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Abstract

This study explores the magmatic and hydrothermal evolution of porphyry-skarn—
transitional Cu-Mo-W-Au systems within the Niliifer Mineralization Complex (NMC),
located in the westernmost segment of the Eocene Tavsanh Metallogenic Belt, NW Tiirkiye.
Through integration of field data, whole-rock geochemistry, Re-Os molybdenite dating, and
amphibole-biotite mineral chemistry, the petrogenetic controls on mineralization across
four spatially associated mineralized regions (Kirazgedik, Glineybudaklar, Kozbudaklar,
and Delice) were examined. The earliest and thermally most distinct phase is represented
by the Kirazgedik porphyry system, characterized by high temperature (~930 °C), ox-
idized quartz monzodioritic intrusions emplaced at ~2.7 kbar. Rising fO, and volatile
enrichment during magma ascent facilitated structurally focused Cu-Mo mineralization.
At Gilineybudaklar, Re-Os geochronology yields an age of ~49.9 Ma, linking Mo- and
W-rich mineralization to a transitional porphyry-skarn environment developed under
moderately oxidized (AFMQ + 1.8 to +0.5) and hydrous (up to 7 wt.% H,O) magmatic
conditions. Kozbudaklar represents a more reduced, volatile-poor skarn system, leading
to Mo-enriched scheelite mineralization typical of late-stage W-skarns. The Delice sys-
tem, developed at the contact of felsic cupolas and carbonates, records the broadest range
of redox and fluid compositions. Mixed oxidized-reduced fluid signatures and intense
fluid-rock interaction reflect complex, multistage fluid evolution involving both magmatic
and external inputs. Geochemical and mineralogical trends—from increasing silica and
Rb to decreasing Sr and V—trace a systematic evolution from mantle-derived to felsic,
volatile-rich magmas. Structurally, mineralization is controlled by oblique fault zones that
localize magma emplacement and hydrothermal flow. These findings support a unified
genetic model in which porphyry and skarn mineralization styles evolved continuously
from multiphase magmatic systems during syn-to-post-subduction processes, offering
implications for exploration models in the Western Tethyan domain.

Keywords: porphyry-skarn systems; Cu-Mo-W-Au mineralization; magmatic redox evolu-
tion; Re-Os geochronology; amphibole-mica chemistry; post-subduction magmatism
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1. Introduction

Porphyry-related mineral systems are globally significant sources of critical metals
such as copper, molybdenum, and, increasingly, gold. These deposits typically form within
tectonically active orogenic belts and result from the interplay of magmatic and hydrother-
mal processes. A characteristic feature is a metal-enriched intrusive body that acts as
the core of the system, surrounded by extensive zones of hydrothermal alteration and
associated mineralization [1-6]. The evolution of these systems is strongly influenced
by the behavior of magmatic fluids, which can exsolve from crystallizing magmas and
interact with the surrounding host rocks. This process often leads to overlapping mineral-
ization styles, including porphyry, skarn, greisen, and epithermal types—particularly in
structurally complex settings or where there are strong lithological contrasts [7,8]. While
tungsten enrichment is generally uncommon within central porphyry systems, it is fre-
quently associated with peripheral skarn and vein-type systems. These tungsten-bearing
systems typically form when metal-rich, reduced magmatic fluids interact with carbonate-
rich host rocks, promoting tungsten deposition [7].

The Eocene Tavsanh Porphyry Belt in northwest Tiirkiye, part of the Western Tethyan
metallogenic domain, provides an ideal setting to investigate such hybrid mineral systems.
This belt exemplifies the spatial and genetic relationships between porphyry and peripheral
mineralization styles in a tectonically and magmatically complex setting [9] (Figure 1).
Its eastern part hosts Cu-Mo porphyry deposits, including Muratdere and Kirazgedik,
along with associated Cu-bearing skarns such as Gelemig [10-12]. Conversely, the western
segment is characterized predominantly by W-rich skarn systems, notably Kozbudaklar
mineralization, which also exhibit Mo enrichment [13]. Within this western domain lies the
Niliifer Mineralization Complex (NMC), encompassing several centers such as Kozbudak-
lar, Glineybudaklar, and Delice. The NMC represents a hybrid mineral system having Cu,
Mo, Au, and W, with mineralization styles comprising porphyry, skarn, and hydrothermal
vein assemblages. This complex preserves a well-constrained temporal and spatial zoning
of mineralization, serving as a representative example of hybrid magmatic-hydrothermal
systems within the western portion of the Tavsanh belt.

Previous studies in the Tavsanl Zone of northwest Tiirkiye have primarily concen-
trated on isolated mineral deposits within the Eocene magmatic arc, notably the Kozbu-
daklar W-Mo skarn and the Kirazgedik Cu-Mo £ Au porphyry system. The Kozbudaklar
skarn has been interpreted as a product of contact metasomatism between the Topuk
Pluton and the Triassic Inénii Marble [13], while Kirazgedik has been linked to the South
Tepeldag Pluton and framed within a broader tectonomagmatic context of slab rollback
during the waning stages of Neo-Tethyan subduction [12,14]. Although these studies
provided foundational deposit-level insights, they did not explore the potential genetic and
temporal relationships among the broader set of mineralized centers within the Niltifer
Mineralization Complex (NMC). As a result, the combination of porphyry, skarn, and
vein-style mineralization across this area, and their integration into a coherent geodynamic
and metallogenic framework, remained largely unresolved.
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Figure 1. (a) Tectonic map of Turkey with major suture zones [15]; IAES: Izmir-Ankara-Erzincan
suture, ITS: Inner Tauride suture. (b) Simplified geological map of Western Anatolia illustrating the
major Eocene to Miocene porphyry belts and key tectonic features. NAF: North Anatolian Fault.

Adapted from Kuscu, et al. [16].

This study aims to evaluate whether the Niltifer Mineralization Complex (NMC) rep-

resents a spatially zoned and evolutionarily continuous magmatic-hydrothermal system,

rather than a collection of geologically isolated mineral deposits. We propose a compre-

hensive model of an integrated porphyry-skarn mineral system that includes four key
sectors: Kirazgedik, Kozbudaklar, Giineybudaklar, and Delice (Figure 2). In this model, the
mineralization associated with the Topuk Pluton, including the W-Mo skarns and related
hydrothermal features, is hypothesized to be temporally and genetically linked to the
Kirazgedik Cu-Mo porphyry system located to the east and hosted by the adjacent South
Tepeldag Pluton (Figure 2). To evaluate this hypothesis, a multidisciplinary methodological
framework is applied. Field observations are combined with high-precision Re-Os dating

of molybdenite. This is supported by electron microprobe analyses of amphibole and mica,

which provide estimates of temperature, pressure, oxidation state, and volatile content
(such as Cl and F), using established calibrations [17-19]. Whole-rock geochemical data and
rare earth element patterns are used to evaluate the genesis and compositional evolution of

all related intrusives associated with early porphyry to late-stage skarn systems [20-22].
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Figure 2. Schematic map of the Niliifer Hybrid Mineralization Complex (NHMC), showing major
intrusive bodies and the spatial distribution of porphyry, skarn, and vein-type mineralization styles.
Modified after Kocatiirk [9] and Kocatiirk, et al. [14].

Consequently, this study investigates whether porphyry mineralizations of the West-
ern Tavsanli Metallogenic Belt and different skarn mineralizations listed under the Niliifer
Mineralization Complex represent isolated deposits or a spatially zoned and evolutionarily
continuous magmatic-hydrothermal system. The presence of geochemical data, the align-
ment of mineralization with fault networks, and the temporal sequence among distinct
deposit types indicate a response to syn- to post-subduction slab behavior, which influ-
enced magma emplacement and ore fluid migration. As such, the study introduces a new
exploration model for porphyry-skarn transitions in post-subduction settings, with broader
implications for metallogenic interpretations in the Western Tethyan domain and similar
orogenic belts. By integrating geochronological, petrological, and geochemical evidence,
this work advances the understanding of how multi-style mineralization can evolve from a
single, tectono-magmatically driven system.

2. Geological Framework

The Tavsanh Zone (TZ), situated directly south of the Izmir-Ankara Suture Zone
(IASZ), forms the northernmost margin of the Anatolide-Tauride Block and hosts the
Tavsanli Metallogenic Belt within the Bursa district (Figure 1). The zone preserves a com-
plex tectonostratigraphic succession that records prolonged subduction-accretion processes
and forms the crystalline basement upon which Eocene magmatism and associated ore-
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forming events are superimposed. The pre-Cenozoic basement of the TZ is composed of
three primary lithostratigraphic packages. The lowermost unit is the Orhaneli Group, a
high-pressure, low-temperature (HP-LT) metamorphic complex comprising quartz-rich
greyschists (Kocasu Formation), massive marbles (Inoniit Marble), and heterogeneous
assemblages of metabasite, phyllite, and chert (Devlez Formation). These rocks exhibit min-
eral assemblages of glaucophane, lawsonite, phengite, and chlorite, which are characteristic
of blueschist-facies metamorphism formed under subduction-related conditions [23,24].

Overlying this metamorphic basement is a Late Cretaceous accretionary complex,
consisting of a serpentinite-matrix mélange that encloses blocks of basalt, radiolarian chert,
pelagic limestone, and serpentinized ultramafic rocks—interpreted as fragments of the
Neotethyan oceanic crust [14,25,26]. The uppermost stratigraphic component consists of
an ophiolitic sequence, primarily composed of serpentinized harzburgite, dunite, and
layered gabbroic cumulates, locally intruded by plagiogranites. These ophiolites display
geochemical features consistent with a supra-subduction zone (S5Z) forearc origin and are
interpreted as products of Late Cretaceous obduction processes, emplaced onto the passive
margin of the Anatolide-Tauride Block [27,28].

The Eocene plutonism within the TZ is represented by several multiphase intrusions,
notably the Topuk, Tepeldag, and Giirgenyayla plutons, which are emplaced into this
pre-Cenozoic basement (Figure 2). These intrusions differ in petrography, mineralogy,
and emplacement age, as constrained by detailed field observations and U-Pb zircon
geochronology [14,29]. The Giirgenyayla Pluton, situated in the eastern part of the study
area (Figure 2), consists mainly of coarse-grained, equigranular granodiorite to monzo-
granite, with local syenitic facies and textural evidence of magma mingling, such as mafic
microgranular enclaves. Its mineral assemblage includes plagioclase, quartz, K-feldspar,
hornblende, and biotite, with zircon U-Pb crystallization ages indicating emplacement at
approximately 51 Ma (51.02 £ 0.52 and 51.5 & 0.1 Ma) [12,29] into structurally elevated
basement blocks during a phase of post-subduction extension.

The Tepeldag Pluton comprises two distinct intrusive phases (Figure 2). The South
Tepeldag phase is dominated by quartz monzodioritic to quartz monzonitic rocks that
are rich in hornblende and biotite, displaying hypidiomorphic granular textures, and has
been dated at 54.56 £ 0.21 Ma [14]. This phase is spatially associated with the Kirazgedik
porphyry Cu-Mo system, suggesting a potential genetic relationship. The North Tepeldag
phase is more felsic, comprising quartz diorite to granodiorite with porphyritic textures, as
an emplacement age of approximately 45.41 & 0.34 Ma [29].

