in the east (Karaoğlan 

et al., 2016). This range includes data reported by Okay et al. (2010) that represent the timing 

when the samples analyzed by apatite fission-track reached a depth range between 4 and 2 km 

(Karaoğlan et al., 2016). Thus, it is argued that: 1) this first Oligocene-Miocene uplift episode 

exhumed the Ağrı plutons and particularly the Cevizlidere stock to near the surface, given 

the absence of outcropping coeval volcanic rocks in the region and presence of post-middle 

Miocene volcanic cover; 2) the inferred second uplift phase started at ca. 13-11 Ma was due 

crustal rebound during the partial removal of the lithospheric mantle and formation of the 

Erzurum-Kars volcanic plateau as suggested by Keskin (2003). Madanipour et al. (2017) also 

measured these two uplift phases (ca. 27-23 and 13 Ma) by U-Th/He thermochronology in 

northwest Iran which they attributed to two exhumation stages during the Arabian collision.

In central Anatolia, crustal uplift was initiated in the late Miocene (ca. 10-5.45 Ma; 

0.24 to 0.37 mm/year) and accelerated in the Pleistocene (0.72 to > 1 mm/year; Cosentino et 

al., 2012; Schildgen et al., 2012; Karaoğlan, 2016; Abgarmi et al., 2017). The first slow uplift 

phase is attributed to either the thickening of the accretionary wedge above the subduction 

zone (Schildgen et al., 2014), or slab break-off (Karaoğlan, 2016; Abgarmi et al., 2017; Delph 

et al., 2017). The accretion and entrance of the Eratosthenes Seamount (Figure 2.1), south 

of the Cyprus island, and the thinned continental margin of the Africa plate in the Cyprus 

subduction zone (Schildgen et al., 2012), post-break-off rebound (Abgarmi et al., 2017) or 
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asthenospheric upwelling (Cosentino et al., 2012) may have contributed to uplift acceleration 

in central-southern Anatolia since Pleistocene and the slowing of trench retreat (Netzeband et 

al., 2006). Although the contribution of the Eratosthenes Seamount to slab break-off in central 

Anatolia has also been invoked (Schildgen et al., 2014), tomography (e.g., Biryol et al., 2011) 

and geochronological data on slab break-off-related magmatism, presented here, do not support 

this hypothesis. 

Numerical modeling suggests a slab rupture propagation rate at 100-150 mm/year 

in the Arabian domain, which is consistent with the rupture of an old, strong oceanic slab 

(van Hunen and Allen, 2011). Similarly, a crustal uplift propagated from eastern to central 

Anatolia at a rate of ca. 100-175 mm/year in the late Cenozoic (Schildgen et al., 2014) which 

contrasts with break-off-induced toroidal asthenospheric flow velocity at ca. 50-100 mm/year 

(Menant et al., 2016). However, the front of magmatism that migrated along the 1000 km-long 

Eastern Anatolian Magmatic Belt between Ağrı and Karaman propagated at an average rate 

of 48 mm/year since 21 Ma. This rate is slower than those of slab rupture, crustal uplift, and 

asthenospheric flows. In central Mexico, slab break-off-related magmatic front propagated at a 

rate of ca. 100-250 mm/year (Ferrari, 2004). The fast slab rupture propagation rates in central 

Mexico compared to those in Anatolia are explained by the age of the subducted oceanic crust. 

Young oceanic slabs such as the late Cenozoic-aged oceanic crust in central Mexico experience 

faster rupture propagation rates than old oceanic slabs such as the Mesozoic-aged Southern 

Neotethyan slab according to numerical modeling results (van Hunen and Allen, 2011). 

The lateral extent of the buoyant Arabia plate constrained the rupture propagation in 

space and thus in time. Once the sub-horizontal rupture reached its maximum lateral length, it 

was followed by slab window opening and westward toroidal flow of asthenosphere (Figure 

2.7b). The geometry of the slab window, i.e., the sharp eastern edge of the Cyprus slab and the 

current depth of westernmost tip of the slab rupture (Figure 2.7a), results from the subduction 

of the Cyprus slab beneath central Anatolia that sunk the hanging Arabian slab into the mantle 

during the late Cenozoic and southward retreat of the Cyprus trench (Menant et al., 2016). 
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Magma production was continuous during the entire process of slab rupture and 

window opening since 21 Ma (Figure 2.4). However, there is a rate discrepancy between the 

magmatic migration and slab rupture propagation in central and eastern Anatolia. Considering 

a slab rupture propagation rate of 100-150 mm/year (van Hunen and Allen, 2011) along the 

850 km-long Arabian slab segment between the current surface projection of the eastern 

Cyprus slab margin in central Anatolia and the Ağrı magmatic complex in eastern Anatolia 

(Figure 2.7a), sub-horizontal slab rupture propagation is expected to be terminated in 5.5 to 

8.5 m.y., i.e., at ca. 19.5-16.5 Ma, assuming slab rupture initiated at ca. 25 Ma in eastern 

Anatolia, as discussed above. Thus, early to middle Miocene magmatism in eastern Anatolia 

(21-15 Ma) is the response to slab rupture propagation and poloidal flow of asthenosphere 

whereas late Miocene to Present magmatism (12 Ma-Present) in central Anatolia is related to 

the slab window opening and toroidal flow of asthenosphere. The cessation of slab break-off 

propagation coincides with 1) the onset of volcanic activity in central Anatolia at ca. 12 Ma, 

still considering a delay of a few million years for magmatism to emplace in the crust (Ferrari, 

2004; Cesare et al., 2009), 2) slab tearing in western Anatolia at 15 Ma (van Hinsbergen et 

al., 2010; Jolivet et al., 2015), and 3) the formation of the Erzurum-Kars volcanic plateau in 

eastern Anatolia (ca. 13-11 Ma; Keskin, 2003, 2007).

2.6.5 Post-late Miocene partial removal of the subcontinental lithospheric mantle in 

central and eastern Anatolia

The current accepted model for the formation of the late Miocene to Quaternary 

Erzurum-Kars volcanic plateau in eastern Turkey invokes the delamination of subcontinental 

lithospheric mantle (SCLM) below the Rhodope-Pontide Block in the north, and the steepening 

and break-off of the Neotethyan oceanic slab beneath eastern Anatolia in the south (Keskin, 

2003; Şengör et al., 2003; Keskin, 2007; Şengör et al., 2008). This model is based on the 

geologic and tectonic interpretation of the eastern ATB termination which is defined as the 

Eastern Anatolia Accretionary Complex by Şengör et al. (2003). This Accretionary Complex 

deposited on the subducting Neotethyan oceanic crust and is devoid of lithospheric root (Şengör 
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et al., 2003; Keskin, 2007), as confirmed by the current attenuated or absent SCLM beneath 

eastern Anatolia (Al‐Lazki et al., 2003; Gök et al., 2003; Zor et al., 2003; Angus et al., 2006). 

However, evidence for a Paleozoic metamorphic basement in eastern Anatolia suggests the 

existence of a rigid continental crust beneath the accretionary complex sequence and thus a 

SCLM accordingly (Yılmaz et al., 2010; Topuz et al., 2017). The discovery of ancient pristine 

igneous zircon xenocrysts from the early Miocene Ağrı plutons with Paleozoic 206Pb/238U ages 

(328.40 ± 11 and 428.3 ± 28 Ma; concordant analyses) in this study confirms this interpretation. 

Thus, the long-lived asthenospheric heating below eastern Anatolia since the late Oligocene 

contributed to the partial removal of the Anatolian SCLM by either delamination (Pearce et 

al., 1990; Oruç et al., 2017; Topuz et al., 2017) or small-scale sublithospheric convection 

(Kaislaniemi et al., 2014; Neill et al., 2015). This tectonic event increased magma production 

and caused the formation of the widespread late Miocene to Quaternary, Erzurum-Kars volcanic 

plateau (Figure 2.6). 

The southward steepening of the Neotethyan slab proposed by Keskin (2003) in 

eastern Anatolia was also invoked in central Anatolia by Bartol and Govers (2014) to suggest 

a unique Neotethyan slab that horizontally subducted below both central and eastern Anatolia, 

and then retreated southwards since the early Miocene causing the wholesale lithospheric 

delamination beneath central and eastern Anatolia. However, the belt-like geometry of central 

Anatolian magmatism, and the southward (Galatia-Sulutas-Konya trend) and westward (Sivas-

Cappadocia-Hasandağ-Karaman axis) magmatic migrations determined in this study do not 

support the wholesale lithospheric delamination model (Schildgen et al., 2014; this Chapter). 

Nonetheless, slab window opening may have triggered lithospheric instability and subsequent 

‘dripping’ to account for the thin lithospheric mantle beneath the central Anatolia and the high 

density of brittle structures (Delph et al., 2017; Göğüş et al., 2017; Reid et al., 2017). The 

SCLM removal by local catastrophic delamination or small-scale sublithospheric convection 

processes may account for the triangular-shaped Galatian volcanic province in northern central 

Anatolia (Figure 2.5). This isolated volcanic province is characterized by widespread post-
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subduction or post-collision volcanism, absence of apparent spatial magmatic migration, local 

temporal increases of magma alkalinity, and extensional tectonic regime (e.g., Varol et al., 2014 

and references therein). Thus, the north-south Galatia-Sulutas-Konya trend is the magmatic 

response to the roll-back of Cyprus slab since the early Miocene which started during the 

break-off initiation of the Arabian slab further east.

2.7 Conclusion

The interpretation of age data compilation, complemented by new U-Pb geochronology 

data from less-constrained late Cenozoic magmatic complexes in central and eastern Anatolia, 

suggests in this study that magmas were produced in response to sub-horizontal rupture 

propagation of the subducting Southern Neotethyan oceanic slab and resulting asthenospheric 

flow since ca. 25 Ma after the onset of the Arabia-ATB continental collision at ca. 30 Ma. 

The brief late Oligocene magmatic pulse (26-25 Ma) resulted in response to slab steepening 

(30-25 Ma) subsequent to Arabia-ATB collision, and was delayed a few millions years during 

weakening and breaking off of the slab. This new model suggests that magmatism was active a 

few million years after the slab rupture initiation and began earlier than previously documented, 

specifically in the early Miocene (21 Ma) in eastern Anatolia. The westward migration (48 

mm/year) of the slab break-off-related magmatic front from eastern (21-15 Ma) to central 

Anatolia (12 Ma-Present) generated the newly-defined, narrow, E- to NE-trending Eastern 

Anatolian Magmatic Belt. Although eastern Anatolian magmatism formed in response to the 

sub-horizontal slab rupture propagation (25-16.5 Ma), the results presented herein indicate 

that middle Miocene to Present magmatism in central Anatolia, with the exception of the 

Konya and Sulutas volcanic complexes, resulted from slab window opening and the lateral 

sub-slab mantle flow from eastern Anatolia that initiated when the sub-horizontal slab rupture 

reached the northwestern edge of the Arabian continental lithosphere in the middle Miocene. 

The magmatic response of sub-horizontal slab rupture propagation and window opening was 

characterized by the production of calc-alkaline magmas that progressively evolved to alkaline 

magmas through time as a result of increasing inputs of hot asthenospheric flow. The magmatic 
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activity was accompanied by slab break-off-related crustal uplift that started at ca. 23 Ma in 

eastern Anatolia (Karaoğlan et al., 2016), and propagated westwards to reach central Anatolia 

at ca. 15-7 Ma (Cosentino et al., 2012; Schildgen et al., 2014; Karaoğlan, 2016; McNab et 

al., 2017). Slab break-off-related magmatism was subsequently covered by the volcanic 

products of the Erzurum-Kars plateau since ca. 13-11 Ma in eastern Anatolia due to the SCLM 

partial removal by either delamination (Pearce et al., 1990; Topuz et al., 2017) or small-scale 

sublithospheric convection (Kaislaniemi et al., 2014; Neill et al., 2015).

This study proposes that slab break-off initiated in eastern Anatolia (ca. 25 Ma) before 

the slab tear in western Anatolia (15 Ma; van Hinsbergen et al., 2010; Jolivet et al., 2015). Thus, 

the westward propagation of the sub-horizontal slab rupture stopped at the northwesternmost 

edge of the Arabia plate at ca. 19.5-16.5 Ma. This slab break-off event played a role in the 

acceleration of the Aegean slab roll-back and North Anatolian fault zone development in 

the middle-late Miocene due to the slab pull force increase and deep lateral continuity of 

the Southern Neotethyan slab in the mantle (Faccenna et al., 2006). It is argued herein that 

slab break-off in eastern and central Anatolia also contributed to the initiation of the slab tear 

between the Aegean and Cyprus slabs (15-8 Ma; van Hinsbergen et al., 2010; Jolivet et al., 

2015), roll-back of the Cyprus slab since the early Miocene (Biryol et al., 2011; Koç et al., 

2012), SCLM partial removal in eastern Anatolia in the late Miocene (e.g., Neill et al., 2015; 

Topuz et al., 2017), and the production of the widespread late Cenozoic magmatism in central 

and eastern Anatolia.
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Chapter 3: Geochemical evolution of late Cenozoic post-subduction 

magmatism in central and eastern Anatolia, Turkey 

3.1 Introduction

A continental collision typically includes processes that affect the subducting and 

overriding lithospheres. The downgoing slab may undergo bending, roll-back, tearing (vertical 

rupture) and ultimately break-off. Concomitantly, the subcontinental lithospheric mantle 

(SCLM) of one or both plates may undergo Rayleigh-Taylor gravitational instability where the 

cold and dense SCLM is above the hot and light asthenosphere (Houseman and Molnar, 1997). 

Within a few tens of million years, portions of the lithosphere may detach and sink into the 

asthenosphere by delamination or dripping (van Hunen and Miller, 2015). Loss of the SCLM 

may occur more than once, as different regions undergo critical instability at different times 

(Rosenbaum et al., 2008; Garzanti et al., 2017). The detachment of slab and SCLM generates 

upward flow of asthenospheric mantle which, in turn, provides advective heat to the base of 

the remaining lithosphere. During slab and SCLM detachment, the asthenosphere beneath the 

SCLM may consist of previously slab-metasomatized peridotite, particularly in the former 

mantle wedge beneath the overriding plate, and newly introduced, drier peridotite which has 

flowed upwards from depth (e.g., Kay and Kay, 1993; Keskin, 2007). Taken together, these 

processes yield a mantle environment which consists of three distinct mantle components: 

the SCLM, the remnant metasomatized asthenospheric mantle wedge, and upwelling sub-slab 

asthenosphere. 

The three mantle components may all be involved in the generation of basaltic magma. 

The metasomatized mantle has a lower melting point and, a result, melts more readily than 

the drier mantle. Melts of metasomatized peridotite can be produced by heat input from 

the upwelling asthenosphere whereas the drier mantle can melt by either input of volatiles 

from the detached oceanic slab or SCLM (Gazel et al., 2012; Kaislaniemi et al., 2014), or by 

decompression at shallow depths (< 50 km; Davies and von Blanckenburg, 1995). Melting 

55



56

of the hydrated component will generate arc-like calc-alkaline magma (e.g., Pearce et al., 

1990; Whalen et al., 2006). However, the abundance of hydrated mantle is limited and magma 

production may shift over time to yield ocean-island (OIB)-like, alkaline compositions, as 

commonly reported in post-subduction, post-collisional and slab window tectonic settings 

(e.g., Hole et al., 1991; Coulon et al., 2002; Thorkelson et al., 2011; Mullen and Weis, 2013). 

The SCLM may also undergo melting in response to advective heat transfer from uprising 

asthenosphere and passage of basaltic magma. Melting of the SCLM may be focused at sites 

of previous veining, dyking and other locations where mantle fertility has been enhanced, and 

the nature of the melts produced may vary significantly over time and space. Consequently, 

in locations where slab tearing, break-off and SCLM removal are time-transgressive beneath 

a collision zone, a simple progression from arc-like to OIB-like compositions may not occur. 

In such environments, the record of magmatism expressed by mafic igneous complexes in 

the crust may yield a complex geochemical signature, which is difficult to ascribe to specific 

processes and source components. 

The late Cenozoic geodynamic evolution of the Eastern Mediterranean region was 

controlled by the closure of the Southern Neotethyan Ocean and collision of Arabia with 

Eurasia (e.g., McKenzie, 1972; Reilinger et al., 2006; Le Pichon and Kreemer, 2010). Collision 

occurred from northward migration and subsequent indentation of the Arabian platform into 

the Anatolide-Tauride Block either in the Eocene (Rolland et al., 2012), Oligocene (Jolivet 

and Faccenna, 2000; Agard et al., 2005; Allen and Armstrong, 2008; Barrier and Vrielynck, 

2008; McQuarrie and van Hinsbergen, 2013; Karaoğlan et al., 2016), or Miocene (Şengör and 

Yılmaz, 1981; Dewey et al., 1986; Yılmaz, 1993; Yiğitbaş and Yilmaz, 1996; Robertson et al., 

2007; Şengör et al., 2008; Hüsing et al., 2009; Okay et al., 2010; Robertson et al., 2016). The 

collision terminated the subduction of the Southern Neotethyan oceanic slab and initiated slab 

break-off, which resulted in asthenosphere upwelling. The upflow of mantle triggered SCLM 

partial removal in central and eastern Anatolia (e.g., Keskin, 2003, 2007; Delph et al., 2017; 

Reid et al., 2017). The magmatic response to the slab break-off and SCLM partial removal 
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events formed the Eastern Anatolian Magmatic Belt (Chapter 2). Additional processes such 

as subduction, slab deformation, continental collision, back-arc extension, block rotation and 

SCLM removal influenced the tectonic history of the region and focused the style and location 

of magmatism (e.g., Faccenna et al., 2006; Şengör et al., 2008; Jolivet et al., 2013; Faccenna 

et al., 2014). 

Many studies in central and eastern Anatolia have focused on the regional evolution 

of late Cenozoic magmatism (Pearce et al., 1990; Yılmaz, 1990; Keskin et al., 1998; Keskin, 

2003; Şen et al., 2004; Şengör et al., 2008; Chapter 2), or on individual volcanic suites and 

volcanoes such as Erciyes, Hasandağ, Yamadağ, Kars, Süphan and Nemrut (e.g., Deniel et 

al., 1998; Keskin et al., 1998; Şen et al., 2003; Özdemir et al., 2006; Özdemir and Güleç, 

2013; Reid et al., 2017). Chapter 2 showed that late Cenozoic magmatism along the Eastern 

Anatolian Magmatic Belt in central and eastern Anatolia could result from similar tectonic 

events. Thus, aspects of both previously-published regional and local studies are combined 

herein to constrain the magmatic sources and processes along the Eastern Anatolian Magmatic 

Belt. To accomplish this goal, numerous whole-rock geochemical and Sr-Nd-Pb isotopic 

analyses from previously-published studies were compiled, integrated and interpreted in this 

Chapter 3. This newly-compiled geochemical database was completed by new whole-rock 

major and trace element, and Sr-Nd (whole-rock) and Pb (feldspar) isotopic analyses from less-

constrained magmatic complexes throughout the Eastern Anatolian Magmatic Belt. The data 

constrain the geochemical evolution of magmatism along the belt through time and space, and 

provide insights into the role of slab break-off, SCLM removal and asthenospheric upwelling 

on regional magmatism. 

3.2 Geological and tectonic setting of central and eastern Anatolia

3.2.1 Tectonic assembly

The study area lies within the Western Tethyan Orogenic Belt. This belt resulted from 

the accretion of several Gondwana-derived, ribbon-like continental fragments, including 
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the Anatolide-Tauride Block (ATB), Central Anatolian Crystalline Complex, Bitlis-Pütürge 

Massifs, and Rhodope-Pontide Block in Turkey (Figure 3.1) to southern Laurasia (now called 

Eurasia), from the Paleozoic to Cenozoic (Şengör and Yılmaz, 1981; Robertson and Dixon, 

1984; Şengör et al., 1984; Sengör and Natal’In, 1996; Okay and Tüysüz, 1999; Stampfli, 2000; 

Okay et al., 2006; Pourteau et al., 2013; Robertson et al., 2013; van Hinsbergen et al., 2016). 

The ATB was a continental lithosphere-derived platform when it drifted away from Gondwana 

in the Triassic (Şengör and Yılmaz, 1981; Frizon de Lamotte et al., 2011). The Anatolide units 

(e.g., Tavşanlı and Afyon Zones) of the ATB were affected by the Late Cretaceous collisional 

deformation with the Rhodope-Pontide Block of the southern active margin of Laurasia, along 

the present İzmir-Ankara-Erzincan suture zone. In contrast, the Tauride units are the non-

metamorphosed, thrusted and folded external platform of southern Turkey (Pourteau et al., 

2013). The Central Anatolian Crystalline Complex is considered as either unroofed crystalline 

complexes within the ATB (Şengör and Yılmaz, 1981; Göncüoğlu, 1986; Floyd et al., 2000; 

Moix et al., 2008; Boztuğ et al., 2009; van Hinsbergen et al., 2016) or a single crystalline 

fragment that drifted between the Rhodope-Pontide and Anatolide-Tauride Blocks in the late 

Mesozoic and surrounded by the Northern Neotethys and Inner Tauride oceans (Okay, 1984; 

Robertson and Dixon, 1984; Whitney and Dilek, 1997; Okay and Tüysüz, 1999; Fayon et 

al., 2001; Clark and Robertson, 2002; Kadıoğlu et al., 2006). The Bitlis and Pütürge Massifs 

in southeast Turkey formed a single ribbon-shaped allochthonous crustal fragment between 

ATB and Arabia. Both Massifs were emplaced on the Taurus platform in the Late Cretaceous 

closing the Berit Ocean (e.g., Robertson et al., 2013). In the Anatolides, the Tavşanlı and Afyon 

Zones are high pressure and low temperature metamorphic zones diachronously exhumed in 

the Late Cretaceous (Pourteau et al., 2013). Both zones warp around the Central Anatolian 

Crystalline Complex along the Inner Tauride suture zone, and are tectonically over the Taurus 

carbonate platform to the south (Pourteau et al., 2013). The eastward termination of ATB is 

composed of the Taurus platform and the Eastern Anatolian Accretionary Complex between 

the Arabian platform, Rhodope-Pontide and South Armenian Blocks (Figure 3.1). The tectonic 
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mosaic in Turkey is highlighted by the fragmented distribution of Mesozoic ophiolitic units 

that surround the various Gondwana-derived continental fragments. Those ophiolitic units are 

the relic of ancient oceanic basins (e.g., Northern and Southern Neotethys, Inner Tauride and 

Berit) that all closed in the Late Cretaceous-Paleocene, except for the Southern Neotethys, 

which remained open until the continental collision between ATB-Bitlis-Pütürge Massifs and 

the Arabian platform during the Cenozoic (e.g., Robertson et al., 2013).

3.2.2 Geological framework

The ATB is dominated by the Taurus platform that is a large nappe stack composed of 

the late Paleozoic to Mesozoic carbonate platform, known as the Malatya-Keban platform in 

eastern Anatolia, thrusted over Late Cretaceous ophiolites (Robertson et al., 2007; Parlak et 

al., 2009). This assemblage is intruded by Late Cretaceous to Eocene calc-alkaline to alkaline 

igneous complexes, and overlain by Cenozoic pelagic and continental sedimentary and volcanic 

units (Aktaş and Robertson, 1984; Yılmaz, 1993; Robertson et al., 2007; Rızaoğlu et al., 2009; 

Kuşcu et al., 2010; İmer et al., 2013; Nurlu et al., 2016). 

The eastward termination of ATB consists of a Late Ordovician to early Silurian 

metamorphic basement overthrusted by Mesozoic ophiolites, unconformably overlain by 

Cretaceous to Oligocene southward-imbricated slices of flysch, intruded by early Miocene 

plutons and covered by the middle Miocene to Present volcanic rocks of the Erzurum and Kars 

plateaus (Sengör and Natal’In, 1996; Şengör et al., 2003; Yılmaz et al., 2010; Topuz et al., 

2017).

The southeast part of ATB is separated from the Bitlis-Pütürge Massifs to the south by 

late Mesozoic ophiolitic complexes (Robertson et al., 2007; Parlak et al., 2009). The Bitlis-

Pütürge Massifs are made of a Neoproterozoic Pan-African basement of gneiss and schist, 

and a Paleozoic-Mesozoic sedimentary cover (Ustaömer et al., 2009; Oberhänsli et al., 2010; 

Ustaömer et al., 2012). This complex is separated from the Arabian platform by the Killan 

imbrication zone, which is composed of Late Cretaceous to Miocene mélange and olistostrome 

(Aktaş and Robertson, 1984; Yılmaz, 1993; Robertson et al., 2007). 
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The ATB is separated from the northerly Central Anatolian Crystalline Complex by 

the inferred Inner Tauride suture zone (Figure 3.2). The basement of the Central Anatolian 

Crystalline Complex consists of Paleozoic to Mesozoic, high temperature and low pressure 

metamorphic massifs exhumed during Cenozoic (Dilek and Whitney, 2000; Fayon et al., 

2001; Whitney et al., 2001). Those massifs are unconformably overlain by dismembered 

Late Cretaceous ophiolites, intruded by Late Cretaceous calc-alkaline to alkaline plutons and 

batholiths, and covered by Cenozoic to Quaternary volcanic rocks and sediments (Görür et al., 

1984; Yaliniz and Göncüoglu, 1998; Whitney et al., 2003; Kadıoğlu et al., 2006; Boztuğ et al., 

2009; Lefebvre et al., 2011; Lefebvre et al., 2013). 

3.2.3 Geodynamic history

The number of oceanic basins and thus active subduction zones in the Late Cretaceous, 

represented now by suture zones (Figure 3.1), are matter of debate; however, it is widely 

accepted that only the northward subduction of the Southern Neotethys remained active beneath 

ATB during the Paleogene (e.g., Barrier and Vrielynck, 2008; Robertson et al., 2013). The 

northward subduction of the Southern Neotethyan oceanic slab started in the Late Cretaceous 

and produced arc and back-arc magmatism that peaked from 88 and 69 Ma, and from 54 to 43 

Ma (Rızaoğlu et al., 2009; Kuşcu et al., 2010; Robertson et al., 2013; Karaoğlan et al., 2016).

The ATB is now part of the Anatolian microplate that has been deformed by the 

indentation of Arabia into the eastern ATB and Bitlis-Pütürge Massifs along the Bitlis suture 

zone (Dewey et al., 1986; McClusky et al., 2000; Robertson, 2000; Reilinger et al., 2006). 

This collision began in either the Eocene (Rolland et al., 2012), the Oligocene, as commonly 

accepted (Jolivet and Faccenna, 2000; Agard et al., 2005; Allen and Armstrong, 2008; Barrier 

and Vrielynck, 2008; McQuarrie and van Hinsbergen, 2013; Karaoğlan et al., 2016), or 

Miocene, on the basis of stratigraphy, tectonic reconstructions, deformation history, climate 

transition and thermochronological interpretations (Şengör and Yılmaz, 1981; Dewey et al., 

1986; Yılmaz, 1993; Yiğitbaş and Yilmaz, 1996; Şengör et al., 2008; Hüsing et al., 2009; Okay 

et al., 2010; Robertson et al., 2016). 
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The Arabia-Eurasia continental collision interrupted the subduction of the Southern 

Neotethyan oceanic slab, and initiated post-subduction, syn-collisional tectonism and 

magmatism in central and eastern Anatolia during the late Cenozoic (e.g., Pearce et al., 

1990; Keskin et al., 1998; Keskin, 2003, 2007; Şengör et al., 2008; Bartol and Govers, 

2014). Previous hypotheses involved the delamination, and slab steepening and break-off of 

the horizontal subducted Southern Neotethys slab beneath eastern (Keskin, 2003; Şengör et 

al., 2003; Keskin, 2007; Şengör et al., 2008) and central Anatolia (Bartol and Govers, 2014; 

Delph et al., 2017). Recent tectonic models based on new geochronological data, existing 

tomography and numerical modelling proposed that the drop in convergence rate at the onset 

of the Arabia-Eurasia continental collision caused the steepening of the Arabian segment of the 

Southern Neotethyan slab beneath eastern ATB between 30 and 25 Ma (Chapter 2). Steepening 

was followed by initiation of slab break-off in eastern Anatolia and westward propagation to 

the northwestern edge of the Arabian continental crust beneath central Anatolia (25-16 Ma), 

and opening of a slab-free area beneath eastern and central Anatolia since 16 Ma (Chapter 

2). Consequential asthenospheric upwelling and lithospheric heating triggered the regional 

removal of the lithospheric mantle by slab steeping (Keskin, 2003, 2007; Şengör et al., 2008), 

delamination (Pearce et al., 1990; Bartol and Govers, 2014; Delph et al., 2017; Topuz et al., 

2017), or large- or small-scale sublithospheric convection in central and eastern Anatolia and 

the Lesser Caucasus (Kaislaniemi et al., 2014; Neill et al., 2015; Göğüş et al., 2017). This model 

describes the history of central and eastern Anatolian magmatism in three discrete episodes 

related to 1) Arabian slab steepening in eastern Anatolia (26-25 Ma), 2) break-off initiation 

and propagation from eastern to central Anatolia (21-15 Ma), 3) descent of the disconnected 

slab and consequent asthenospheric upwelling and SCLM partial removal in both central and 

eastern Anatolia (12 Ma to Present; Chapter 2).

Regional seismic tomography studies show lateral continuity of the Southern Neotethyan 

slab at ca. 500-660 km beneath ATB (e.g., Piromallo and Morelli, 2003; Biryol et al., 2011). 

Thus, the break-off of the Arabian segment of the Southern Neotethyan slab in eastern Anatolia 
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increased and focused the load on the neighboring, and still attached, western and central 

segments, namely the Aegean and Cyprus slabs (Faccenna et al., 2006). The additional slab pull 

force contributed to accelerate the Aegean slab roll-back, Hellenic trench retreat and curvature, 

westward extrusion of the Anatolian microplate along the North and East Anatolian fault zones 

(McKenzie, 1972; Dewey et al., 1986; Armijo et al., 1999; McClusky et al., 2000; Wortel and 

Spakman, 2000; Faccenna et al., 2006), and initiate of the Cyprus slab roll-back since the early 

Miocene (Biryol et al., 2011; Chapter 2). The acceleration of the Aegean trench retreat (ca. 30 

mm/year) relative to the Cyprus trench (ca. 10 mm/year; McClusky et al., 2003; Wdowinski et 

al., 2006; Jolivet et al., 2015) progressively tore the slab between 25 and 16 Ma (Jolivet et al., 

2015). These processes resulted in the fast clockwise rotation of the Hellenides, southwestward 

migration of magmatism and exhumation of metamorphic complexes (Dilek and Altunkaynak, 

2009; van Hinsbergen, 2010; Jolivet et al., 2015; Prelević et al., 2015). The southward age 

progression of early to late Miocene volcanism along the Galatia-Sulutas-Konya trend above 

the Cyprus slab in central Anatolia reflects slab roll-back (Biryol et al., 2011; Koç et al., 2012; 

Chapter 2).

In the overriding plate, slab break-off-related magmatism tends to be manifested by 

an increase in OIB-like signature, and a decrease in arc signature (Ferrari, 2004). This shift 

has been identified by decreasing involvement of subduction-hydrated mantle and increasing 

contribution from the dry asthenosphere rising from depth, particularly from beneath the slab 

(e.g., Yılmaz, 1990; Maury et al., 2000; Coulon et al., 2002; Keskin, 2003; Ferrari, 2004), a 

pattern also established at sites of ridge subduction (Thorkelson et al., 2011). The late Cenozoic 

igneous history of the ATB was strongly affected by segmentation of the Southern Neotethyan 

oceanic slab (Keskin, 2003, 2007; Şengör et al., 2008; Dilek and Altunkaynak, 2009, 2010; 

Ersoy and Palmer, 2013; Chapter 2), and previous studies have related changes in slab and 

mantle configurations to magmatism (Keskin, 2003; Şengör et al., 2003; Keskin, 2007; Şengör 

et al., 2008; Dilek and Altunkaynak, 2009, 2010; Prelević et al., 2012; Ersoy and Palmer, 2013; 

Prelević et al., 2015). However, a complete synthesis of tectonics and magma genesis for the 
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ATB, particularly in both central and eastern Anatolia regions, has not yet been established. 

Following a brief review of igneous complexes in central and eastern Anatolia, such a synthesis 

is provided herein through a comprehensive review of igneous compositions in the context of 

recent geochronology and current models of lithosphere-asthenosphere interaction.

3.3 Late Cenozoic magmatism in central and eastern Anatolia

The late Cenozoic igneous complexes of central and eastern Anatolia occur within the 

1000 km-long, E- to NE-trending Eastern Anatolian Magmatic Belt (Figure 3.1). This belt 

extends further east and southeast to Armenia and Iran.

3.3.1 Central Anatolia

The late Miocene to Quaternary volcanic products of central Anatolia overlie the 

Permian metamorphic basement, Mesozoic Tauride carbonate platform and ophiolitic 

complexes, and Late Cretaceous batholiths of the Central Anatolian Crystalline Complex 

(Karakaya, 1991; Toprak and Göncüoğlu, 1993; Aydar et al., 1995; Lefebvre et al., 2011). 

The simplified stratigraphy of late Cenozoic volcanism in central Anatolia consists of the 

late Miocene İncesu-Cappadocia felsic ignimbrites and the lavas and domes of the Tekkedağ 

and Develidağ volcanic edifices (11-5 Ma), followed by the mafic to felsic volcanic and 

volcaniclastic units of the Pliocene to Quaternary Hasandağ and Erciyes stratovolcanoes and 

Acigöl, Karapınar and Karaman monogenetic volcanic centers (4 Ma to Present; Figure 3.2). 

The volcanic edifices of central Anatolia are lined up along a SW-trending axis that includes 

the Sivas-Cappodocia-Hasandağ-Karaman complexes controlled by the NW-trending dextral 

Tuz Gölü and NE-trending, sinistral Ecemiş faults, and ENE-trending structures (Pasquare et 

al., 1988; Toprak, 1998). 

The Pliocene to Quaternary Hasandağ and Melendiz stratovolcanoes emplaced along 

the Tuz Gölü dextral strike-slip fault in the western part of central Anatolia. The Hasandağ 

stratovolcano consists of a succession of basaltic to dacitic domes and lavas, ignimbrites, 

block-and-ash flows and rhyodacitic domes emplaced since 7 Ma (Aydar and Gourgaud, 1998; 
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Figure 3.2 Magmatic map of central Anatolia (1:1,500,000 scale; Lambert Conic projection; 
European Datum 1950) showing the distribution of late Cenozoic igneous units (unit age 
modified from MTA, 2002), magmatic complexes and regional structures. The location of 
analyzed igneous rock samples and compiled geochemical data is also displayed. Base map: 
SRTM 90 m digital elevation models (Jarvis et al., 2008).
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Deniel et al., 1998). The Melendiz stratovolcano is characterized by a succession of andesitic 

lava flows and tuff deposits dated between 5 and 3 Ma and overlain by the northwesterly 

Hasandağ volcanic complex (Figures 3.3A-B and 3.4A; Aydar and Gourgaud, 1998; Chapter 

2). In addition, a series of Pliocene to Quaternary monogenic basaltic volcanoes (4 Ma to 

Present), namely Acigöl, Karapınar and Karaman, are lined up along a NE-trending depression 

at the northeast and southwest of Hasandağ (Keller, 1974; Pasquare et al., 1988; Notsu et al., 

1995; Toprak, 1998; Schmitt et al., 2011; Siebel et al., 2011; Reid et al., 2017). 
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The eastern part of central Anatolia is dominated the Erciyes and Develidağ 

stratovolcanoes, Tekkedağ volcano, and the widespread Cappadocia and İncesu ignimbrite 

formations. The Erciyes stratovolcano is located on the Sultansazlığı pull apart basin that 

developed during the Ecemiş fault activity since the Pliocene (Koçyiğit and Beyhan, 1998). 

The construction of the Erciyes stratovolcano consists basaltic andesite to dacite flows and 

domes, pyroclastic deposits, followed by block-and-ash flows derived from rhyodacitic domes 

(Şen et al., 2003; Dogan et al., 2013). The Develidağ stratovolcano and coeval Tekkedağ 

andesitic volcano emplaced on the east and west flanks, respectively, of the Sultansazlığı pull 

apart basin and formed at the early stage of the basin extension (Koçyiğit and Beyhan, 1998; 

Toprak, 1998). The Develidağ stratigraphy consists of late Miocene basaltic and andesitic lavas 

and post-Miocene pyroclastic deposits (Figures 3.3B-D; Kürkçüoğlu, 2010; Chapter 2). The 

İncesu and Cappadocia formations are made of a late Miocene felsic ignimbrites deposited 

on the west side of the Sultansazlığı pull apart basin, north of Tekkedağ (Koralay, 2010), and 

overlain by the Erciyes volcanic products (Temel et al., 1998b; Le Pennec et al., 2005).

The Konya volcanic complex, ca. 100 km west of the Hasandağ stratovolcano, is an 

isolated volcanic complex located at the termination of the Akşehir normal fault on the Taurus 

platform. This complex is composed of three volcanic centers made of andesitic to dacitic 

ignimbrites, lavas and domes between 12 and 3 Ma (Keller et al., 1977; Temel et al., 1998a; 

Chapter 2). The Konya volcanic complex postdates the alkaline basalts and calc-alkaline 

dacites (ca. 16 Ma; Korkmaz et al., 2017), and lamprophyre units (14-12 Ma; Asan and Ertürk, 

2013) of the Sulutas volcanic complex, northwest of Konya.

The basaltic lava flows of the middle Miocene to Quaternary Sivas suite (15-1 Ma; 

Platzman et al., 1998; Jaffey et al., 2004) are sparsely distributed at the transition between the 

central and eastern Anatolian magmatic provinces (Guezou et al., 1996), and also on both sides 

of the northeastern segment of the Ecemiş sinistral strike-slip fault (Figure 3.2).
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Figure 3.3 Field photographs illustrating representative magmatic complexes and rock samples 
from central Anatolia: the succession of lava flows at the Melendiz stratovolcano (A) including 
an andesitic rock sample from the village of Altunhişar (B – FR-14-34), the Develidağ 
stratovolcano from the Öksüt gold mine (C), and an andesitic lava flow from the Tekkedağ 
volcano near the village of Başdere (D – FR-15-40), and the ignimbrite (E) and andesitic units 
(F – FR-13-181) of the Konya volcanic complex in the area of İnlice.
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Figure 3.4 Optical microphotographs showing selected rock textures and minerals from 
central and eastern Anatolia. Detailed sample descriptions are in the appendix B (Table B.2); 
A. clinopyroxene-bearing andesite from Başdere at the Tekkedağ volcano (FR-15-40; plane-
polarized light); B. two-pyroxene-bearing andesite from Öksüt at the Develidağ stratovolcano 
(FR-13-237; cross-polarized light); C. biotite-bearing andesite from Mihaliç tepe at the Konya 
volcanic complex (FR-14-59; plane-polarized light); D. clinopyroxene-bearing andesite from 
Hasançelebi at the Yamadağ volcanic complex (FR-14-82; cross-polarized light); E. two-
pyroxene-bearing andesite from Idrisli in the Erzurum volcanic plateau (FR-14-117; cross-
polarized light); F. monzonite from Diyadin in the Ağrı magmatic complex (FR-14-132; cross-
polarized light).
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3.3.2 Eastern Anatolia

Late Cenozoic magmatism in eastern Anatolia includes the westerly Yamadağ, Elazığ 

and Kepez volcanic complexes, Cevizlidere intrusions, Erzurum-Kars volcanic plateau, 

and easterly Ağrı and Sarıçimen plutonic complexes (Figure 3.5). The distribution of those 

magmatic complexes are controlled by the many strike-slip faults such as the Malatya, Ovacık, 

and Northern and Eastern Anatolian fault zones. 

The western area of eastern Anatolia consists of the northerly late Oligocene Cevizlidere 

intrusions, the early to middle Miocene Yamadağ and southerly middle Miocene Kepez volcanic 

complexes. The NW-trending, elongated, late Oligocene porphyritic dioritic and granodioritic 

stocks of Cevizlidere intruded the Paleozoic limestones of the Malatya-Keban platform in 

the Ovacık pull-apart basin (26-25 Ma; İmer et al., 2014). The Yamadağ volcanic complex 

is composed of volcanoclastic deposits intercalated by basaltic andesitic to dacitic lava flows 

emplaced between 21 and 12 Ma along the NNE-trending, Malatya sinistral strike-slip fault 

(Figures 3.4D, 3.5 and 3.6A-B; Kürüm et al., 2008; Ekici et al., 2009; Chapter 2). The Kepez 

volcanic complex is dominated by dacitic lava flows and domes, successively overlain by 

andesitic and then basaltic lavas, south of the Yamadağ volcanic complex along the Malatya 

fault (ca. 16-13 Ma; Ekici, 2016). 

The widespread late Miocene to Present Erzurum-Kars volcanic plateau dominates the 

eastern part of eastern Anatolia and the Lesser Caucasus region (Yılmaz et al., 1987; Pearce 

et al., 1990; Keskin et al., 1998; Keskin, 2003; Şengör et al., 2003; Keskin, 2007; Şengör et 

al., 2008; Neill et al., 2015). The Erzurum volcanic sequence includes andesite and dacite 

overlain by basaltic andesite pyroclastic deposits and lavas (Figures 3.4E and 3.6C-D; Yılmaz 

et al., 1987; Pearce et al., 1990; Kaygusuz et al., 2018). The Kars volcanic units are basaltic 

to rhyolitic lava flows and pyroclastic products (Pearce et al., 1990; Notsu et al., 1995; Keskin 

et al., 1998; Lebedev et al., 2010). The volcanic units of Erzurum and Kars suites are overlain 

by the mafic to felsic silicate saturated to undersaturated lavas of the Pliocene to Quaternary 

Nemrut, Süphan, Etrüsk, Tendürek and Ararat stratovolcanoes and Yiğitdağ volcanic suite (e.g., 
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Keskin et al., 1998; Keskin, 2003; Lebedev et al., 2010; Özdemir and Güleç, 2013; Oyan et al., 

2016). The stratovolcanoes are lined up along a NE-trending axis defined by the Nemrut-Ararat 

complexes, north of Lake Van. In addition, minor Quaternary basaltic lavas occur in the area 

of Elazığ, east of Kepez. The aforementioned late Miocene to Quaternary volcanic sequence 

covers the early Miocene monzonitic to granitic plutons of the Ağrı magmatic complex (Figures 

3.4F and 3.6E-F; 21-17 Ma; Chapter 2) and the middle Miocene Sarıçimen quartz-monzonite 

that crops out along the Iranian border (13-11.5 Ma; Çolakoğlu and Arehart, 2010).
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Figure 3.5 Magmatic map of eastern Anatolia (1:2,500,000 scale; Lambert Conic projection; 
European Datum 1950) showing the distribution of late Cenozoic igneous units (unit age 
modified from MTA, 2002), complexes and provinces, and regional structures. The locations 
of analyzed igneous rock samples and compiled geochemical data are indicated. Base map: 
SRTM 90 m digital elevation models (Jarvis et al., 2008).
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Figure 3.6 Photographs of representative magmatic complexes and rock samples from eastern 
Anatolia including: an andesitic lava flow at the Yamadağ volcanic complex, north of the town 
of Hasançelebi (A – B; FR-14-80), the basaltic plateau near the city of Erzurum as part of 
the Erzurum volcanic suite (C – D; FR-14-112), and the Taşlıçay (E) and Taşkapı granitic 
intrusions (F – FR-14-143) that belong to the Ağrı magmatic complex.
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3.3.3 Other late Cenozoic magmatic domains in central and eastern Turkey

In addition to the late Cenozoic magmatic edifices in central and eastern Anatolia, 

contemporaneous volcanism occurred in the Galatia and Karacadağ Volcanic Provinces, and 

along the North Anatolian fault zone on the Rhodope-Pontide Block in northern Turkey and the 

Arabian platform after the initiation of the Arabia-Eurasia continental collision (Figure 3.1). 

The Galatian Volcanic Province in the region of Ankara consists of a 2 km-thick volcano-

sedimentary sequence composed of early to middle Miocene continental sediments and andesitic 

to rhyolitic lava flows, pyroclastic deposits and minor alkali basaltic to tranchyandesitic lavas 

that dominantly occurred between 20 and 16 Ma (Keller et al., 1992; Wilson et al., 1997; 

Tankut et al., 1998; Koçyı̇ğı̇t et al., 2003; Kurt et al., 2008). 

The Karacadağ Volcanic Province is a shield volcano that produced intraplate-like 

basaltic lava flows along the lateral flanks of the N-trending fissure in the Arabian collisional 

foreland domain, south of the Bitlis suture zone (Lustrino et al., 2010; Keskin et al., 2012; 

Ekici et al., 2014). The volcanic lavas cover the Cretaceous to early Miocene sedimentary 

sequence of the Arabian platform and show a northward and eastward age migration from 11 

Ma to Quaternary (Lustrino et al., 2010; Ekici et al., 2014).

The activation of the dextral North Anatolian Fault Zone in the late Miocene formed 

pull-apart basins such as the Niksar and Erzincan basins (McKenzie, 1972; Şengör, 1985) in 

which Quaternary trachyandesite to rhyolite domes and lavas emplaced (e.g., Adiyaman et al., 

2001; Tatar et al., 2007; Karsli et al., 2008). 

3.4 Methodology

3.4.1 Geochemical data compilation

This regional tectono-magmatic study is based on the compilation of previously-

published whole-rock geochemical and Sr-Nd-Pb isotopic analyses from late Cenozoic 

igneous units in central and eastern Anatolia. Data were carefully filtered to generate a working 

database of 2270 analyses. All the analyses from altered or weathered samples, yielding a 



total volatile content (LOI) greater than 5 wt % and acquired from enclaves, cumulates or 

xenoliths were eliminated. The published data were plotted in various standard classification 

diagrams and sorted into magmatic suites based on their age, spatial distribution and major 

element signatures (Table B.1). During this step, outlying compositions were discarded in 

order to increase the internal coherence of the database. Despite this screening procedure, the 

resultant database suffers from a lack of homogeneity, data control (QA-QC) and analytical 

differences as analyses were obtained through different analytical packages including variable 

set of elements, instrument (XRF, ICP-MS, INAA, etc.) and dissolution methods (total fusion, 

aqua regia, etc.) from various laboratories (Bureau Veritas, ActLabs, ALS, Universities, etc.). 

The report of Fe oxidation state in the literature suffers from some approximation despite a 

careful data compilation (e.g., Fe2O3, FeO, FeOt and Fe2O3t).

Approximations also lie in sample age and location as this information is not always 

provided in the literature. Age data were provided by the regional compilation of radiometric 

data carried out in Chapter 2 whereas the samples without coordinates were places arbitrarily 

within their respective igneous complex. 

Published Sr-Nd (n = 318) and Pb radiogenic isotope data (n = 124) were compiled 

from literature. All the published Sr and Nd isotopic data were obtained from whole-rock pulps. 

Their ratios were corrected to age to get initial isotopic ratios when the element concentration 

of Sr, Rb, Nd and Sm was available. Most of the published Pb analyses were bracketed by the 

SRM981 standard. As reference values varies among publications, all the published data were 

normalized to Galer and Abouchami (1998) like the new data set acquired in this study (see 

below). In addition, all those published Pb data were obtained from whole-rock pulps yielding 

various Th, U and Pb concentrations that thereby could have decayed through time. Therefore, 

age correction was carried out to get the initial Pb isotopic ratios. 

3.4.2 Sample selection

To this compiled geochemical data set, new data from 35 rock samples were collected 

from igneous complexes throughout the Eastern Anatolian Magmatic Belt (Figures 3.4 and 
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3.5); analytical results and sample coordinates are in Tables 3.1 to 3.3; sample descriptions are 

in the appendix B (Table B.2). Most of the new data were acquired from the oldest and less-

studied igneous complexes in the belt identified in Chapter 2. For example, in central Anatolia, 

the late Miocene to Pliocene Konya, Melendiz, Karaman, Tekkedağ and Develidağ volcanic 

edifices were preferentially sampled as opposed to the well-studied Quaternary Hasandağ and 

Erciyes stratovolcanoes, and Cappadocia-İncesu ignimbrite sequences (Figure 3.2). The early 

Miocene plutons of the Ağrı magmatic complex in eastern Anatolia were abundantly sampled; 

two samples from the oldest lavas of the early to middle Miocene Yamadağ volcanic complex 

were collected in addition to a selection of a few selected lava rocks in the late Miocene to 

Pliocene Erzurum and Kars volcanic suites (Figure 3.5). Only samples with basaltic to basaltic 

andesitic compositions (< 56 wt % SiO2) were used on trace element diagrams in order to 

minimize the effects of crystal fractionation and crustal assimilation. 

Among the rock samples analyzed for lithogeochemistry, seven samples from Konya 

(FR-14-61; FR-14-73), Melendiz (FR-15-34), Develidağ (FR-14-77), Yamadağ (FR-14-

82) and Ağrı (FR-14-125; FR-14-140) were also analyzed for Sr-Nd-Pb radiogenic isotopic 

systematics where no or little data was available (Tables 3.2 and 3.3). Only the samples from 

Konya were not analyzed for Sr-Nd isotope systematics as reliable data were already available 

(Temel et al., 1998a).

3.4.3 Analytical techniques

3.4.3.1 Whole-rock lithogeochemistry

Lithogeochemical analyses were carried out at Bureau Veritas Mineral Laboratories 

in Vancouver, British Columbia, Canada. The concentration of major and trace elements were 

determined by X-ray fluorescence and ICP-MS, respectively, after total fusion of the material 

by lithium borate for all of the elements. Only the following elements: Mo, Cu, Pb, Zn, Ni, 

As, Cd, Sb, Bi, Ag, Au, Hg, Tl, Sc, Se and Te were analyzed after aqua regia dissolution. FeO 

concentration was obtained by titration on rock pulps. The degree of alteration and weathering 

were assessed petrographically prior to the rock selection (Table B.2) to exclude samples that 
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were affected by iron oxidation and hydrothermal sericite, potassic (biotite, alkali feldspar), 

chlorite, clay, silica and epidote alteration. Among the least-altered rocks analyzed, the samples, 

which yielded a total volatile content (LOI) greater than 5 wt %, were rejected. If the LOI 

content was between 1 and 5 wt %, the oxide content were proportionally recalculated based 

on the dry oxide total. The Mg # was calculated assuming a Fe3+/Fe2+ ratio of 0.2 (McNab et 

al., 2017). Quality control and assessment is described in the Appendix B (Figure B.1; Table 

B.3 to B.7).

3.4.3.2 Sr-Nd-Pb isotopic geochemistry

The analyses of radiogenic isotope ratios were performed on whole-rock pulps (Sr 

and Nd) and hand-picked feldspar separates (Pb). Pb and Nd isotopic ratios were analyzed by 

the Nu Plasma 214 multi-collector ICP-MS whereas Sr isotopic ratios were obtained by the 

Triton TIMS instrument at PCIGR, The University of British Columbia in Canada, following 

the protocol described by Weis et al. (2006) and Fourny et al. (2016). Sample duplicates and 

replicates as well as certified reference material (USGS AGV-2, G-3) and standard (SRM981, 

SRM987, JNdi) were used for the quality assurance and control. The analyses of multiple blanks 

for those three isotopic systems allowed to monitor potential contamination during chemistry. 

Age correction was applied to all the measured Sr-Nd radiogenic isotopic ratios based on 

elemental Rb, Sr, Nd and Sm concentrations measured by the Thermo Finnigan Element2 

high resolution ICP-MS instrument (Table B.8). The measured Sr reference material AGV-2 

is 87Sr/86Sr = 0.703963 ± 7 and G-3 is 87Sr/86Sr = 0.709962 ± 8 and 0.709975 ± 9. The on-line 

data correction for mass fractionation was 86Sr/88Sr = 0.1194. The average of measured SRM 

standard (n = 8) is 87Sr/86Sr = 0.710234 ± 30. The normalizing SRM987 value is 0.710248 (Weis 

et al., 2006). For Nd, the average (n = 2) of measured G-3 reference material is 143Nd/144Nd = 

0.512241 ± 15. Data were first on-line corrected for mass fractionation (146Nd/144Nd = 0.7219) 

and then normalized to 143Nd/144Nd = 0.512116 (JNdi; Tanaka et al., 2000) after sample-standard 

bracketing correction. In contrast, log-log correction was applied to Pb isotopic results because 

it yielded more reproducible replicates and showed lower sensitivity to residual matrix effects 
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on the MC-ICP-MS for those Pb analyses (Fourny et al., 2016). Data were normalized to 

208Pb/204Pb = 36.7219, 207Pb/204Pb = 15.4963, and 206Pb/204Pb = 16.9405 (Galer and Abouchami, 

1998). Sr-Nd-Pb sample replicate, duplicate, standard analyses are reported in the appendix 

B (Tables B.8 to B.9). Measured Pb isotope ratios are assumed to be similar to the initial Pb 

isotope ratios of the sample magmatic source as feldspar are too young (< 25 Ma; Chapter 2)

and have high Pb and low Th and U concentrations (Hemming et al., 1994).

3.5 Results

The Eastern Anatolian Magmatic Belt is composed of 25 late Cenozoic igneous 

complexes including the Sivas volcanic suite at the transition between central and eastern 

Anatolia. For this regional work, some small volcanic vents and suites were grouped together or 

to the closest prominent complex or stratovolcano (e.g., Hasandağ and Erciyes stratovolcanoes, 

İncesu and Cappadocia ignimbrites, and Erzurum and Kars volcanic plateaus). The igneous 

complexes are divided by Epoch as defined by the International Commission on Stratigraphy 

(Cohen et al., 2015). The Pleistocene and Holocene epochs are gathered into the Quaternary 

Period. Figures 3.2 and 3.5 illustrate the spatial distribution of those suites; their time ranges of 

emplacement are provided in Chapter 2. The following section characterizes the geochemical 

signature of those complexes using both previously-published and newly-acquired data (Table 

B.1). It is widely accepted in the literature that late Cenozoic magmatism in central and eastern 

Anatolia is either calc-alkaline or alkaline (e.g., Yılmaz, 1990; Keskin et al., 1998; Şen et al., 

2004; Figure B.2). 

3.5.1 Central Anatolia

3.5.1.1 Middle-Late Miocene

The late Miocene rocks from the Develidağ volcanic complex yield compositions 

ranging from basalt to andesite whereas Tekkedağ volcanic rocks are exclusively andesite 

(Figure 3.7A). The İncesu-Cappadocia ignimbrites of late Miocene age are more felsic ranging 

from dacitic to rhyolitic compositions and are associated with minor basaltic andesitic and 
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andesitic lavas. The volcanic rocks of the Konya complex are dominated by andesite and dacite 

with minor basaltic andesite, basaltic trachyandesite and trachyandesite. The middle Miocene 

Sulutas volcanic units, northeast of Konya, consist of trachybasalt, basalt and dacite and are 

associated with coeval lamprophyres (Asan and Ertürk, 2013). The Develidağ and Tekkedağ 

volcanic rocks are medium-K calc-alkaline, whereas the late Miocene lavas and pyroclastic 

deposits of the Konya, Sulutas and Tekkedağ volcanic complexes and İncesu-Cappadocian 

ignimbrites are medium- to high-K calc-alkaline (Figure 3.8A). The middle Miocene Konya 

lamprophyres have a shoshonitic affinity that contrasts with the other late Miocene volcanic 

suites in central Anatolia. On a N-MORB-normalized trace element spider diagram (Figure 

3.9A), the late Miocene mafic volcanic rocks of central Anatolia have negative Ta and Nb and 

positive Ba anomalies relative to large ion lithophile elements (LILE). Those patterns resemble 

those from average upper crust (Gudnick and Gao, 2014) and continental arcs (Kelemen et al., 

2014). On a chondrite-normalized rare earth element (REE) diagram (Figure 3.10A), the middle 

to late Miocene rocks of central Anatolia share a similar pattern including a moderate light 

REE (LREE) negative slope, and a flatter medium (MREE) and heavy REE (HREE) pattern. 

Only the İncesu-Cappadocia ignimbrites and lavas display a weak Eu negative anomaly. Late 

Miocene volcanic suites of central Anatolia have initial 87Sr/86Sr ratios ranging between 0.70379 

and 0.70717, and initial 143Nd/144Nd ratios between 0.51239 and 0.512620 (Figure 3.11A-B). 

In addition, their initial 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios fall between 18.455 and 

19.075, 15.690 and 15.735, and 38.718 and 39.257, respectively (Figures 3.11D-G).

3.5.1.2 Pliocene

The Pliocene Karaman volcanic complex consists of andesitic volcanic rocks whereas 

those from the Melendiz complex display a broader compositional range from basalt and 

trachybasalt to rhyolite but are dominated by andesite (Figure 3.11B). The rare Pliocene 

ignimbrites from İncesu-Cappadocia are dacite. The Pliocene Karaman and İncesu-Cappadocia 

volcanic rocks form a high-K calc-alkaline suite. Those contrast with the Melendiz volcanic 

rock suite that contains both medium- and high-K calc-alkaline with minor shoshonitic rocks 



Sample # FR-13-181 FR-14-74 FR-14-65a FR-14-61 FR-14-73 FR-14-59 FR-14-75a
Locality Inlice Inlice Inlice Oğlakçı Doğanbey Karaman Çömlekçı
Lat (°N) 37.751 37.757 37.756 37.584 37.823 37.394 38.085
Long (°E) 32.075 32.066 32.087 32.009 31.946 33.138 34.348
Igneous 
complex Konya Konya Konya Konya Konya Karaman Melendiz

Rock type Andesite Andesite Andesite Andesite Andesite Andesite Andesite

Age (Ma)c 8.67 ± 0.13
Late 
Miocene

Late 
Miocene

Late 
Miocene

10.21 ± 
0.13

Late 
Miocene Pliocene

SiO2 62.7 61.6 55.4 61.0 59.9 62.3 61.4
TiO2 0.60 0.61 0.82 0.62 0.73 0.51 0.54
Al2O3 16.28 16.18 16.77 16.95 15.79 16.71 17.11
Fe2O3 (t) 4.81 5.02 6.39 4.51 5.61 4.39 5.26
FeO 1.02 0.58 2.2
CaO 4.68 4.61 4.95 4.06 4.38 5.53 6.07
MgO 1.97 2.00 3.47 1.00 1.41 2.7 3.01
Na2O 3.56 3.42 2.93 3.05 3.03 3.67 3.58
K2O 3.12 3.08 2.78 2.72 2.99 2.48 2.06
MnO 0.09 0.08 0.1 0.03 0.06 0.09 0.08
P2O5 0.24 0.24 0.37 0.21 0.20 0.28 0.18
Cr2O3 <0.001 0.002 <0.001 <0.001 <0.001 0.002 0.005
SO3 <0.002 <0.002 0.024 0.071 <0.002 <0.002 <0.002
V2O5 0.020 0.030 0.026 0.025 0.028 0.02 0.019
LOI 1.37 1.62 5.66 3.04 2.8 0.66 0.86
TOTAL 101.04 100.29 99.87 100.42 99.78 99.54 100.28
Mg# 50.8 50.0 35.8 38.7 60.8 59.0

Ba 1070 1038 1142 915 795 764 472
Be <1 4 1 3 2 4 <1
Co 11.4 10.8 14.1 24.7 10 12.9 15.7
Cs 5 4.1 0.7 2.1 6.2 3.2 1.9
Ga 15.4 15.1 16.2 16.1 16.4 14.6 13.2
Hf 4.4 4.1 4.7 4.5 4.8 3.3 2.7
Nb 12.2 11.1 10.8 11.1 12.7 16.3 9.2
Rb 100.2 98.7 82.9 100.9 117.8 78.8 60.8
Sn 2 1 1 2 1 <1 <1
Sr 742 702.5 698.2 566.6 597.7 838.6 481.2
Ta 1 0.9 0.7 1 1.2 1.1 0.7
Th 22 21.3 15.8 17.9 19.8 20 10.2
U 7.5 7.6 4.7 5.6 7.4 7.4 3.3
V 91 154 155 147 168 114 104
W 0.7 1.8 1.3 1.3 3 0.7 0.8
Zr 174.6 160.7 178.8 179.3 179.4 137.1 108.2
Y 21.5 21.1 24.2 84.7 24.1 14 14.1
La 48.2 49 45.6 48.8 41.5 47.3 28.3
Ce 88.2 81.4 78.1 97.5 70.3 74.4 46.7
Pr 8.77 8.81 9.08 11.89 7.78 7.61 4.78
Nd 30.5 32.1 33.3 51.4 28.9 25.8 17
Sm 5.45 5.37 5.97 11.63 5.17 3.87 2.94
Eu 1.22 1.29 1.47 4 1.19 1.05 0.82
Gd 4.53 4.61 5.14 14.08 4.79 3.26 2.81
Tb 0.66 0.68 0.77 2.16 0.72 0.43 0.42
Dy 3.67 3.89 4.15 12.89 4.38 2.4 2.4
Ho 0.76 0.76 0.81 2.74 0.9 0.47 0.48
Er 2.15 2.34 2.33 7.46 2.61 1.28 1.39
Tm 0.32 0.33 0.33 1.09 0.38 0.21 0.21
Yb 2.13 2.37 2.42 6.74 2.62 1.31 1.48
Lu 0.33 0.36 0.35 1.05 0.4 0.2 0.24
Mo 0.7 0.4 0.5 0.4 0.7 0.8 0.8
Cu 12.7 9.6 12.7 32.8 5.4 17.2 20.6
Pb 1.6 6.8 3.8 6.7 3.5 2.5 3.8
Zn 32 35 74 87 41 26 25
Ni 8.7 5.3 3.1 5.9 3 11.3 15.2
As <0.5 0.7 <0.5 2.7 1.3 0.6 0.9
Cd <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1
Sb <0.1 0.1 <0.1 <0.1 0.2 <0.1 0.1
Bi <0.1 <0.1 <0.1 0.4 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au 0.5 <0.5 <0.5 0.8 <0.5 2.1 <0.5
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 3.3 5.8 8.8 6.2 10.9 2.7 2.3
Te <1 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Central Anatolia

Table 3.1 Major, trace and rare earth element compositions of rock samples from central and 
eastern Anatolian igneous complexes.
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Sample # FR-15-34 FR-15-37 FR-15-40 FR-13-234a FR-13-235 FR-14-77 FR-13-254
Locality Balcı Boz tepe Başdere Öksüt Öksüt Öksüt Öksüt
Lat (°N) 37.978 38.030 38.548 38.284 38.284 38.285 38.289
Long (°E) 34.476 34.525 35.113 35.508 35.508 35.508 35.512
Igneous 
complex Melendiz Melendiz Tekkedağ Develidağ Develidağ Develidağ Develidağ

Rock type Andesite Andesite Andesite Andesite Andesite Andesite Andesite

Age (Ma)c Pliocene Pliocene
Late 
Miocene

Late 
Miocene

Late 
Miocene

Late 
Miocene 5.36 ± 0.20

SiO2 62.1 62.2 61.5 55.9 59.0 58.8 62.6
TiO2 0.59 0.52 0.68 0.69 0.68 0.69 0.73
Al2O3 16.69 15.31 17.88 16 16.60 16.27 16.54
Fe2O3 (t) 4.69 3.22 3.96 5.62 4.73 5.24 5.4
FeO 1.88 0.70 1.87
CaO 5.96 4.01 4.73 5.83 5.48 5.45 4.83
MgO 2.66 2.47 0.59 4.4 2.69 2.91 3.12
Na2O 3.57 2.94 3.88 3.24 3.77 3.71 3.88
K2O 2.13 2.82 2.71 1.48 1.85 1.79 2.35
MnO 0.08 0.06 0.04 0.09 0.07 0.09 0.08
P2O5 0.19 0.14 0.17 0.13 0.19 0.19 0.17
Cr2O3 0.002 0.007 0.002 0.016 0.010 0.009 0.009
SO3 0.003 0.034 <0.002 1.192 0.108 0.098 <0.002
V2O5 0.017 0.016 0.024 0.025 0.019 0.020 0.019
LOI 0.48 2.95 1.7 6.15 2.59 2.46 0.96
TOTAL 99.3 99.72 99.69 100.89 100.53 100.24 100.86
Mg# 58.8 65.9 27.3 58.8 58.3 59.3

Ba 390 469 477 380 539 524 562
Be 3 4 4 <1 <1 3 <1
Co 14.5 11 18.1 20.2 20.3 17.5 15.8
Cs 1.8 5.1 2.7 0.5 1 0.6 1.8
Ga 16.1 16.7 17.3 14.3 15.3 16 14.7
Hf 3.4 4.5 5.1 3 3.8 3.8 4.4
Nb 10.3 13.2 10 5.5 8.2 8.5 9
Rb 69.8 129.2 97.9 32.7 52.7 52.2 68.3
Sn <1 <1 1 <1 <1 <1 <1
Sr 453.2 476.7 380.6 433.5 467.7 473.4 377.3
Ta 0.8 0.9 0.9 0.5 0.6 0.6 0.6
Th 16.2 23.1 16 7.9 10.1 9 12.2
U 4.7 6.2 4.8 2.6 3.2 2.7 3.9
V 95 91 127 109 87 120 81
W 1.8 3.1 1.5 1.3 0.8 0.7 1.6
Zr 132.7 173.5 189.6 111.9 153 157.3 162.9
Y 14.4 16.5 32 15.7 16.5 15.1 19.5
La 26.8 34.5 33.1 16.7 25.2 24.3 28.1
Ce 46.9 63.7 59.9 32 47 42.9 51.2
Pr 4.96 6.49 6.8 3.41 4.94 4.68 5.61
Nd 18.1 22.6 25.6 13.9 18.7 16.8 21.7
Sm 3.29 3.88 5.51 2.75 3.82 3.21 3.98
Eu 0.9 1.03 1.57 0.86 1.1 0.96 1.02
Gd 2.99 3.51 6.46 2.95 3.67 3.43 3.97
Tb 0.44 0.48 0.97 0.47 0.56 0.49 0.6
Dy 2.59 2.82 5.99 2.78 3.05 2.93 3.43
Ho 0.52 0.57 1.19 0.59 0.63 0.58 0.67
Er 1.56 1.69 3.44 1.7 1.86 1.57 1.85
Tm 0.22 0.26 0.46 0.25 0.26 0.24 0.29
Yb 1.48 1.74 2.94 1.67 1.75 1.59 1.83
Lu 0.24 0.27 0.45 0.25 0.26 0.25 0.29
Mo 0.5 0.2 0.6 1.5 1.2 0.6 2.1
Cu 17 6.7 13.5 44.6 31.6 27.5 23.4
Pb 2.2 2.5 1.5 5.1 5.2 6.2 5.1
Zn 14 5 120 78 45 47 27
Ni 10.5 6 9.7 44.6 29.6 23.5 10
As 1 <0.5 <0.5 5.7 3 3.2 1.4
Cd <0.1 <0.1 0.5 0.1 <0.1 <0.1 <0.1
Sb 0.3 <0.1 <0.1 <0.1 0.1 <0.1 0.2
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au <0.5 <0.5 <0.5 8.6 <0.5 <0.5 <0.5
Hg <0.01 <0.01 <0.01 0.01 0.02 <0.01 <0.01
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 1.5 2.6 5.9 8.8 4.2 4.5 2.6
Te <1 <1 <1 <1 <1 <0.2 <1

Central Anatolia

Table 3.1 (Continued) Major, trace and rare earth element compositions of rock samples from 
central and eastern Anatolian igneous complexes.
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Sample # FR-14-80a FR-14-82 FR-14-110 FR-14-116 FR-14-117 FR-14-119 FR-14-122a FR-14-123 FR-14-125 FR-14-126
Locality Hasançelebi Hasançelebi Hınıs Köyceğiz Katranlı Güneşli Gökoğlan Taşlıçay Taşlıçay Taşlıçay
Lat (°N) 38.999 39.008 39.326 39.664 39.702 39.587 39.537 39.589 39.545 39.528
Long (°E) 37.847 37.823 41.674 42.248 41.421 41.606 41.294 43.427 43.423 43.421
Igneous 
complex Yamadağ Yamadağ Hınıs-Muş Hınıs-Muş Hınıs-Muş Hınıs-Muş Hınıs-Muş Ağrı Ağrı Ağrı

Rock type Basaltic 
andesite Andesite

Trachy-
andesite Basalt Andesite Andesite

Basaltic 
trachyandesite Granite Granite Granite

Agec (Ma)
Early 
Miocene

21.23 ± 0.33 Late Miocene 
- Pliocene

Late Miocene 
- Pliocene

Late Miocene - 
Pliocene

Late Miocene - 
Pliocene

Late Miocene - 
Pliocene

Early 
Miocene

Early 
Miocene

Early 
Miocene

SiO2 53.7 59.5 56.5 47.7 59.2 60.0 52.5 77 76.6 71.5
TiO2 0.68 0.64 1.72 1.42 0.72 0.66 1.92 0.18 0.14 0.27
Al2O3 15.63 17.10 16.42 16.54 16.54 16.45 17.76 13.07 12.57 14.74
Fe2O3 (t) 6.23 5.35 8.65 10.52 5.23 4.83 9.6 0.51 0.67 1.98
FeO 0.51 0.22
CaO 6.71 5.90 5.49 9.82 6.70 5.82 7.44 0.23 0.49 1.62
MgO 2.44 1.42 2.3 8.34 3.65 1.98 4.4 0.14 0.1 0.54
Na2O 3.79 3.85 4.91 3.63 3.96 4.14 4.31 3.78 3.74 4.34
K2O 2.06 1.83 2.31 0.84 1.43 1.87 1.47 4.71 4.79 3.97
MnO 0.14 0.17 0.11 0.17 0.07 0.07 0.15 <0.01 0.03 0.08
P2O5 0.17 0.17 0.42 0.36 0.29 0.40 0.44 0.03 0.01 0.07
Cr2O3 0.010 <0.001 <0.001 0.031 0.020 0.012 0.004 <0.001 <0.001 <0.001
SO3 0.005 <0.002 0.004 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002 <0.002
V2O5 0.027 0.024 0.03 0.037 0.019 0.015 0.03 <0.002 <0.002 0.006
LOI 3.72 2.06 0.71 0.41 1.11 1.75 0.08 0.74 0.37 0.63
TOTAL 99.03 100.07 99.69 99.89 100.21 99.88 100.19 100.44 99.51 99.95
Mg# 49.7 40.1 40.1 66.6 63.7 50.8 53.6 40.9 27.3 40.7

