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INTRODUCTION
Volcanogenic massive sulphide (VMS) deposits 

constitute one of the most enduring and economically 

significant ore systems on Earth, forming from the Archean 
to the present day and supplying major proportions of 
base metals (Cu, Pb, Zn) and precious metals (Ag, Au), 
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The Jurassic Karaburun deposit of the Central Pontides represents one of the largest known 
volcanogenic massive sulphide (VMS) systems in Türkiye, comprising ~125 Mt of ore 
with average grade 1.16 wt% Cu, 0.25 wt% Zn, and 0.05 wt% Co. Mineralization is hosted 
by low-grade greenschist-facies rocks of the Çangaldağ Metamorphic Complex (CMC), 
where volcaniclastic and detrital successions interlayered with deep-marine sediments are 
intruded by mafic dikes and sills. Ore occurs mainly as stratiform, sheet-like to tabular 
bodies, expressed by disseminated, banded, pyritic clastic, semi-massive, and massive 
sulphide textures. To constrain ore-fluid evolution and metal provenance, we investigate 
primary fluid inclusions in ore-stage quartz and combined microthermometry with quartz 
δ18O and massive-sulphide Pb isotopes. Two-phase inclusions yield eutectic temperatures 
of −26 to −11 °C and lack clathrate formation, indicating a dominant H2O-NaCl system. 
Homogenization temperatures of 178-301 °C, corrected for ~160 bar hydrostatic pressure, 
imply trapping at 223±25 °C; ice-melting temperatures correspond to 1.4-11.1 wt% 
NaCl equiv. (mean 6.5 wt%). Moderately elevated salinity and the absence of boiling 
features support seawater-derived fluids modified by subseafloor circulation, with limited 
magmatic input. Quartz δ18O values (11.79 ‰ to 14.40 ‰ VSMOW) require isotopically 
evolved fluids, giving δ18O(fluid) of ~3-6‰ at FI-constrained temperatures. Pb isotope ratios 
(208Pb/204Pb=37.463-37.751; 207Pb/204Pb=15.424-15.503; 206Pb/204Pb=18.079-18.431) are 
weakly radiogenic and narrowly variable, consistent with a predominately mantle-derived 
Pb source. Collectively, these constraints indicate formation in a Jurassic ensimatic arc-
back-arc basin undergoing rifting, with chiefly seawater hydrothermal fluids modestly 
overprinted by magmatic volatiles. 
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in addition to a suite of critical by-products including Co, 
Sn, In, Cd, Tl, Ga, Se, Ge, Sb and Bi (Franklin et al., 1981; 
Lydon, 1988). These deposits originate in submarine 
hydrothermal systems where heated, metal-bearing fluids 
circulate convectively through permeable volcanic and 
sedimentary successions beneath seafloor. Ore is typically 
deposited at, or immediately below, the sediment-water 
interface, generating lensoid to stratabound/stratiform 
sulphide accumulations with sharp contacts against their 
host rocks (Franklin et al., 1981; Eldridge et al., 1983; 
Herzig and Hannington, 1995; Piercey, 2011; Tornos et 
al., 2015).