The Topuk Pluton, located in the central part of the study area (Figure 2), is a composite
intrusion comprising mainly a granodioritic body and an evolved felsic cupola known as
the Delice stock (Figure 2). The main phase consists of granodiorite, quartz diorite, quartz
monzodiorite, and quartz monzonite, with porphyritic to hypidiomorphic textures. The
Delice cupola includes tonalite, granodiorite, and alkali feldspar granite with both granular
and porphyritic textures [14]. The primary mineral assemblages include plagioclase, quartz,
K-feldspar, hornblende, and biotite, with muscovite present in more evolved phases. Zircon
U-Pb dating constrains the crystallization ages of the main intrusive phases of the Topuk
Pluton to 48.71 £ 0.44, while the Delice stock yields slightly younger ages, ranging from
47.3 + 0.2 Ma to 45.9 &+ 0.3 Ma [9,14,29].

Peripheral intrusive facies of the Topuk Pluton correspond spatially with the ore min-
eralization zones of the Niliifer Mineralization Complex (NMC). The Kozbudaklar region
hosts granodioritic rocks associated with W-Mo skarn mineralization. The Giineybudaklar
region is characterized by quartz monzonitic and quartz dioritic apophyses exhibiting geo-
chemical signatures consistent with late-stage magmatic evolution and metal enrichment.



Minerals 2025, 15, 792

6 of 39

The Delice region, marked by a felsic stock, corresponds to the structural cupola of the
pluton and is associated with W-Fe-Cu skarn bodies (Figure 2).

Collectively, these Eocene intrusive bodies delineate a tectono-magmatic corridor
within the Tavsanh Zone (TZ) that reflects episodic emplacement and progressive geo-
chemical differentiation. Despite the Topuk Pluton displaying structural and mineralogical
continuity with the surrounding intrusions, field evidence—such as the presence of brittle
faulting and polymictic hydrothermal breccias—suggests that the NMC developed under a
distinct tectonic regime. This regime was likely influenced by a deep-seated oblique fault
system, which controlled magma ascent, hydrothermal fluid migration, and the localiza-
tion of mineralization. A detailed summary of petrographic characteristics, textures, and
geochronological data for these plutonic units in the study area is presented in Table 1, after
Altunkaynak et al. [29], Kocattirk [9], and Kocattirk et al. [14].

Table 1. Petrographic Summary of Eocene Plutons of Bursa District in the Tavsanli Zone, after
Altunkaynak, et al. [29], Kocatiirk [9], and Kocatiirk, et al. [14].

Pluton Sub-Unit Rock Type Textures Main Minerals References
Grd, Qz-Di, Porphvritic Grd: P, Qz, Kfs, Hb, Bt; Altunkaynak,
Main Body Qz-Mzd, oo dfi’ n}; i QzMzd: Pl,Qz, Kfs, Hb, B etal. [29];
Qz-Mzn YPIIOMOIPAIC ) Mzn: Pl, Qz, Kfs, Bt, Hb  Kocatiirk, et al. [14]
Topuk Ton: P11, Qz 1, Hb, Bt, Kfs
. Ton, Grd, Granular, 1; Grd: P1, Qz, Kfs, Hb, Bt; ..
Delice Afs-Gr porphyritic Afs-Gr: Kfs 1, Qz, P1 |, Bt, Kocatiirk, et al. [14]
Ms
. Qz-Mzd to Hypidiomorphic Qz-Mzd: P, Qz, Kfs, Hb, Bt; ..
S South Tepeldag, Qz-Mzn eranular Mzgr: Pl, Qz, Kfs 1, Bt, Hbl Kocatiirk, et al. [14]
epeldag
North . .. Qz-Di: P1, Qz |, Hb, Bt, Kfs Altunkaynak,
Tepeldag Qz-Di to Grd Porphyritic 1; Grd: Pl, Qz, Kfs, Hb, Bt etal. [29]
.. . Hypidiomorphic Grd: P1, Qz, Kfs, Hb, Bt; Altunkaynak,
Giirgenyayla Main Body Grd to Mzgr granular Mzgr: Pl, Qz, Kfs 1, Bt, Hb etal. [29]

Abbreviations: Granodiorite (Grd), Quartz-Monzodiorite (Qz-Mzd), Quartz-Monzonite (Qz-Mzn), Tonalite (Ton),
Alkali-Feldspar Granite (Afs-Gr), Quartz-Diorite (Qz-Di), Monzogranite (Mzgr). P (Plagioclase), Qz (Quartz), Kfs
(K-feldspar), Hbl (Hornblende), Bt (Biotite), Ms (Muscovite), 1 (higher abundance), | (lower abundance).

3. Methodology

A total of 89 rock- and ore-related samples were systematically collected from four
principal domains within the study area. These include (i) the Kirazgedik porphyry Cu-Mo
system, spatially and genetically associated with the South Tepeldag Pluton; and (ii) the
Giineybudaklar, (iii) Kozbudaklar, and (iv) Delice regions, which collectively delineate
the Niliifer Mineralization Complex (NMC) and exhibit strong spatial and genetic asso-
ciations with the Topuk Pluton. The sampling strategy was designed to encompass the
full range of mineralization styles and associated lithological environments across these
distinct mineralized centers. Targeted lithologies included multiphase intrusive rocks,
hydrothermal alteration zones, skarn bodies, and ore-bearing structures such as veins, brec-
cias, and mineralized intrusive contacts. Sampling was conducted along center-to-margin
transects within each intrusive body to assess spatial variations in magmatic evolution
and subsequent hydrothermal alteration. All collected samples were initially examined
petrographically. Based on petrographic and textural criteria, a subset of 29 representative
samples was selected for comprehensive analytical work. This included ore mineralogy,
whole-rock geochemistry, electron probe microanalysis (EPMA) of amphibole and mica,
and Re-Os geochronology of molybdenite-bearing samples.

The analytical data are summarized in the following data products:
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e  Supplementary Table S1 details metadata for the 29 representative samples, including
sample codes, lithological classifications, spatial information, and associated analytical
datasets.

e  Supplementary Table S2 presents whole-rock geochemical data (major oxides and
trace elements, including REEs) for the 29 representative samples.

e  Supplementary Table S3 reports ore element concentrations (Cu, Mo, W, Au, Ag, Bi,
As, Te, Sb, Sn, Zn, Pb, Re) for the full set of 89 samples.

e  Supplementary Tables S4 and S5 provide quantitative EPMA results for mica and
amphibole, respectively, from selected representative samples.

e  Supplementary Figures S1-5S4 include representative back-scattered electron (BSE)
images of amphibole and mica grains from across each study sector.

e Table 2 presents the Re-Os isotopic data and corresponding model age for a
molybdenite-bearing sample from the Giineybudaklar mineralization.

Table 2. Re-Os isotopic data and model age for molybdenite from the Giineybudaklar porphyry-
skarn, with analytical uncertainties reported at the 20 confidence level.

Re (ppm) + 2

187Re (ppb) +2x 1870s (ppb) +2x

Model Age +2a with Decay
(Ma) Const (Ma)

34.65

21,780 61 18.125 0.011 49.93 0.21

3.1. Whole-Rock Geochemical Analysis (XRF & ICP-MS)

Whole-rock geochemical analyses were carried out on all collected samples to deter-
mine major, trace, and REE elements concentrations. Major oxides were analyzed by X-ray
fluorescence (XRF) using fused bead methods, while trace and precious metals, including
REEs, Au, and Ag, were quantified via inductively coupled plasma mass spectrometry
(ICP-MS). Trace element determinations followed lithium metaborate fusion and nitric acid
digestion. Analyses were conducted at the Geochemistry Research Laboratory (ITU/JAL)
of Istanbul Technical University. Certified reference materials and internal standards
were employed for calibration and quality control, ensuring high analytical precision and
reproducibility.

3.2. Electron Probe Micro-Analysis (EPMA)

Mineral chemical compositions of amphibole and mica were determined through
EPMA using a JEOL JXA-8900R electron microprobe (JEOL Ltd., Tokyo, Japan) at the
University of Alberta’s Electron Microprobe Laboratory. A total of 148 point analyses were
conducted on 35 amphibole grains, and 130 point analyses were performed on 21 mica
grains, with >3 analyses per grain to capture intra-grain compositional variation. Analyses
were conducted on carbon-coated, polished thin sections under operating conditions of
15 kV accelerating voltage, 30 nA beam current, and a 2 um beam diameter in spot mode.
Major elements were analyzed with 20 = second peak and background counting times;
fluorine (F) was analyzed with extended 40 s counting to enhance detection sensitivity.
Calibration employed high-purity mineral standards: rutile (Ti), diopside (Mg), plagioclase
(Si, Al, and Ca), fayalite (Fe), sanidine (K), tugtupite (Na, Cl), spessartine (Mn), magnesium
fluoride (F), sanbornite (Ba), and chromium oxide (Cr). For F and Cl, relative uncertainties
approached 5% due to their lower concentrations in mica. BSE imaging guided the selection
of homogenous, unaltered grains for analysis.

3.3. Re-Os Geochronology

To constrain the timing of mineralization, a molybdenite-bearing sample was selected
from a skarn zone at the northern contact of the Topuk Pluton, where quartz monzonitic
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intrusions intersect metagabbroic basement. Among all skarn-hosted domains in the NMC,
the Gilineybudaklar sector exhibited the highest molybdenum content (>4000 ppm Mo),
making it the optimal candidate for Re-Os dating. Approximately 80 mg of molybdenite
was isolated through metal-free mechanical separation techniques, including crushing,
sieving, magnetic separation, and gravity concentration. Re-Os isotope analyses were con-
ducted at the Crustal Re-Os Geochronology Laboratory (University of Alberta), following
established procedures described in Selby and Creaser [30] and Markey et al. [31]. A mixed
185Re-1900s-1880s double-Os spike was used for isotope dilution analyses. Molybdenite
digestion, Re-Os separation, and purification were conducted using inverse aqua regia,
solvent extraction, and ion exchange chromatography. Isotopic ratios were measured by
negative thermal ionization mass spectrometry (NTIMS) using a ThermoScientific Triton
instrument (Thermo Fisher Scientific Inc., Waltham, MA, USA). Procedural blanks were
<3 pg for Re and <1 pg for Os and are considered negligible. Analytical accuracy was veri-
fied using the 8599 Henderson molybdenite standard (27.78 £ 0.07 Ma; Markey et al. [31]),
yielding data consistent with the certified age. Age calculations used a ¥’ Re decay constant
of 1.666 x 10~!! yr~1 [32]. The Re-Os geochronological result is presented in Table 2,
summarizing the isotopic composition and model age.

4. Results
4.1. Ore Geology

The NMC comprises a variety of several ore deposit types, including porphyry, skarn,
and vein-style mineralization, all situated within a structurally controlled intrusive pathway.
In the current study, several mineralization types have been studied in detail, such as
Kirazgedik Cu-Mo + Au porphyry, Giineybudaklar Mo Porphyry-Skarn, Kozbudaklar
W-Mo Skarn, and Delice W + Fe & Cu Skarn mineralization (Figure 2).