Ba 332 437 370 291 437 563 285 562 166 944
Be <1 <1 <1 <1 2 <1 <1 <1 2 <1
Co 16.6 13.6 20.5 41 18.1 14 28.9 0.3 0.6 2.5
Cs 3.2 0.5 1.9 0.6 1 0.9 0.3 1 1.7 1.6
Ga 15.9 14.9 16.7 17.2 16.6 16.6 18.3 11.6 14.4 15.1
Hf 3.2 3.2 6.4 3.2 3.5 4 5.7 3.9 4 5.6
Nb 7.2 10.9 17.7 10.2 15.3 19.2 15.4 32.3 39.9 32
Rb 36 46.8 71.5 18.5 37.2 49 24.6 130.1 110.2 99.3
Sn <1 <1 2 2 3 <1 2 1 2 2
Sr 477.9 456.2 472.4 461.7 498.2 493.4 455.7 54.2 32.9 197.3
Ta 0.6 0.9 1.1 0.7 0.9 1.4 0.9 2.3 3 2.5
Th 4.5 7.4 10.6 4.3 7 9.8 5 20 27.9 21.7
U 1.1 2.1 3.3 0.9 2.1 2.5 1.3 2.3 5.9 4.1
V 165 141 158 210 111 91 169 9 <8 30
W <0.5 0.6 1.4 <0.5 0.7 12.1 1.3 2.2 1.3 0.7
Zr 118.4 133.7 297.8 153.4 159.8 181.4 251 124.1 94.2 201.1
Y 17.5 21.9 29.1 27.1 12.2 20 27.6 19.1 11.6 20.9
La 15.4 21 33.6 19.9 29.6 42.8 26.5 42.1 27.6 50.7
Ce 29.3 36 67.1 40.8 46.4 62 50.7 71.7 46.9 87.9
Pr 3.6 4.22 7.51 5.07 5.11 7.25 6.51 7.63 4.38 8.8
Nd 15 17 29.5 20.7 18 24.4 26.7 24.6 11.8 28.4
Sm 3.12 3.32 5.67 4.45 3.04 4.25 5.83 3.97 1.66 4.61
Eu 1.01 0.96 1.61 1.48 0.99 1.29 1.72 0.49 0.29 0.89
Gd 3.52 3.44 5.48 4.81 3.15 4.22 5.95 3.55 1.45 4
Tb 0.55 0.55 0.83 0.79 0.42 0.58 0.84 0.52 0.24 0.57
Dy 3.21 3.5 5.11 5.18 2.32 3.38 5.11 3.22 1.44 3.48
Ho 0.65 0.76 0.92 1.1 0.42 0.61 0.99 0.64 0.35 0.66
Er 2.02 2.15 2.93 2.91 1.25 1.71 2.87 1.83 1.39 2.22
Tm 0.27 0.33 0.4 0.43 0.17 0.25 0.39 0.31 0.25 0.35
Yb 1.9 2.3 2.79 3.03 1.2 1.52 2.72 2.07 1.93 2.55
Lu 0.29 0.37 0.39 0.48 0.17 0.24 0.41 0.33 0.35 0.4
Mo 1.2 0.4 1.6 1 1.3 0.3 0.5 0.2 0.1 0.3
Cu 14.8 14.7 34.2 53.5 34.1 22.2 26.5 2.3 2 1.8
Pb 2 1.6 4.7 1.1 3.9 2.4 1.6 1.1 1.9 3.3
Zn 52 30 76 71 41 44 57 3 8 26
Ni 9.5 5.8 4.7 125.2 27 41.8 28.3 1.2 0.5 0.9
As 1.1 <0.5 2 0.9 1.2 1.5 0.8 <0.5 0.5 0.7
Cd <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Bi <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au <0.5 <0.5 <0.5 <0.5 1 2.2 <0.5 <0.5 <0.5 <0.5
Hg <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Se <0.5 <0.5 <0.5 0.6 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 13.7 7 3.2 1.6 3.6 5.6 2 0.6 0.6 2
Te <1 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Eastern Anatolia

Table 3.1 (Continued) Major, trace and rare earth element compositions of rock samples from 
central and eastern Anatolian igneous complexes.
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Sample # FR-14-127 FR-14-129 FR-14-131 FR-14-132 FR-14-133 FR-14-134 FR-14-140 FR-14-143 AM-12-TR-005b AM-12-TR-006 AM-12-008A
Locality Yeltepe Oğlaklı Demirkapı Demirkapı Ulukent Kotancı Taşkapı Gergili Taşlıçay Taşlıçay Tahir
Lat (°N) 39.471 39.599 39.523 39.519 39.460 39.427 39.276 39.323 43.502 43.569 42.430
Long (°E) 43.368 43.264 43.133 43.142 43.584 43.508 43.451 43.408 39.600 39.396 39.824
Igneous 
complex Ağrı Ağrı Ağrı Ağrı Ağrı Ağrı Ağrı Ağrı Ağrı Ağrı Kars

Rock type Trachy-
andesite Monzonite Monzonite Monzodiorite Trachyte Monzonite Monzonite Granite Alkalic gabbro Monzodiorite

Basaltic 
trachyandesite

Age (Ma)c
Early 
Miocene

21.32 ± 
0.29

Early 
Miocene

Early 
Miocene

Early 
Miocene

Early 
Miocene

Early 
Miocene

Early 
Miocene Early Miocene Early Miocene

Late Miocene - 
Pliocene

SiO2 59.8 59.7 56.3 53.6 64.5 61.3 61.7 67.3 46.6 56.6 55.6
TiO2 1.08 0.60 0.87 0.84 1.07 0.32 0.50 0.59 2.66 0.81 0.92
Al2O3 16.84 15.61 18.82 17.67 16.71 16.08 15.13 16.35 13.84 17.48 16.98
Fe2O3 (t) 6.23 4.84 5.11 7.01 4.14 2.49 5.34 1.38 14.30 7.25 5.83
FeO 1.50 0.80 10.04 3.86 1.18
CaO 4.57 1.45 7.04 7.29 2.37 3.16 0.29 4.11 9.45 7.18 6.55
MgO 2.28 3.18 3.59 3.49 0.58 0.64 1.13 2.09 6.59 3.61 2.81
Na2O 4.65 4.50 6.42 3.43 5.25 7.36 2.13 6.03 3.31 3.93 4.33
K2O 3.03 3.36 0.50 2.79 4.64 0.90 5.23 0.53 0.21 1.98 2.40
MnO 0.13 0.07 0.03 0.12 0.06 0.14 0.11 0.01 0.22 0.14 0.05
P2O5 0.43 0.16 0.49 0.46 0.32 0.12 0.13 0.14 0.26 0.28 0.53
Cr2O3 0.006 <0.001 0.002 0.003 <0.001 <0.001 <0.001 <0.001 0.007 0.004 <0.004
SO3 <0.002 0.014 <0.002 <0.002 <0.002 0.049 <0.002 <0.002 <0.002 <0.002 <0.002
V2O5 0.022 0.018 0.048 0.031 0.01 0.007 0.016 0.018 0.045 0.038 0.025
LOI 0.89 3.03 0.95 1.98 0.51 3.74 4.12 1.14 2.27 0.49 1.97
TOTAL 100.17 99.63 100.26 100.88 100.34 100.04 99.91 100.92 99.8 99.92 100.14
Mg# 48.0 62.3 63.9 55.6 26.1 39.4 34.8 79.1 53.7 55.6 54.8

Ba 625 839 265 954 787 668 813 135 16 670 662
Be 2 <1 3 2 <1 1 <1 3 2 2 1
Co 15.9 8.8 7.1 17.9 4.1 3.6 10.5 2.4 29.3 19.2 18.1
Cs 1.9 0.8 0.2 2.2 5.1 0.5 6.1 0.8 <0.1 1.8 0.5
Ga 17.6 15.4 18.1 17.3 17.8 15.4 14.3 14.7 20.6 16.9 17.9
Hf 6.4 4.8 5.7 5.4 11.2 4.5 4.9 4.3 5.4 2.9 5
Nb 22.9 13.9 12.7 15.8 45.1 21.4 10.7 12.8 23.3 8.5 27.8
Rb 85.8 74.1 7.6 87.5 169 27.3 161.8 14 0.7 61.2 53.9
Sn 2 2 3 2 4 2 1 4 1 1 1
Sr 423.5 140.4 651.5 636.8 279.9 504.9 53.9 361.6 267.8 582.8 790.1
Ta 1.3 1 0.8 0.8 2.7 1.8 0.8 1.1 1.6 0.6 1.5
Th 14.7 12.1 12.7 8.6 28.6 11.9 14.4 15.3 3.3 10.6 13.4
U 3.9 4.5 1.9 2.1 8.4 2.1 2.9 4 0.7 3.5 3.3
V 116 102 270 168 52 28 94 98 259 209 128
W 1.3 1.4 <0.5 <0.5 2.8 2.1 2.3 0.7 1.1 0.8 1.1
Zr 291.2 187.9 252.7 228.3 514.3 171.6 190.7 166.8 199.9 116.8 193.8
Y 41.7 20.8 19.2 23.8 42.5 19.7 13.4 23.6 36.7 18.3 16.1
La 68.2 30.4 35.6 40.9 78.2 40.4 21.7 11.9 20.6 33.4 47.2
Ce 95 51.7 73.2 78.9 132.6 68.9 37.7 32.8 46.4 60.7 83
Pr 14.12 6.36 8.97 9.46 16.92 7.85 4.12 5.16 6.18 6.7 9.36
Nd 50 23.1 31.7 35.8 58.6 26.5 14.7 21.7 29.1 25.5 33.2
Sm 8.63 4.36 5.15 6.26 10.29 4.19 2.58 5.11 6.05 4.41 5.21
Eu 2.02 0.99 1.46 1.62 2.12 1 0.83 1 2.03 1.35 1.43
Gd 8.88 3.8 4.78 5.59 9.37 3.96 2.64 4.93 6.89 3.7 4.27
Tb 1.24 0.59 0.65 0.78 1.33 0.58 0.39 0.74 1.09 0.54 0.56
Dy 7.41 3.54 3.66 4.67 7.97 3.55 2.54 4.2 6.57 3.1 3.2
Ho 1.36 0.71 0.69 0.82 1.49 0.71 0.51 0.8 1.36 0.64 0.55
Er 4.1 2.08 1.93 2.48 4.36 2.21 1.59 2.47 3.67 1.82 1.65
Tm 0.59 0.33 0.28 0.36 0.63 0.34 0.25 0.38 0.53 0.27 0.22
Yb 3.8 2.16 1.96 2.2 4.02 2.33 1.72 2.46 3.32 1.72 1.55
Lu 0.57 0.35 0.28 0.33 0.63 0.36 0.29 0.38 0.47 0.28 0.21
Mo 1.7 0.1 <0.1 0.2 2.5 0.6 3.9 <0.1 0.8 0.4 1.3
Cu 15.1 1.4 1.9 22.5 2.4 6.3 64.4 1.2 0.6 14.5 29
Pb 2.8 0.5 3.8 4.6 9.7 5.5 1 2.4 1.5 3.1 5.8
Zn 56 42 9 52 87 37 44 4 27 23 53
Ni 21.6 9 11.3 11 2 0.8 6.7 1.5 5.5 5.6 106.3
As 1.3 1 1.1 0.9 1.5 <0.5 0.8 1.1 <0.5 0.6 0.7
Cd 0.2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 0.2 <0.1 <0.1 0.1
Bi <0.1 <0.1 <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.2
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au <0.5 0.5 <0.5 <0.5 <0.5 0.7 0.7 <0.5 <0.5 <0.5 0.9
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01
Tl 0.3 <0.1 <0.1 0.4 0.1 <0.1 <0.1 <0.1 <0.1 0.2 <0.1
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 5.6 4.9 4.6 6.3 5.3 1.9 3 2.7 - - -
Te <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 - - -

a Altered sample (LOI > 5 wt %) b Altered sample (very low LILE: Ba, Sr, Cs, Th, U) c U-Pb age data from Chapter 2

Eastern Anatolia

Table 3.1 (Continued) Major, trace and rare earth element compositions of rock samples from 
central and eastern Anatolian igneous complexes.
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(Figure 3.8B). The trace element signature of Pliocene volcanic samples shows weak negative 

anomalies in Ta, Nb, Hf and Ti relative to LILE (Figure 3.9B). The REE signature of Pliocene 

volcanic rocks of central Anatolia is similar to their late Miocene counterparts, except the 

absence of Eu anomaly (Figure 3.10B). Isotopic data reveal that those Pliocene rocks have 

initial 87Sr/86Sr and 143Nd/144Nd ranging from 0.70440 to 0.70551 and 0.51253 to 0.51274, 

respectively (Figure 3.11A-B). In addition, they yield initial 206Pb/204Pb, 207Pb/204Pb and 

208Pb/204Pb ratios from 18.834 to 18.843, 15.665 to 15.672, and 38.928 to 38.985, respectively 

(Figures 3.11D-G). 

3.5.1.3 Quaternary

The two Quaternary stratovolcanoes of central Anatolia, named Hasandağ and Erciyes, 

have a broad compositional range from basalt to rhyolite (Figure 3.7C). The Hasandağ 

geochemical group also includes the geochemical analyses from the surrounding monogenetic 

basaltic vents, which are spatially distinct from Karapınar (Reid et al., 2017). In terms of 

alkalinity, the volcanic rocks of the Erciyes stratovolcano are dominantly medium-K calc-

alkaline whereas the Hasandağ volcanic rocks show medium- to high-K calc-alkaline affinities 
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Table 3.2 Radiogenic Sr and Nd isotope data from selected late Cenozoic igneous units in 
central and eastern Anatolia
Samplesa Ageb

Rb Sr 87Sr/86Sr ±2σ (87Sr/86Sr)i Sm Nd 143Nd/144Nd ±2σ (143Nd/144Nd)i εNd (εNd)i τDM
c τDM

d

(Ma) (ppm) (ppm) (ppm) (ppm)
FR-14-77 Develidağ 5.8 45.96 397.83 0.704858 0.000008 0.70476 3.35 16.44 0.512619 0.000006 0.51262 -0.2 -0.3 0.9 0.9
FR-15-34 Melendiz 3 64.18 419.54 0.704979 0.000009 0.70485 3.23 17.22 0.512681 0.000007 0.51268 0.9 0.9 0.7 0.8
FR-14-140 Ağrı 17.4 148.71 51.17 0.708782 0.000008 0.70639 2.52 13.00 0.512582 0.000006 0.51257 -0.7 -0.9 0.9 0.9
FR-14-125 Ağrı 19.8 109.85 32.54 0.708454 0.000007 0.70568 1.77 12.24 0.512554 0.000006 0.51254 -1.1 -1.3 0.7 1.0
FR-14-82 Yamadağ 21.2 45.82 419.56 0.704128 0.000007 0.70404 3.69 17.23 0.512682 0.000007 0.51266 1.4 1.0 0.9 0.8

a Sample description, location and trace element concentrations can be found in the appendix B.
b LA-ICP-MS U-Pb dates from Chapter 2; 3 and 19.8 Ma are the ages used for the samples FR-15-34 and FR-14-125, respectively
c Single-stage DM model age
d Two-stage DM model age (Liew and Hofmann, 1988)

Igneous 
complex

Table 3.3 Radiogenic Pb isotope data from selected late Cenozoic igneous units in central and 
eastern Anatolia

Igneous Complex Ageb 206Pb/204Pb ±2σ 207Pb/204Pb ±2σ 208Pb/204Pb ±2σ
(Ma)

FR-14-77 Develidağ 5.8 18.9587 0.0013 15.6904 0.0013 39.0976 0.0035
FR-14-61 Konya 9 19.0750 0.0012 15.7269 0.0011 39.2566 0.0030
FR-14-73 Konya 10.2 18.9871 0.0013 15.7350 0.0012 39.1587 0.0033
FR-15-34 Melendiz 3 18.8431 0.0020 15.6722 0.0016 38.9850 0.0058
FR-14-140 Ağrı 17.4 18.9309 0.0012 15.6813 0.0011 39.0815 0.0031
FR-14-125 Ağrı 19.8 18.8993 0.0013 15.6723 0.0012 39.0521 0.0029
FR-14-82 Yamadağ 21.2 18.8556 0.0011 15.6360 0.0011 38.8844 0.0025
a Sample description and location can be found in the appendix B;

Those feldspar samples are too young and contain too little Th and U to change Pb isotope ratios through time; measured ratio = initial ratio
b LA-ICP-MS U-Pb dates from Chapter 2; 9, 3 and 19.8 Ma are the ages used for the samples FR-14-61, FR-15-34 and FR-14-125, respectively
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Figure 3.7 Total alkali versus silica diagram (Le Maitre et al., 2002) showing the composition 
of volcanic rocks from central Anatolia (A. Late Miocene; B. Pliocene; C. Quaternary), 
transition central/eastern Anatolia (D. Middle to late Miocene; E. Pliocene) and eastern 
Anatolia (F. Oligocene-early Miocene; G. Middle Miocene; H. Late Miocene-Pliocene; I. 
Pliocene-Quaternary). The references of compiled and previously published geochemical data 
are detailed in the appendix B (Table B.1). 
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Figure 3.7 (Continued) Total alkali versus silica diagram (Le Maitre et al., 2002) showing 
the composition of volcanic rocks from central Anatolia (A. Late Miocene; B. Pliocene; C. 
Quaternary), transition central/eastern Anatolia (D. Middle to late Miocene; E. Pliocene) and 
eastern Anatolia (F. Oligocene-early Miocene; G. Middle Miocene; H. Late Miocene -Pliocene; 
I. Pliocene-Quaternary). The references of compiled and previously published geochemical 
data are detailed in the appendix B (Table B.1).
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Figure 3.8 K2O versus SiO2 diagram (Peccerillo and Taylor, 1976) showing the composition of 
volcanic rocks from central Anatolia (A. Late Miocene; B. Pliocene; C. Quaternary), transition 
central/eastern Anatolia (D. Middle to late Miocene; E. Pliocene) and eastern Anatolia 
(F. Oligocene-early Miocene; G. Middle Miocene; H. Late Miocene-Pliocene; I. Pliocene 
-Quaternary). The references of compiled and previously published geochemical data are 
detailed in appendix B (Table B.1).
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Figure 3.8 (Continued) K2O versus SiO2 diagram (Peccerillo and Taylor, 1976) showing 
the composition of volcanic rocks from central Anatolia (A. Late Miocene; B. Pliocene; C. 
Quaternary), transition central/eastern Anatolia (D. Middle to late Miocene; E. Pliocene) and 
eastern Anatolia (F. Oligocene-early Miocene; G. Middle Miocene; H. Late Miocene-Pliocene; 
I. Pliocene-Quaternary). The references of compiled and previously published geochemical 
data are detailed in appendix B (Table B.1).
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Figure 3.9 Extended N-MORB-normalized trace element diagram (SiO2 < 56 wt %) displaying 
the composition of volcanic rocks from central Anatolia (A. Late Miocene; B. Pliocene; C. 
Quaternary), transition central/eastern Anatolia (D. Middle to late Miocene; E. Pliocene) and 
eastern Anatolia (F. Early-middle Miocene; G. Late Miocene-Pliocene; H. Pliocene-Quaternary). 
N-MORB normalization and E-MORB, and OIB values from Sun and McDonough (1989); 
Depleted MORB Mantle (DMM) reference values from Workman and Hart (2005); Upper and 
Lower Crust reference values from Rudnick and Gao (2014); Continental and Oceanic Arc 
reference values from Kelemen et al. (2014). The references of compiled geochemical data are 
detailed in the appendix B (Table B.1).
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Figure 3.9 (Continued) Extended N-MORB-normalized trace element diagram (SiO2 < 56 wt 
%) displaying the composition of volcanic rocks from central Anatolia (A. Late Miocene; 
B. Pliocene; C. Quaternary), transition central/eastern Anatolia (D. Middle to late Miocene; 
E. Pliocene) and eastern Anatolia (F. Early-middle Miocene; G. Late Miocene-Pliocene; H. 
Pliocene-Quaternary). N-MORB normalization and E-MORB, and OIB values from Sun 
and McDonough (1989); Depleted MORB Mantle (DMM) reference values from Workman 
and Hart (2005); Upper and Lower Crust reference values from Rudnick and Gao (2014); 
Continental and Oceanic Arc reference values from Kelemen et al. (2014). The references of 
compiled geochemical data are detailed in the appendix B (Table B.1).
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Figure 3.10 Chondrite-normalized trace element diagram (SiO2 < 56 wt %) displaying the 
composition of volcanic rocks from central (A. Late Miocene; B. Pliocene; C. Quaternary), 
transition central/eastern (D. Middle to late Miocene; E. Pliocene) and eastern Anatolia (F. 
Early-middle Miocene; G. Late Miocene-Pliocene; H. Pliocene-Quaternary). Chondrite 
normalization, E-MORB, N-MORB and OIB reference values from Sun and McDonough 
(1989); Depleted MORB Mantle (DMM) reference values from Workman and Hart (2005); 
Upper and Lower Crust reference values from Rudnick and Gao (2014); Continental and Oceanic 
Arc reference values from Kelemen et al. (2014). The references of compiled geochemical data 
are detailed in the appendix B (Table B.1).
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Figure 3.10 (Continued) Chondrite-normalized trace element diagram (SiO2 < 56 wt %) 
displaying the composition of volcanic rocks from central (A. Late Miocene; B. Pliocene; C. 
Quaternary), transition central/eastern (D. Middle to late Miocene; E. Pliocene) and eastern 
Anatolia (F. Early-middle Miocene; G. Late Miocene-Pliocene; H. Pliocene-Quaternary). 
Chondrite normalization, E-MORB, N-MORB and OIB reference values from Sun and 
McDonough (1989); Depleted MORB Mantle (DMM) reference values from Workman 
and Hart (2005); Upper and Lower Crust reference values from Rudnick and Gao (2014); 
Continental and Oceanic Arc reference values from Kelemen et al. (2014). The references of 
compiled geochemical data are detailed in the appendix B (Table B.1).
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Figure 3.11 (87Sr/86Sr)i versus (143Nd/144Nd)i (A. New data; B. Central Anatolia; C. Eastern 
Anatolia) and (207Pb/204Pb)i (C. New and E. All data) and (208Pb/204Pb)i (D. New and F. All data) 
versus (206Pb/204Pb)i diagrams. BSE = bulk silicate Earth (Bouvier et al., 2008). The different 
reservoirs plotted include: Mediterranean sediments (Klaver et al., 2015); Kula lavas, western 
Anatolia (Alıcı et al., 2002; Chakrabarti et al., 2012; Aldanmaz et al., 2015); Karacadağ 
volcanic shield, northern Arabian platform, Turkey (Lustrino et al., 2010; Keskin et al., 2012; 
Ekici et al., 2014); Aegean arc and Red Sea MORB reservoirs from GeoRoc database (Sarbas 
and Nohl, 2008, consulted on 2017/05/30); Afar plume and Red Sea MORB reservoirs (Pik 
et al., 1999; Bertrand et al., 2003). GLOSS = global subducting sediment composition (Plank 
and Langmuir, 1998); NHRL = Northern Hemisphere reference line (Hart, 1984); EMI, EMII, 
HIMU, PREMA, DMM reservoirs from Zindler and Hart (1986); AFC = assimilation and/or 
crystal fractionation (DePaolo, 1981). The Sr and Nd isotopic composition of primary melts 
was calculated for each igneous suite at Mg # = 70 based on the protocol and statistical analysis 
provided in the appendix B (Figure B.4). The grey arrow is the magmatic trend related to the 
SCLM partial removal event in eastern Anatolia from the middle Miocene to Present. 
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Figure 3.11 (Continued) (87Sr/86Sr)i versus (143Nd/144Nd)i (A. New data; B. Central Anatolia; 
C. Eastern Anatolia) and (207Pb/204Pb)i (C. New and E. All data) and (208Pb/204Pb)i (D. New and 
F. All data) versus (206Pb/204Pb)i diagrams. BSE = bulk silicate Earth (Bouvier et al., 2008). 
The different reservoirs plotted include: Mediterranean sediments (Klaver et al., 2015); Kula 
lavas, western Anatolia (Alıcı et al., 2002; Chakrabarti et al., 2012; Aldanmaz et al., 2015); 
Karacadağ volcanic shield, northern Arabian platform, Turkey (Lustrino et al., 2010; Keskin et 
al., 2012; Ekici et al., 2014); Aegean arc and Red Sea MORB reservoirs from GeoRoc database 
(Sarbas and Nohl, 2008, consulted on 2017/05/30); Afar plume and Red Sea MORB reservoirs 
(Pik et al., 1999; Bertrand et al., 2003). GLOSS = global subducting sediment composition 
(Plank and Langmuir, 1998); NHRL = Northern Hemisphere reference line (Hart, 1984); EMI, 
EMII, HIMU, PREMA, DMM reservoirs from Zindler and Hart (1986); AFC = assimilation 
and/or crystal fractionation (DePaolo, 1981). The Sr and Nd isotopic composition of primary 
melts was calculated for each igneous suite at Mg # = 70 based on the protocol and statistical 
analysis provided in the appendix B (Figure B.4). The grey arrow is the magmatic trend related 
to the SCLM partial removal event in eastern Anatolia from the middle Miocene to Present. 
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(Figure 3.8C). The mafic Karapınar volcano vents are composed of medium-K calc-alkaline 

basalts, basaltic andesites and trachybasalts whereas the Acigöl area is dominated by bimodal 

volcanic units. The Quaternary volcanic suites of central Anatolia show a relative narrow range 

of trace element signature on the N-MORB-normalized spider diagram and include troughs in 

Ta, Nb relative to LILE and variable compatible element compositions (V and Cr; Figure 3.9C). 

Those volcanic suites share a consistent REE pattern, similar to the Miocene and Pliocene 

volcanic rocks in the region (Figure 3.10C). Regarding their radiogenic isotopic signature, the 

Karapınar, Hasandağ and Erciyes volcanic suites have initial 87Sr/86Sr and 143Nd/144Nd ratios 

ranging from 0.70336 to 0.70736 and 0.51248 to 0.51230, respectively (Figure 3.11B). Their 

initial 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios are comprised between 18.785 and 18.987, 

15.626 and 15.709, and 38.807 and 39.160, respectively (Figures 3.11F-G).

3.5.2 Magmatic transition between central and eastern Anatolia

In the region of Sivas, the Miocene volcanic rocks are medium- to high-K calc-alkaline 

basanites/basalts to trachydacites whereas their Pliocene counterparts are dominantly mafic 

from picrobasaltic to basaltic trachyandesitic compositions, and medium-K calc-alkaline to 

shoshonitic (Figures 3.7D-E and 3.8D-E). The Miocene rocks of the Sivas volcanic suite display 

negative Ba, Nb, Ta, Hf and Ti anomalies on the N-MORB-normalized trace element diagram, 

and the Pliocene rocks have a flatter trace element pattern that only shows positive anomalies 

in U and Sr as well as a broader range of LILE enrichment (Figures 3.9D-E). However, all of 

those rocks have a similar OIB-like steep REE pattern (Figures 3.10D-E).

3.5.3 Eastern Anatolia

3.5.3.1 Oligocene-early Miocene

The Oligocene-early Miocene Period in eastern Anatolia is dominated by low-K calc-

alkaline to shoshonitic basalt to trachydacite rock compositions at Yamadağ, Ağrı and Cevizlidere 

(Figures 3.7F and 3.8F). The Cevizlidere and Ağrı magmatic complexes are dominated by 

their intrusive equivalents including diorite, monzodiorite, monzonite, granodiorite and granite 
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(Figure B.2). The trace element signature of the Oligocene to early Miocene mafic magmatic 

rocks in eastern Anatolia is characterized by negative anomalies in Ta, Nb and Ti relative to 

LILE and depletion in compatible elements (V, Co, Cr) relative to N-MORB composition 

(Figure 3.9F). On the chondrite-normalized REE diagram, those rocks display continental arc- 

and upper crustal-like pattern with no Eu negative anomaly (Figure 3.10F). The Sr and Nd 

isotopic signature of those Oligocene to early Miocene magmatic complexes is characterized 

by initial 87Sr/86Sr and 143Nd/144Nd ratios ranging from 0.70404 to 0.70639, and from 0.51255 

to 0.51258, respectively (Figure 3.11A-C). Their initial 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb 

ratios are between 18.856 to 18.931, 15.636 to 15.681, and 38.884 to 39.082, respectively 

(Figures 3.11D-G), similar to the GLOSS composition (global subducting sediment; Plank and 

Langmuir, 1998). 

3.5.3.2 Middle Miocene 

The middle Miocene igneous units of the Yamadağ, Kepez and Sarıçimen complexes 

have compositional range from basalt to rhyolite and also include some alkaline rocks from 

basanitic to trachytic composition sharing medium- to high-K calc-alkaline and shoshonitic 

affinities (Figures 3.7G and 3.8G). Those rocks have variable trace element patterns marked 

by a relative high range of LILE and compatible element compositions and dominant negative 

anomalies in Ta, Nb and weakly in Ti (Figure 9G). Nonetheless, they share a consistent and 

narrow REE pattern similar to their counterparts in central Anatolia (Figure 3.10G). The 

published initial 87Sr/86Sr and 143Nd/144Nd ratios from the middle Miocene igneous rocks of 

eastern Anatolia yield isotopic compositions ranging from 0.7033 to 0.7059 and 0.5125 to 

0.5129, respectively, consistent with the underlying early Miocene counterparts (Figure 3.11C).

3.5.3.3 Late Miocene-Pliocene

The late Miocene to Pliocene Erzurum-Kars volcanic plateau in the eastern part of 

eastern Anatolia is composed of medium- to high-K calc-alkaline, basalt to trachyandesite to 

rhyolite (Figures 3.7H and 3.8H). A few samples from the Erzurum volcanic suite display a 

shoshonitic affinity. The trace element signature of the Kars and Erzurum volcanic rocks yield 
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negative anomalies in Ta and Nb relative to LILE and various degree of LILE enrichment 

(Figure 3.9G). Their REE pattern show flat MREE and HREE slopes (Figure 3.10G). The 

initial 87Sr/86Sr and 143Nd/144Nd ratios of those volcanic suites varies from 0.70333 to 0.70497 

and 0.51265 to 0.51297, respectively (Figure 3.11A-C); their initial 206Pb/204Pb, 207Pb/204Pb 

and 208Pb/204Pb ratio ranges are 18.325 to 19.064, 15.507 to 15.697, and 18.102 and 39.347, 

respectively (Figures 3.11D-G).

3.5.3.4 Pliocene-Quaternary

The Pliocene-Quaternary Period is dominated by the formation of stratovolcanoes 

(Nemrut, Süphan, Ararat, Tendürek and Etrüsk) lying on the Erzurum-Kars volcanic plateau, 

and the Yiğitdağ, Elazığ and Erzincan volcanic suites. The compositional range of those volcanic 

suites varies from basalt to rhyolite and from basanite to phonolite to trachydacite (Figure 

3.7I). The Ararat volcanic rocks are medium-K calc-alkaline, and the Pliocene to Quaternary 

volcanic rocks of eastern Anatolia are high-K calc-alkaline to shoshonitic (Figure 3.8I). The 

mafic components of those volcanic suites are characterized by a broad trace element range 

showing weak Nb, Ta, Ti, Ba and Sr negative anomalies and depleted compatible element 

abundances, similar to upper crust (Kelemen, 2014; Figure 3.9H). Their REE signature also 

displays a broad compositional range and upper crust-like pattern with flat MREE and HREE 

slopes (Figure 3.10H). Despite the similar REE patterns between the various Pliocene to 

Quaternary volcanic suites, the range of element concentrations is broader showing an order-

of-magnitude variation. This high range of major and trace element compositions is also 

reflected in the initial 87Sr/86Sr and 143Nd/144Nd isotope ratios ranging from 0.70311 to 0.70823 

and 0.51247 to 0.51298, respectively, for those volcanic suites based on published isotopic data 

(Figure 3.11C). The Tendürek and Süphan suites lie predominantly in the lithospheric array, 

the Ararat suite in the mantle array, and the Etrüsk and Nemrut suites are scattered between 

both domains. The published radiogenic Pb isotope data from the Tendürek, Etrüsk and Süphan 

stratovolcanoes yield initial 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratio ranges of 18.844 to 

19.413, 15.643 to 15.699, and 38.909 to 39.347, respectively, thus dominantly higher than 
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those from their older counterparts throughout eastern Anatolia (Figures 3.11F-G). 

3.6 Discussion

Previous studies, mainly focused on local late Cenozoic volcanic complexes along the 

Eastern Anatolian Magmatic Belt, emphasized the complex interplay between subduction, 

lithospheric and asthenospheric components on magma petrogenesis as a result of asthenospheric 

upwelling and progressive SCLM removal following cessation of subduction. The following 

section discusses the geochemical signature of magmatism, mantle source regions and magmatic 

processes along the belt, and investigates the temporal and spatial evolution of magmatism 

in relation to recent geodynamic models involving the break-off of the Southern Neotethyan 

oceanic slab and its westward propagation from eastern to central Anatolia, followed by the 

SCLM partial removal, during the late Cenozoic.

3.6.1 Subduction component

The mantle source of most of the late Cenozoic volcanic complexes in central and 

eastern Anatolia was affected by subduction-related metasomatism (e.g., Pearce et al., 1990; 

Deniel et al., 1998; Keskin et al., 1998; Kürkçüoğlu et al., 2004; Şen et al., 2004) that was 

dominated by sediment melts (Keskin et al., 2006; Asan and Ertürk, 2013; Özdemir and Güleç, 

2013; Oyan et al., 2016; McNab et al., 2017; Reid et al., 2017). Evidences for contributions 

from pelagic sediments to the magma source include: 1) elevated initial 87Sr/86Sr ratios (> 

0.706), and Pb isotope ratios that are similar to the eastern Mediterranean sediments (Klaver 

et al., 2015) and GLOSS Pb isotopic composition (global subducting sediments; Plank and 

Langmuir, 1998; Figure 3.11); 2) the presence of phlogopite-bearing lamprophyres in the 

region of Sulutas in central Anatolia (Asan and Ertürk, 2013). 

Most of the central and eastern Anatolian mafic igneous units (SiO2 < 56 wt %) share 

common geochemical features such as moderate depletions in Ta, Nb and variably in Ti relative 

to the LILE and LREE (Figure 3.9). This trace element signature results from past or current 

subduction-related metasomatic processes and/or crustal contamination as it was previously 
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interpreted in central and eastern Anatolia (e.g., Pearce et al., 1990; Deniel et al., 1998; Keskin 

et al., 1998; Kürkçüoğlu et al., 2004; Şen et al., 2004; Reid et al., 2017). The depletions are less 

pronounced in the middle Miocene and Pliocene to Quaternary mafic rocks of eastern Anatolia, 

and in the Pliocene at the transition between central and eastern Anatolia, indicating lower 

contributions from subduction and/or crustal assimilation. Overall, the data plot above and 

parallel to the mantle array on the Ta/Yb versus Th/Yb diagram, and are characterized by a Th/

Ta ratio of ca. 1 (Figure 3.12A). The higher Th/Yb ratios relative to the mantle array indicate 

either subduction-related contributions to the mantle source or crustal assimilation for most of 

the igneous suites, except a few volcanic rocks from the Sivas and Yamadağ complexes. On a 

Ba/Nb versus Th/Nb diagram (Figure 3.12B), the mafic rocks of central and eastern Anatolia 

are characterized by increasing Th/Nb with increasing Ba/Nb. This trend reflects the regional 

metasomatism of the magma source by sediment melts as previously determined at Süphan 

(Özdemir and Güleç, 2013), Etrüsk (Oyan et al., 2016) and Hasandağ (Reid et al., 2017). 
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Figure 3.12 Trace element diagrams used to investigate the petrogenesis of mafic magmatic 
rocks (SiO2 < 56 wt %) from central and eastern Anatolia. A. Ta/Yb versus Th/Yb diagram 
(Pearce, 1983); B. Ba/Nb versus Th/Nb diagram (Kepezhinskas et al., 1996; Temizel et al., 
2016). Primitive mantle (PM), OIB, E-MORB and N-MORB reference values from Sun and 
McDonough (1989) and upper (UC) and lower crust (LC) reference values from Rudnick 
and Gao (2014). Symbol legend is provided Figure 7. Kula volcanism is used as proxy for 
Anatolian OIB-like reservoir and African mantle reservoir (Aldanmaz, 2002; Alıcı et al., 2002; 
Chakrabarti et al., 2012; Grützner et al., 2013; Aldanmaz et al., 2015). Karacadağ volcanism 
is a proxy for Arabian mantle reservoir (Pearce et al., 1990; Şen et al., 2004; Alpaslan, 2007; 
Lustrino et al., 2010; Keskin et al., 2012; Ekici et al., 2014).
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3.6.2 Post-subduction magmatism: inheritance from past subduction events

In central and eastern Anatolia, the subduction signature of late Cenozoic magmatism 

was inherited from pre-Miocene metasomatism of the Anatolian SCLM (e.g., Pearce et al., 

1990; Notsu et al., 1995; Keskin et al., 1998; Şen et al., 2004). Regional seismic tomography, 

modelling studies and tectonic reconstructions showed the absence of active subduction since 

the Oligocene in eastern Anatolia, and the deep Cyprus slab (> 200 km) beneath the western part 

of central Anatolia (e.g., Biryol et al., 2011). Reid et al. (2017) added that the metasomatism 

beneath central Anatolia likely occurred after 150 Ma based on residence time constraints 

from Lu/Hf systematics. Taken together, this information indicates that subduction beneath 

the region has been inactive for several million years, and that modern arc processes are not 

the cause of late Cenozoic magmatism in central and eastern Anatolia (Schildgen et al., 2014; 

Delph et al., 2017; Reid et al., 2017; Chapter 2).

The inherited subduction signature may have come from subduction events such as 

during the closure of the Southern Neotethyan Ocean from the Late Cretaceous to Oligocene, 

and also the Berit and Inner Tauride oceanic basins in the Late Cretaceous (Robertson et 

al., 2013). Those subduction events metasomatized the Anatolian SCLM adding LILE and 

volatiles. Evidences of Late Cretaceous continental arc magmatism are common in central 

and eastern Anatolia such as the Göksun-Afşin, Baskil, Ağaçören and Behrekdağ batholiths 

(e.g., Kadıoğlu et al., 2006; Parlak, 2006; Rızaoğlu et al., 2009). However, contributions from 

the Ediacarian-Cambrian arc magmatism during the Gondwana amalgamation are possible 

because of the presence of Neoproterozoic arc-type plutons in the Bitlis Massif basement in 

eastern Anatolia (Ustaömer et al., 2009) and the Neoproterozoic-aged Anatolian lithosphere 

(τDM comprised between 0.4 and 0.9 Ga; median of 0.7 ± 0.2 Ga (1σ); see Table B.3). 

3.6.3 Crustal contamination

Effects of crustal process such as crustal contamination and crystal fractionation were 

observed in most of the central and eastern Anatolian igneous suites (Figure 3.12A; e.g., 

Keskin et al., 1998; Şen et al., 2004). The degree of crustal contamination is a function of 
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the composition and thickness of the crustal column along which magma will be interacting 

during its ascent and emplacement (Thorpe and Francis, 1979; Leeman, 1983; Ellam, 1992). 

The current crustal thickness of the Anatolian microplate varies from ca. 45 km to 35 km in 

eastern and central Anatolia, respectively (Zor et al., 2003; Barazangi et al., 2006; Şengör et al., 

2008; Mutlu and Karabulut, 2011; Tezel et al., 2013). Crustal thickness also varies from north 

to south in eastern Anatolia from Kars (ca. 50 km) to Van (ca. 38 km; Şengör et al., 2008). The 

crystalline basement in central and eastern Anatolia is composed of pre-Cenozoic medium- to 

high-grade metamorphic, plutonic, ophiolitic and carbonate rocks (e.g. Whitney et al., 2003; 

Şengör et al., 2008; Yılmaz et al., 2010; Aydar et al., 2012; Topuz et al., 2017). Zircon dating 

in Chapter 2 and Paquette and Le Pennec (2012) reported Cretaceous, Paleozoic and Archean 

xenocrystic igneous zircons within late Cenozoic igneous units in both central and eastern 

Anatolia suggesting assimilation from the Anatolian crystalline basement during the magma 

ascent and emplacement. 

Petrological modelling in central Anatolia revealed that the ratios of assimilation rate 

to the fractional crystallization rate, or r values (DePaolo, 1981), were relatively constant from 

the late Miocene Tekkedağ (r = 0.2-0.3; Koralay, 2010), Konya (r = 0.1-0.2; Temel et al., 

1998a), Develidağ (r = 0.2; Kürkçüoğlu, 2010) and İncesu (r = 0.25) to Quaternary Karapınar 

(r = 0.05-0.2; Dogan, 2016), Erciyes (r = 0.1-0.3; Kürkçüoğlu et al., 2004; Dogan, 2016) and 

Hasandağ volcanic complexes (r = 0.05-0.3; Dogan, 2016). However, the crust-like component 

in Hasandağ lavas likely reflected changes in the mantle source rather than crustal assimilation 

based on the absence of covariation of crustal-sensitive Zn/Fe, Nb/U and Ce/Pb ratios with 

basalt Mg#, proxy for magma differentiation (Reid et al., 2017). In eastern Anatolia, degrees 

of crustal contamination are variable: late Miocene to Pliocene Kars and Erzurum suites (r = 

0.1 on average; Keskin et al., 1998); Quaternary Etrüsk (r < 0.35; Oyan et al., 2016); Nemrut 

(r = 0.2-0.4; Keskin et al., 1998; Çubukçu et al., 2012); Süphan (r = 0.02-0.1; Keskin et al., 

1998; Özdemir and Güleç, 2013). Magma-crust interaction via assimilation and fractionated 

crystallization processes increased from 11 Ma to Present (Keskin et al., 1998); average r values 
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varied from 0.1 to 0.35. Contributions from the lower crust as contaminant were suggested in 

eastern Anatolia (Keskin et al., 2006; Oyan, 2018) but excluded in central Anatolia (McNab et 

al., 2017).

In addition to elevated Th/Yb and Ta/Yb ratios (Figure 3.12A), elevated radiogenic Sr 

isotopes clearly suggest the incorporation of crustal material, in addition to sediment melts, 

into the ascending magma in both central and eastern Anatolia (Figure 3.11). Constant initial 

87Sr/86Sr ratio with variations in SiO2 content reflects the fractional crystallization in a closed 

system whereas the variations in initial 87Sr/86Sr ratio for a range of SiO2 content result from 

crustal assimilation (e.g., Wang et al., 2006; Figure 3.13). The igneous rocks from the Konya, 

Ağrı and some rocks from the Pliocene to Quaternary Hasandağ, Nemrut, Süphan and Tendürek 

stratovolcanoes and middle Miocene Yamadağ volcanic suites have initial 87Sr/86Sr isotopic 

ratios greater than 0.706, reflecting significant crustal contamination. Most of the central 

Anatolian volcanic units have initial 87Sr/86Sr ratios between 0.7035 and 0.7055. Also, the lack 

of initial 87Sr/86Sr covariation with time and SiO2 content goes against a temporal decrease in 

crustal contamination in central Anatolia and supports compositional variations in the mantle 

source as suggested by Reid et al. (2017). The igneous units of eastern Anatolia have a broad 
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Figure 3.13 (87Sr/86Sr)i versus SiO2 diagram. Symbol legend is provided in Figure 3.7.
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range of initial 87Sr/86Sr ratios between 0.703 and 0.709 emphasizing the role of the lithospheric 

column on magma petrogenesis. 

Radiogenic Pb isotope ratios in eastern Anatolia increase from the late Miocene to the 

Quaternary (Figures 3.11F-G) as a result of the temporal increase of crustal contamination, as 

initially proposed by Keskin et al. (1998), and/or subducted sediments input with insignificant 

contributions from the lower crust. This temporal increase excludes the early to middle 

Miocene igneous rocks of the Yamadağ and Ağrı complexes. In central Anatolia, the temporal 

trend from the late Miocene to Quaternary towards less radiogenic Pb isotopes indicates the 

increasing contribution from the subslab mantle and/or decreasing input of subducted sediments 

but excludes any significant contributions from the lower crust. However, the Sulutas and 

Konya igneous complexes in the western part of central Anatolia display a similar Pb isotopic 

evolution as the late Miocene to the Quaternary volcanic units of eastern Anatolia between 16 

and 8 Ma. Both igneous complexes are also characterized by higher initial 207Pb/204Pb ratios 

that reflect a greater crustal and/or subduction component than the other igneous suites in 

central and eastern Anatolia. 

3.6.4 Magma alkalinity

The common trend of increasing alkalinity in active continental margins was explained 

by higher pressure and greater depth of melting source reflecting the greater distance from the 

arc trench and thicker crust towards the continent (Miyashiro, 1974; Dickinson, 1975). In post-

subduction and post-collisional tectonic settings, magma alkalinity was thought to increase 

through time due to (Bonin, 1990): 1) readjustment of regional isotherms after a subduction or 

collision event; 2) the asthenosphere infiltration into the subduction-modified SCLM such as 

during a slab break-off (e.g., Davis and Hawkesworth, 1993; Liégeois et al., 1998; Coulon et 

al., 2002; Ferrari, 2004; Oyhantçabal et al., 2007) or delamination event (Pearce et al., 1990; 

Black and Liegeois, 1993; Tack et al., 1994). 

The late Cenozoic igneous complexes of central and eastern Anatolia consist of 

subalkaline and alkaline suites (Figure 3.7). Early studies in Anatolia proposed a genetic 
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correlation between increasing degree of alkalinity and temporal change in tectonic regime 

from compression (orogenic) to extension (anorogenic; Yılmaz, 1990; Deniel et al., 1998). 

More recently, some researchers argued that this geochemical evolution as well as the shift of 

tectonic regime both reflected a change in the subducting slab geometry, or slab break-off, and 

SCLM delamination after the onset of the Arabian continental collision (e.g., Keskin et al., 

1998; Keskin, 2003). However, McNab et al. (2017) noted the apparent absence of temporal 

alkalinity increase in central Anatolia by studying high MgO basalt only. In addition, some field-

based studies reported that alkaline lavas did not always occupy the top of the local volcanic 

stratigraphy and were commonly intercalated with coeval calc-alkaline lavas and pyroclastic 

deposits such as in Pliocene to Quaternary volcanic suites in central Anatolia (Deniel et al., 

1998; Dogan-Kulahci et al., 2018) and middle Miocene Yamadağ volcanic complex (Kürüm 

et al., 2008).

The data compilation presented herein shows that the mafic volcanic rocks of central 

Anatolia are dominantly transitional to sodic regardless of rock age, with a Na2O content 

ranging between ca. 1 and 3 wt % and K2O content varying from ca. 0.2 to 2 wt %, with 

the exception of the Konya lamprophyres (up to 4 wt % K2O; Figure 3.14A). Similarly, the 

mafic igneous rocks of eastern Anatolia are transitional to sodic but their Na2O (ca. 2.5 to 9 

wt %) and K2O content ranges (ca. 0.2 to 4.8 wt %) are much broader than those in central 

Anatolia. Magma alkalinity (K2O + Na2O) in central and eastern Anatolia dominantly increases 

eastwards (Figure 3.14B) where the crust is thicker (see the discussion above). In addition, 

magma alkalinity only increases from the late Miocene to Quaternary in eastern Anatolia. This 

temporal increase excludes the early to middle Miocene igneous units in eastern Anatolia; 

magma alkalinity does not vary significantly in central Anatolia (Figures 3.14C-D). 

3.6.5 Composition and depth of magmatic sources

The possible compositions and relative depths of melting sources in eastern Anatolia 

include the subcontinental lithospheric (SCLM; Pearce et al., 1990; Yılmaz et al., 1998; 

Kheirkhah et al., 2009), asthenospheric (Keskin, 2003, 2007; Şengör et al., 2008; Lebedev et 
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al., 2016), or both lithospheric and asthenospheric mantles (Özdemir and Güleç, 2013). The 

SCLM contribution increased and the depth of melting decreased from garnet-dominant-facies 

to spinel-dominant-facies peridotite from the late Miocene to Quaternary in eastern Anatolia 

(Özdemir and Güleç, 2013). The Sivas basalts between central and eastern Anatolia likely 
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formed at the spinel-garnet transition in the SCLM (Kürkçüoğlu et al., 2015). In central Anatolia, 

the Hasandağ magmatism was generated by an interplay between shallow, metasomatized 

MORB-like magma, certainly produced at the lithosphere-asthenosphere boundary based in 

the presence of thin or absent SCLM, and deeper, asthenosphere-derived, intraplate-like melts 

(Reid et al., 2017). 

All of the magmas resulted from similar degrees of partial melting such as at Develidağ 

(3-4 %; Kürkçüoğlu, 2010), Hasandağ and Karapınar volcanic edifices (8-9 %; Dogan, 2016) 

in central Anatolia, and at the Erzurum (mostly 6-10 %; Kaygusuz et al., 2018), Tendürek (1.5 

%; Şen et al., 2004) and Etrüsk volcanic complexes in eastern Anatolia (0.8-4 %; Oyan et al., 

2016). In general, the relative low degrees of partial melting (< 10 %) in central and eastern 

Anatolia are consistent with the generation of post-subduction and post-collision-related 

magmas (Davies and von Blanckenburg, 1995; Jiang et al., 2006) as opposed to volcanic 

arc magmas (10 to 25 %; Plank and Langmuir, 1988; Hirose and Kawamoto, 1995). These 

differences may reflect lower fluid abundances and shallower melting in the Anatolian source 

rocks than in typical suprasubduction-zone mantle.

Ultrapotassic rocks are present throughout western Anatolia related to the roll-back 

and tearing of the Aegean slab (e.g., Çoban and Flower, 2006; Prelević et al., 2010; Yılmaz, 

2010; Prelević et al., 2012; Ersoy et al., 2014) and in Iran in a syn-collisional setting (e.g., 

Ahmadzadeh et al., 2010; Pang et al., 2013). However, in central and eastern Anatolia, their 

presence is restricted to the region of Konya where coeval, middle to late Miocene minette-

type lamprophyres and high-K calc-alkaline lavas coexist (Asan and Ertürk, 2013; Korkmaz 

et al., 2017). Both lithologies highlight the heterogeneity of the Anatolian SCLM above the 

Cyprus slab segment and may be explained by the vein-plus-wall-rock melting model of Foley 

(1992). This model invokes melting of phlogopite-clinopyroxene- or amphibole-bearing veins 

and peridotite wall-rock within the SCLM (Foley, 1992; Pilet et al., 2008; Asan and Ertürk, 

2013). Increasing melting of surrounding peridotite generates shoshonitic and high-K calc-

alkaline magmas by dilution of the alkaline component (Conticelli et al., 2009).
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In order to further assess mantle sources, initial εNd values for primary magmas in the 

volcanic fields of central and eastern Anatolia were calculated (see appendix B and Figure 

B.4 for methodology). As shown in Table 3.4 and Figures 11A-B, the calculated primary 

magmas in eastern Anatolia have higher initial εNd (≥ 4.1, except in the Ararat volcanic suite 

which has εNd = -0.3) than in central Anatolia (εNd ≤ 2.5). These data indicate that the mantle 

sources for eastern Anatolian magmas were more depleted in incompatible elements, with 

higher Sm/Nd and lower εNd. Mantle enrichment can also be monitored by decreasing Zr/Nb 

and increasing (La/Yb)N ratios in response of interaction between depleted MORB mantle 

and enriched OIB-like mantle sources, lower degree of partial melting, or addition of slab 

components to the magma (Münker, 2000; Kirchenbaur et al., 2011). The compiled data have 

a large range of (La/Yb)N ratios (Figure 3.15A) that likely reflects heterogeneity of the mantle 

source  rather than variations in the degree of partial melting, which is fairly consistent among 

the volcanic regions, as noted above. As showed in Figure 3.12B, late Cenozoic Anatolian 

magmas were metasomatized by sediment melts (high Th/Nb ratios). Figure 3.15B shows a 

Igneous complex Coefficient Intercept r2 Primary (εNd)i 
calculated

Coefficient Intercept r2
Primary 

(143Nd/144Nd)i 
calculated

Coefficient Intercept r2
Primary 

(87Sr/86Sr)i 
calculated

Central Anatolia
1. Erciyes 0.06 -2.46 0.2 1.28b 3.5E-06 0.5125 0.2 0.5127b -1.7E-06 0.7047 0.0 0.7046b

2. Hasandağ 0.06 -1.75 0.5 2.47a 3.1E-06 0.5125 0.5 0.5127a -3.9E-05 0.7073 0.6 0.7046a

3. Karapınar 0.16 -9.35 0.1 1.92b 8.2E-06 0.5122 0.1 0.5127b - - - 0.7054b

4. Melendiz 0.09 -4.72 0.7 1.86a 5.0E-06 0.5124 0.7 0.5128a 4.0E-05 0.7036 0.2 -
5. Incesu 0.02 -0.91 0.0 - 1.1E-06 0.5126 0.0 - -2.9E-05 0.7061 0.1 -
6. Konya 0.09 -7.45 0.1 - 4.8E-06 0.5123 0.1 - -5.0E-05 0.7088 0.1 -
7. Sulutas 0.18 -12.40 0.9 0.08a 9.1E-06 0.5120 0.9 0.5126a -5.9E-05 0.7097 0.9 0.7056a

Eastern Anatolia
8. Tendürek 0.01 1.80 0.0 - 1.1E-07 0.5127 0.0 - -3.4E-05 0.7066 0.3 -
9. Süphan -0.02 2.67 0.0 - -1.1E-06 0.5128 0.0 - -5.5E-05 0.7073 0.2 -
10. Etrüsk -0.01 2.56 0.1 - -2.5E-07 0.5128 0.0 - 5.4E-06 0.7048 0.1 -
11. Ararat -0.46 31.83 0.9 -0.30a 2.4E-05 0.5143 0.9 0.5126a 2.2E-05 0.7031 0.2 0.7050b

12. Erzincan 0.01 0.37 0.0 - 7.3E-07 0.5127 0.0 - -1.9E-05 0.7057 0.5 0.7044a

13. Elazığ 0.04 3.36 1.0 6.05a 2.0E-06 0.5128 1.0 0.5129a -1.7E-05 0.7044 0.8 0.7032a

14. Erzurum 0.08 -0.49 0.5 5.45a 4.4E-06 0.5126 0.5 0.5129a -1.4E-05 0.7050 0.3 -
15. Kars -0.02 6.18 0.1 4.56b -8.6E-07 0.5130 0.1 0.5129b 1.6E-06 0.7039 0.0 0.7041b

16. Yamadağ 0.14 -5.61 0.7 4.09a 7.1E-06 0.5123 0.7 0.5128a -8.4E-05 0.7093 0.8 0.7034a

a value calculated at Mg# = 70 for igneous suites having r2 ≥ 0.5
b average value for all the primitive samples (Mg# ≥ 62; n ≥ 2)

(εNd)i (143Nd/144Nd)i (87Sr/86Sr)i

Table 3.4 Primary melt isotopic compositions calculated at Mg # = 70 (if r2 ≥ 0.5) or by aver-
age of primitive samples (62 ≤ Mg # ≤ 70) if available (n ≥ 2).
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positive correlation between Nb/Th and Nb/Yb ratios for the Sivas, Yamadağ and Erzurum 

volcanic rocks towards OIB-like Kula and Karacadağ volcanic suites. This trend suggests that 

the Sivas, Yamadağ and Erzurum volcanic suites resulted from an interaction between MORB- 

and OIB-like mantle reservoirs (Münker, 2000) as they are characterized by limited subduction 

and crustal components (low Th content). Thus, although the enrichment degree of Anatolian 

magmas was primarily caused by sediment melts (low Nb/Th and Nb/Yb ratios; Figure 3.15B), 

some volcanic suites (i.e., Sivas, Yamadağ and Erzurum) recorded an OIB-like component 

(high Nb/Th and Nb/Yb ratios). 

The relative depth of magma source can be represented by medium over heavy rare 

earth element ratios. Wang et al. (2002) empirically set the boundary between spinel and garnet 

stability fields at (Tb/Yb)N = 1.8, as garnet fractionation preferentially retains Yb in the melting 

source. Among the compiled rock samples, only those from the Sivas, Yamadağ, Erzurum and 

Elazig volcanic suites were produced in the garnet stability field ((Tb/Yb)N > 1.8; Figure 3.15C). 

In addition, the Nb/La ratio on primitive rocks (Figure 3.15C) can distinguish metasomatized 

lithospheric mantle (Nb/La < 0.5) from dry asthenosphere (Nb/La > 1; Bradshaw and Smith, 

1994; Karsli et al., 2014). Thus, it is suggested herein that most of Anatolian magmas resulted 

from the melting of metasomatized MORB-like mantle material at shallow depth in the spinel 

stability field (< 80 km; Takahashi and Kushiro, 1983; Klemme and O’Neill, 2000) in the 

lithospheric mantle. 

Those trace element ratios evolve through time. For instance, the (Tb/Yb)N, Nb/Th and 

Nb/La ratios (Figure 3.15B-C) increase from the early Miocene (Yamadağ and Ağrı suites) to 

Pliocene (Sivas suite) in eastern Anatolia. The early Miocene Yamadağ and Ağrı igneous rocks 

result from the melting of spinel-facies peridotite ((Tb/Yb)N < 1.7) in the lithospheric mantle 

(Nb/La < 0.5) whereas the middle Miocene volcanic units from the Yamadağ complex and the 

middle Miocene to Pliocene Sivas basalts have higher (Tb/Yb)N (ca. 2) and Nb/La (> 0.9) ratios 

suggesting a garnet-(spinel) facies asthenosphere, or asthenosphere-lithosphere transition. In 

contrast, the late Miocene to Quaternary volcanic rocks of eastern Anatolia are characterized 
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(Pearce et al., 1990; Şen et al., 2004; Alpaslan, 2007; Lustrino et al., 2010; Keskin et al., 
2012; Ekici et al., 2014). All the data plotted have a SiO2 content lower than 56 wt %. The 
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by variable Nb/La (0.5-1.1) but low (Tb/Yb)N ratios (< 1.8) that indicate shallow melting 

source (spinel-facies) and variable mixing of lithospheric and asthenospheric components as 

suggested by Özdemir and Güleç (2013).

In central Anatolia, the Th/Yb, (La/Yb)N, (Tb/Yb)N and Nb/La ratio ranges of mafic rocks 

reflect various degrees of mantle metasomatism and enrichment of spinel-facies melting source 

as identified in the local volcanic edifices (e.g., Kürkçüoğlu, 2010; Dogan et al., 2013; Reid et 

al., 2017). However, the compiled data presented herein show that late Miocene magmatism 

in central Anatolia was preferentially generated in the sub-continental lithospheric mantle 

whereas their Pliocene to Quaternary counterparts dominantly result from asthenosphere and 

lithosphere melt interactions, as demonstrated by Reid et al. (2017) at Hasandağ, but at lesser 

degree than the volcanic rocks of the Yamadağ and Sivas suites further east.

3.6.6 The role of upwelling subslab asthenosphere

The late Cenozoic segmentation of the Southern Neotethyan oceanic slab induced 

toroidal and poloidal asthenospheric flow fields beneath Anatolia (Faccenna et al., 2006; Biryol 

et al., 2011; Faccenna et al., 2013; Sternai et al., 2014; Menant et al., 2016). Asthenospheric 

upwelling is consistent with anomalously high mantle potential temperatures (> 1350°C) at 

shallow depths beneath Anatolia (ca. 60 km; McNab et al., 2017; Reid et al., 2017), and high 

Bouguer gravity anomalies (Ates et al., 1999) that mimic the shape of the slab break-off-

related Eastern Anatolian Magmatic Belt. Upwelling of hot asthenospheric material may have 

destabilized and displaced Anatolian SCLM (e.g., Prelević et al., 2012; McNab et al., 2017).

Mantle regions associated with the African and Arabian plates are considered enriched 

asthenospheric reservoirs that invaded the depleted, metasomatized Anatolian asthenospheric 

mantle and SCLM through breaches in the Southern Neotethyan slab (e.g., Faccenna et al., 

2013; Klaver et al., 2016). The Kula volcanoes in western Anatolian were derived solely from 

geochemically enriched asthenosphere beneath the African lithosphere (e.g., Aldanmaz et al., 

2000; Alıcı et al., 2002; Klaver et al., 2016; Reid et al., 2017). The Karacadağ volcanic shield 

on the northern part of the Arabian platform resulted from melting of the Arabian enriched 
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lithospheric and asthenospheric mantles (e.g., Keskin et al., 2012; Faccenna et al., 2013; Ekici 

et al., 2014).

The asthenosphere below the Arabian plate is affected by upwelling of the Afar plume 

beneath eastern Africa, which initiated ca. 45-40 Ma (McQuarrie et al., 2003; Le Pichon and 

Kreemer, 2010). Northward, channeled, horizontal mantle flow from the Afar plume may have 

reached Arabia at ca. 30 Ma and Anatolia at 11 Ma (Ershov and Nikishin, 2004; Faccenna et 

al., 2013). The contribution of the Afar plume to the Karacadağ volcanic shield on the northern 

part of the Arabian platform is uncertain and matter of debate based on the interpretation of 

radiogenic Nd and Pb isotope ratios (Keskin et al., 2012; Ekici et al., 2014).

The negative correlation between (La/Yb)N and low Zr/Nb ratios and positive correlation 

between Nb/Th and Nb/Yb ratios for the compiled data from the Sivas, Yamadağ and Erzurum 

volcanic complexes suggests the interplay between depleted MORB- and OIB-like magma 

sources as result of subslab mantle input (Figure 3.15A-B). In addition to the radiogenic Pb 

isotope ratios, initial 87Sr/86Sr and 143Nd/144Nd ratios of the late Miocene to Quaternary volcanic 

rocks in eastern Anatolia overlap the Karacadağ field and trend towards the Kula reservoir, 

similar to the central Anatolian rocks, but differ from the Afar plume Sr-Nd isotopic signature 

(Figure 3.11). Thus, the interpretation of compiled data suggests that 1) magmatism in both 

central and eastern Anatolia show evidence for increasing interaction with the subslab mantle 

through time, namely Sr-Nd-Pb isotopic signature close to Kula; and 2) the Afar plume did not 

affect the production of magmatism in eastern Anatolia and may have not reached the Anatolian 

asthenosphere yet as possibly opposed to Karacadağ magmatism in northern Arabia. The Afar-

derived mantle flow had not reached the northern edge of the Arabia plate in the Oligocene-

early Miocene (Faccenna et al., 2013) when the Southern Neotethyan slab break-off beneath 

Anatolia began (ca. 25 Ma; Chapter 2). Nonetheless, the Afar plume could be the driver of the 

so-called Tethyan mantle convection cell (Faccenna et al., 2013) thereby providing sufficient 

heat to generate and sustain the mantle upwelling throughout the Eastern Mediterranean region, 

including Anatolia, since the late Miocene (Faccenna et al., 2013; McNab et al., 2017).
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3.6.7 Geochemical and tectonic evolution of the Eastern Anatolian Magmatic Belt

3.6.7.1 Two-stage, post-subduction, syn-collisional magmatism

Reconstructing the post-subduction tectonic environment of Anatolia has been 

accomplished in Chapter 2 using geochronology, seismic tomography, numerical modelling 

and crustal uplift studies (e.g., Faccenna et al., 2006; Biryol et al., 2011; Schildgen et al., 

2014; Menant et al., 2016) supported in this Chapter 3 by igneous petrology (e.g., Pearce et al., 

1990; Keskin, 2003, 2007; McNab et al., 2017; Reid et al., 2017). The results have shown that 

the closure of the Southern Neotethyan Ocean resulted in the westward propagation of a sub-

horizontal slab rupture from eastern to central Anatolia (Figure 3.16A), followed by SCLM 

partial removal by sublithospheric convection along the Eastern Anatolian Magmatic Belt, and 

concurrent roll-back of the Cyprus slab in central Anatolia (Figure 3.16B ; Biryol et al., 2011; 

Schildgen et al., 2014; Chapter 2). 

The Zr/Nb, (Tb/Yb)N, (La/Yb)N and Nb/La trace element and Sr-Nd-Pb isotopic patterns 

of late Cenozoic magmatism in central and eastern Anatolia were caused by melts derived from 

different mantle sources and modified by assimilation of continental crust. Geochronological 

and tectonic interpretations in Chapter 2 suggest that the early Miocene to Pliocene igneous 

rocks of the Yamadağ, Ağrı and Sivas suites are products of slab break-off. Those units are 

characterized by an increasing melting source depth from spinel- to garnet (-spinel)-facies 

(Figure 3.17C) and interaction between depleted MORB and enriched OIB-like melts (i.e., 

broad range of (La/Yb)N and low Zr/Nb ratios, and Pb isotopes; Figures 11, 15A-B and 17D). 

The slab break-off-related magmatism was succeeded by the formation of the late Miocene to 

Pliocene Kars-Erzurum volcanic plateau and the Pliocene to Quaternary Ararat, Nemrut, Etrüsk, 

Tendürek and Süphan stratovolcanoes and Yiğitdağ, Elazığ and Erzincan volcanic suites in 

eastern Anatolia. Those volcanic units resulted from shallower melting depths ((Tb/Yb)N < 1.8; 

Wang et al., 2002) and less, or not, metasomatized (low Ba/Ta ratio), more alkaline and more 

depleted melts (higher initial εNd). This geochemical signature can be caused by the coeval and 

prolonged exposure to flowing asthenosphere and subsequent SCLM partial removal (Figure 
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Figure 3.16 Schematic 3D cartoons illustrating the geometry of the Southern Neotethyan 
oceanic slab fragmented into the Arabian and Cyprus segments (inspired from Biryol et al., 
2011; Schildgen et al., 2014; Menant et al., 2016) and westward migration of magmatism 
during the early to middle Miocene slab break-off propagation (A) and subsequent gap opening 
and SCLM partial removal since the middle Miocene (Chapter 2). The Galatian magmatic 
province (A), Sulutas (B) and Konya (C) volcanic complexes represent the southward 
migration of volcanism as result of the Cyprus slab roll-back since the early Miocene. The slab 
rupture allowed subslab asthenosphere infiltration and heat accumulation at the base of ATB, 
considered a unique continent fragment during Cenozoic. On this cartoon, the Bitlis-Pütürge 
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3.17; Chapter 2) that are monitored by seismic tomography images (e.g., Biryol et al., 2011; 

Delph et al., 2017) and also responsible for the shallow heat anomaly beneath Anatolia (e.g., 

McNab et al., 2017) and regional crustal uplift (Keskin, 2007; Şengör et al., 2008).

To the west, volcanic products in central Anatolia are a result of more recent and less 

mature slab break-off magmatism. This magmatism resulted from various degrees of SCLM 

metasomatism and enrichment of spinel-facies melting source, and possibly recorded an input 

of asthenospheric melts in the Quaternary as suggested by Reid et al. (2017). Although the 

SCLM beneath central and eastern Anatolia is thin according to today’s seismic tomographic 

images, the results presented herein show a greater lithosphere-asthenosphere interaction in 

eastern Anatolia than in central Anatolia. Evidence for asthenospheric melting is recorded by 

the middle to late Miocene volcanism in eastern Anatolia, i.e., earlier than in central Anatolia, 

that resulted from drier, deeper and more enriched melts (e.g., Sivas suite; Figure 3.15). This 

interpretation is in accordance with models suggesting the westward opening of the break-off-

related window and resulting toroidal flow of asthenosphere (Biryol et al., 2011; Schildgen et 

al., 2014; Menant et al., 2016; Chapter 2).

The roll-back of the Cyprus slab beneath the western part of central Anatolia produced 

the igneous rocks of the Sulutas and Konya complexes (Chapter 2). Those units resulted from 

the melting of the metasomatized SCLM without any contributions from asthenospheric melts. 

The geochemical signature of Sulutas and Konya igneous complexes is characterized by 

more radiogenic Sr and Pb isotope ratios (Figure 3.11) than their contemporaneous volcanic 

complexes along the SW-trending axis that includes the Sivas-Cappadocia-Hasandağ-Karaman 

complexes located near the locus of break-off (Figure 3.16).