Globally, thousands of VMS deposits have been 
recognized in tectonic environments characterized by 
extension and high heat flaw, including mid-ocean 
ridges, back-arc basins, oceanic arcs, and continental 
rifts (Cathles, 1983; Lentz, 1998; Barrie and Hannington, 
1999; Franklin et al., 2005; Galley et al., 2007; Piercey, 
2011). In these settings, volcanism and/or subvolcanic 
intrusive complexes provide the thermal engine required 
to sustain high-temperature hydrothermal circulation 
and extensive subseafloor alteration (Franklin et al., 
1981; Cathles, 1983; Galley, 1993, 2003; Piercey et al., 
2003). Whether such systems ultimately generate-and 
preserve-economic sulphide bodies are controlled by the 
interplay among magmatic heat availability, permeability, 
longevity of convective circulation, fluid composition, 
seawater physicochemical conditions, water depth, and 
depositional environment (Barrie et al., 1997; Doyle and 
Allen, 2003; Franklin et al., 2005; Monecke et al., 2014; 
Tornos et al., 2015). Because of their favourable mining 
characteristics, high grades, polymetallic nature, and well-
defined margins, they were among the earliest metallic 
ore deposits identified and remain exceptionally attractive 
target for mineral exploration (Franklin et al., 1981, 2005; 
Slack, 1993; Barrie and Hannington, 1999; Mosier et 
al., 2009). Major districts and resources are documented 
across United States of America, Spain, Finland, Norway, 
Türkiye, the Arabian Peninsula, Russia, Australia, and 
Japan (Galley et al., 2007; Mosier et al., 2009). 

Within the global framework, Anatolia (Asia Minor, 
Türkiye) is strategically positioned in the central sector of 
the Tethyan metallogenic belt, an extensive ore-forming 
domain extending from China to Italy (e.g., Yiğit, 2009; 
Richards, 2015; Kuşcu et al., 2019). Previous studies 
have emphasized two principal VMS styles in Türkiye: 
mafic-type deposits linked to the Southeastern Anatolian 
Orogenic Belt or Bitlis Zagros Suture Zone (BZSZ), and 
bimodal felsic-type deposits associated with the Early 
Campanian-Maastrichtian magmatic arc of the Eastern 
Pontides (e.g., Çiftçi and Hagni, 2005; Yiğit, 2009; Revan 
et al., 2013, 2017; Eyüboğlu et al., 2014; Köprübaşı et al., 
2014; Yıldırım et al., 2016; Rabayrol et al., 2023; Sönmez 

et al., 2025). More recent work, supported by intensive 
exploration and new discoveries in the BZSZ and the 
Central Pontides, has expanded this classification to 
include bimodal-mafic (Günay, 2021, 2023; Günay et al., 
2022; Özkan et al., 2025) and pelitic-mafic types (Günay 
et al., 2018, 2019; Yıldırım et al., 2019; Baran et al., 2021; 
Çavdar and Günay, 2023; Çavdar et al., 2025b). In parallel, 
the Central Pontides have gained increasing prominence 
in economic geology following the recognition of multiple 
VMS occurrences; integrated geological, petrographic, 
geochemical and geochronological studies collectively 
indicate that this region represents a distinct metallogenic 
province (Çakır, 1995; Okay et al., 2006, 2013; Dönmez 
et al., 2014; Altun et al., 2015; Akbulut et al., 2016; Çelik 
et al., 2016; Çimen et al., 2016, 2017, 2018; Günay et al., 
2016, 2018, 2019, 2022; Frassi et al., 2017; Çiftçi, 2019; 
Çimen, 2020a, b; Günay, 2021; Baran et al., 2021; Yalçın 
et al., 2023; Çavdar and Günay, 2023, 2025; Günay, 2023; 
Günay and Çavdar, 2024; Çavdar et al., 2024, 2025a, b). 

The Jurassic Karaburun VMS deposit-among the most 
recent discoveries in the Central Pontides-forms the focal 
point of this contribution. During early-stage exploration, 
stream and soil geochemical datasets provided a decisive 
vector toward mineralization (Çavdar et al., 2025a). 
Subsequent detailed investigations established a robust 
geological and genetic framework, including deposit-scale 
geology, ore textures, basalt and sulphide geochemistry, 
geochronological constraints, and ore-forming processes 
(Çavdar et al., 2025b). On the basis of these datasets and 
resource estimation, Karaburun has been characterized as 
a giant pelitic-mafic VMS system containing an inferred 
resource of 125 Mt @ 1.16 wt% Cu, 0.25 wt% Zn, and 
0.05 wt% Co (Günay et al., 2024; Çavdar et al., 2025b). 
Given its scale and metal endowment, the deposit is of 
considerable economic value, and mining and operational 
activities are currently underway. 