4.1.1. Kirazgedik Cu-Mo £ Au Porphyry Mineralization

The Kirazgedik Cu-Mo £ Au deposit is in northwest Turkey within the Tavsanli Zone
of western Anatolia, which forms part of the Western Tethyan metallogenic belt. This region
experienced significant magmatic activity during the Eocene, represented by the South
Tepeldag pluton (U-Pb zircon ages of 54.56 £+ 0.21 Ma), attributed to the closure of the
Neo-Tethyan ocean and related slab dynamics [9,12,14]. The Eocene intrusions developed
within a post-subduction extensional tectonic regime, associated with slab rollback of the
subducting Tethyan slab rather than a sudden slab rollback. This tectonic setting marks
a transition from subduction-related compression to transtensional deformation during
the waning stages of Neo-Tethyan convergence [9]. As a result, a belt of granitic to dioritic
stocks was emplaced throughout NW Anatolia, associated with numerous porphyry and
skarn mineral deposits [5,6,12]. Kirazgedik mineralization is spatially associated with
the South Tepeldag Pluton, occurring near its eastern and southern margins (Figure 2).
This porphyry Cu-Mo £ Au mineralization is hosted by the Eocene South Tepeldag por-
phyritic quartz-monzonite to porphyritic quartz diorite intrusion and its surrounding older
metamorphic wall rocks (Figures 2 and 3a,b).

Field observations at Kirazgedik reveal that intense hydrofracturing within the apical
region of the South Tepeldag porphyritic stock facilitated the development of a stockwork
vein system and breccia zones, which host the principal Cu-Mo mineralization. This ore-
bearing zone is centered on the intrusion, where pervasive fracturing and hydrothermal
brecciation generated a dense network of quartz-sulfide veins and veinlets that extensively
penetrate both the stock and the surrounding country rocks (Figure 3a,b).
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Figure 3. Field, macroscopic, and microscopic investigations of the Kirazgedik Cu-Mo £ Au porphyry
mineralization: (a,b) Pervasive fracturing and hydrothermal brecciation with network of quartz-
sulfide veins and veinlets in the South Tepeldag Pluton. (c) Macroscopic view of the porphyritic
quartz-monzonite and porphyritic quartz diorite of the South Tepeldag Pluton. (d) Plagioclase (pl)
phenocrysts within a medium-grained microcrystalline matrix composed of plagioclase (pl) laths,
hornblende (hb), biotite (bt), quartz (qz), and opaque minerals in the porphyritic quartz-monzonite.
(e) Hornblende (hb) and plagioclase (pl) phenocrysts embedded in medium-grained microcrystalline
matrix of plagioclase (pl), muscovite (ms), actinolite (act), quartz (qz) in the porphyritic quartz-diorite.
(£,8) Quartz (qz), K-feldspar (kfels), secondary biotite (bt), sericite (ser), epidote (ep), and calcite
veinlet (cal) are the alteration products in the Kirazgedik area. (h,i) Pyrite (py), chalcopyrite (cp), and
molybdenite (Mo) are the main ore minerals that occurred in the Kirazgedik mineralization. The data
are taken from Kocatiirk [9] and Kocatiirk, et al. [14].

Microscopically, the porphyritic quartz-monzonite consists predominantly of plagio-
clase phenocrysts, some of which are partially sericitized, set within a medium-grained
microcrystalline matrix composed of plagioclase laths, hornblende, biotite, quartz, and
opaque minerals. (Figure 3c,d). While the porphyritic quartz-diorite is mainly composed of
hornblende and plagioclase phenocrysts embedded in a medium-grained microcrystalline
matrix of plagioclase, muscovite, actinolite, quartz, and opaque minerals (Figure 3c,e).
Gangue minerals include quartz (ubiquitous in all vein types) with the hydrothermal
alteration minerals like K-feldspar and secondary biotite (within potassic alteration zones),
sericite, and epidote with carbonates (locally in veins or late-stage fractures) (Figure 3f,g).

The dominant ore minerals are chalcopyrite and molybdenite, accompanied by abun-
dant pyrite (Figure 3h,i). Chalcopyrite serves as the principal copper-bearing mineral,
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occurring in quartz veinlets and disseminations, whereas molybdenite appears as flakes
and rosettes along late quartz veins or vein margins (Figure 3h,i). Geochemical analyses
reveal that the Cu concentration in the altered sample reaches up to 1276 ppm, while Mo
attains levels as high as 194.1 ppm (Supplementary Table S3). Although gold is not visually
observable within the sample, geochemical data indicate trace amounts up to 1.1 ppm
(Supplementary Table S3). This gold is likely present as submicroscopic inclusions or as an
electrum intimately associated with pyrite and chalcopyrite minerals.

4.1.2. Guneybudaklar Mo-W £ Au Porphyry-Skarn Mineralization

The Giineybudaklar molybdenum mineralization is located within the Tavsanli Zone
of NW Turkey, part of a metallogenic belt characterized by Eocene magmatism that fol-
lowed the Late Cretaceous collision between the Anatolide-Tauride platform and the
Pontide (Sakarya) continent [9,14,33]. The deposit lies on the southern flank of Uludag,
(Bursa province), where Eocene granitoid intrusions, notably the Topuk plutons, intruded
Paleozoic-Mesozoic metamorphic sequences and Triassic carbonate units along the Izmir-
Ankara suture zone [33,34]. The principal intrusive body associated with mineralization
is the Topuk granite, which has U-Pb zircon ages of 48.71 £ 0.44 Ma [29]. This granite
is an elliptical, east-west trending I-type fractured and moderately weathered granitoid
that ranges in composition from granodiorite to granite (Figures 2 and 4a) and contains
mafic microgranular enclaves, as well as peripheral margins of quartz monzodioritic to
monzogabbroic affinity (Figure 4b); it is also crosscut by late-stage aplite dykes.

This pluton intruded a sequence dominated by Triassic Inénii Marble (recrystallized
limestone) and other metamorphic lithologies (Figures 2 and 4c), establishing a critical
juxtaposition of magmatic heat against reactive carbonate host rocks [34]. Granodiorite
generally exhibits a hypidiomorphic granular texture composed of plagioclase feldspar
(50%-65%, predominantly oligoclase), quartz (20%—-30%), microperthite (<35%), and mafic
minerals (5%—-15%), primarily hornblende and biotite (Figure 4d). The monzogabbro
enclave comprises approximately equal proportions of plagioclase (labradorite) and alkali
feldspar (microperthite and orthoclase), in addition to mafic minerals, predominantly
pyroxene (usually clinopyroxene) (Figure 4e).

The Mo-W £ Au mineralization at the Giineybudaklar mineralization is intimately
linked both spatially and genetically to the metasomatic contact zone between the Topuk
granodiorite intrusion and the surrounding Triassic Inénii Marble. This lithological bound-
ary provides an ideal setting for skarn development due to the contrasting chemical
reactivity and permeability between the silica-rich intrusive body and the carbonate host
rock, resulting in the formation of both endoskarn within the intrusion and exoskarn in
the adjacent marble (Figure 4c,f). Structural discontinuities, notably concentric and radial
fractures related to pluton emplacement, acted as conduits for high-temperature magmatic-
hydrothermal fluids. These structures, combined with lithological contacts, controlled fluid
pathways and localized ore deposition (Figure 4a,c,f). A well-developed skarn system,
characterized by a porphyry-style mineralized core having quartz-molybdenite veins in
fractures, creating a proto-ore zone rich in molybdenum (and minor copper and gold)
(Figure 4g), grading outward into a skarn shell hosted by the marble, forming garnet-rich
(completely altered to epidote) and diopside-rich exoskarn zones with minor actinolite
(Figure 4h,i). Ore mineralization aligns with this zonation pattern. Molybdenite occurs as
veinlets and disseminations within the endoskarn and skarn, typical of the porphyry-style
core (Figure 4g,j). Scheelite, often containing a powellite component due to Mo substitution,
predominates in the outer skarn zones in which scheelite and powellite’s characteristic
bireflectance and internal reflections are found (Figure 4k). Retrograde alteration is evi-
denced by quartz-epidote (Figure 4h) and late-stage sulfide mineralization, including pyrite
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(Figure 41). These late hydrothermal events introduced minor gold mineralization, typically
hosted in quartz-sulfide veins crosscutting earlier skarn textures. In addition to the most
extreme Mo-enriched sample (4032 ppm), W values as high as 866 ppm and the highest Au
observed in the dataset (4.58 ppm), Te and Bi reach 97.8 ppm and 735 ppm, respectively,
indicating a volatile-rich late-stage fluid signature (Supplementary Table S3).

A : “;‘:, y s 4
I Y '\\. T
by [nénii Marble

- 5 o
!"; recrystallized limestone)

Figure 4. Field, macroscopic, and microscopic investigations of the Giineybudaklar Mo-W + Au
porphyry-skarn mineralization: (a) Fractured and moderately weathered Topuk granitoid rock.
(b) Mafic microgranular enclaves and peripheral margin of monzogabbro within the Topuk granitoid
rock. (c) Metasomatic contact between Triassic Inénti Marble and Topuk granitoid rock. (d) Plagioclase
(pl), quartz (qz), microperthite (mp), biotite (bt), and hornblende (hb) in the granodiorite of the Topuk
pluton. (e) Plagioclase (pl) and microperthite (mp) with augit (aug) in the monzogabbro. (f) Diopside
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zone in the skarn system along the metasomatic contact between Triassic Inénii Marble and Topuk
granitoid rock. (g) Molybdenite (Mo)-rich ore with weathered iron-stained quartz matrix. (h) Garnet-
rich skarn zone that completely altered to epidote (ep) associated with quartz (qz). (i) Diopside
(di), quartz (qz), and actinolite (act) in the diopside-rich skarn zone. (j) Molybdenite (Mo) within
diopside (di), typical of the porphyry-style core. (k) Molybdenite (Mo) mostly altered to powellite (po)
associated with scheelite (sch). (1) Pyrite (py) occurred within quartz-epidote during the late-stage
sulfide mineralization. The data are taken from Kocatiirk [9] and Kocatiirk, et al. [14].

4.1.3. Kozbudaklar W + Mo Skarn Mineralization

The Kozbudaklar W £ Mo skarn deposit, located southeast of Bursa in northwestern
Turkey, is hosted within the Triassic Inonii Marble of the Tavsanl Zone, a metamorphic unit
of the northern margin of the Anatolide block formed during Neo-Tethys closure [13,34].
During the Eocene, magmatism, interpreted as post-subduction in origin but commonly
referred to as post-collisional in the regional literature, was triggered by slab rollback or
progressive slab detachment following the cessation of Neo-Tethyan subduction. This
magmatic activity led to the emplacement of the Topuk Pluton and the development of
associated skarn systems (e.g., the Egrigéz, Orhaneli, and Kestanbol plutons) [35,36]. The
Topuk Pluton is represented by a medium- to coarse-grained, calc-alkaline, metaluminous
I-type granodiorite [14]. Geochemical and petrologic evidence, including mafic micro-
granular enclaves of monzogabbro (Figure 4b), indicates magma mixing and mantle-crust
interaction typical of volcanic-arc or collision settings. The pluton intruded the marble
along a structurally weakened suture zone, causing contact metamorphism and extensive
metasomatism that formed the Kozbudaklar skarn (Figure 5a,b). The skarn occurs along
the pluton-carbonate contact, varying in thickness up to 850 m, and reflects a collision-
related skarn system where magmatic heat and fluids metasomatized older carbonate strata,
enabling W = Mo mineralization [33,34].