Massifs, Central Anatolian Crystalline Complex, ATB and South Armenian Block are part of 
the same rigid overriding slab that undergoes the Arabian collision and resulting slab break-
off tectono-magmatic effects. The detached slab segment sinks into the asthenosphere and is 
linked to the attached Cyprus slab and also the westerly Aegean slab, which is not represented 
here. The small insert in the cartoon B illustrates the SCLM destabilization and partial removal 
by convective dripping (after Gazel et al., 2012; Reid et al., 2017). Sinking subduction-
modified SCLM drips release volatiles and favor melting of the upwelling asthenosphere by 
decompression (see text for explanations).
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0). The stars are the primitive melt compositions calculated at Mg # = 70, as in Figure 11, 
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3.6.7.2 Mantle dynamics and regional partial removal of the SCLM

The interpretation of tomographic data suggested that the thickness of the Anatolian 

lithosphere could range from ca. 60 to 70 km in central Anatolia and 60 to 90 km in eastern 

Anatolia, without showing apparent local variations, and thus the SCLM is thin in both regions 

(Al‐Lazki et al., 2003; Angus et al., 2006; Gök et al., 2007; Kind et al., 2015; Komut, 2015; 

Delph et al., 2017; Oruç et al., 2017). The depth of the lithosphere-asthenosphere boundary 

results from the interpretation of S and Pn wave velocity contrasts between the inferred cold 

SCLM (fast wave velocities) and hot upwelling asthenosphere (slow wave velocities). However, 

slow wave velocities can be due to the presence of melts and/or volatiles in the SCLM, and/or 

high temperatures potentially caused by asthenospheric upwelling (Maggi and Priestley, 2005; 

Kaviani et al., 2007; Foulger et al., 2015). The area of slow velocity in the upper mantle (Gans 

et al., 2009; Mutlu and Karabulut, 2011) mimics the shape of the Eastern Anatolian Magmatic 

Belt and suggests thin SCLM. The thin Anatolian SCLM is likely to have been destabilized 

and replaced by partially molten asthenosphere (e.g., Houseman and Molnar, 1997; Keskin, 

2003, 2007; Levander et al., 2011; Neill et al., 2015; Bao et al., 2016; McNab et al., 2017). 

Gravitational destabilization and resulting thinning of the SCLM can occur by delamination 

and sinking of intact lithospheric blocks (e.g., Kay and Kay, 1993; Elkins‐Tanton, 2007), small- 

or large-scale SCLM dripping (e.g., Yuen and Fleitout, 1985; Houseman and Molnar, 1997; 

Morency et al., 2002; Hernlund et al., 2008), or gradual thermal erosion from upwelling, hot 

asthenosphere (e.g., Monnereau et al., 1993; Davies and von Blanckenburg, 1995; Lenoir et al., 

2001). Beneath Anatolia, large, intact blocks of foundering lithospheric mantle have not been 

seismically identified, leaving more localized features such as dripping and thermal erosion as 

the most likely styles of SCLM thinning (Hernlund et al., 2008; Kaislaniemi et al., 2014; Neill 

et al., 2015; Göğüş et al., 2017).

Late Miocene to Quaternary magmatism along the SCLM-denuded Eastern Anatolian 

Magmatic Belt post-dates the onset of collision between Arabia and Eurasia (Pearce et al., 

1990; Aydar et al., 1995; Keskin et al., 1998; Keskin, 2003; Şengör et al., 2003; Şen et al., 
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2004; Keskin et al., 2006; Keskin, 2007; Şengör et al., 2008). However, this magmatism is 

broadly coincident with break-off and foundering of the Southern Neotethyan slab (Keskin, 

2003, 2007; Şengör et al., 2008; Chapter 2). In eastern Anatolia, slab break-off occurred at 

depths of ca. 50 to 150 km (Şengör et al., 2003; Zor, 2008; Schildgen et al., 2014; Menant et al., 

2016), leading to a sub-vertical window between the remnant stub of the Arabian continental 

plate and its foundering Southern Neotethyan oceanic conjugate. The formation of this window 

led to upwelling of the subslab asthenosphere, which was previously part of the African and 

Arabian mantle reservoirs, as commonly observed in regions affected by slab break-off (Davies 

and von Blanckenburg, 1995; Wortel and Spakman, 2000), slab tear (Rosenbaum et al., 2008; 

Sternai et al., 2014), and ridge subduction settings (Thorkelson et al., 2011). Inducement of 

asthenospheric upwelling may therefore have been a key trigger in the removal of parts of the 

SCLM.

In the slab break-off scenario, melting of the asthenosphere occurred through a 

combination of decompression and metasomatism, possibly from the sinking slab (Freeburn 

et al., 2017) and the foundering SCLM fragments (Kaislaniemi et al., 2014). Asthenospheric 

uprise and melting may have been retarded at the base of the lithosphere (Reid et al., 2017), but 

the transfer of heat to the lithosphere, in part from uprising asthenospheric melts, resulted in 

SCLM partial melting. In this way, both mantle domains beneath Anatolia melted simultaneously 

leading to volcanic compositions with blended, variable geochemical character (Özdemir and 

Güleç, 2013; Reid et al., 2017; this Chapter). This style of melt generation occurred near at 

the spinel-garnet boundary through small-scale convective dripping (Kaislaniemi et al., 2014; 

Neill et al., 2015; Figure 3.16). This process could account for the longevity of syn-collisional 

magmatism (> 10 m.y.), irregular distribution of late Miocene to Quaternary volcanic 

complexes in eastern Anatolia, and widespread magmatism in the absence of crustal extension 

(Kaislaniemi et al., 2014; Neill et al., 2015). The wholesale lithospheric delamination scenario 

proposed by some studies in central and/or eastern Anatolia (e.g., Pearce et al., 1990; Bartol 

and Govers, 2014; Delph et al., 2017) would have instead resulted in southward migration of 
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magmatism with time and, which is not observed in central and eastern Anatolia (Chapter 2). 

The generation of post-subduction metasomatism and melting is expected to last for several 

million years depending on the remaining volatile content (Freeburn et al., 2017). As such, the 

magmatic fields in Anatolia are likely to become less active with time, unless other factors such 

as mantle upwelling, remotely sustained by the Afar plume, begin to play a larger role.

3.7 Conclusion

The geochemical analyses from igneous rocks in the 26 late Oligocene to Quaternary 

igneous complexes along the Eastern Anatolian Magmatic Belt were compiled in this study, 

and complemented by a few new lithogeochemical and Sr-Nd-Pb isotope analyses from the 

less-studied Konya, Karaman, Tekkedağ, Melendiz, Develidağ, Yamadağ and Ağrı igneous 

complexes. The interpretation of this geochemical database suggests that late Cenozoic 

magmatism along that Belt formed in response to (1) asthenospheric upwelling during break-

off of the Southern Neotethyan slab and (2) partial removal of the SCLM. Slab break-off-related 

igneous suites of central Anatolia and the Yamadağ, Ağrı and Sivas areas in eastern Anatolia 

share similar magmatic features including 1) a temporal increase in the depth of melting, degree 

of enrichment and asthenospheric component; 2) general consistency in magma alkalinity; 

3) a decreasing subduction signature through time. This new magmatic model suggests that 

magma was generated by the melting of the previously-metasomatized Anatolian SCLM and 

asthenosphere by decompression, which was largely controlled by the slab rupture propagation 

and break-off, and ingress of Arabian and African subslab asthenosphere. This geochemical 

evolution proposed herein fits with models developed for similar tectonic configurations for 

magmatism in post-subduction tectonic settings (e.g., Ferrari, 2004). The presence of water 

and the sustained advection of asthenospheric heat destabilized the thickened Anatolian SCLM 

root, leading to its partial removal by small-scale convection and the second major magmatic 

event in eastern Anatolia (Kaislaniemi et al., 2014; Neill et al., 2015). This magmatism 

generated the middle Miocene to Pliocene Kars-Erzurum volcanic plateau and Pliocene to 

Quaternary stratovolcanoes in eastern Anatolia. The interpretation of compiled geochemical 
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data suggests that this recent magmatism was characterized by 1) increasing contributions 

from the crust; 2) drier mantle source conditions, even though subduction signature was still 

recorded in some Quaternary stratovolcanoes (e.g., Ararat); 3) coexistence of highly alkaline, 

silica-undersaturated (e.g., the Tendürek stratovolcano) and calc-alkaline, silica-saturated 

magmatism (e.g., the Ararat stratovolcano); 4) decreasing depth of mantle sources. This 

new magmatic model emphasizes that the geochemical signature of post-subduction, syn-

collisional magmatism, as recorded by primitive basalts, constantly evolves through time and 

space, and recorded shifting in mantle source domains. Anatolia is thereby a natural laboratory 

to investigate the complex geochemical evolution of post-subduction magmatism, controlled 

by the three-dimensional subducted slab dynamics, asthenosphere upwelling and change in 

lithosphere thickness. 



Part 2: Late Cenozoic Anatolian Gold Metallogeny, 
Turkey
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Chapter 4: Tectonic triggers for post-subduction magmatic-hydrothermal 

gold metallogeny in the late Cenozoic Anatolian Metallogenic Trend, Turkey 

4.1 Introduction

Porphyry and associated epithermal deposits dominantly form in subduction arc 

setting along worldwide accretionary belts (e.g., Sillitoe, 1972; Hedenquist and Lowenstern, 

1994; Richards, 2003; Candela and Piccoli, 2005; Simmons et al., 2005; Sillitoe, 2010). The 

accumulation of abundant fertile, hydrous, oxidized basaltic melts at the base of a thickened 

crust over a period of a few tens of million years and during focused tectono-magmatic events 

is required to develop a mature magmatic system favorable for ore-forming processes (e.g., 

Richards, 2003; Richards et al., 2012; Chiaradia, 2014). The formation of mineral deposits 

and related magmatic rocks peak at specific times when the tectono-magmatic conditions are 

optimal, typically at the terminal stage of a long-lived mature arc magmatic episode (e.g., 

Chiaradia et al., 2009; Chiaradia et al., 2012; Bissig et al., 2015). However, the production of 

arc magmas may cease due to changes in the convergence rate and thus angle of subduction 

(e.g., Kay et al., 2005; Bertrand et al., 2014) or at the onset of continental collisional (e.g., 

Gasquet et al., 2005). 

Metallogenic investigations along collisional belts and advances in geochronology 

reveal that porphyry systems can occur after the cessation of subduction, and during or after a 

collision, including slab tearing (i.e., trench-perpendicular subvertical slab rupture) and break-

off (i.e., trench-parallel subhorizontal slab rupture) tectonic events (e.g., De Boorder et al., 

1998; Vos et al., 2007; Hou et al., 2009; Richards, 2009, 2015). The asthenospheric upwelling 

that results from slab rupture initiation and propagation, and subsequent slab window opening, 

plays a crucial role in the formation of post-subduction porphyry and epithermal deposits (De 

Boorder et al., 1998; Vos et al., 2007; Richards, 2009; Logan and Mihalynuk, 2014; Richards, 

2015). Hot asthenosphere can remobilize metal-rich sulfide residues left from previous 

subduction arc magmatism in the lithospheric mantle (Hronsky et al., 2012; Griffin et al., 2013) 
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and/or lower crust (Richards, 2009; Shafiei et al., 2009). Although the genetic relationship 

between post-subduction slab ruptures and the production of porphyry and epithermal deposits 

has been identified (e.g., De Boorder et al., 1998; Vos et al., 2007; Richards, 2015), the 

temporal and spatial constraints on post-subduction porphyry and epithermal mineralization are 

generally poorly documented, particularly in light of time-space evolution of crust and mantle 

interactions such as slab rupture propagation, window opening and resulting asthenosphere 

invasion.

The Western Tethyan Orogenic Belt that extends from the Alps to Pakistan was generated 

during the Paleozoic to Mesozoic accretionary and the Cenozoic collisional orogenesis between 

Laurasian and small Gondwana-derived crustal fragments (e.g., Şengör et al., 1984; Stampfli 

and Borel, 2004). The successive amalgamation of those crustal fragments, including the 

Anatolide-Tauride Block in Turkey, produced long- and short-lived subduction episodes and a 

complex tectonic framework that were favorable for ore-forming processes. This emerging Belt 

hosts numerous world-class porphyry and epithermal copper and gold deposits such as Rosia 

Montana, Chelopech, Majdanpek, Kışladağ, Çöpler, Sar Cheshmeh and Reko Diq (Janković, 

1977, 1997; Ciobanu et al., 2002; Lips, 2002; von Quadt et al., 2005; Peytcheva et al., 2008; 

Zimmerman et al., 2008; Shafiei et al., 2009; Yiğit, 2009; Richards et al., 2012; İmer et al., 2013; 

Kuşcu et al., 2013; Razique et al., 2014; Richards, 2015; Baker et al., 2016), and remains a 

focus of on-going exploration efforts for precious and base metals. However, the distribution of 

porphyry and epithermal systems along the Western Tethyan Orogenic Belt is neither uniform 

in time nor space (Zimmerman et al., 2008; Bertrand et al., 2014; Richards, 2015). Major 

clustering resulted in specific metallogenic periods and along distinct Belt segments such as 

the Oligo-Miocene Urumieh-Doktar Belt in southeast Iran (Richards and Sholeh, 2016), the 

Jurassic to Cretaceous Somkheto-Karabagh Belt and the Eocene to Pliocene ore deposits of the 

Zangezur-Ordubad region in the Lesser Caucasus (Moritz et al., 2016a; 2016b), the Cretaceous 

and Oligocene-Miocene deposits of the Alpine-Balkan-Carpathian-Dinaride Belt (Heinrich 

and Neubauer, 2002), the Biga district of northwest Turkey (Yiğit, 2012; Smith et al., 2014; 
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Smith et al., 2016) and the Pontide Belt on the Rhodope-Pontide Block of northern Turkey 

(Bilir, 2015; Delibaş et al., 2016). However, the Anatolide-Tauride, or Anatolian, segment of 

the Western Tethyan Orogenic Belt in Turkey seems to be characterized by isolated porphyry 

and epithermal deposits rather than mineral clusters (Yiğit, 2006, 2009; Bertrand et al., 2014; 

Richards, 2015). 

Recent geochronological studies indicate that numerous major gold-rich porphyry 

and epithermal deposits and prospects throughout Anatolia such as Kışladağ (Baker et al., 

2016), Pınarbaşı (Delibaş et al., 2017) and Cevizlidere (İmer et al., 2014) are hosted within late 

Cenozoic igneous units (Yiğit, 2006, 2009). Thus, mineralization and associated magmatism 

occurred during the various segmentation episodes of the Southern Neotethyan oceanic slab 

after the onset of the Arabia-Eurasia continental collision (Gessner et al., 2017; Menant et al., 

2018). The E-trending alignment of Oligocene to Miocene porphyry and epithermal deposits 

and prospects along the Anatolide-Tauride Block is defined herein as the late Cenozoic 

Anatolian Metallogenic Trend. Although the tectonic complexity in the late Cenozoic along the 

entire Anatolian Trend is relatively well-documented and understood, the temporal and spatial 

distribution of those Au (-Cu) deposits and prospects remains undetermined. The Anatolian 

Trend therefore provides an excellent natural laboratory to investigate mechanisms of post-

subduction metallogeny.

This field-based regional study 1) defines the late Cenozoic mineral districts along 

the late Cenozoic Anatolian Metallogenic Trend on the Anatolide-Tauride Block hosting 

porphyry and epithermal mineralization, 2) constrains the timing of gold mineralization, 

and 3) determines the control of regional structures on the spatial distribution of Au (-Cu) 

mineralization synchronous with the development of trench-parallel and trench-perpendicular 

slab ruptures and resulting flow of asthenosphere. New field observations and multi-technique 

geochronological data (LA-ICP-MS U-Pb, Re-Os and 40Ar/39Ar dating methods) from the most 

significant late Cenozoic porphyry and high-sulfidation epithermal occurrences, prospects 

and deposits from the Anatolian Metallogenic Trend are provided herein and interpreted with 
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previously-published, deposit-focused geochronological data throughout Anatolia (Yılmaz et 

al., 2013; İmer et al., 2014; Baker et al., 2016; Delibaş et al., 2017).

4.2 Geological and tectonic setting of the Anatolide-Tauride Block

Many crustal fragments rifted away from the Gondwana continent, migrated northwards, 

subsequently accreted into the Laurasia continent and closed the numerous branches of the 

Neotethys Ocean in the Paleozoic and Mesozoic (Şengör and Yılmaz, 1981; Robertson and 

Dixon, 1984; Sengör and Natal’In, 1996; Okay and Tüysüz, 1999; Stampfli, 2000; Okay et 

al., 2006; Pourteau et al., 2013; van Hinsbergen et al., 2016). The Anatolide-Tauride Block in 

Turkey, or ‘Anatolia’, is one of those Gondwana-derived crustal fragments that accreted to the 

Rhodope-Pontide Block of southern Laurasia during the Late Cretaceous closing the Northern 

Neotethys Ocean along the present İzmir-Ankara-Erzincan suture zone (Figure 4.1; Şengör 

and Yılmaz, 1981; Okay and Tüysüz, 1999). Once docked to Laurasia, the Anatolide-Tauride 

Block became the southern active margin of Laurasia along which the Southern Neotethys 

Ocean closed and it collided the Arabia platform in the late Cenozoic (Şengör and Yılmaz, 

1981; Jolivet and Faccenna, 2000; Robertson et al., 2013). 

4.2.1 Anatolide-Tauride Block

A succession of orogenic events in the Anatolide-Tauride Block is responsible for 

its complex tectonic framework. Traditionally, the metamorphosed and exhumed units (e.g., 

Tavşanlı Zone, Afyon-Ören Zone and Menderes Massif) define the Anatolide platform whereas 

the underthrusted, un-metamorphosed equivalent units (e.g., Taurus platform and Eastern 

Anatolian Accretionary Complex) refer to the Tauride platform (Ketin, 1966; Şengör and 

Yılmaz, 1981; Okay, 1984; Pourteau et al., 2010; van Hinsbergen et al., 2016).

The oldest exhumed unit of the Anatolides is the Tavşanlı Zone, which is a Paleozoic 

to Mesozoic passive margin sedimentary sequence that reached a high-pressure and low-

temperature metamorphic peak between 92 and 83 Ma (Okay et al., 1998; Okay and Tüysüz, 

1999; Sherlock et al., 1999; Plunder et al., 2015) followed by blueschist-facies retrogression at 
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83-60 Ma (Sherlock et al., 1999). South of and below the Tavşanlı Zone, the Afyon-Ören Zone 

consists of Precambrian to Mesozoic rift-to-passive margin volcano-sedimentary sequence 

(Okay et al., 1996; Candan et al., 2005) that experienced high-pressure and low-temperature 

metamorphism, then crustal exhumation from 67 to 62 and 62 to 59 Ma at Afyon and Ören, 

respectively (Okay, 1984; Okay et al., 1998; Rimmelé et al., 2003, 2006; Pourteau et al., 2010; 

2013). The Afyon-Ören Zone tectonically underlies the Cycladic Blueschist Unit, or Cyclades, 

in southwest Turkey that underwent a high-pressure and low-temperature metamorphic peak 

at 50 Ma (Lister et al., 1984; Candan, 1997; Ring et al., 1999; Rimmelé et al., 2003; Pourteau 

et al., 2013). The Menderes Massif, which tectonically overlies the Cyclades, is exposed in 

western Anatolia and is a metamorphic core complex composed of a late Precambrian gneissic 

core and a Paleozoic cover of schist and marble (e.g., Şengör and Yılmaz, 1981; Bozkurt and 

Oberhänsli, 2001; Lips et al., 2001). This Massif recorded late Neoproterozoic Pan-African 

and Eocene to Oligocene Alpine metamorphism and deformation (Candan et al., 2001; Lips et 

al., 2001). The Menderes Massif was exhumed along regional E-trending, shallowly-dipping, 

N- and S-verging detachment faults (e.g., Simav, Kuzey and Güney) in the Miocene, and 

subsequently reworked by steeply-dipping normal faults bounding the present grabens (e.g., 

Gediz and Büyük; Bozkurt and Park, 1994; Lips et al., 2001). The Bornova Flysch Zone is a 

regional Mesozoic to Paleocene sheared mega-olistostrome and ophiolitic mélange that formed 

along a sinistral transform zone at the northwestern edge of the Anatolide-Tauride Block. This 

Flysch Zone was thrust over the northwest edge of the Menderes Massif along the İzmir-

Ankara-Erzincan suture zone (Okay et al., 1996). 

In the Taurides, the Lycian ophiolitic nappes of southwestern Turkey are an allochthonous 

Mesozoic passive margin succession remnant of the Northern Neotethys Ocean that was 

obducted in the Late Cretaceous and thrust over the Menderes Massif during its exhumation 

from Eocene to late Miocene (Collins and Robertson, 1997; Lips et al., 2001). The Taurus 

platform, which wraps around the southern margin of the Anatolide-Tauride Block and the 

Central Anatolian Crystalline Complex, consists of a Precambrian basement and a Paleozoic 
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to Mesozoic cover that is dominated by carbonate platform sediments, and was thrust over 

the Late Cretaceous ophiolites (Robertson et al., 2007). This basement sequence was intruded 

by the Late Cretaceous to Eocene plutons and subsequently covered by Cenozoic pelagic and 

continental sediments and volcanic units (Aktaş and Robertson, 1984; Yılmaz, 1993; Robertson 

et al., 2007; Rızaoğlu et al., 2009; Kuşcu et al., 2010; Nurlu et al., 2016). The deformation of 

the Taurus platform resulted from the continental collision of the Anatolide-Tauride Block 

and Arabia plate with Eurasia between the Cretaceous and Miocene. The eastern termination 

of the Anatolide-Tauride Block consists of a Late Ordovician to early Silurian metamorphic 

basement unconformably overlain by Mesozoic ophiolites, Cretaceous to Oligocene southward-

imbricated slices of flysch (Yılmaz et al., 2010; Topuz et al., 2017). This basement sequence 

was subsequently intruded by early to middle Miocene plutons and finally covered by the 

middle Miocene to Present volcanic products of the Erzurum-Kars plateau (Şengör et al., 2003; 

Yılmaz et al., 2010; Topuz et al., 2017).

The triangular-shaped Central Anatolian Crystalline Complex of central Turkey is a 

crustal fragment that is distinct from the Anatolide-Tauride and Rhodope-Pontide Blocks and 

separated from those Blocks by the İzmir-Ankara-Erzincan and inferred Inner Tauride suture 

zones (Figure 4.1). The stratigraphy of the Central Anatolian Crystalline Complex consists 

of Paleozoic to Mesozoic crystalline massifs (Kırşehir, Akdağ and Niğde) that experienced 

high-grade metamorphism in the Late Cretaceous and exhumed during the Cenozoic (Dilek 

and Whitney, 2000; Whitney et al., 2001; Lefebvre et al., 2011, 2013). Those massifs were 

thrusted by dismembered Late Cretaceous Tethyan ophiolites, intruded by Late Cretaceous 

calc-alkaline to alkaline plutons and batholiths, and unconformably covered by Cenozoic to 

Quaternary volcanic rocks and sediments (Görür et al., 1984; Yaliniz and Göncüoglu, 1998; 

Whitney et al., 2003; Kadıoğlu et al., 2006; Boztuğ et al., 2009; Lefebvre et al., 2011, 2013).

The Bitlis and Pütürge Massifs of southeast Anatolia are composed of a Neoproterozoic 

Pan-African basement of gneiss and schist, and a Paleozoic to Mesozoic cover of metaclastic 

and carbonate rocks that underwent a high-pressure and low-temperature metamorphism in the 
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Late Cretaceous (Ustaömer et al., 2009; Oberhänsli et al., 2010; Ustaömer et al., 2012).

4.2.2 Geodynamic evolution

The late Cenozoic geodynamic evolution of the Anatolide-Tauride Block is dominated 

by the closure of the Southern Neotethys Ocean, manifested as the Arabian continental collision 

in eastern Anatolia along the current Bitlis suture zone (Robertson, 2000; Westaway, 2003) and 

the subduction of the Aegean and Cyprus segments of the Southern Neotethyan oceanic slab 

in western and central Anatolia, respectively (e.g., Le Pichon and Angelier, 1981; Biryol et al., 

2011; Jolivet et al., 2013). 

The continental collision between Eurasia (Anatolide-Tauride Block) and Arabia has 

been interpreted to have started in either the Eocene (Rolland et al., 2012), Oligocene (as 

commonly accepted; Jolivet and Faccenna, 2000; Agard et al., 2005; Allen and Armstrong, 

2008; Barrier and Vrielynck, 2008; McQuarrie and van Hinsbergen, 2013; Karaoğlan et al., 

2016), or Miocene (Şengör and Yılmaz, 1981; Dewey et al., 1986; Yılmaz, 1993; Yiğitbaş 

and Yilmaz, 1996; Robertson et al., 2007; Şengör et al., 2008; Hüsing et al., 2009; Okay et al., 

2010; Robertson et al., 2016). The acceleration of the Arabia plate convergence (Jolivet and 

Faccenna, 2000) and its subsequent indentation into the eastern part of the Anatolide-Tauride 

Block (Dewey et al., 1986; McClusky et al., 2000; Reilinger et al., 2006) caused the steepening 

and subsequent break-off of the easterly Arabian segment of the Southern Neotethyan oceanic 

slab (e.g., Keskin, 2003, 2007). The resulting sub-horizontal slab rupture propagated westwards 

up to the Cyprus slab since the late Oligocene (Faccenna et al., 2006; Biryol et al., 2011; 

Schildgen et al., 2014; Chapter 2). The slab break-off event in the Arabian domain was followed 

by the partial removal of the lithospheric mantle below the Eastern Anatolian Accretionary 

Complex leading to the crustal doming and formation of the Erzurum-Kars volcanic plateau 

since ca. 13-11 Ma (Keskin, 2003; Şengör et al., 2003; Keskin, 2007; Şengör et al., 2008).

In central Anatolia, the roll-back (Koç et al., 2012; Chapter 2) or delamination of the 

Cyprus slab (Bartol and Govers, 2014; Delph et al., 2017) resulted in the southward migration 

of the magmatic front since the early Miocene, and the uplift of the Taurus platform since the 
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Oligocene (Karaoğlan, 2016) or late Miocene (Cosentino et al., 2012; Schildgen et al., 2012; 

Schildgen et al., 2014; McNab et al., 2017). 

The Hellenic trench retreat caused the formation of an extensional back-arc basin (i.e., 

the Aegean Sea) and continental rifting in western Anatolia since the late Oligocene (Le Pichon 

and Angelier, 1981; Jolivet et al., 2013). The slab break-off event in eastern Anatolia associated 

with the deep lateral continuity of the Southern Neotethyan slab in the mantle increased the 

load on the westerly Aegean slab segment leading to the acceleration of the Hellenic trench 

retreat (Faccenna et al., 2006) since the middle Miocene (Jolivet et al., 2015), the modification 

of mantle flow patterns (Le Pichon and Kreemer, 2010; Sternai et al., 2014), and the westward 

extrusion of the Anatolian microplate along the North and East Anatolian fault zones (Faccenna 

et al., 2006; Özeren and Holt, 2010). Also, the acceleration of the Hellenic trench retreat, 

relative to the Cyprus trench, dramatically curved and consequently tore the Aegean slab. 

This slab tear event resulted in the upwelling of the hot asthenosphere beneath the western 

Anatolia between 15 and 8 Ma (De Boorder et al., 1998; Dilek and Altunkaynak, 2009; Biryol 

et al., 2011; Karaoğlu and Helvacı, 2014; Jolivet et al., 2015; Prelević et al., 2015; Menant et 

al., 2016). This S-trending subvertical tear was spatially and temporally accompanied by the 

production of alkaline magmatism along the S-trending Kırka-Afyon-İsparta trend (Figure 4.1; 

Dilek et al., 2010; Prelević et al., 2012; 2015). The combination of slab roll-back and tearing, 

and back-arc development facilitated the exhumation of metamorphic core complexes such 

as the Menderes Massif and Cyclades (Satır and Friedrichsen, 1986; Rimmele et al., 2005; 

van Hinsbergen, 2010; Jolivet et al., 2013). Paleomagnetic data and deformation distribution 

revealed that the eastern edge of the Aegean slab retreated faster than its western part leading 

to the clockwise rotation of the External Hellenides in northern Greece (Kissel et al., 2003; van 

Hinsbergen and Schmid, 2012) and the anticlockwise rotation of the Menderes Massif (van 

Hinsbergen, 2010). The Menderes Massif is bounded by the two NE-trending, İzmir-Balıkesir 

and Uşak-Muğla Transfer Zones along which volcanic edifices emplaced. Both Transfer Zones 

are the surface expression of the Menderes Massif rotation and differential exhumation with 

127



Cyclades during the eastern Aegean slab roll-back and tearing in the Neogene (Erkül et al., 

2005b; Uzel and Sözbilir, 2008; van Hinsbergen, 2010; Ersoy and Palmer, 2013; Karaoğlu and 

Helvacı, 2014). 

4.2.3 Late Cenozoic Anatolian magmatism

The successive closure of the various Neotethyan oceanic branches around the Anatolide-

Tauride Block produced widespread magmatism in subduction, back-arc, post-subduction and 

post-collisional settings since the Late Cretaceous (Keskin et al., 1998; Boztuğ, 2000; Keskin, 

2003; Kadıoğlu et al., 2006; Dilek and Altunkaynak, 2009; Rızaoğlu et al., 2009; Kuşcu et 

al., 2010; Ersoy and Palmer, 2013; Chapter 2). Late Cenozoic (26 Ma to Present) magmatism 

covers a significant part of the Anatolide-Tauride Block forming the spatially-distinct Western 

Anatolian Volcanic Province and Eastern Anatolian Magmatic Belt (Figure 4.1). 

The late Cenozoic igneous rocks of the Western Anatolian Volcanic Province are 

assembled into the following magmatic domains as defined by Ersoy and Palmer (2013): 1) 

İzmir-Balıkesir Transfer Zone, 2) Menderes Core Complex, and 3) Kırka-Afyon-İsparta trend. 

The northerly early Miocene and southerly middle Miocene magmatic complexes of the İzmir-

Balıkesir Transfer Zone were emplaced along NE-trending strike-slip and normal faults (Erkül 

et al., 2005b, 2005a; Dilek and Altunkaynak, 2010; Erkül, 2012; Ersoy et al., 2014; Seghedi et 

al., 2015). The Miocene exhumation of the Menderes metamorphic core complex took place 

during one (Jolivet et al., 2013) or two extensional phases (e.g., Bozkurt, 2003; Gessner et al., 

2013; Uzel et al., 2015). This tectonic event was accompanied by syn-tectonic magmatism that 

was exposed on the Menderes footwall units in the early Miocene (e.g., Eğrigöz pluton; Ring 

and Collins, 2005) and middle Miocene (e.g., Salihli and Turgutlu plutons; Glodny and Hetzel, 

2007) along NE-trending graben basins (17-12 Ma; Ersoy et al., 2010; Karaoğlu et al., 2010; 

Ersoy et al., 2012). The igneous units of the S-striking Kırka-Afyon-İsparta trend are spatially 

and tectonically distinct from the Menderes metamorphic core complex (Figure 4.1). Those 

units have an age and geochemical evolution that evolve from the northerly, early Miocene, 

calc-alkaline to alkaline Kırka (21-17 Ma) to middle Miocene, alkaline, Afyon (14-8 Ma) and 
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southerly, Pliocene to Quaternary, ultrapotassic İsparta-Gölcük igneous rocks (< 4 Ma; Alıcı 

et al., 1998; Kumral et al., 2006; Dilek and Altunkaynak, 2010; Prelević et al., 2012; Platevoet 

et al., 2014). 

The volcanic products of the western part of the Eastern Anatolian Magmatic Belt in 

central Anatolia include elongate stratovolcanoes and volcanoes (e.g., Hasandağ, Melendiz, 

Erciyes, Develidağ and Tekkedağ), linear clusters of monogenetic vents (e.g., Karaman, 

Karapınar and Acigöl), volcanic ridges and widespread ignimbrite provinces (e.g., Cappadocia; 

Pasquare et al., 1988; Toprak and Göncüoğlu, 1993; Aydar et al., 1995). Those volcanic edifices 

were emplaced on Permian metamorphic basement, Triassic limestone and Jurassic-Cretaceous 

ophiolitic complexes (Karakaya, 1991; Toprak and Göncüoğlu, 1993). West of the Eastern 

Anatolian Magmatic Belt, the Konya volcanic complex is isolated located at the termination of 

the Akşehir normal fault in the Central Taurides. Despite having similar volcanic stratigraphy 

and compositions to central Anatolian volcanic edifices, the Konya complex is not considered 

as part of the Eastern Anatolian Magmatic Belt. Instead, this volcanic complex is part of the 

Galatia-Sulutas-Konya trend (Figure 4.1) that results from the southward migration of early 

Miocene, northerly Galatia volcanism (23-17 Ma) on the Rhodope-Pontide Block to the middle 

Miocene Sulutas volcanism (16-11.5 Ma) and lamprophyres to the late Miocene, southerly 

Konya volcanic complex (12-3 Ma; Chapter 2). Magmatism in the eastern part of the Eastern 

Anatolia Magmatic Belt took place in two stages: 1) sparse Oligocene to middle Miocene 

volcanic units (Yamadağ complex) and intrusions (Cevizlidere, Ağrı and Sarıçimen), and 2) 

widespread late Miocene to present time volcanic plateau dominated by Pliocene to Quaternary 

stratovolcanoes (e.g., Nemrut, Süphan and Ararat; Chapter 2). 

4.3 Field-based definition of late Cenozoic Anatolian precious and base metal districts 

The 1500 km-long Anatolian Metallogenic Trend is defined in this study by the E-W 

alignment of late Cenozoic Anatolian mineral deposit clusters (Figure 4.1). The mineral 

deposits in those clusters, or mineral districts, share similar geological, structural, metallogenic, 

tectonic, geochemical and geochronological features. Based on new field investigations and 
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local studies, nine new porphyry and epithermal districts are defined herein in the western, 

central and eastern segments of the Anatolian Trend that are correlated with the Aegean, Cyprus 

and Arabian tectonic domains, respectively (Table 4.1). Those districts are prospective areas 

for gold mineralization. However, some prospects (e.g., Afyon-Sandıklı and Hasançelebi) are 

apparently spatially isolated and have distinct features that prevent them from being included 

in a district. These newly-defined district names were chosen based on the nearest major 

geographical feature, city or town. 

Those new field investigations focus on the late Cenozoic porphyry and epithermal Au-

Cu systems located on the Anatolide-Tauride Block, thereby excluding the well-endowed and 

studied Biga and Bergama districts in northwest Turkey (e.g., Yılmaz, 2002; Murakami et al., 

2005; Yilmaz et al., 2010; Yiğit, 2012; Smith et al., 2014; Yılmazer et al., 2014; Brunetti, 2016; 

Çiçek and Oyman, 2016; Leroux, 2016; Sánchez et al., 2016; Smith et al., 2016), and the Eocene 

porphyry Cu-Mo prospects in the Bursa district in the northern part of western Anatolia (e.g., 

Yiğit, 2009). Although the Biga and Bergama districts are part of the northwestward extension 

of the late Cenozoic Anatolian Metallogenic Trend, their mineral deposits and associated 

igneous units formed on another tectonic terrane, namely the Rhodope-Pontide Block, north 

of the İzmir-Ankara-Erzincan suture zone (Figure 4.1). Pre-Oligocene, non-precious and non-

base metal mineralization are also beyond the scope of this Chapter.

4.3.1 Economic features of the Anatolian porphyry and epithermal systems

Evaluation of current Anatolian precious and base metal resources related to late 

Cenozoic magmatism in this study indicates that the late Cenozoic Anatolian porphyry and 

epithermal are dominantly endowed in gold mineralization. The 33 Moz of gold resources 

and reserves compiled herein are distributed among the Kışladağ, Efemçukuru, Kızıltepe, 

Tavşan, İnlice, Öksüt, Mollakara and Cevizlidere epithermal and porphyry deposits, whereas 

the region’s copper endowment (3.7 Blbs; inferred resources) is limited and mainly restricted 

to the Cevizlidere porphyry Cu-Au-Mo deposit (Figure 4.2; Table 4.2). Porphyry and 

intermediate-sulfidation epithermal deposits provide most of gold resources in Anatolia, similar 
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Simav District İzmir District Uşak District Afyon-Sandıklı porphyry 
deposit Bodrum District

Basement Bornova Flysch Zone, 
Menderes Massif Bornova Flysch Zone Menderes Massif Taurus platform Afyon-Ören Zone

Formation

Simav and Sındırğı magmatic 
complexes, Baklan, Alaçam, 
Eğrigöz and Pınarbaşı 
plutons

Cumaovası volcanic 
suite, Bornova 
Flysch

Beydağ voclanic complex Afyon volcanic complex Bodrum volcanic 
complex

Age (Ma) 23 - 17 17 - 13 17 - 12 14 - 8 12 - 9

Tectonic setting Aegean slab roll-back, back-
arc

Aegean slab roll-
back, back-arc

Aegean slab tear/roll-
back, back-arc

Aegean slab tear/roll-
back

Aegean slab tear/roll-
back, back-arc

Rock type Granite, monzonite, dacitic to 
rhyolitic ignimbrites and lavas

Metasediments, 
rhyolite Monzonite Trachyte,  monzonite Andesite, monzonite

Magma 
association Calc-alkaline Calc-alkaline Calc-alkaline to alkaline Alkaline Alkaline

Host rock age (Ma) ca. 21 - 18 Late Cretaceous to 
13.17 ± 0.25 14.76 ± 0.01 11.64 ± 0.20 9.76  ± 0.06

Kinematic 
association Extension, transtension Extension, 

transtension Extension Extension Extension

Regional structural 
control

Dextral normal and 
detachment Simav faults, 
Erdogmus – Yenigediz 
graben 

Seferihişar horst NE-trending Uşak-Güre 
graben Sandıklı graben E-trending Gokova 

Alteration system LS epithermal, porphyry, 
skarn LS-IS epithermal Porphyry, HS epithermal Porphyry, HS epithermal HS epithermal, skarn

Commodity Au (-Ag-Pb-Zn-Fe) Au (-Pb-Zn-Ag) Au Au-Cu Pb-Zn-Au?

Alteration 
assemblage

Argillic, skarn, potassic, 
sericitic, adv. argillic, 
silicification

Argillic, calc-silicate
Potassic, phyllic, 
tourmaline, argillic, adv. 
argillic, silicification

Potassic, phyllic, 
tourmaline, argillic, adv. 
argillic, silicification

Silicification, argillic, 
skarn

Mineralization Py, gn, sp, cpy, mo Py, gn, electrum, sp Cpy, py, bn, mo Cpy, py, bn, mo, cc Unknown

Gangue Qz, ad, calc, ep, chl, gar Qz, rdc, rdn, calc, ax Qz, tur, ser Qz, ser, tur Si, ep, chl, gar

Orebody Vein, breccia, stockwork Vein, breccia Stockwork, 
dissemination

Stockwork, 
dissemination Veins

Alteration age (Ma) 18.3 ± 0.1 to 18.2 ± 0.1 < 13.17 ± 0.25 14.51 ± 0.06 to 13.84 ± 
0.29 11.63 ± 0.05 < 9.76  ± 0.06

RSV+RSC 
(MozAu/MlbsCu) 0.5/- 3.40/- 21.5/- - -

Deposits/ 
Prospects

Kepez, Kızıltepe, Tavşan, 
Baklan

Efemçukuru, 
Arapdağ Kış ladağ, Sayacik - Kadıkalesi, 

Karatoprak, Girelbelen

References 1, 2, 3, 4 5 6, 7 8, 9 8

Western Anatolia

Table 4.1 Characteristics of the Late Cenozoic Anatolian mineral gold districts and isolated 
porphyry- and epithermal-style prospects.



Konya District Niğde District Kayseri District Hasançelebi HS deposit Tunceli District Ağrı District

Basement Taurus platform Central Anatolian 
Crystalline Complex Taurus platform Taurus platform Taurus platform Eastern Anatolian 

Accretionary Complex

Formation Konya volcanic 
complex

Melendizdağ 
volcanic complex

Tekkedağ and 
Develidağ volcanic 
complex

Yamadağ volcanic 
complex

Cevizlidere intrusive 
stock Ağrı magmatic complex

Age (Ma) 12 - 3 5 - 3 12 - 5 22 - 12 26 - 25 22 - 17

Tectonic setting Cyprus slab roll-
back

Arabian slab break-
off Arabian slab break-off Arabian slab break-off Arabian slab break-off Arabian slab break-off

Rock type Andesite Andesite Andesite Volcanic sandstone, 
andesite Diorite, granodiorite Granodiorite

Magma 
association Calc-alkaline Calc-alkaline Calc-alkaline Calc-alkaline Calc-alkaline Calc-alkaline to alkaline

Host rock age (Ma) 10.21 to 8.67 ± 0.17 3.62 ± 0.06 7.92 ± 0.14 to < 5.36 ± 
0.20 ca. 22 - 21 25.49 ± 0.10 to 25.10 

± 0.14
21.32 ± 0.29 to 17.38 ± 
0.36

Kinematic 
association Extension? Transtension/   

transpression? Transtension Extension/transtension? Transtension Extension/transtension
?

Regional structural 
control

NW-trending 
Akşehir normal 
fault

NW-trending Tuz 
Gölu dextral fault

Sultansazlığı pull-
apart basin

NNE-trending Malatya and 
NE-trending Yakapınar-
Göksun sinistral faults

Ovacık pull-apart 
basin Diyadin fault

Alteration system HS epithermal HS epithermal HS epithermal HS epithermal Porphyry, skarn Carlin-style, porphyry, 
HS epithermal

Commodity Au Au? Au Au (-Ag) Cu-Au-Mo (-Pb-Zn) Au, Cu?

Alteration 
assemblage

Silicification, 
advanced argillic, 
argillic

Argillic Silicification, advanced 
argillic, argillic

Silicification, advanced 
argillic Potassic, phyllic

Decalcification, phyllic, 
advanced argillic, 
argillic, silicification

Mineralization Py, en, lz Unknown Py, electrum, en, lz Py, en? Cpy, py, mo, bn Py

Gangue Si, al Si, clay Si, feox, al Silica, clay, feox Qz, mt Si, jasp

Orebody Ledge veinlet, 
breccia Unknown Diatreme breccia, 

ledge Ledge, breccia
Dissemination, 
stockwork, sheeted 
vein

Stockwork, lens, ledge

Alteration age (Ma) ca. 10 - 8 < 3.62±0.06 7.92 ± 0.14 to 5.36 ± 
0.20 21.30 to 21.03 24.90 ± 0.10 to 24.73 

± 0.08 < 21.32  ± 0.29

RSV+RSC 
(MozAu/MlbsCu) 0.26/- - 1.32/- - 1.6/3727 4.5/-

Deposits/ 
Prospects İnlice, Doğanbey Altunhişar, 

Çömlekçı Ökşüt, Başdere - Cevizlidere, Sin, 
Mamliş

Mollakara, Taşkapı, 
Taş lıçay

References 8, 10, 11 8, 10 8, 10, 12 8, 10 13, 14 8, 10, 15

Abbreviations: ad = adularia; al = alunite; ax = axinite; bn = bornite; calc = calcite; cc = chalcocite; chl = chlorite; cpy = chalcopyrite; en = enargite; ep = epidote; feox = 
Fe-oxide; gar = garnet; gn = galena; jasp = jasperoid; lz = luzonite; mo = molybdenite; mt = magnetite; py = pyrite; qz = quartz; rdc = rhodochrosite; rdn = rhodonite; 
ser = sericite; sp = sphalerite; tur = tourmaline
References: (1) Sener et al., 2009; (2) Yilmaz et al., 2013; (3) Van Coller et al., 2016; (4) Delibas et al., 2017; (5) Boucher, 2016; (6) Baker et al., 2016; (7) Bickford, 
2016; (8) this Chapter; (9) Sonmez and Kuscu, 2016; (10) Chapter 2; (11) Hall et al., 2007; (12) Reid et al., 2015; (13) Imer et al., 2014; (14) Kociumba and Page, 
2009; (15) Çolakoğlu et al., 2011.

Central Anatolia Eastern Anatolia

Table 4.1 (Continued) Characteristics of the Late Cenozoic Anatolian mineral gold districts 
and isolated porphyry- and epithermal-style prospects.
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to their counterparts throughout the broader Cenozoic magmatism within the Western Tethyan 

Orogenic Belt (Baker, 2017), in particular in the Carpathian to Anatolian regions as opposed to 

the contemporaneous Lesser Caucasus and Iranian magmatic-hydrothermal systems. However, 

the limited number of gold deposits and their modest grade and tonnage in Anatolia, except 

the Kışladağ porphyry gold deposit, can be explained by the non-optimal geological factors, 

poorly mineral preservation, and/or recent history of modern mineral exploration and changes 

in the Turkish mining law (Yiğit, 2006). Most of the Anatolian porphyry and epithermal 

systems are sub-economic, or at the prospect exploration stage, making the assessment of 

metal endowment, tenor and ratios (Ag:Au and Cu:Au) difficult.
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Figure 4.2 Tonnage versus Au grade (g/t) for Turkish and worldwide porphyry (top) and 
epithermal deposits (bottom). World deposit data from Singer et al. (2008). HS/IS/LS = high-/
intermediate-/low-sulfidation.
4.3.2 Simav low-sulfidation epithermal Au-Ag, porphyry Mo-Cu and skarn Pb-Zn-Fe 

district

The Simav district has the highest density of precious and base metal occurrences in 

Anatolia and includes a broad range of commodities (Au, Ag, Cu, Mo, Sb, Hg, Pb, Fe and 

Zn) and styles of mineralization including low-sulfidation epithermal, skarn, porphyry and 

possibly orogenic. The mineralized systems of the Simav district share some geological and 

metallogenic features with the contemporaneous low-sulfidation epithermal such as the Ovacık 

and Çukuralan Au-Ag deposits (1.7 Moz Au; Koza Gold, 2015) and skarn systems in the well-

endowed Bergama district on the Rhodope-Pontide Block (Figure 4.1).



The numerous precious metal-rich, low-sulfidation epithermal-style veins are hosted 

by early Miocene dacitic to rhyolitic volcanic and pyroclastic units in the Bigadiç, Sındırgı and 

Simav areas near the coeval Alaçam, Eğrigöz and Koyunoba granodioritic to granitic plutons 

in the northern part of western Anatolia (Figure 4.3A; Table 4.1). Those veins such as Kızıltepe 

(0.26 Moz Au; Ariana Resources, 2017), Kepez, Karakavak and Kızılçukur formed during the 

early stage of the Menderes metamorphic core complex exhumation in the late Oligocene to 

early Miocene (van Coller et al., 2016). Mineralization occurred in dilational jogs that define 

the ENE-trending Sındırgı Gold Corridor and are controlled by dextral strike-slip structures 

within the Sındırgı transtensional pull-apart basin (Yılmaz et al., 2013; van Coller et al., 2016). 

This basin is on the hanging-wall of the ESE-trending, N-dipping Simav dextral normal fault 

(Oygür and Erler, 2000; Yılmaz et al., 2013; van Coller et al., 2016). Mineralization consists 

of Au-Ag-rich quartz veins showing colloform/crustiform banding, quartz pseudomorphs 

after bladed calcite and multiple brecciation events, and surrounded by illite-smectite-dickite-

nacrite hydrothermal alteration halo (Yılmaz et al., 2013; van Coller et al., 2016). Yılmaz et al. 

(2013) report three stages of veining: 1) coarse-grained quartz, illite, pyrite, and minor precious 
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District Deposit Resources/Reserves - ore grade Total Au 
(t)

Total Au 
(Moz)

Total Cu 
(Mt)

Total Cu 
(Mlbs) References

Simav Kızıltepe 3.8 Mt @ 2.1 g/t Au and 39.7 g/t Ag (measured, 
indicated and inferred resources) 7.98 0.26 - Ariana Resources, 

2017

Simav Tavşan 4.9 Mt @ 1.3 g/t Au and 3.9 g/t Ag (indicated 
and inferred resources) 6.37 0.20 - Ariana Resources, 

2017

Simav Kızılçukur 0.16 Mt @ 2.39 g/t Au and 48.5 g/t Ag (inferred 
resources) 0.39 0.01 - Ariana Resources, 

2017

İzmir Efemçukuru 15.55 Mt @ 6.79 g/t Au (all resources, 
reserves and past production) 106 3.40 - Eldorado Gold, 

2017

Uşak Kış ladağ 843 Mt @ 0.62 g/t Au average (all resources, 
reserves and past production) 668 21.5 - Eldorado Gold, 

2017

Konya İnlice 5.2 Mt @ 1.57 g/t Au (inferred resources) 8.09 0.26 - Oral 
Communication

Kayseri Öksüt 32.9 Mt @ 1.25 g/t Au (all resources and 
reserves) 41.1 1.32 - Reid et al., 2015

Tunceli Cevizlidere 445 Mt @ 0.38 % Cu, 0.11 g/t Au and 48 ppm 
Mo (inferred resources) 49 1.6 1.69 3728 Kociumba and 

Page, 2009

Ağrı Mollakara 165 Mt @ 0.86 g/t Au (all resources and 
reserves) 141 4.5 - Koza Gold, 2015

Total 1027 33 1.69 3728

Western Anatolia

Central Anatolia

Eastern Anatolia

Table 4.2 Resources, reserves and ore grades of the late Cenozoic Anatolian gold deposits.
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Figure 4.3 Geological maps (modified from MTA, 2002) of the Simav district (A – 1:400,000 
scale), Simav and Uşak districts (B – 1:400,000 scale), İzmir district (C – 1:250,000), Afyon 
area (D – 1:400,000 scale) and Bodrum district (E – 1:150,000 scale) showing the distribution 
of porphyry, epithermal and skarn occurrences, prospects and deposits, and analyzed samples 
in western Anatolia. Lambert Conic projection, European Datum 1950. Base map: SRTM 90 
m digital elevation models (Jarvis et al., 2008).

135



metals, followed by 2) the economic Au-Ag-bearing medium-grained crustiform quartz veins 

accompanied by carbonate replacement and hydrothermal breccia textures (Figures 4.3 and 

4.4A), and 3) colloform-crustiform chalcedonic silica. 

Widespread steam-heated alunite and kaolinite alteration such as at Düvertepe (Ece 

et al., 2013) and Şaphane (Mutlu et al., 2005), and active geothermal fields also occur along 

the Simav fault. Low-sulfidation epithermal veins do not have any genetic relationships with 

the coeval intrusions in the Simav fault hanging-wall, despite a few deep, base metal targets 

reported by Van Coller et al. (2016). Rather, those intrusions are surrounded by occurrences 

of Fe-Pb-Zn skarn-style mineralization at Eğrigöz (Kumral et al., 2016; Uğurcan and Oyman, 

2016), Alaçam and Baklan. 

The metamorphic basement of the Simav district also hosts numerous metal-rich 

hydrothermal systems. For instance, the distal Tavşan gold-rich jasperoid mineralization (0.2 

Moz Au) occurs along the NW-trending thrust contact between Jurassic limestone and Late 

Cretaceous ophiolites, and post-dates the early Miocene syn-tectonic Eğrigöz pluton (Şener 

et al., 2009). Similarly, the Gümüşköy Ag-only epithermal deposit is the largest silver deposit 

of Turkey, northeast of the Simav district (123 Moz Ag; Yiğit, 2009), and consists of Ag-rich 

veins and dissemination along NW-trending structures within the early Miocene Tavşanlı felsic 

volcanic units and Mesozoic carbonate basement (Arık, 2002). Despite minor Cu-Pb-Zn veins 

reported on the footwall and hanging-wall of the Simav fault within the Menderes Massif 

basement (e.g., İnkaya prospect; Özen and Arık, 2015), the absence of time constraints hinders 

genetic correlations with neighboring low-sulfidation epithermal veins and syn-tectonic 

intrusions, or Pre-Cenozoic orogenic events. 

The Pınarbaşı porphyry Mo-Cu prospect occurs at the eastern termination of the 

Simav district and differs from the contemporaneous easterly hydrothermal systems (Figure 

4.3A-B; Table 4.1). The Pınarbaşı prospect consists of quartz-sulfide vein stockworks with 

potassic alteration overprinted by phyllic alteration affecting early Miocene monzonitic and 

porphyric granitic stocks (Figures 4.4C-E and 5A; Delibaş et al., 2017). Mineralized intrusive 
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rocks crop out in the northeastern Menderes Massif along the northwestern margin of the NE-

trending Erdogmus-Yenigediz graben, cut by the southerly Simav fault. Delibaş et al. (2017) 

reported that the NE- and E-trending normal faults of the Erdogmus-Yenigediz graben cut 

the vein stockwork and control the distribution of quartz-molybdenite-chalcopyrite-sphalerite-

fahlore-galena veins, as well as molybdenite-hematite-bearing silicified zones. Distal Sb-Au-

Ag-Pb-Zn-rich low-sulfidation epithermal-style silicified zones in the limestone basement 

are juxtaposed to the Pınarbaşı intrusion, and upon the advanced argillic overprint on high-

temperature porphyry-style alteration (Delibaş et al., 2017). In addition, the Erdogmus-

Yenigediz graben hosts numerous hydrothermal Sb- (Hg-Au-Ag) occurrences such as Cebrail 

and Göynük (Yiğit, 2009).

4.3.3 İzmir low- to intermediate-sulfidation epithermal Au district

West of the Menderes Massif, the İzmir district is defined by the structurally-controlled, 

low- to intermediate-sulfidation epithermal-style Au veins, including the Efemçukuru deposit 

and Arapdağ occurrence (Figure 4.3C; Table 4.1). The Efemçukuru veins are hosted within 

the carbonate-rich phyllites of the Mesozoic to Paleocene Bornova Flysch sequence and the 

rhyolite dykes of the middle Miocene Cumaovası volcanic suite (Oyman et al., 2003; Boucher, 

2016). The Efemçukuru gold deposit (3.4 Moz Au; Eldorado Gold Corp., 2017) formed within 

the NE-trending Seferihisar horst in the south-easternmost part of the İzmir-Balıkesir Transfer 

Zone. The orebody consists of the NW- to NNW-trending Kestanebeleni and Kokarpınar 
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Figure 4.4 Macro-photographs of mineralized porphyry and epithermal occurrences in western 
Anatolia. A. Silica replacement after bladed calcite at the Kepez low-sulfidation epithermal Au-
Ag deposit, Simav district; B. Quartz-rhodochrosite ± rhodonite-pyroxmangite-pyrite-galena 
crustiform-colloform textured vein (vein stage 4) cutting Mn-oxidized quartz- rhodochrosite 
-rhodonite-calcite vein (vein stage 3) and rhyolite dike from the Efemçukuru low- to 
intermediate-sulfidation epithermal Au deposit, İzmir district; C. Northeast-looking panoramic 
view of the Pınarbaşı porphyry Mo-Cu prospect, Simav district; D. North-looking panoramic 
view of the Afyon-Sandıklı porphyry Au-Cu prospect illustrating the short distance between 
the high-temperature potassic alteration zone and the overlying advanced argillic lithocap; 
E. Close-up photograph of the argillic- and phyllic-altered monzonitic stock at the Pınarbaşı 
porphyry Mo-Cu prospect, Simav district; F. Close-up photograph of the dense quartz -sulfide 
vein stockwork and potassic alteration within the monzonitic stock at the Afyon-Sandıklı 
porphyry Au-Cu prospect; G. Core photograph of the mineralized potassic alteration (Intrusive 
phase 1) at the Kışladağ porphyry Au deposit, Uşak district; H. Silica cap overlying an argillic-
altered andesitic unit at the Karatoprak high-sulfidation epithermal occurrence, Bodrum district.



quartz-rhodochrosite veins that are controlled by steeply-dipping NW- to NNW-trending 

faults (Boucher, 2016). Boucher (2016) defined six successive stages of veining: 1) calc-

silicate anastomosing veins, 2) quartz-rhodochrosite brecciating and banded veins, 3) banded 

quartz-rhodochrosite ± pyrite, 4) quartz-pyrite-galena-sphalerite, 5) base metal-rich sulfides, 

and 6) late quartz-carbonate (Figure 4.4B). Gold mineralization is dominantly associated with 

vein stages 3-4 ± 5 and followed by base metal mineralization at stages 4-5 (Boucher, 2016). 

Northeast of Efemçukuru, the Arapdağ Au-Ag occurrence consists of NW- to WNW-trending 

mineralized tension quartz veins, vein stockwork and dissemination within middle Miocene 

silicified dacitic lavas (Sayılı and Gonca, 1999).

4.3.4 Uşak porphyry Au district

The Kışladağ porphyry Au deposit and Sayacık porphyry prospect define the Uşak 

district on the eastern flank of the Menderes Massif, which is the most endowed gold district of 

Turkey (21.5 Moz; Table 4.1). Both porphyry systems are within the middle Miocene Beydağ 

stratovolcano and Menderes metamorphic basement rocks along the NE-trending Uşak-Güre 

graben (Figure 4.3D). The Kışladağ deposit is a gold-only porphyry deposit and consists of 

mineralized monzonitic porphyry stocks that are coeval with the Beydağ pyroclastic and lava 

units (Baker et al., 2016). Gold mineralization is dominantly concentrated within the potassic 

(biotite-K-feldspar ± actinolite) alteration core, surrounded and partially overlapped by the 

tourmaline-white mica (± pyrite-albite-quartz) alteration assemblage (Baker et al., 2016; 

Figures 4.4G and 4.5B-C). The porphyry orebody is post-dated by non-mineralized argillic 

and advanced argillic alteration assemblages that affect topographically higher rocks on the 

east side of the deposit (Baker et al., 2016). Southwest of Kışladağ, the Sayacık prospect has 

similar geological features to Kışladağ, which includes gold-rich quartz vein stockworks within 

a monzonitic porphyry dyke overlain by the argillic-altered andesitic flows of the Beydağ 

stratovolcano (Bickford et al., 2016).
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Figure 4.5 Optical micro-photographs of mineralized porphyry and epithermal occurrences in 
western Anatolia. A. Cross polarized light (x 5): post-mineralization monzonite at the Pınarbaşı 
porphyry Mo-Cu prospect; B. Cross polarized light (x 10): potassic and tourmaline-white mica 
(sericite) alteration assemblages at the Kışladağ porphyry Au deposit, Uşak district; C. Plane 
polarized and reflected light (x 20): sulfide mineralization within the monzonitic stock at the 
Kışladağ porphyry Au deposit, Uşak district; D. Cross polarized light (x 2): monzonite host 
rock at the Afyon-Sandıklı porphyry Au-Cu prospect; E. Cross polarized light (x 10): lithocap 
at the Afyon-Sandıklı porphyry Au-Cu prospect; F. Cross polarized light (x 10): skarn alteration 
of the Kadıkalesi monzonite, Bodrum district. Al = alunite; Au = gold; Bt = biotite; Cal = 
calcite; Chl = chlorite; Ep = epidote; Hb = hornblende; Hm = hematite; Ksp = K-feldspar; Mo 
= molybdenite; Pl = plagioclase; Py = pyrite; Qz = quartz; Ser = sericite (white mica); Tur = 
tourmaline.



4.3.5 Afyon-Sandıklı porphyry Au-Cu prospect

The Afyon-Sandıklı porphyry Au-Cu prospect in eastern western Anatolia along the 

Kırka-Afyon-İsparta trend, is similar to the Kışladağ and Sayacık porphyry systems (Figure 

4.3D; Table 4.1). Porphyry mineralization at Afyon-Sandıklı is hosted within the late Miocene, 

alkaline Afyon volcanic complex (14-8 Ma) that includes monzonitic porphyry stocks, trachyte 

and latite lavas emplaced on the Taurus platform (Figure 4.5E). The Afyon-Sandıklı prospect 

is characterized by quartz-sulfide vein stockwork with potassic alteration overprinted by white 

mica and minor tourmaline alteration (Figure 4.4F). Mineralization comprises chalcocite, 

bornite, chalcopyrite, pyrite, molybdenite and tetrahedrite (Sönmez and Kuşcu, 2016). The 

porphyry system is overlain by a barren, high-sulfidation epithermal lithocap that is surrounded 

by widespread argillic alteration (Figures 4.4D and 5D).

4.3.6 Bodrum high-sulfidation epithermal and skarn district

Southwest of the Menderes Massif, the Bodrum volcanic complex (12-9 Ma) is 

composed of monzonitic stocks, basaltic andesitic to dacitic lavas and domes, block-and-ash 

flows, and caldera-filled andesitic ignimbrite that were deposited on the Mesozoic marbles of 

the Taurus platform along the E-trending Gokova graben (Figure 4.3E; Table 4.1; Robert et 

al., 1992; Kurt and Arslan, 2001; Ulusoy et al., 2004). The andesitic units around the caldera 

in the southern Bodrum volcanic complex were affected by high-sulfidation-style argillic and 

advanced argillic alteration assemblages including resistant vuggy silica lithocaps such as those 

on the hills above Karatoprak (Figure 4.4H). Supergene Fe-oxihydroxide alteration indicates 

the presence of hypogene sulfide minerals, notably pyrite. Skarn alteration and associated Pb-

Zn-Cu mineralization occur at the contact between the monzonitic intrusions and marble such 

as Kadıkalesi and Girelbelen (Figure 4.5F). Hydrothermal epidote, chlorite, hematite, quartz 

and actinolite alteration is typical.
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4.3.7 Konya high-sulfidation epithermal Au-Ag-(Cu) district

The several high-sulfidation epithermal Au prospects such as İnlice, Doğanbey, Oğlakcı, 

Gavur Gölü and Karaören that define the Konya district are hosted by the late Miocene Konya 

volcanic complex at the termination of the NW-trending Akşehir normal fault in the Taurus 

platform (Figure 4.6A; Table 4.1). The İnlice high-sulfidation epithermal Au deposit (0.26 

Moz) is hosted within the Miocene Erenkilit volcanic complex, 40 km southwest of Konya. 

The İnlice orebodies consist of two NW-trending, 70°-SW-dipping silica ledges controlled by 

a NW-trending dextral strike-slip normal fault system that cut the porphyritic biotite andesite 

lava/dome (Figure 4.7A; Hall et al., 2007). A NNE-trending fault separates the two mineralized 

ledges and may have previously facilitated the mineralized fluids. The silica ledges are 

characterized by vuggy silica alteration filled by hypogene alunite (Figure 4.8A), and cross-cut 

by low-temperature and low-pH granular, chalcedonic and massive silica veinlets. In addition, 

three types of mineralized breccia occur at İnlice: 1) polymict phreatic breccia, 2) monomict 

cement-supported pyrite-enargite hydrothermal breccia and 3) monomict clast-supported 

silica-pyrite (?) hydrothermal breccia (Figure 4.7C). Gold mineralization is associated with 

alunite-filled vuggy silica, chalcedony with high Ag:Au ratios (Hall et al., 2007), and breccias. 

Advanced argillic, argillic and chloritization alteration assemblages distally occur around the 

orebodies. 

The Doğanbey prospect is northwest of the Erenkilit complex, 55 km west of Konya, 

and is composed of a main (north) and south zones that are separated by an E-trending valley. 

Two-pyroxene andesitic to dacitic flows/domes host rocks, which are overlain by unaltered 

rhyodacitic to rhyolitic lavas, are affected by an opal to chalcedony horizon and underlying 

structurally-controlled silica-alunite ledges and breccias (Figures 4.7G and 8B). Kaolinite 

and illite overprint alteration occurs between the ledges. Mineralization is characterized by 

disseminated pyrite (< 5 %), quartz and pyrite veinlets and minor hydrothermal silica-pyrite 

breccias. At depth, those quartz veinlets have dark grey rims and translucent core, and yield 

weak Au and Mo anomalies that could be in association with potassic alteration subsequently 
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Figure 4.6 Geological maps (modified from MTA, 2002) of the Konya district (A – 1:300,000 
scale), Niğde and Kayseri districts (B – 1:500,000 scale), Hasançelebi area (C – 1:300,000) 
and Ağrı district (D – 1:250,000 scale) showing the distribution of porphyry, epithermal, 
Carlin-style and skarn occurrences, prospects and deposits, and analyzed samples in central 
and eastern Anatolia. Lambert Conic projection, European Datum 1950. Base map: SRTM 90 
m digital elevation models (Jarvis et al., 2008).



overprinted by advanced argillic alteration (Hall et al., 2007).

The prospects and occurrences of the Konya district including Oğlakcı, Gavur Gölü 

and Karaören are characterized by typical high-sulfidation epithermal features, namely 

structurally-controlled silica-alunite ledges, advanced to argillic alteration, hydrothermal and 

phreatic breccias, and andesitic host rocks, similar to İnlice and Doğanbey. However, those 

high-sulfidation epithermal systems are commonly covered by barren andesitic to rhyolitic 

lavas to pyroclastic deposits, and lack outcropping causative intrusions and associated porphyry 

mineralization.

4.3.8 Niğde high-sulfidation epithermal district

The Niğde district, northeast of the Konya district, is composed of several high-

sulfidation epithermal alteration occurrences such as at Altunhişar, Boz Tepe and Çömlekçı 

(Figure 4.6B). Those occurrences are in the Pliocene Melendiz stratovolcano along the Tuz 

Gölü dextral strike-slip fault, southeast of the Hasandağ stratovolcano. This district has limited 

exposures of hydrothermally-altered clinopyroxene andesitic lavas because of the widespread, 

overlying barren Pliocene to Quaternary basaltic to andesitic lava flows (Figures 4.7E-F). The 

economic potential of this district is unknown. However, those high-sulfidation epithermal 

occurrences have similar features to those in the Konya district and include structurally-

controlled silica ledges, argillic and advanced argillic alteration assemblages, Fe-oxihydroxide 

dissemination, fracture-filled veinlets, minor breccias, and absence of intrusive rocks and high-

temperature alteration assemblages.

4.3.9 Kayseri high-sulfidation epithermal Au district

Similar to the Konya and Niğde districts, high-sulfidation epithermal mineralization of 

the Kayseri district such as at Öksüt and Başdere occurs within andesitic lavas and domes of the 

late Miocene Develidağ and Tekkedağ volcanic complexes, respectively, on both sides of the 

Sultansazlığı pull-apart basin (Figure 4.6B; Table 4.1). Hydrothermally-altered clinopyroxene 

± hornblende-orthopyroxene andesitic lavas and domes and breccias are partially covered by 
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unaltered Pliocene volcanic flows. The Öksüt gold deposit (1.32 Moz Au) is mainly divided into 

Keltepe and Güneytepe orebodies that form of a NW-trending mineralized silica ledge (Figure 

4.7B). Mineralized bodies are composed of multiphase, polymict, quartz-Fe-oxide and quartz-

alunite breccias as part a sub-volcanic vent or diatreme, and overprinted by vuggy quartz and 

quartz-alunite, quartz-kaolinite, patchy silica and opal/chalcedony alteration (Figures 4.7D and 

4.8C; Reid et al., 2015). The silica ledge is surrounded by an alteration halo characterized by 

advanced argillic, argillic and outward chlorite-smectite assemblages. Gold mineralization and 

related alteration are controlled by NW-trending normal faults and offset by late NE-trending 

strike-slip structures (Cihan, 2016). Hypogene mineralization consists of free gold, pyrite, 

enargite and luzonite (Lashko, 2013; Reid et al., 2015). The breccia and vuggy silica zones 

are subject to strong oxidation and supergene processes that favored gold enrichment and the 

formation of supergene copper mineralization (i.e., chalcocite, covellite and malachite); copper 

was leached out from the deeper part of the hydrothermal system (Reid et al., 2015), although 

no intrusive units and high-temperature alteration assemblages were intercepted. 

Başdere is a high-sulfidation epithermal occurrence in the late Miocene clinopyroxene-

bearing andesite lavas of the Tekkedağ volcano on the western margin of the Sultansazlığı 

pull-apart basin. This epithermal occurrence has vuggy to granular silica containing up to 1 % 

pyrite and quartz-kaolinite alteration assemblage. This one kilometer-long alteration corridor 

is controlled by a swarm of inferred NW-trending faults, similar to the Öksüt deposit (Figure 

4.7H).
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Figure 4.7 Macro-photographs of mineralized porphyry occurrences in central Anatolia. A. 
East-looking panoramic view of the Inlice high-sulfidation epithermal Au deposit, Konya 
district; B. West-looking panoramic view of the Keltepe ore body at the Öksüt high-sulfidation 
epithermal Au deposit, Kayseri district; C. Polymict, Au-bearing, silica-pyrite, phreatic 
breccia, İnlice high sulfidation epithermal Au deposit, Konya district; D. Silica-altered clasts, 
Fe-oxide diatreme breccia, Öksüt high-sulfidation epithermal Au deposit, Kayseri district; E. 
Northeast-looking panoramic view of the argillic-altered Altunhişar high-sulfidation epithermal 
occurrence, Niğde district; F. Argillic-altered andesitic unit from the Boz Tepe high-sulfidation 
epithermal occurrence, Niğde district; G. Silica-alunite advanced argillic alteration affecting a 
volcanic breccia at the Doğanbey high-sulfidation epithermal Au prospect, Konya district; H. 
Northeast-looking photograph of the Başdere high-sulfidation epithermal occurrence, Kayseri 
district.
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Figure 4.8 Optical micro-photographs of mineralized porphyry and epithermal occurrences 
in central and eastern Anatolia. A. Cross polarized light (x 10): vuggy silica alteration from 
the İnlice high-sulfidation epithermal Au deposit, Konya district; B. Cross polarized light (x 
5): advanced argillic alteration assemblage from the Doğanbey high sulfidation epithermal 
Au prospect, Konya district; C. Plan polarized and reflected light (x 20): mineralized, Fe-
oxide diatreme breccia with silica-altered clasts, Öksüt high-sulfidation epithermal Au deposit, 
Kayseri district; D. Cross polarized light (x 5): vuggy silica alteration at the Hasançelebi high-
sulfidation epithermal Au-Ag prospect; E. Cross polarized light (x 10): decalcification and 
silica replacement alteration at the Carlin-style Mollakara Au-Ag deposit, Ağrı district; F. 
Cross polarized light (x 10): phyllic-altered granodiorite in the porphyry zone of the Taşkapı 
porphyry-epithermal prospect, Ağrı district. Al = alunite; Hm = hematite; Py = pyrite; Qz = 
quartz; Ser = sericite (white mica).