Despite these advances, key constraints on fluid 
evolution and metal sourcing remain insufficiently 
resolved. In particular, systematic fluid inclusion 
investigations and Pb-O isotope geochemistry have not 
yet been reported for the Karaburun deposit. Furthermore, 
other VMS deposits hosted by the Çangaldağ Metamorphic 
Complex (CMC) have not been assessed through fluid 
inclusion microthermometry, underscoring the need for 
regionally consistent datasets. Comparable gaps also 
exist for Pb-O isotopic characterization of other pelitic-
mafic type VMS deposits that share important geological 
and metallogenic similarities with the Karaburun deposit 
(i.e., Günay et al., 2018, 2019; Baran et al., 2021). 
Addressing these limitations, the present study provides 
the first fluid inclusion and stable isotope constraints 
on the physicochemical properties of the hydrothermal 
fluids and the conditions prevailing during sulphide 
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deposition. The resulting interpretations not only refine 
genetic understanding of the Karaburun system but also 
offer broader implications for CMC-hosted deposits in 
the Central Pontides and for analogous VMS systems 
worldwide.

GEOLOGICAL BACKGROUND
Regional geological setting

Anatolia, a major segment of the Alpine orogeny, 
was shaped at the end of the Mesozoic through the 
amalgamation of various microplates and continental 
fragments that rifted from Laurasia to the south and 
Gondwana to the north, following the closure of the 
Neotethys, Paleotethys, or the Intra Pontide oceans 
(Şengör and Yılmaz, 1981; Ustaömer and Robertson, 
1993, 1994, 1999; Okay and Tüysüz, 1999; Okay et al., 
2006, 2013, 2014; Göncüoğlu et al., 2014; Marroni et al., 
2014, 2020). Three principal tectonic units that constitute 
this geography are named as the Pontides in the north, 
the Arabian Platform in the southeast, and the Anatolide-
Tauride Block situated between these blocks (Şengör and 
Yılmaz, 1981; Okay and Tüysüz, 1999; Figure 1a). The 
Pontides, also including the study area, extend across the 
region between the İzmir-Ankara-Erzincan suture zone 
(IAESZ) and the Black Sea. They have been subdivided 
into three regions-Western, Central, and Eastern-based 
on their geological, geochemical, geochronological, 
paleontological, and distinct tectonomagmatic evolutions 
(Şengör and Yılmaz, 1981; Tüysüz, 1999). The Central 
Pontides, separated by the Intra-Pontide Suture Zone and 
composed of Sakarya Zone and the İstanbul-Zonguldak 
Zone fragments, represents the central northern part 
of the Pontides (Figure 1a; Okay and Nikishin, 2015; 
Çimen et al., 2017). Within this framework, the Central 
Pontides correspond to a geographic designation that 
comprises units and complexes of diverse origins, either 
regional, geographic, fundamental or tectonic in nature 
(Ustaömer and Robertson, 1999; Kozur et al., 2000; Okay 
et al., 2006, 2013, 2014, 2018; Göncüoğlu et al., 2014; 
Okay and Nikishin, 2015; Aygül et al., 2016; Sayıt et al., 
2016; Çimen et al., 2016, 2017, 2018, 2024; Gücer et 
al., 2016, 2019; Çimen, 2020a, b; Marroni et al., 2020). 
The complex forming the southern and central part of 
the Central Pontides, extending approximately 50 km 
in length and 40 km in width (Çimen et al., 2016), has 
been named as the Central Pontides Supercomplex (CPS: 
Okay et al., 2013) or the Central Pontides Structural 
Complex (Figure 1a; CPSC: Tekin et al., 2012) The 
CMC constitutes one of the principal tectonic units of 
the CPSC, representing the remnants of the Intra Pontide 
branch of the Neotethys (Figure 1b; Çimen et al., 2016, 
2017). The complex comprises a wide range of low-
grade metamorphic rocks, including intrusive, extrusive 