The Kozbudaklar skarn W 4= Mo mineralization developed both within the marble
as exoskarn and within the granitoid as endoskarn adjacent to this contact (Figure 5a,b).
The endoskarn is spatially restricted to the margin of the pluton and is characterized by
metasomatic replacement of the granite, primarily by plagioclase and pyroxene minerals
(Figure 5c). The exoskarn extends outward into the marble, displaying a clear mineralogical
zoning with increasing distance from the intrusive contact. In the immediate contact zone,
the skarn is dominated by clinopyroxene-rich assemblages composed mainly of diopsidic
clinopyroxene with subordinate andradite garnet (Figure 5d,e). Moving further from
the contact, the skarn transitions into garnet-rich lenses along the roof and walls of the
pluton, composed predominantly of andradite garnet (partly altered to epidote) and calcite
(Figure 5f,g). Scheelite, the primary ore mineral, is disseminated throughout these prograde
zones during the initial stage of mineralization (Stage 1) (Figure 5h,i). In the subsequent
late prograde stage (Stage 2), the skarn assemblage becomes more oxidized, indicative of
elevated oxygen fugacity conditions. Scheelite continued to precipitate during this stage
but became notably enriched in molybdenum, containing 7%-32% powellite component in
solid solution, which imparts the W &= Mo character to the deposit [13]. Molybdenum is
predominantly incorporated into scheelite as a solid solution rather than forming abundant
discrete molybdenite minerals, which are scarce or absent in the deposit. Kozbudaklar
displays the greatest W variability, ranging from 99 to 2558 ppm, at generally low Mo
but locally elevated Au (such as 2.09 ppm), consistent with W-rich skarn mineralization
(Supplementary Table S3).
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Figure 5. Field, macroscopic, and microscopic investigations of the Kozbudaklar W 4+ Mo skarn
mineralization: (a) Altered granodiorite (Topuk pluton) at Kozbudaklar W + Mo skarn deposit
area. (b) Extensive contact metasomatism along the structurally weakened suture zone forming
the Kozbudaklar skarn mineralization. (c) Endoskarn primarily formed from plagioclase (pl) and
augite (aug) in the altered granodiorite having quartz (qz), microperthite (mp), sericite (ser), and
hornblende (hb). (d,e) Diopside (di) and andradite (and) in the clinopyroxene-rich exoskarn zone.
(f) and (g) Andradite (and) and calcite (cal) with little diopside (di) in the exoskarn garnet-rich zone.
(h,i) disseminated scheelite (sch) throughout the prograde zones with the altered plagioclase (pl),
biotite (bt), quartz (qz), and opaque minerals (opq).

4.1.4. Delice W + Fe + Cu Skarn Mineralization

The Delice W £ Fe £ Cu skarn deposit is located in the Tavsanl Zone, a metallogenic
belt characterized by Eocene magmatic activity, in northwest Turkey, south of Uludag
Mountain in Bursa Province [9]. The mineralization is genetically linked to Eocene magma-
tism (~54 to 45 Ma), which occurred in a post-subduction extensional setting [9,14]. The
mineralization formed at the contact between the Topuk Pluton, a zoned, calc-alkaline,
I-type granitoid, and the Triassic Inénii Marble Formation (Figure 6a). The Topuk intru-
sion comprises tonalite-granodiorite to alkali-feldspar granite with mafic enclaves and
late-stage granite-aplite dikes (Figure 6b). Tonalite and tonalite porphyry are the main
stock of Topuk granite, having mainly plagioclase phenocrysts embedded in a microcrys-
talline matrix of plagioclase, quartz, biotite, and hornblende with minor microperthite
and opaques (Figure 6¢). U-Pb zircon ages date the pluton between 47.3 £ 0.2 Ma and
459 + 0.3 Ma, placing mineralization firmly in the mid-Eocene [9,14]. Sr-Nd isotopes
(¥Sr/86Sr ~ 0.706-0.707, eNd =~ —2 to —4) confirm a mantle-derived magma with signifi-
cant crustal interaction [9,13,14].
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Figure 6. Field, macroscopic, and microscopic investigations of the Delice W £ Fe 4+ Cu skarn
mineralization: (a) Metasomatic contact between the Topuk Pluton and Triassic Inénii Marble For-
mation at Delice. (b) Late-stage granite-aplite dikes cut through Topuk granite. (c) Plagioclase (pl)
phenocrysts are embedded in a microcrystalline matrix of plagioclase (pl), quartz (qz), biotite (bt),
and hornblende (hb) with minor sericite (ser) and opaques in tonalite porphyry. (d,e) Andradite
(and) and diopside (di) with calcite (cal) in the prograde metasomatic alteration, forming calc-silicate
skarn and latterly having malachite (mlc). (f) Diopside (di) formed within the calcite (cal) of the
Inénii Marble Formation. (g,h) Epidote (ep), clinozoisite (czs), chlorite, and sericite within quartz
(qz) occurring within the retrograde metasomatic alteration. (i) Idiomorphic to subhedral grains of
magnetite (mag) formed in the early skarn stages. (j) Minor hematite (hem) occurs, reflecting locally
variable oxidation states. (k) Colloform pyrite (py) occurred with chalcopyrite (cp). (1) Bornite (bo)
occurred with chalcopyrite (cp).
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The deposit exhibits a well-defined contact-metasomatic system. Skarn formation oc-
curred as magmatic-hydrothermal fluids emanating from the Topuk Pluton penetrated the
adjacent carbonate host along fractures, bedding planes, and fold hinges (Figure 6a). These
fluids induced prograde metasomatic alteration, forming calc-silicate skarn composed of
garnet (andradite) and pyroxene (diopside-hedenbergite) (Figure 6d—f). As the system
cooled and fluids evolved, retrograde alteration overprinted the prograde skarn. This
introduced amphiboles (tremolite-actinolite), epidote-clinozoisite, chlorite, and sericite,
replacing earlier garnet and pyroxene, commonly associated with tungsten (scheelite) pre-
cipitation during fluid cooling and structural fracturing (Figure 6g,h). Mineralogically,
scheelite is the principal tungsten ore mineral at Delice. It is disseminated in the skarn
matrices and in cross-cutting veins. Importantly, relict wolframite is also found, primarily
in the contact zone, partially replaced by scheelite, indicating an evolution from a more
reduced, Fe-rich fluid to a more oxidized one. In terms of iron minerals, magnetite is
abundant, especially in the early stage, where it can form idiomorphic to subhedral grains
(Figure 6i). Minor hematite also occurs, and conversely some pyrrhotite is present, re-
flecting locally variable oxidation states (Figure 6j). Pyrite is the most widespread sulfide
mineral, occurring throughout both the contact zone and the skarn (Figure 6k). However,
other base-metal sulfides are more confined to the distal skarn lenses away from the contact,
including chalcopyrite with bornite (Figure 61). Malachite is represented by supergene
minerals after Cu-bearing minerals (Figure 6d,e). Delice samples combine high W, peaking
at 2391 ppm in D29, with notable Bi, 941 ppm in D28, and appreciable Au up to 1.22 ppm
(Supplementary Table S3).

4.2. Whole-Rock Geochemistry

Whole-rock major and trace element geochemical data from key intrusive domains
were compiled to elucidate the magmatic evolution of the NMC and its adjacent plutonic
units. The dataset comprises representative samples from the Kirazgedik, Giineybudaklar,
Kozbudaklar, and Delice sectors, each selected to capture distinct intrusive phases and
stages of magmatic differentiation. Although the Kirazgedik samples originate from the
South Tepeldag Pluton and are not genetically associated with the NMC, they are included
here as a regional compositional reference. All geochemical diagrams were generated using
GCDKkit software (version 6.0) [37].

Recent petrogenetic interpretations by Kocatiirk et al. [14] reclassify the NMC in-
trusions as genetically linked phases of the Topuk Pluton. In contrast, the Kirazgedik
samples represent a compositionally independent magmatic suite and serve as a baseline
for evaluating regional geochemical variation. Major and trace element data for the four
intrusive sectors were plotted using six geochemical discrimination diagrams (Figure 7a—f)
and eight SiO;-variation plots (Figure 8a-h). On the P-Q diagram (Figure 7a), Kirazgedik
samples cluster within the quartz-monzodiorite to quartz-monzonite fields, whereas the
Kozbudaklar samples span tonalite, quartz diorite, and granodiorite compositions. Delice
samples are mostly confined to the tonalite—quartz diorite field, with a few plotting in the
granite field, while Giineybudaklar is entirely represented within the granodiorite field.
The SiO; versus FeOt!/MgO diagram (Figure 7b) reveals that most of the analyzed samples
exhibit a calc-alkaline geochemical affinity, notably those from Kirazgedik, Kozbudaklar,
Giineybudaklar, and Delice, with a subset of samples from Giineybudaklar and Delice
straddles the transition zone toward tholeiitic compositions. Further insights are provided
by the K,O versus SiO; plot (Figure 7c), which classifies the majority of the samples as high-
K calc-alkaline, with a few Delice samples extending into the shoshonitic field. Elevated
K>O contents are commonly associated with metasomatized lithospheric mantle sources
or assimilation of crustal materials, both of which are frequent in post-collisional orogenic
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settings [38,39]. Supporting this interpretation, the CaO-Al, O3 /(FeO + Mg0)-K,0/Na,O
ternary diagram (Figure 7d) indicates source heterogeneity among the sample groups.
Kirazgedik and Kozbudaklar samples tend to cluster within the high-K mafic, suggesting
derivation from enriched mantle or lower crustal protoliths, whereas Delice samples show
broader dispersion toward the low-K mafic rocks, implying significant crustal assimila-
tion [40,41]. The plot of Dy/Yb versus SiO, (Figure 7e) offers further constraints on the
depth and residual mineralogy of magma generation. Elevated Dy/Yb ratios in Kirazgedik
samples suggest melting in the presence of residual garnet, consistent with a relatively
deep lithospheric mantle source (>80 km), where garnet remains stable [42,43]. By contrast,
lower Dy/Yb ratios in Giineybudaklar and Kozbudaklar point to melting under shallower
conditions, likely involving amphibole as the dominant residual phase, which is typical
for crustal or upper lithospheric levels. The Rb versus Y + Nb tectonic discrimination
diagram (Figure 7f) places the majority of the samples, especially from Kirazgedik and
Kozbudaklar, within the post-collisional granite (post-COLG) field. This tectonic setting is
commonly associated with lithospheric thinning and slab rollback following continental
collision [44,45]. Meanwhile, several Delice samples fall into the volcanic arc granite (VAG)
and syn-collisional granite (syn-COLG) domains, reinforcing a complex magmatic history
that includes both subduction-related and post-collisional processes.

Trace-element variation diagrams reveal coherent evolutionary trends. Compatible
elements such as Ni and Mg decrease with increasing SiO, (Figure 8a,c), with Kirazgedik
showing the highest concentrations and Giineybudaklar the lowest. Similarly, V and
Sr contents decline with silica (Figure 8b,d); the most pronounced drop in Sr occurs in
Giineybudaklar, where concentrations fall below 200 ppm. In contrast, incompatible
elements such as Zr and Rb display increasing trends with SiO; (Figure 8e,f), attaining their
highest levels in Giineybudaklar and, for Zr, also in Kozbudaklar. La exhibits a decrease
with silica (Figure 8g), whereas K,O/Na,O ratios increase sharply, again culminating in
Giineybudaklar (Figure 8h). Together, these diagrams delineate a systematic compositional
progression from mafic to felsic lithologies and from low-K to high-K affinity across the
four intrusive domains.

Chondrite-normalized REE patterns (Figure 9a—d) exhibit enrichment in light REEs
(LREES) and relatively flat heavy REE (HREE) distributions across all sectors. Kirazgedik
samples display moderately fractionated REE patterns with weak negative Eu anomalies.
In contrast, Giineybudaklar displays steeper LREE/HREE slopes and more pronounced
negative Eu anomalies. Kozbudaklar exhibits moderately sloping REE trends, while Delice
is characterized by flatter patterns and variable Eu anomalies, suggesting diverse degrees
of plagioclase fractionation and crustal interaction.