4.3.10 Hasançelebi high-sulfidation epithermal Au-Ag prospect

The Hasançelebi high-sulfidation epithermal Au-Ag prospect consists of a swarm 

of N-dipping (60°) silica ledges and breccias in the Oligocene to middle Miocene volcanic 

sandstones of the Yamadağ volcanic succession (> 21-12 Ma) in eastern Anatolia (Figures 

4.6C and 9A; Table 4.1). Mineralized breccia types mainly include chaotic, cement-supported, 

polymict, silica-Fe-oxide phreatomagmatic breccia showing angular to sub-angular juvenile 

clasts, and monomict, pyrite ± enargite hydrothermal breccia; traces of alunite and silica 

pseudo-breccias are also present. In addition, the resistant ledges are composed of vuggy to 

massive silica alteration surrounded by advanced argillic to argillic alteration assemblages 

(Figures 4.8C, 4.8E and 4.9C). The mineralized epithermal system is covered by unaltered 

clinopyroxene-bearing andesitic flows and intruded by a mafic dome.

4.3.11 Tunceli porphyry Cu-Au-Mo district

The Tunceli district in eastern Anatolia contains the Oligocene Cevizlidere Cu-Au-

Mo porphyry deposit and Sin and Mamliş prospects (Figure 4.1; Table 4.1). The Cevizlidere 

deposit is the largest porphyry Cu deposit in Anatolia (1.6 Moz Au and 3.7 Blbs Cu; Table 

4.2) and hosted within NW-trending elongated porphyric dioritic to granodioritic stocks that 

intruded the Paleozoic limestones of the Keban Unit (İmer et al., 2014). Those mineralized 

stocks are controlled by the Ovacık pull-apart basin along the NE-trending sinistral fault (İmer 

et al., 2014). Dioritic and granodioritic stocks are affected by potassic and phyllic alteration 

associated with quartz-magnetite-chalcopyrite-pyrite ± molybdenite ± bornite veinlets and 

disseminations of chalcopyrite and bornite (İmer et al., 2014). Kociumbas and Page (2009) 

also report carbonate alteration and base metal skarn mineralization at the intrusion-limestone 

contacts.

4.3.12 Ağrı porphyry, high-sulfidation epithermal and Carlin-style Au-(Cu-Ag?) district

Limited mineral exploration has been focused on the Ağrı magmatic complex, south 

of the İzmir-Ankara-Erzincan suture zone and along the Iranian border (Figure 4.6D; Table 
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Figure 4.9 Macro-photographs of mineralized hydrothermal occurrences in eastern Anatolia. 
A. East-looking view of the Hasançelebi high-sulfidation epithermal Au-Ag prospect; B. 
Southwest-looking view of the high-sulfidation epithermal zone of the Taşkapı porphyry-
epithermal prospect, Ağrı district; C. Close-up photograph of massive silica alteration in a silica 



4.1). This complex is composed of early Miocene monzonitic to granitic plutons covered by 

Neogene extrusive basaltic to rhyolitic rocks. Although there is no genetic relationship with 

the nearby plutons of the Ağrı magmatic complex, the Carlin-style Mollakara Au-Ag deposit 

is the first reported gold deposit in this part of Turkey (4.5 Moz Au; Table 4.2). The Mollakara 

hydrothermal alteration system is within Paleozoic dolomitic marble and affects the overlying 

Miocene volcanic units (Çolakoğlu et al., 2011). Alteration is characterized by decalcification, 

brecciation, jasperoid and silicification. N- to N10-trending high-angle normal faults, defining 

a horst structure, control the mineralization (Çolakoğlu et al., 2011; Figures 4.8E and 4.9G). 

The Ağrı district also includes several porphyry and high-sulfidation epithermal 

occurrences within and around the early Miocene plutons of the Ağrı magmatic complex. 

For instance, the Taşkapı prospect consists of a phyllic-altered monzonitic pluton cut by 

quartz-pyrite vein stockwork (Figures 4.8F, 4.9D and 4.9F), and an overlying high-sulfidation 

epithermal-style lithocap, which is accompanied by breccias, argillic and advanced argillic 

alteration zones (Figure 4.9B). The Taşlıçay monzonitic pluton, ca. 30 km north of Taşkapı, 

is also affected by a widespread propylitic alteration suggesting the presence of another and 

distinct hydrothermal system (Figure 4.9H).

4.4 Methodology of gold mineralization dating

Magmatism and associated porphyry and epithermal Au (-Cu) mineralization events 

peaked several times during the late Cenozoic. Although the magmatic episodes were previously 

constrained throughout Anatolia (e.g., Dilek and Altunkaynak, 2009; Ersoy and Palmer, 2013; 

Chapter 2) and despite recent geochronological studies carried out some deposits and prospects, 

mainly in western Anatolia (Yılmaz et al., 2013; İmer et al., 2014; Baker et al., 2016; Boucher, 

2016; Delibaş et al., 2017), the timing of gold mineralization along the Anatolian Trend is 
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ledge at the Hasançelebi high-sulfidation epithermal Au-Ag prospect; D. East-looking view 
of phyllic-altered porphyry zone of the Taşkapı porphyry-epithermal prospect, Ağrı district; 
E. Mineralized vuggy silica alteration at the Hasançelebi high-sulfidation epithermal Au-Ag 
prospect; F. Close-up photograph of the phyllic alteration zone within the Taşkapı granodiorite, 
Ağrı district; G. Decalcification alteration at the Carlin-style Mollakara Au-Ag deposit, Ağrı 
district; H. Propylitic-altered granite at the Taşlıçay porphyry prospect, Ağrı district.



undetermined. Temporal constraints on gold mineralization are provided by Re-Os model ages 

on molybdenite mineralization, 40Ar/39Ar plateau or isochron ages on hydrothermal alunite 

alteration associated with the mineralization event and/or by dating the crystallization age of the 

igneous host rock or post-alteration units by the U-Pb technique. Seven new geochronological 

constraints are reported herein that include three U-Pb zircon dates from the Bodrum district 

(FR-15-31), and the Pınarbaşı (FR-15-18) and Afyon-Sandıklı porphyry prospects in western 

Anatolia (FR-14-49); one Re-Os model age on molybdenite mineralization at the Afyon-

Sandıklı porphyry prospect (FR-14-165); and three 40Ar/39Ar alunite age data from the İnlice 

deposit (FR-13-179), Doğanbey (FR-14-68; Konya district) and Hasançelebi high-sulfidation 

epithermal prospects (FR-14-79) in central and eastern Anatolia, respectively. These newly-

acquired age data are interpreted complementary to the previously-published U-Pb, Re-Os 

and 40Ar/39Ar age data from other late Cenozoic porphyry-epithermal systems and mineralized 

igneous rocks along the Anatolian Trend (Aydoğan et al., 2008; Yılmaz et al., 2013; İmer et al., 

2014; Baker et al., 2016; Bickford et al., 2016; Boucher, 2016; Delibaş et al., 2017; Chapter 2). 

U-Pb dating of igneous zircons by laser ablation (LA)-ICP-MS method was conducted 

at the Pacific Center for Isotopic and Geochemical Research (PCIGR), The University of British 

Columbia, Canada, whereas 40Ar/39Ar and Re-Os dating were performed at the Université of 

Genève and University of Alberta, respectively. The detailed procedure for LA-ICP-MS U-Pb, 

40Ar/39Ar and Re-Os dating techniques, and the data compilation methodology, are provided in 

Chapter 2 and in the appendix E (Baker et al., 2016), respectively; the results are provided in 

Table 4.3; the isotopic analyses are in the appendix C (Tables C.1 and C.2).

4.5 Age dating results

An unaltered monzonitic intrusion at the Pınarbaşı Au (-Mo) porphyry prospect in 

western Anatolia has a 206Pb/238U weighted average age of 17.86 ± 0.18 Ma from the analysis 

of 21 concordant zircon grains (FR-15-18; Figures 4.10A-B). This intrusion post-dates and 

constrains the sulfide mineralization previously dated at 18.3 and 18.2 ± 0.1 Ma (Re-Os 

technique on molybdenite; Delibaş et al., 2017). Molybdenite mineralization from the Afyon-
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Sandıklı Au-Cu porphyry prospect in western Anatolia yields a Re-Os model age of 11.63 ± 

0.05 Ma (FR-14-165). The Afyon-Sandıklı quartz-sulfide vein stockwork cross-cuts a porphyric 

monzonitic intrusion that yields a 206Pb/238U weighted average age of 11.64 ± 0.20 Ma based 

on results from 18 zircon grains (FR-14-49; Figures 4.10C-D). This age is consistent with the 

regional 40Ar/39Ar ages in the Afyon volcanic complex (14-8 Ma; Besang et al., 1977; Akal et 

al., 2013). The skarn-altered monzonite in the Bodrum district yields a U-Pb crystallization age 

of 9.76 ± 0.06 Ma determined from 19 zircon grains (FR-15-31; Figures 4.10E-F). This date is 

within the range of previously-published 40Ar/39Ar ages from the Bodrum volcanic suite (13-7 

Ma; Robert et al., 1992; Fahmi et al., 1997).

The age of high-sulfidation epithermal advanced argillic alteration in central and 

eastern Anatolia is determined by 40Ar/39Ar dating of hydrothermal and hypogene alunite. 

The hydrothermal alunite crystals from the high-sulfidation epithermal İnlice deposit and 

Hasançelebi prospect yield disturbed 40Ar/39Ar dating results of 8.16 ± 0.25 (FR-13-179; Figure 

4.11A) and 20.44 ± 0.86 Ma (FR-14-79; Figure 4.11B), respectively. The age of the alunite 

alteration at Doğanbey is constrained by an inverse isochron age of 10.61 ± 0.80 Ma (FR-14-

68; Figures 4.C-D). These 40Ar/39Ar alunite dating analyses suffered from Ar loss due to the 
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Intrusive unit (Zircon, LA-ICP-MS U-Pb)

Sample Lat ( °N) Long ( °E) District Prospect Mineralization 
style

Lithology host Concordia 
age (Ma)

MSWD n

FR-15-18 39.0165 29.3229 - Pınarbaşı Porphyry Monzonite 17.86 ± 0.18 1.6 21
FR-14-49 38.5013 30.3382 - Afyon-SandıklıPorphyry Monzonite 11.64 ± 0.20 0.98 18
FR-15-31 37.0310 27.2580 Bodrum Kadıkalesı Skarn Monzonite 9.76 ± 0.06 0.82 19

Ore (Molybdenite, Re-Os)

Sample Lat ( °N) Long ( °E) District Prospect Mineralization 
style

Lithology host Re ppm 187 Re ppm 187 Os ppb
Model age 
(Ma)

FR-14-16538.5021 30.3393 - Afyon-SandıklıPorphyry Monzonite 539.3 ± 1.4 339.0 ± 0.9 65.68 ± 0.13 11.63 ± 0.05

Advanced argillic alteration (Alunite, 40Ar/39Ar)

Sample Lat ( °N) Long ( °E) District
Deposit/ 
Prospect

Mineralization 
style Lithology host

Plateau age 
(Ma)

Total fusion 
age (Ma)

Inverse 
isochron 
(Ma)

FR-13-17937.7559 32.0878 Konya İnlice HS epithermal Biotite andesite 8.16 ± 0.251 8.01 ± 0.26 8.55 ± 0.64

FR-14-68 37.8374 31.9551 Konya Doğanbey HS epithermal Two-pyroxene 
andesite 9.69 ± 0.10 9.41 ± 0.09 10.61 ± 0.801

FR-14-79 38.9992 37.8464 - Hasançelebi HS epithermal Clinopyroxene 
andesite 20.44 ± 0.86120.26 ± 0.31 14.86 ± 5.39

1Preferred age

Table 4.3 Summary of LA-ICP-MS U-Pb, 40Ar/39Ar and Re-Os dating results from selected 
gold deposits and prospects along the late Cenozoic Anatolian Trend.
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Figure 4.10 Concordia and weighted average 206U/238U age plots for igneous zircons from the 
late Cenozoic post-mineralization monzonite at the Pınarbaşı porphyry Mo-Cu prospect (A- 
B), monzonitic host rock at the Afyon-Sandıklı porphyry Au-Cu (C-D) and Kadıkalesi skarn 
prospects (E-F). Discordant and outlier analyses are in blue; analyses used for calculation of the 
weighted average 206Pb/238U age for each sample are in black. All errors are reported at 2σ level. 
MSWD: mean square of weighted deviates. The images (right) under optical microscope and 
cathodoluminescence for each sample display the internal structure of representative igneous 
zircon grains.
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small size of analyzed alunite grains (< 100 μm) and did not yield any reliable age plateau. 

Nonetheless, the age data are consistent with the U-Pb crystallization ages of the magmatic 

host rock in Chapter 2 at 8.67 ± 0.13 and 10.21 ± 0.13 Ma at İnlice and Doğanbey, respectively. 

The post-alteration andesitic lava flow that overlies the high-sulfidation epithermal alteration at 

the Hasançelebi Au-Ag prospect has a crystallization age of 21.32 ± 0.29 Ma (Chapter 2) that 

slightly overlaps the 40Ar/39Ar result presented herein. 
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4.6 Discussion

4.6.1 Style and distribution of gold-bearing ore systems

4.6.1.1 Spatial distribution of precious and base metal mineralization in western Anatolia

Although the formation of low- and intermediate-sulfidation epithermal vein systems 

is coeval with porphyry mineralization in western Anatolia, both styles of mineralizing 

systems are spatially distinct and do not share genetic relationships. Late Cenozoic low- and 

intermediate-sulfidation epithermal mineralization in western Anatolia such as in the İzmir and 

Simav districts, occurs preferentially along the northern and western edges of the Menderes 

Massif. The early Miocene volcanism that hosts this type of epithermal mineralization is 

characterized by dacitic to rhyolitic ignimbrites, lava-domes and volcaniclastic products 

emplaced at the initiation of Menderes Massif exhumation (e.g., Erkül et al., 2005b). This 

exhumation of the Menderes Massif was also accompanied by the formation of syn-tectonic 

granitic intrusions that produced sub-economic Fe-Pb-Zn skarn mineralization at their contacts 

with the calcareous basement rocks. In contrast, porphyry prospects and deposits including 

Kışladağ, Pınarbaşı, Sayacık and Afyon-Sandıklı are on the northeastern and eastern margins 

of the Menderes Massif. This porphyry mineralization has limited molybdenum and copper 

endowment hosted within the monzonitic intrusions. 

4.6.1.2 Boron-rich hydrothermal alteration in western Anatolia

Middle to late Miocene hydrothermal alteration systems in western Anatolia are 

characterized by abundant boron-bearing alteration phases including tourmaline at the 

Kışladağ (Baker et al., 2016) and Afyon-Sandıklı porphyry systems (Sönmez and Kuşcu, 2016; 

this Chapter), and rare axinite at the Efemçukuru low- to intermediate-sulfidation epithermal 

deposit (Oyman et al., 2003; Boucher, 2016). In addition, western Anatolia hosts world-class 

Neogene borate deposits including Bigadiç, Kerstelek and Emet formed in lacustrine-evaporitic 

volcano-sedimentary basins (Helvacı, 2015). Although boron is an incompatible element that 

preferentially concentrates in the fractioning melts, the anomalous excess of boron alteration 

phases in hydrothermal systems requires boron-rich magma source. Such a magma enrichment 
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reflects the substantial contribution of the Anatolian metasedimentary basement, and/or pelagic 

sediment-derived fluids into the subduction zone in which boron fractionates and easily transfers 

from the subducted slab to arc magma source. (Ryan and Langmuir, 1993; Leeman et al., 1994; 

Leeman and Sisson, 1996). Sediment input during the mantle metasomatism is confirmed by 

petrological investigations conducted in western Anatolia (e.g., Ersoy and Palmer, 2013). 

Alternatively, boron could also have been scavenged by ascending magma and hydrothermal 

fluids from deeper boron-rich evaporates through the metasedimentary basement and along the 

Neogene volcano-sedimentary basins in western Anatolia (Helvacı, 2015).

4.6.1.3 Orogenic and epithermal gold mineralization in western Anatolia

Gold-bearing quartz vein mineralization occurs within the core of the various 

metamorphic massifs throughout Anatolia, in particular in the Menderes Massif, and is thought 

to be the result of pre-Cenozoic orogenic systems (Yiğit, 2006; Gessner et al., 2017). The 

absence of genetic and temporal constraints on gold mineralization and the presence of active 

geothermal systems raise the controversy about the origin of those hydrothermal gold vein 

systems in western Anatolia, namely orogenic or epithermal style (Yiğit, 2006). A commonly 

held view suggests that pre-Cenozoic gold mineralization could have been remobilized from 

the lower crust during the Cenozoic geothermal phase and Barrovian-type metamorphism 

during the core complex formation (Yiğit, 2006, 2009). Field observations in the center of 

the Menderes Massif provided in this study confirm the orogenic affinity of those gold-rich 

quartz veins that cross cut the basement schistosity and show ductile deformation. Thus, 

this cross-cutting relationship thereby excludes a Cenozoic remobilization that would have 

preferentially focused those veins along Cenozoic-aged rock schistosity and brittle structures 

such as in the northern Menderes Massif in the Simav district. In addition, the abundance of 

Sb (-Hg) mineralization nearby those gold-bearing veins in the Menderes Massif (e.g., Cebrail 

and Göynük deposits and prospects) may also suggest an orogenic affinity and a formation 

at the end of the metamorphic event and at shallow depths (Groves et al., 1998). However, 

the observations presented herein suggest that this shallow mineralization is not related to 
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the pre-Cenozoic orogenic systems but is a late overprint that results from the Cenozoic 

geothermal activity in the Menderes Massif. The shallow Sb-Hg-rich part of the Pre-Cenozoic 

orogenic gold-rich quartz vein systems was likely eroded during the Cenozoic exhumation of 

metamorphic host units.

4.6.1.4 High-sulfidation epithermal mineralization in central Anatolia

Most high-sulfidation epithermal occurrences on the Anatolide-Tauride Block are in 

three districts, namely Konya, Niğde and Kayseri in central Anatolia. Reported gold resources 

culminate at only about 1.6 Moz distributed between the Öksüt and İnlice deposits. Porphyry 

mineralization is absent, although weak signs of overprinted high-temperature alteration 

assemblages are locally observed (e.g., Hall et al., 2007). Most late Miocene to Pliocene 

volcanism in central Anatolia such as the Konya volcanic complex, Melendiz, Tekkedağ and 

Develidağ stratovolcanoes, hosts numerous mineralized alteration systems that are post-dated 

by the barren and voluminous basaltic to andesitic lava flows and pyroclastic products from 

the Pliocene to Quaternary Hasandağ and Erciyes stratovolcanoes. In contrast, Andean-style 

high-sulfidation epithermal deposits are mostly coeval with volumetrically restricted or absent 

volcanism; stratovolcanoes are typically unmineralized (Bissig et al., 2015).

4.6.1.5 Potential for epithermal- and porphyry-style mineralization in eastern Anatolia

The abundance and density of mineral occurrences decreases eastwards to eastern 

Anatolia where volcanism is the most voluminous. The isolated Hasançelebi high-sulfidation 

epithermal Au-Ag prospect in the western part of eastern Anatolia is similar to its counterparts 

of central Anatolia and is also partially overlain by barren andesitic lava flows within the 

Yamadağ volcanic complex. Porphyry-style mineralization occurs within most of the late 

Cenozoic intrusive units mapped in the eastern part of eastern Anatolia such as in the Tunceli 

and Ağrı districts where high-sulfidation epithermal mineralization is not preserved, except at 

the Taşkapı prospect. Despite the limited number of porphyry and epithermal occurrences, the 

potential for both precious and base metal resources in this region is high as highlighted by the 

distal syn- to post-Miocene (?) Carlin-type Mollakara Au-Ag (4.5 Moz Au) and Cevizlidere Cu-
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Au-Mo porphyry deposits (1.6 Moz; 3.7 Blbs Cu). In addition, the abundance of hot springs, in 

particular in the Ağrı district (Çolakoğlu et al., 2011; Pasvanoğlu, 2013), suggests the potential 

for low-sulfidation epithermal vein systems in eastern Anatolia.

4.6.2 Regional structural control on gold mineralization

The Anatolian Trend is affected by contrasting tectonic regimes dominated by continental 

extension in the west and compression in the east. The widespread distribution of late Cenozoic 

magmatism and associated hydrothermal mineralization is controlled by the numerous high-

permeability extensional sites along strike-slip faults and intersections in central and eastern 

Anatolia, and detachment faults, strike-slip corridors and grabens in western Anatolia.

4.6.2.1 Western Anatolia

Miocene magmatism in western Anatolia was emplaced in a northerly-trending 

extensional to transtensional continental rifting or back-arc setting during a major period of 

crustal thinning that was dominated by the exhumation of the Menderes metamorphic core 

complex (e.g., Hetzel et al., 1995; Seyitoğlu, 1997; Bozkurt and Oberhänsli, 2001; Ersoy et 

al., 2010; Prelević et al., 2010). Epithermal, porphyry and structurally-controlled base-metal 

deposits formed during the tectonic denudation in the Menderes Massif region in the Neogene 

(Gessner et al., 2017; Menant et al., 2018; Roche, 2018). This crustal extensional phase 

produced a high geothermal gradient and dense brittle faulting network in the metamorphic 

basement that facilitated the crustal emplacement of fertile magmas and hydrothermal fluids 

along detachment faults and WNW- to NE-trending graben and faults, and at graben and fault 

intersections (Figure 4.12; Gessner et al., 2017; Menant et al., 2018; Roche, 2018). Although 

the role of regional detachment faults as control on gold mineralization has been proposed in 

western Anatolia (e.g., Menant et al., 2018; Roche, 2018), field observations presented herein 

suggest that most of gold mineralization is along high-angle normal and strike-slip structures, 

away from those low-angle detachment faults. For instance, the NNE-trending sinistral İzmir-

Balıkesir Transfer Zone, the ENE-trending Sındırgı structural corridor and WNW-trending 

faults (i.e., Simav normal fault) in northwest Anatolia are favorable for the formation of low- 
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and intermediate-sulfidation epithermal Au-Ag vein systems (< 4 Moz Au) in NW- to NNW-

trending dilational sites as observed at Kızıltepe, Kepez, Tavşan, Efemçukuru and Arapdağ 

(Sayılı and Gonca, 1999; Şener et al., 2009; Boucher, 2016). Similarly, the emplacement of 

the NW-trending Pınarbaşı intrusion and associated porphyry mineralization is controlled by 

the Erdogmus-Yenigediz graben along the WNW-trending Simav fault (Delibaş et al., 2017). 

Shallow Sb-Hg mineralization (e.g., Gediz and Halıköy) occurs along high-angle normal faults 

developed since the late Miocene (Ring et al., 2003). The emplacement of epithermal vein 

within volcanic complexes is strongly influenced by local, syn-volcanic structures and porosity 

of host lithologies that enhance the hydrothermal fluid diffusion and lower the metal content 

such as in the Simav district. Conversely, basement-hosted vein systems preferentially formed 

within less porous rocks that force hydrothermal fluids to flow along major structures thereby 

leading to the increase in metal content (e.g., Efemçukuru deposit).

4.6.2.2 Central Anatolia

The spatial distribution of central Anatolian volcanic edifices and thus associated 

epithermal mineralization is controlled by the conjugate, NW-trending, dextral Tuz Gölü and 

NE-trending, sinistral Ecemiş faults, ENE-trending structures (Pasquare et al., 1988), and 

normal faults (e.g., Akşehir fault). Those structures formed in response to the transtensional 

and transpressional regime that resulted from the regional N-trending compression (Dhont et 

al., 1998; Koçyiğit and Beyhan, 1998; Toprak, 1998; Koçyiğit and Erol, 2001).

The Konya volcanic complex that hosts numerous high-sulfidation epithermal 

occurrences was emplaced at the tip of the Akşehir normal fault. The distribution of epithermal 

occurrences are aligned along the NNW-trending Konya alteration corridor (Figure 4.6A). The 

presence of such a corridor coupled with the NNW-trending elongation of the Konya volcanic 

complex suggests the presence of a regional, deep and covered structure that controlled the 

emplacement of volcanic edifices and hydrothermal mineralization.

The numerous high-sulfidation epithermal occurrences of the Niğde district are hosted 

within the Melendiz stratovolcano that is part of the SW-trending Sivas-Cappadocia-Hasandağ-
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Karaman volcanic axis which is offset by the NW-trending dextral strike-slip Tuz Gölü fault 

(Figure 4.6B). The Melendiz stratovolcano is at the intersection of this volcanic axis and the 

Tuz Gölü fault, which has been active since the late Eocene as a strike-slip structure (Cemen 

et al., 1999).

The high-sulfidation epithermal occurrences in the Kayseri district were emplaced in late 

Miocene volcanic edifices along the NE-trending sinistral strike-slip Ecemiş fault (Figure 4.6C). 

Sinistral motion along the Ecemiş fault during Pliocene initiated formation of the transtensional 

Sultansazlığı pull-apart basin that was subsequently filled by Pliocene to Quaternary sediments 

and volcanic and volcaniclastic products from the Erciyes stratovolcano (Koçyiğit and Erol, 

2001). This pull-apart basin separated the mineralized late Miocene volcanic units that are now 

exposed on its both sides (Toprak, 1998). For instance, the Öksüt high-sulfidation epithermal 

gold deposit is located within the late Miocene Develidağ stratovolcano on the eastern flank of 

the Sultansazlığı basin whereas the Başdere high-sulfidation epithermal occurrence within the 

late Miocene Tekkedağ volcanic units on the western flank of this transtensional basin.

4.6.2.3 Eastern Anatolia

The emplacement of eastern Anatolian mineralizing magmas into the upper crust was 

controlled by the formation of extensional site at fault intersections and along the many major 

strike-slip fault zones that traverse the region such as the North Anatolian, Malatya and Ovacık 

fault zones (Koçyiğit et al., 2001; Westaway et al., 2008; Kaymakçı et al., 2010). The Yamadağ 

volcanic complex that hosts the Hasançelebi high-sulfidation epithermal Au-Ag prospect was 

emplaced between the NNE- to NE-trending sinistral Yakapınar-Göksun and Malatya faults 

during the early to middle Miocene NW-trending extension (Kaymakçı et al., 2006). Both 

faults also control the distribution of the mineralized Late Cretaceous plutons in the region of 

Divriği and the Eocene Bizmişen and Çaltı plutons (e.g., Kuşcu et al., 2013). The Cevizlidere 

porphyry Cu-Au-Mo deposit was emplaced in a pull-apart basin along the Ovacık sinistral 

strike-slip fault (İmer et al., 2014). Whereas the mineralized Eocene plutons in central and 

eastern Anatolia are in fault splays (Kuşcu et al., 2010), Oligocene to Miocene mineralized 
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magmatic units are emplaced either along the fault segments or pull-apart basins. The magma 

and mineralization emplacement coincides with NW-directed extension that prevailed in 

eastern Anatolia between 25 and 11 Ma (Kaymakçı et al., 2010). The mineralized plutons in 

the Ağrı district are exposed near the inferred intersection between the NW-trending dextral 

Hamur, WNW-trending dextral Çaldıran and NNE-trending sinistral strike-slip faults (Figure 

4.6D).

4.6.3 Paleodepth of porphyry ore emplacement

Field observations presented herein show that high-sulfidation epithermal-style 

alteration is prevalent throughout the late Cenozoic Anatolian Trend, as opposed to porphyry 

mineralization, but the lithocap endowment strongly varies along this Trend. For instance, 

silica lithocaps and ledges in western Anatolia are barren in contrast to those in central Anatolia 

and at the Hasançelebi high-sulfidation epithermal prospect in eastern Anatolia. Those barren 

lithocaps and ledges in western Anatolia formed tens to a few hundred meters above co-genetic, 

shallowly-emplaced, gold-rich porphyry stocks into the volcanic rocks such as at Kışladağ 

and Afyon-Sandıklı (Baker et al., 2016; this Chapter). Ideal erosion conditions in the middle 

Miocene exposed the shallow gold-rich porphyry ore bodies and preserved the overlying barren 

lithocaps in western Anatolia. In contrast, the lithocap at the early Miocene Pınarbaşı porphyry 

prospect is eroded (Delibaş et al., 2017); there is no observed outcropping porphyry alteration 

in the late Miocene Bodrum district, despite the presence of a lithocap and advanced argillic 

alteration assemblage at the Karatoprak prospect. 

The compressed nature of alteration systems from high-temperature potassic to low-

temperature advanced argillic alteration assemblages, inferred to be co-genetic, is present in 

eastern Anatolia such as at Taşkapı in the Ağrı district. In addition, the Cevizlidere Cu-Au-Mo 

porphyry deposit in the central part of eastern Anatolia formed at shallow level in the apparent 

absence of epithermal alteration and mineralization, certainly eroded (İmer et al., 2014). 

Conversely, shallow-level high-temperature alteration assemblages are apparently absent in 

central Anatolia and at Hasançelebi where most of silica-alunite lithocaps, ledges and breccias 
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are mineralized, perhaps except at the Doğanbey prospect in the Konya district (Hall et al., 

2007). 

The comparison between western and central Anatolian hydrothermal gold systems 

suggests an analogy with the El Indio and Maricunga gold belts in the Andes. The El Indio 

belt is characterized by mineralized high-sulfidation epithermal lithocaps in absence of 

shallow porphyry mineralization, similar to central Anatolia, whereas the gold endowment of 

the Maricunga belt is provided by shallowly-emplaced porphyry gold systems (Muntean and 

Einaudi, 2000; Bissig et al., 2015) such as those in western Anatolia (e.g., Kışladağ deposit; 

Baker et al., 2016), and probably in eastern Anatolia (e.g., Cevizlidere deposit and Taşkapı 

prospect). The abundance of banded quartz veinlets that include dark grey bands of micrometer-

sized magnetite grains and trapped vapor in the Maricunga deposits is the evidence of shallow 

emplacement (Muntean and Einaudi, 2000). Those banded quartz veins are present at Kışladağ 

in association with tourmaline (Baker et al., 2016), and also at the Doğanbey high-sulfidation 

prospect in the Konya district (Hall et al., 2007). The field observations in Anatolia reported 

herein are in accordance with previous empirical (Cox and Singer, 1988; Sillitoe, 1997) and 

microthermometric studies (Murakami et al., 2010) that correlated metal endowment of lithocaps 

and relative emplacement depth of porphyry ore (Figure 4.13). The shallow emplacement of 

porphyry ore (< 3 km) has a tendency to favor Au and Cu co-precipitation giving rise to barren 

overlying lithocaps whereas deeply-emplaced porphyry systems (> 3 km) will preferentially 

precipitate Cu and Mo at depth and release gold-rich hydrothermal fluids that will reach and 

precipitate in the epithermal environment (Murakami et al., 2010). 

The shallow emplacement of porphyry ore bodies in western Anatolia is controlled 

by the alkaline monzonitic nature of causative magmatism that can reach shallower depth 

(Schmincke, 2004; p. 125), as well as a regional extensional regime and crustal thinning (ca. 

30 km; Zhu et al., 2006; Tezel et al., 2013). This contrasts with the calc-alkaline andesitic 

composition of mineralized volcanics rocks and probably causative deeply-emplaced plutons 

(> 3 km), transtensional to transpressional tectonic regime and thicker crust in central Anatolia 
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(ca. 40 km; Gök et al., 2007; Çakır and Erduran, 2011). Therefore, magma alkalinity and 

tectonic regime control the crustal emplacement of fertile magma in Anatolia. In addition, the 

composition of the local wall-rock, namely carbonate and ophiolite units in central and eastern 

Anatolia, may have also played a role in the magma emplacement and mineral precipitation 

as showed at the Eocene Çöpler intermediate-sulfidation epithermal deposit and associated 
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porphyry system in eastern Anatolia (İmer et al., 2013, 2016). Beyond crustal controls on the 

spatial distribution of metals, metal endowment in the magma is primarily controlled by the 

composition of magmatic sources and processes in the lithosphere that are out of scope of this 

Chapter.

4.6.4 Timing and duration of gold mineralization events

4.6.4.1 Western Anatolia

Hydrothermal mineralization formed between ca. 21 and 9 Ma in western Anatolia 

(Figure 4.14). Skarn-style Fe-Pb-Zn mineralization occurred at ca. 21-20 Ma around the syn-

tectonic Alaçam and Eğrigöz plutons (Ring and Collins, 2005; Hasözbek et al., 2011), and 

between 19.4 ± 0.9 and 17.8 ± 0.7 Ma at Baklan (Aydoğan et al., 2008). Low- and intermediate-

sulfidation epithermal Au (-Ag) mineralization is restricted to western Anatolia and peaked at 

18.3 ± 0.2 Ma at the Kızıltepe deposit in the Simav district (Yılmaz et al., 2013; Figure 4.14). In 

addition, steam-heated hydrothermal alunite and kaolinite alteration also occurred in the Simav 

district between 20.6 and 17.3 Ma (Ece et al., 2013). In the İzmir district, low- and intermediate-

sulfidation epithermal mineralization is constrained by the dating of post-mineralization 

volcanism (14.7 ± 0.5 Ma; Sayılı and Gonca, 1999) at the northerly Arapdağ prospect and 

pre-veining rhyolitic dykes dated at 13.17 ± 0.25 Ma at the southerly Efemçukuru gold deposit 

(Boucher, 2016). Thus, low- and intermediate-sulfidation epithermal mineralization peaked 

between 19 and 13 Ma in western Anatolia.

Detailed geochronology on the porphyry prospects and deposits in western Anatolia 

reveals that porphyry-style mineralization occurred between 18 and 11 Ma but each of them 

resulted from the relatively short duration of the hydrothermal event (< 1 m.y.) generated by a 

limited number of intrusive phases (≤ 4; Baker et al., 2016; this Chapter). The Afyon-Sandıklı 

Au (-Cu) mineralization, dated at 11.63 ± 0.05 Ma by Re-Os, is bracketed by the pre- to syn-

alteration monzonitic stock and post-alteration monzonitic dike dated at 11.64 ± 0.20 (this 

Chapter) and 10.97 ± 0.09 Ma by U-Pb zircon dates, respectively (Sönmez and Kuşcu, 2016). 

Thus, the Afyon-Sandıklı mineralization event formed over a duration between 0.38 and 0.96 
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m.y. Re-Os model ages on porphyry mineralization in the Uşak district are 14.49 ± 0.06 and 

14.51 ± 0.06 Ma at the Kışladağ gold deposit and Sayacık prospect, respectively (Baker et al., 

2016; Bickford et al., 2016). The deposition of gold mineralization at the Kışladağ deposit 

occurred within < 0.4 m.y. (14.76 ± 0.01-14.36 ± 0.02 Ma; Baker et al., 2016). However, the 

duration of the Pınarbaşı Mo-Cu mineralization event is only constrained by the timing of 

sulfide mineralization (18.3 to 18.2 ± 0.1 Ma by Re-Os; Delibaş et al., 2017) and the post-

alteration monzonite (17.86 ± 0.18 Ma by U-Pb; this Chapter) yielding a minimum duration of 

the hydrothermal event between 0.1 and 0.7 m.y.

The youngest mineralizing event in western Anatolia may be in the Bodrum district 

where the age of the Kadıkalesi skarn alteration is constrained by the U-Pb dating of the 

monzonitic host (9.76 ± 0.06 Ma). However, the age of the high-sulfidation epithermal alteration 

at Karatoprak is unknown but assumed to be similar to the surrounding volcanic and intrusive 

rocks dated between 13 and 7 Ma; (Robert et al., 1992; Fahmi et al., 1997).
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Figure 4.14 Time scale illustrating the timing of gold mineralization in western (red), central 
(blue) and eastern Anatolia (grey), with the exception of the Baklan skarn Pb-Zn occurrence. 
Error bars are reported at 2σ level. Gold mineralization is inferred to occur during the deposition 
of sulfides, dated by Re-Os technique, and hypogene alunite, dated by 40Ar/39Ar technique, in 
porphyry and high-sulfidation epithermal systems, respectively. The dating of pre- or post-
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plutons (ca. 21-20 Ma) are not displayed because of the high number of available dates in the 
literature, as opposed to the Baklan pluton. References: 1İmer et al., 2014; 2Chapter 2; 3this 
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4.6.4.2 Central Anatolia

The timing of epithermal gold and silver mineralization at the Konya district is uncertain 

because the 40Ar/39Ar alunite ages are disturbed and do not define plateau. In addition, there 

are no time constraints on brecciation events and direct evidence of gold and alunite co-

precipitation at the Doğanbey prospect and İnlice deposit. Nonetheless, the age data presented 

herein suggest that the Doğanbey precious metal mineralization likely formed between 10.34 

and 9.81 Ma constrained by the andesite host rock that crystallized at 10.21 ± 0.13 Ma (U-Pb 

on zircon; Chapter 2) and hydrothermal alunite alteration dated at 10.61 ± 0.80 Ma (40Ar/39Ar 

technique; this Chapter). Similarly, the İnlice precious metal mineralization is assumed to 

be constrained by the timing of the hydrothermal alunite alteration dated at 8.16 ± 0.25 Ma 

(40Ar/39Ar). Thus, gold mineralization at the Konya district occurred between approximately 

10 and 8 Ma (Figure 4.14).

The timing of hydrothermal alteration and associated gold mineralization at the Kayseri 

district (8-5 Ma) is bracketed by the andesitic host rock of the Başdere high-sulfidation 

epithermal occurrence and the post-alteration andesite at the Öksüt gold deposit dated at 7.92 

± 0.14 and 5.36 ± 0.20 Ma, respectively, in Chapter 2. However, time constraints on high-

sulfidation epithermal alteration in the Niğde district (ca. 3 Ma) are only provided by the U-Pb 

crystallization age of the andesitic host rock at Boz Tepe (3.62 ± 0.06 Ma; Chapter 2).

4.6.4.3 Eastern Anatolia

Although the Hasançelebi high-sulfidation epithermal Au-Ag prospect is similar to its 

counterparts in central Anatolia, it occurred much earlier in the early Miocene. Hasançelebi 

precious metal mineralization is constrained by the precipitation of hydrothermal alunite dated 

at 20.44 ± 0.86 Ma by 40Ar/39Ar and the post-alteration andesitic lava flow emplaced at 21.23 

± 0.33 Ma (U-Pb on zircon; Chapter 2). Thus, precious metal mineralization at Hasançelebi 

likely formed around 21 Ma (between > 21.30 and 20.90 Ma; Figure 4.14).

Porphyry mineralization formed from 25 to 17 Ma. The age of porphyry mineralization 

at the Cevizlidere deposit is 24.90 to 24.78 ± 0.10 Ma from Re-Os model ages on molybdenite 
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(İmer et al., 2014) whereas porphyry mineralization in the Ağrı district (ca. 21-17 Ma) is 

constrained by the U-Pb crystallization age of the intrusive host rock including 21.32 ± 0.29 

and 17.38 ± 0.36 Ma at the Taşkapı and Taşlıçay prospects, respectively (Chapter 2). İmer et 

al. (2014) postulated a short-lived hydrothermal and magmatic activity at Cevizlidere (ca. 0.5 

m.y.), which is similar to the porphyry systems in western Anatolia (see above). 

The longevity of hydrothermal activity and causative magmatism in Anatolian 

porphyry-epithermal deposits and prospects is consistent with that in the other multiphase 

porphyry deposits along the Western Tethyan Orogenic Belt that range from < 0.1 to > 4.0 

m.y. such as Medet, Bulgaria (ca. 1.4 m.y.; Peytcheva et al., 2009), Miduk, Iran (ca. 1.7 m.y.; 

McInnes et al., 2005), and Reko Diq in Pakistan (ca. 1 m.y.; Razique et al., 2014), and also 

worldwide porphyry deposits (e.g., Arribas et al., 1995; McInnes et al., 2005; Chiaradia et 

al., 2009). Uncertainties on the longevity of porphyry systems result from either the number 

of successive magmatic pulses that incrementally contribute to the total metal budget of the 

deposit (Sillitoe, 2010), erroneous estimate of the emplacement age of the causative intrusion 

and methodological problems in dating methods (Sillitoe and Mortensen, 2010; Chiaradia et 

al., 2014). Nonetheless, theoretical modeling reveals that life spans required for consolidation 

of individual porphyry intrusions (< 40 k.y.; Cathles et al., 1997), porphyry ore deposition (< 

100 k.y.; McInnes et al., 2005) and the formation of potassic alteration (< 2 k.y.; Cathles and 

Shannon, 2007) are significantly shorter than those measured by isotopic dating techniques.

4.6.5 Temporal and spatial migration of gold mineralization and mantle dynamics

The timing of late Cenozoic Anatolian hydrothermal mineralization events defined in 

this study varies through space (Figure 4.14): 1) 25-17 Ma in eastern Anatolia; 2) 21-9 Ma in 

western Anatolia; 3) 10-3 Ma in central Anatolia. Precious and base metal mineralization is 

contemporaneous with widespread magmatism and the formation of stratovolcanoes throughout 

Anatolia as suggested by field observations and confirmed by U-Pb, 40Ar/39Ar and Re-Os 

dating at the porphyry and epithermal districts (Chapter 2; this Chapter). Gold-rich porphyry 

and epithermal mineralization experienced the same temporal and spatial migrations as their 
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magmatic hosts (Figure 4.12). For instance, mineralization ages become younger westwards 

along the Eastern Anatolian Magmatic Belt, reflecting the migration of the magmatic front 

from eastern to central Anatolia as interpreted in Chapter 2. The contrasting distribution 

between Oligocene to early Miocene porphyry mineralization in eastern Anatolia and the 

late Miocene to Pliocene high-sulfidation epithermal mineralization in central Anatolia is the 

result of differential erosion levels along the vertical hydrothermal porphyry-high-sulfidation 

epithermal profile after the onset of the Arabian continental collision. Conversely, the western 

Anatolian magmatic front migrated southwards during the Cenozoic (Dilek and Altunkaynak, 

2009) giving way to younger hydrothermal mineralization southwestwards from ca. 21 to 9 

Ma.

Mineralized porphyry intrusions are typically the final episode of a given magmatic 

cycle in the Andes (Haschke et al., 2002; Bissig et al., 2003; Richards, 2003). In contrast, post-

subduction porphyry deposits may form at the early stages of tectonic perturbations (e.g., Pettke 

et al., 2010). In Anatolia, the three major magmatic episodes since the Mesozoic include Late 

Cretaceous arc to back-arc, Eocene post-collisional to back-arc, and late Cenozoic back-arc 

and post-subduction episodes, each of which were accompanied by the formation of porphyry 

and epithermal precious and base metal mineralization (Yiğit, 2009; İmer et al., 2013; Kuşcu et 

al., 2013; this Chapter). The final magmatic episodes in the late Cenozoic were terminated by 

the initiation of barren volcanism since 8, 3 and 17 Ma in western, central and eastern Anatolia, 

respectively. Pliocene to Quaternary barren volcanism is more alkaline, less hydrous and/or 

composed of sub-slab asthenosphere-derived melts with or without a subduction component 

(e.g., Keskin, 2003; Şen et al., 2004; Ersoy and Palmer, 2013) implying that the conditions to 

generate fertile magma are no longer sustained. 

Late Cenozoic Anatolian magmatism was generated in back-arc and a broad range of post-

subduction tectonic scenarios including slab roll-back, tearing and break-off, and lithospheric 

mantle removal (e.g., Keskin, 2003, 2007; Şengör et al., 2008; Dilek and Altunkaynak, 2009, 

2010; Prelević et al., 2012; Ersoy and Palmer, 2013; Jolivet et al., 2013; Jolivet et al., 2015; 
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Prelević et al., 2015; Delph et al., 2017; Göğüş et al., 2017; McNab et al., 2017; Reid et al., 

2017; Chapter 2). The upwelling asthenospheric mantle and anomalous heating to the base 

of the lithosphere play a crucial role for the formation of post-subduction magmatism (e.g., 

Davies and von Blanckenburg, 1995) and associated porphyry and epithermal systems (e.g., 

Wang et al., 2006; Richards, 2009, 2015; Moritz et al., 2016b), in particular in the context of 

slab tearing and break-off (De Boorder et al., 1998; Cloos et al., 2005; Vos et al., 2007; Shafiei 

et al., 2009; Logan and Mihalynuk, 2014; Hou et al., 2015). 

4.6.5.1 Slab roll-back-, back-arc- and slab tear-related gold mineralization in western 

Anatolia

In western Anatolia, the impingement of hot asthenosphere to the base of the overriding 

lithosphere coupled with the southwestward retreat of the Hellenic trench and Aegean back-arc 

development caused the surface uplift, crustal thinning, regional change in magma chemistry 

towards mantle-derived compositions, and formation of low-angle detachment faults and 

high-angle WSW- and NE-trending structures and grabens (Figure 4.12; e.g., Jolivet and 

Faccenna, 2000; Dilek and Altunkaynak, 2009; van Hinsbergen, 2010; Jolivet et al., 2013). 

The acceleration of the Aegean roll-back rate relative to the Cyprus slab segment beneath 

central Anatolia initiated the S-trending sub-vertical tear between both slab segments from 15 

to 8 Ma (Figure 4.15; Jolivet et al., 2015). The controversial and alternative Neogene shallow 

subduction scenario supported by seismic data of earthquake hypocenters distribution (Doglioni 

et al., 2002; Agostini et al., 2008; Agostini et al., 2010) does not account for the widespread 

production and southwestward migration of surface magmatism, crustal block rotation and 

the lithospheric mantle magma source, as commonly reported in the Aegean-western Anatolia 

region. Instead, this shallow subduction scenario may have occurred from the Late Cretaceous 

to Eocene (Prelević et al., 2012) to fertilize the Anatolian lithospheric mantle but not in the 

Neogene. 

Although the location of gold mineralization on the overriding crust is spatially 

coincident with the underlying tear-related slab window in the mantle as imaged today by 
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Figure 4.15 Geological time scale illustrating the succession and association of post-
subduction tectonic, magmatic and metallogenic events in western (red), central (blue) and 
eastern Anatolia (grey) since the Oligocene. The timing of tectonic events are from Jolivet et 
al. (2015) and Chapter 2. Timing and references of porphyry (star), high-sulfidation (diamond) 
and low- and intermediate-sulfidation epithermal (triangle) and skarn (circle) mineralization 
events are provided in Figure 4.14. The age histogram of plutonic and volcanic units results 
from the compilation of U-Pb, 40Ar/39Ar and K-Ar isotopic dates from the literature in western 
Anatolia (n = 312; this Chapter) and central and eastern Anatolia (n = 428; Chapter 2).

seismic tomography in western Anatolia (De Boorder et al., 1998), gold mineralization 

formation initiated at ca. 19 Ma, thus prior to the tear-related slab window opening but during 

the initial episode of regional back-arc extension in the early to middle Miocene (Ring et 

al., 2003; Gessner et al., 2013). Low- and intermediate-sulfidation epithermal gold vein 

mineralization formed either prior to the slab tear event such as at the Simav district between 



19 and 18 Ma, or beyond the extent of the slab tear window such as at the İzmir district at ca. 

> 14-13 Ma. Although this epithermal mineralization shows no to moderate contributions from 

a magmatic source (Yılmaz et al., 2013; Boucher, 2016), those low-temperature (< 300°C) 

gold-bearing vein systems were influenced by the emplacement and southwestward migration 

of regional intermediate to felsic volcanism during continental rifting along the İzmir-Balıkesir 

Transfer Zone. The southwestward migration of epithermal gold mineralization formation 

from the northerly Ovacık and Kızıltepe deposits (ca. 19-18 Ma) to Arapdağ (ca. > 14 Ma) 

to the southerly Efemçukuru deposit (ca. 13 Ma) is a direct consequence of the Aegean slab 

roll-back and back-arc development. The formation of these epithermal deposits resulted from 

the increasing thermal gradient and enhanced crustal fluid flow during crustal extension and 

rifting, and exhumation and rotation of the Menderes metamorphic core complex (Gessner et 

al., 2017). 

In contrast, western Anatolian porphyry mineralization peaked at 18 Ma at the Pınarbaşı 

prospect, and occurred mainly during the slab tear development between 15 and 11 Ma in 

the Uşak district and at the Afyon-Sandıklı prospect. Those porphyry deposits and prospects 

were emplaced near the boundary between the Aegean and Cyprus slabs, east of the Menderes 

Massif, where the tear-related slab window opened. Igneous host rocks along the S-trending 

Kırka-Afyon-İsparta volcanic trend and the Uşak-Muğla Transfer Zone were directly affected 

by toroidal flow of asthenosphere. Evidences are provided by the temporal increase and 

westward decrease of the asthenospheric component in the magma (Dilek and Altunkaynak, 

2010; Karaoğlu and Helvacı, 2014; Prelević et al., 2015). Flow of asthenospheric propagated 

southwestwards to the southwestern edge of the Menderes Massif causing fertile magmatism 

at the Bodrum district in the late Miocene (this Chapter), and subsequently contributing to the 

Quaternary Aegean volcanic arc (Klaver et al., 2016).

The Aegean slab roll-back and back-arc, the formation of the slab tear, the resulting 

toroidal flow of asthenosphere and the concomitant crustal exhumation account for the current 

distribution of gold deposits around the Menderes Massif core. These processes can account for 
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the spatial segregation between the slab tear-related, easterly and southerly, intrusion-related 

systems, and the back-arc-related, northerly and westerly, low- and intermediate-sulfidation 

epithermal veins. The activation of regional detachment faults and the rapid exhumation 

of the Menderes metamorphic core complex during the Miocene significantly eroded the 

potential middle Miocene mineralized magmatic complexes and pre-Oligocene orogenic vein 

systems that may have been emplaced in the center of the Menderes Massif between the İzmir 

and Uşak districts. Consequently, this region is dominated by the remnant of orogenic and 

epithermal gold-bearing veins and the numerous small placer gold occurrences such as along 

the historically significant Pactolus (Gediz) River, which provided wealth to Croesus (560-546 

BC), King of Lydia. 

4.6.5.2 Slab steepening- and break-off-related gold mineralization in central and eastern 

Anatolia

The arrival of the buoyant Arabian platform in the Oligocene (ca. 30 Ma) to the 

southern margin of eastern Anatolia terminated the northward subduction of the Southern 

Neotethyan oceanic slab and initiated slab steepening (30-25 Ma) followed by break-off at 

ca. 25 Ma (Figure 4.15; see Chapter 2, and references therein for discussion). Slab steepening 

gave rise to a brief magmatic pulse (Chapter 2) that was accompanied by the formation of 

the Cevizlidere porphyry Cu-Au-Mo deposit at ca. 25 Ma (İmer et al., 2014). Subsequently, 

the slab break-off event was responsible for the westward propagation of the magmatic front 

starting at 21 Ma (Chapter 2) and crustal uplift (Schildgen et al., 2014; McNab et al., 2017) 

from eastern to central Anatolia along the Eastern Anatolian Magmatic Belt under a localized 

extensional tectonic regime (Kaymakçı et al., 2010). The formation of slab break-off-related 

magmatic complex in the upper crust was accompanied by the production of Au (-Cu) high-

sulfidation epithermal and porphyry mineralization, such as at the easterly Ağrı district, 

Hasançelebi high-sulfidation epithermal prospect and westerly Niğde and Kayseri districts. 

However, the sustained heat flow beneath eastern and central Anatolia during the slab window 

opening eroded the lithospheric mantle (Keskin, 2007; Delph et al., 2017; McNab et al., 2017; 
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Chapter 2) and produced voluminous barren volcanism that partially or entirely covered the 

mineralized slab break-off-related magmatism. Barren volcanism is characterized by greater 

interactions between lithospheric and asthenospheric components such as the Hasandağ and 

Erciyes stratovolcanoes in central Anatolia and the Erzurum-Kars volcanic plateau in eastern 

Anatolia (e.g., Keskin, 2003; Kürkçüoğlu et al., 2004; Keskin, 2007; Şengör et al., 2008; 

Özdemir and Güleç, 2013; Kürkçüoğlu et al., 2015; Neill et al., 2015).

As suggested in Chapter 2, late Miocene volcanism in the Konya district results from 

the southward retreat of the Cyprus slab since the early Miocene based on magmatic age 

migrations along the S-trending alignment of Galatia-Sulutas-Konya magmatic complexes and 

recent tomographic studies that show the sharp edge and coherence of the underlying Cyprus 

slab (Figure 4.12; e.g., Biryol et al., 2011). An alternative scenario suggests that the southward 

delamination of the Cyprus slab since the early Miocene accounts for the absence or attenuated 

lithospheric mantle beneath central Anatolia, based on tomographic studies (Bartol and Govers, 

2014; Delph et al., 2017). Thus, the formation of the high-sulfidation epithermal prospects in 

the Konya district are not affected by slab rupture but results from the Cyprus slab roll-back or 

delamination event in the Miocene as opposed to their counterparts in the easterly Niğde and 

Kayseri districts and the westerly Afyon-Sandıklı porphyry Au (-Cu) prospect (Figure 4.1).

In summary, the late Cenozoic segmentation of the Southern Neotethyan oceanic slab 

allowed flow of asthenosphere to invade the Anatolian mantle domain and remobilize fertile 

lithospheric and crustal material required for the production of gold-rich magmas in a post-

subduction setting (e.g., Richards, 2009; Hronsky et al., 2012).

4.6.6 Comparison with the neighboring late Cenozoic gold provinces along the Western 

Tethyan Orogenic Belt

Although this Chapter focuses on the late Cenozoic mineralization of the Anatolian 

Metallogenic Trend, the tectono-magmatic scenarios depicted above laterally extend westwards 

to Greece (e.g., Jolivet et al., 2013) and southeastwards to the Lesser Caucasus and Iran 

(Hafkenscheid et al., 2006). The Anatolian Trend laterally connects to the major neighboring 
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metallogenic provinces in Greece (Melfos and Voudouris, 2017), northwest Turkey (Yiğit, 

2012; Sánchez et al., 2016), Lesser Caucasus (Moritz et al., 2016a) and northeast Iran (Richards 

and Sholeh, 2016).

4.6.6.1 Greece and northwest Turkey

Occurrences of precious and base metal mineralization in Greece consist of porphyry, 

high- and intermediate-sulfidation epithermal, carbonate-replacement and reduced-intrusion 

Mo-W mineralization styles (Siron et al., 2016; Melfos and Voudouris, 2017). Reduced-

intrusion Mo-W mineralization is absent in Anatolia; low-sulfidation epithermal vein systems 

are apparently absent in Greece. In addition, the porphyry and epithermal deposits in Greece 

are endowed in Te, PGE and Re (Economou-Eliopoulos and Eliopoulos, 2000; Voudouris et al., 

2007) that is attributed to the high magmatic oxidation state, limited contribution of meteoric 

fluids (Economou-Eliopoulos and Eliopoulos, 2000) and metasomatic agents in the mantle 

source (e.g., Sun et al., 2003; Cook et al., 2009). Such metal grade has not been reported along 

the Anatolide-Tauride Block except perhaps for Te enrichment in the Biga district (Smith et 

al., 2014). In contrast, the styles of late Cenozoic intrusion-related mineralization in the Biga 

district (ca. 9 Moz gold) on the Rhodope-Pontide Block are similar to those on the Anatolide-

Tauride Block, and dominantly include porphyry, skarn and high-, intermediate- and low-

sulfidation epithermal systems (Yiğit, 2012).

Regional back-arc extension is responsible for the formation of many grabens, half-

grabens and detachment faults that control the distribution and emplacement of calc-alkaline to 

shoshonitic igneous units and associated mineralization (e.g., Yiğit, 2012; Sánchez et al., 2016; 

Gessner et al., 2017; Melfos and Voudouris, 2017). Precious and base metal mineralization 

formation peaked in the Oligocene (33-25 Ma), early Miocene (22-19 Ma), middle to late 

Miocene (14-7 Ma) and Pliocene-Pleistocene (3-1.5 Ma) in Greece (Melfos and Voudouris, 

2017). Whereas the first mineralization peak coincides with a major mineralization event in the 

Biga district of northwest Turkey, the second and third events are simultaneous with the major 

mineralization peak in western Anatolia (21-9 Ma). Despite this simultaneity of mineralization 
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episodes, magmatism and associated mineralization in Greece resulted from mantle wedge 

suction during the Aegean slab roll-back episode apparently without any contribution from the 

slab tear-derived toroidal flow of asthenosphere. 

4.6.6.2 Lesser Caucasus and Iran

Neogene syn- to post-collisional porphyry- and epithermal-style deposits in the Lesser 

Caucasus dominantly produced copper and molybdenum mineralization during the Oligocene 

(34-31 Ma) and early Miocene (ca. 26-21 Ma) along translithospheric faults in the Zangezur-

Ordubad region on the South Armenian Block (Moritz et al., 2016a). Although this province 

is well-endowed in precious and base metals, gold mineralization mostly formed prior to the 

Neogene and is rare or absent during the Neogene, perhaps with the exception of the Zod/Sotk 

low-sulfidation epithermal deposit (Moritz et al., 2017).

Similarly, Neogene precious and base metal mineralization in Iran is dominated by 

porphyry Cu-Mo deposits and a few epithermal gold systems that formed in a collisional setting 

(Richards and Sholeh, 2016). Interestingly, the prevailing exposition of porphyry mineralization 

and intrusions without volcanic equivalents (e.g., the Urumieh-Dokhtar Belt; Shafiei et al., 

2009), coupled with the poor preservation of epithermal systems imply deeper erosion levels 

than in Anatolia. The rare Neogene epithermal gold systems preferentially formed in northwest 

Iran in the middle to late Miocene (Richards and Sholeh, 2016) and include the Sari Gunay 

diatreme-hosted gold deposit (Richards et al., 2006). This region also hosts many porphyry 

Cu-Mo deposits in the Arasbaran Belt such as Sungun, Masjed Daghi and Haft Chesmeh (27-

17 Ma), similar to those along the Oligocene to Miocene Urumieh-Dokhtar and Kerman Belts 

of southwest Iran. The porphyry systems of the Arasbaran Belt have similar mineralization to 

those the Zangezur-Ordubad region in southern Armenia (Aghazadeh et al., 2015; Moritz et al., 

2016a) and are contemporaneous with the porphyry systems in Anatolian Ağrı district about 

250 km west. 

Those Neogene porphyry deposits in northwest Iran and southern Armenia are thought 

to be emplaced in the early stages of the Arabian continental collision in response to crustal 
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thickening and possible delamination (Aghazadeh et al., 2015; Jamali and Mehrabi, 2015; 

Moritz et al., 2016b). However, large-scale kinematic reconstructions and tomographic studies 

proposed that the onset of the Arabian continental collision in the Oligocene initiated the break-

off of the Southern Neotethyan oceanic slab at ca. 30 Ma in northwest Zagros (Hafkenscheid 

et al., 2006; Mouthereau et al., 2012). Thus, this slab break-off tectonic event could have been 

responsible for the formation of those Oligocene to early Miocene porphyry Cu-Mo deposits 

in southern Armenia and northwest Iran. This sub-horizontal slab rupture subsequently 

propagated westwards along the Eastern Anatolian Magmatic Belt (Chapter 2) and possibly 

southeastwards in Iran (Hafkenscheid et al., 2006; Omrani et al., 2008). The lateral connection 

and transition between the late Cenozoic Anatolian Trend in Turkey, the Arasbaran and possibly 

the Urumieh-Dokhtar Belts in Iran, and the Zangezur-Ordubad region in Armenian deserve 

further investigations.

4.7 Conclusion

The late Cenozoic Anatolian Metallogenic Trend defined in this study is composed 

of nine porphyry and epithermal districts and isolated prospects that contain significant 

gold (33 Moz) and minor copper (3.7 Blbs) resources. These districts, deposits, prospects 

and occurrences are distributed along three Trend segments in western, central and eastern 

Anatolia. Field observations revealed that mineralization in western Anatolia was preferentially 

deposited around the exhumed core of the Menderes Massif, and is dominated by low- and 

intermediate-sulfidation epithermal Au-Ag systems in the north and west, and porphyry and 

skarn mineralization in the east and south. In contrast, central Anatolia is dominated by high-

sulfidation epithermal Au systems whereas eastern Anatolia contains porphyry, high-sulfidation 

epithermal and Carlin-style precious and base metal mineralization. Those hydrothermal 

systems and associated igneous host rocks were emplaced at extensional sites along grabens, 

strike-slip corridors, fault intersections and pull-apart basins in a context of crustal extension in 

western Anatolia and transtension to transpression in central and eastern Anatolia. 

Geochronological results presented herein, and interpreted with age data from Chapter 
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2, suggest that precious and base metal porphyry, skarn and epithermal mineralization formed 

at: 1) 25-17 Ma in eastern Anatolia; 2) 21-9 Ma in western Anatolia; 3) 10-3 Ma in central 

Anatolia. The timing of mineralization coincides with post-subduction segmentation and 

roll-back events of the Arabian, Cyprus and Aegean segments of the Southern Neotethyan 

oceanic slab in the late Cenozoic. The steepening of Arabian slab segment at the onset of the 

Arabian continental collision in the Oligocene resulted in a brief pulse of magmatism and 

porphyry mineralization in the Tunceli district. Subsequently, the Arabian slab broke off and 

the resulting sub-horizontal rupture propagated westwards to central Anatolia from the early 

to middle Miocene, followed by the slab window opening until the present times (Biryol et 

al., 2011; Schildgen et al., 2014; Chapter 2). This event was accompanied by the westward 

migration of the magmatic front and associated porphyry and high-sulfidation epithermal 

mineralization from the easterly Ağrı district, Hasançelebi high-sulfidation epithermal prospect 

to the westerly Kayseri and Niğde districts. The southward roll-back of the Cyprus slab gave 

way to the formation of the Konya district in central Anatolia. The combined roll-back and 

tearing of the Aegean slab resulted in the southwestward migration of the magmatic front 

and associated mineralization in western Anatolia. Thus, this study suggests that the post-

subduction slab segmentation events and resulting thermal events at 25 and 15 Ma produced 

the bulk of Anatolian gold mineralization. The break-off- and tear-related slab window opening 

and long-lived asthenosphere upwelling are yet responsible for the increasing production of 

barren volcanism through time that partially covers mineralized magmatic complexes. 
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Chapter 5: Petrogenetic controls on post-subduction magma fertility in the 

late Cenozoic Anatolian Metallogenic Trend, Turkey

5.1 Introduction

Porphyry deposits and associated epithermal mineralization form in arc subduction, 

post-subduction and post-collisional tectonic settings (e.g., Sillitoe, 1972; Richards, 2003, 

2009; Sillitoe, 2010). However, different tectonic settings indicate that there are contrasting 

first-order controls on the production of fertile magma, i.e., capable of forming precious and 

base metal magmatic-hydrothermal ore deposits. In arc magmas, the bulk of metals are sourced 

from the metasomatized asthenospheric mantle, and to lesser extent by the oceanic crust and 

sediments via dehydration fluids or melting (e.g., Richards, 2011). In contrast, metal sources in 

post-subduction and post-collisional settings are controversial and include 1) the fertilization 

of the subcontinental lithospheric mantle (SCLM; Pettke et al., 2010; Mair et al., 2011) by 

asthenosphere-derived low-degree partial melts (Hronsky et al., 2012; Griffin et al., 2013); 2) 

subduction-modified cumulates in the lower crust as artifacts of previous cycles of arc 

magmatism (Chiaradia et al., 2009; Richards, 2009); and/or 3) juvenile lower crust after arc 

magma underplating (Hou et al., 2009; Shafiei et al., 2009). The infiltration of hot asthenosphere 

into the mantle wedge is typical in post-subduction tectonic settings as a result of slab tearing 

(subvertical rupture) or break-off (subhorizontal rupture). High thermal gradient may remobilize 

metasomatized and metal-rich regions from the lithospheric mantle and/or lower crust to 

generate fertile magmas (Lips, 2002; Wang et al., 2006; Hou et al., 2009; Richards, 2009, 2011; 

Logan and Mihalynuk, 2014). The influx of barren and drier, asthenosphere-derived melts may 

dilute the hydrous, metal-rich magmas (e.g., Hronsky et al., 2012) and cause a drastic reduction 

of magma fertility over time.

The Western Tethyan Orogenic Belt formed from the amalgamation of many Gondwana-

derived crustal blocks that were accreted to the southern active margin of Laurasia during the 

successive Mesozoic to Cenozoic accretionary and collisional tectonic events (Şengör and 
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Yılmaz, 1981; Şengör et al., 1984; Stampfli and Borel, 2004). This complex tectono-magmatic 

belt was favorable for the generation of fertile magmas and associated magmatic-hydrothermal 

ore deposits in response to its subduction, slab tearing, roll-back and break-off, and lithospheric 

mantle delamination tectonic settings (Janković, 1997; Lips, 2002; Yiğit, 2006, 2009, 2012; 

İmer et al., 2013; Kuşcu et al., 2013; Bertrand et al., 2014; Richards, 2015; Moritz et al., 2016b; 

Menant et al., 2018; Chapter 4). Substantial gold resources (ca. 112 Moz; Baker, 2017) in the 

Carpathian, Balkan, Aegean and Anatolian regions such as Rosia Montana, Skouries, Kışladağ, 

and Efemçukuru (Lips, 2002; Neubauer et al., 2005; Manske et al., 2006; Yiğit, 2009; Baker et 

al., 2016; Boucher, 2016; Siron et al., 2016; Menant et al., 2018), and copper in the Lesser 

Caucasus and Zagros areas (> 60 Bt; Shafiei et al., 2009; Richards et al., 2012; Moritz et al., 

2016a; Moritz et al., 2016b; Richards and Sholeh, 2016) formed in these tectonic settings 

during the Cenozoic. Most of the gold-rich porphyry and epithermal deposits formed during 

trench retreat and slab segmentation events after the onset of the Arabia-Eurasia continental 

collision from the Oligocene to Pliocene (Menant et al., 2018; Chapter 4). However, the genetic 

relationship between post-subduction tectonic events, asthenospheric upwelling and magma 

fertility has not been well-established, despite recent efforts in western Anatolia (Menant et al., 

2018).

Fertility of Anatolian magmatism evolved through time and space during the late 

Cenozoic in response to post-subduction slab rupture and roll-back tectonic events and resulting 

asthenospheric upwelling. Evidence is provided by new geochemical and Sr-Nd-Pb isotopic 

geochemical data that are focused on the major late Cenozoic porphyry, skarn and high-

sulfidation epithermal occurrences, prospects and deposits from western Anatolia, associated 

with the geochemical results from mineralized igneous units in central and eastern Anatolia 

(Chapter 3). Those results are interpreted with previously-published, deposit-focused 

geochemical data throughout Anatolia (İmer et al., 2014; Baker et al., 2016; Delibaş et al., 

2017).
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5.2 Late Cenozoic tectonic, magmatic and metallogenic framework of the Anatolide-

Tauride Block

5.2.1 Tectonic and geodynamic evolution

The Western Tethyan Orogenic Belt resulted from the indentation of Gondwana-derived 

crustal fragments including the Rhodope-Pontide Block, Anatolide-Tauride Block (Figure 5.1), 

Bitlis-Pütürge Massifs and Central Anatolian Crystalline Complex in Turkey into the southern 

active margin of Laurasia since the Paleozoic (Şengör and Yılmaz, 1981; Şengör et al., 1984; 

Stampfli, 2000; Stampfli and Borel, 2004). The collision of the Gondwana-derived crustal 

fragments to Laurasia closed the numerous branches of the Paleotethys and Neotethys oceans 

along a series of northward-dipping subduction zones (Şengör and Yılmaz, 1981; Robertson 

and Dixon, 1984; Şengör et al., 1984; Okay and Tüysüz, 1999; Okay et al., 2006; van Hinsbergen 

et al., 2016). The Southern Neotethys Ocean, south of the Anatolide-Tauride Block, was the 

last remaining oceanic basin that closed along the current Bitlis suture zone at the onset of the 

Arabia-Eurasia continental collision in either the Eocene (Rolland et al., 2012), Oligocene 

(Jolivet and Faccenna, 2000; Agard et al., 2005; Allen and Armstrong, 2008; Barrier and 

Vrielynck, 2008; McQuarrie and van Hinsbergen, 2013; Karaoğlan et al., 2016), or Miocene 

(Şengör and Yılmaz, 1981; Dewey et al., 1986; Yılmaz, 1993; Yiğitbaş and Yilmaz, 1996; 

Robertson et al., 2007; Şengör et al., 2008; Hüsing et al., 2009; Okay et al., 2010; Robertson et 

al., 2016). 

The Anatolide-Tauride Block is a continental lithosphere-derived platform that 

underwent major internal deformation during the closure of the surrounding Neotethyan 

oceanic basins since the Late Cretaceous (Robertson et al., 2013; van Hinsbergen et al., 2016). 