rocks spanning compositions from felsic to mafic, and 
volcaniclastic rocks, as well as deep-marine sediments 
(Okay et al., 2013, 2018; Çimen et al., 2016; Günay et 
al., 2018, 2019, 2022). Radiometric ages, along with 
the geological, geochemical features and associated 
tectonomagmatic evolution of the region, indicate that 
an active intra-oceanic arc system-comprising fore-arc, 
ensimatic island-arc, and back-arc components-existed at 
least during the Jurassic (Okay et al., 2013, 2018; Çimen 
et al., 2016, 2017; Alparslan and Dilek, 2018; Marroni et 
al., 2020). The geodynamic processes, volcanic activity, 
and associated hydrothermal circulation within this 
system were sufficiently favourable to generate various 
types of VMS deposits during that time.

The CMC consists of two crustal-scale tectonic slices 
located to the north and south of the Gökırmak fold-and-
thrust belt (Figure 1b). Both tectonic slices host several 
exploited as well as newly discovered VMS deposits. 
The presence of both bimodal-mafic and pelitic-mafic 
VMS deposits in the northern and southern parts of the 
CMC highlights the complex as a significant metallogenic 
provenance (Figure 1b). The northern section hosts 
both types of deposits (e.g., Zeybek, Cünür, Say Yayla, 
Sarıseki, Büyük Hill, Örhen, Cozoğlu; Günay et al., 2019, 
2022; Çiftçi, 2019; Baran et al., 2021; Günay, 2021, 2023; 
Çavdar and Günay, 2025; Özkan et al., 2025). In the 
southern section, the pelitic-mafic Hanönü VMS deposit 
(currently being exploited; 24.45 Mt @ 1.64% Cu; Günay 
et al., 2018), and the giant Karaburun VMS deposit 
emphasizes the economic significance and potential of 
the area (Çavdar et al., 2025 a,b). Zircon U-Pb ages from 
volcanic rocks hosting mineralization, along with Re-Os 
geochronological data from various deposits in the region, 
consistently indicate a Middle-Late Jurassic age (Akbulut 
et al., 2016; Çimen et al., 2018; Günay et al., 2019, 
2022; Günay, 2023; Çavdar et al., 2025b). Following 
their formation, these deposits underwent multiphase 
deformation and metamorphism at various stages between 
the Late Cretaceous and Neogene (e.g., Günay et al., 
2018, 2019, 2022; Çavdar et al., 2025b). In addition to 
these, the mafic-type Küre deposits in the region (Çağatay 
et al., 1980; Güner, 1980; Çağatay, 1993; Koç et al., 
1995; Çakır, 1995; Kuşcu and Erler, 2002; Altun et al., 
2015; Akbulut et al., 2016), as well as the subeconomic 
pelitic-mafic VMS deposits such as Gökçedoğan (Yalçın 
et al., 2022) and Kömürlükdere-Göçükdibi (Yalçın et 
al., 2023) contribute to the understanding of the regional 
metallogenic framework.

Deposit geology
The Karaburun VMS deposit (41°53’N, 34°59’E; 

Sinop Province, Türkiye) occurs within the low-grade 
greenschist-facies metamorphic rocks of the CMC. 
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Figure 1. a) The tectonic map showing the major blocks in the central-northern part of Türkiye and the major VMS deposits in the 
region (Okay and Tüysüz, 1999; Yiğit, 2009; Günay et al., 2018; Kuşcu et al., 2019; Çiftçi, 2019; Marroni et al., 2020); b) simplified 
geological map of the Central Pontides, showing the VMS deposits in the region (modified after Çimen et al., 2016; Günay et al., 2018, 
2019, 2022; Baran et al., 2021; Çavdar et al., 2025b). Abbreviation: CPSC=Central Pontides Structural Complex.