Primitive mantle-normalized multi-element diagrams (Figure 9¢,h) for all sectors
exhibit similar overall patterns—namely enrichment in large-ion lithophile elements (e.g.,
Rb, Th, Ba) and depletion in high-field-strength elements (e.g., Nb, Ti). Although the general
patterns are consistent across the suite, the magnitude of enrichment and depletion varies
among the different intrusive sectors, reflecting subtle differences in source composition
and magmatic evolution.
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Figure 7. Major and trace element discrimination diagrams for intrusive samples. (a) P-Q dia-
gram [46], abbreviations: adamellite (ad), gabbro or diorite (go/di), granite (gr), granodiorite (gd),
quartz diorite (qd), quartz monzodiorite (qmzd), quartz monzonite (qmz), quartz syenite (qs), mon-
zodiorite (mzd), monzonite (mz), syenite (s), tonalite (to); (b) SiO, versus FeO'/MgO plot [47];
(c) KO vs. SiO; [48]; (d) Al,O3/(FeOy + MgO)-3CaO-5(K,0/Nay0) ternary plot for granitoids. The
compositions of melts derived from several sources after Laurent, et al. [49]; (e) Dy/Yb vs. SiO,
diagram [42]; (f) The Rb-(Y + Nb) diagram [50], Abbreviations: Ocean Ridge Granites (ORG), Within
Plate Granites (WPG), Volcanic Arc Granites (VAG), and Syn-and Post-collision Granites (syn-COLG
and post-COLG).
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Figure 8. Selected trace element variation diagrams plotted against SiO, for samples from Kirazgedik
and the three NMC sectors. SiO, versus Ni (a); V (b); Mg (c); Sr (d); Zr (e); Rb (f); La (g); and
Ky0/NayO (h). Elements include Sr, Rb, Zr, V, and Nj, reflecting magma evolution trends and frac-
tionation behavior. Interpretations follow the approaches of Gill [51], Pearce [52], and Rollinson [40].

4.3. Re—-Os Geochronology

Re-Os isotopic dating of molybdenite from the Giineybudaklar skarn zone yields a
model age of 49.93 £ 0.21 Ma (20). The analyzed sample displays moderate Re concentra-
tions (34.65 ppm) (Table 2).

4.4. Mineral Geochemistry
4.4.1. Mica Geochemistry

Systematic compositional variations in mica across the four studied sectors reflect
evolving magmatic conditions and varying degrees of fluid-rock interaction. Major element
analyses of biotite display notable inter-sectoral differences. SiO, contents range from 33.7
to 40.0 wt.%, with the highest average observed in Kirazgedik (37.9 wt.%) and the lowest in
Giineybudaklar (35.0 wt.%) (Table 3). TiO, contents peak at 4.3 wt.% in Kozbudaklar and
Gilineybudaklar, while Kirazgedik biotites show the lowest average (2.9 wt.%) (Table 3). A
progressive increase in FeO is evident from Kirazgedik (avg. 12.5 wt.%) through Giiney-
budaklar (22.0 wt.%) and Kozbudaklar (22.9 wt.%), to a maximum in Delice (24.7 wt.%)
(Table 3). Inversely, MgO decreases from 17.3 wt.% in Kirazgedik to 7.8 wt.% in Delice.
The Mg number (XMg = Mg/[Mg + Fe], apfu) exhibits a declining trend from Kirazgedik
(avg. 0.7) to Delice (avg. 0.4) (Table 3), implying advancing magmatic differentiation and
oxidation.

Halogen systematics further discriminate the sector: Fluorine (F) concentrations are
highest in Kirazgedik (1.3-1.5 wt.%, avg. 1.4 wt.%), followed by Kozbudaklar (0.4-0.5 wt.%,
avg. 0.5 wt.%), Guneybudaklar (0.3-0.7 wt.%, avg. 0.6 wt.%), and the lowest in Delice
(0.3-0.4 wt.%, avg. 0.4 wt.%) (Table 3). Corresponding atomic proportions (apfu) support
these trends, ranging up to 0.6 apfu in Kirazgedik and from 0.2-0.3 apfu elsewhere. Chlorine
(Cl) concentrations remain low and consistently low across all sites (<0.2 wt.%, <0.1 apfu),
indicating minimal Cl enrichment (Table 3).
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Figure 9. (a-d) Chondrite-normalized REE patterns for samples from (a) Kirazgedik, (b) Glineybudak-
lar, (c) Kozbudaklar, (d) Delice (normalization values from William and Boynton [53], (e-h) Primitive
mantle-normalized multi-element diagrams for samples from (e) Kirazgedik, (f) Giineybudaklar,
(g) Kozbudaklar, (h) Delice (normalization values from Sun and McDonough [54]).
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Table 3. Summary of mica EPMA analytical results (wt.%).
Kirazgedik Giineybudaklar Kozbudaklar Delice

DataSet (n=11) (n=70) (n=15) (n=34)

Min.  Max. Av. Min.  Max. Av. Min.  Max. Av. Min.  Max. Av.
5i0, 35.6 40 379 337 36.2 35 35 35.6 35.3 34.8 36.2 354
TiO, 2.3 4.2 2.9 2.8 4.3 3.7 3.4 43 3.7 3.1 41 3.8
Al,O3 13.4 14.8 14.2 13.8 16.8 15.6 14 14.4 14.2 13.8 15.1 14.3
FeO 11.6 12.9 125 192 23 22 22 23.8 229 22.8 25.6 24.7
MnO 0.2 0.3 0.2 0.2 0.7 0.3 0.4 0.4 0.4 0.5 0.6 0.6
MgO 16.5 19.7 17.3 7.6 11.5 8.8 8.6 9.6 9.1 6.9 9.4 7.8
CaO 0 3.4 0.4 0 0.1 0 0 0.1 0 0 0 0
NapO 0.1 0.3 0.2 0 0.3 0.1 0.1 0.2 0.1 0 0.2 0.1
KO 5.6 10.4 9.5 9.4 10.4 9.9 9 10.2 9.9 9.6 10.2 10
CryO3 0 0.1 0 0 0.1 0 0 0.1 0 0 0.1 0
H,O* 3.3 3.5 3.4 3.5 3.8 3.6 3.6 3.7 3.6 3.6 3.7 3.7
Li,O* 0.7 19 1.3 0.1 0.8 0.5 0.5 0.7 0.6 04 0.9 0.6
F 1.3 15 14 0.3 0.7 0.6 0.4 0.5 0.5 0.3 0.4 0.4
Cl 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1
Atoms per formula unit (apfu)

Si 5.3 5.7 5.5 5.3 5.5 5.4 5.5 5.5 5.5 5.4 5.5 5.5
AV 2.2 2.5 2.4 2.5 2.7 2.6 2.5 2.5 2.5 2.5 2.6 2.5
AlVi 0 0 0 0 0.5 0.2 0 0.1 0.1 0 0.2 0.1

Ti 0.3 0.5 0.3 0.3 0.5 0.4 0.4 0.5 0.4 0.4 0.5 0.4

Cr 0 0 0 0 0 0 0 0 0 0 0 0

Fe 1.4 1.6 15 24 3 2.8 2.9 3.1 3 2.9 3.4 3.2
Mn 0 0 0 0 0.1 0 0 0.1 0.1 0.1 0.1 0.1
Mg 3.6 4.3 3.8 1.8 2.6 2 2 22 2.1 1.6 22 1.8

Ca 0 0.5 0.1 0 0 0 0 0 0 0 0 0
Na 0 0.1 0.1 0 0.1 0 0 0.1 0 0 0.1 0

K 1.1 19 1.8 1.9 2.1 2 1.8 2 2 19 2 2

F 0.6 0.7 0.6 0.2 0.4 0.3 0.2 0.2 0.2 0.1 0.2 0.2

Cl 0 0 0 0 0 0 0 0.1 0 0 0.1 0

OH * 3.3 3.4 3.3 3.6 3.8 3.7 3.7 3.8 3.7 3.7 3.8 3.8

Li* 0.4 1.1 0.8 0.1 0.5 0.3 0.3 0.4 0.4 0.3 0.5 0.4

TOTAL 19.7 20.4 20.2 19.8 20.1 19.9 19.8 20 20 19.9 20.1 20

Parameters

Altotal 22 2.5 2.4 25 3.1 2.8 25 2.6 2.6 2.5 2.7 2.6

Mg-Li 2.7 3.6 3 1.5 2.1 1.7 1.7 1.8 1.7 12 1.7 1.4

Fe + Mn + Ti-Al"! 1.8 19 19 2.7 3.2 3.1 3.2 3.5 34 3.4 3.8 3.6

X(Mg) = Mg/ 0.7 0.7 0.7 04 0.5 0.4 0.4 0.4 0.4 0.3 0.4 0.4
(Mg + Fe)

X(Fe) = Fe/ 0.3 0.3 0.3 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.7 0.6
(Fe + Mg)

Fe + Mn 15 1.6 1.6 2.5 3 2.9 2.9 3.1 3 3 3.4 3.3
AlY + Fe + Ti 1.7 19 1.8 29 3.8 3.5 34 3.6 35 3.4 3.9 3.7
Fe+Mn +Ti 1.8 19 19 3 3.5 3.3 3.3 3.6 3.5 3.4 3.9 3.7

FeO/(FeO + MgO) 04 0.4 0.4 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.8 0.8
TiO, x 10 23.1 42.3 288 277 42.7 37.1 339 42.7 36.7 30.8 41 375
FeO + MnO 11.8 13.1 128 199 232 223 224 242 23.3 233 26.2 25.3
In(Ti) —1.4 —0.8 -12  -11 —0.7 —0.8 —0.9 —0.7 —-0.9 -1 —0.7 —0.8
T (0C) 4976 5232 5079 2693 369 2969 2804 311 2957 2311 3034 2571

H,O*, Li,O * OH *, and Li * values are estimated based on stoichiometric calculations.

In Figure 10a, all biotite compositions plot within the Mg—Fe mica compositional field.
Kirazgedik biotites classify as Mg-biotite, while Delice, Glineybudaklar, and Kozbudaklar
classify as Fe-biotite, consistent with late-stage magmatic evolution. In the TiO, x 10-FeO
+ MnO-MgO ternary diagram (Figure 10b), Kirazgedik biotites fall within the “magmatic
and newly formed biotite” field, while samples from other sectors align with the “primary

magmatic” field, highlighting fluid-mediated overprinting during later magmatic stages.
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Ti-in-biotite thermometry indicates that biotites in Kirazgedik crystallized at the highest
average temperatures (avg. ~508 °C), progressively decreasing in Kozbudaklar (~296 °C),
Giineybudaklar (~297 °C), and Delice (~257 °C) (Table 3).
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Figure 10. Mineral compositional classification and discrimination diagrams. (a) Mica classification
in the Fe + Mn + Ti vs. Mg-Li field according to Tischendorf, et al. [55]; (b) Biotite typology in the
TiO, x 10-FeO + MnO-MgO ternary plotm, after Nachit, et al. [56]; (¢,d) Amphibole classification
using Mg/ (Mg + Fe?*) vs. Si (apfu), after Leake, et al. [57].