This Block consists of north-verging, thrusted and folded slices of Paleozoic to Mesozoic 

carbonate and clastic passive margin sequences (e.g., Taurus platform), Mesozoic ophiolites 

(e.g., İzmir-Ankara-Erzincan suture zone and Lycian Nappes; Collins and Robertson, 1997; 

Sarıfakıoğlu et al., 2017) and exhumed Neoproterozoic to Paleozoic crystalline massifs (Şengör 

and Yılmaz, 1981; Okay and Tüysüz, 1999; Görür and Tüysüz, 2001; Moix et al., 2008; 
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Figure 5.1 Simplified tectono-magmatic map of Turkey showing the location of the basement boundaries, late Cenozoic magmatic belts, 
provinces and other domain, and the Anatolian Metallogenic Trend. The map also displays the succession of major tectonic events since 
the Oligocene that includes the Arabian continental collision (1), Arabian slab break-off and westward propagation to central Anatolia 
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2011; 4Chapter 3.
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Lefebvre et al., 2013; Topuz et al., 2017). Some fragments of the subducted passive margin 

were diachronously exhumed and metamorphosed at high pressure and low temperature 

conditions during the Late Cretaceous and Eocene (e.g., Tavşanlı Zone, Afyon-Ören Zone and 

Cyclades; Sherlock et al., 1999; Pourteau et al., 2013; Plunder et al., 2015). In contrast, the 

crystalline massifs recorded multiphase high-grade metamorphism from the Neoproterozoic to 

Oligocene (e.g., Menderes Massif, Bitlis-Pütürge and Central Anatolian Crystalline Complex; 

Dilek and Whitney, 2000; Whitney et al., 2001; Whitney and Bozkurt, 2002; Régnier et al., 

2007; Ustaömer et al., 2009; Oberhänsli et al., 2010).

The indentation of the Arabia plate into eastern Anatolia contributed to the fragmentation 

of the Southern Neotethyan oceanic slab into three segments: Aegean, Cyprus and Arabian 

(Figure 5.1; Faccenna et al., 2006; Biryol et al., 2011; Schildgen et al., 2014; Chapter 2). Upon 

closure of the Southern Neotethyan Ocean in eastern Anatolia in the Oligocene, the subducted 

oceanic slab continued to subduct along the retreating Hellenic and Cyprus trenches beneath 

western and central Anatolia during the Cenozoic (Le Pichon and Angelier, 1981; Jolivet and 

Faccenna, 2000; Jolivet et al., 2013). Onset of the Arabian continental collision initiated the 

break-off of the Southern Neotethyan slab and its westward propagation up to the Cyprus slab 

since the late Oligocene (Faccenna et al., 2006; Biryol et al., 2011; Schildgen et al., 2014; 

Chapter 2). The slab rupture in the east contributed to increase pull load on the still-attached 

Aegean and Cyprus slabs (Faccenna et al., 2006) according to the tomographic images that 

show the deep lateral continuity of the Southern Neotethyan slab in the mantle connecting the 

Aegean, Cyprus and Arabian slab segments (Piromallo and Morelli, 2003; Biryol et al., 2011). 

Slab break-off and increasing pull load in the west modified mantle flow patterns (Le Pichon 

and Kreemer, 2010) and led to the westward extrusion of the Anatolian microplate along the 

North and East Anatolian Fault Zones (Şengör, 1985; Jolivet and Faccenna, 2000; Faccenna et 

al., 2006; Özeren and Holt, 2010). In western Anatolia, the roll back of the Aegean slab initiated 

in the Eocene and formed the Aegean extensional back-arc basin (Le Pichon and Angelier, 

1981; Jolivet et al., 2013). However, the increasing pull load in the middle Miocene contributed 
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to the acceleration of the Aegean slab roll-back relative to the Cyprus slab (Chapter 2) and 

caused the formation of a S-trending, sub-vertical slab tear between 15 and 8 Ma (Figure 5.1; 

van Hinsbergen, 2010; Biryol et al., 2011; Jolivet et al., 2015; Prelević et al., 2015). 

The slab break-off in the Arabian domain and slab tearing in the Aegean domain are the 

causative tectonic events that are responsible for the opening of slab windows (Piromallo and 

Morelli, 2003; Biryol et al., 2011) and the resulting infiltration of hot sub-slab asthenosphere 

to beneath western, central and eastern Anatolia (e.g., Keskin, 2003, 2007; Şengör et al., 2008; 

Dilek and Altunkaynak, 2009; Faccenna et al., 2013; Sternai et al., 2014; Prelević et al., 2015; 

Menant et al., 2016; Chapter 2). This infiltration of hot asthenosphere to the base of the 

lithosphere caused local to regional extensional to transtensional stress regime in the crust 

(Kaymakçı et al., 2010), exhumation and rotation of crystalline massifs, crustal doming, 

thermal erosion of the lithosphere and/or the production of widespread calc-alkaline to alkaline 

magmatism (e.g., Keskin, 2003, 2007; Dilek and Altunkaynak, 2009; van Hinsbergen, 2010; 

Prelević et al., 2012; Jolivet et al., 2013; Jolivet et al., 2015; Prelević et al., 2015; Reid et al., 

2017; Chapter 3). The subcontinental lithospheric mantle (SCLM) is attenuated throughout 

Anatolia due to long-lived asthenospheric heating (e.g., Gök et al., 2003; Keskin, 2003, 2007; 

Şengör et al., 2008; Gans et al., 2009; Mutlu and Karabulut, 2011; Prelević et al., 2012; Bartol 

and Govers, 2014; Kind et al., 2015; Delph et al., 2017; Göğüş et al., 2017). However, the 

interpretation of seismic tomographic data can be controversial at shallow depth (< 100 km) 

and in the presence of melt in the lithosphere (Foulger et al., 2015; Garzanti et al., 2017).

The easterly Arabian continental collision, the westerly Aegean back-arc opening and 

the tectonic extrusion of the Anatolian microplate since the Oligocene resulted in contrasting 

crustal stress regimes. The Aegean back-arc domain in western Anatolia was dominated by 

N-trending crustal extension manifested by the exhumation of metamorphic core complexes 

such as the Menderes Massif along regional E-trending, shallowly-dipping, north- and south-

verging detachment faults (e.g., Simav, Kuzey and Güney), these were subsequently reactivated 

by steeply-dipping normal faults bounding the present grabens (e.g. Gediz and Büyük; Bozkurt 
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and Park, 1994; Lips et al., 2001). The asymmetric exhumation and anticlockwise rotation of 

the Menderes Massif was accommodated by two lateral NE-trending shear zones, namely the 

westerly İzmir-Balıkesir and the easterly Uşak-Muğla Transfer Zones (e.g., Uzel and Sözbilir, 

2008; Karaoğlu and Helvacı, 2014). In contrast, the Arabian domain in eastern Anatolia 

underwent N-trending compression. The resulting production of a dense network of conjugate, 

NE- to NW-trending strike-slip faults and many pull-apart basins in eastern and central Anatolia 

(see Bozkurt (2001) and Koçyiğit et al. (2001) for review) accommodated the westward 

extrusion of the Anatolian microplate (McClusky et al., 2000; Faccenna et al., 2006). 

5.2.2 Late Cenozoic Anatolian magmatism

Late Cenozoic magmatism in Anatolia is divided into the Western Anatolian Volcanic 

Province, Eastern Anatolian Magmatic Belt and the transitional Konya volcanic complex 

(Figure 5.1). Magma intruded the pre-Cenozoic crystalline, ophiolitic and passive margin 

basement, and was preferentially emplaced in extensional sites in pull-apart basins and along 

graben and detachment faults. 

The late Cenozoic magmatic suites of Western Anatolian Volcanic Province are along 

the NE-trending İzmir-Balıkesir and Uşak-Muğla Transfer Zones, on the northern part of 

Menderes Massif, and along the N-trending Kırka-Afyon-İsparta trend (Figure 5.2; Dilek and 

Altunkaynak, 2009; Ersoy and Palmer, 2013; Karaoğlu and Helvacı, 2014). Both Transfer 

Zones were the locus of magmatic activity that migrated southwards from the early to middle 

Miocene (Erkül et al., 2005; Karaoğlu et al., 2010; Erkül and Erkül, 2012; Ersoy et al., 2014). 

Magmatic activity was also synchronous with the exhumation of the Menderes Massif along 

regional E-trending detachments faults. The syn-tectonic early Miocene Eğrigöz and middle 

Miocene Salihli and Turgutlu plutons and associated volcanic products emplaced on the 

footwall of the northerly Menderes detachment faults and also controlled by NE-trending 

grabens such as the Selendi, Gördes and Uşak-Güre basins (Ring and Collins, 2005; Glodny 

and Hetzel, 2007; Ersoy et al., 2010; Karaoğlu et al., 2010; Erkül and Erkül, 2012; Ersoy et al., 

2012a). East of the Menderes Massif, the northerly early Miocene, calc-alkaline to alkaline 
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Kırka (21-17 Ma) to middle Miocene, alkaline, Afyon (14-8 Ma) and southerly, Plio-Quaternary, 

ultrapotassic İsparta-Gölcük magmatic rocks (4 Ma to Present) define the S-trending Kırka-

Afyon-İsparta trend (Figure 5.2A; Alıcı et al., 1998; Kumral et al., 2006; Dilek and Altunkaynak, 

2010; Prelević et al., 2012; Platevoet et al., 2014; Prelević et al., 2015). The final volcanic 

event in western Anatolia produced the Na-alkaline basalts of the Quaternary Kula volcanic 

suite in the center of the Menderes Massif (Alıcı et al., 2002).

The Konya volcanic complex was emplaced at the termination of the Akşehir normal 

fault in the Central Taurides between the Western Anatolian Volcanic Province and Eastern 

Anatolian Magmatic Belt. In this region, volcanic activity migrated southwards from the 

northerly, early Miocene Galatian volcanic province on the Rhodope-Pontide Block (21-17 

Ma) to the middle Miocene Sulutas lavas and lamprophyres (16-12 Ma) to the southerly Konya 

andesitic volcanic complex (12-3 Ma; Chapter 2). The oldest volcanic products in the central 

Anatolia are the late Miocene andesitic to dacitic rocks of the Develidağ stratovolcano, 

Tekkedağ volcano and İncesu and Cappadocian ignimbrites (Temel et al., 1998b; Le Pennec et 

al., 2005; Koralay, 2010; Kürkçüoğlu, 2010). Volcanic activity continued in the Pliocene and 

Quaternary without interruption and contributed to the edification of the Melendiz, Hasandağ 

and Erciyes stratovolcanoes and NE-striking trend of monogenic volcanoes at Acigöl, Karapınar 

and Karaman (Pasquare et al., 1988; Aydar and Gourgaud, 1998; Deniel et al., 1998; Toprak, 

1998; Şen et al., 2003; Schmitt et al., 2011; Aydin et al., 2014; Reid et al., 2017; Dogan-Kulahci 

et al., 2018). The southwestward propagation of magmatic activity in central Anatolia formed 

the SW-trending axis of Sivas-Cappadocia-Hasandağ-Karaman volcanic complexes between 

the Ecemiş and Tuz Gölü strike-slip faults in the western part of the Eastern Anatolian Magmatic 

Belt (Chapter 2). 

Late Cenozoic magmatic complexes in the eastern part of the Eastern Anatolian 

Magmatic Belt include the localized, calc-alkaline to alkaline, dioritic porphyry stocks in 

Cevizlidere (26-25 Ma; İmer et al., 2014), monzonitic to granitic intrusions of the Ağrı complex 

(21-17 Ma; Chapter 2), monzonitic Sarıçimen pluton (12-11 Ma; Çolakoğlu and Arehart, 2010), 
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Figure 5.2 Maps of western (A) and central and eastern Anatolia (B) displaying the basement 
boundaries, late Cenozoic igneous units (modified from MTA, 2002), belts and provinces, and 
major intrusion-related occurrences, prospects, deposits and districts (Chapter 4). The fertile 
igneous units hosting and causing hydrothermal mineralization are in pink whereas representative 
barren igneous suites are in grey. Some fertile plutons are too small and not visible on those 
maps such as at the Afyon-Sandıklı, Pınarbaşı, Baklan and Cevizlidere prospects and deposits. 
The green stars show the location of samples for element and isotopic analyses in western 
Anatolia. IBTZ = İzmir-Balıkesir Transfer Zone; UMTZ = Uşak-Muğla Transfer Zone.

and the andesitic to dacitic lavas and pyroclastic units of the Yamadağ (21-12 Ma) and Kepez 

(15-13 Ma) suites (Kürüm et al., 2008; Ekici et al., 2009; Ekici, 2016; Chapter 2). Those 

Oligocene to middle Miocene igneous units were covered by the widespread Erzurum-Kars 

volcanic plateau (12 Ma to Present; e.g., Pearce et al., 1990; Keskin et al., 1998; Keskin, 2003, 

2007; Şengör et al., 2008). 



The slab tear- and break-off-related infiltrations of hot asthenosphere beneath Anatolia 

are responsible for widespread magmatism since the late Cenozoic (26 Ma to Present). The 

formation of the Western Anatolian Volcanic Province is the magmatic response to the 

development of the back-arc basin in the Aegean and western Anatolian region related to the 

fast roll-back of Aegean slab and its subsequent tearing (Figure 5.1; Innocenti et al., 2005; 

Dilek and Altunkaynak, 2009, 2010; Prelević et al., 2012; Ersoy and Palmer, 2013). In contrast, 

late Cenozoic magmatism along the Eastern Anatolia Magmatic Belt was produced in response 

to 1) the steepening (30-25 Ma); 2) break-off initiation and westward propagation of the Arabian 

slab from eastern (25-16.5 Ma) to central Anatolia at the onset of the Arabian continental 

collision; and 3) subsequent lithospheric mantle removal (12 Ma to Present; Figure 5.1; Keskin, 

2003, 2007; Şengör et al., 2008; İmer et al., 2014; Ekici, 2016; Chapter 2). The westward 

extent of the slab break-off and window reached the eastern edge of the Cyprus slab (Biryol et 

al., 2011). The resulting westward toroidal mantle flow fields attained the central Anatolian 

region producing widespread calc-alkaline volcanism since the late Miocene (Chapter 2). The 

long-lived asthenospheric heating during the break-off-related slab window opening resulted 

in lithospheric mantle removal by delamination (Keskin, 2003, 2007; Şengör et al., 2008; 

Bartol and Govers, 2014; Topuz et al., 2017) or convective dripping (Kaislaniemi et al., 2014; 

Neill et al., 2015; Göğüş et al., 2017; Chapter 3).

5.2.3 Late Cenozoic Anatolian precious and base metal metallogeny

Late Cenozoic Anatolian igneous complexes host many gold-rich porphyry and 

epithermal deposits, prospects and occurrences (Yiğit, 2006, 2009; Gessner et al., 2017; Menant 

et al., 2018) that define the late Cenozoic Anatolian Metallogenic Trend (33 Moz Au and 3.7 

Blbs Cu; compilation in Chapter 4). Although some porphyry and epithermal prospects are 

spatially isolated (e.g., Afyon-Sandıklı and Hasançelebi), most of those mineral systems occur 

in nine clusters in western, central and eastern Anatolia (Chapter 4).
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5.2.3.1 Western Anatolia

Porphyry-, skarn- and epithermal-style precious and base metal mineralization formed 

between 21 and 9 Ma in western Anatolia at the Simav, İzmir, Uşak and Bodrum districts as 

well as at the isolated Afyon-Sandıklı porphyry Au-Cu prospect (Figure 5.2A; Chapter 4). The 

loci of mineralized magmatic complexes migrated southwestwards during the Miocene in 

Anatolia as a result of the Aegean slab roll-back (Chapter 4), although this migration initiated 

in the Late Cretaceous in the northerly Balkans (Menant et al., 2018). Regional extension, 

exhumation of metamorphic core complexes and associated crustal heating, and related ductile 

and brittle structures control the formation and distribution of metal deposits in the upper crust 

(Gessner et al., 2017; Menant et al., 2018).

The Simav district consists of economic to sub-economic, NW-trending, low-sulfidation 

epithermal Au-Ag deposits and prospects such as the Kızıltepe deposit (0.26 Moz Au resources 

and reserves; Ariana Resources, 2017), porphyry Mo-Au prospect (i.e., Pınarbaşı), and Pb-Zn-

Fe skarn occurrences. Precious and base metal mineralization at Simav is hosted within the 

early Miocene, medium- to high-K calc-alkaline, dacitic to rhyolitic volcanic and pyroclastic 

units in the Bigadiç, Sındırgı and Simav areas (Şener et al., 2009; Yılmaz et al., 2013), 

monzonitic Pınarbaşı stock (Delibaş et al., 2017), and granitic Alaçam, Eğrigöz and Koyunoba 

plutons (Uğurcan and Oyman, 2016). Magmatism and associated hydrothermal mineralization 

is in the hanging-wall of the ESE-trending, N-dipping, high-angle Simav normal fault and the 

footwall of Simav, low-angle, detachment fault during the first phase of the Menderes 

metamorphic core complex exhumation in the early Miocene (e.g., Işik and Tekeli, 2001; Isik 

et al., 2004; Dilek and Altunkaynak, 2009; Hasözbek et al., 2010). Similar low- to intermediate-

sulfidation epithermal gold veins are in the İzmir district along the İzmir-Balıkesir Transfer 

Zone, west of the Menderes Massif. Mineralized veins, such as Arapdağ and Efemçukuru (3.4 

Moz Au resources, reserves and past production; Sayılı and Gonca, 1999; Boucher, 2016; 

Eldorado Gold Corp., 2017) cut middle Miocene andesitic to rhyolitic volcanic units.
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The other porphyry prospects and deposits of western Anatolia are in the Uşak district 

along the NE-trending Uşak-Güre graben such as the Kışladağ gold deposit (21.5 Moz Au 

resources, reserves and past production; Baker et al., 2016; Chapter 4) and Sayacik prospect, 

and the easterly Afyon-Sandıklı Au-Cu prospect along the Kırka-Afyon-İsparta trend. Porphyry 

mineralization in the Uşak district was dated at ca 14.5 Ma and is hosted within high-K calc-

alkaline monzonitic intrusions (Baker et al., 2016; Bickford et al., 2016) whereas the Afyon-

Sandıklı porphyry prospect was emplaced within alkaline monzonitic intrusions at 11.6 Ma 

(Chapter 4). The Bodrum district consists of skarn, polymetallic vein and high-sulfidation 

epithermal occurrences dated at ca. 9 Ma that are hosted within the late Miocene alkaline, 

trachyandesitic to monzonitic units of the Bodrum volcanic complex in the southwestern part 

of the Menders Massif (Chapter 4).

5.2.3.2 Central Anatolia

The central Anatolian region is dominated by high-sulfidation epithermal Au-Ag 

mineralization and alteration that formed between 10 and 3 Ma at the Konya, Niğde and Kayseri 

districts (< 2 Moz Au reserves and resources; Figure 5.2B; Chapter 4). The distribution of those 

three districts is structurally-controlled by the Akşehir normal (Konya district), Tuz Gölü 

dextral strike-slip (Niğde district), and Ecemiş sinistral strike-slip faults (Kayseri district). 

Those numerous high-sulfidation epithermal occurrences are characterized by multi-phase 

hydrothermal, phreatic and/or phreatomagmatic breccias such as at İnlice and Öksüt in the 

Konya and Kayseri districts, respectively (Hall et al., 2007; Reid et al., 2015), mineralized 

vuggy silica ledges, and advanced argillic and argillic alteration assemblages (Chapter 4). 

Porphyry-style alteration is either absent or weak such as at the Doğanbey prospect in the 

Konya district (Hall et al., 2007). 

5.2.3.3 Eastern Anatolia

Despite the limited number of mineral occurrences in eastern Anatolia, recent discoveries 

highlight the high potential for gold and copper mineralization such as the Carlin-style 

Mollakara Au deposits in the Ağrı district (4.5 Moz Au; all resources and reserves; Koza Gold, 
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2015), and the Cevizlidere porphyry Cu-Au deposits in the Tunceli district (3.7 Blbs Cu and 

1.6 Moz Au inferred resources; Figure 5.2B; Kociumbas and Page, 2009). Gold and copper 

mineralization in eastern Anatolia formed between 25 and 17 Ma (Chapter 4). The Cevizlidere 

deposit and satellite prospects (e.g., Sin and Mamliş) are hosted within dioritic to granodioritic 

stocks dated at ca. 26-25 Ma and emplaced within a pull-apart basin along the NE-trending 

Ovacık sinistral strike-slip fault (İmer et al., 2014). The monzonitic to granitic intrusions of the 

Ağrı district were affected by porphyry-style alteration and mineralization such as at Taşkapı 

and Taşlıçay between 21 and 17 Ma (Chapter 4). Distal alteration zones such as the Carlin-style 

Mollakara gold deposit and the high-sulfidation epithermal zone at Taşkapı may be coeval with 

the intrusion-related porphyry prospects in the Ağrı district based on field observations (Chapter 

4). The Hasançelebi high-sulfidation epithermal Au-Ag prospect in the western part of eastern 

Anatolia is within the early Miocene Yamadağ volcanic complex. This prospect is similar to its 

high-sulfidation epithermal counterparts in central Anatolia and includes mineralized 

hydrothermal to phreatomagmatic breccias and vuggy to massive silica ledges that formed at 

ca. 21 Ma (Chapter 4).

5.3 Data acquisition and assessment

A suite of 21 igneous rock samples from the Simav, Uşak and Bodrum districts and the 

Afyon-Sandıklı porphyry prospect in western Anatolia were selected for lithogeochemical 

analyses in order to characterize the geochemical signature of mineralized igneous suites 

relative to the barren units. Sampling was focused on the least-altered part of Oligocene to 

Pliocene igneous units that host or post-date porphyry-, skarn- and epithermal-style alteration 

and precious and base metal mineralization. All of the samples were evaluated by hand lens 

and petrographically to assess their degree of hydrothermal alteration (e.g., sericite, chlorite, 

clays, silica, alkali feldspar, biotite and epidote) and weathering (Fe-oxide, Fe-oxihydroxide 

and clays). The fresh to weakly altered/weathered samples were selected, and subsequently 

cleaned of weathering surfaces, enclaves, xenoliths, factures and veins. Sample location and 

descriptions are provided in the appendix D (Table D.1). Major, minor and trace element 
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concentrations were obtained by X-ray fluorescence and inductively coupled plasma-mass 

spectrometry (ICP-MS) analyses (Table 5.1) by Bureau Veritas Labs in Vancouver, Canada. 

FeO concentrations were determined by titration. Sample FR-14-28, which yielded a total 

volatile content (LOI) greater than 5 wt %, was rejected. Major oxides for samples with LOI 

between 1 and 5 wt % were normalized to a 100 wt % volatile-free basis. In addition, samples 

evaluated for both Fe2O3 and FeO contents having Fe3+/Fe2+ ratios > 8 and LOI > 2 wt % were 

considered to be weathered or altered (FR-14-82; FR-14-73 (Chapter 3); FR-15-30), and are 

not further considered.

The newly-acquired lithogeochemical data were interpreted in association with 

lithogeochemical data from the Kayseri, Konya, Ağrı and Niğde districts and Hasançelebi 

high-sulfidation epithermal prospect in central and eastern Anatolia (Chapter 3) and previously-

published geochemical data from other mineralized igneous units (Baklan, Cevizlidere, 

Kışladağ and Pınarbaşı) along the late Cenozoic Anatolian Metallogenic Trend (Aydoğan et al., 

2008; İmer et al., 2014; Baker et al., 2016; Delibaş et al., 2017). In addition, the Chemical 

Index of Alteration diagram (CIA; Nesbitt and Young, 1982) provides insight into weathering 

processes that could have affected the primary geochemical composition of the samples 

192

20

40

60

80

Ch
em

ic
al

 In
de

x A
lte

ra
tio

n 
(C

IA
)

Fresh

Slightly weathered

Moderately 
weathered

Strongly 
weathered

Molar Al

Molar (Na + Ca) Molar K

Niğde district4
Konya district4
Kayseri district4

Central Anatolia

Hasançelebi HS 
epithermal4
Ağrı district4

Eastern Anatolia

Cevizlidere 
porphyry5

Afyon porphyry
Uşak district

Simav district

Western Anatolia

Bodrum district
Pınarbaşı porphyry
Baklan skarn1

Uşak district3
Pınarbaşı porphyry2

Figure 5.3 Alteration index (Al2O3-CaO+Na2O-K2O) ternary diagram to quantify the degree of 
weathering of analyzed rock samples (Nesbitt and Young, 1982);  References: 1Aydoğan et al., 
2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 4Chapter 3; 5İmer et al., 2014.



193

Sample # FR-14-41 FR-14-42a FR-14-47 FR-14-50 FR-14-54 FR-15-30 FR-15-32 FR-15-33 FR-13-114 FR-13-116 FR-13-118
District Afyon Afyon Afyon Afyon Afyon Bodrum Bodrum Bodrum Simav Simav Simav
Locality Dutağaç Dutağaç Karacaören Karacaören Karacaören Turgutreis Turgutreis Dağbelen Karakoca Kayalıdere Söğüt
Lat (°N) 38.4599 38.4608 38.5010 38.5019 38.5122 37.0160 37.0368 37.0838 39.2654 39.2592 39.1073
Long (°E) 30.3403 30.3425 30.3288 30.3387 30.3490 27.2891 27.2542 27.3351 28.9299 28.8935 29.0765
Occurrence/D
eposit

Afyon-
Sandıklı

Afyon-
Sandıklı

Afyon-
Sandıklı Karatoprak Kadıkalesi

Rock type Trachyte Trachyte Monzonite Monzonite Megacrystic 
monzonite

Andesite Monzodiorite Monzodiorite Granite Granite Granite

Age (Ma)b 11 11 11.6 11.6 11 10 10 10 21 21 21

SiO2 60.2 63.0 65.2 65.4 62.4 60.6 59.5 57.9 72.3 72.8 69.6
TiO2 1.04 0.76 0.61 0.83 0.70 0.73 0.59 0.53 0.23 0.22 0.47
Al2O3 16.8 15.33 15.03 14.29 15.29 18.44 16.82 16.07 14.89 14.51 15.19
Fe2O3 (t) 4.13 4.54 3.34 3.68 4.63 4.51 4.89 4.63 2.11 2.03 2.98
FeO 1.28 0.84 0.33 2.65
CaO 4.77 3.64 2.05 0.05 3.39 2.36 4.39 5.80 1.40 1.46 2.4
MgO 2.32 2.22 1.49 4.21 1.82 0.64 2.05 1.74 0.48 0.49 0.86
Na2O 3.76 3.53 3.38 0.45 3.69 3.65 3.58 3.27 3.97 3.8 3.6
K2O 4.85 4.96 6.19 7.15 5.52 5.22 4.96 4.25 4.69 4.51 4.34
MnO 0.06 0.08 0.06 0.04 0.11 0.03 0.10 0.13 0.06 0.06 0.04
P2O5 0.73 0.52 0.30 0.27 0.50 0.13 0.29 0.25 0.09 0.08 0.13
Cr2O3 0.006 0.005 0.007 0.015 0.004 0.003 0.001 0.004 <0.001 <0.001 0.001
SO3 <0.002 <0.002 <0.002 <0.002 <0.002 0.006 0.01 0.191 <0.002 0.006 <0.002
V2O5 0.025 0.017 0.013 0.017 0.015 0.018 0.014 0.019 0.002 0.003 0.01
LOI 0.82 0.67 1.44 2.65 0.97 2.65 1.69 4.37 0.52 0.84 0.71
TOTAL 99.97 99.65 99.53 99.47 99.57 99.29 99.21 99.44 100.88 100.61
Mg# 58.6 55.2 52.9 74.2 49.7 26.3 51.3 48.6 36.4 37.8 42.1

Ba 1655 1563 1663 2004 2013 1316 1132 1391 1009 842 1236
Be 5 5 6 1 4 6 5 4 6 5 <1
Co 11.8 12.5 7.3 7.3 17.8 6.2 11.4 9.7 1.7 2.1 4.7
Cs 4.1 13.0 12.1 17.6 9.1 8.8 14.2 8.5 3.9 5.9 7.4
Ga 19 17.5 18.3 15.4 17.0 20.5 19.2 18.0 15.2 14.4 14.8
Hf 10.5 9.2 10 14.5 8.5 9.3 10.9 5.7 4.8 4.3 5.2
Nb 39.9 33.5 39.7 44.4 37.1 38.3 41.1 17.8 15.0 15.7 11.8
Rb 153 168.3 286.9 348.3 176.9 211.9 246.1 160 154.9 166.5 147.5
Sn 3 2 3 15 3 3 5 2 2 4 4
Sr 1378.3 1290 1180.9 656.2 1713.1 967.4 877.9 818.3 190.3 164.9 322.2
Ta 2.6 2.3 3.3 2.7 2.8 2.5 3.5 1.4 1.3 1.4 1.2
Th 36.6 30.9 67.9 52.1 43.5 68.5 104.8 39.0 21.8 19.1 21.9
U 14.3 13.8 19.5 22.0 17.6 25.7 33.2 12.2 6.2 6.1 5.3
V 151 98 78 84 85 106 83 99 <8 <8 37
W 4.2 3.8 8.6 4.9 0.9 8.3 11.6 8.3 <0.5 <0.5 3.9
Zr 430.9 356.7 375.2 540.2 339.1 359.6 441.9 223.8 181.3 156.2 192.4
Y 30.6 21.8 18.4 14.4 22.4 44.5 24.2 22.0 20.5 20.9 20.1
La 107.0 98.0 86.1 97.2 124.8 107.5 103.4 68.6 46.8 41.2 46.7
Ce 191.9 167.2 139.7 171.9 204.8 198.9 180.7 121.5 85.1 74.2 86.3
Pr 21.17 18.03 14.83 18.58 23.03 22.28 17.99 12.65 8.28 7.41 8.51
Nd 79.5 64.6 51.4 70.0 82.4 81.7 58.8 43.4 29.6 27.2 29.5
Sm 12.29 9.92 7.94 11.92 12.34 13.85 8.94 7.29 4.99 4.44 5.08
Eu 3.04 2.52 1.97 3.12 2.99 3.36 1.73 1.75 0.83 0.69 0.98
Gd 9.42 7.42 5.61 8.08 8.32 11.27 6.26 5.95 4.36 4.08 4.05
Tb 1.26 0.90 0.73 1.09 0.99 1.48 0.80 0.76 0.67 0.63 0.62
Dy 6.33 4.46 3.88 5.28 4.57 8.05 4.63 4.07 3.41 3.59 3.42
Ho 1.22 0.82 0.65 0.80 0.73 1.45 0.84 0.72 0.65 0.74 0.72
Er 3.25 2.29 1.96 1.90 2.13 4.38 2.41 2.09 1.87 2.10 2.05
Tm 0.48 0.32 0.3 0.25 0.32 0.62 0.39 0.31 0.3 0.34 0.32
Yb 3.24 2.26 1.96 1.62 2.08 3.94 2.55 2.15 2.15 2.08 2.26
Lu 0.47 0.3 0.28 0.21 0.31 0.59 0.41 0.31 0.33 0.33 0.33
Mo 1.8 1.0 1.2 102.5 0.3 2.0 6.9 2.2 0.5 0.8 1.2
Cu 12.9 14.9 52.3 145.6 23.3 24.1 20.2 13.9 0.7 0.7 5.0
Pb 15.5 8.8 147.6 151.4 6.6 7.0 20.3 25.5 3.6 4.5 23.5
Zn 69 42 43 156 72 44 38 44 26 24 27
Ni 10.8 19.6 11.6 23.9 28.6 5.8 6.2 6 3.2 2.5 3.8
As 1.6 0.8 14.5 6.7 1.9 4.1 5.8 5.3 <0.5 0.9 1.4
Cd <0.1 <0.1 0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb 1.5 0.3 0.7 0.1 0.3 0.6 0.4 0.2 <0.1 <0.1 <0.1
Bi 0.2 0.2 0.6 0.4 <0.1 <0.1 0.3 0.2 <0.1 0.1 0.3
Ag <0.1 <0.1 0.1 0.9 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au <0.5 <0.5 7 151.5 0.9 <0.5 <0.5 <0.5 1 <0.5 2.3
Hg 0.02 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl <0.1 0.2 0.2 3.6 0.3 0.2 0.2 0.1 0.3 0.3 0.4
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 7.1 5.5 3.9 9.1 4.0 7.7 2.7 6.8 3.9 3.7 3.5
Te <0.2 <0.2 <0.2 <0.2 <0.2 <1 <1 <1 <1 <1 <1

Table 5.1 Major and trace element analyses of igneous rocks hosting precious or base metals 
along the late Cenozoic Anatolian Metallogenic Trend.



194

Table 5.1 (Continued) Major and trace element analyses of igneous rocks hosting precious or 
base metals along the late Cenozoic Anatolian Metallogenic Trend.

Sample # FR-13-119 FR-13-123 FR-14-27a FR-14-28a FR-14-29a FR-15-17 FR-15-18 FR-13-66 FR-13-68 FR-13-70
District Simav Simav Simav Simav Simav Simav Simav Uşak Uşak Uşak
Locality Söğüt Küreci Sındırgı Sındırgı Alaçam Pınarbaşı Pınarbaşı Kışladag Kışladag Kışladag
Lat (°N) 39.1489 39.4089 39.2893 39.3659 39.4200 39.0184 39.0165 38.4821 38.4821 38.4821
Long (°E) 29.0895 29.1667 28.3286 28.4445 28.4881 29.3212 29.3229 29.1488 29.1488 29.1488
Occurrence/ 
Deposit Kızıltepe Kızıltepe Pınarbaşı Pınarbaşı Kışladag Kışladag Kışladag

Rock type Granitic 
dike

Granite Trachydacite Dacite Granodiorite Monzonite Quartz-
monzonite

Monzonite Monzonite Monzonite

Age (Ma)b 21 21 20 20 20 17 17.86 14.76 14.36 14.76

SiO2 76.0 69.7 66.2 64.1 67.1 60.8 68.0 61.8 61.5 61.4
TiO2 0.18 0.47 0.47 0.49 0.47 0.56 0.36 0.53 0.56 0.78
Al2O3 12.04 15.26 14.88 14.73 15.62 17.04 15.51 14.63 15.72 14.83
Fe2O3 (t) 1.28 3.28 3.38 3.91 3.87 5.17 3.05 5.48 6.23 5.09
FeO 2.19 1.09 3.43 3.49
CaO 0.27 2.62 0.75 3.32 3.55 4.63 1.79 2.82 4.31 2.13
MgO 0.41 1.09 1.90 1.65 1.50 1.73 0.93 3.86 2.35 4.00
Na2O 1.18 3.60 1.66 1.48 3.37 3.85 3.56 3.01 3.71 2.5
K2O 7.52 4.07 6.13 4.27 3.08 3.44 4.32 5.43 3.79 6.32
MnO 0.03 0.07 0.05 0.07 0.08 0.09 0.03 0.08 0.16 0.2
P2O5 0.04 0.15 0.14 0.14 0.13 0.29 0.10 0.26 0.27 0.46
Cr2O3 <0.001 <0.001 0.002 <0.001 0.001 <0.001 <0.001 0.009 0.005 0.016
SO3 0.008 <0.002 <0.002 0.007 <0.002 0.016 0.004 0.221 0.029 0.138
V2O5 <0.002 0.01 0.009 0.01 0.011 0.019 0.009 0.014 0.019 0.016
LOI 1.21 0.54 3.68 5.32 0.61 1.41 1.46 2.27 1.74 2.13
TOTAL 100.34 101.04 99.47 99.69 99.51 99.4 99.4 100.67 100.67 100.81
Mg# 44.6 45.5 58.6 49.4 45.7 43.4 63.9 48.7 66.4

Ba 556 1068 1408 931 713 2063 1666 481 1146 1753
Be <1 5 1 <1 4 3 4 3 2 <1
Co 1.7 5.0 5.3 5.4 6.9 7.0 3.5 8.1 11.1 17
Cs 5.3 5.6 6.4 14.2 6.5 11.9 6.8 25.6 2.9 13.4
Ga 10.7 15.0 14.9 15.2 16.8 19 17.9 17.9 15.5 13.7
Hf 3.3 5.3 5.2 4.7 4.6 5.6 5.0 6.6 4.9 8.1
Nb 14.1 13.4 12.1 10.4 10.4 14.8 14.3 17 12.7 20.4
Rb 302.1 145.2 199.3 156.6 120.2 92.9 122.7 243.7 117.0 241
Sn 3 3 3 6 5 4 3 6 4 9
Sr 57.2 293.2 258.3 112.3 315.5 777.2 379.8 353.8 862.6 694
Ta 1.6 1.3 1.2 0.8 1.1 0.9 1.3 1.0 0.8 1.2
Th 27.2 18.2 19.3 11.3 15.5 27.7 30.1 22.8 23.6 23.1
U 9.8 5.9 5.3 3.9 5.3 5.6 8.8 7.7 5.2 9.5
V <8 35 73 59 69 105 51 55 72 65
W 2.8 0.6 1.7 1.0 0.6 0.5 <0.5 4.5 3.3 7.7
Zr 98.2 210.7 189.8 168.9 155.7 237.6 180.9 262 194.7 316
Y 20.4 24.7 23.5 18.8 19.2 34.1 20.4 15.2 17.9 26.7
La 20.4 42.8 41.7 28.2 38.7 66.5 51.4 75.0 62.4 69.9
Ce 44.9 74.6 69.3 51.3 74.4 108.6 89.4 138.1 115.3 134.4
Pr 4.47 7.77 7.52 5.68 8.04 12.61 8.73 13.43 11.9 14.03
Nd 15.2 27.5 27.2 20.8 29.0 43.9 28.8 47.8 42.3 51.4
Sm 3.26 5.17 4.70 4.05 4.86 7.92 5.01 7.34 6.9 8.47
Eu 0.42 0.96 0.99 0.67 0.95 1.87 1.12 1.30 1.61 2.13
Gd 3.04 4.64 4.37 3.73 4.34 7.57 4.16 4.88 4.98 6.45
Tb 0.55 0.70 0.71 0.59 0.63 1.13 0.62 0.60 0.66 0.85
Dy 3.21 3.97 4.07 3.25 3.62 6.80 3.78 2.90 3.29 4.23
Ho 0.74 0.87 0.84 0.66 0.71 1.37 0.70 0.56 0.63 0.86
Er 2.36 2.53 2.39 1.91 2.14 3.88 2.17 1.51 1.87 2.39
Tm 0.39 0.38 0.37 0.32 0.32 0.61 0.34 0.22 0.28 0.34
Yb 2.70 2.65 2.56 2.11 2.25 4.09 2.36 1.46 1.76 2.17
Lu 0.41 0.43 0.37 0.31 0.34 0.65 0.38 0.23 0.26 0.32
Mo 1.7 0.8 0.2 0.3 0.5 0.5 0.7 28.3 3.9 7.7
Cu 0.7 1.3 5.3 5.5 3.2 116 24.7 569.5 106.9 658.4
Pb 109.2 4.5 17.6 29.5 6.5 22.1 27.8 107.7 22.0 41.3
Zn 33 29 47 55 53 97 35 107 63 2634
Ni 1.7 3.2 3.9 3.6 2.8 2.7 2.0 13.4 8.2 29.7
As 1.7 1.0 2.0 7.6 0.9 0.5 <0.5 20.5 25.6 125.2
Cd <0.1 <0.1 <0.1 0.1 <0.1 0.4 <0.1 0.5 0.2 6.4
Sb 0.3 <0.1 0.2 0.1 <0.1 0.2 <0.1 0.8 1 0.8
Bi 0.3 <0.1 0.1 0.3 0.1 <0.1 1.5 1.1 0.6 1.7
Ag 0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1 0.2 <0.1 0.8
Au 1.3 1.1 <0.5 2.2 <0.5 <0.5 0.8 578.7 137.3 437.5
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Tl 0.2 0.4 <0.1 <0.1 0.5 0.1 <0.1 0.9 <0.1 0.8
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 2.7 2.6 4.3 5.2 5.2 2.6 2.4 5.9 2.6 5.8
Te <1 <1 <0.2 <0.2 <0.2 <1 <1 <1 <1 <1

aLOI > 5 wt %; bAge data from Chapter 4; Kışladağ dates are in the appendix E (Baker et al., 2016).
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Samplesa Ageb
Rb Sr 87Sr/86Sr ±2σ (87Sr/86Sr)i Sm Nd 143Nd/144Nd ±2σ (143Nd/144Nd)i εNd (εNd)i τDM

c τDM
d

(Ma)

FR-15-30 Bodrum Karatoprak 9 208.11 922.62 0.705909 0.000005 0.70572 13.53 80.52 0.512539 0.000006 0.51253 -1.7 -1.8 0.84 1.00
FR-15-32 Bodrum Kadıkalesi 9.8 189.57 753.52 0.706430 0.000007 0.70622 8.56 57.11 0.512546 0.000008 0.51254 -1.6 -1.7 0.76 0.99

FR-14-50 - Afyon-
Sandıklı

11 304.65 598.61 0.705996 0.000010 0.70558 12.71 71.02 0.512572 0.000006 0.51256 -1.0 -1.2 0.85 0.95

FR-13-68b Uşak Kışladağ 14.36 80.89 769.32 0.706327 0.000008 0.70624 6.97 41.99 0.512516 0.000006 0.51251 -2.0 -2.2 0.87 1.04

a Sample description, coordinates and trace element concentrations can be found in the appendix D
b Refer to Chapter 4 for age data
c Single-stage DM model age
d Two-stage DM model age (Liew and Hofmann, 1988)

Deposit/ 
ProspectDistrict

(ppm)(ppm)

Table 5.2 Radiogenic Sr and Nd isotope data from late Cenozoic igneous units in western 
Anatolia.

provided in this study (Chapter 3; this Chapter) and compiled from literature. Figure 5.3 shows 

that most of the rock samples have CIA values between 45 and 55 indicating that those rocks 

are fresh to slightly weathered. Samples with CIA values greater than 55 were considered 

weathered, and rejected from further consideration. 

A suite of four rock samples previously analyzed for whole-rock elemental geochemistry 

was selected for Sr-Nd-Pb isotopic analyses in order to characterize the isotopic signature of 

mineralized igneous suites relative to the barren units and constrain magmatic sources and 

processes (Tables 5.2-5.3). The selected samples are from the Kışladağ porphyry gold deposit 

in the Uşak district (FR-13-68), Afyon-Sandıklı porphyry prospect (FR-14-50) and a skarn-

altered monzonitic intrusion (FR-15-32) and argillic-altered andesitic lava in the Bodrum 

district (FR-15-30). The results were interpreted in association with radiogenic isotope data 

from the Kayseri, Konya, Ağrı and Niğde districts and Hasançelebi high-sulfidation epithermal 

prospect in central and eastern Anatolia (Chapter 3). Rb-Sr and Sm-Nd isotope systematics 

were obtained on whole-rock pulps whereas Pb isotope data were measured from hand-picked 

feldspar separates. All of the isotope analyses were carried out at the Pacific Centre for Isotopic 

and Geochemical Research at The University of British Columbia; Pb and Nd isotopic ratios 

were analyzed by the Nu Plasma 214 multi-collector ICP-MS; Sr isotopic ratios were obtained 

by the Triton TIMS; Rb, Sr, Sm and Nd concentrations were determined by the Thermo 

Finnigan Element2 high resolution ICP-MS. The detailed protocol for Sr-Nd-Pb isotopic 

analyses (Weis et al., 2006; Fourny et al., 2016) is explained in Chapter 3.
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5.4 Results

The mineralized Miocene igneous rocks in western Anatolia are dominantly plutonic 

and intermediate to felsic in composition with SiO2 from 54 to 77 wt % and a median of 61.8 

± 5.5 wt % SiO2 (1σ). Plutonic rocks and their volcanic equivalents are classified according to 

the total alkali versus silica (TAS) diagram of Middlemost (1994) and Le Maitre et al. (2002), 

respectively (Figure 5.4A-B). The mineralized igneous rocks at the Afyon -Sandıklı porphyry 

prospect and Bodrum district are alkaline trachyandesite and trachyte, similar to the Ağrı 

district in eastern Anatolia, whereas the Simav volcanic rocks are subalkaline between 

trachydacite and rhyolite. The plutons in the Simav district are granodiorite and granite (Figure 

5.5A-B); the Cevizlidere stocks in the Tunceli district are diorite to granodiorite (İmer et al., 

2014). The intrusive units from the Uşak and Bodrum districts, and Afyon-Sandıklı and 

Pınarbaşı porphyry prospects are monzonite to quartz-monzonite with minor monzodiorite 

(Figure 5.5C-F) like some intrusive rocks in the Ağrı district.

The late Cenozoic igneous units that host porphyry and epithermal alteration in western 

Anatolia have a high-K calc-alkaline to shoshonitic affinity with a K2O/Na2O ratio > 1 whereas 

those in central and eastern Anatolia are medium- to high-K calc-alkaline and characterized by 

a K2O/Na2O ratio < 1 (Figures 5.4C-D). Volcanic rocks in central Anatolia are transitional from 

medium-K to high-K calc-alkaline whereas the intrusive rocks in eastern Anatolia are 

transitional to sodic and dominantly medium-K to high-K calc-alkaline. Mineralized igneous 

rocks in western Anatolia are dominantly potassic to highly potassic ranging from high-K calc-

alkaline to shoshonitic affinity. Although some mineralized host rocks in the Uşak and Bodrum 

districts and at the Afyon-Sandıklı porphyry prospect are alkaline, their hydrothermal alteration 

Table 5.3 Radiogenic Pb isotope data from late Cenozoic igneous units in western Anatolia.
Samplesa District Ageb 206Pb/204Pb ±2σ 207Pb/204Pb ±2σ 208Pb/204Pb ±2σ

(Ma)

FR-15-30 Bodrum Karatoprak 9 18.9149 0.0012 15.6763 0.0009 38.9296 0.0027
FR-15-32 Bodrum Kadıkalesi 9.8 18.9375 0.0020 15.6879 0.0019 38.9880 0.0050

FR-14-50 - Afyon-Sandıklı 11 18.9470 0.0009 15.6842 0.0008 38.9138 0.0022

FR-13-68b Uşak Kışladağ 14.36 19.0214 0.0012 15.6995 0.0011 39.0919 0.0028

a Sample description and coordinates are in the appendix D
b Refer to Chapter 4 for age data

Deposit/ 
Prospect



197

Basaltic 
andesite

Foidite

Phonolite

Tephriphonolite

Phonotephrite

Tephrite/
Basanite

Picro-
basalt

Basalt

Trachy-basalt

Basaltic
trachy-

andesite

Trachy-
andesite

Trachyte
Trachydacite

Rhyolite

Dacite
Andesite

SiO2 (wt %)

N
a 2O

 +
 K

2O
 (w

t %
)

6

4

2

0 50 60 7040

8

10

12

14

80

A

Alkaline

Sub-alkaline

Gab-
broic 

diorite

Monzo-
gabbro

N
a 2O

 +
 K

2O
 (w

t %
)

SiO2 (wt %)

15

10

5

0
40 6050 70 80

Fiodolite

Foid-syenite

Foid-
monzo-
syenite

Foid-
monzo-
diorite

Foid-
gabbro

Peri-
dot-

gabbro
Gabbro

Diorite
Granodiorite

Granite

Quartz 
monzonite

Syenite

Monzonite

Monzo-
diorite

Alkalic 
gabbro

B

80
SiO2 (wt %)

50 60 70

K 2O
 (w

t %
)

7

6

5

4

3

2

0

1

Shoshonitic

Medium-K 
calc-alkaline

Low-K 
calc-alkaline

High-K 
calc-alkaline

C
7

Na2O (wt %)
0 2 4 6 8

K 2O
 (w

t %
)

6

5

4

3

2

1

Transitional

Ultra-
potassic

K 2
O = N

a 2
OPotassic

Sodic

Highly 
potassic

D

Niğde district4
Konya district4
Kayseri district4

Central Anatolia

Hasançelebi HS epithermal4
Ağrı district4

Eastern Anatolia

Cevizlidere porphyry5

Afyon porphyry
Uşak district

Simav district

Western Anatolia

Bodrum district

Pınarbaşı porphyry
Baklan skarn1

Uşak district3
Pınarbaşı porphyry2

Figure 5.4 Total alkali versus silica (TAS) diagram for fertile volcanic (A; Le Maitre et al., 
2002) and plutonic rocks (B; Middlemost, 1994); K2O versus SiO2 (C; Peccerillo and Taylor, 
1976); K2O versus Na2O diagrams (D; Le Maitre et al., 2002); References: 1Aydoğan et al., 
2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 4Chapter 3; 5İmer et al., 2014.

is typical of calc-alkalic porphyry systems that is characterized by ubiquitous phyllic, argillic 

and advanced argillic alteration assemblages, and absence of calc-sodic alteration assemblage 

(Chapter 4), which is more typical of alkalic porphyry systems (Lang et al., 1995).

The trace element signature of late Cenozoic igneous host rocks to porphyry and 

epithermal mineralization have similar patterns between the three Anatolian magmatic domains 

based on the primitive mantle-normalized spider diagram (Figure 5.6). Those similarities 
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Figure 5.5 Macro-photographs of the Alaçam granodiorite (A), Simav granite (B), Pınarbaşı 
monzonite (C), Kışladağ monzonite (INT-3; D), Afyon-Sandıklı monzonite (E) and Bodrum 
monzonite (F) from western Anatolia.



include negative anomalies in Nb, Ta and Ti that are consistent with subduction-related 

signature. However, igneous rocks in western Anatolia are more enriched in large ion lithophile 

elements (LILE; i.e., Cs, Rb, Ba and K) and some igneous rocks near Simav have troughs in 

Sr, and Ba to lesser degree. In central Anatolia, the mineralized volcanic units have a narrow 

range of trace element compositions as opposed to the igneous units in eastern Anatolia. 
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al., 2014.



On the chondrite-normalized rare earth element diagram (Figure 5.6), all samples are 

characterized by a similar listric-shaped pattern with the absence of heavy rare earth element 

depletion (HREE) that reflects hornblende ± clinopyroxene and absence of garnet fractionation. 

The weak negative Eu anomalies for some felsic rocks at the Simav and Ağrı districts is an 

effect of plagioclase fractionation. 

The middle to late Miocene mineralized igneous units in western Anatolia yield initial 

87Sr/87Sr isotope ratios of 0.70624 at the Kışladağ porphyry Au deposit of the Uşak district, 

0.70558 at the Afyon-Sandıklı porphyry Au-Cu prospect and 0.70572 and 0.70622 at the 

Bodrum district (Figure 5.7; Table 5.2). The initial 143Nd/144Nd isotope ratios of the Kışladağ 

and Afyon-Sandıklı porphyry systems, and Bodrum district are 0.51251, 0.51256, and from 

0.51253 to 0.51254, respectively (Figure 5.7; Table 5.2). The initial 87Sr/87Sr and 143Nd/144Nd 

isotope ratios of the Kışladağ sample are slightly lower and greater, respectively, than the 

previously-published data from the volcanic equivalents along the Uşak-Güre basin (Karaoğlu 

and Helvacı, 2014). The result from the Afyon-Sandıklı porphyry prospect is consistent with 

previously-published isotopic data from the Afyon volcanic complex (Prelević et al., 2012; 

Prelević et al., 2015). Those middle to late Miocene-aged mineralized igneous rocks in western 

Anatolia are clustered between the early Miocene igneous rocks affected by a strong crustal 

component and the post-mineralization, Pliocene to Quaternary, mantle-derived volcanic units 

of the Kula complex. Results from mineralized igneous rocks in western Anatolia cluster, 

together with the fertile rocks from central and eastern Anatolia (Chapter 3), near the bulk 

silicate earth composition on the initial 87Sr/87Sr versus 143Nd/144Nd diagram. Those results 

strongly contrast with the younger barren volcanic rocks in western, central and eastern Anatolia 

that show a broader range with more depleted isotopic values. Radiogenic Sr and Nd isotope 

compositions highlight the crustal affinity of mineralized igneous rocks in Anatolia that are 

characterized by initial 87Sr/87Sr and 143Nd/144Nd isotopic ratios, and εNd ranging from 0.70404 

to 0.70639, 0.51251 to 0.51268, and -2.2 to +1.0 respectively (Figure 5.7). Those isotopic 

ranges are consistent with the global isotopic signature of continental arcs and epithermal 
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mineralization host rocks that have initial εNd and 87Sr/86Sr values that cluster between -3 and 

+1 and 0.7045 and 0.7060, respectively (du Bray, 2017). 

The Kışladağ porphyry deposit has 206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb ratios of 

19.0214, 15.6995 and 39.0919, respectively (Figure 5.8; Table 5.3). Those ratios are higher 

than those from the Afyon-Sandıklı porphyry prospect (18.9470, 15.6842 and 38.9138, 

respectively) and Bodrum districts (18.9149 to 18.9375, 15.6763 to 15.6879, and 38.9296 to 

38.9880, respectively). The results presented herein are consistent with previously published 

Pb isotope data from the non-altered units at the Uşak-Güre and Afyon volcanic complexes as 

well as the Pb ratios from the mineralized igneous units in central and eastern Anatolia. 

Anatolian mineralized igneous rocks have elevated Pb isotopic ratios that confirm the upper 
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Figure 5.7 Initial 87Sr/86Sr versus 143Nd/144Nd diagram displaying the isotopic signature of fertile 
(large symbols) and barren (small open circles) late Cenozoic igneous units in Anatolia. BSE = 
bulk silicate Earth (Bouvier et al., 2008); EMI, EMII, HIMU, PREMA, DMM reservoirs from 
Zindler and Hart (1986). Data source for barren igneous rocks: western Anatolia (Alıcı et al., 
2002; Innocenti et al., 2005; Dilek and Altunkaynak, 2009; Agostini et al., 2010; Dilek and 
Altunkaynak, 2010; Hasözbek et al., 2011; Altunkaynak et al., 2012; Chakrabarti et al., 2012; 
Çoban et al., 2012; Erkül and Erkül, 2012; Ersoy et al., 2012a; Ersoy et al., 2012b; Erkül et al., 
2013; Aldanmaz et al., 2015; Yücel-Öztürk, 2016), central Anatolia (Notsu et al., 1995; Deniel 
et al., 1998; Kürkçüoğlu et al., 1998; Şen et al., 2004; Siebel et al., 2011; Reid et al., 2017) and 
eastern Anatolia (Pearce et al., 1990; Notsu et al., 1995; Buket and Temel, 1998; Keskin et al., 
1998; Keskin et al., 2006; Özdemir, 2011; Çubukçu et al., 2012; Özdemir and Güleç, 2013; 
Lebedev et al., 2016; Oyan et al., 2016; Kaygusuz et al., 2018). Reference: 1Chapter 3.
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Figure 5.8 A. (206Pb/204Pb)i versus (207Pb/204Pb)i; B. (206Pb/204Pb)i versus (208Pb/204Pb)i diagrams 
displaying the isotopic signature of fertile (large symbols) and barren (small open circles) late 
Cenozoic igneous units in Anatolia. GLOSS = global subducting sediment composition (Plank 
and Langmuir, 1998); NHRL = Northern Hemisphere reference line (Hart, 1984); EMI, EMII, 
HIMU, DMM reservoirs from Zindler and Hart (1986). Orogene, upper and lower crust 
evolution curves are from Zartman and Doe (1981). Data source for barren igneous rocks: 
western Anatolia (Notsu et al., 1995; Alıcı et al., 2002; Innocenti et al., 2005; Dilek and 
Altunkaynak, 2010; Chakrabarti et al., 2012; Aldanmaz et al., 2015), central Anatolia (Notsu et 
al., 1995; Deniel et al., 1998; Kürkçüoğlu et al., 1998; Şen et al., 2004; Siebel et al., 2011; Reid 
et al., 2017) and eastern Anatolia (Pearce et al., 1990; Notsu et al., 1995; Keskin et al., 1998; 
Keskin et al., 2006; Özdemir, 2011; Özdemir and Güleç, 2013; Lebedev et al., 2016; Oyan et 
al., 2016). Refence: 1Chapter 3.

crustal and subduction components (Figure 5.8). The radiogenic Sr-Nd-Pb isotope signature of 

Anatolian mineralized igneous rocks strongly contrasts with the younger and barren Pliocene 

to Quaternary volcanic suites throughout Anatolia that are dominated by a mantle component, 

which is depleted, and characterized by higher initial 143Nd/144Nd and lower initial 87Sr/86Sr, 

206Pb/204Pb, 207Pb/204Pb and 208Pb/204Pb isotopic ratios.



5.5 Discussion

5.5.1 Fertility of late Cenozoic Anatolian magmatism

Ideal magmatic conditions for the formation of porphyry systems require high oxidation 

states (> FMQ +1.3-2; e.g., Sillitoe, 1979; Ishihara, 1981; Mungall, 2002; Richards and Kerrich, 

2007; Lee et al., 2012), and high water (≥ 4 wt %; Burnham, 1979) and sulfur contents (> 1000 

ppm; Chambefort et al., 2008). Such conditions favor hornblende fractionation and suppress 

the early plagioclase fractionation which yields an adakitic magma signature (i.e., SiO2 ≥ 56 wt 

%; Al2O3 ≥ 15 wt %; Na2O ≥ 3 wt %; Sr/Y ≥ 20; La/Yb ≥ 20; Y ≤ 10 ppm; Yb ≤ 1ppm; Richards 

and Kerrich, 2007; Castillo, 2012). Worldwide porphyry systems are typically associated with 

high Sr/Y and La/Yb magmas that accumulated and matured at the base of the crust in the 

MASH zone (melting, assimilation, storage and homogenization; Hildreth and Moorbath, 

1988; Annen et al., 2005) in arc settings (Richards and Kerrich, 2007; Richards, 2011; Chiaradia 

et al., 2012; Richards et al., 2012; Bissig et al., 2017). When the production of arc magma 

ceases, cumulates of hydrous material in the former MASH zone can be remobilized during 

post-subduction or post-collisional events to yield similar fertile magmas and associated 

porphyry systems (Richards, 2009), and elemental and isotopic geochemical signatures 

(Richards, 2015). Additionally, the genesis of adakitic magma may result from many processes 

including slab melting (Defant and Drummond, 1990; Martin et al., 2005), lower crust melting 

(Petford and Gallagher, 2001; Zellmer et al., 2012) and fractional crystallization of amphibole 

± garnet (Macpherson et al., 2006; Rodriguez et al., 2007; Alonso-Perez et al., 2009), possibly 

accompanied by crustal contamination (Chiaradia et al., 2009).

5.5.1.1 Magma volatile content and oxidation state

Late Cenozoic mineralized igneous rocks throughout Anatolia are hydrous and oxidized. 

Evidence includes hydrous mafic, titanite and iron oxide phenocrysts, high Ba/Ta and Fe3+/Fe2+ 

and low (Dy/Yb)N ratios. The intrusive rocks that host porphyry and skarn mineralization in 

western Anatolia contain hornblende and biotite phenocrysts (2-11 %) that reflect their hydrous 

character, and pyroxene crystals (< 7 %) such as at Pınarbaşı, Kışladağ, Afyon and Bodrum 
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Figure 5.9 Optical microphotographs of representative rock texture and mineralogy from 
Anatolian fertile igneous rocks and highlighting the distribution of mafic phenocrysts (see 
Table D.1 for sample descriptions): A. Megacrystic monzonite, Afyon-Sandıklı porphyry Au-
Cu prospect (FR-14-47; cross polarized light); B. Monzonite, Bodrum district (FR-15-32; 
plane polarized light); C. Biotite andesite, Konya district (FR-13-181; cross polarized light); D. 
Clinopyroxene andesite with Fe-oxide rims around hornblende crystals, Hasançelebi high-
sulfidation epithermal Au-Ag prospect (FR-14-82; plane polarized light); E. Granite, Ağrı 
district (FR-14-143; plane polarized light); F. Monzodiorite, Ağrı district (FR-14-132; plane 
polarized light). Bt = biotite; Cpx = clinopyroxene; Fd = feldspar; Feox = iron oxide (magnetite 
and/or hematite); Hb = hornblende; Ksp = alkali feldspar; Pl = plagioclase; Qz = quartz; Ti = 
titanite.
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(Figures 5.9A-B). In central Anatolia, the mafic mineralogy of hydrothermally-altered lavas is 

dominated by pyroxene (3-7 %) and minor biotite and hornblende phenocrysts (≤ 5 %; Figure 

5.9C; Chapter 3), similar to their barren counterparts (e.g., Deniel et al., 1998). In contrast, the 

altered intrusive units in eastern Anatolia dominantly contain up to 20 % hydrous mafic 

phenocrysts (e.g., biotite and hornblende; Figures 5.9E-F) whereas the mafic mineralogy of the 

overlying and barren volcanic units are composed of both hornblende and pyroxene crystals 

(3-20 %; Keskin et al., 1998; Özdemir et al., 2006; Ekici et al., 2009; Özdemir, 2011; Chapter 

3). Post-alteration igneous units can contain > 5 % pyroxene phenocrysts with or without 

hornblende such as at the Afyon-Sandıklı and Öksüt prospects, or regionally in eastern Anatolia; 

hornblende-rich (> 5 %) igneous rocks are typically mineralized throughout Anatolia. However, 
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Figure 5.10 A. Ba/Ta versus age (Ma); the dashed line represents the composition of an arc-
type andesite defined by Gill (1981) at Ba/Ta = 428; arrows represent temporal increase/
decrease; only the mafic and intermediate igneous rocks are plotted (SiO2 < 64 wt %) to 
minimize the effect of crustal contamination and fractionation; B. (Dy/Yb)N versus SiO2 
(Davidson et al., 2007). Data source for barren igneous rocks (small open circles): Pearce et al., 
1990; Aydar et al., 1995; Notsu et al., 1995; Aydar and Gourgaud, 1998; Deniel et al., 1998; 
Kürkçüoğlu et al., 1998; Aydar and Gourgaud, 2002; Aydin, 2008 Keskin et al., 1998; Alıcı et 
al., 2002; Şen et al., 2003; Şen et al., 2004; Tokçaer et al., 2005; Keskin et al., 2006; Dogan et 
al., 2008; Güçtekin and Köprübaşı, 2009; Dilek and Altunkaynak, 2010; Ustunisik and Kilinc, 
2011; Çubukçu et al., 2012; Dogan et al., 2013; Grützner et al., 2013; Aydin et al., 2014; 
Dogan, 2016; Lebedev et al., 2016 Aldanmaz, 2002; Özdemir et al., 2006; Özdemir, 2011; 
Aldanmaz et al., 2015; Peretyazhko et al., 2015; Oyan et al., 2016; Reid et al., 2017. References: 
1Aydoğan et al., 2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 4Chapter 3; 5İmer et al., 2014.
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the relative proportions of pyroxene and hydrous mafic minerals is not consistent along the 

Anatolian Trend. Hornblende, biotite and pyroxene crystals coexist without significant modal 

abundance variations between mineralized and barren igneous units. In addition, hornblende 

phenocrysts can be rimmed by clinopyroxene and Fe-Ti oxides in the Anatolian volcanic units 

(Figure 5.9D) due to volatile loss during magma ascent (Rutherford and Hill, 1993) such as at 

Kula (Alıcı et al., 2002), Konya (Temel et al., 1998a), Yamadağ (Ekici et al., 2009) and 

Hasandağ (Deniel et al., 1998). 

Trace element ratios support the metasomatized character of late Cenozoic mineralized 

Anatolian igneous units. Those units, with the exception of the intrusive rocks from Cevizlidere 

in the Tunceli district, dominantly have high Ba/Ta ratios, which is an indicator of subduction-

related metasomatism (Hickey et al., 1986), similar to arc-type andesite (Ba/Ta > 428; Gill, 

1981) (Figure 5.10A). This ratio can also be high for the felsic rocks (SiO2 > 64 wt %), which 

are not displayed on Figure 5.10A, because of crustal contamination and crystal fractionation. 

Conversely, the younger and barren igneous units have lower Ba/Ta and are thus less, or not, 

metasomatized. The drop of the Ba/Ta ratio between the early mineralized and late barren 

igneous units represents the loss of volatile content in the melting source through time (Hickey 

et al., 1986; Hildreth and Moorbath, 1988; Chapter 3). In eastern Anatolia, the increasing Ba/

Ta ratio from the Oligocene to early Miocene likely reflects the additional contributions from 

the asthenospheric wedge and SCLM in volatiles prior to the slab break-off event. In addition, 

the negative correlation between (Dy/Yb)N and SiO2 confirms the hornblende ± clinopyroxene 

fractionation and absence of garnet residue in the magma source (Figure 5.10B; Davidson et 

al., 2007) as interpreted above from the listric-shaped REE patterns for all the mineralized 

Anatolian igneous rocks (Figure 5.6).

The oxidized magmatic state of late Cenozoic Anatolian mineralized igneous rocks is 

confirmed by high Fe3+/Fe2+ ratios (Figures 5.11A-B) and the ubiquitous presence of magnetite 

phenocrysts, and accessory titanite within some mineralized plutons in the Ağrı district (Figure 

5.9). The Fe3+/Fe2+ ratio of rocks decreases through time from 3.6-4.5 at ca. 8 Ma to 1.3-1.4 at 



ca. 3 Ma in central Anatolia, and from 2.3 at ca. 21 Ma to 0.6 in the Ağrı district of eastern 

Anatolia (Figure 5.11C). In contrast, this Fe3+/Fe2+ ratio decreases westwards from 1.46-4.4 at 

the easterly Afyon-Sandıklı porphyry Au (-Cu) prospect to 0.7 at the westerly Bodrum district 

(Figure 5.11D). However, the Fe3+/Fe2+ ratios of mineralized igneous rocks are not significantly 

higher than barren volcanic units from mostly in western and eastern Anatolia (e.g., Kula, 

Süphan and Nemrut volcanic edifices). Nonetheless, an apparent temporal decrease of the 

magma oxidation state is observed in central Anatolia.
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Figure 5.11 A. Total FeO content (FeOt) versus log (Fe2O3/FeO) diagram (modified from Blevin, 
2004) illustrating the redox affinity of fertile and barren Anatolian magmatism. Blevin (2004) 
recommends to use petrographic and magnetic criteria for rocks yielding a FeOt content lower 
than 2 wt %; B. FeO + MnO-Fe2O3 + TiO2-MgO ternary diagram (modified from Chappell and 
White, 1992); C. Fe3+/Fe2+ versus longitude; D. Fe3+/Fe2+ versus age. References: 1Aydoğan et 
al., 2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 4Chapter 3; 5İmer et al., 2014.
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5.5.1.2 Early hornblende ± clinopyroxene fractionation

The late Cenozoic Anatolian igneous rocks that host porphyry, skarn and high-sulfidation 

epithermal mineralization are characterized by contrasting Sr/Y and La/Yb ratios, despite 

similar oxidation (Fe3+/Fe2+) and degree of metasomatism (Ba/Ta). In western Anatolia, 

mineralized igneous rocks younger than 15 Ma have Sr/Y ratios of ≥ 20 as opposed to their 

early Miocene counterparts (Figure 5.12A). This high Sr/Y ratio (≥ 20) implies hornblende 

crystallization under hydrous magmatic conditions that was accompanied by limited early 

plagioclase fractionation (Defant and Drummond, 1990; Richards et al., 2012). Those hydrous 

conditions are supported by the presence of hornblende and biotite phenocrysts, low (Dy/Yb)N 

and, to a lesser extent, elevated Ba/Ta ratios (see above). However, the relatively high Y content 

(≥ 15 ppm) excludes the possibility of garnet fractionation. In contrast, the mineralized igneous 

rocks in central and eastern Anatolia have Sr/Y ratios that are < 45 and indicate a weak adakitic-

like signature, except a few non-adakitic rocks in the Ağrı district, whereas their barren 

counterparts are dominantly non-adakitic, particularly in central Anatolia (Figure 5.12B). The 

negative correlation of Sr/Y ratio with SiO2 indicates plagioclase fractionation for both fertile 

and barren igneous suites in central and eastern Anatolia and for the early Miocene rocks in 

western Anatolia (Figures 5.12C-D). Conversely, the middle to late Miocene igneous rocks in 

western Anatolia have a positive correlation of Sr/Y ratios with SiO2, which is controlled by the 

hornblende fractionation.

The La/Yb ratio versus Yb and SiO2 diagrams show the same geochemical pattern in 

the corresponding rock groups as the Sr/Y ratio versus Y and SiO2 diagrams, except that the 

mineralized igneous rocks in central and eastern Anatolia lack an adakite signature (5 < La/Yb 

< 25; Figure 5.13). Only the middle to late Miocene igneous rocks from western Anatolia yield 

high La/Yb ratios (> 25) as opposed to their early Miocene counterparts in western Anatolia 

(10 < La/Yb < 25), which reflect the fractionation of garnet, hornblende and titanite (Macpherson 

et al., 2006; Richards and Kerrich, 2007; Castillo, 2012). However, garnet fractionation in the 

melting source is ruled out again because of the high Yb content (≥ 1.5 ppm). The La/Yb ratio 
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by Gill (1981); References: 1Aydoğan et al., 2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 
4Chapter 3; 5İmer et al., 2014.
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Figure 5.13 La/Yb versus Yb diagrams for western (A) and central and eastern Anatolia (B; 
fields and trends from Castillo et al. (1999) and Richards and Kerrich (2007); mafic igneous 
rocks are excluded (SiO2 ≤ 56 wt %); La/Yb versus SiO2 diagrams for western (C) and central 
and eastern Anatolia (D; Richards and Kerrich, 2007). Average andesite composition by Gill 
(1981); References: 1Aydoğan et al., 2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 4Chapter 
3; 5İmer et al., 2014.
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fails to discriminate mineralized from barren rocks, in particular in central and eastern Anatolia.