4.4.2. Amphibole Chemistry

Amphibole geochemistry similarly reflects inter-sectoral differentiation. SiO; con-
tent ranges from 42.1 to 49.2 wt.%, with the highest averages recorded in Kozbudaklar
(46.3 wt.%) and Glineybudaklar (46.0 wt.%). TiO, reaches up to 1.9 wt.%, with Kirazgedik
amphiboles averaging the highest values (1.3 wt.%) (Table 4). Al,O3 values range from 5.2
to 10.5 wt.% the highest averages in Delice and Kirazgedik (~9.0 wt.%) and the lowest in
Kozbudaklar (7.4 wt.%) (Table 4). A systematic increase in FeO is evident from Kirazgedik
(avg. 15.7 wt.%) to Delice (avg. 16.5 wt.%) and peaking in Kozbudaklar (avg. 19.3 wt.%)
(Table 4). Conversely, MgO decreases from 12.2 wt.% in Kirazgedik to 11.5 wt.% in Delice.
MnO values remain low (0.4-1.3 wt.%) across all sectors (Table 4).
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Table 4. Summary of amphibole EPMA analytical results (wt.%).
Kirazgedik Giineybudaklar Kozbudaklar Delice
(n=28) (n=29) (n =25) (n = 66)
Dataset Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av.
SiO, 42.1 47.5 44.6 43.8 49.2 46.0 44.5 47.7 46.3 43.5 46.4 45.1
TiO, 0.8 1.9 1.3 0.4 1.5 1.0 0.5 1.0 0.8 0.7 1.3 1.1
Al,O3 7.5 10.4 9.1 52 9.5 8.0 59 8.7 7.4 6.9 10.5 9.0
FeO 11.7 18.0 15.7 13.1 22.6 16.1 17.1 21.3 19.3 14.1 23.3 16.5
MnO 0.4 0.9 0.6 0.4 1.2 1.0 0.8 1.0 0.9 0.8 1.3 0.9
MgO 10.4 155 12.2 9.6 14.0 11.9 8.3 11.4 10.1 6.8 13.5 11.5
CaO 11.2 12.1 11.7 10.1 12.6 11.7 10.8 11.9 11.3 10.5 11.6 11.2
Na,O 1.1 1.7 14 0.5 1.8 1.3 0.8 1.3 1.1 0.8 2.0 1.7
K,O 0.4 1.6 1.0 0.4 1.0 0.7 0.4 0.9 0.6 0.4 0.8 0.6
Atomic fraction
Si 6.4 7.0 6.7 6.7 7.3 6.9 6.8 7.2 7.0 6.6 7.0 6.8
Ti 0.1 0.2 0.2 0.0 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Al 1.3 1.9 1.6 0.9 1.7 14 1.0 1.5 1.3 1.3 19 1.6
FeZ* 14 2.3 2.0 1.6 3.0 2.0 2.1 2.7 2.4 1.8 3.0 2.1
Mn 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.2 0.1
Mg 2.4 3.4 2.7 2.1 3.1 2.7 19 2.5 2.3 1.6 3.0 2.6
Ca 1.8 2.0 1.9 1.7 2.0 1.9 1.8 2.0 1.8 1.7 1.9 1.8
Na 0.3 0.5 0.4 0.2 0.5 0.4 0.2 0.4 0.3 0.2 0.6 0.5
K 0.1 0.3 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.2 0.1
H 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
M%:/e %g 05 0.7 0.6 04 0.7 0.6 04 0.5 0.5 0.3 0.6 0.6
Feﬁg)e * 0.3 0.5 0.4 03 0.6 0.4 0.5 0.6 0.5 0.4 0.7 0.5
AlIV 1.0 1.6 1.3 0.7 14 1.1 0.8 1.2 1.0 1.0 14 1.2
NaC*aK MY 27 25 2.0 26 24 22 24 23 22 25 24

In terms of atomic proportions, Si (apfu) ranges ftom 6.41-7.26, with the highest values
in Kozbudaklar and Giineybudaklar. Fe?* (apfu) increases from 1.97 in Kirazgedik to
2.07 in Delice, while Mg (apfu) decreases from 2.72 (Kirazgedik) to 2.56 (Delice) (Table 4).
The Mg number (calculated as Mg#(Mg/[Mg + Fe?*]) ranges from 0.34 to 0.70, with
Kirazgedik amphiboles having the highest average (0.58), indicative of more primitive
magmatic conditions. In the Mg/(Mg + Fe?*) vs. Si diagram (Figure 10c), Kirazgedik
amphiboles mostly plot within the magnesiohornblende field, with little representation in
the tschermakite field, whereas Kozbudaklar and Delice extend from magnesiohornblende
toward ferrohornblende, consistent with progressive Fe enrichment. Figure 10d reveals
a systematic evolution from edenite and parasite/magnesio-hastingsite in Kirazgedik to
ferro-edenite in Giineybudaklar, Kozbudaklar, and Delice, indicating increasingly oxidized,
Fe-rich magmatic conditions.

Collectively, the geochemical evolution of both micas and amphiboles reflects a tran-
sition from high-temperature, Mg-rich mineral assemblages in Kirazgedik toward lower-
temperature, Fe-enriched, and fluid-altered compositions in Giineybudaklar, Kozbudaklar,
and Delice. These trends are coherent with whole-rock geochemistry and provide robust ev-
idence for progressive magmatic differentiation, oxidation, and hydrothermal overprinting
during the later stages of pluton emplacement.

5. Discussion
5.1. Tectono-Magmatic Framework and Temporal Constraints

Integrated geochronological, petrochemical, and mineralogical data delineate a com-
plex, prolonged, and multi-phase magmatic evolution within the Niliifer Mineralization
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Complex (NMC) and adjacent plutonic suites, extending over a temporal window of
approximately 9 million years (Figures 7-10). High-precision U-Pb zircon and Re-Os
molybdenite ages constrain the timing of successive magmatic episodes, beginning with
the early crystallization of the South-Tepeldag Pluton at 54.56 &+ 0.21 Ma. This is followed
by granodioritic intrusions in the Giirgenyayla Pluton, dated at 51.02 + 0.52 Ma and
51.5 £ 0.1 Ma, respectively. Importantly, molybdenite mineralization in the Giineybudak-
lar sector yields a Re-Os age of 49.93 & 0.21 Ma, preceding the principal emplacement
of the Topuk Pluton (48.71 £ 0.44 Ma) and its associated bodies (47.35 £ 0.21 Ma and
45.90 £ 0.29 Ma) (Table 5).

Table 5. Summary of geochronological data for the Topuk, South-Tepeldag, and Giirgenyayla plutons,
along with their associated mineralized zones. The reported ages determined using U-Pb and Re-Os
dating, as specified.

Pluton Zone Description Rock Type Method Age (Ma) Reference
South-Tepeldag ~ Porphyry Cu-Mo  Monzodiorite ~ LA-ICP-MSU-Pb  54.56 + 0.21 I;f;ft[‘ﬂ}

. . Altunkaynak,
Glirgenyayla Porphyry Cu-Mo Granodiorite SHRIMP U-Pb 51.02 £ 0.52 etal. [29]
Glirgenyayla Porphyry Cu-Mo Granodiorite CA-TIMS U-Pb 51.5+0.1 I:ta l:la }ﬁ%’

Topuk Guneybudaklar Molybdenite Re-Os 49.93 +0.21 This Study
Mineralization
. o Altunkaynak,
Topuk Main Body Granodiorite SHRIMP U-Pb 48.71 £ 0.44 etal. [29]
Topuk Delice Tonalite LA-ICP-MSU-Pb  47.35 + 0.21 Kocatiirk,
etal. [14]
Topuk Delice AF-Granite  LA-ICP-MSU-Pb  45.90 - 0.29 I:f;f‘t[‘ﬂ;

This temporally constrained magmatic evolution corresponds to a tectonic regime
governed by continued Neo-Tethyan subduction, trench retreat, and progressive slab roll-
back, rather than abrupt slab rollback. The absence of pervasive thermal overprinting on
high-pressure/low-temperature (HP/LT) metamorphic assemblages, as documented in
regional studies [24,58], supports a slab-attached configuration during crustal reworking.
Thermomechanical models [59] corroborate this scenario, predicting alternating phases of
trench retreat, asthenospheric upwelling, and upper crustal extension—consistent with
the spatiotemporal distribution and geochemistry of NMC magmatism. More recently,
Kocattirk et al. [14] proposed that the Eocene magmatic activity in the Tavsanli Zone re-
flects post-subduction rollback processes evolving from an initial transpressional regime
to transtensional kinematics. This geodynamic framework is consistent with the syn- to
post-subduction setting of the Tavsanli Belt, which aligns with potassic arc environments
described by Miiller and Groves [60], particularly post-collisional systems influenced by
rollback-related mantle melting. The high-K calc-alkaline signatures and moderate Mg#
observed in the NMC intrusions are similar to post-subduction intrusions in Iran and
the Balkans [50,61]. Additionally, the presence of transpressive fault systems controlling
magma ascent supports the model of structurally focused potassic magmatism in exten-
sional orogenic belts [60].

Whole-rock major and trace element geochemistry reveals a coherent calc-alkaline
differentiation trend across the NMC intrusions, reflecting systematic compositional evo-
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lution from primitive to more evolved magmas. This geochemical continuum extends
from low-silica, calc-alkaline composition in the Kirazgedik unit, through intermediate
tonalitic-granodioritic phases observed in the Kozbudaklar and Delice units, and culmi-
nates in high-silica, high-K calc-alkaline granodioritic compositions in the Giineybudaklar
sector (see Figure 7a—d). The majority of samples exhibit high-K calc-alkaline signatures,
consistent with arc- or post-collisional magmatism. Notably, a subset of the Delice samples
trends toward the shoshonitic field, suggesting more extreme potassium enrichment. This
feature may reflect derivation from a metasomatically modified lithospheric mantle source,
enriched in large ion lithophile elements (LILEs), or alternatively, significant crustal assimi-
lation during magma ascent and evolution. Such geochemical signatures are commonly
associated with post-orogenic tectonic environments, where lithospheric thinning and fluid
fluxing facilitate the generation of potassic magmas [38,39]. The progressive depletion of
compatible elements (e.g., Ni, V, Sr) and enrichment in incompatible elements (e.g., Rb, Zr,
and K;O/Na,0O) with increasing SiO, content strongly indicates a dominant control by
fractional crystallization, particularly involving early removal of mafic (amphibole £ pyrox-
ene) and feldspathic (plagioclase £ K-feldspar) phases. The Dy/Yb vs. SiO, diagram (see
Figure 7e) provides additional constraints on REE partitioning during magma evolution.
Kirazgedik samples, representing the earliest porphyry stage, are characterized by low SiO,
and elevated Dy/YDb ratios, interpreted as a signature of garnet-dominated fractionation
at deep crustal levels [42]. In contrast, the Kozbudaklar and Delice intrusions show inter-
mediate Dy/Yb values and higher silica, reflecting amphibole-controlled differentiation at
shallower depths. The most evolved Giineybudaklar samples display high SiO; and low
Dy/Yb ratios, consistent with crystallization from highly fractionated, volatile-rich melts
where garnet and amphibole are no longer major residual phases. Therefore, the geochemi-
cal and mineralogical trends from Kirazgedik to Glineybudaklar reflect a temporal-spatial
progression from deep-seated garnet-influenced magmatism to shallow-level systems dom-
inated by melt differentiation and volatile enrichment. This pattern is fully compatible
with post-subduction slab rollback models, in which progressive decompression melting
and increasing hydrous flux facilitate sustained magma ascent and crustal evolution in the
Tavsanl Belt. Moreover, REE and multi-element patterns (see Figure 9) further affirm a
subduction-modified source, characterized by LREE enrichment and pronounced negative
Nb, Ta, and Ti anomalies. Notably, the Giineybudaklar samples display steep REE slopes
and the most pronounced negative Eu anomalies, implying advanced feldspar fractiona-
tion and residual melt evolution in the terminal phases of magmatism. Such geochemical
signatures are consistent with protracted differentiation of hydrous, oxidized magmas at
shallow crustal levels [62].