To summarize, the middle to late Miocene adakitic-like igneous units in western 

Anatolia have the best geochemical indicators for magma fertility along the late Cenozoic 

Anatolian Metallogenic Trend. Conversely, the late Cenozoic igneous rocks in central and 

eastern Anatolia, and the early Miocene units in western Anatolia have less favorable 

geochemical features of magma fertility, despite the presence of outcropping hydrothermally-

altered rocks in those regions. The lack of garnet fractionation indicators in the melting source 

suggests that melting likely occurred at depths below the spinel stability field throughout 

Anatolia (also see discussion in Chapter 3) without melt contributions from the subducting 

slab.

5.5.1.3 Magma alkalinity

The increase in magma alkalinity (K2O + Na2O) with time is typically observed in post-

subduction tectonic settings (e.g., Liégeois et al., 1998; Maury et al., 2000; Coulon et al., 2002; 

Oyhantçabal et al., 2007). However, magma alkalinity does not vary significantly in central 

Anatolia (McNab et al., 2017), but slightly increases eastwards from central to eastern Anatolia 

where the crust is thicker (Chapter 3). Although the post-subduction mafic, alkaline igneous 

units along the Western Tethyan Orogenic Belt appear to be barren (Richards, 2015), the results 

presented herein do not show a significant alkalinity contrast between mineralized and barren 

igneous rocks, in particular in both western and central Anatolia (Figure 5.14A). The young 

and barren volcanic units in western and eastern Anatolia are characterized by a broader Na2O 

range (1 to 9 wt %) than the early and mineralized igneous units (2.4 < Na2O < 7.4 wt %; Figure 

5.14B). The Na-rich lavas such as in Kula and Tendürek in western and eastern Anatolia result 

from OIB-like melts with limited contribution from the lithospheric mantle (Alıcı et al., 2002; 

Lebedev et al., 2016). In addition, the middle to late Miocene mineralized igneous units in 

western Anatolia are alkaline, in contrast to those in central Anatolia; barren rocks can also be 

either calc-alkaline or alkaline such as in the Pliocene and Quaternary in central and eastern 

Anatolia. Thus, magma alkalinity is not a robust fertility criterion. Yet, the igneous rocks with 
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Figure 5.14 A. Alkalinity (K2O + Na2O) versus age; B. Na2O versus age. The horizontal dashed 
line is the approximate maximum threshold for fertility (Na2O ≤ 5 wt %). Refer to Figures 5.3 
and 5.10 for the references and symbols; only the mafic and intermediate igneous rocks are 
plotted (SiO2 < 64 wt %) to minimize the effect of crustal contamination and fractionation; 
References: 1Aydoğan et al., 2008; 2Delibaş et al., 2017; 3Baker et al., 2016; 4Chapter 3; 5İmer 
et al., 2014.

5.5.2 Slab segmentation, mantle dynamics and magma petrogenesis

5.5.2.1 Temporal evolution of magma fertility

The late Cenozoic mineralized igneous suites of Anatolia represent a small portion (ca. 

8 %) of the total area covered by late Cenozoic magmatic complexes (Figure 5.2). Mineralized 

igneous units preferentially formed at the beginning of post-subduction tectono-magmatic 

events, and during back-arc development, from 21 to 9, 10 to 3, and 25 to 17 Ma in western, 

central and eastern Anatolia, respectively (Chapter 4). In western Anatolia, fertile magmatism 

produced the mineralized intermediate igneous suites in Afyon, Uşak and Bodrum areas in the 

middle to late Miocene (15-9 Ma). This period of fertile magmatism is bracketed by the early 

Miocene, back-arc-related, mineralized felsic igneous units of the Simav district (21-17 Ma) 

Na2O contents > 5 wt % are likely to be barren according to Figure 5.14B.
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that appear to geochemically be less fertile according to low Sr/Y and La/Yb ratios (Figure 

5.15A-B), and the Pliocene to Quaternary, barren, OIB-like, mafic lavas of the Kula complex. 

Oligocene to Miocene mineralized igneous rocks in central and eastern Anatolia are characterized 

by indicators of low magma fertility, such as low Sr/Y and La/Yb ratios, for porphyry 

mineralization, despite the presence of numerous high-sulfidation epithermal- and porphyry-

style occurrences (Chapter 4). The contrast between the field observations and the geochemical 

signatures of igneous host rocks confirms that both high Sr/Y and La/Yb magmas are not a 

prerequisite for the formation of porphyry systems (Richards and Kerrich, 2007; Chiaradia et 

al., 2012). Most of the Pliocene to Quaternary volcanic rocks are barren and show a geochemical 

evolution towards less, or not, metasomatized (lower Ba/Ta ratio) and slightly less oxidizing 

magmatic conditions that are increasingly less favorable for the formation of porphyry and 

associated epithermal mineralization. 

Nonetheless, among all of the magma fertility criteria for porphyry mineralization, the 

Ba/Ta (Figure 5.10A) and Sr/Y ratios (Figure 5.15A), SiO2 (Figure 5.4C) and Na2O contents 

(Figure 5.14B), and initial εNd values (Figure 5.15C) effectively discriminate between fertile 

and barren igneous rocks in Anatolia. In contrast, the La/Yb ratio only discriminates in western 

Anatolia (Figure 5.15B), whereas magma alkalinity (K2O + Na2O; Figure 5.14A) and oxidation 

state (Fe3+/Fe2+; Figure 5.11C-D) lack obvious contrasting signatures between mineralized and 

unmineralized igneous units in Anatolia. The initial εNd values clearly indicate that the fertile 

igneous rocks have a lithospheric component (initial εNd ≤ 1) whereas barren igneous units 

result from mantle (asthenosphere)-dominant melts (initial εNd > 1; Figure 5.15C). Given that 

the fertile igneous rocks were emplaced at the beginning of the regional magmatic cycle 

(Chapter 4), the transition from lithosphere- to asthenosphere-dominant magmas reflects the 

increasing interaction of lithosphere- with asthenosphere-derived melts, regardless of crustal 

thinning (west) or thickening scenario (central-east). Thus, the asthenospheric upwelling 

through the Arabian slab break-off at ca. 25 Ma (Chapter 2) and Aegean slab tear at ca. 15 Ma 

(Jolivet et al., 2015) initiated the production of fertile magmas by remobilizing the 
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metasomatized, metal-bearing SCLM domains. Subsequently, the fertile magmas were diluted 

and replaced by barren, drier and slightly less oxidized asthenospheric melts due to the 

exhaustion of metasomatic components.

In addition, the apparent increase in magma fertility from the early to middle Miocene 

in western Anatolia is accompanied by higher (Sm/Yb)N ratios that represent the greater 

involvement of hornblende fractionation, probably influenced by greater residence time in the 

lower or mid-crust (this Chapter), and possibly deep melts (Figure 5.15D; Prelević et al., 2012). 

Increasing (Sm/Yb)N ratios through time result from sub-slab mantle infiltration during the 

Aegean slab tear between 15 and 8 Ma (Jolivet et al., 2015). The prolonged asthenospheric 

heating and crustal thinning gradually led to the shallow melting source as represented by 

decreasing (Sm/Yb)N ratios since the middle Miocene. In central and eastern Anatolia, melting 

occurred at shallow depths with limited fractionation of hornblende to account for the low and 

relatively constant (Sm/Yb)N ratios. The tectonic scenarios along the Anatolian Trend contrast 

with the Andean and Iranian orogenic processes where crustal thickening and deeper melting 

sources to the garnet stability field were involved and ultimately led to more favorable 

conditions for magma maturation and fertility for large Cu-rich porphyry systems (e.g., Kay 

and Mpodozis, 2001; Richards, 2003; Chiaradia et al., 2009; Shafiei et al., 2009).

5.5.2.2 Metal and magma source(s)

Metal sources in post-subduction settings include the SCLM fertilization by 

asthenosphere-derived low-degree partial melts (Pettke et al., 2010; Mair et al., 2011; Hronsky 

et al., 2012; Griffin et al., 2013), subduction-modified cumulates in the lower crust as artifacts 

of previous cycles of arc magmatism (Chiaradia et al., 2009; Richards, 2009) and/or juvenile 

lower crust after arc magma underplating (Hou et al., 2009; Shafiei et al., 2009). Trapped Au-

rich residual sulfides from previous subduction cycles may be available for subsequent 

remobilization during post-subduction or post-collisional tectonic and thermal events (Solomon, 

1990; Richards, 2009) under oxidized conditions (Jugo, 2009) such as slab tear or break-off 

events (Lips, 2002; Wang et al., 2006; Vos et al., 2007; Hou et al., 2009; Logan and Mihalynuk, 
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2014). Thus, the formation of porphyry deposits in post-subduction settings depends on the 

effectiveness of remobilization and the composition of remobilized material. 

The previously metasomatized SCLM was the major source of Neogene magma 

throughout Anatolia and melted during back-arc, slab roll-back, tear (western Anatolia; Prelević 

et al., 2012; Ersoy and Palmer, 2013) and break-off events (central and eastern Anatolia; 

Chapter 3). Metasomatism of the Anatolian SCLM likely occurred during the Late Cretaceous 

to Eocene period based of Lu-Hf residence time calculation (Reid et al., 2017), possibly through 

a shallow subduction episode (Prelević et al., 2010, 2012), and perhaps during the Neoproterozoic 

based on regional Nd model ages (Pe-Piper and Piper, 2001; Chapter 3). Magma contributions 

from the lower crust were suggested in western (Ersoy et al., 2012a; Karaoğlu and Helvacı, 

2014) and eastern Anatolia (Keskin et al., 2006; Oyan, 2018) but not in central Anatolia (McNab 

et al., 2017). However, the geochemical results on fertility of igneous rocks presented herein 

indicate the lack of garnet fractionation in the melting process, the low Sr content, except in the 

middle to late Miocene in western Anatolia, and highly variable initial 87Sr/86Sr ratios. Taken 

together, those results suggest a minor role of the lower crust and subducting slab melting on 

magma generation as opposed to the spinel-facies SCLM and upper crustal contamination. 

Nonetheless, middle to late Miocene magmas in western Anatolia may have stalled in the 

lower and/or mid-crust to accumulate hydrous magmas at depth and evolve through hornblende 

and pyroxene fractionation (high Sr/Y and La/Yb ratios) in the absence of garnet residue to 

become more fertile.

The high Au:Cu ratio of porphyry systems in western Anatolia is explained by the 

alkaline affinity of their causative igneous rocks, previously metasomatized SCLM magma 

source (Müller and Groves, 1993; Jensen and Barton, 2000; Müller, 2002; Hronsky et al., 

2012), possible contribution from remelted Au-rich sulfide residues (Richards, 2009; Menant 

et al., 2018), crustal thinning in back-arc and slab tear settings (De Boorder et al., 1998; Menant 

et al., 2018), and their shallow emplacement depth (Murakami et al., 2010; Chapter 4). 

The compressional regime, calc-alkaline magma affinity and greater crustal thickness 



in central and eastern Anatolia would have enhanced the potential for Cu-rich porphyry systems 

like in the Lesser Caucasus (Moritz et al., 2016b) and northwest Iran (Hezarkhani, 2006; 

Aghazadeh et al., 2015). However, the geochemical signature of the igneous rocks in central 

and eastern Anatolia suggests that these rocks are less favorable for porphyry mineralization, 

despite the presence of porphyry occurrences in the Ağrı and Tunceli districts. The contrast 

between the metasomatized and oxidized character of those mineralized magmas (high Ba/Ta 

and Fe3+/Fe2+ ratios) and their lack of evidence for significant early hornblende fractionation 

(low to moderate Sr/Y and La/Yb ratios) in central and eastern Anatolia likely results from the 

relative short residence time in the lower or mid-crust. In addition, the majority of porphyry 

deposits in eastern Anatolia formed in the Late Cretaceous and Eocene (Kuşcu et al., 2013) 

implying that there was less-fertile material to remobilize from the SCLM and/or lower crust 

during the late Cenozoic. Nonetheless, the prevailing high-sulfidation epithermal occurrences 

in central and eastern Anatolia suggest that some mineralized porphyry orebodies may be 

present but are not yet exposed. 

5.5.2.3 Progressive loss of the SCLM and migration of melting loci 

The post-slab break-off, long-lived, asthenospheric heating to the SCLM base coupled 

with the dehydration of the broken-off slab triggered SCLM instability and its removal by 

convective dripping in the late Miocene under central and eastern Anatolia (Figure 5.16; 

Chapter 3). The geochemical evolution of western Anatolian igneous units also indicates 

significant lithosphere-asthenosphere interactions that led to the conversion of the lower parts 

of the SCLM into asthenosphere by heating and dripping between 20 and 12 Ma (Prelević et 

al., 2012). The SCLM thinning event was triggered by asthenosphere upwelling during slab 

roll-back and tearing tectonic events (Alıcı et al., 2002; Prelević et al., 2012). The current thin 

SCLM beneath Anatolia is confirmed by tomographic imaging (Angus et al., 2006; Gök et al., 

2007; Çakır and Erduran, 2011; Kind et al., 2015; Komut, 2015; Delph et al., 2017; Oruç et al., 

2017). Thus, SCLM-asthenosphere interactions mixed the highly and poorly hydrated 

(contrasting Ba/Ta ratios), lithospheric- and asthenospheric-derived (contrasting initial εNd 
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values), metal-enriched and metal-depleted materials at the lithosphere-asthenosphere 

boundary. This interaction led to the production of weakly fertile to barren magmas at shallow 

depths in the spinel-facies stability field (low (Sm/Yb)N ratio; Chapter 3). The SCLM thinning 

or removal through time results in a decrease of magma fertility and metal endowment. (e.g., 

Hronsky et al., 2012; Gessner et al., 2017). 

The late Cenozoic fertile magmatism in Anatolia is limited in volume, formed relatively 

early during the regional magmatic cycle, and was widely distributed throughout the belt, as 

opposed to widespread barren magmatism (Figure 5.2). Many mineralized igneous complexes 

were subsequently (partially) covered by barren lavas and pyroclastic deposits throughout the 
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Anatolian Metallogenic Trend as confirmed by field observations in Chapter 4. Porphyry 

deposits are scarce and likely covered in central and eastern Anatolia and conversely, some 

were likely removed by extreme crustal extension and uplift in western Anatolia. In addition, 

the significant crustal extension in western Anatolia, the frontal continental collision in the east 

and the absence of orogen-oblique transtensional fault systems in Anatolia could also explain 

the limited exposure of fertile magmatism in this region. In contrast, the dominant porphyry 

copper provinces along the Western Tethyan Orogenic Belt formed along orogen-parallel 

translithospheric structures that facilitated the ascent and emplacement of fertile magma in the 

upper crust (Tosdal and Richards, 2001) as observed in the Balkans (Gallhofer et al., 2015; 

Menant et al., 2018), Lesser Caucasus (Moritz et al., 2016b) and Iran (Allen et al., 2004; Safari 

et al., 2015; Fonseca et al., 2016).

Segmentation of the Southern Neotethyan oceanic slab after the onset of the Arabian 

continental collision in the Oligocene caused the spatial and temporal migration of the magmatic 

front and thereby hindered the long-term focusing of heat source, magma production, 

accumulation and maturation. Instead, the increasing rate of the Aegean slab roll-back in 

western Anatolia and slab window opening in central and eastern Anatolia promoted the 

spreading of the partial melting zone beneath Anatolia (e.g., Kaislaniemi et al., 2014; Menant 

et al., 2018). Although SCLM instability is typically required to produce gold deposits in post-

subduction and post-collisional settings (Bierlein et al., 2009; Richards, 2009; Hronsky et al., 

2012; Griffin et al., 2013; Richards, 2015), the upwelling of hot and dry asthenosphere not only 

triggers the metallogenic peak but also progressively reduces the production of fertile magma 

such as in Anatolia during the late Cenozoic.

5.6 Conclusion

Widespread late Cenozoic magmatism along the Anatolian Metallogenic Trend hosts 

many gold-rich porphyry- and epithermal-style systems that preferentially formed with 

intermediate hypabyssal and extrusive rocks that range in composition from andesite to trachyte 

and their plutonic equivalents. The new geochemical analyses from mineralized igneous rocks 



in western Anatolia (this Chapter) and central and eastern Anatolia (Chapter 3) suggest that the 

SiO2 (61.8 ± 5.5 wt %) and Na2O (2.4 to 7.4 wt %) contents, Sr/Y (> 20) and Ba/Ta ratios (> 

428) and initial εNd values (≤ 1) are the geochemical criteria that best indicate magma fertility 

of the late Cenozoic post-subduction igneous suites along the Anatolian Metallogenic Trend. 

Conversely, magma alkalinity (K2O + Na2O and K2O/Na2O ratio), La/Yb ratio and oxidation 

state (Fe3+/Fe2+) do not effectively distinguish mineralized from unmineralized igneous units in 

Anatolia. 

The geochemical indicators for magma fertility evolve through time along the late 

Cenozoic Anatolian Metallogenic Trend. In western Anatolia, magma fertility is optimal in the 

middle to late Miocene igneous rocks (15-9 Ma), after the less-fertile early Miocene, weakly 

mineralized, syn-tectonic magmatism (21-18 Ma) and before the Pliocene to Quaternary, OIB-

like, barren mafic lavas of the Kula complex. In eastern and central Anatolia, magma is fertile 

at the beginning of the regional magmatic cycles at 26 and 12 Ma, respectively. However, 

geochemical indicators for magma fertility in eastern and central Anatolia are weak compared 

to the middle to late Miocene igneous rocks in western Anatolia, and gradually evolve towards 

less hydrous, less oxidized, shallowly-produced and mantle-dominant magmas.

The geochemical character of Anatolian fertile magmas is due to hornblende ± 

clinopyroxene and plagioclase fractionation in the absence of garnet residue to account for low 

(Sm/Yb)N and (Dy/Yb)N ratios, and Sr contents. Although magmatic contributions from the 

lower crust were suggested for western and eastern Anatolia (Ersoy et al., 2012a; Oyan, 2018), 

the metasomatized Anatolian SCLM is herein shown to be the major source of fertile magmas. 

The thinning of the SCLM during post-subduction tectonic events is controlled by the 

asthenospheric upwelling that progressively converts the SCLM to asthenosphere by heating. 

The spatial migration of slab rupture, slab window opening and mantle flow hinders the 

maturation, long-lived heating and stabilization of the magma production loci. The progressive 

loss of SCLM, volatile contents and migration of the melting source regions, and possible short 

crustal residence time ultimately lead to the reduction of magma fertility through time. Fertile 
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magmatism produced small and sparse magmatic complexes and associated porphyry and 

epithermal systems such as along the Anatolian Trend. Thus, the segmentation of the Southern 

Neotethyan oceanic slab triggered asthenosphere upwelling that initiated the formation of 

porphyry and epithermal deposits along the Anatolian Trend, and subsequently contributed to 

the annihilation of the fertile magma production.
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Chapter 6: Conclusions

Results and contributions from the research work presented in this dissertation reveal 

that late Cenozoic magmatism and associated magmatic-hydrothermal precious and base 

metal mineralization throughout Anatolia resulted from post-subduction slab rupture events, 

including tearing and break-off. Field, petrographic, geochronological and geochemical data 

acquired and compiled during this PhD research work provide new insights into the geodynamic 

evolution of the Eastern Mediterranean region, and post-subduction tectonics, magmatism and 

metallogeny, exemplified by the Anatolian case study. 

6.1 Part 1: Temporal, spatial and geochemical evolution of late Cenozoic magmatism 

along the Eastern Anatolian Magmatic Belt

The determination of late Cenozoic metallogenic processes in Anatolia required 

the definition of a robust tectono-magmatic framework, in particular in central and eastern 

Anatolia where many models have been proposed and disputed (e.g., Keskin, 2007; Şengör 

et al., 2008; Bartol and Govers, 2014; Govers and Fichtner, 2016; Delph et al., 2017). The 

extensive compilation, integration and interpretation of previously-published geochronological 

and geochemical data from late Cenozoic igneous rocks done in this study allowed to define 

the timing and geochemical characteristics of 26 igneous complexes in central and eastern 

Anatolia. The compiled databases were complemented and strengthened by a few new U-Pb 

zircon dates, and lithogeochemical and radiogenic Sr-Nd-Pb isotope data from the less-studied 

Konya, Karaman, Melendiz, Tekkedağ, Develidağ, Yamadağ and Ağrı igneous complexes. 

6.1.1 Definition of the Eastern Anatolian Magmatic Belt

The temporal and spatial constraints on late Cenozoic magmatism in central and 

eastern Anatolia (Chapter 2) highlight the westward migration (48 mm/year) of the magmatic 

front from eastern (21-15 Ma) to central Anatolia (12 Ma-Present). The narrow E- to NE-

trending alignment of igneous complexes is defined in this dissertation as the Eastern Anatolian 

Magmatic Belt that links the central and eastern Anatolian magmatic domains, which were 
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studied independently in the literature. The newly-defined Eastern Anatolian Magmatic Belt 

is interpreted to form in response to sub-horizontal rupture propagation of the subducting 

Southern Neotethyan oceanic slab and resulting asthenospheric flow since ca. 25 Ma after the 

onset of the Arabia-Eurasia continental collision at ca. 30 Ma, in accordance with large-scale 

tomography and numerical modeling studies (e.g., Biryol et al., 2011; Menant et al., 2016). 

The brief late Oligocene magmatic pulse (26-25 Ma) resulted from slab steepening event (30-

25 Ma) subsequent to initiation of the Arabia-Eurasia continental collision, and was delayed a 

few millions years during slab weakening and break-off. Magmatism was active a few million 

years after the slab rupture initiation and began earlier than previously documented, specifically 

in the early Miocene (21 Ma) in eastern Anatolia. Slab break-off-related magmatism was 

subsequently covered by the volcanic products of the Erzurum-Kars plateau since ca. 13-11 

Ma in eastern Anatolia, previously interpreted as a result of the lithospheric mantle removal 

(Keskin, 2003, 2007; Şengör et al., 2008).

6.1.2 Slab break-off-related magmatism

Interpretations in Chapter 2 suggest that the late Cenozoic magmas in the Yamadağ, 

Ağrı and Sivas areas in eastern Anatolia emplaced in the upper crust between 21 and 15 Ma, 

during the slab break-off event (25-16.5 Ma). Those slab break-off-related igneous complexes 

share similar magmatic features (Chapter 3) including 1) a temporal increase in the depth 

of melting, degree of enrichment and asthenospheric component; 2) general consistency in 

magma alkalinity; 3) a decreasing subduction signature through time. Magma was generated 

by the melting of the previously-metasomatized Anatolian SCLM and asthenosphere by 

decompression, which was largely controlled by the slab rupture propagation and break-off, 

and ingress of Arabian and African subslab asthenosphere. 

Although early to middle Miocene eastern Anatolian magmatism formed in response to 

the sub-horizontal slab rupture propagation, middle Miocene to Present magmatism in central 

Anatolia, with the exception of the Konya and Sulutas volcanic complexes, resulted from slab 

window opening and the lateral sub-slab mantle flow from eastern Anatolia. This mantle flow 
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initiated when the sub-horizontal slab rupture reached the northwestern edge of the Arabian 

continental lithosphere in the middle Miocene. Therefore, slab break-off-related magmatism in 

central Anatolia is the less mature equivalent (i.e., more metasomatized, less alkaline and less-

pronounced asthenospheric component) than that in eastern Anatolia. The magmatic activity 

was accompanied by slab break-off-related crustal uplift that started at ca. 23 Ma in eastern 

Anatolia (Karaoğlan et al., 2016), and propagated westwards to reach central Anatolia at ca. 

15-7 Ma (Cosentino et al., 2012; Schildgen et al., 2014; Karaoğlan et al., 2016; McNab et al., 

2017). 

6.1.3 SCLM removal-related magmatism

The presence of water and the sustained advection of asthenospheric heat destabilized 

the thickened Anatolian SCLM root, leading to its removal by small-scale sublithospheric 

convection and the second major magmatic event since ca. 13-11 Ma in eastern Anatolia 

(Kaislaniemi et al., 2014; Neill et al., 2015; Chapter 2). The compilation and integration of 

previously-published age data (Chapter 2) indicate that this young magmatic phase, which 

produced the middle Miocene to Pliocene Kars-Erzurum volcanic plateau and Pliocene to 

Quaternary stratovolcanoes in eastern Anatolia, is distinct in time from the earlier slab break-

off-related magmatic event; both phases are separated by a brief hiatus between ca. 15 and 13 

Ma. In addition, the interpretation of compiled geochemical analyses and integration of previous 

petrological models in Chapter 3 suggest that this SCLM removal-related magmatism was 

characterized by 1) increasing contributions from the crust; 2) drier mantle source conditions, 

even though subduction signature was still recorded in some Quaternary stratovolcanoes 

(e.g., Ararat); 3) coexistence of highly alkaline, silica-undersaturated (e.g., the Tendürek 

stratovolcano) and calc-alkaline, silica-saturated magmatism (e.g., the Ararat stratovolcano); 

4) decreasing depth of mantle sources. 

To summarize, results in Part 1 indicate that late Cenozoic magmatism in central and 

eastern Anatolia formed in two distinct phases that exhibit different timing and geochemical 

signatures but overlap in space, in particular in eastern Anatolia. Spatial migration of slab 
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break-off-related magmatism and temporal shift in magma composition are controlled by the 

slab dynamics beneath Anatolia, long-lived asthenospheric heating, which began earlier in 

eastern Anatolia, and lithospheric thickness. 

6.1.4 Implications for the geodynamic evolution of the Eastern Mediterranean region

One of the key features in Chapter 2 is that slab break-off was initiated in eastern 

Anatolia (ca. 25 Ma) before development of the slab tear in western Anatolia (15 Ma; van 

Hinsbergen, 2010; Jolivet et al., 2015). The westward propagation of the sub-horizontal slab 

rupture stopped at the northwesternmost edge of the Arabia plate at ca. 19.5-16.5 Ma. It is 

suggested in Chapter 2 that this slab break-off event contributed to the acceleration of the 

Aegean slab roll-back and North Anatolian fault zone development in the middle-late Miocene 

because of the lateral continuity of the Southern Neotethyan slab in the mantle and additional 

slab pull force (Faccenna et al., 2006). Thus, this slab break-off in eastern and central Anatolia 

may also have contributed to the slab tear initiation between the Aegean and Cyprus slabs 

(15-8 Ma; van Hinsbergen, 2010; Jolivet et al., 2015), the initiation of the Cyprus slab roll-

back since the early Miocene (Biryol et al., 2011; Koç et al., 2012), SCLM removal in eastern 

Anatolia in the late Miocene (e.g., Neill et al., 2015; Topuz et al., 2017), and the production of 

the widespread late Cenozoic magmatism in central and eastern Anatolia (Chapters 2 and 3).

This study emphasizes that the geochemical signature of post-subduction, syn-

collisional magmatism, as recorded by primitive basalts, constantly evolves through time and 

space, and recorded shifts in mantle source domains. Anatolia is thereby a natural laboratory 

to investigate the complex geochemical evolution of post-subduction magmatism, controlled 

by the three-dimensional subducted slab dynamics, asthenosphere upwelling and change in 

lithosphere thickness.

6.2 Part 2: Late Cenozoic Anatolian gold metallogeny

The complex tectono-magmatic evolution of the Anatolide-Tauride Orogenic Belt 

during the late Cenozoic was responsible for the production of fertile magmas that formed 
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gold-rich porphyry and epithermal mineralization throughout Anatolia. The second part of 

this dissertation characterizes those gold-rich mineral deposits, constrains the timing of gold 

mineralization, and determines the petrogenetic controls on fertile magmatism. This study is 

based on the acquisition of new geochronological and geochemical data from mineralized 

systems in western (Kepez, Eğrigöz, Pınarbaşı, Kışladağ, Afyon-Sandıklı, Kadıkalesi and 

Karatoprak), central (Inlice, Doğanbey, Boz Tepe, Çömlekçı, Başdere, Öksüt) and eastern 

Anatolia (Hasançelebi, Taşkapı and Taşlıçay). Additional data from the Pınarbaşı (Delibaş et 

al., 2017), Baklan (Aydoğan et al., 2008), Kışladağ (Baker et al., 2016) in western Anatolia and 

Cevizlidere mineralized systems in eastern Anatolia (İmer et al., 2014) are integrated to the 

new geochronological and geochemical data sets.

6.2.1 Characterization of late Cenozoic Anatolian mineral districts

The E-trending alignment of the late Cenozoic porphyry, epithermal and skarn 

occurrences, prospects and deposits in Anatolia is defined in Chapter 4 as the late Cenozoic 

Anatolian Metallogenic Trend. Those occurrences, prospects and deposits are clustered into 

nine porphyry and epithermal districts that share similar features based on field observations 

(e.g., rock type, age, style of mineralization and structural control; Chapter 4). In total, 

those nine mineral districts contain significant gold (33 Moz) and minor copper (3.7 Blbs) 

reserves and resources (compilation in Chapter 4). However, those mineral districts, deposits, 

prospects and occurrences are not randomly distributed along the Anatolian Metallogenic 

Trend. Mineralization in western Anatolia was preferentially deposited or preserved around the 

exhumed core of the Menderes Massif, and mainly consists of low- and intermediate-sulfidation 

epithermal Au-Ag systems in the north and west, and porphyry and skarn mineralization in the 

east and south. In contrast, central Anatolia is dominated by high-sulfidation epithermal Au 

prospects and deposits whereas eastern Anatolia contains porphyry, high-sulfidation and Carlin-

style precious and base metal mineralization. Those hydrothermal systems and associated 

igneous host rocks emplaced at extensional sites along grabens, strike-slip corridors, fault 

intersections and pull-apart basins in a context of crustal extension in western Anatolia and 
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compression in central and eastern Anatolia. 

6.2.2 Timing of late Cenozoic Anatolian gold mineralization and tectonic implications

New geochronological data constrain the timing of late Cenozoic gold-rich, porphyry, 

epithermal and skarn mineralization that occurred at: 1) 25-17 Ma in eastern Anatolia; 2) 21-9 

Ma in western Anatolia; 3) 10-3 Ma in central Anatolia. The timing of gold mineralization 

coincides with post-subduction segmentation and roll-back events of the Arabian, Cyprus and 

Aegean segments of the Southern Neotethyan oceanic slab in the late Cenozoic based on the 

tectonic reconstructions in Chapters 2 and 3, and new temporal and spatial constraints on gold 

mineralization (Chapter 4). 

Porphyry mineralization (e.g., Cevizlidere) in the Tunceli district in eastern Anatolia 

resulted from a brief pulse of magmatism during the steepening of Arabian slab segment at the 

onset of the Arabia-Eurasia continental collision in the Oligocene. The Arabian slab break-off 

initiation at ca. 25 Ma, its westward propagation and slab window opening since the early 

Miocene, described in Chapters 2 and 3, were accompanied by the westward migration of the 

magmatic front and associated porphyry and high-sulfidation epithermal mineralization from 

the Ağrı district, Hasançelebi high-sulfidation epithermal prospect in eastern Anatolia to the 

Kayseri and Niğde districts in central Anatolia. In contrast, the high-sulfidation epithermal 

occurrences of the Konya district in the western part of central Anatolia formed during the 

southward roll-back of the Cyprus slab. 

In western Anatolia, the combined roll-back and tearing (15 Ma) of the Aegean slab 

resulted in the southwestward migration of the magmatic front and associated mineralization. 

However, middle to late Miocene-aged porphyry and high-sulfidation mineralization formed 

during and above opening slab tear-related window in western Anatolia as opposed to the early 

to middle Miocene-aged low to intermediate-sulfidation epithermal gold mineralization. Thus, 

the post-subduction slab segmentation events and resulting thermal events at 25 and 15 Ma 

contributed to produce the bulk of Anatolian gold mineralization in the late Cenozoic. 
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6.2.3 Post-subduction magma fertility in Anatolia

New lithogeochemical and Sr-Nd-Pb isotope data (Chapter 5) from mineralized igneous 

units along late Cenozoic magmatism along the Anatolian Metallogenic Trend provide new 

insights into the genetic relationship between asthenospheric upwelling during slab rupture 

events and the production of gold-rich porphyry and epithermal deposits and prospects. 

Those gold-rich magmatic-hydrothermal systems preferentially formed with intermediate 

hypabyssal and extrusive rocks that range in composition from andesite to trachyte and their 

plutonic equivalents. The SiO2 (61.8 ± 5.5 wt %) and Na2O (2.4 to 7.4 wt %) contents, Sr/Y 

(> 20) and Ba/Ta ratios (> 428) and initial εNd values (≤ 1) are the geochemical criteria that 

best indicate magma fertility of the late Cenozoic post-subduction igneous suites along the 

Anatolian Metallogenic Trend. Conversely, magma alkalinity (K2O + Na2O and K2O/Na2O 

ratio), La/Yb ratio and oxidation state (Fe3+/Fe2+) do not effectively distinguish mineralized 

from unmineralized igneous units in Anatolia. 

As depicted in Chapter 5, geochemical indicators for magma fertility evolve through 

time along the late Cenozoic Anatolian Metallogenic Trend. In western Anatolia, magma 

fertility is optimal in the middle to late Miocene igneous rocks (15-9 Ma), after the less-

fertile early Miocene, weakly mineralized, syn-tectonic magmatism (21-18 Ma) and before 

the Pliocene to Quaternary, OIB-like, barren mafic lavas of the Kula complex. In eastern and 

central Anatolia, magma is fertile at the beginning of the regional magmatic cycles at 26 and 12 

Ma, respectively. However, geochemical indicators for magma fertility in eastern and central 

Anatolia are weak compared to the middle to late Miocene igneous rocks in western Anatolia, 

and gradually evolve towards less metasomatized, less oxidized, shallowly-produced and 

mantle-dominant magmas.

Hornblende ± clinopyroxene and plagioclase fractionation affected the geochemical 

character of Anatolian fertile magmas in the absence of garnet residues to account for low (Sm/

Yb)N and (Dy/Yb)N ratios and Sr contents (Chapter 5). The metasomatized Anatolian SCLM 

is herein shown to be the major source of fertile magmas, even though some contributions 



from the lower crust are possible. The thinning of the SCLM during post-subduction tectonic 

events is controlled by the asthenospheric upwelling that progressively erodes the SCLM to 

asthenosphere by dripping. 

6.2.4 Implications for post-subduction gold metallogeny

The spatial migration of slab rupture, slab window opening and mantle flow hinders the 

maturation, long-lived heating and stabilization of the magma production loci. The progressive 

loss of SCLM, volatile contents and migration of the melting source regions, and possible short 

crustal residence time ultimately lead to the reduction of magma fertility through time. Fertile 

magmatism produced small and sparse magmatic complexes and associated porphyry and 

epithermal systems such as along the Anatolian Trend. Thus, the segmentation of the Southern 

Neotethyan oceanic slab triggered asthenosphere upwelling that initiated the formation of 

porphyry and epithermal deposits along the Anatolian Trend, and subsequently contributed to 

the annihilation of the fertile magma production.

6.3  Final remarks

The study of post-subduction metallogeny requires the investigation of the three-

dimensional slab dynamics through time-space constraints on geological, deformation, tectonic 

and magmatic events that are interpreted with numerical modeling and tomographic models. 

Previous metallogenic models dominantly relied on two-dimensional interactions between 

subduction dynamics and ore genesis, and thus failed to depict along-strike variations of slab 

dynamics such as in slab segmentation scenarios. The fate of the subducted oceanic slab, such 

as the Southern Neotethyan slab in the Eastern Mediterranean region, at the termination of the 

subduction commonly involves variably-oriented ruptures that induce passive asthenospheric 

upwelling. The timing of slab rupture initiation, the spatial evolution of rupture propagation, 

resultant mantle flow beneath the overriding crust and the remobilization of the fertile SCLM 

are the first-order controls on the timing and spatial distribution of post-subduction fertile 

magmatism and associated mineralization. 
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The geochemical signature of post-subduction Anatolian magmas is complex due to 

the interplay between crustal, lithospheric and asthenospheric components that evolve through 

time and space. I interpret a general trend towards less fertile and more mantle-dominant that 

reflects a gradual loss of volatiles and a greater input of hot asthenosphere. However, the 

geochemical signature of post-subduction magmatism is not specific to a particular tectonic 

scenario including slab roll-back, tear, break-off or window, and SCLM removal by delamination 

or dripping. Geochronology, spatial distribution of magmatic complexes, crustal deformation 

studies, numerical and analogue modeling and tomographic models provide robust constraints 

on the evolution of slab geometry and mantle dynamics. Thus, geochemical data can be used 

to support a specific tectonic model and more importantly, investigate the magmatic processes 

and sources that caused magmatism in the upper crust.

The late Cenozoic Anatolian Metallogenic Trend is prospective for porphyry- and 

epithermal-style gold mineralization but the tectono-magmatic events along this Trend may not 

be favorable for the formation of a world-class gold province and copper deposits. Magmatism 

tends to become more and more barren through time. Therefore, mineral exploration should 

focus on the oldest late Cenozoic volcanic edifices and suites, especially in central and eastern 

Anatolia, including the Konya, Melendiz, Tekkedağ, Develidağ and Yamadağ volcanic 

complexes and the outcropping Oligocene to early Miocene intrusive units in the Tunceli and 

Ağrı districts. Many mineralized occurrences formed at the beginning of the regional thermal 

event, and are characterized by a specific combination of geochemical indicators (intermediate 

composition, high Sr/Y and Ba/Ta ratios, and negative initial εNd). Field investigations revealed 

that the late Cenozoic Anatolian mineralized systems are typically exposed at the bottom of the 

regional volcanic stratigraphy, notably at the bottom of valleys or hill flanks that are partially 

capped by barren volcanic and volcaniclastic units, along major normal and strike-slip faults. 

Mineralization can also be partially covered by barren volcanic products, particularly in central 

and eastern Anatolia. The distribution of fertile igneous units are now well-identified and should 

help conduct further investigations on the newly-defined mineral districts with an emphasis on 
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local volcanic stratigraphy, structures, alteration patterns, mineral paragenesis and detailed 

geochronology and geochemistry.
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Table A.1 Geochronological data compilation, central and eastern Anatolia.

Magmatic Complex Age Range (Ma) References
Central Anatolia
Acigöl volcano 0.206 ± 0.040 - Present (46)
Cappadocia-İncesu ignimbrites 10.7 ± 0.3 – Present (1), (2), (3), (4), (5), (30)
Develidağ stratovolcano 5.36 ± 0.20 (6)
Erciyes stratovolcano 3.57 ± 1.17 – Present (1), (7), (8), (9), (10)
Hasandağ stratovolcano 1.5 ± 0.5 – Present (1), (2), (7), (8), (45)
Karaman vents 2.19 ± 0.41 – 1.79 ± 0.09 (2)
Karapınar vents 4.76 ± 0.27 – Present (1), (2), (45)
Melendiz stratovolcano 4.9 ± 0.2 – 2.40 ± 0.15 (2), (6)
Tekkedağ volcano 7.92 ± 0.14 (6)

Eastern Anatolia
Ağrı magmatic complex 21.32 ± 0.29 – 17.38 ± 0.36 (6)
Aladağ volcanic suite 14.9 ± 0.3 – 13.4 ± 0.3 (11)
Ararat volcano 1.51 ± 0.38 – Present (1), (9)
Cevizlidere stock 25.54 ± 0.40 – 25.29 ± 0.34 (12)
Elazığ volcanic suite 1.87 ± 0.07 to 1.47 ±0.09 (16)
Erzincan volcanic suite 1.06 ± 0.18 – Present (1), (2), (7), (8), (40)
Erzurum volcanic plateau 13.1 ± 0.6 – Present (9), (16), (17), (18), (19), (20), (21)
Etrüsk volcano 5.74 ± 0.16 – 3.60 ± 0.15 (11), (13), (14), (15)
Kars volcanic plateau 11.1 ± 1.0 – 1.3 ± 0.6 (18), (21), (22)
Kepez volcanic suite 16.19 ± 0.10 – 13.58 ± 0.17 (23), (24)
Nemrut volcano 1.18 ± 0.46 – Present (1), (9), (25)
Sarıçimen pluton 12.6 ± 0.3 – 11.9 ± 0.4 (26)
Süphan volcano 5.8 ± 0.3 – Present (1), (9), (13), (25), (27), (28), (29)
Tendürek volcano 0.71 ± 0.06 – Present (1), (27), (31)
Yamadağ volcanic complex 21.23 ± 0.33 – 8.9 ± 0.7 (2), (6), (13), (32), (33), (34), (35)

Other volcanic domains
Konya volcanic complex ca. 10.21 ± 0.13 – 6.49 ± 0.31* (2), (6), (36)
Galatian magmatic province 22.52 ± 0.52 – 17.6 ± 0.5 (37), (38), (39)
Sivas volcanic suite 15.0 ± 0.5 – 1.3 ± 0.1 (2), (41)
Sulutas volcanic suite 16.45 ± 0.76 – 11.61 ± 0.04 (42), (43), (44)

(1) Notsu et al. (1995); (2) Platzman et al. (1998); (3) Aydar et al. (2012); (4) Lepetit 

et al. (2014); (5) Higgins (2014); (6) This study; (7) Aydin et al. (2014); (8) Kuzucuoglu et 

al. (1998); (9) Pearce et al. (1990); (10) Dogan (2016); (11) Lebedev et al. (2010); (12) İmer 

Appendix A

A.1 Age data compilation
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et al. (2014); (13) Innocenti et al. (1980); (14) Oyan et al. (2016); (15) Selçuk et al. (2016); 

(16) Arger et al. (2000); (17) Seyrek et al. (2008); (18) Bigazzi et al. (1997); (19) Demir et al. 

(2009); (20) Hubert-Ferrari et al. (2009); (21) Innocenti et al. (1982); (22) Keskin et al. (1998); 

(23) Onal et al. (2008); (24) Ekici (2016); (25) Sumita and Schmincke (2013); (26) Çolakoğlu 

and Arehart (2010); (27) Innocenti et al. (1976); (28) Özdemir and Güleç (2013); (29) Özdemir 

(2011); (30) Paquette and Le Pennec (2012); (31) Lebedev et al. (2016); (32) Ekici et al. 

(2009); (33) Kürüm et al. (2008); (34) Leo et al. (1974); (35) Leo et al. (1978); (36) Keller et 

al. (1977); (37) Wilson et al. (1997); (38) Kurt et al. (2008); (39) Varol et al. (2014); (40) Karsli 

et al. (2008); (41) Jaffey et al. (2004); (42) Koç et al. (2012); (43) Korkmaz et al. (2017); (44) 

Asan and Ertürk (2013); (45) Reid et al. (2017); (46) Schmitt et al. (2011).

*Time range of the Konya volcanic complex is based on published and verified age 

data. The original time range (i.e. ca. 12 – 3.2 Ma; Keller et al., 1977) was obtained from 

unchecked geochronological data, utilized by Temel et al. (1998).



281

0.049

0.051

0.053

0.055

0.057

0.059

0.35 0.37 0.39 0.41 0.43

320

340

360

20
6 P

b/
23

8 U

207Pb/235U

Concordia Age
337.3 ± 3.1 Ma
MSWD = 0.062; n = 15

320

330

340

350

360

370 Wtd. Mean 206Pb/238U Age
337.5 ± 3.6 Ma
MSWD = 0.45; n = 15

Ag
e 

(M
a)

0.044

0.048

0.052

0.056

0.060

0.064

0.2 0.3 0.4 0.5 0.6

300

340

380

Concordia Age
335.9 ± 5.5 Ma
MSWD = 0.38; n = 16

20
6 P

b/
23

8 U

207Pb/235U
280

300

320

340

360

380

Wtd. Mean 206Pb/238U Age
336.2 ± 5.4 Ma

MSWD = 0.61; n = 16

Ag
e 

(M
a)

0.046

0.048

0.050

0.052

0.054

0.056

0.058

0.060

0.33 0.35 0.37 0.39 0.41 0.43 0.45

320

360

Concordia Age
336.8 ± 3.9 Ma
MSWD = 0.087
n = 16

20
6 P

b/
23

8 U

207Pb/235U

340

300

310

320

330

340

350

360

Wtd. Mean 206Pb/238U Age
336.5 ± 4.2 Ma

MSWD = 0.65; n = 16

Ag
e 

(M
a)

A.2 LA-ICP-MS U-Pb dating analyses



282

0.044

0.048

0.052

0.056

0.060

0.064

0.32 0.34 0.36 0.38 0.40 0.42 0.44 0.46

320

360

Concordia Age
336.7 ± 4.3 Ma
MSWD = 0.026; n = 17

20
6 P

b/
23

8 U

207Pb/235U
300

320

340

360

380

400 Wtd. Mean 206Pb/238U Age
337.1 ± 5.1 Ma
MSWD = 0.71; n = 17

Ag
e 

(M
a)

0.0515

0.0525

0.0535

0.0545

0.0555

0.0565

0.375 0.385 0.405 0.415

330

340

350
Concordia Age
337.2 ± 1.1 Ma
MSWD = 0.01; n = 17

0.395

20
6 P

b/
23

8 U

207Pb/235U
330

334

338

342

346

350 Wtd. Mean 206Pb/238U Age
337.1 ± 1.3 Ma
MSWD = 0.40; n = 19

Ag
e 

(M
a)

0.050

0.052

0.054

0.056

0.35 0.37 0.39 0.41

330

350

Concordia Age
337.0 ± 1.9 Ma
MSWD = 0.18; n = 16

0.43

20
6 P

b/
23

8 U

207Pb/235U
320

324

328

332

336

340

344

348

352

Wtd. Mean 206Pb/238U Age
337.0 ± 1.9 Ma

MSWD = 0.56; n = 16

Ag
e 

(M
a)

Figure A.1 Concordia plots and 206Pb/238U weighted mean histograms of Plešovice zircon 
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Figure A.2 Concordia plots and 206Pb/238U weighted mean histograms of Temora2 zircon 
standards.
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Table A.2 LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-14-73
FR_14_73_0 -36 -43 4230 186 756 311800 7970 1331000 0.010090 0.000790 0.001572 0.000081 0.0463 0.0034 10.19 0.79 10.13 0.52
FR_14_73_1 13 -1 3003 137 380 167900 5840 970000 0.009900 0.000700 0.001545 0.000074 0.0480 0.0028 10.03 0.71 9.95 0.48
FR_14_73_2 -27 -21 3730 174 771 330000 7360 1213000 0.009780 0.000780 0.001544 0.000076 0.0483 0.0036 9.87 0.78 9.94 0.49
FR_14_73_3 41 32 1270 66 177 78600 2370 395000 0.011600 0.001800 0.001641 0.000110 0.0569 0.0092 11.70 1.80 10.57 0.71
FR_14_73_4 52 4 1861 85.8 363 160500 3500 578000 0.009920 0.001000 0.001575 0.000080 0.0472 0.0047 10.07 1.00 10.15 0.51
FR_14_73_5 -19 -6 3430 154 548 259000 6620 1104000 0.010010 0.000820 0.001600 0.000075 0.0447 0.0032 10.09 0.83 10.31 0.48
FR_14_73_6 7 -31 2092 105 287 113600 4055 643300 0.011700 0.001300 0.001662 0.000098 0.0574 0.0072 11.80 1.40 10.70 0.63
FR_14_73_7 -68 -50 1980 97.7 306 141800 3890 655000 0.010370 0.000900 0.001569 0.000076 0.0530 0.0045 10.45 0.90 10.11 0.49
FR_14_73_8 -52 -52 5440 270 933 453000 10240 1762000 0.011140 0.001100 0.001610 0.000080 0.0510 0.0046 11.23 1.10 10.37 0.52
FR_14_73_9 -25 -25 2055 99.3 414 178300 4140 699000 0.011000 0.001200 0.001565 0.000085 0.0544 0.0058 11.00 1.20 10.08 0.55
FR_14_73_10b 6 -20 2250 124 356 149600 4600 750000 0.012000 0.001200 0.001573 0.000086 0.0566 0.0059 12.10 1.20 10.13 0.55
FR_14_73_11 39 13 2003 93 388 175400 4080 687000 0.010200 0.001400 0.001558 0.000088 0.0490 0.0068 10.30 1.40 10.04 0.57
FR_14_73_12 44 -37 2920 139 340 156100 5780 974000 0.010330 0.000850 0.001581 0.000075 0.0483 0.0036 10.41 0.85 10.19 0.48
FR_14_73_13 33 19 3130 142 536 241800 6340 1046000 0.009970 0.000860 0.001577 0.000082 0.0465 0.0038 10.06 0.87 10.16 0.53
FR_14_73_14 171 -38 6600 297 1030 473000 13460 2227000 0.010100 0.001200 0.001620 0.000110 0.0467 0.0056 10.20 1.20 10.43 0.71
FR_14_73_15 12 -42 1867 93 341 126500 3730 619000 0.011000 0.001300 0.001574 0.000095 0.0498 0.0053 11.00 1.30 10.14 0.61
FR_14_73_16 128 -17 6120 280 1470 663000 12000 1952000 0.010750 0.001000 0.001634 0.000080 0.0481 0.0042 10.85 1.00 10.53 0.51

FR-14-142
FR_14_142_0 89 -25 616 22.7 133 37120 774 125500 0.015300 0.002800 0.002690 0.000220 0.0610 0.0120 15.2 2.7 17.32 1.4
FR_14_142_1 36 -26 676 32.5 92 27230 850 142500 0.016600 0.002600 0.002610 0.000210 0.0540 0.0089 16.5 2.6 16.82 1.4
FR_14_142_2 66 -25 1010 39.3 142 43100 1173 196100 0.016800 0.002700 0.002760 0.000230 0.0476 0.0077 16.8 2.7 17.76 1.4
FR_14_142_3 17 -28 1271 56 175 51900 1562 254700 0.016600 0.002500 0.002710 0.000210 0.0474 0.0072 16.6 2.5 17.42 1.3
FR_14_142_4c 72 -19 72700 4080 9780 81700 3630 598000 0.544000 0.036000 0.068600 0.004600 0.0582 0.0017 440 24.0 428.3 28
FR_14_142_5 -10 -29 1636 74.5 318 82900 1927 316300 0.017400 0.001800 0.002820 0.000200 0.0463 0.0043 17.5 1.8 18.15 1.3
FR_14_142_6 -46 -41 1058 53.8 204 48100 1277 217700 0.018000 0.002600 0.002670 0.000210 0.0519 0.0071 18.2 2.6 17.21 1.3
FR_14_142_7 -31 -47 1039 49.3 235 58600 1286 216200 0.018000 0.002300 0.002650 0.000200 0.0543 0.0070 18.0 2.3 17.07 1.3
FR_14_142_8 54 -21 1168 61.1 233 57200 1346 226700 0.019600 0.002500 0.002810 0.000220 0.0539 0.0067 19.7 2.5 18.21 1.4
FR_14_142_9 38 -1 618 35.1 122 31500 778 129400 0.018200 0.003500 0.002640 0.000230 0.0630 0.0130 18.0 3.4 16.96 1.5
FR_14_142_10 -57 -15 875 40.1 165 37400 1024 171800 0.017700 0.002300 0.002750 0.000210 0.0601 0.0089 17.6 2.3 17.69 1.4
FR_14_142_11 -93 -2 891 46.2 228 48700 1032 175900 0.020800 0.004200 0.002700 0.000250 0.0760 0.0180 20.7 4.2 17.40 1.6
FR_14_142_12 -95 -18 1009 47.7 250 66500 1214 209700 0.018200 0.002800 0.002550 0.000220 0.0517 0.0080 18.2 2.8 16.43 1.4
FR_14_142_13 -83 -13 973 51.1 180 43600 1174 196900 0.019100 0.003300 0.002700 0.000230 0.0552 0.0095 19.4 3.3 17.40 1.5
FR_14_142_14 11 8 719 33.6 168 44800 852 145800 0.017900 0.002600 0.002650 0.000210 0.0465 0.0072 17.8 2.6 17.05 1.4

FR_14_142_15b 38 13 1006 64.2 239 45500 1138 185000 0.027200 0.004100 0.002930 0.000240 0.0720 0.0110 27.0 4.0 18.80 1.6
FR_14_142_16 19 5 1068 48.2 178 50300 1278 210100 0.017900 0.002300 0.002740 0.000200 0.0491 0.0061 17.9 2.3 17.67 1.3
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Table A.2 (Continued) LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-14-129
FR_14_129_0 22 -51 1042 44 192 48900 745 149100 0.019600 0.002600 0.003220 0.000170 0.0473 0.0066 19.5 2.6 20.74 1.1
FR_14_129_1 92 -17 1399 62.4 289 71200 994 196200 0.021400 0.003000 0.003380 0.000200 0.0484 0.0086 21.4 3.0 21.80 1.3
FR_14_129_2 7 -41 1416 59 237 53100 1021 201100 0.019400 0.002000 0.003280 0.000140 0.0481 0.0056 19.6 2.0 21.12 0.92
FR_14_129_3 33 -28 1243 53 273 59200 898 170300 0.021200 0.002900 0.003460 0.000180 0.0473 0.0070 21.2 2.9 22.30 1.2
FR_14_129_4 84 -49 1399 59.8 305 72600 986 185800 0.022700 0.003600 0.003430 0.000210 0.0472 0.0078 22.6 3.5 22.10 1.3
FR_14_129_5 -20 -18 1540 63.5 342 88900 1164 222700 0.021400 0.002700 0.003340 0.000180 0.0466 0.0066 21.4 2.7 21.50 1.1
FR_14_129_6 16 -3 1830 83 518 106100 1378 262000 0.023700 0.003400 0.003250 0.000200 0.0511 0.0076 23.7 3.3 20.90 1.3
FR_14_129_7 7 -14 1207 50.9 244 59300 921 178600 0.020000 0.002300 0.003320 0.000150 0.0434 0.0054 20.0 2.3 21.34 0.95
FR_14_129_8 -83 -41 2396 102.1 606 148000 1795 370000 0.020000 0.001400 0.003217 0.000120 0.0456 0.0035 20.1 1.4 20.70 0.75
FR_14_129_9 -100 -16 1365 67.7 322 78100 1072 205200 0.023800 0.003100 0.003240 0.000180 0.0512 0.0071 23.7 3.1 21.00 1.2
FR_14_129_10 -33 -16 1079 47.9 257 66400 860 173400 0.021800 0.002400 0.003250 0.000150 0.0538 0.0065 21.7 2.4 20.89 0.99
FR_14_129_11b -53 -22 2610 139 758 163000 1990 388000 0.026500 0.002600 0.003400 0.000170 0.0585 0.0060 26.4 2.6 21.94 1.1
FR_14_129_12 -21 -2 1161 46 180 47900 855 166600 0.021000 0.003100 0.003610 0.000190 0.0444 0.0069 20.9 3.0 23.30 1.2
FR_14_129_13 -56 -38 612 27 58 19530 503 95500 0.022300 0.005000 0.003240 0.000270 0.0600 0.0160 22.0 4.9 20.90 1.7
FR_14_129_14 -68 16 1193 58.6 216 49400 941 176000 0.023800 0.003400 0.003350 0.000200 0.0541 0.0080 23.7 3.3 21.50 1.3
FR_14_129_15 -16 2 560 25.4 104 25900 462 93300 0.021200 0.004400 0.003240 0.000240 0.0530 0.0120 21.0 4.3 20.90 1.5
FR_14_129_16d 20 0 4300 254 1465 314000 3320 626000 0.030100 0.002100 0.003640 0.000140 0.0625 0.0048 30.0 2.0 23.45 0.89

FR-14-124
FR_14_124_1 792 158 868 52 261 24900 594 83100 0.017700 0.002900 0.003020 0.000160 0.0448 0.0084 17.8 2.9 19.40 1
FR_14_124_2 749 158 3180 175 1136 115000 2155 301000 0.021200 0.002000 0.003081 0.000110 0.0518 0.0045 21.2 1.9 19.83 0.69
FR_14_124_3 835 177 1991 106.4 642 64800 1396 185000 0.019900 0.001900 0.003150 0.000120 0.0490 0.0046 19.9 1.9 20.25 0.76
FR_14_124_4 779 182 1066 57 524 52900 731 102000 0.017500 0.002300 0.003110 0.000140 0.0471 0.0069 17.5 2.3 20.03 0.92
FR_14_124_5 855 173 881 53.5 345 32320 593 82400 0.020300 0.002800 0.003130 0.000160 0.0499 0.0080 20.2 2.7 20.12 1.1
FR_14_124_6 817 177 365 33.2 93 6410 232 31000 0.017600 0.007400 0.003070 0.000290 0.0730 0.0480 15.8 7.2 19.80 1.9
FR_14_124_7b 808 184 4040 245 2110 199000 2700 373000 0.026600 0.002500 0.003267 0.000110 0.0615 0.0053 26.5 2.4 21.03 0.73
FR_14_124_8 774 184 1671 90.6 506 53900 1194 166000 0.019700 0.002100 0.003010 0.000120 0.0488 0.0052 19.7 2.1 19.40 0.8
FR_14_124_9 808 187 995 65.1 253 21530 697 96000 0.022600 0.003000 0.003150 0.000160 0.0554 0.0077 22.5 2.9 20.28 1
FR_14_124_10b 826 171 630 59.5 317 27580 428 58300 0.033600 0.004700 0.003170 0.000190 0.0940 0.0160 32.8 4.6 20.40 1.2
FR_14_124_11 825 181 2229 117.9 762 80100 1633 220000 0.020400 0.001900 0.003087 0.000110 0.0487 0.0045 20.4 1.9 19.87 0.7
FR_14_124_12 811 179 1730 98 393 38050 1222 167000 0.022100 0.002200 0.003160 0.000130 0.0522 0.0053 22 2.2 20.36 0.84
FR_14_124_13 798 159 2385 132 859 89800 1678 232000 0.021600 0.001900 0.003150 0.000120 0.0526 0.0045 21.6 1.9 20.30 0.77
FR_14_124_14 829 176 6530 312 2263 236000 4800 644000 0.019510 0.001300 0.003129 0.000097 0.0458 0.0027 19.59 1.3 20.14 0.62
FR_14_124_15 825 183 1634 94.8 622 65900 1190 163000 0.021600 0.002200 0.003080 0.000130 0.0540 0.0056 21.5 2.1 19.85 0.81
FR_14_124_16 740 189 1975 103.1 635 66500 1486 204000 0.019100 0.001900 0.003010 0.000120 0.0476 0.0048 19.1 1.9 19.35 0.8
FR_14_124_17 781 179 1940 105.8 531 57200 1388 192000 0.021800 0.002400 0.003140 0.000140 0.0503 0.0058 21.7 2.3 20.21 0.89
FR_14_124_18c 757 167 25120 1409 2122 13480 1112 153000 0.385000 0.022000 0.052300 0.001800 0.0559 0.0024 328.4 16 328.40 11
FR_14_124_19 785 164 1310 80 470 48900 990 139000 0.022800 0.005500 0.002940 0.000240 0.0720 0.0220 23.3 5.6 18.90 1.6
FR_14_124_20 764 179 926 52.2 393 36900 726 96700 0.017700 0.002700 0.003000 0.000170 0.0508 0.0084 17.6 2.6 19.30 1.1
FR_14_124_21 822 181 1940 108 773 76400 1533 206000 0.019500 0.002500 0.003070 0.000160 0.0499 0.0060 19.5 2.5 19.73 1
FR_14_124_22 794 189 2034 104.7 837 91000 1551 217000 0.018800 0.001800 0.002958 0.000110 0.0488 0.0046 18.8 1.8 19.04 0.73
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Table A.2 (Continued) LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-13-181
FR13-181-c1r1 25 1.8 1507 74.4 345 520000 6320 904000 0.008660 0.000890 0.001293 0.000050 0.0054 0.0052 8.75 0.83 8.33 0.26
FR13-181-c1r2 6 9.1 271 13.3 60 91200 1146 149100 0.009000 0.003000 0.001400 0.000130 0.0250 0.0250 9.00 3.0 9.02 0.79
FR13-181-c1r3 17 7.1 1089 51.7 181 226000 4420 622000 0.008440 0.000960 0.001360 0.000066 0.0060 0.0058 8.52 0.91 8.76 0.38
FR13-181-c1r5 20 5.1 952 41.9 170 215000 3870 540000 0.007900 0.001100 0.001376 0.000069 0.0063 0.0061 8.00 1.1 8.86 0.39
FR13-181-c1r13 34 3.3 1010 46.3 432 661000 4470 617000 0.007900 0.001200 0.001271 0.000096 0.0096 0.0095 8.00 1.2 8.19 0.59
FR13-181-c1r14 -3 8.7 791 39.9 252 398000 3370 461000 0.009200 0.001200 0.001342 0.000073 0.0074 0.0073 9.30 1.2 8.65 0.42
FR13-181-c1r15 20 5.8 1538 77.2 300 453000 6250 887000 0.009210 0.000890 0.001345 0.000057 0.0048 0.0046 9.30 0.82 8.66 0.31
FR13-181-c2r1 17 3 1461 66.2 300 449000 5960 832000 0.008230 0.000860 0.001357 0.000056 0.0048 0.0047 8.32 0.80 8.74 0.30
FR13-181-c2r2 16 1.9 1157 50.7 249 321000 4650 657000 0.008400 0.001100 0.001364 0.000064 0.0070 0.0069 8.50 1.0 8.78 0.36
FR13-181-c2r3 18 -0.4 150 9.5 35.1 53900 625 84200 0.011100 0.004000 0.001390 0.000160 0.0380 0.0380 11.6 4.1 8.96 0.99
FR13-181-c2r4b 17 7 480 28.9 74 103600 1906 262700 0.011600 0.002000 0.001435 0.000086 0.0110 0.0110 11.6 1.9 9.24 0.51
FR13-181-c2r9 15 -2.2 1221 63.6 212 320000 4850 683000 0.010000 0.001100 0.001382 0.000068 0.0060 0.0058 10.1 1.0 8.90 0.39
FR13-181-c2r10 25 -3.2 903 41.9 182 258800 3830 539000 0.008100 0.001100 0.001295 0.000063 0.0065 0.0064 8.20 1.1 8.34 0.36
FR13-181-c2r11 18 4.8 296 11.3 56 86900 1155 158800 0.007400 0.002200 0.001440 0.000120 0.0140 0.0140 7.40 2.2 9.29 0.74
FR13-181-c2r12 15 -5 1800 84.2 347 512000 7290 1.05E+06 0.008310 0.000890 0.001349 0.000059 0.0054 0.0052 8.40 0.84 8.69 0.32
FR13-181-c2r13 20 -0.6 461 23.1 106 146600 2037 278500 0.008700 0.001500 0.001299 0.000086 0.0100 0.0100 8.80 1.5 8.37 0.52
FR13-181-c2r14 10 -5.8 1154 59.1 202 283000 4600 643000 0.009700 0.001100 0.001393 0.000058 0.0059 0.0058 9.70 1.0 8.98 0.31

FR-14-82
FR_14_82_0 65 -17 1048 51.6 191 53200 934 175800 0.023400 0.003900 0.003310 0.000240 0.0615 0.0098 23.7 3.9 21.30 1.5
FR_14_82_1 15 6 509 25.8 122 34700 505 94600 0.022900 0.005200 0.003150 0.000310 0.0860 0.0210 23.2 5.2 20.20 2.0
FR_14_82_2 -32 -25 1559 69.2 424 120700 1469 280300 0.019300 0.002200 0.003240 0.000200 0.0463 0.0047 19.3 2.2 20.89 1.3
FR_14_82_3 -13 -16 1480 72.9 368 112000 1420 259000 0.020700 0.002400 0.003140 0.000200 0.0532 0.0058 20.6 2.4 20.22 1.3
FR_14_82_4 -62 -34 583 22.5 149 43800 532 103200 0.017700 0.003400 0.003260 0.000230 0.0560 0.0120 17.5 3.4 21.00 1.5
FR_14_82_5 28 -21 334 17.6 68 16320 325 60900 0.025900 0.007000 0.003230 0.000350 0.0750 0.0220 25.4 6.8 20.80 2.2
FR_14_82_6 -4 -6 515 24.7 83 27210 466 90000 0.021800 0.004900 0.003340 0.000310 0.0610 0.0160 21.5 4.8 21.50 2.0
FR_14_82_7 29 -34 2580 115 554 163200 2401 466000 0.020300 0.002300 0.003300 0.000210 0.0463 0.0045 20.4 2.3 21.23 1.3
FR_14_82_8 48 -1 589 32 157 40920 574 108300 0.022500 0.004000 0.003220 0.000240 0.0840 0.0210 22.2 3.9 20.70 1.5
FR_14_82_9 -17 -9 412 17.1 83 25030 367 74400 0.020400 0.005300 0.003250 0.000350 0.1030 0.0370 20.1 5.2 20.90 2.3
FR_14_82_10 44 -18 2490 126 913 254000 2250 440000 0.025100 0.003000 0.003420 0.000220 0.0522 0.0055 25.1 3.0 22.03 1.4
FR_14_82_11 29 -5 688 27.3 147 39600 647 129400 0.018800 0.003200 0.003240 0.000250 0.0513 0.0095 18.7 3.2 20.80 1.6
FR_14_82_12 -1 -22 427 17.6 71 24460 407 81600 0.021700 0.004700 0.003300 0.000310 0.0820 0.0260 21.4 4.6 21.20 2.0
FR_14_82_13 3 -21 1117 47.8 303 82200 1044 202500 0.021400 0.002700 0.003420 0.000220 0.0503 0.0059 21.4 2.7 22.02 1.4
FR_14_82_14 2 13 804 30.2 186 55900 733 150700 0.018900 0.003200 0.003290 0.000240 0.0464 0.0085 18.8 3.2 21.10 1.5
FR_14_82_15 17 -29 2210 103 700 209000 2030 391000 0.021800 0.002600 0.003430 0.000220 0.0503 0.0058 21.7 2.6 22.07 1.4
FR_14_82_16 20 9 477 22.1 105 36580 473 92200 0.019700 0.004200 0.003290 0.000260 0.0650 0.0170 19.4 4.1 21.20 1.7
FR_14_82_17b 23 -24 483 11.4 137 37100 489 93600 0.012400 0.003900 0.003250 0.000270 0.0540 0.0230 12.3 3.8 20.90 1.7
FR_14_82_18 1 -32 890 41.5 226 64000 836 169000 0.017500 0.003700 0.003150 0.000250 0.0610 0.0180 17.4 3.7 20.30 1.6
FR_14_82_19 56 -15 13170 620 3540 973000 12480 2460000 0.022760 0.001700 0.003443 0.000190 0.0472 0.0017 22.8 1.7 22.15 1.2
FR_14_82_20 -7 -13 910 46.4 217 64100 820 172000 0.023600 0.003400 0.003370 0.000230 0.0561 0.0081 23.5 3.3 21.70 1.5
FR_14_82_21 2 -33 613 23.2 130 40100 579 119600 0.020000 0.004600 0.003260 0.000270 0.0590 0.0160 19.7 4.6 21.00 1.7
FR_14_82_22 38 21 588 25.4 139 44200 580 111200 0.019400 0.003700 0.003320 0.000260 0.0510 0.0110 19.5 3.7 21.40 1.7
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Table A.2 (Continued) LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-15-36
FR_15_36_0 -12 -25 454 15.9 81 163300 2737 429500 0.003110 0.000920 0.000594 0.000041 0.0470 0.0150 3.14 0.93 3.82 0.27
FR_15_36_1 33 4 397 20.3 82 151900 2504 412600 0.004400 0.001000 0.000582 0.000047 0.1090 0.0320 4.40 1.10 3.75 0.30
FR_15_36_2 36 -7 612 23.8 154 292700 4041 629000 0.003090 0.000800 0.000569 0.000043 0.0540 0.0160 3.12 0.81 3.67 0.27
FR_15_36_3 33 -28 394 20.6 121 174300 2664 422200 0.003850 0.000770 0.000538 0.000037 0.0740 0.0180 3.88 0.78 3.47 0.24
FR_15_36_4 44 10 291 16.1 64 104700 1909 301100 0.004040 0.000990 0.000571 0.000042 0.0880 0.0490 4.10 1.00 3.68 0.27
FR_15_36_5 33 -21 492 22.6 130 206000 3260 523000 0.003130 0.000870 0.000563 0.000036 0.0710 0.0200 3.16 0.88 3.63 0.23
FR_15_36_6 -31 -26 452 18.1 124 206500 2970 472400 0.003360 0.000650 0.000580 0.000035 0.0860 0.0220 3.33 0.65 3.74 0.23
FR_15_36_7 12 -24 489 20.4 144 206100 3046 480000 0.003520 0.000910 0.000603 0.000047 0.0470 0.0150 3.55 0.92 3.89 0.31
FR_15_36_8 -141 -71 345 15.1 77 126000 2049 336000 0.003060 0.000900 0.000579 0.000045 0.1040 0.0310 3.08 0.91 3.73 0.29
FR_15_36_9 -41 -15 356 21.2 120 168600 2578 415000 0.004200 0.001400 0.000532 0.000053 0.1010 0.0400 4.20 1.40 3.43 0.34
FR_15_36_10 -15 -32 307 13 41 102800 2119 335200 0.003100 0.001100 0.000548 0.000053 0.0740 0.0500 3.10 1.10 3.53 0.34
FR_15_36_11 114 -2 251 13.8 67 87600 1789 288000 0.003700 0.001300 0.000543 0.000058 0.0580 0.0780 3.70 1.30 3.50 0.38
FR_15_36_12 132 1 339 19.3 91 119400 2270 356000 0.004200 0.001100 0.000561 0.000049 0.1120 0.0340 4.20 1.10 3.61 0.32
FR_15_36_13 2 -19 438 19.8 97 156100 2896 451600 0.003440 0.000640 0.000568 0.000037 0.0540 0.0330 3.47 0.65 3.66 0.24
FR_15_36_14 8 -31 351 16.8 81 130500 2302 366000 0.004080 0.000980 0.000537 0.000040 0.0740 0.0410 4.10 0.98 3.46 0.26
FR_15_36_15 29 -20 513 24 119 168800 2880 451000 0.004200 0.001100 0.000621 0.000052 0.1030 0.0360 4.20 1.10 4.00 0.34
FR_15_36_16 4 -34 315 16.1 69 115400 2086 338700 0.003560 0.000910 0.000541 0.000039 0.0920 0.0260 3.58 0.91 3.48 0.25
FR_15_36_17 -45 -19 323 14.4 71 123500 2235 346800 0.003120 0.000810 0.000545 0.000039 0.1100 0.0290 3.14 0.82 3.51 0.25
FR_15_36_18 82 -7 340 14.8 133 161500 2337 364000 0.003400 0.001100 0.000542 0.000050 0.0970 0.0470 3.40 1.10 3.49 0.32
FR_15_36_19 -18 -51 373 17.1 76 133900 2591 420000 0.003300 0.001000 0.000529 0.000047 0.0750 0.0310 3.40 1.00 3.41 0.30

FR-15-40
FR_15_40_0 46 19 1494 73.9 495 373400 4640 720000 0.008680 0.001000 0.001258 0.000064 0.0517 0.0064 8.8 1.0 8.11 0.4
FR_15_40_1 9 -10 499 24.6 146 98200 1520 241400 0.008400 0.001300 0.001274 0.000079 0.0790 0.0180 8.4 1.3 8.21 0.5
FR_15_40_2 -31 -29 976 50.2 299 232700 3140 498000 0.008700 0.001200 0.001223 0.000067 0.0554 0.0087 8.7 1.2 7.88 0.4
FR_15_40_3 -35 16 505 22.1 125 109100 1718 267100 0.007500 0.001400 0.001133 0.000073 0.0840 0.0190 7.6 1.4 7.30 0.5
FR_15_40_4b 10 -9 1001 36.8 250 197100 3076 473000 0.006370 0.000910 0.001263 0.000057 0.0412 0.0062 6.4 0.9 8.14 0.4
FR_15_40_5c 63 5 3E+05 43800 27900 59700 2079 316900 11.660000 0.410000 0.473900 0.011000 0.1767 0.0024 2577 33 2502 50
FR_15_40_6c -45 -23 10540 527 1481 99690 3280 505000 0.086600 0.004700 0.012540 0.000350 0.0496 0.0021 84.3 4.3 80.3 2.2
FR_15_40_7c -10 -11 56900 3340 8420 91300 3970 598000 0.469000 0.023000 0.056000 0.002200 0.0593 0.0018 393 15 351 13
FR_15_40_8 19 -2 698 27.8 214 154700 2159 341400 0.006900 0.001200 0.001247 0.000067 0.0451 0.0088 6.9 1.2 8.03 0.4
FR_15_40_9 -16 16 508 21.4 108 75200 1483 234000 0.007600 0.001600 0.001291 0.000097 0.0530 0.0130 7.8 1.7 8.32 0.6
FR_15_40_10d -24 8 940 36.2 138 98600 2679 406000 0.007500 0.001700 0.001370 0.000100 0.0420 0.0100 7.6 1.7 8.82 0.7
FR_15_40_11b -35 -5 431 16.7 96 71600 1423 219900 0.005400 0.001300 0.001173 0.000079 0.0690 0.0210 5.5 1.3 7.56 0.5
FR_15_40_12 -54 -23 1154 51.6 329 277000 3570 561000 0.008000 0.001300 0.001230 0.000082 0.0512 0.0090 8.0 1.3 7.92 0.5
FR_15_40_13 -62 -32 477 22.1 110 86300 1526 242700 0.007700 0.001500 0.001235 0.000089 0.0780 0.0210 7.7 1.5 7.95 0.6
FR_15_40_14 -56 -20 306 18.9 66 57400 1017 161300 0.009600 0.004600 0.001180 0.000170 0.0930 0.0380 9.6 4.6 7.60 1.1
FR_14_40_0 9 -14 334 14.6 113 76400 927 165000 0.008500 0.002100 0.001222 0.000110 0.1230 0.0340 8.5 2.1 7.87 0.7
FR_14_40_1a -31 -19 201 9.7 47 39600 594 108000 0.006000 0.002000 0.001150 0.000120 0.1890 0.0540 6.0 2.0 7.41 0.8
FR_14_40_2a 18 -24 155 4.1 35.7 30750 434 75700 0.005700 0.002700 0.001260 0.000160 0.3340 0.0880 5.6 2.7 8.12 1.0
FR_14_40_3a -9 -24 1224 47.9 89 64200 3319 601000 0.007100 0.001400 0.001224 0.000091 0.0435 0.0050 7.2 1.4 7.88 0.6
FR_14_40_4ad -27 -19 299 14.1 87 66800 898 165000 0.007100 0.001800 0.001070 0.000100 0.0500 0.1400 7.1 1.8 6.89 0.7
FR_14_40_5a 1 -12 364 21.9 60 42600 1022 179000 0.010900 0.003700 0.001270 0.000180 0.1550 0.0730 11.4 3.8 8.20 1.1
FR_14_40_6a -14 -15 265 13 83 60190 764 138600 0.007600 0.002100 0.001211 0.000120 0.1960 0.0570 7.6 2.1 7.80 0.8
FR_14_40_7a 5 -27 310 11.4 87 65020 846 151100 0.006200 0.001800 0.001213 0.000110 0.1070 0.0390 6.2 1.8 7.81 0.7
FR_14_40_8a -45 -36 413 18.4 85 77200 1116 207600 0.009700 0.002500 0.001250 0.000130 0.1140 0.0450 9.8 2.5 8.07 0.8
FR_14_40_9ad -65 -34 99 3.7 10.6 16580 302 58100 0.005200 0.002700 0.001020 0.000140 0.7900 0.1300 5.1 2.7 6.56 0.9
FR_14_40_10a -11 -21 162 10.6 32.5 30800 491 88500 0.009000 0.002900 0.001160 0.000130 -0.6900 0.4900 8.8 2.9 7.47 0.9
FR_14_40_11a 45 -8 331 16.3 104 70500 914 159500 0.009000 0.002300 0.001300 0.000130 0.1310 0.0480 9.0 2.3 8.37 0.8
FR_14_40_12ac -13 -19 34460 1586 3690 269700 9700 1687000 0.087800 0.015000 0.012720 0.000870 0.0475 0.0014 85.4 14 81.7 5.6

Zircon grain 
analysis

Ion count rate (cps) Isotope ratios Calculated ages (Ma)
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Table A.2 (Continued) LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-13-254
FR13-254c1r1 35 8.6 152 10.3 40 84500 956 122300 0.007900 0.003500 0.000830 0.000110 0.1240 0.0690 7.9 3.5 5.3 0.7
FR13-254c1r2 30 8 118 1.9 28.9 73600 700 93900 0.001900 0.003100 0.000900 0.000150 0.0440 0.0700 1.9 3.1 5.8 1.0
FR13-254c1r3 37 1.5 140 3.7 18 75300 730 110000 0.004400 0.003700 0.000950 0.000150 0.0580 0.0650 4.3 3.8 6.1 1.0
FR13-254c1r5 27 -1 111 4.7 28 61200 641 86900 0.003600 0.004500 0.000940 0.000180 0.0860 0.0890 3.4 4.5 6.1 1.2
FR13-254c1r7 33 4.4 103 5.6 21 62000 652 87600 0.006300 0.004000 0.000810 0.000160 0.1040 0.0800 6.2 4.0 5.2 1.0
FR13-254c1r10 57 2.6 125 5.3 32 85100 915 125500 0.005100 0.003000 0.000740 0.000140 0.0520 0.0750 5.0 3.0 4.8 0.9
FR13-254c1r13 29 3 125 3.9 30 64900 769 98600 0.004700 0.004100 0.000880 0.000160 0.0100 0.1100 4.6 4.1 5.7 1.0
FR13-254c1r14 50 7 142 6.3 54 108600 880 118000 0.004400 0.002800 0.000830 0.000120 0.0140 0.0570 4.4 2.8 5.3 0.8
FR13-254c1r15 44 12 233 13.6 90 199000 1590 220000 0.006300 0.002200 0.000753 0.000083 0.0620 0.0260 6.3 2.2 4.9 0.5
FR13-254c2r2 32 13.3 194 7.4 48 142000 1240 168000 0.004100 0.002100 0.000807 0.000098 0.0280 0.0240 4.1 2.1 5.2 0.6
FR13-254c2r3 31 15 136 6.6 33 73100 854 119100 0.005500 0.004700 0.000860 0.000200 0.0200 0.0940 5.4 4.7 5.5 1.3
FR13-254c2r5 13 18 113 5.6 29 80600 760 103000 0.005600 0.003600 0.000860 0.000150 0.0730 0.0590 5.5 3.7 5.5 1.0
FR13-254c2r7 56 23.3 171 6.1 47 131000 1088 147000 0.003200 0.002700 0.000850 0.000100 0.0270 0.0300 3.2 2.7 5.5 0.7
FR13-254c2r8 55 19.3 113 4.6 19 78000 761 105500 0.004700 0.003100 0.000800 0.000130 0.0410 0.0650 4.7 3.1 5.2 0.9
FR13-254c2r10 41 7.4 233 6.4 80 176000 1350 183000 0.003700 0.002400 0.000900 0.000110 0.0330 0.0250 3.7 2.4 5.8 0.7
FR13-254c2r6 51 8.5 97 7.4 22 49200 568 79500 0.011100 0.006900 0.000880 0.000230 0.0700 0.1200 11 6.8 5.7 1.5

   aPropagated error
    bDiscordant grain analysis.

   cXenocryst grain.

   dOutlier analysis.

Zircon grain 
analysis

Ion count rate (cps) Isotope ratios Calculated ages (Ma)



Appendix B

This section provides more details about the data compilation and geochemical affinity 

of central and eastern Anatolian igneous complexes (Table B.1), analyzed rock samples (Table 

B.2), analytical quality control (Figure B.1; Tables B.3 to B.9), and additional geochemical 

diagrams related to Chapter 3 (Figure B.2 to B.4).

B.1 Geochemical data compilation, sorting and interpretation

The published whole-rock geochemical data from late Cenozoic igneous units in central 

and eastern Anatolia were compiled and carefully filtered to generate a working database of 

2270 analyses (Table B.1). 
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Table B.1 Late Cenozoic igneous complexes of central and eastern Anatolia.
Igneous 

Complex Location
Surface 

(km2)a
Main lithologies Minor lithologies

Magmatic 

affinityb Period Age (Ma)c References

Central Anatolia
Develidağ Develi 277 Andesite, basaltic 

andesite, basalt
Trachybasalt MK Late Miocene 5.36 ± 0.20 1, 3

Erciyes Kayseri 2,484 Dacite, basaltic andesite, 
andesite

Basalt, rhyolite, 
basaltic 
trachyandesite, 
trachybasalt

MK Pliocene to 
Quaternary

3.57 ± 1.17 - Present 4-14

Hasandağ Aksaray 1,721 Basalt, andesite, rhyolite, 
dacite, basaltic andesite

Trachybasalt, basaltic 
trachyandesite, 
tephrite, trachyte

M-HK to SHO Late Miocene to 
Quaternary

1.5 ± 0.5 - Present 5, 8, 10, 12, 
14-23

Incesu-
Cappodicia

Nevsehir 3,921 Dacite, trachyte, rhyolite Andesite, 
trachyandesite, 
basaltic andesite

M-HK to SHO Late Miocene - 
Pliocene

10.7 ± 0.3 - Present 24-28

Karapınar Karapınar 420 Basalt, basaltic andesite MK Pliocene to 
Quaternary

5.98 ± 0.25 - Present 8, 12, 14, 26

Karaman Karaman 115 Andesite HK Pliocene to 
Quaternary

2.19 ± 0.41 - 1.79 ± 
0.09

26

Melendiz Niğde 1,291 Andesite Trachybasalt, dacite, 
rhyolite, trachyte

M-HK to SHO Pliocene 4.9 ± 0.2 - 2.40 ± 0.15 1, 18, 26, 29

Tekkedağ Yeşihlisar 128 Andesite M-HK Late Miocene 7.92 ± 0.14 1, 30

Eastern Anatolia
Ağrı Diyadin 170 Monzodiorite, monzonite, 

granite
Alkalic gabbro, 
granodiorite

HK to LK to 
SHO

Early to middle 
Miocene

21.32 ± 0.29 – 17.38 ± 
0.36

1

Ararat Doğubeyazıt 1,036 Basaltic andesite, andesite Dacite, trachybasalt, 
tephrite, rhyolite

MK Quaternary 1.51 ± 0.38 - Present 12, 32-34

Cevizlidere Ovacık 3 Diorite Granodiorite MK Oligocene 25.49 ± 0.10 to 25.10 
± 0.14

35

Elazığ Elazığ 97 Basanite/tephrite, 
trachybasalt

HK to SHO Quaternary 1.87 ± 0.07 to 1.47 ±
0.09

2, 81

Erzincan Erzincan 42 Rhyolite Dacite, andesite, 
trachyandesite

HK Quaternary 1.06 ± 0.18 – Present 45

Erzurum Erzurum, 
Hınıs

19,028 Trachybasalt, basaltic 
trachyandesite, 
trachyandesite, rhyolite

Basalt, basaltic 
andesite, andesite, 
dacite, tephrite

HK Late Miocene to 
Quaternary

13.1 ± 0.6 - Present 32, 38-44, 80
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Table B.1 (Continued) Late Cenozoic igneous complexes of central and eastern Anatolia.

Igneous 
Complex Location

Surface 

(km2)a
Main lithologies Minor lithologies

Magmatic 

affinityb Period Age (Ma)c References

Etrüsk Erciş 324 Trachyte, trachyandesite Basalt HK to SHO Pliocene to 
Quaternary

5.74 ± 0.16 – 3.60 ± 
0.15

36-37

Kars Kars 14,577 Basalt, andesite, rhyolite, dacite, 
basaltic andesite, basaltic 
trachyandesite

Trachyandesite, trachyte, 
trachybasalt

M-HK to SHO Late Miocene to 
Quaternary

11.1 ± 1.0 - 1.3 ± 0.6 32, 38, 41, 46-
47

Kepez Malatya 505 Basaltic trachyandesite, andesite, 
dacite, rhyolite

Trachyte, trachyandesite, 
trachybasalt, basalt

M-HK to SHO Middle Miocene 16.19 ± 0.10 – 13.58 ± 
0.17

48-50

Nemrut Tatvan 2,024 Trachyte, rhyolite, basalt, basaltic 
trachyandesite, trachyandesite

Trachybasalt HK to SHO Quaternary 1.18 ± 0.46  - Present 12, 32, 34, 51-
54

Sarıçimen Çaldıran 2 Monzodiorite, monzonite HK Middle Miocene 12.6 ± 0.3 – 11.9 ± 0.4 31

Şüphan Adilcevaz 1,633 Basaltic trachyandesite, 
trachyandesite, rhyolite

Dacite, trachyte HK to SHO Quaternary 5.8 ± 0.3 - Present 12, 32, 34, 
51, 55

Tendurek Doğubeyazıt 720 Trachyandesite, trachyte, phonolite, 
tephrite, trachybasalt

Basaltic trachyandesite, 
tephrite, tephriphonolite

HK to SHO Quaternary 0.71 ± 0.06 – Present 12, 14, 32, 
34, 57

Yamadağ Arapgir 2,524 Basalt, basaltic andesite, andesite, 
dacite

Trachybasalt, basaltic 
trachyandesite, 
trachyandesite, trachyte, 
tephrite

MK to SHO Early to late 
Miocene

21.23 ± 0.33 to 8.90 ± 
0.70 

1, 26, 58-68

Yıgıtdağ Van 314 Basalt, basaltic trachyandesite, 
trachyandesite

HK to SHO Quaternary - 69

Konya Konya 509 Andesite, dacite Basalt, lamproite HK Late Miocene 10.21 ± 0.13 – 6.49 ± 
0.31

1, 70-74

Sivas Şarkışla 876 Basalt, basanite, picrobasalt Andesite, basaltic 
trachyandesite, basaltic 
andesite

HK Middle Miocene to 
Quaternary

15.0 ± 0.5 – 1.3 ± 0.1 26, 75-78

Sulutas Konya 4 Basalt, dacite HK Early to middle 
Miocene

16.45 ± 0.76 – 11.61 ± 
0.04

79

aArea calculated from surface polygons of the 1:500,000-scale MTA geological map of Turkey (2002)
bRefer to geochemical fields in Peccerillo & Taylor (1976): SHO = shoshonitic; HK = high-K calc-alkaline; MK = medium-K calc-alkaline; LK = low-K calc-alkaline.
cAge intervals from Chapter 2 (Table A.2)

Other igneous complexes

Eastern Anatolia (continued)



B.2 Lithogeochemical analysis QA-QC

The 57 lithogeochemical analyses presented in this thesis were part of a larger dataset 

that included blind reference material (n = 12) and duplicate sample analyses (n = 9) for quality 

control. The degree of alteration and weathering were assessed petrographically prior to the rock 

selection (Table B.2) to exclude samples that were affected by iron oxidation and hydrothermal 

sericite, potassic (biotite, alkali feldspar), chlorite, clay, silica and epidote alteration. The 

analyzed MDRU reference materials were BAS-1, P-1 and WP-1; the internally-certified 

analytical values of those reference materials were obtained by median calculation of historical 

analyses carried out at MDRU (BAS-1 = 50; P-1 = 57; WP-1 = 76; Tables B3 to B5) through 

various analytical techniques. If the element value was below the detection limit (< DL), the 

half of the detection limit (DL) was used for calculation. Outlier values for each element were 

discarded if lower or greater than 2.5*SD (standard deviation). The warning (2*SD) and failure 

limits (3*SD) are provided for the elements having accepted values only. If the number of valid 

data is lower than 10, then the reference value is statistically unreliable and thus the data is 
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References: (1) This Chapter; (2) Kürüm and Tanyıldızı (2017); (3) Kürkçüoğlu (2010); (4) 
Aydar and Gourgaud (1998); (5) Aydar et al. (1995); (6) Dogan et al. (2011); (7) Dogan et 
al. (2013); (8) Dogan (2016); (9) Gencalioğlu-Kuşcu (2011); (10) Güçtekin and Köprübaşı 
(2009); (11) Kürkçüoğlu et al. (1998); (12) Notsu et al. (1995); (13) Şen et al. (2003); (14) Şen 
et al. (2004); (15) Deniel et al. (1998); (17) Aydar and Gourgaud (2002); (18) Aydin (2008); 
(19) Aydin et al. (2014); (20) Dogan et al. (2008); (21) Siebel et al. (2011); (22) Ustunisik and 
Kilinc (2011); (23) Yurtmen and Rowbotham (2002); (24) Koralay et al. (2011); (25) Temel 
et al. (1998b); (26) Platzman et al. (1998); (27) Aydar et al. (2012); (28) Lepetit et al. (2014); 
(29) Gencalioğlu-Kuşcu and Geneli (2010); (30) Koralay (2010); (31) Çolakoğlu and Arehart 
(2010); (32) Pearce et al. (1990); (33) Kheirkhah et al. (2009); (34) Yılmaz et al. (1998); (35) 
İmer et al. (2014); (36) Oyan et al. (2016); (37) Lebedev et al. (2010); (38) Bigazzi et al. 
(1997); (39) Demir et al. (2009); (40) Hubert-Ferrari et al. (2009); (41) Innocenti et al. (1982); 
(42) Buket and Temel (1998); (44) Yılmaz et al. (1987); (45) Karsli et al. (2008); (46) Keskin 
et al. (1998); (47) Keskin et al. (2006); (48) Yilmaz et al. (2007); (49) Onal et al. (2008); (50) 
Ekici (2016); (51) Sumita and Schmincke (2013); (52) Çubukçu et al. (2012); (53) Özdemir 
et al. (2006); (54) Peretyazhko et al. (2015); (55) Innocenti et al. (1980); (56) Özdemir and 
Güleç (2013); (57) Lebedev et al. (2016); (58) Arger et al. (2000); (59) Leo et al. (1974); (60) 
Leo et al. (1978); (61) Ekici et al. (2007); (62) Ekici et al. (2009); (64) Kürüm et al. (2008); 
(65) Alpaslan and Terzioğlu (1996); (66) Alpaslan et al. (2004); (67) Yalçın et al. (1998); (68) 
Yilmaz et al. (1993); (69) Kheirkhah et al. (2009); (70) Asan and Ertürk (2013); (71) Kurt 
et al. (2003); (72) Temel et al. (1998a); (73) Keller et al. (1977); (74) Koç et al. (2012); (75) 
Kürkçüoğlu et al. (2015); (76) Alpaslan et al. (2005); (77) Parlak et al. (2001); (78) Jaffey et al. 
(2004); (79) Korkmaz et al. (2017); (80) Kaygusuz et al. (2018); (81) Arger et al., 2000.
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Sample Igneous 
Complex Location Lat  (°N) Long (°E) Lithology Texture Mineralogya Alteration

Central Anatolia
FR-13-181 Konya Inlice 37.7509 32.0754 Biotite andesite hypocrystalline, porphyritic, felty pl, bt, opx, feox, qz, hb
FR-14-59 Konya Mihaliç tepe 37.3935 33.1380 Biotite andesite hypocrystalline, porphyritic, felty pl, bt, hb, feox, cpx
FR-14-73 Konya Doğanbey 37.8230 31.9460 Two-pyroxene andesite hypocrystalline, porphyritic, felty pl, bt, cpx, bt, opx, hb
FR-15-40 Tekkedağ Başdere 38.5481 35.1129 Clinopyroxene andesite hypocrystalline, porphyritic, felty pl, cpx, feox, bt, hb
FR-13-234 Develidağ Öksüt 38.2836 35.5079 Two-pyroxene andesite? hypocrystalline, porphyritic, felty pl, hb/px?, feox, bt clay-sil (mod)
FR-13-237 Develidağ Öksüt 38.2836 35.5079 Two-pyroxene andesite hypocrystalline, porphyritic, felty pl, cpx, opx, feox
FR-13-254 Develidağ Öksüt 38.2891 35.5121 Two-pyroxene andesite hypocrystalline, porphyritic, trachytic pl, cpx, feox, opx
FR-14-75 Melendiz Çömlekçı 38.0849 34.3484 Clinopyroxene andesite hypocrystalline, porphyritic, trachytic pl, cpx, mt, bt, qz

Eastern Anatolia
FR-14-82 Yamadağ Hasançelebi 39.0081 37.8231 Clinopyroxene andesite hypocrystalline, porphyritic, felty pl, cpx, feox, bt, hb, qz
FR-14-110 Erzurum Hınıs 39.3262 41.6741 Trachyandesite hypocrystalline, trachytic pl, cpx, ol, feox
FR-14-117 Erzurum İdrisli 39.7019 41.4207 Two-pyroxene andesite hypocrystalline, porphyritic, felty, 

amygdaloidal
pl, cpx, opx, feox

FR-14-125 Ağrı Diyadin 39.5451 43.4229 Granite allotriomorphic, seriate ksp, qz, pl, bt, mt
FR-14-127 Ağrı Diyadin 39.4706 43.3682 Trachyandesite hypocrystalline, porphyritic, felty, 

subpoikilitic (pl)
pl, feox, opx, cpx

FR-14-129 Ağrı Diyadin 39.5990 43.2638 Monzonite hypidiomorphic, porphyric pl, ksp, qz, opx, feox propylitic (strong)b

FR-14-132 Ağrı Diyadin 39.5187 43.1419 Monzodiorite hypidiomorphic, seriate pl, qz, ksp, bt, hb, mt, 
cpx, tour

FR-14-133 Ağrı Diyadin 39.4602 43.5840 Trachyte hypocrystalline, felty, porphiritic pl, cpx, feox, opx
FR-14-134 Ağrı Diyadin 39.4265 43.5079 Monzonite hypidiomorphic pl, qz, ksp, feox, ti chl-ser-cal (mod)
FR-14-140 Ağrı Taşkapı 39.2764 43.4510 Monzonite allotriomorphic, equigranular ksp, qz, pl, feox, bt, ti chl-ser-FeOH (mod)
FR-14-143 Ağrı Taşkapı 39.3234 43.4080 Granite allotriomorphic, seriate ksp, pl, qz, hb, mt, ti ser, propylitic (weak)b

AM-12-TR-006 Ağrı Taşlıçay 43.5690 39.3955 Monzodiorite hypidiomorphic, seriate, strong fabric pl, qz, hb, bt, ti, mt
AM-12-TR-009 Kars Kars 42.2866 39.9536 Dacite hypocrystalline, porphyritic, felty, 

amygdaloidal
pl, hb, bt, feox

AM-12-TR-010 Kars Kars 42.4633 40.1198 Two-pyroxene andesite hypocrystalline, porphyritic, felty pl, feox, cpx, opx
AM-12-TR-013 Kars Kars 42.6889 40.1715 Two-pyroxene andesite hypocrystalline, felty pl, feox, cpx, opx

Abbreviations: bt = biotite; cal = calcite; chl = chlorite; cpx = clinopyroxene; feox = Fe-oxide; FeOH = Fe-oxihydroxide; hb = hornblende; ksp = alkali feldspar; mod = moderate; 
mt = magnetite; ol = olivine; opx = orthopyroxene; qz = quartz; pl = plagioclase; px = pyroxene; ser = sericite; sil = silica; ti = titanite; tour = tourmaline.

bpropylitic alteration assemblage includes hydrothermal epidote, chlorite and calcite

amineral order from the most to the least abundant

Table B.2 Petrographic descriptions of rock samples analyzed for major and trace element and/or Sr-Nd-Pb isotope geochemistry (cen-
tral and eastern Anatolia)..



“insufficient”. If less than 50 % of data are valid, the % RSD (median/SD) is > 10 %, or the 

accepted value is < 10 * DL, the reference “indicative value” is indicated in the comments. 

The mean percentile difference (MPD = [original-duplicate]/mean) was calculated to 

compare original and duplicate samples. The accepted threshold was ± 20 %; the MPD values 

of all the elements for each pair of samples were < 20 %. In addition, the empirical analysis 

of geochemical errors was performed using the Error Envelope Program 2.2 made by D.J. 

Thorkelson (2012). This program allowed to compare the results of analyzed duplicate samples 

and calculate the precision of each element. Similar data were plotted along the 1:1 regression 

line; an error envelope surrounded the data. The linear equation of this envelope was: y = mx + 

b where b was the absolute error (detection limit) and m the relative error, which was manually 

adjusted to fit the data (Figure B.4; Table B.7).

The tables B.8 and B.9 report the quality control results for Sr-Nd-Pb isotopic analyses 

including measurement of sample replicates, duplicates and standard materials.
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Table B.3 Reference values for BAS-1 standard.

Element Unit DL Number 
of data

Accepted 
value 2SD %RSD +2SD1 -2SD1 +3SD2 -3SD2 Comments

SiO2 % 0.1 49 52.7 0.7 0.69% 53.4 52.0 53.8 51.6
Al2O3 % 0.01 47 15.30 0.34 1.12% 15.64 14.96 15.81 14.79
TiO2 % 0.01 50 1.31 0.09 3.34% 1.40 1.22 1.44 1.18
Fe2O3 (t) % 0.01 49 10.82 0.37 1.71% 11.19 10.45 11.38 10.26
FeO % 0.01 13 8.73 0.19 1% Indicative value
CaO % 0.01 50 8.09 0.29 1.81% 8.38 7.80 8.53 7.65
MgO % 0.01 50 7.20 0.29 2.04% 7.49 6.90 7.63 6.76
Na2O % 0.01 50 3.23 0.26 3.96% 3.49 2.97 3.61 2.85
K2O % 0.01 47 0.53 0.05 4.68% 0.58 0.48 0.60 0.46
Cr2O3 % 0.001 30 0.030 0.002 3.07% 0.032 0.028 0.033 0.027
MnO % 0.01 49 0.14 0.01 4.08% 0.15 0.13 0.16 0.12
P2O5 % 0.01 49 0.22 0.03 6.86% 0.25 0.19 0.27 0.17
V2O5 % 0.002 8 0.028 0.002 4% Insufficient data
SO3 % 0.002 12 0.006 0.063 523% Insufficient data
BaO % 0.01 21 0.02 0.00 0.00% Indicative value
LOI % 0.01 45 -0.02 0.28 -694% Indicative value

Ag ppm 0.1 33 <DL
As ppm 0.5 14 3.2 6.3 100% Indicative value
Au ppb 0.5 12 10.5 29.1 139% Indicative value
Ba ppm 1 49 177 21 6% 197 156 207 146
Bi ppm 0.1 15 <DL
Cd ppm 0.1 14 <DL
Ce ppm 0.1 49 20.0 2.1 5% 22.1 17.9 23.2 16.8
Cl ppm 1 4 246 8 2% Insufficient data
Co ppm 0.2 50 45.0 5.8 6% 50.8 39.2 53.8 36.2
Cr ppm 0.1 33 220.0 23.3 5% 243.3 196.7 254.9 185.1
Cs ppm 0.1 46 0.1 0.1 74% Indicative value
Cu ppm 0.1 47 59.0 10.2 9% 69.2 48.8 74.3 43.7
Dy ppm 0.05 50 2.96 0.38 6% 3.33 2.58 3.52 2.39
Er ppm 0.03 49 1.50 0.19 6% 1.69 1.31 1.78 1.22
Eu ppm 0.02 50 1.20 0.18 7% 1.37 1.02 1.46 0.93
Ga ppm 0.5 48 18.7 2.4 6% 21.1 16.3 22.3 15.1
Gd ppm 0.05 49 3.33 0.42 6% 3.75 2.91 3.97 2.69
Hf ppm 0.1 48 2.2 0.5 10% Indicative value
Hg ppm 0.01 13 0.07 0.02 15% Indicative value
Ho ppm 0.02 48 0.60 0.07 6% 0.67 0.52 0.70 0.49
La ppm 0.1 49 8.9 1.2 7% 10.1 7.7 10.8 7.0
Lu ppm 0.01 44 0.20 0.02 5% 0.22 0.18 0.23 0.17
Mo ppm 0.1 27 2.0 1.9 47% Indicative value
Nb ppm 0.1 49 7.0 1.4 10% Indicative value
Nd ppm 0.3 49 12.5 1.4 5% 13.9 11.1 14.5 10.5
Ni ppm 0.1 50 170.0 26.1 8% 196.1 143.9 209.2 130.8
Pb ppm 0.1 42 2.5 7.5 150% Indicative value
Pr ppm 0.02 49 2.72 0.40 7% 3.12 2.32 3.31 2.13
Rb ppm 0.1 49 6.3 1.1 9% 7.4 5.2 8.0 4.6
S ppm 1 4 422 59 7% Insufficient data
Sb ppm 0.1 14 0.1 0.3 133% Insufficient data
Sc ppm 0.1 10 9.8 15.4 79% Indicative value
Se ppm 0.5 12 0.3 1.0 194% Insufficient data
Sm ppm 0.05 49 3.20 0.59 9% 3.79 2.61 4.08 2.32
Sn ppm 1 38 <DL
Sr ppm 0.5 50 459.0 54.2 6% 513.2 404.8 540.3 377.7
Ta ppm 0.1 49 0.4 0.2 24% Indicative value
Tb ppm 0.01 50 0.52 0.07 7% 0.59 0.45 0.63 0.41
Te ppm 1 11 <DL
Th ppm 0.2 49 0.8 0.5 31% Indicative value
Tm ppm 0.01 17 0.21 0.03 6% Indicative value
U ppm 0.1 47 0.3 0.1 19% Indicative value
V ppm 8 49 157 28 9% 185 129 199 115
W ppm 0.5 46 1.0 1.8 90% Indicative value
Y ppm 0.1 48 15.1 1.9 6% 16.9 13.2 17.9 12.2
Yb ppm 0.05 50 1.30 0.16 6% 1.46 1.14 1.54 1.06
Zn ppm 1 49 100 37 19% Indicative value
Zr ppm 0.1 47 83.3 9.0 5% 92.3 74.3 96.8 69.8
1 Warning limits; 2 failure limits; < DL = lower than detection limit

BAS-1

Methods: Fusion XRF whole-rock + ICP-MS trace elements; Lithium borate fusion ICP-MS whole-rock; Aqua regia Base 
metals



297

Table B.4 Reference values for P-1 standard.

Element Unit DL Number of 
data

Accepted 
value 2SD %RSD +2SD1 -2SD1 +3SD2 -3SD2 Comments

SiO2 % 0.1 57 70.3 1.0 0.71% 71.3 69.3 71.8 68.8
Al2O3 % 0.01 57 14.34 0.46 1.60% 14.80 13.88 15.03 13.65
TiO2 % 0.01 55 0.38 0.04 5.35% 0.42 0.34 0.44 0.32
Fe2O3 (t) % 0.01 57 3.78 0.14 1.87% 3.92 3.64 3.99 3.57
FeO % 0.01 21 2.21 0.36 8% Indicative value
CaO % 0.01 56 3.40 0.11 1.57% 3.51 3.29 3.56 3.24
MgO % 0.01 55 1.04 0.09 4.22% 1.13 0.95 1.17 0.91
Na2O % 0.01 52 3.81 0.24 3.11% 4.04 3.57 4.16 3.45
K2O % 0.01 57 2.09 0.12 2.82% 2.21 1.97 2.27 1.91
Cr2O3 % 0.001 36 0.020 0.008 20.58% Indicative value
MnO % 0.01 57 0.08 0.02 10.73% Indicative value
P2O5 % 0.01 56 0.08 0.02 9.51% Indicative value
V2O5 % 0.002 14 0.011 0.003 12% Indicative value
SO3 % 0.002 16 0.001 0.009 454% Insufficient data
BaO % 0.01 13 0.09 0.01 5.79% Indicative value
LOI % 0.01 53 0.44 0.11 12.46% Indicative value

Ag ppm 0.1 28 <DL
As ppm 0.5 16 0.3 0.3 66% Insufficient data
Au ppb 0.5 16 0.4 4.3 503% Insufficient data
Ba ppm 1 47 781 91 6%
Bi ppm 0.1 15 <DL
Cd ppm 0.1 15 <DL
Ce ppm 0.1 44 25.5 4.0 8% 29.5 21.5 31.5 19.5
Cl ppm 1 3 9 1 5% Insufficient data
Co ppm 0.2 49 7.0 1.5 11% Indicative value
Cr ppm 0.1 17 150.0 20.0 7% Indicative value
Cs ppm 0.1 43 1.1 0.2 10% Indicative value
Cu ppm 0.1 47 9.0 9.8 54% Indicative value
Dy ppm 0.05 43 3.00 0.52 9% 3.52 2.48 3.78 2.22
Er ppm 0.03 42 2.02 0.28 7% 2.30 1.74 2.43 1.61
Eu ppm 0.02 41 0.72 0.14 9% 0.86 0.58 0.92 0.52
Ga ppm 0.5 48 14.0 2.4 9% 16.4 11.6 17.7 10.3
Gd ppm 0.05 42 2.80 0.42 7% 3.22 2.38 3.43 2.17
Hf ppm 0.1 43 3.9 1.0 13% Indicative value
Hg ppm 0.01 15 <DL
Ho ppm 0.02 42 0.67 0.14 11% Indicative value
La ppm 0.1 43 13.0 2.4 9% 15.4 10.6 16.6 9.4
Lu ppm 0.01 42 0.38 0.07 9% 0.45 0.31 0.48 0.28
Mo ppm 0.1 24 0.5 0.9 96% Indicative value
Nb ppm 0.1 50 3.0 1.4 24% Indicative value
Nd ppm 0.3 44 12.0 1.8 8% 13.8 10.2 14.7 9.3
Ni ppm 0.1 47 3.4 3.6 53% Indicative value
Pb ppm 0.1 47 6.7 8.0 59% Indicative value
Pr ppm 0.02 44 2.99 0.48 8% 3.46 2.51 3.70 2.27
Rb ppm 0.1 52 46.1 6.4 7% 52.5 39.7 55.7 36.5
Sb ppm 0.1 17 <DL
Sc ppm 0.1 13 2.7 0.7 13% Indicative value
Se ppm 0.5 0 <DL
Sm ppm 0.05 44 2.59 0.70 13% Indicative value
Sn ppm 1 24 2 1 29% Indicative value
Sr ppm 0.5 52 224.4 29.9 7% 254.3 194.5 269.2 179.6
Ta ppm 0.1 39 0.3 0.1 23% Indicative value
Tb ppm 0.01 44 0.50 0.09 9% 0.59 0.41 0.64 0.36
Te ppm 1 9 0.1 0 166% Insufficient data
Th ppm 0.2 39 4.0 1.6 20% Indicative value
Tm ppm 0.01 43 0.31 0.08 13% Indicative value
U ppm 0.1 44 1.4 0.4 16% Indicative value
V ppm 8 48 62 15 13% Indicative value
W ppm 0.5 41 1.0 3.7 184% Indicative value
Y ppm 0.1 52 19.1 2.9 8% 22.0 16.2 23.4 14.8
Yb ppm 0.05 43 2.22 0.35 8% 2.57 1.87 2.75 1.69
Zn ppm 1 47 40 16 20% Indicative value
Zr ppm 0.1 50 127.1 16.0 6% 143.0 111.1 151.0 103.1
1 Warning limits; 2 Failure limits; < DL = lower than detection limit
Methods: Fusion XRF whole-rock + ICP-MS trace elements; Aqua regia base metals

P-1
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Table B.5 Reference values for WP-1 standard.

Element Unit DL Number of 
data

Accepted 
value 2SD %RSD +2SD1 -2SD1 +3SD2 -3SD2 Comments

SiO2 % 0.1 76 64.5 0.8 0.59% 65.3 63.7 65.6 63.4
Al2O3 % 0.01 75 16.61 0.18 0.55% 16.79 16.43 16.88 16.34
TiO2 % 0.01 77 0.50 0.02 1.96% 0.52 0.48 0.53 0.47
Fe2O3 (t) % 0.01 76 4.37 0.11 1.31% 4.48 4.26 4.54 4.20
FeO % 0.01 6 2.21 0.26 6% Insufficient data
CaO % 0.01 78 4.96 0.11 1.12% 5.07 4.85 5.13 4.79
MgO % 0.01 76 2.65 0.06 1.14% 2.71 2.59 2.74 2.56
Na2O % 0.01 77 4.33 0.18 2.05% 4.51 4.15 4.60 4.06
K2O % 0.01 77 1.62 0.03 0.88% 1.65 1.59 1.66 1.58
Cr2O3 % 0.001 71 0.010 0.003 16.16% Indicative value
MnO % 0.01 71 0.08 0.00 0.00% Indicative value
P2O5 % 0.01 76 0.17 0.01 3.60% 0.18 0.16 0.19 0.15
V2O5 % 0.002 33 0.016 0.002 7% Indicative value
SO3 % 0.002 <DL
BaO % 0.01 6 0.07 0.01 9.89% Insufficient data
LOI % 0.01 53 0.14 0.19 67.85% Indicative value

Ag ppm 0.1 <DL
As ppm 0.5 <DL
Au ppb 0.5 <DL
Ba ppm 1 78 616 61 5% 676 555 707 524
Bi ppm 0.1 <DL
Cd ppm 0.1 <DL
Ce ppm 0.1 71 27.6 2.6 5% 30.2 25.0 31.6 23.6
Cl ppm 1 0 <DL
Co ppm 0.2 75 11.6 7.9 34% Indicative value
Cr ppm 0.1 27 19.6 44.3 113% Indicative value
Cs ppm 0.1 70 0.4 0.1 16% Indicative value
Cu ppm 0.1 71 11.9 4.1 17% Indicative value
Dy ppm 0.05 70 2.26 0.22 5% 2.48 2.04 2.59 1.93
Er ppm 0.03 70 1.28 0.12 5% 1.40 1.16 1.46 1.10
Eu ppm 0.02 70 0.83 0.09 5% 0.92 0.74 0.96 0.70
Ga ppm 0.5 72 17.4 1.9 5% 19.3 15.5 20.2 14.6
Gd ppm 0.05 71 2.66 0.26 5% 2.92 2.40 3.05 2.27
Hf ppm 0.1 69 3.2 0.3 4% 3.5 2.9 3.6 2.8
Hg ppm 0.01 <DL
Ho ppm 0.02 72 0.44 0.06 7% 0.50 0.38 0.53 0.35
La ppm 0.1 70 13.3 1.2 4% 14.5 12.1 15.0 11.6
Lu ppm 0.01 70 0.20 0.03 7% 0.23 0.17 0.24 0.16
Mn ppm 1 21 129 17 7% Indicative value
Mo ppm 0.1 69 0.52 0.2 20% Indicative value
Nb ppm 0.1 76 3.3 1.0 15% Indicative value
Nd ppm 0.3 70 14.3 1.3 5% 15.6 12.9 16.3 12.2
Ni ppm 0.1 63 8.0 1.1 7% 9.1 6.9 9.6 6.4
Pb ppm 0.1 67 2.9 0.9 15% Indicative value
Pd ppb 1 <DL
Pr ppm 0.02 71 3.49 0.26 4% 3.75 3.23 3.87 3.11
Rb ppm 0.1 75 21.5 2.2 5% 23.7 19.3 24.7 18.3
Sb ppm 0.1 <DL
Sc ppm 0.1 53 9.0 8.2 45% Indicative value
Se ppm 0.5 <DL
Sm ppm 0.05 70 2.85 0.32 6% 3.17 2.53 3.34 2.36
Sn ppm 1 <DL
Sr ppm 0.5 77 737.0 77.6 5% 814.6 659.4 853.4 620.6
Ta ppm 0.1 71 0.2 0.1 21% Indicative value
Tb ppm 0.01 70 0.40 0.04 5% 0.44 0.36 0.46 0.34
Te ppm 1 <DL
Th ppm 0.2 70 2.0 0.3 7% 2.3 1.7 2.4 1.6
Tm ppm 0.01 72 0.19 0.03 7% 0.22 0.16 0.23 0.15
U ppm 0.1 71 0.8 0.1 9% Indicative value
V ppm 8 73 86 13 8% 99 73 106 66
W ppm 0.5 <DL
Y ppm 0.1 77 12.5 1.7 7% 14.2 10.8 15.0 10.0
Yb ppm 0.05 72 1.28 0.19 8% 1.47 1.09 1.57 0.99
Zn ppm 1 66 24 8 16% Indicative value
Zr ppm 0.1 76 121.0 11.7 5% 132.6 109.3 138.4 103.5
1 Warning limits; 2 failure limits; < DL = lower than detection limit

WP-1

Methods: Fusion XRF whole-rock +ICP-MS trace elements; Fusion ICP-MS whole-rock + Aqua Regia ICP-MS Ultratrace
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Table B.6 Summary of analyzed reference material and comparison with reference values.

Sample # Unit DL FR-14-75b FR-14-122b FR-13-181s Accepted 
value

2SD %RSD +2SD -2SD +3SD -3SD

SiO2 % 0.1 52.7 52.7 53.1 52.7 0.7 0.7% 53.4 52.0 53.8 51.6
Al2O3 % 0.01 15.35 15.41 15.38 15.30 0.34 1.12% 15.64 14.96 15.81 14.79
TiO2 % 0.01 1.30 1.30 1.30 1.31 0.09 3.34% 1.40 1.22 1.44 1.18
Fe2O3 (t) % 0.01 10.90 10.85 10.92 10.82 0.37 1.71% 11.19 10.45 11.38 10.26
CaO % 0.01 8.07 8.05 8.09 8.09 0.29 1.81% 8.38 7.80 8.53 7.65
MgO % 0.01 7.35 7.33 7.30 7.20 0.29 2.04% 7.49 6.90 7.63 6.76
Na2O % 0.01 3.27 3.31 3.32 3.23 0.26 3.96% 3.49 2.97 3.61 2.85
K2O % 0.01 0.52 0.53 0.53 0.53 0.05 4.68% 0.58 0.48 0.60 0.46
Cr2O3 % 0.001 0.028 0.031 0.031 0.030 0.002 3.07% 0.032 0.028 0.033 0.027
MnO % 0.01 0.14 0.14 0.14 0.14 0.01 4.08% 0.15 0.13 0.16 0.12
P2O5 % 0.01 0.21 0.22 0.22 0.22 0.03 6.86% 0.25 0.19 0.27 0.17
V2O5 % 0.002 0.030 0.028 0.027 0.028 0.002 3.571%
SO3 % 0.002 0.001 0.001 0.011 0.006 0.063 523%
LOI % -5.11 -0.02 -0.02 -0.02 -0.02 0.28 -694%
Total % 0.01 100.01 100.02 100.49

Ag ppm 0.1 0.05 0.1 0.05
As ppm 0.5 3.2 3.7 2.5 3.2 6.3 100%
Au ppb 0.5 10.5 10.1 9.7 10.5 29.1 139%
Ba ppm 1 175 176 193 177 21 6% 197 156 207 146
Be ppm 1 0.5 0.5 0.5
Bi ppm 0.1 0.05 0.05 0.05
Cd ppm 0.1 0.05 0.05 0.05
Ce ppm 0.1 18.6 17.4 20.4 20.0 2.1 5.3% 22.1 17.9 23.2 16.8
Co ppm 0.2 43.0 44.2 43.9 45.0 5.8 6.5% 50.8 39.2 53.8 36.2
Cs ppm 0.1 0.1 0.1 0.05 0.1 0.1 74%
Cu ppm 0.1 60.0 60.7 53.1 59.0 10.2 8.65% 69.2 48.8 74.3 43.7
Dy ppm 0.05 2.71 2.62 2.96 2.96 0.38 6.37% 3.33 2.58 3.52 2.39
Er ppm 0.03 1.41 1.44 1.49 1.50 0.19 6.25% 1.69 1.31 1.78 1.22
Eu ppm 0.02 1.20 1.16 1.15 1.20 0.18 7.43% 1.37 1.02 1.46 0.93
Ga ppm 0.5 14.3 17.1 15.0 18.7 2.4 6.4% 21.1 16.3 22.3 15.1
Gd ppm 0.05 2.99 3.36 3.50 3.33 0.42 6.37% 3.75 2.91 3.97 2.69
Hf ppm 0.1 2.2 2.3 2.0 2.2 0.5 10%
Hg ppm 0.01 0.07 0.09 0.06 0.07 0.02 15.2%
Ho ppm 0.02 0.53 0.53 0.54 0.60 0.07 6.01% 0.67 0.52 0.70 0.49
La ppm 0.1 8.7 7.8 9.6 8.9 1.2 7.0% 10.1 7.7 10.8 7.0
Lu ppm 0.01 0.19 0.18 0.19 0.20 0.02 4.69% 0.22 0.18 0.23 0.17
Mo ppm 0.1 1.7 1.6 1.7 2.0 1.9 47%
Nb ppm 0.1 6.2 6.2 5.9 7.0 1.4 10%
Nd ppm 0.3 11.3 11.8 12.3 12.5 1.4 5.4% 13.9 11.1 14.5 10.5
Ni ppm 0.1 168.8 168.5 151.9 170.0 26.1 7.69% 196.1 143.9 209.2 130.8
Pb ppm 0.1 1.3 1.3 0.8 2.5 7.5 150%
Pr ppm 0.02 2.47 2.53 2.62 2.72 0.40 7.29% 3.12 2.32 3.31 2.13
Rb ppm 0.1 6.0 5.8 5.5 6.3 1.1 9% 7.4 5.2 8.0 4.6
Sb ppm 0.1 0.1 0.1 0.05 0.1 0.3 133%
Sc ppm 0.1 2.5 2.2 2.0 9.8 15.4 79%
Se ppm 0.5 0.25 0 0.250 0.3 1.0 194%
Sm ppm 0.05 2.61 3.07 3.08 3.20 0.59 9% 3.79 2.61 4.08 2.32
Sn ppm 1 1.0 0.5 0.5
Sr ppm 0.5 497.8 450.8 503.9 459.0 54.2 6% 513.2 404.8 540.3 377.7
Ta ppm 0.1 0.5 0.5 0.3 0.4 0.2 24%
Tb ppm 0.01 0.50 0.47 0.55 0.52 0.07 7% 0.59 0.45 0.63 0.41
Te ppm 1 0.1 0.1 0.5
Th ppm 0.2 0.6 0.5 0.9 0.8 0.5 31%
Tm ppm 0.01 0.20 0.19 0.20 0.21 0.03 6.28%
U ppm 0.1 0.1 0.2 0.2 0.3 0.1 19%
V ppm 8 153 159 136 157 28 8.9% 185 129 199 115
W ppm 0.5 0.3 0.3 0.3 1.0 1.8 90%
Y ppm 0.1 13.7 13.7 14.1 15.1 1.9 6% 16.9 13.2 17.9 12.2
Yb ppm 0.05 1.20 1.23 1.29 1.30 0.16 6.22% 1.46 1.14 1.54 1.06
Zn ppm 1 70 72 58 100 37 19%
Zr ppm 0.1 81.2 81.8 80.5 83.3 9.0 5.4% 92.3 74.3 96.8 69.8

Orange = w ithin the w arning zone; Red = w ithin the failure zone

BAS-1
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Table B.6 (Continued) Summary of analyzed reference material and comparison with reference 
values.

Sample # Unit DL FR-13-118s FR-14-108b FR-14-132b FR-13-329s Accepted 
value

2SD %RSD +2SD -2SD +3SD -3SD

SiO2 % 0.1 71.2 70.4 70.2 71.0 70.3 1.0 0.7% 71.3 69.3 71.8 68.8
Al2O3 % 0.01 14.52 14.30 14.30 14.42 14.34 0.46 1.6% 14.80 13.88 15.03 13.65
TiO2 % 0.01 0.39 0.39 0.39 0.36 0.38 0.04 5.4% 0.42 0.34 0.44 0.32
Fe2O3 (t) % 0.01 3.75 3.72 3.75 3.78 3.78 0.14 1.9% 3.92 3.64 3.99 3.57
CaO % 0.01 3.40 3.37 3.38 3.40 3.40 0.11 1.6% 3.51 3.29 3.56 3.24
MgO % 0.01 1.03 1.05 1.05 1.04 1.04 0.09 4.2% 1.13 0.95 1.17 0.91
Na2O % 0.01 3.91 3.89 3.86 3.90 3.81 0.24 3.1% 4.04 3.57 4.16 3.45
K2O % 0.01 2.15 2.07 2.09 2.12 2.09 0.12 2.8% 2.21 1.97 2.27 1.91
Cr2O3 % 0.001 0.019 0.020 0.020 0.020 0.020 0.008 20.6%
MnO % 0.01 0.08 0.08 0.08 0.08 0.08 0.02 10.7%
P2O5 % 0.01 0.07 0.07 0.07 0.07 0.08 0.02 9.5%
V2O5 % 0.002 0.010 0.011 0.010 0.011 0.011 0.003 12%
SO3 % 0.002 0.001 0.001 0.001 0.001 0.001 0.009 454%
LOI % -5.11 0.46 0.45 0.45 0.44 0.44 0.11 12.5%
Total % 0.01 101.14 99.98 99.76 100.77

Ag ppm 0.1 0.05 0.05 0.05 0.05
As ppm 0.5 0.3 0.6 0.3 0.3 0.3 0.3 66%
Au ppb 0.5 1.0 0.3 1.0 0.3 0.4 4.3 503%
Ba ppm 1 807 749 744 790 781 91 6% 872 690 917 645
Be ppm 1 0.5 0.5 2.0 0.5
Bi ppm 0.1 0.05 0.05 0.05 0.05
Cd ppm 0.1 0.1 0.05 0.05 0.05
Ce ppm 0.1 25.0 22.6 21.0 26.0 25.5 4.0 8% 29.5 21.5 31.5 19.5
Co ppm 0.2 6.5 7.4 6.0 6.9 7.0 1.5 11%
Cs ppm 0.1 1.2 1.0 1.0 1.1 1.1 0.2 10%
Cu ppm 0.1 7.50 11.2 9.4 9.2 9.0 9.8 54%
Dy ppm 0.05 2.83 2.70 2.74 2.86 3.00 0.52 9% 3.52 2.48 3.78 2.22
Er ppm 0.03 2.01 1.87 1.91 1.88 2.02 0.28 7% 2.30 1.74 2.43 1.61
Eu ppm 0.02 0.72 0.72 0.63 0.73 0.72 0.14 9% 0.86 0.58 0.92 0.52
Ga ppm 0.5 11.6 12.4 11.6 12.6 14.0 2.4 9% 16.4 11.6 17.7 10.3
Gd ppm 0.05 2.82 2.52 2.48 2.84 2.80 0.42 7% 3.22 2.38 3.43 2.17
Hf ppm 0.1 3.6 3.2 3.3 3.6 3.9 1.0 13%
Hg ppm 0.01 0.010 0.005 0.005 0.005
Ho ppm 0.02 0.71 0.61 0.64 0.64 0.67 0.14 11%
La ppm 0.1 12.5 12.1 10.6 13.9 13.0 2.4 9% 15.4 10.6 16.6 9.4
Lu ppm 0.01 0.36 0.34 0.32 0.35 0.38 0.07 9% 0.45 0.31 0.48 0.28
Mo ppm 0.1 0.7 0.6 0.4 0.4 0.5 0.9 96%
Nb ppm 0.1 2.6 2.6 2.6 2.7 3.0 1.4 24%
Nd ppm 0.3 11.3 11.1 9.8 11.7 12.0 1.8 8% 13.8 10.2 14.7 9.3
Ni ppm 0.1 3.3 4.3 3.6 3.4 3.4 3.6 53%
Pb ppm 0.1 2.2 2.8 3.6 2.4 6.7 8.0 59%
Pr ppm 0.02 2.70 2.73 2.66 2.96 2.99 0.48 8% 3.46 2.51 3.70 2.27
Rb ppm 0.1 43.1 44.3 44.0 45.9 46.1 6.4 7% 52.5 39.7 55.7 36.5
Sb ppm 0.1 0.10 0.10 0.10 0.05
Sc ppm 0.1 2.7 3.1 3.4 2.7 2.7 0.7 13%
Se ppm 0.5 0.25 0.25 0.25 0.25
Sm ppm 0.05 2.52 2.52 2.34 2.51 2.59 0.70 13%
Sn ppm 1 1 2 2 2 2 1 29%
Sr ppm 0.5 247.2 240.2 207.7 244.7 224.4 29.9 7% 254.3 194.5 269.2 179.6
Ta ppm 0.1 0.3 0.3 0.2 0.2 0.3 0.1 23%
Tb ppm 0.01 0.46 0.45 0.43 0.45 0.50 0.09 9% 0.59 0.41 0.64 0.36
Te ppm 1 0.5 0.1 0.1 0.5 0.1 0.3 166%
Th ppm 0.2 4.0 3.6 3.7 4.6 4.0 1.6 20%
Tm ppm 0.01 0.33 0.30 0.31 0.32 0.31 0.08 13%
U ppm 0.1 1.4 1.2 1.3 1.4 1.4 0.4 16%
V ppm 8 34 60 54 56 62 15 13%
W ppm 0.5 1.2 0.3 0.5 0.3 1.0 3.7 184%
Y ppm 0.1 18.9 17.5 16.7 18.6 19.1 2.9 8% 22.0 16.2 23.4 14.8
Yb ppm 0.05 2.24 2.08 2.06 2.18 2.22 0.35 8% 2.57 1.87 2.75 1.69
Zn ppm 1 35 36 40 36 40 16 20%
Zr ppm 0.1 123.7 128.6 127.1 134.3 127.1 16.0 6% 143.0 111.1 151.0 103.1

Orange = w ithin the w arning zone; Red = w ithin the failure zone
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Table B.6 (Continued) Summary of analyzed reference material and comparison with reference 
values.

Sample # Unit DL FR-14-42b FR-14-148b FR-13-29s FR-13-313s FR-13-133b Accepted 
value

2SD %RSD +2SD -2SD +3SD -3SD

SiO2 % 0.1 65.1 65.1 65.3 65.0 64.4 64.5 0.8 0.6% 65.3 63.7 65.6 63.4
Al2O3 % 0.01 16.69 16.71 16.77 16.69 16.46 16.61 0.18 0.5% 16.79 16.43 16.88 16.34
TiO2 % 0.01 0.50 0.51 0.50 0.51 0.48 0.50 0.02 2.0% 0.52 0.48 0.53 0.47
Fe2O3 (t) % 0.01 4.41 4.41 4.38 4.33 4.38 4.37 0.11 1.3% 4.48 4.26 4.54 4.20
CaO % 0.01 4.96 4.94 4.92 4.92 4.89 4.96 0.11 1.1% 5.07 4.85 5.13 4.79
MgO % 0.01 2.68 2.68 2.61 2.65 2.61 2.65 0.06 1.1% 2.71 2.59 2.74 2.56
Na2O % 0.01 4.38 4.40 4.36 4.39 4.35 4.33 0.18 2.1% 4.51 4.15 4.60 4.06
K2O % 0.01 1.62 1.63 1.62 1.62 1.60 1.62 0.03 0.9% 1.65 1.59 1.66 1.58
Cr2O3 % 0.001 0.010 0.010 0.007 0.010 0.011 0.010 0.003 16.2%
MnO % 0.01 0.08 0.08 0.08 0.08 0.08 0.08 0.00 0.0%
P2O5 % 0.01 0.17 0.17 0.18 0.18 0.17 0.17 0.01 3.6% 0.18 0.16 0.19 0.15
V2O5 % 0.002 0.017 0.016 0.015 0.016 0.016 0.016 0.002 7%
SO3 % 0.002 0.001 0.001 0.001 0.001 0.002
LOI % -5.11 0.15 0.12 0.14 0.11 0.16 0.14 0.19 67.8%
Total % 0.01 100.93 100.90 101.11 100.66 99.78

Ag ppm 0.1 0.05 0.05 0.1 0.1 0.1
As ppm 0.5 0.25 0.25 0.25 0.25 0.25
Au ppb 0.5 0.25 0.25 1.5 0.25 0.05
Ba ppm 1 612 610 605 657 634 616 61 5% 676 555 707 524
Bi ppm 0.1 0.05 0.05 0.05 0.05 0.05
Cd ppm 0.1 0.05 0.05 0.05 0.05 0.05
Ce ppm 0.1 26.1 25.6 29.6 29.0 27.2 27.6 2.6 5% 30.2 25.0 31.6 23.6
Co ppm 0.2 12.8 12.5 12.3 12.5 12.8 11.6 7.9 34%
Cs ppm 0.1 0.3 0.4 0.5 0.4 0.3 0.4 0.1 16%
Cu ppm 0.1 13.2 12.2 11.9 11.0 11.1 11.9 4.1 17%
Dy ppm 0.05 2.08 2.26 2.35 2.31 2.30 2.26 0.22 5% 2.48 2.04 2.59 1.93
Er ppm 0.03 1.32 1.23 1.23 1.32 1.28 1.28 0.12 5% 1.40 1.16 1.46 1.10
Eu ppm 0.02 0.76 0.80 0.79 0.84 0.88 0.83 0.09 5% 0.92 0.74 0.96 0.70
Ga ppm 0.5 16.5 16.4 15.8 17.9 17.0 17.4 1.9 5% 19.3 15.5 20.2 14.6
Gd ppm 0.05 2.51 2.60 2.55 2.72 2.88 2.66 0.26 5% 2.92 2.40 3.05 2.27
Hf ppm 0.1 3.1 2.9 3.0 3.2 3.2 3.2 0.3 4% 3.5 2.9 3.6 2.8
Hg ppm 0.01 0.01 0.01 0.01 0.01 0.01
Ho ppm 0.02 0.44 0.40 0.46 0.44 0.42 0.44 0.06 7% 0.50 0.38 0.53 0.35
La ppm 0.1 14.3 12.1 14.6 14.3 13.6 13.3 1.2 4% 14.5 12.1 15.0 11.6
Lu ppm 0.01 0.22 0.19 0.20 0.21 0.22 0.20 0.03 7% 0.23 0.17 0.24 0.16
Mo ppm 0.1 0.6 0.5 0.6 0.5 0.5 0.52 0.2 20%
Nb ppm 0.1 3.5 2.6 2.8 3.2 3.1 3.3 1.0 15%
Nd ppm 0.3 13.1 13.9 13.9 13.9 14.6 14.3 1.3 5% 15.6 12.9 16.3 12.2
Ni ppm 0.1 8.9 8.3 8.4 7.8 7.5 8.0 1.1 7% 9.1 6.9 9.6 6.4
Pb ppm 0.1 3.2 3.3 2.6 2.6 2.9 2.9 0.9 15%
Pr ppm 0.02 3.16 3.31 3.37 3.47 3.55 3.49 0.26 4% 3.75 3.23 3.87 3.11
Rb ppm 0.1 21.4 21.4 20.3 21.5 22.4 21.5 2.2 5% 23.7 19.3 24.7 18.3
Sb ppm 0.1 0.1 0.1 0.05 0.05 0.05
Sc ppm 0.1 1.3 1.2 0.3 0.3 1.3 9.0 8.2 45%
Se ppm 0.5 0.25 0.25 1.0 1.1 0.25
Sm ppm 0.05 2.68 2.93 2.63 2.91 2.89 2.85 0.32 6% 3.17 2.53 3.34 2.36
Sn ppm 1 1 1 1 1 1
Sr ppm 0.5 800.3 711.8 768.5 765.4 768.7 737.0 77.6 5% 814.6 659.4 853.4 620.6
Ta ppm 0.1 0.2 0.1 0.2 0.3 0.3 0.2 0.1 21%
Tb ppm 0.01 0.37 0.38 0.40 0.39 0.39 0.40 0.04 5% 0.44 0.36 0.46 0.34
Te ppm 1 0.1 0.1 0.5 0.5 0.5
Th ppm 0.2 1.5 1.8 1.9 2.0 1.9 2.0 0.3 7% 2.3 1.7 2.4 1.6
Tm ppm 0.01 0.17 0.18 0.20 0.20 0.19 0.19 0.03 7% 0.22 0.16 0.23 0.15
U ppm 0.1 0.7 0.7 0.7 0.8 0.7 0.8 0.1 9%
V ppm 8 87 78 62 96 87 86 13 8% 99 73 106 66
V2O5 % 0.002 0.017 0.016 0.015 0.016 0.016 0.016 0.002 7%
W ppm 0.5 0.25 0.50 0.25 0.25 0.80
Y ppm 0.1 12.2 11.5 12.6 12.5 12.2 12.5 1.7 7% 14.2 10.8 15.0 10.0
Yb ppm 0.05 1.30 1.23 1.14 1.32 1.28 1.28 0.19 8% 1.47 1.09 1.57 0.99
Zn ppm 1 28 26 24 24 24 24 8 16%
Zr ppm 0.1 120.9 120.7 117.2 124.5 126.1 121.0 11.7 5% 132.6 109.3 138.4 103.5

Orange = w ithin the w arning zone; Red = w ithin the failure zone
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Table B.7 Comparison between original and duplicate samples (see text for explanation about 
MPD (mean percentile difference) and precision calculation.

Element Analyte FR-14-29a Duplicate MPD FR-13-116 Duplicate MPD FR-13-254 Duplicate MPD FR-14-80a Duplicate MPD
SiO2 w t % 67.1 67.3 0.07% 72.8 72.8 0.00% 62.6 62.2 0.16% 55.8 55.9 0.04%
TiO2 w t % 0.47 0.49 1.04% 0.22 0.22 0.00% 0.73 0.74 0.34% 0.71 0.70 0.35%
Al2O3 w t % 15.62 15.66 0.064% 14.51 14.46 0.09% 16.54 16.44 0.152% 16.24 16.37 0.20%
Fe2O3 (t) w t % 3.87 3.90 0.19% 2.03 2.06 0.37% 5.4 5.36 0.19% 6.47 6.50 0.12%
CaO w t % 3.55 3.61 0.42% 1.46 1.48 0.34% 4.83 4.73 0.52% 6.97 7.08 0.39%
MgO w t % 1.5 1.5 0.0% 0.49 0.50 0.51% 3.12 3.14 0.16% 2.54 2.47 0.70%
Na2O w t % 3.37 3.36 0.07% 3.8 3.8 0.00% 3.88 3.86 0.13% 3.94 3.93 0.06%
K2O w t % 3.08 3.03 0.41% 4.51 4.52 0.06% 2.35 2.33 0.21% 2.14 2.16 0.23%
MnO w t % 0.08 0.08 0.00% 0.06 0.06 0.00% 0.08 0.08 0.00% 0.15 0.15 0.00%
P2O5 w t % 0.13 0.12 2.00% 0.08 0.08 0.00% 0.17 0.17 0.00% 0.18 0.18 0.00%
Cr2O3 w t % 0.001 0.001 0.000% <0.001 <0.001 0.009 0.008 0.01 0.01
LOI w t % 0.61 0.66 1.97% 0.84 0.86 0.59% 0.96 0.98 0.52% 3.72 3.82 0.66%
SO3 w t % <0.002 <0.002 0.006 <0.002 <0.002 <0.002 0.005 0.01
SUM w t % 99.51 99.81 0.075% 101.00 101.02 0.00% 100.86 100.21 0.16% 99.03 99.4 0.09%

Ba ppm 713 728 0.52% 842 846 0.12% 562 576 0.62% 332 332 0.00%
Be ppm 4 3 7% 5 8 12% <1 2 <1 3
Co ppm 6.9 6.6 1.1% 2.1 1.9 2.50% 15.8 16.1 0.47% 16.6 16.0 0.92%
Cs ppm 6.5 6.2 1.2% 5.9 6.4 2.03% 1.8 1.9 1.35% 3.2 3.0 1.61%
Ga ppm 16.8 16.1 1.06% 14.4 15 1.02% 14.7 14.9 0.34% 15.9 15.0 1.46%
Hf ppm 4.6 4.3 1.7% 4.3 4.6 1.69% 4.4 4.2 1.16% 3.2 3.1 0.79%
Nb ppm 10.4 9.9 1.2% 15.7 15.8 0.16% 9 9 0.00% 7.2 7.6 1.35%
Rb ppm 120.2 115.6 0.975% 166.5 170.2 0.55% 68.3 68.3 0.00% 36.0 36.3 0.21%
Sn ppm 5 4 6% 4 3 7.14% <1 <1 <1 <1
Sr ppm 315.5 322.9 0.580% 164.9 169 0.61% 377.3 382.6 0.35% 477.9 485.0 0.37%
Ta ppm 1.1 0.9 5.0% 1.4 1.3 1.85% 0.6 0.7 3.85% 0.6 0.4 10%
Th ppm 15.5 13.3 3.82% 19.1 23.5 5.16% 12.2 12.3 0.20% 4.5 4.6 0.55%
U ppm 5.3 3.9 7.6% 6.1 5.4 3.04% 3.9 3.9 0.00% 1.1 1.2 2.17%
V ppm 69 70 0.4% <8 <8 81 78 165 164
W ppm 0.6 <0.5 <0.5 0.9 1.6 1.1 <0.5 <0.5
Zr ppm 155.7 148.5 1.183% 156.2 168.5 1.89% 162.9 164.1 0.18% 118.4 114.6 0.82%
Y ppm 19.2 20.0 1.02% 20.9 23.3 2.71% 19.5 18.8 0.91% 17.5 17.0 0.72%
La ppm 38.7 31.0 5.52% 41.2 49.7 4.68% 28.1 28.3 0.18% 15.4 15.2 0.33%
Ce ppm 74.4 61.8 4.63% 74.2 89.7 4.73% 51.2 51.6 0.19% 29.3 29.3 0.00%
Pr ppm 8.04 6.77 4.29% 7.41 9.08 5.06% 5.61 5.80 0.83% 3.60 3.56 0.28%
Nd ppm 29.0 24.4 4.31% 27.2 30.7 3.02% 21.7 21.5 0.23% 15.0 14.1 1.55%
Sm ppm 4.86 4.49 1.98% 4.44 5.45 5.11% 3.98 4.01 0.19% 3.12 3.28 1.25%
Eu ppm 0.95 0.88 1.91% 0.69 0.79 3.38% 1.02 1.05 0.72% 1.01 1.03 0.49%
Gd ppm 4.34 3.99 2.10% 4.08 4.66 3.32% 3.97 4.00 0.19% 3.52 3.42 0.72%
Tb ppm 0.63 0.62 0.40% 0.63 0.72 3.33% 0.6 0.6 0.00% 0.55 0.54 0.46%
Dy ppm 3.62 3.28 2.46% 3.59 4.04 2.95% 3.43 3.45 0.15% 3.21 3.43 1.66%
Ho ppm 0.71 0.75 1.37% 0.74 0.79 1.63% 0.67 0.71 1.45% 0.65 0.65 0.00%
Er ppm 2.14 2.10 0.47% 2.1 2.21 1.28% 1.85 1.91 0.80% 2.02 1.98 0.50%
Tm ppm 0.32 0.32 0.00% 0.34 0.35 0.72% 0.29 0.29 0.00% 0.27 0.28 0.91%
Yb ppm 2.25 2.30 0.55% 2.08 2.32 2.73% 1.83 1.74 1.26% 1.90 1.85 0.67%
Lu ppm 0.34 0.36 1.43% 0.33 0.34 0.75% 0.29 0.28 0.88% 0.29 0.27 1.79%
Mo ppm 0.5 0.3 13% 0.8 0.7 3.33% 2.1 2.1 0.00% 1.2 1.1 2.17%
Cu ppm 3.2 4.0 5.6% 0.7 0.8 3.33% 23.4 21.4 2.23% 14.8 14.3 0.86%
Pb ppm 6.5 6.4 0.4% 4.5 4.2 1.72% 5.1 5.0 0.50% 2.0 1.9 1.28%
Zn ppm 53 53 0.0% 24 23 1.06% 27 27 0.00% 52 52 0.00%
Ni ppm 2.8 3.6 6.3% 2.5 1.8 8.14% 10.0 9.5 1.28% 9.5 9.2 0.80%
As ppm 0.9 1.6 14% 0.9 0.8 2.94% 1.4 1.4 0.00% 1.1 1.4 6.00%
Cd ppm <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb ppm <0.1 <0.1 <0.1 <0.1 0.2 <0.1 <0.1 <0.1
Bi ppm 0.1 0.2 17% 0.1 0.1 0.0% <0.1 <0.1 <0.1 <0.1
Ag ppm <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au ppb <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hg ppm <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Se ppm <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc ppm 5.2 5.1 0.5% 3.7 3.7 0.0% 2.6 2.2 4.2% 13.7 13.7 0.00%
Te ppm <0.2 <0.2 <1 <1 <1 <1 <1 <1
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Table B.7 (Continued) Comparison between original and duplicate samples (see text for 
explanation about MPD (mean percentile difference) and precision calculation.