Biotite and amphibole chemistry across the studied units provides additional con-
straints on the magmatic and post-magmatic evolution, pointing to two distinct magmatic
lineages. Kirazgedik samples are characterized by their calc-alkaline affinity and plot
within mantle-derived, high-fO, fields (Figure 11a,b,d), which strongly suggest formation
from hydrous, oxidized magmas originating in a subduction-influenced mantle source.
The chemistry of amphiboles in these rocks further supports this interpretation, as most
fall within the magmatic amphibole field and display signatures of crystallization under
oxidizing conditions at relatively shallow crustal levels (Figure 11c,d). These findings
are consistent with subduction-related magmatic systems where fluids released from the
subducting slab enhance the oxidation state of the mantle wedge and promote amphibole
stability during differentiation [63,64]. In contrast, the Giineybudaklar, Kozbudaklar, and
Delice suites reveal a different evolutionary path. Their compositions trend toward more
evolved, crustally influenced sources, plotting within the calc-alkaline orogenic suite with
the peraluminous and anorogenic alkaline fields (Figure 11a), with Fe-Mg systematics
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suggesting a mix of crustal and mantle inputs (Figure 11b). Amphiboles from these units
often exhibit lower oxidation states and, in some cases, show evidence of late- or post-
magmatic re-equilibration (Figure 11c,d). This implies crystallization from magmas that
were less hydrous and less oxidized, likely emplaced during post-collisional tectonic phases.
Together, the contrasting characteristics of these magmatic suites highlight the shift from
subduction-related to post-orogenic magmatism in NMC, reflecting broader crust-mantle
interaction processes over time [18,65,66].

Taken together, these petrological, geochemical, and geochronological observations
support a coherent model wherein hydrous, subduction-related magmas underwent poly-
baric differentiation and episodic emplacement into the upper crust under conditions
shaped by slab rollback and transtensional deformation. The timing of molybdenite miner-
alization (~49.9 Ma) coincides with the inherited zircon domains (~50-52 Ma) in the earlier
phase of the Topuk Pluton, indicating that hydrothermal fluid exsolution and mineral-
ization were temporally linked with the early felsic intrusions. This temporal coupling
supports the interpretation of a vertically integrated magmatic-hydrothermal system, in
which progressive fractional crystallization, moderate levels of crustal contamination, and
structurally focused fluid migration played key roles in concentrating metals [1,67,68].
The transition from transpressional to transtensional tectonics likely provided extensional
conduits and permeability pathways, facilitating the ascent of magmas and hydrothermal
fluids during the terminal stages of arc magmatism [1,69-72].
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5.2. Mineralogical Discriminants as Vectors in Exploration

Whole-rock and mineral-scale geochemistry across the NMC reveal pronounced spa-
tial trends that integrate magmatic differentiation, volatile enrichment, and metal fertility.
Among these, biotite halogen content—particularly fluorine—emerges as the most sensitive
fluid-flux indicator. Fluorine concentrations in biotite decrease systematically eastward
from ~1.4 wt.% at Kirazgedik to ~0.4 wt.% at Delice, whereas Cl remains uniformly low
(<0.2 wt.%) (see Table 3). Notably, only biotite from the Giineybudaklar and Delice sectors
simultaneously exhibits Xmg < 0.60 and F > 0.30 wt.%, consistent with mineralization-
fertile conditions (see Table 3; Figure 10a,b). Experimental petrology demonstrates that
F-rich biotite crystallizes from H,O-F-rich melts or fluids capable of transporting high-
field-strength elements (HFSEs) such as W, Mo, and Au. Low CI/F ratios further indicate
acidic, sulfur-poor fluid conditions conducive to scheelite precipitation rather than chal-
copyrite [77-79].

These trends are consistent with halogen systematics observed in amphibole compo-
sitions, which offer a complementary view of magmatic-hydrothermal evolution across
the belt. Halogen concentrations in amphibole and biotite reveal a coherent spatial pattern
that reflects progressive volatile depletion and fluid saturation. In the Kirazgedik porphyry
system, both minerals are enriched in fluorine and chlorine (F > 0.4 wt.%, C1 > 0.3 wt.%),
indicating an oxidized, volatile-rich magma capable of Cu-Mo transport. By contrast, the
transitional Giineybudaklar samples show persistently high CI (>0.3 wt.%) but decreased F
(to ~0.1 wt.%), suggesting late-stage degassing or fluid unmixing during skarn evolution.
This is consistent with evolved potassic magmas nearing volatile saturation, as observed in
global analogues [60,80]. Similar halogen patterns in the MICA1 database also differentiate
fertile from barren high-K suites [60]. Although post-emplacement degassing may reduce
preserved F and Cl values [81,82], the persistence of Cl-rich, F-depleted signatures in
Giineybudaklar and skarn-related intrusions implies continued fluid mobility and potential
for ore deposition.

A similar spatial and compositional evolution is also observed in amphibole major
oxide chemistry, reinforcing the halogen-based volatile trends. Samples from the Giiney-
budaklar and Delice plots in the ferro-edenite and ferro-pargasite fields (see Figure 10d),
showing X < 0.60 and increased A1Y, and containing up to 1.0 wt.% KO (see Table 4)—
indicative of potassic, vapor-saturated melt conditions typical of cupola-stage degassing
in a skarn system [18,83]. K-rich amphiboles are commonly recognized as a characteristic
feature of porphyry—skarn systems [18,84].

Whole-rock major-oxide trends reinforce this evolving volatile scenario: SiO, increases
from about 55 wt.% in Kirazgedik quartz-monzodiorites to >75 wt.% in Delice felsic dykes,
whereas Fe; O3 reaches ~35 wt.% in skarn samples from Kozbudaklar and Delice, coincident
with peak W concentrations (>2557 ppm). This enrichment is attributed to carbonate
replacement and elevated oxygen fugacity—conditions favoring W and Bi metal transport
via chloride—fluoride complexes [18,78].

Highly evolved apophyses at Giineybudaklar and Delice are further characterized
by Rb/Sr > 1 and Zr > 250 ppm—classic characteristics of fractionated, volatile-rich gran-
ites [49,85]. Thermometry using Ti-in-biotite and amphibole thermometry indicates tem-
perature decrease from ~500 °C at Kirazgedik to <300 °C at Delice, while fO, increases—
marking the shift from Cu—Mo porphyry cores to W-rich skarn halos [18,78,86].

Field relationships corroborate this mineralogical vector. Chemically evolved intru-
sions in Giineybudaklar and Delice are structurally controlled by faults and breccia zones
that acted as conduits for late-stage fluids. Kozbudaklar represents a transitional domain—
Mo rich yet W laden (>2300 ppm) with moderate F in biotite—reflecting a Mo-W skarn
system retaining porphyry characteristics. Meanwhile, Kirazgedik preserves primitive
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signatures (e.g., high Xyg biotite, mantle-derived amphibole, Cu-Mo enrichment), typically
of early compressional porphyry stages.

5.3. Thermo-Redox Evolution of Magmatic Pulses

Thermobarometric modeling based on amphibole compositions, using the empirical
formulations of Ridolfi et al. [17] and magmatic fO, estimates from the Geo-fO, software
(version 2.0) [87], provides critical insight into the temporal and spatial evolution of P-
T-fO,-H,O conditions across the NMC (Supplementary Table S6). Each mineralized
sector displays a distinctive and internally coherent thermodynamic trajectory, reflecting
contrasting magmatic histories that align with their respective mineralization styles and
geochemical signatures (Figure 12).

The Kirazgedik region is defined by amphibole compositions that cluster at high
temperatures (mean ~ 876 °C), with elevated pressures (up to 2.7 kbar), indicative of deeper
magma storage (Figure 12a,b). A steep increase in AFMQ with decreasing temperature (up
to 2.3) reflects the development of a pronounced redox gradient during rapid magma ascent,
likely associated with progressive degassing and oxidation (Figure 12c). Despite these
high pressures, amphibole H,O contents remain relatively low (4.3-6.6 wt.%) (Figure 12e),
suggesting that the parental magma was initially volatile-undersaturated and derived from
a reduced mantle source within the sub-continental lithospheric mantle (SCLM), consistent
with a compressional subduction setting [14,78]. The observed thermal-redox evolution—
characterized by increasing oxidation with ascent—is compatible with the destabilization
of early magnetite shells around the porphyry core and the influx of oxidized, slab-derived
fluids [78,88].

In contrast, the Glineybudaklar region displays moderately lower crystallization
temperatures (mean =~ 826 °C) and a narrower pressure range (0.7-2.0 kbar) (Figure 12a,b),
consistent with shallower magma emplacement. The AFMQ values in this region are
relatively stable, with a median of approximately 1.4, suggesting that redox conditions
were established early and remained constant throughout cooling (Figure 12¢c). Amphibole
H,O contents in this region are higher on average (4.7-7.3 wt.%) (Figure 12e), indicating
a melt that was more hydrous and more oxidized than its Kirazgedik region. Although
most amphiboles in Giineybudaklar display this oxidized and stable signature, a subset
exhibits Kirazgedik-like trends in the AFMQ-H,O relationship (Figure 12d), pointing to
the possibility of early slab-fluid influx followed by overprinting by crustally buffered,
oxidized fluids during later stages of skarn development [13,77,89]. This hybrid signature
underscores the transitional nature of Giineybudaklar, straddling the boundary between
porphyry-type magmatism and the onset of skarn-forming processes.

The Kozbudaklar region records the lowest average crystallization temperatures (mean
~ 780 °C) and pressures (0.9-1.7 kbar) across the complex (Figure 12a,b). Its AFMQ-T
trend is nearly flat (Figure 12c), centered around a AFMQ of ~1.1, reflecting little to no
change in oxidation state during cooling. Amphibole H,O contents are consistently high
(6.2-7.4 wt.%) (Figure 12e), indicating that the magmatic system was water-rich and likely
fluid-saturated through its evolution. The thermal and redox characteristics of Kozbudaklar
suggest a shallow emplacement regime and limited magmatic recharge, consistent with the
development of static, iron-rich skarn systems rather than dynamic porphyry-type roots.
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Figure 12. Thermobarometric and redox parameter estimations for amphiboles from the Kirazgedik,
Gtineybudaklar, Kozbudaklar, and Delice sectors [17,87]: (a) AFMQ (kbar) vs. temperature (°C);
(b) Pressure (kbar) vs. temperature (°C); (c) HpO content (wt.%) vs. temperature (°C); (d) AFMQ
(kbar) vs. HyO content (wt.%); (e) Continental crustal depth (km) vs. AFMQ (kbar); (f) logiofO>

(kbar) vs. AFMQ (kbar).
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The Delice region exhibits crystallization temperatures and pressures similar to those
of Glineybudaklar (Figure 12a,b), but it is distinguished by a more complex and variable
redox evolution. Amphibole AFMQ values at Delice range from 0.1 to 2.7, with an irreg-
ular decline as temperature decreases (Figure 12c). This oscillatory AFMQ behavior may
reflect episodic magma recharge, heterogeneous wall-rock interactions, or differences in
degassing efficiency during magmatic crystallization. Pressure estimates for Delice are
broad (1.1-2.7 kbar), suggesting that intrusions were emplaced at multiple crustal levels
(Figure 12b). Despite these fluctuations in fO,, amphibole H,O contents remain consis-
tently high (up to 8.3 wt.%) (Figure 12e), indicating that the magmas were volatile-saturated
systems and retain high fluid flux potential—ideal for the formation of W-Ce—Fe skarn
assemblages [85,90].