Element FR-13-273a Duplicate MPD FR-13-328b Duplicate MPD FR-13-17 Duplicate MPD FR-14-111a Duplicate MPD
SiO2 69.2 68.2 0.36% 70.7 70.2 0.18% 69.5 69.6 0.04% 48.7 49.1 0.20%
TiO2 16.79 16.67 0.18% 16.53 16.2 0.50% 15.85 15.97 0.19% 21.3 20.92 0.45%
Al2O3 1.35 1.78 6.87% 0.52 0.51 0.49% 1.71 1.70 0.15% 5.7 5.97 1.157%
Fe2O3 (t) 5.3 5.46 0.74% 0.49 0.48 0.52% 2.04 2.01 0.37% 14.06 14.17 0.19%
CaO 1.26 1.45 3.51% 0.08 0.07 3.33% 0.76 0.76 0.00% 6.78 7.15 1.33%
MgO 5.63 5.49 0.63% 4.7 4.64 0.32% 4.14 4.17 0.18% 1.83 1.82 0.14%
Na2O 0.18 0.18 0.00% 7.01 6.83 0.65% 5.18 5.19 0.05% 0.06 0.06 0.00%
K2O 0.04 0.04 0.00% 0.02 0.02 0.00% 0.04 0.04 0.00% 0.09 0.09 0.00%
MnO 0.44 0.46 1.11% 0.31 0.29 1.67% 0.22 0.21 1.16% 0.51 0.55 1.89%
P2O5 0.13 0.13 0.00% 0.03 0.03 0.00% 0.08 0.09 2.94% 0.03 0.03 0.00%
Cr2O3 <0.001 <0.001 <0.001 <0.001 0.001 0.002 0.056 0.067 4.47%
LOI 0.41 0.46 2.87% 0.61 0.59 0.83% 0.63 0.65 0.78% 1.05 1.11 1.39%
SO3 <0.002 <0.002 <0.002 <0.002 0.012 0.007 <0.002 <0.002
SUM 100.83 100.39 0.11% 101.11 100 0.28% 100.45 100.65 0.05% 100.22 101.08 0.21%

Ba 211 222 1.27% 461 439 1.22% 922 908 0.38% 16 15 1.61%
Be 2 4 9 8 4 5 <1 <1
Co 3.8 4.3 3.09% 0.5 0.3 12.5% 3.1 3.7 4.41% 27 28.7 1.53%
Cs <0.1 <0.1 0.9 0.8 2.94% 9.9 10.1 0.50% <0.1 <0.1
Ga 12.3 14.4 3.93% 22.6 22 0.67% 18.6 18.5 0.13% 12.3 11.5 1.68%
Hf 3.7 3.4 2.11% 9.1 9.5 1.08% 5.5 5.6 0.45% 0.7 0.5 8.33%
Nb 12.3 15 4.95% 48.3 47.2 0.58% 13.9 13.7 0.36% 0.2 0.2 0.00%
Rb 1.6 2.3 8.97% 114.8 111.8 0.66% 194.9 193.2 0.22% 1 0.8 5.56%
Sn <1 1 3 3 2 2 <1 <1
Sr 459.2 452.8 0.35% 120.4 118 0.50% 860.5 861 0.01% 156.7 158.6 0.30%
Ta 1.1 1.1 0.00% 3.3 3.3 0.00% 1.2 1.2 0.00% <0.1 <0.1
Th 13.9 10.9 6.05% 29.8 30.2 0.33% 31.4 31.5 0.08% <0.2 <0.2
U 2.5 1.9 6.82% 6.3 6.8 1.91% 11.2 10.4 1.85% <0.1 <0.1
V 32 83 11 11 <8 <8 156 158
W 1.1 0.8 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Zr 140.2 137.6 0.47% 440.2 466.4 1.44% 184.1 178.3 0.80% 23.7 23.4 0.32%
Y 16 16.7 1.07% 11.1 10.9 0.45% 10 9.9 0.25% 9.6 10.1 1.27%
La 63.4 57.5 2.44% 21.1 22.7 1.83% 42.4 45.8 1.93% 1.3 1.6 5.17%
Ce 93.7 84.2 2.67% 60.7 60 0.29% 77.2 81.6 1.39% 4 3.9 0.63%
Pr 7.54 7.05 1.68% 5.68 5.97 1.24% 7.63 7.87 0.77% 0.56 0.62 2.54%
Nd 22.4 21.5 1.03% 17.4 19.9 3.35% 25.2 26.1 0.88% 3.2 3.3 0.77%
Sm 3.2 3.45 1.88% 2.96 3.22 2.10% 4.02 4.14 0.74% 1.04 1.12 1.85%
Eu 0.86 0.89 0.86% 0.33 0.35 1.47% 1.04 1.08 0.94% 0.49 0.47 1.04%
Gd 2.97 3.18 1.71% 2.38 2.39 0.10% 3.05 3.03 0.16% 1.5 1.43 1.19%
Tb 0.47 0.45 1.09% 0.36 0.36 0.00% 0.39 0.39 0.00% 0.27 0.27 0.00%
Dy 2.5 2.93 3.96% 2.05 2.14 1.07% 1.97 1.98 0.13% 1.76 1.71 0.72%
Ho 0.51 0.56 2.34% 0.38 0.39 0.65% 0.34 0.34 0.00% 0.36 0.39 2.00%
Er 1.65 1.68 0.45% 1.29 1.19 2.02% 0.89 0.94 1.37% 1.1 1.17 1.54%
Tm 0.26 0.27 0.94% 0.21 0.22 1.16% 0.15 0.14 1.72% 0.16 0.17 1.52%
Yb 1.76 1.83 0.97% 1.44 1.52 1.35% 0.96 0.87 2.46% 1.05 0.91 3.57%
Lu 0.28 0.31 2.54% 0.24 0.24 0.00% 0.14 0.13 1.85% 0.16 0.16 0.00%
Mo 0.2 <0.1 <0.1 0.1 0.3 0.2 10.0% <0.1 <0.1
Cu 0.9 1 3% 0.6 0.6 0.00% 0.7 0.7 0.00% 36.9 35.2 1.18%
Pb 1 1.1 2% 1.1 1.1 0.00% 10 10.7 1.69% 0.4 0.6 10%
Zn 2 3 10% 3 3 0.00% 27 28 0.91% 2 2 0.00%
Ni 0.3 0.9 25% 1.6 1.5 1.61% 9.9 11.1 2.86% 22.5 23.2 0.77%
As 0.5 <0.5 2.1 1.9 2.50% 0.6 <0.5 <0.5 <0.5
Cd <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Sb <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Bi <0.1 <0.1 <0.1 <0.1 0.1 0.1 <0.1 <0.1
Ag <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Au <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Hg <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Se <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sc 0.8 0.9 2.9% 0.5 0.4 5.6% 1.7 180.0% 1.43% 1.8 1.9 1.4%
Te <1 <1 <1 <1 <1 <1 <0.2 <0.2
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Table B.7 (Continued) Comparison between original and duplicate samples (see text for 
explanation about MPD (mean percentile difference) and precision calculation.

Element FR-13-149a Duplicate MPD
Absolute error 
(wt % or ppm)

Relative error 
(wt % or ppm)

Precision 
(wt % or ppm)

SiO2 66.5 67.1 0.22% 0.1 1.5 1.07
TiO2 15.94 16 0.09% 0.01 2 0.21
Al2O3 4.21 4.14 0.42% 0.01 3.5 0.31
Fe2O3 (t) 4.07 4.11 0.24% 0.01 3.5 0.13
CaO 1.62 1.59 0.47% 0.01 4 0.13
MgO 3.86 3.87 0.06% 0.01 2.5 0.09
Na2O 2.52 2.53 0.10% 0.01 2 0.08
K2O 0.1 0.09 2.63% 0.01 1.5 0.03
MnO 0.43 0.42 0.59% 0.01 3.5 0.02
P2O5 0.13 0.14 1.85% 0.01 1 0.01
Cr2O3 0.002 <0.001
LOI 0.57 0.57 0.00%
SO3 <0.002 <0.002
SUM 100.02 100.68 0.16%

Ba 570 571 0.04% 1 3.5 19
Be 3 <1
Co 8.9 8 2.66% 0.2 5 0.67
Cs 1.4 1.3 1.85% 0.1 4 0.23
Ga 14.1 13.8 0.54% 0.5 3 0.97
Hf 3.1 3.2 0.79% 0.1 3 0.23
Nb 8.1 8.3 0.61% 0.1 3 0.52
Rb 66.3 64.4 0.73% 0.1 2.5 2.24
Sn 1 <1
Sr 309.8 301.5 0.68% 0.5 2 7.7
Ta 0.7 0.7 0.00% 0.1 4 0.14
Th 15 14.1 1.55% 0.2 14 2.4
U 2.2 2.1 1.16% 0.1 17 0.83
V 71 67 1.45% 8 1 8.66
W <0.5 <0.5
Zr 109.8 114.2 0.98% 0.1 5 8.38
Y 14.7 14 1.22% 0.1 7 1.18
La 26 26.2 0.19% 0.1 14 4.42
Ce 42.8 43.7 0.52% 0.1 12 6.87
Pr 4.44 4.46 0.11% 0.02 12.5 0.75
Nd 15.8 15.8 0.00% 0.3 10 2.27
Sm 2.81 2.73 0.72% 0.05 4.5 0.20
Eu 0.75 0.74 0.34% 0.02 7 0.08
Gd 2.78 2.63 1.39% 0.05 8 0.3
Tb 0.38 0.38 0.00% 0.01 8 0.05
Dy 2.33 2.18 1.66% 0.05 9 0.29
Ho 0.54 0.47 3.47% 0.02 6 0.05
Er 1.45 1.42 0.52% 0.03 3.5 0.09
Tm 0.23 0.22 1.11% 0.01 1 0.01
Yb 1.72 1.69 0.44% 0.05 5 0.13
Lu 0.26 0.26 0.00% 0.01 3.5 0.02
Mo <0.1 <0.1
Cu 4 3.5 3.33% 0.1 14 1.34
Pb 2 1.9 1.28% 0.1 4 0.24
Zn 33 33 0.00% 1 1 1.25
Ni 2 1.7 4.05% 0.1 15 1.12
As <0.5 <0.5
Cd <0.1 <0.1
Sb <0.1 <0.1
Bi <0.1 <0.1
Ag <0.1 <0.1
Au <0.5 <0.5
Hg <0.01 <0.01
Se <0.5 <0.5
Sc 1.9 1.9 0.0%
Te <0.2 <0.2
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Figure B.1 Examples of iterative error calculation for duplicate samples (left: K2O; right: La). 
The samples are included within the error envelope (y = mx + b) obtained from the addition of 
the absolute (b) and relative (m) errors.
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ppm in original samples Nd Sm Rb Sr Remarks
AGV-1 GeoRem 31.70 5.72 66.60 660.00 published
AGV-1-1 32.74 5.91 66.68 673.74
AGV-1-2 32.39 5.88 66.49 670.72
AGV-1-3 32.33 5.84 66.38 672.93
AGV-1-4 32.20 5.84 66.08 669.62
AGV-1-5 32.05 5.88 65.67 668.02
%RSD rep runs 0.79 0.49 0.60 0.35

AGV-2 GeoRem 30.50 5.49 66.30 661.00 published
AGV-2-FR-Sav 28.16 5.07 60.65 604.31
AGV-2-FR 29.68 5.44 58.04 647.45

G-3 Cotta 54.00 7.40 156.00 440.00 published
G-3 Park et al, 2012 55.00 7.40 171.00 463.00 published
G-3 FR1 52.22 7.00 159.76 457.87
G-3 FR2 52.83 6.86 163.34 449.09

JB-3 NOAA Tech Mem ORCA 94 15.60 4.27 15.10 403.00 published
Makishima and Nakamura, 2006 15.90 4.17 14.00 414.00 published
JB-3 FR1 14.69 4.07 13.25 399.52
JB-3 FR2 15.05 4.19 13.66 405.57

FR-13-68 41.99 6.97 80.89 769.32
FR-13-149 15.33 2.89 36.78 318.44

FR-13-149b 14.91 2.70 58.62 290.40
FR-13-149b-rep 14.88 2.73 57.75 288.81
%RSD rep runs 0.13 0.75 1.06 0.39

FR-15-34 17.22 3.23 64.18 419.54
FR-15-34-rep 17.33 3.23 64.26 437.82
%RSD rep runs 0.43 0.03 0.09 3.01

FR-15-34b 17.42 3.27 64.80 419.80
FR-15-34b-rep 17.57 3.24 64.94 418.66
%RSD rep runs 0.57 0.69 0.16 0.19

Table B.8 Rb-Sr and Sm-Nd elemental concentration QA-QC.
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Ln-Ln correction 208Pb/204Pb ±2σ 207Pb/204Pb ±2σ 206Pb/204Pb ±2σ
Replicates (repeat analysis of the same chemically prepared solution by MC-ICP-MS)
FR/DSN/R12 FR-15-34 38.9850 0.0058 15.6722 0.0016 18.8431 0.0020
FR/DSN/R12* FR-15-34 replicate 38.9834 0.0019 15.6712 0.0007 18.8423 0.0008

Diff/ppm 41 60 41

FR/DSN/R18 FR-14-94 38.8776 0.0034 15.6456 0.0012 18.8298 0.0014
FR/DSN/R18b FR-14-94 replicate 38.8809 0.0051 15.6465 0.0017 18.8318 0.0020

Diff/ppm -85 -57 -102

Duplicates (analysis of a separate solution prepared by the same chemical process by MC-ICP-MS )
FR/DSN/R12 FR-15-34 38.9850 0.0058 15.6722 0.0016 18.8431 0.0020
FR/DSN/R24 FR-15-34b 38.9855 0.0031 15.6722 0.0012 18.8429 0.0015

Diff/ppm -12 0 9

Reference Material
FR/DSN/AGV-2 38.5452 0.0033 15.6175 0.0012 18.8706 0.0014
FR/DSN/AGV-2 38.5472 0.0035 15.6185 0.0013 18.8725 0.0014

Diff/ppm -51 -64 -101

AGV-2 Lab Average 38.5494 15.6190 18.8723
2SD 0.0111 0.0037 0.0051
ppm 287 238 270
n = 39

Average isotopic values of standard NBS981 208Pb/204Pb ±2σ 207Pb/204Pb ±2σ 206Pb204/Pb ±2σ
16-Mar-17 n=11 Insturment NP214 36.7214 0.0029 15.4994 0.0012 16.9432 0.0011
17-Mar-17 n=9 Instrument NP214 36.7209 0.0025 15.4991 0.0010 16.9429 0.0010

36.7219 15.4963 16.9405NBS981 values used for SSB normalization (Galer 
and Abouchami, 1998)

Table B.9 Radiogenic Pb isotope analyses QA-QC.
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B.3 Geochemical features of the late Cenozoic igneous complexes in central and eastern 

Anatolia

Non-critical geochemical diagrams mentioned in Chapter 3 include 1) AFM and Th/

Yb versus Zr/Y diagrams that illustrate the calc-alkaline affinity of the late Cenozoic igneous 

complexes in central and eastern Anatolia and absence of tholeiitic rocks (Figures B.2A-B); 

2) total alkali versus silica rock classification for plutonic rocks (Middlemost, 1994; Figure 

B.2C).
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Figure B.2 AFM (A; Irvine and Baragar, 1971) and Th/Yb versus Zr/Y diagrams (B; Ross 
and Bedard, 2009) showing the calc-alkaline affinity of the late Cenozoic igneous suites in 
central and eastern Anatolia. The Total Alkali versus Silica diagram (C) for plutonic rocks 
(Middlemost, 1994) provides rock names for the Oligocene to early Miocene plutonic rocks in 
eastern Anatolia; these rock samples were plotted in the Total Alkali versus Silica diagram for 
volcanic rocks in Chapter 3 (Figure 3.7).
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The calculation of Nd model ages from rock samples throughout the Eastern Anatolian 

Magmatic Belt revealed the Neoproterozoic-aged Anatolian lithosphere (τDM comprised 

between 0.35 and 0.9 Ga; Figure B.3).

Figure B.3 Nd model age histogram from late Cenozoic igneous rocks along the Eastern 
Anatolian Magmatic Belt; single-stage model age calculation.



B.4 Primary melt calculation

In this study, primary and primitive melts are all the rocks with an Mg # ≥ 70 and 

≥ 62, respectively. Primary melts were used to identify the magma source(s) of central and 

eastern Anatolian igneous complexes (see Figure 11). Rocks from a same igneous suite may 

have various Mg # but are expected to result from the same magma source. When the initial 

87Sr/86Sr and 143Nd/144Nd ratios of each suite were plotted against Mg #, each rock suite yields a 

regression line. The initial 87Sr/86Sr and 143Nd/144Nd ratios were calculated at Mg # = 70 for the 

suites having a regression coefficient greater or equal to 0.5 and averaged the isotopic ratios 

for primitive samples if n ≥ 2. If neither conditions were met for a rock suite, the primary melt 

composition was not calculated. Graphical and statistical results are provided in Table 3.4 and 

Figure B.4. 
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143Nd/144Nd)i and (87Sr/86Sr)i versus Mg# (assuming Fe3+/Fe2+ = 0.2) showing 

the regression lines of isotopic data from the late Cenozoic igneous suites in central and eastern 
Anatolia. Primary melt calculation were made at Mg # = 70 (see text above for explanation).



Appendix C

This section contains the analytical results obtained for the U-Pb (Table C.1) and 

40Ar/39Ar age determination (Table C.2) that are presented in Chapter 4.
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202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-15-18
FR_15_18_1b 1855 400 2317 197 730 124700 2561 381400 0.033200 0.002100 0.003050 0.000110 0.0832 0.0064 33.0 2.1 19.60 0.7
FR_15_18_2 1760 397 9470 464 2370 579000 11100 1700000 0.018500 0.001100 0.002758 0.000076 0.0479 0.0029 18.6 1.1 17.75 0.5
FR_15_18_3 1726 382 4060 205.7 1395 345800 4765 729000 0.018380 0.001000 0.002800 0.000075 0.0491 0.0027 18.5 1.0 18.02 0.5
FR_15_18_4 1745 363 4770 240 950 250800 5790 884000 0.018110 0.000970 0.002758 0.000078 0.0480 0.0029 18.2 1.0 17.76 0.5
FR_15_18_5 1980 378 6960 327 1460 379000 8120 1222000 0.018100 0.002300 0.002879 0.000100 0.0465 0.0062 18 2.3 18.5 1
FR_15_18_6 1750 383 4840 252 964 243000 5860 895000 0.019100 0.001900 0.002840 0.000130 0.0489 0.0057 19.2 1.9 18.31 0.9
FR_15_18_7 1748 344 8470 412 4680 1274000 10450 1576000 0.017920 0.000730 0.002734 0.000058 0.0474 0.0019 18.1 0.7 17.60 0.4
FR_15_18_8b 1639 401 5460 318 2071 540000 6250 960000 0.023100 0.001400 0.002990 0.000110 0.0578 0.0040 23.3 1.4 19.23 0.7
FR_15_18_9 1696 346 4080 215 1660 386000 4870 741000 0.019900 0.001900 0.002920 0.000120 0.0495 0.0046 20.0 1.9 18.78 0.8
FR_15_18_10 1660 340 6230 325 1510 423000 7660 1181000 0.018400 0.001500 0.002760 0.000110 0.0493 0.0043 18.8 1.5 17.75 0.7
FR_15_18_11 1430 325 10020 475 5400 1637000 12920 2002000 0.017760 0.000700 0.002730 0.000062 0.0482 0.0019 17.9 0.7 17.58 0.4
FR_15_18_12 1511 313 4130 213 804 224900 5270 814000 0.018000 0.001600 0.002700 0.000110 0.0491 0.0043 18.1 1.6 17.40 0.7
FR_15_18_13b 1445 303 6220 354 2220 606000 8100 1237000 0.020700 0.001700 0.002730 0.000110 0.0546 0.0050 20.8 1.7 17.60 0.7
FR_15_18_1a 530 103 1909 97.2 298 100200 2483 428900 0.018000 0.001600 0.002669 0.000120 0.0515 0.0043 18.1 1.5 17.18 0.8
FR_15_18_2a 571 99 2428 115.9 641 210600 3060 519600 0.018100 0.001400 0.002832 0.000120 0.0470 0.0033 18.2 1.4 18.23 0.8
FR_15_18_3ab 576 129 1995 108.1 483 158400 2558 426900 0.020900 0.001600 0.002798 0.000120 0.0553 0.0041 21.0 1.6 18.01 0.8
FR_15_18_4a 535 83 4500 219 1109 367500 5600 970000 0.018300 0.001500 0.002783 0.000120 0.0494 0.0039 18.4 1.5 17.92 0.8
FR_15_18_5a 560 101 2208 98.2 648 218300 2833 483800 0.017100 0.001400 0.002770 0.000120 0.0460 0.0035 17.1 1.4 17.86 0.8
FR_15_18_6a 486 104 1184 63.1 217 67200 1547 269100 0.018100 0.001900 0.002670 0.000140 0.0504 0.0053 18.1 1.9 17.20 0.89
FR_15_18_7a 555 104 2529 125.2 746 235800 3234 548500 0.018500 0.001300 0.002798 0.000120 0.0513 0.0035 18.5 1.3 18.01 0.76
FR_15_18_8a 528 104 2184 112 624 205100 2773 479700 0.019300 0.002100 0.002810 0.000150 0.0525 0.0056 19.4 2.1 18.09 0.95
FR_15_18_9a 547 130 2950 148 886 270400 3690 626000 0.019100 0.001800 0.002780 0.000150 0.0516 0.0047 19.2 1.8 17.91 0.97
FR_15_18_10a 519 109 2278 106.6 632 190500 2824 476400 0.018000 0.001400 0.002873 0.000120 0.0476 0.0036 18.1 1.4 18.49 0.8
FR_15_18_11a 565 106 1938 93.5 430 136500 2302 393400 0.019500 0.001700 0.002930 0.000140 0.0522 0.0045 19.7 1.6 18.86 0.89
FR_15_18_12a 565 110 2744 134.1 811 257500 3576 602000 0.018800 0.001500 0.002759 0.000130 0.0503 0.0038 19.2 1.5 17.76 0.83

Zircon grain 
analysis

Ion count rate (cps) Isotope ratios Calculated ages (Ma)

Table C.1 LA-ICP-MS U-Pb isotopic analyses.
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Table C.1 (Continued) LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-15-31

FR_15_31_1c 1566 306 2847 143.3 786 408800 6994 1095000 0.009170 0.000690 0.001423 0.000044 0.0488 0.0040 9.3 0.7 9.17 0.28
FR_15_31_2 1485 298 2096 111.2 626 324500 4874 755000 0.009900 0.000900 0.001498 0.000051 0.0482 0.0046 10.0 0.9 9.65 0.33
FR_15_31_3 1273 302 7720 402 3220 1702000 18020 2844000 0.010480 0.000670 0.001551 0.000053 0.0490 0.0035 10.6 0.7 9.99 0.34

FR_15_31_4c 1428 314 3520 163 1140 612000 8770 1376000 0.008810 0.000620 0.001446 0.000039 0.0443 0.0032 8.9 0.6 9.32 0.25
FR_15_31_5 1450 296 5040 245 1921 1102000 12120 1887000 0.009530 0.000520 0.001499 0.000037 0.0463 0.0026 9.7 0.5 9.66 0.24
FR_15_31_6 1388 266 5240 243 2040 1138000 12320 1930000 0.009170 0.000530 0.001507 0.000038 0.0447 0.0028 9.3 0.5 9.70 0.24
FR_15_31_7 1412 296 9070 438 3840 2098000 23000 3499000 0.009700 0.000410 0.001492 0.000032 0.0471 0.0022 9.9 0.4 9.61 0.21
FR_15_31_8 1356 284 7280 340 3710 2127000 17700 2791000 0.009620 0.000450 0.001510 0.000034 0.0460 0.0022 9.7 0.5 9.72 0.22
FR_15_31_9 1424 306 8710 412 2837 1588000 20750 3215000 0.009850 0.000360 0.001537 0.000034 0.0474 0.0018 10.0 0.4 9.90 0.22
FR_15_31_10 1397 320 11520 553 2771 1500000 28250 4421000 0.009880 0.000360 0.001496 0.000030 0.0478 0.0018 9.98 0.36 9.64 0.19
FR_15_31_11 1420 287 9000 419 4053 2298000 22200 3441000 0.009640 0.000380 0.001521 0.000031 0.0457 0.0018 9.74 0.38 9.79 0.2
FR_15_31_12 1399 298 7380 336 2670 1526000 17740 2789000 0.009700 0.000450 0.001510 0.000034 0.0452 0.0021 9.8 0.45 9.73 0.22
FR_15_31_13 1332 299 8690 413 3130 1767000 21030 3298000 0.009740 0.000450 0.001520 0.000036 0.0464 0.0022 9.84 0.45 9.79 0.23
FR_15_31_14 1359 300 9280 438 3410 1931000 22940 3565000 0.009620 0.000430 0.001536 0.000033 0.0460 0.0022 9.72 0.44 9.89 0.21
FR_15_31_15 1310 296 7100 324 3270 1874000 17370 2775000 0.009460 0.000570 0.001525 0.000042 0.0463 0.0029 9.55 0.57 9.82 0.27
FR_15_31_16 1219 245 10530 511 3430 2001000 26090 4164000 0.009770 0.000490 0.001501 0.000037 0.0483 0.0025 9.87 0.5 9.67 0.24
FR_15_31_17 1273 248 7390 356 3610 2143000 18050 2877000 0.009960 0.000580 0.001523 0.000048 0.0493 0.0031 10.06 0.58 9.81 0.31
FR_15_31_18 1291 281 8730 403 3190 1808000 21560 3408000 0.009600 0.000420 0.001535 0.000038 0.0460 0.0021 9.73 0.42 9.89 0.24
FR_15_31_19 1312 306 4490 222 1209 689000 11090 1739000 0.010090 0.000700 0.001542 0.000049 0.0482 0.0036 10.18 0.7 9.94 0.32
FR_15_31_20 1235 257 7680 357 3530 2083000 19060 3031000 0.009530 0.000500 0.001496 0.000037 0.0450 0.0025 9.63 0.51 9.64 0.24
FR_15_31_21 1273 311 6120 297 2950 1721000 15490 2435000 0.009810 0.000850 0.001508 0.000049 0.0482 0.0045 9.91 0.85 9.71 0.32

Zircon grain 
analysis

Ion count rate (cps) Isotope ratios Calculated ages (Ma)
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Table C.1 (Continued) LA-ICP-MS U-Pb isotopic analyses.

202Hg 204Pb 206Pb 207Pb 208Pb 232Th 235U 238U 207Pb/235U ± 2σa 206Pb/238U ± 2σa 207Pb/206Pb ± 2σa 207Pb/235U ± 2σa 206Pb/238U ± 2σa

FR-14-49
FR_14_49_1 582 115 4450 221 726 344000 8160 1475000 0.011750 0.002100 0.001766 0.000130 0.0492 0.0039 11.85 2.1 11.38 0.82
FR_14_49_2 575 111 2310 124 396 221000 4480 814000 0.011600 0.002600 0.001700 0.000150 0.0505 0.0073 11.7 2.6 10.93 0.98
FR_14_49_3 530 93 2700 130 725 370000 5070 954000 0.011400 0.002100 0.001733 0.000130 0.0477 0.0045 11.49 2.1 11.16 0.82
FR_14_49_4 558 101 2406 117 554 269200 4414 826000 0.011250 0.002000 0.001769 0.000120 0.0468 0.0032 11.33 2 11.39 0.78
FR_14_49_5 517 113 1375 71.4 183 83000 2538 471000 0.012200 0.002400 0.001781 0.000140 0.0512 0.0060 12.2 2.4 11.51 0.89
FR_14_49_6 562 107 2180 118 448 194000 4100 762000 0.012300 0.002600 0.001812 0.000150 0.0527 0.0076 12.4 2.6 11.67 0.97
FR_14_49_7b 620 164 4050 510 1330 386000 6830 1237000 0.036300 0.008600 0.002060 0.000170 0.1160 0.0180 36 8.4 13.26 1.1
FR_14_49_8 504 109 1800 98 424 167000 3280 616000 0.014000 0.002900 0.001859 0.000150 0.0527 0.0076 14 2.9 11.97 0.96
FR_14_49_9 527 100 2906 136.9 663 363000 5580 1030000 0.011980 0.002100 0.001788 0.000130 0.0478 0.0034 12.14 2.1 11.51 0.83
FR_14_49_10 554 125 2970 152 509 260000 5580 990000 0.013200 0.002600 0.001886 0.000160 0.0523 0.0064 13.3 2.6 12.15 1
FR_14_49_11b 512 112 2137 442 1206 173100 3078 575000 0.066100 0.012000 0.002292 0.000170 0.2090 0.0170 64.4 12 14.76 1.1
FR_14_49_12b 510 93 2580 152 133 69600 5360 964000 0.015200 0.003100 0.001720 0.000150 0.0564 0.0074 15.3 3.1 11.08 0.96
FR_14_49_13 548 134 4120 214 980 449000 8430 1460000 0.014600 0.003200 0.001848 0.000150 0.0495 0.0083 14.70 3.20 11.90 0.96
FR_14_49_14 590 123 4740 226 1091 533000 8860 1514000 0.014200 0.002600 0.002004 0.000140 0.0482 0.0040 14.30 2.60 12.91 0.93
FR_14_49_15 536 144 3010 146.7 541 285100 5470 976000 0.013390 0.002400 0.001879 0.000140 0.0497 0.0038 13.58 2.40 12.10 0.90
FR_14_49_16 548 115 2666 129.7 529 265700 4990 900000 0.012300 0.002200 0.001784 0.000130 0.0502 0.0036 12.45 2.20 11.51 0.80
FR_14_49_17b 576 190 4030 448 1580 476000 7060 1290000 0.033300 0.008900 0.001980 0.000230 0.1180 0.0240 33.10 8.70 12.70 1.50
FR_14_49_18 581 117 1560 89 468 180000 2930 535000 0.015000 0.003400 0.001780 0.000160 0.0590 0.0100 15.00 3.40 11.48 1.00
FR_14_49_19b 589 144 2170 445 1140 140000 3260 591000 0.073000 0.013000 0.002240 0.000190 0.2160 0.0210 71.20 13.00 14.44 1.20
FR_14_49_20b 586 154 5760 1220 3590 412000 8630 1494000 0.073700 0.015000 0.002390 0.000190 0.2040 0.0210 72.00 14.00 15.38 1.20
FR_14_49_21 589 108 2204 102.7 355 165400 4380 738000 0.012200 0.002300 0.001808 0.000130 0.0478 0.0044 12.30 2.30 11.64 0.86
FR_14_49_22 542 121 2180 124 450 218000 4280 738000 0.015800 0.003800 0.001880 0.000170 0.0544 0.0098 15.90 3.80 12.11 1.10
FR_14_49_23 599 118 4160 211 1000 500000 8080 1420000 0.013200 0.002400 0.001816 0.000130 0.0497 0.0041 13.20 2.40 11.70 0.86
FR_14_49_24b 613 150 4690 406 1380 488000 9080 1563000 0.021700 0.004000 0.001847 0.000140 0.0886 0.0071 21.80 4.00 11.90 0.92
FR_14_49_1a 1535 313 15330 690 591 215000 25500 4200000 0.011660 0.001000 0.001760 0.000095 0.0485 0.0036 11.77 1.00 11.34 0.61
aPropagated error; bDiscordant grain analysis; cOutlier analysis

Zircon grain 
analysis

Ion count rate (cps) Isotope ratios Calculated ages (Ma)
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Table C.2  40Ar/39Ar isotopic analyses.
Heating 
step

40Ar/39Ar ±1s 37Ar/39Ar ±1s 36Ar/39Ar ±1s 40Ar*/39Ark ±1s 40Ar(mol) 40Ar* (%) 39Ark (%) Age (Ma) ±2s K/Ca ±2s

FR-14-79 alunite, J=0.001089±0.0000017
1 23.30331 0.0628843 0.00103 0.00153 0.04256 0.00070 10.726053 0.205761 1.964E-15 46.03 12.03 20.95 0.80 416.151 1231.147
2 23.10693 0.0959638 0.00155 0.00252 0.03903 0.00097 11.573083 0.285861 1.215E-15 50.08 7.50 22.59 1.11 276.747 898.092
3 22.99850 0.1070048 0.00661 0.00490 0.04298 0.00112 10.296388 0.329409 9.117E-16 44.77 5.66 20.12 1.28 65.077 96.506
4 21.53154 0.0668264 0.01103 0.00246 0.04090 0.00093 9.445735 0.275207 1.196E-15 43.87 7.93 18.46 1.07 38.993 17.391
5 20.80288 0.0573125 0.00597 0.00268 0.03263 0.00105 11.160661 0.311622 1.127E-15 53.65 7.73 21.79 1.21 71.969 64.445
6 21.62870 0.0658781 0.01284 0.00320 0.03694 0.00097 10.712503 0.287091 1.316E-15 49.53 8.69 20.92 1.12 33.493 16.673
7 21.74622 0.0606709 0.01213 0.00231 0.03954 0.00113 10.062753 0.334087 1.221E-15 46.27 8.02 19.66 1.30 35.437 13.475
8 20.31160 0.0543333 0.00187 0.00299 0.03152 0.00078 10.996609 0.231362 1.447E-15 54.14 10.17 21.48 0.90 230.177 737.333
9 20.51342 0.0619721 0.00000 0.00288 0.03248 0.00056 10.915705 0.165229 1.346E-15 53.21 9.37 21.32 0.64 35.585 13.531
10 20.32507 0.0534001 0.00246 0.00205 0.03651 0.00101 9.534145 0.299057 1.320E-15 46.91 9.27 18.63 1.16 174.606 291.369
11 19.47189 0.0670342 0.00000 0.00222 0.03507 0.00093 9.107278 0.273640 1.002E-15 46.77 7.34 17.80 1.06 176.289 294.177
12 19.80956 0.0818825 0.00000 0.00425 0.03543 0.00117 9.337645 0.345677 8.735E-16 47.14 6.29 18.25 1.34 176.289 294.177
Plateau Age 20.44±0.86 Ma Inverse Isochron Age 14.86±5.39 MaTotal Fusion Age 20.26±0.31 Ma

FR14-68, alunite J=0.0033610±5.4E-6
1 3.59447 0.00736 0.01169 0.0003 0.00782 0.00014 1.284143 0.040332 1.41E-15 35.73 10.51 7.77 0.49 36.798 1.76
2 3.36298 0.00708 0.01218 0.0006 0.00676 0.00017 1.364503 0.051451 7.41E-16 40.57 5.9 8.25 0.62 35.308 3.175
3 3.04576 0.00637 0.01169 0.0005 0.00495 0.00024 1.584099 0.069987 6.49E-16 52.01 5.7 9.58 0.84 36.768 2.936
4 3.09484 0.00651 0.01148 0.0006 0.00503 0.00025 1.608541 0.073077 6.06E-16 51.97 5.24 9.73 0.88 37.444 4.047
5 2.89203 0.00587 0.01296 0.0004 0.00437 0.0001 1.599384 0.02969 1.09E-15 55.3 10.09 9.67 0.36 33.183 1.947
6 3.23082 0.00684 0.01459 0.001 0.00588 0.00026 1.492631 0.075971 6.20E-16 46.2 5.13 9.03 0.92 29.476 3.918
7 2.96317 0.00603 0.01238 0.0005 0.00434 0.00015 1.680848 0.045569 1.08E-15 56.72 9.75 10.16 0.55 34.719 2.728
8 3.08734 0.00637 0.01177 0.0005 0.00486 0.00012 1.65238 0.03591 1.17E-15 53.52 10.1 9.99 0.43 36.547 3.046
9 2.92491 0.00594 0.01292 0.0003 0.00429 0.00019 1.658053 0.055566 1.06E-15 56.69 9.67 10.03 0.67 33.274 1.646
10 3.38655 0.00693 0.01290 0.0004 0.00601 0.0002 1.611933 0.059834 1.11E-15 47.6 8.77 9.75 0.72 33.343 2.074
11 3.00061 0.00607 0.01341 0.0004 0.00484 0.00013 1.569165 0.039694 1.14E-15 52.29 10.19 9.49 0.48 32.057 1.848
12 3.14638 0.00637 0.01124 0.0005 0.00549 0.00014 1.524085 0.040437 1.05E-15 48.44 8.95 9.22 0.49 38.259 3.141
Weighted Mean Age 9.69±0.10 Ma Total Fusion Age 9.41±0.09 Ma Inverse Isochron Age 10.61±0.80 Ma

FR13-179, alunite J=0.003355±5.4E-6
1 4.55239 0.00932 0.01947 0.0004 0.0107 0.00018 1.392267 0.052804 1.43E-15 30.58 13.29 8.41 0.64 22.081 0.995
2 3.96232 0.00857 0.02016 0.0009 0.00854 0.00028 1.439834 0.083345 6.74E-16 36.34 7.21 8.69 1 21.325 1.788
3 3.9371 0.00919 0.02121 0.0015 0.009 0.00057 1.277883 0.168237 4.08E-16 32.46 4.39 7.72 2.03 20.274 2.816
4 3.58415 0.00828 0.02620 0.0014 0.00787 0.00054 1.258446 0.16064 3.57E-16 35.11 4.22 7.6 1.94 16.413 1.73
5 3.85122 0.00881 0.01930 0.0012 0.00888 0.00048 1.227426 0.140343 4.21E-16 31.87 4.64 7.41 1.69 22.28 2.651
6 4.53647 0.01289 0.02360 0.0011 0.01147 0.00046 1.147091 0.134767 4.74E-16 25.29 4.44 6.93 1.63 18.218 1.62
7 4.29066 0.01074 0.02022 0.0005 0.00955 0.00039 1.469276 0.11437 6.06E-16 34.24 5.99 8.87 1.38 21.264 1.03
8 5.14332 0.01087 0.02430 0.0005 0.01322 0.00023 1.236634 0.067806 1.45E-15 24.04 11.96 7.47 0.82 17.698 0.728
9 3.81835 0.00820 0.02662 0.0006 0.00875 0.00019 1.233422 0.057207 1.07E-15 32.3 11.93 7.45 0.69 16.154 0.68
10 2.86523 0.00620 0.02494 0.0003 0.00506 0.00007 1.370229 0.019909 2.16E-15 47.82 31.94 8.27 0.24 17.239 0.434
Plateau Age 8.16±0.25 Ma Total Fusion Age 8.01±0.26 Ma Inverse Isochron Age 8.55±0.64 Ma



Appendix D

The table D.1 below summarizes the lithological, textural and mineralogical features of 

the selected rock samples from western Anatolia presented in Chapter 5. Those samples were 

petrologically assessment before being submitted for geochemical analyses.

Quality control of lithogeochemical and radiogenic isotope data is described in the 

Appendix B.
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Sample District Igneous 
Complex Location Lat   

(°N) Long (°E) Lithology Texture Mineralogya Alteration

FR-13-114 Simav Simav 
intrusion

Eğrigöz 39.2654 28.9299 Granite allotriomorphic, perthite, 
poikilitic (ksp)

ksp, qz, pl, bt, feox

FR-15-18 Pınarbaşı 
stock

Pınarbaşı 39.0165 29.3229 Quartz monzonite hypidiomorphic, 
porphyric

ksp, qz, pl, bt, mt

FR-14-29 Simav Simav 
intrusion

Alaçam 39.4200 28.4881 Granodiorite hypidiomorphic, poikilitic, 
local myrmekite

qz, pl, ksp, bt, hb, 
opx, tour

FR-14-27a Simav Bigadic Red Rabbit 39.2893 28.3286 Trachydacite hypocrystalline, 
porphyritic, flety

pl, qz, ksp, bt, hb?, 
feox, mu

chl-ser (mod)

FR-13-68 Usak Uşak-Güre Kışladağ 38.4818 29.1491 Monzonite hypocrystalline, 
porphyric, poikilitic (pl)

pl, ksp, bt, feox, hb, 
qz, cpx

sil-chl-ser-clay 
(mod)

FR-14-47 Afyon Sandıklı 38.5010 30.3288 Quartz monzonite megacrystic, poikilitic, 
hypidiomorphic, perthite

ksp, pl, qz, opx, bt, 
hb, ru

FR-14-54 Afyon Sandıklı 38.5122 30.3490 Quartz monzonite hypidiomorphic, 
porphyritic

ksp, pl, cpx, bt, feox, 
qz

FR-15-32 Bodrum Bodrum Turgutreis 37.0368 27.2542 Monzonite hypidiomorphic, 
porphyritic

ksp, pl, hb, qz, feox, 
bt, tour

amineral order from the most to the least abundant

Abbreviations: bt = biotite; chl = chlorite; cpx = clinopyroxene; feox = Fe-oxide; hb = hornblende; ksp = alkali feldspar; mod = moderate; mt = magnetite; 
mu = muscovite; opx = orthopyroxene; qz = quartz; pl = plagioclase; ru = rutileser = sericite; sil = silica; ti = titanite; tour = tourmaline;

Western Anatolia

Table D.1 Descriptions of rock samples analyzed for major and trace element and/or Sr-Nd-Pb 
isotope geochemistry (western Anatolia - Chapter 5).



Appendix E

Some geochronological data were acquired from the Kışladağ porphyry gold mine in 

Turkey during this PhD research project. I was invited by Timothy Baker (Eldorado Gold) 

to publish those data and contribute to his paper “The Geology of the Kışladağ Porphyry 

Gold Deposit, Turkey” published in the Society of Economic Geologists, Special Publication 

16 (p. 57-83) in 2016. I was responsible to write two sections about geochronological data 

presentation and interpretation, and make a table and two figures. The geochronological data 

include CA-TIMS U-Pb, Re-Os and 40Ar/39Ar dates provided by Richard Friedman (PCIGR-

UBC), Robert A. Creaser (University of Alberta) and Richard Spikings (University of Geneva), 

respectively. Timothy Baker, Aleksandar Mišković, Richard Friedman, Robert Creaser and 

Richard Spikings edited my section in this manuscript.

E.1 Geochronology of the Kışladağ  porphyry gold deposit

High-precision U-Pb dating of chemically abraded magmatic zircons by the ID-

TIMS technique in Intrusions 2 and 3 was supplemented by 40Ar/39Ar geochronology of 

hydrothermal biotite and alunite, and Re-Os dating of molybdenite in order to constrain the 

age of mineralization and different hydrothermal events (Figures E.1 and E.2). The ages of 

the youngest primary zircons from Intrusions 2 and 3 are 14.76 ± 0.01 Ma (FR-13-66) and 

14.36 ± 0.02 Ma (FR-13-68), respectively (Tables E.1 and E.2). These ages are consistent with 

the crosscutting relationships observed in core and outcrop, where the gold mineralization-

hosting Intrusion 2 is cut by the poorly mineralized Intrusion 3. Intrusion 2 cuts the Beydağı 

volcanic package, thus placing a lower age limit on the local volcanism (> 14.76 ± 0.01 Ma). 

The youngest unaltered andesitic flows at the top of the Beydağı volcanic remnant stratigraphy 

were dated at 12.15 ± 0.15 Ma (40Ar/39Ar dating on igneous biotite; Karaoğlu et al., 2010). 

Gold mineralization is most strongly developed in Intrusions 1 and 2, whereas Intrusion 

3 contains sub-economic concentrations. Molybdenite from quartz-sulfide vein stockworks of 

potassic-altered Intrusion 1 (FR-14-169) yielded a Re-Os model age of 14.49 ± 0.06 Ma (Table 
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E.1). This is consistent with the geologic field relationships and geochronology of Intrusions 2 

and 3 that bracket the main stage of mineralization between 14.76 ± 0.01 and 14.36 ± 0.02 Ma. 

Secondary biotite from potassic alteration in Intrusions 1 (GC-115-465) and 2 (GC-52-216.4) 

yielded 40Ar/39Ar plateau ages of 14.44 ± 0.12 and 14.42 ± 0.12 Ma, respectively (Figure E.1; 

Tables E.1 and E.3). These 40Ar/39Ar data and Re-Os age highlight a close temporal relationship 

between sulfide mineralization and the main potassic alteration event, all occurring around 

14.5 Ma. Another aliquot of secondary biotite from Intrusion 1 (GC-40-415) was also dated by 

40Ar/39Ar technique at 14.15 ± 0.14 Ma. This age does not overlap with the age data obtained 

from the other hydrothermal biotite crystals collected from Intrusions 1 and 2 (14.44 ± 0.12 

and 14.42 ± 0.12 Ma), and postdates the poorly mineralized Intrusion 3. However, as described 

in the “Deposit Geology” section (in Baker et al.’s paper, 2016), Intrusion 3 locally contains a 

weak potassic alteration, suggesting there are localized high temperature hydrothermal events 

post main-stage potassic and mineralization events which this biotite age may reflect.

The age of alunite crystals from the advanced argillic alteration zone within the latitic 

Beydağı volcanic rocks has been determined at 13.84 ± 0.29 Ma by 40Ar/39Ar dating, consistent 

with field observations where it overprints the potassic alteration. Because the alunite plateau 

age suffers from some gas loss (disturbed plateau age), the timing of the late lower temperature 

hydrothermal event can only be constrained accurately by the Intrusion 3 (14.36 ± 0.02 Ma) 

and post-alteration Beydağı andesite (12.15 ± 0.15 Ma; Karaoğlu et al., 2010).

E.2 Age of the Kışladağ magmatic-hydrothermal system

The detailed geochronological results from the Kışladağ deposit constrain the timing 

and duration of the main gold mineralization stage to < 0.4 m.y (14.76 ± 0.02-14.36 ± 0.02 

Ma; Figure E.2) and evolving in the following sequence; (1) Intrusion 1 (> 14.76 ± 0.02 

Ma), (2) Intrusion 2 (14.76 ± 0.02 Ma), (3) potassic alteration (14.4 ± 0.1 Ma) coeval with 

mineralization (14.49 ± 0.06 Ma), (4) Intrusion 3 (14.36 ± 0.02 Ma), (5) post-Intrusion 3 

weak potassic alteration (14.15 ± 0.14 Ma), and (6) advanced argillic alteration (14.36 ± 0.02-

12.15 ± 0.15 Ma). The succession of magmatic and high- to low-temperature hydrothermal 
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events are interpreted to represent cooling of the Kışladağ magmatic system and the collapse 

of the hydrothermal column, whereby the lower temperature argillic and advanced argillic 

alteration overprints the high-temperature potassic assemblage. The deposition of gold can be 

constrained by the emplacement of the sulfide mineralization dated at 14.49 ± 0.06 Ma by Re-

Os on molybdenite.

Despite the difficulties in comparing the time scales of porphyry deposit formation, the 

life span of the Kışladağ main mineralization-stage hydrothermal system and gold deposition 

appear consistent with other worldwide multiphase porphyry deposits that range from < 0.1 

to > 4.0 m.y., and along the Western Tethyan Orogenic Belt, such as Medet, Bulgaria (1.4 

m.y.; Peytcheva et al., 2009), Miduk, Iran (1.7 m.y.; McInnes et al., 2005), and Reko Diq in 

Pakistan (1 m.y.; Razique et al., 2014). However, these life spans are orders of magnitude 

longer than the theoretically modeled times required for consolidation of individual porphyry 

intrusions (< 40 k.y.; Cathles et al., 1997), porphyry Cu ore formation (< 100 k.y.; McInnes et 

al., 2005), and major potassic alteration events (< 2,000 y.; Cathles and Shannon, 2007). Long-

lived porphyry systems are more prevalent and result from either the repetition of magmatic 

pulses, each incrementally adding metals to the total budget of the deposit (Sillitoe, 2010), 

or methodological problems such as the accuracy of the intercalibration among the U-Pb, 

40Ar/39Ar, and Re-Os dating methods, or the erroneous estimate of the emplacement age of the 

causative intrusion, as discussed by Sillitoe and Mortensen (2010) and Chiaradia et al. (2014). 

There is no apparent relationship between the size of porphyry deposits and the duration of the 

intrusive activity (Sillitoe, 2010). However, the duration of magmatic activity is considered to 

be the main parameter defining the total hydrothermal life spans of porphyry systems dictated 

by the total time elapsed between the emplacement of the first and last porphyry phases (Sillitoe 

and Mortensen, 2010). The bulk of gold mineralization may be introduced during an early and 

discrete stage of these life spans (Sillitoe and Mortensen, 2010): 14.49 ± 0.06 Ma in the case 

of Kışladağ. 

320



Table E.1 Summary of the new geochronological data obtained from the Kışladağ deposit.

Intrusive suite (Zircon, CA-ID-TIMS U-Pb)

Sample Lithology Type Drill Hole From (m) To (m)
Concordia 
age (Ma)

MSWD

FR-13-66 Intrusion 2 GC-361 804 805 14.76 ± 0.01 0.02
FR-13-68 Intrusion 3 GC-371 349 350 14.36 ± 0.02 0.78

Ore (Molybdenite, Re-Os)
Sample Lithology host Easting Northing Re ppm 187 Re ppm 187 Os ppb Model age (Ma)
FR-14-169 Intrusion 1 687500 4261780 5738 ± 15 3606 ± 9 870.4 ± 0.68 14.49 ± 0.06

Potassic alteration (Biotite, 40Ar/39Ar)

Sample Lithology host Drill Hole From (m) To (m)
Plateau age 
(Ma)

Total 
fusion age 
(Ma)

Inverse 
isochron (Ma)

39 Ar %

GC-40-415 Intrusion 1 GC-40 415 416 14.15 ± 0.14* - 14.12 ± 0.15 93.9
GC-52-216.4Intrusion 2 GC-52 216.4 217 14.42 ± 0.12* - 14.42 ± 0.13 99.9
GC-115-465Intrusion 1 GC-115 465 466 14.44 ± 0.12* - 14.41 ± 0.13 99.9

Advanced argillic alteration (Alunite, 40Ar/39Ar)

Sample Lithology host Drill Hole From (m) To (m)
Plateau age 
(Ma)

Total 
fusion age 
(Ma)

Inverse 
isochron (Ma)

39 Ar %

FR-13-65 Latite lava flow GC-367A 43.3 44 13.84 ± 0.29* 13.44 ± 0.22 15.22 ± 2.91 52.93
*Preferred age

District geochronology along the Uşak-Güre graben has highlighted the southwestward 

migration of the volcanism within the basin from 17.29 ± 0.13 to 12.15 ± 0.15 Ma (Karaoğlu 

et al., 2010). The northern Elmadağ volcano is the oldest (17.29 ± 0.13-16.28 ± 0.09 Ma), 

whereas the İtecektepe and Beydağı volcanic centers are younger (15.04 ± 0.10 and 12.15 ± 

0.15 Ma; Karaoğlu et al., 2010). The new radiometric results and field observations obtained 

from the Kışladağ deposit and the Beydağı volcanic center indicate that magmatism at the 

Beydağı volcanic center took place in three successive episodes; (1) pre-porphyry effusive 

latitic magmatism (> 14.760 ± 0.013 Ma), (2) Kışladağ monzonite porphyry intrusive stocks 

(> 14.76 ± 0.01-14.36 ± 0.02 Ma), and (3) post-alteration andesitic volcanism (12.15 ± 0.15 

Ma; Karaoğlu et al., 2010).
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Figure E.1 A. and B. U-Pb Concordia plots for FR-13-66 (Intrusion 2, n = 3) and FR-13-68 
(Intrusion 3, n = 2) also showing the two anticrystic grains analyzed. C. D. E. and F. 40Ar/39Ar 
plateau age diagrams for GC-115-465 (hydrothermal biotite, potassic alteration, Intrusion 1), 
GC-52-216.4 (hydrothermal biotite, potassic alteration, Intrusion 2), GC-40-415 (hydrothermal 
biotite, potassic alteration, Intrusion 1) and FR-13-65 (hypogene alunite, advanced argillic 
alteration, latite lava flows).
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Figure E.2 Timescale diagram illustrating the succession of the magmatic (M) and 
hydrothermal (H) events in the Uşak - Güre basin (left side) and at the Kışladağ deposit (right 
side). Magmatism in the Uşak - Güre basin took place in three distinct episodes: (M1) Elmadağ 
volcano (17.29 ± 0.13-16.28 ± 0.09 Ma); (M2) İtecektepe volcano (15.04 ± 0.10 Ma); and 
(M3) Beydağı volcano (~15-12.15 ± 0.15 Ma). The latter magmatic phase can be divided into 
three local magmatic episodes: (M3.1) preporphyry latitic lava flows (> 14.76 ± 0.01 Ma); 
(M3.2) porphyry intrusive phases including Intrusion 1 (> 14.76 ± 0.01 Ma; M3.2a), Intrusion 
2 (14.76 ± 0.01 Ma; M3.2b) and Intrusion 3 (14.36 ± 0.02 Ma; M3.2c). Hydrothermal events 
likely occurred in at least three distinct pulses at Kışladağ including: (H1) potassic alteration, 
sulfide precipitation, and gold deposition (14.49 ± 0.06-14.42 ± 0.12 Ma); (H2) weak potassic 
alteration post-Intrusion 3 (< 14.36 ± 0.02-14.15 ± 0.15 Ma); and (H3) late advanced argillic 
alteration (< 14.36 ± 0.02-12.15 ± 0.15 Ma).
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E.3 CA-ID-TIMS U-Pb dating analytical procedure

U-Pb dating by Chemical Abrasion-Isotope Dilution-Thermal Ionization Mass 

Spectrometry (CA-ID-TIMS) on magmatic zircon was conducted on the Intrusions 2 (FR-

13-66) and 3 (FR-13-68) at the Pacific Center for Isotope Geochemistry Research (PCIGR) 

(Table E2). CA-ID-TIMS procedures described here are modified from Mundil et al. (2004), 

Mattinson (2005) and Scoates and Friedman (2008). After rock samples underwent standard 

mineral separation procedures, zircons were handpicked in alcohol. The clearest, crack- and 

inclusion-free grains were selected, photographed and then annealed in quartz glass crucibles 

at 900˚C for 60 hours. Annealed grains were transferred into 3.5 mL PFA screwtop beakers, 

ultrapure HF (up to 50% strength, 500 mL) and HNO3 (up to 14 N, 50 mL) were added and 

caps were closed finger tight. The beakers were placed in 125 mL PTFE liners (up to four 

per liner) and about 2 mL HF and 0.2 mL HNO3 of the same strength as acid within beakers 

containing samples were added to the liners. The liners were then slid into stainless steel Parr™ 

high pressure dissolution devices, which were sealed and brought up to a maximum of 200˚C 

for 8-16 hours (typically 175˚C for 12 hours). Beakers were removed from liners and zircon 

was separated from leachate. Zircons were rinsed with >18 MΩ.cm water and sub-boiled 

acetone. Then 2 mL of sub-boiled 6N HCl was added and beakers were set on a hotplate at 80˚-

130˚C for 30 minutes and again rinsed with water and acetone. Masses were estimated from 

the dimensions (volumes) of grains. Single grains were transferred into clean 300 mL PFA 

microcapsules (crucibles), and 50 mL 50% HF and 5 mL 14 N HNO3 were added. Each was 

spiked with a 233-235U-205Pb tracer solution (EARTHTIME ET535), capped and again placed 

in a Parr liner (8-15 microcapsules per liner). HF and nitric acids in a 10:1 ratio, respectively, 

were added to the liner, which was then placed in Parr high pressure device and dissolution 

was achieved at 240˚C for 40 hours. The resulting solutions were dried on a hotplate at 130˚C, 

50 mL 6N HCl was added to microcapsules and fluorides were dissolved in high pressure Parr 

devices for 12 hours at 210˚C. HCl solutions were transferred into clean 7 mL PFA beakers 

and dried with 2 mL of 0.5 N H3PO4. Samples were loaded onto degassed, zone-refined Re 
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filaments in 2 mL of silicic acid emitter (Gerstenberger and Haase, 1997).

Isotopic ratios were measured a modified single collector VG-54R or 354S (with 

Sector 54 electronics) thermal ionization mass spectrometer equipped with analogue Daly 

photomultipliers. Analytical blanks were 0.2 pg for U and up to 1 pg for Pb. U fractionation 

was determined directly on individual runs using the EARTHTIME ET535 mixed 233-235U-205Pb 

isotopic tracer and Pb isotopic ratios were corrected for fractionation of 0.25 %/amu, based on 

replicate analyses of NBS-982 reference material and the values recommended by Thirlwall 

(2000). Data reduction employed the Excel-based program of Schmitz and Schoene (2007). 

Standard Concordia diagrams were constructed and regression intercepts, weighted averages 

calculated with Isoplot (Ludwig, 2003). Unless otherwise noted all errors were quoted at the 2 

sigma or 95% level of confidence. Isotopic dates were calculated with the decay constants λ238 

= 1.55125-10 and λ235 = 9.8485-10 (Jaffey et al., 1971). EARTHTIME U-Pb synthetic solutions 

were analysed on an on-going basis to monitor the accuracy of results.

E.4  40Ar/39Ar dating analytical procedure

Hand-picked, unoxidized, hypogene, hydrothermal alunite and biotite separates from 

the advanced argillic and potassic alteration zones respectively, were rinsed in de-ionized water 

and 5% HNO3 in an ultrasonic bath, packed in copper foil and irradiated in the CLICIT facility 

of the TRIGA reactor at Oregon State University for 12 hours. Samples were degassed by step-

heating with a 55W CO2-IR laser (Photon Machines Inc.) that was rastered over the samples to 

provide even-heating of the grains, and the extracted gas was gettered (SAES GP50 ST101 and 

AP10) in a stainless steel UHV line, after passing through a cold trap chilled to ~150 Kelvin. 

Fish Canyon Tuff sanidine was used as a fluence monitor, with an age of 28.02 ± 0.16 Ma (1σ 

internal uncertainty; Renne et al., 1998). Argon isotopes were analyzed at the University of 

Geneva using a multi-collector GV Instruments Argus mass spectrometer equipped with four 

high-gain (1012 Ω) Faraday detectors, and a single 1011 Ω Faraday detector (40Ar). Time-zero 

regressions were fitted to data collected from twelve cycles and ages were calculated using 

the 40K decay constant of Steiger and Jaeger (1977). Age plateaus were determined using the 
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criteria of Dalrymple and Lanphere (1974), and data reduction utilized ArArCalc (Koppers, 

2002). The complete data set, along with additional analytical information is presented in Table 

E.3.

E.5 Re-Os dating analytical procedure

Re-Os dating on molybdenite (FR-14-169) was performed at the University of 

Alberta in Edmonton (AB, Canada). A molybdenite mineral separate was produced by metal-

free crushing followed by gravity and magnetic concentration methods. Methods used for 

molybdenite analysis are described in detail by Selby and Creaser (2004) and Markey et al. 

(2007). The 187Re and 187Os concentrations in molybdenite were determined by isotope dilution 

mass spectrometry using Carius-tube, solvent extraction, anion chromatography and negative 

thermal ionization mass spectrometry techniques. A mixed double spike containing known 

amounts of isotopically enriched 185Re, 190Os, and 188Os analysis was used. Isotopic analysis 

was made using a ThermoScientific Triton mass spectrometer by Faraday collector. Total 

procedural blanks for Re and Os were less than < 3 picograms and 2 picograms, respectively, 

which were insignificant for the Re and Os concentrations in molybdenite. The Chinese 

molybdenite powder HLP-5 (Markey et al., 1998), was analyzed as a standard. For this control 

sample over a period of two years (2013-2015), an average Re-Os date of 221.56 ± 0.40 Ma 

(1SD uncertainty, n=10) was obtained. This Re-Os age date was within uncertainty to that 

reported by Markey et al. (1998) of 221.0 ± 1.0 Ma.
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Table E.2 U-Th-Pb isotopic data - CA-ID-TIMS

Wt. U Pb Th 206Pb* mol % Pb* Pbc
206Pb 208Pb 207Pb 207Pb 206Pb corr. 207Pb 207Pb 206Pb Comments

Sample mg ppm ppm U x10-13 mol 206Pb* Pbc
(pg) 204Pb 206Pb 206Pb % err 235U % err 238U % err coef. 206Pb ± 235U ± 238U ± 

(a) (h) (i) (i) (b) (c) (c) (c) (c) (d) (e) (e) (f) (e) (f) (e) (f) (g) (f) (g) (f) (g) (f)

FR-13-66
A 0.0036 666 1.7 0.182 0.2325 96.78% 8 0.64 574 0.061 0.047822 1.316 0.015442 1.409 0.002342 0.151 0.648 90.46 31.10 15.56 0.22 15.08 0.02 xenocryst j

B 0.0027 919 2.3 0.368 0.2356 97.08% 10 0.58 635 0.119 0.046346 1.354 0.014649 1.447 0.002292 0.164 0.607 15.68 32.45 14.77 0.21 14.76 0.02
C 0.0027 1016 2.6 0.230 0.2764 97.68% 12 0.54 797 0.080 0.049810 1.111 0.016703 1.196 0.002432 0.160 0.583 186.12 25.79 16.82 0.20 15.66 0.02 xenocryst j

D 0.0043 1080 2.6 0.318 0.4409 98.55% 20 0.53 1279 0.103 0.046226 0.602 0.014608 0.664 0.002292 0.151 0.501 9.43 14.45 14.73 0.10 14.76 0.02
E 0.0040 846 2.1 0.370 0.3214 97.84% 13 0.58 855 0.120 0.046512 0.836 0.014701 0.905 0.002292 0.150 0.526 24.25 20.01 14.82 0.13 14.76 0.02

FR-13-68
A 0.0030 768 2.1 0.561 0.2160 96.23% 8 0.69 491 0.180 0.046118 2.075 0.014389 2.206 0.002263 0.188 0.721 3.78 49.85 14.51 0.32 14.57 0.03 anticryst
B 0.0027 431 1.2 0.601 0.1076 94.75% 6 0.49 353 0.196 0.046765 2.331 0.014372 2.478 0.002229 0.190 0.788 37.26 55.64 14.49 0.36 14.35 0.03
C 0.0040 377 1.2 0.487 0.1746 96.91% 10 0.46 599 0.184 0.054545 1.076 0.020994 1.165 0.002792 0.142 0.661 393.61 24.09 21.10 0.24 17.97 0.03 xenocryst j

D 0.0019 668 1.8 0.641 0.1175 95.32% 6 0.47 395 0.206 0.046138 2.292 0.014196 2.435 0.002232 0.198 0.744 4.81 55.03 14.31 0.35 14.37 0.03
E 0.0026 527 1.3 0.456 0.1284 96.87% 9 0.34 591 0.148 0.046741 1.510 0.014561 1.614 0.002259 0.190 0.590 36.00 36.05 14.68 0.24 14.55 0.03 anticryst

(a) A, B etc. are labels for fractions composed of single zircon grains or fragments; all fractions annealed and chemically abraded after Mattinson (2005) and Scoates and Friedman (2008).
(b) Model Th/U ratio calculated from radiogenic 208Pb/206Pb ratio and 207Pb/235U age.
(c) Pb* and Pbc represent radiogenic and common Pb, respectively; mol % 206Pb* with respect to radiogenic, blank and initial common Pb.
(d) Measured ratio corrected for spike and fractionation only. Mass discrimination of 0.25%/amu based on analysis of NBS-982; all Daly analyses.
(e) Corrected for fractionation, spike, and common Pb; all common Pb was assumed to be procedural blank: 206Pb/204Pb = 18.50 ± 1.0%; 207Pb/204Pb = 15.50 ± 1.0%;
     208Pb/204Pb = 38.40 ± 1.0% (all uncertainties 1-sigma). 
(f) Errors are 2-sigma, propagated using the algorithms of Schmitz and Schoene (2007) and Crowley et al. (2007).
(g) Calculations are based on the decay constants of Jaffey et al. (1971). 206Pb/238U and 207Pb/206Pb ages corrected for initial disequilibrium in 230Th/238U using Th/U [magma] = 3.
(h) Nominal fraction weights estimated from photomicrographic grain dimensions, adjusted for partial dissolution during chemical abrasion.
(i) Nominal U and total Pb concentrations subject to uncertainty in photomicrographic estimation of weight and partial dissolution during chemical abrasion.
(j) Xenocryst or grain with inherited core.

Radiogenic Isotope Ratios Isotopic AgesCompositional Parameters
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Table E.3  40Ar/39Ar dating data – Hypogene alunite (FR-13-65) from the Kışladağ gold mine.

Step- 40Ar/39Ar ±1σ 37Ar/39Ar ±1σ 36Ar/39Ar ±1σ 40Ar*/39Ark ±1σ 40Ar(mol) 40Ar* (% ) 39Ark (% ) Age ±2σ K/Ca ±2σ
Heating (Ma) (Ma)
FR13-65 alunite, J=0.0033544±5.4E-6

1 5.18307 0.01042 0.03669 0.00041 0.01047 0.00012 2.090995 0.033718 2.968E-15 40.34 19.43 12.61 0.41 11.720 0.264
2 4.68820 0.00950 0.03814 0.00046 0.00856 0.00013 2.162194 0.038963 2.136E-15 46.12 15.46 13.04 0.47 11.273 0.270
3 4.44169 0.00913 0.03947 0.00047 0.00763 0.00017 2.190227 0.049380 1.595E-15 49.31 12.18 13.21 0.59 10.893 0.260
4 4.12619 0.00838 0.03815 0.00048 0.00642 0.00016 2.231022 0.047562 1.437E-15 54.07 11.82 13.45 0.57 11.272 0.284
5 4.35781 0.00903 0.04058 0.00066 0.00703 0.00022 2.283634 0.064084 1.004E-15 52.40 7.82 13.77 0.77 10.597 0.343
6 3.99418 0.00810 0.04004 0.00053 0.00566 0.00015 2.324670 0.042998 1.370E-15 58.20 11.64 14.01 0.52 10.740 0.286
7 4.04053 0.00847 0.03747 0.00068 0.00595 0.00022 2.283730 0.063936 8.785E-16 56.52 7.38 13.77 0.77 11.474 0.417
8 4.13907 0.00912 0.04262 0.00091 0.00581 0.00043 2.426074 0.125905 4.999E-16 58.61 4.10 14.62 1.51 10.090 0.431
9 4.12256 0.00875 0.03864 0.00067 0.00602 0.00041 2.345457 0.121592 6.450E-16 56.89 5.31 14.14 1.46 11.128 0.386
10 3.98714 0.00878 0.04197 0.00111 0.00543 0.00035 2.385513 0.102719 5.729E-16 59.83 4.87 14.38 1.23 10.246 0.541

Plateau Age 13.84±0.29 Ma (7 steps, 52.93%  39Ar)
Total Fusion Age 13.44±0.22 Ma
Inverse Isochron Age 15.22±2.91 Ma
Mass discrimination 0.9794±0.051.
Data are corrected for blanks, interfering nucleogenic reactions and decay of 37Ar and 39Ar.
Irradiated for 12 hours at Oregon State University, TRIGA, CLICIT, 39Ar/37Ar 6.73E-4, 36Ar/37Ar 2.64E-4, 40Ar/39Ar 1.01E-3, 38Ar/39Ar 1.138E-2.
Steps highlighted with bold text are included in the calculation of the weighted mean age and the plateau age.
Samples heated with a IR-CO2 laset for 30 seconds, with 5 minutes cleaning with a ST101 and AP10 getter in a stainless teel extraction line.
Data collected with an Argus mass spectrometer. Multi collection with 1E11Ω Faraday (40Ar) and 1E12Ω Faradays (39Ar. 38Ar. 37Ar. 36Ar).