A crucial distinction among sectors is observed in the relationship between AFMQ and
calculated H,O contents (Figure 12d). In Kirazgedik, a positive correlation between fO,
and H,O implies that the system became increasingly oxidized as juvenile, slab-derived
fluids were fluxed. This trajectory is characteristic of early-stage magmas influenced by
oxidizing volatiles such as SO, and Cl-bearing components released during slab dehydra-
tion [13,91,92]. These fluids are known to enhance both redox state and metal transport
capacity in arc settings [77,93]. In contrast, the Glineybudaklar, Kozbudaklar, and Delice
sectors exhibit either inverse or scattered AFMQ-H,O relationships, suggesting decoupling
of oxidation and volatile content. This pattern is interpreted as evidence of significant
interaction with shallow-level or external fluids, including meteoric or metamorphic wa-
ters, which dilute primary magmatic signals and impose localized redox buffering through
wall-rock reaction [85,94]. The divergence from the oxidized juvenile fluid signature of
Kirazgedik highlights a fundamental shift in fluid provenance and redox control during
the transition from compressional subduction to slab rollback.

The distribution of AFMQ values across sectors delineates a systematic redox structure
within the magmatic plumbing system of the NMC (Figure 12f). Most samples cluster
between AFMQ 1 and 1.5, consistent with moderately oxidized arc magmas [78,91]. How-
ever, amphiboles from Kirazgedik and parts of Giineybudaklar extend to higher AFMQ
values, reflecting the influence of deeply sourced, oxidized slab-derived fluids. In con-
trast, the Kozbudaklar and Delice sectors, which crystallized at similar pressures, exhibit
AFMQ values closer to the arc average, suggesting a progressive redox homogenization of
the magmatic system over time. This convergence likely reflects long-term equilibration
through magma recharge-mixing cycles, prolonged residence in upper crustal chambers,
and overprinting by crustally derived or meteoric fluids [85,95]. Collectively, these trends
support a vertically integrated, evolving magmatic-hydrothermal system that matured
through both internal differentiation and external fluid interaction during the late stages of
arc evolution in a rollback-dominated tectonic setting [13,92].

5.4. Litho-Structural Controls and Metallogenic Model

The coexistence of porphyry Cu-Mo and skarn W deposits is geologically uncommon
due to their contrasting magmatic and redox requirements. Porphyry Cu-Mo systems are
typically derived from oxidized, hydrous, calc-alkaline magmas, often associated with
magnetite-series granitoids in convergent margin settings [1,96]. These magmas are char-
acterized by high oxygen fugacity (fO,), which facilitates the transport and deposition of
chalcophile metals like Cu and Mo as sulfide complexes [97]. In contrast, W-bearing skarn
systems generally form in association with reduced, ilmenite-series granitoids, often of
S-type affinity, where lower fO, favors the stability of tungstate species (e.g., scheelite),
and the involvement of crustal-derived magmas is more pronounced [7,98]. Nevertheless,
spatial and temporal associations of both deposit types have been reported in several
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metallogenic provinces, challenging conventional redox-based models: the Yechangping
Mo-porphyry/W-skarn system (East Qinling, China) and the giant Zhuxi W-Cu deposit
(South China). These mining districts worldwide illustrate instances where porphyry
copper-molybdenum (Cu-Mo) systems are spatially and temporally associated with tung-
sten (W) skarn mineralization. Although this coexistence is relatively rare, it underscores
the role of specific geologic conditions—such as evolving magmatic oxidation states and
mixed magmatic sources—in facilitating the simultaneous evolution of these mineralization
styles.

In the Yechangping porphyry-skarn system (East Qinling, Luanchuan District, China),
the Luanchuan metallogenic district hosts giant Mo deposits that grade into W-bearing
skarns. For instance, the Yechangping deposit is a representative porphyry-skarn Mo-W
system, featuring porphyry-style molybdenum mineralization accompanied by a tungsten-
bearing skarn zone [99]. Other nearby intrusions (e.g., Nannihu-Sandaozhuang) similarly
contain porphyry Mo orebodies with adjacent W-rich skarns [100]. These systems formed
from Jurassic granitoids of intermediate oxidation state, and they illustrate how a single
magmatic-hydrothermal system can generate Mo-sulfide ore in the cupola (porphyry) and
scheelite in peripheral skarns [99]. Geological studies of Luanchuan deposits indicate
that magma differentiation and fluid phase evolution led to varying fO, conditions—high
fO; fluids precipitated Mo sulfides in the porphyry core, whereas relatively lower fO, at
the limestone contacts favored scheelite deposition in skarns [99]. This explains the co-
occurrence of Cu/Mo and W mineralization in what was once thought to be an exclusively
“oxidized” porphyry environment. While in South China’s Jiangnan ore belt (northern
Nanling region), most granitoids are reduced ilmenite-series, typically yielding W-5Sn
skarns. However, recent discoveries in the Late Jurassic—Early Cretaceous Jiangnan belt
include several giant W deposits with unusual Cu or Mo enrichment [101]. The Dahutang
W-Cu deposit in Jiangxi is a prime example—it contains an estimated 1.1 million tonnes
of WO3 along with significant copper byproducts [101]. Such W—Cu skarn systems are
interpreted to result from hybrid magmas or evolving redox conditions: an initially reduced
granite generated the bulk of the tungsten (scheelite) mineralization, but pockets of more
oxidized, sulfur-rich melt or magma mingling introduced chalcopyrite (Cu) mineralization
in tandem [101,102]. In other cases, like the Yangchuling W-Mo deposit (Jiangnan belt),
zircons record mixed Ce**/Ce3* ratios, suggesting the magma fO, fluctuated during
crystallization [102]. These Chinese examples show that W-skarn formation is not strictly
limited to purely reduced systems—if a pluton’s oxygen fugacity increases slightly (or a
minor oxidized magma invades), it can carry chalcophile metals like Cu/Mo without fully
suppressing scheelite deposition.

In our study, the NMC represents a vertically superimposed, laterally zoned magmatic—
hydrothermal system developed during the late stages of subduction-related arc mag-
matism and post-subduction extension. The mineralization architecture observed—
progressing from early Cu-Mo fractured porphyries to distal, relatively reduced W-
dominant skarns—is controlled by a synergistic interplay between magma evolution,
redox and volatile state, emplacement depth, and the inherited upper crustal structure. The
temporal progression from Kirazgedik (~54.6 Ma) to Delice (~45.9 Ma) reflects an evolving
magmatic system transitioning from mafic, mantle-derived, reduced melts to felsic, volatile-
saturated, and oxidized intrusions. Early-stage Kirazgedik intrusions are interpreted as
high-pressure, oxidant-deficient melts derived from a metasomatized sub-continental litho-
spheric mantle (SCLM), characterized by low H,O and moderate fO,, as inferred from
amphibole-based thermobarometry and low Cl/F ratios in biotite [14,78] (Figure 13). The
Cu-Mo-Au-W association observed in both the Kirazgedik and Giineybudaklar systems
closely resembles other porphyry-style deposits such as Skouries and Cadia Ridge-way,
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which are hosted in oxidized, high-K magmas [60,103]. Geochemical indicators—such as
elevated fO, (~+1.5 AFMQ) and Cl-enriched amphiboles—collectively point to a fertile,
volatile-saturated magmatic source. These features align well with the genetic models
of porphyry ore formation proposed by Richards [8] and broadly applied in exploration
frameworks [60].
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Figure 13. Tectonomagmatic evolution and associated mineralization stages in the NMC region from
54 to 45 Ma, illustrating slab dynamics, redox conditions (FMQ), and ore-forming processes.

As the system evolved, fractional crystallization, crustal assimilation, and the ingress
of slab-derived oxidized fluids promoted higher H,O content and elevated fO, condi-
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tions. These processes facilitated the formation of W, Mo, and Bi-rich mineralizing fluids,
particularly in Giineybudaklar and Kozbudaklar. The elevated Al'Y and K,O contents in
amphiboles from these sectors, combined with high SiO, and Rb/Sr ratios in host rocks,
indicate that these magmas had undergone extensive differentiation and Cl saturation at
shallower crustal levels (~0.7-2.0 kbar), forming the cupola zones of evolving porphyry—
skarn transitions [18,89]. Delice, the youngest and most evolved center, preserves felsic,
fluid-charged intrusions with the highest H;O contents and lowest crystallization tem-
peratures (~<300 °C), suggestive of late-stage, low-pressure skarn-forming conditions.
Amphibole AFMQ values at Delice fluctuate widely, possibly due to episodic magma
pulses or interaction with external fluids (e.g., meteoric or metamorphic), reflecting an
unstable redox environment during crystallization and late-stage hydrothermal fluid flow.

In addition to early-stage porphyry mineralization associated with oxidized high-K
calc-alkaline magmas, the progressive rollback of the subducting slab likely triggered
mantle wedge widening and enhanced contributions from carbonate platform melting
(Figure 13). This evolution introduced reducing agents into the mantle wedge and facilitated
variable redox states across the NMC intrusions. Similarly, the increased crustal input into
high-K magmas—typical of post-collisional arc settings—is genetically linked to Cu-Mo-W-
Au porphyry-skarn transitions [104,105].

Metal precipitation exhibited depth dependency; in deeper levels, magnetite and
sulfide saturation promoted Cu and Mo deposition. Conversely, in shallower, acidic, and
sulfur-poor conditions (e.g., Delice), scheelite and associated tungstate phases were stabi-
lized by oxidized, F-bearing fluids [77,78]. Structural controls played a key role in channel-
ing magmas and hydrothermal fluids. Major mineralized centers such as Giineybudaklar
and Delice are aligned with oblique-slip fault zones and breccia corridors, interpreted as
conduits formed during slab rollback-driven transtensional deformation [24,58]. These
tectonic features enabled vertical superposition of porphyry, skarn, and epithermal miner-
alization styles, preserved as a continuous spectrum from deep-seated porphyry roots to
shallow-level skarn caps and vein systems [106,107]. The absence of significant thermal
overprinting on the surrounding HP-LT metamorphic basement is consistent with slab-
attached rollback scenarios, wherein fluid and heat transport remained spatially restricted
along structurally reactivated zones [85,91].

Integrating mineral chemistry, thermobarometry, redox proxies, and structural data,
the NMC exemplifies a complete porphyry—skarn system evolving within a post-subduction
tectonic context. Its metallogenic sequence—ranging from Cu-Mo (Kirazgedik) to Mo-
W-Bi—-Au (Glineybudaklar/Kozbudaklar), and finally W—Fe—Ce (Delice)—reflects both
spatial zonation and temporal magmatic evolution from mantle-derived to crust-dominated
sources. This progression parallels analogous systems in the Andes and the Central Asian
Orogenic Belt [85,108], where oxidized, hydrous magmas and structurally complex settings
control metal enrichment. The NMC thus serves as a representative hybrid porphyry—skarn
system, shaped by concurrent changes in tectonics, magma chemistry, and lithospheric
architecture.

6. Conclusions

The mineralized systems of the westernmost Eocene Tavsanli Metallogenic Belt, exem-
plified by the Niliifer Mineralization Complex (NMC) in NW Tiirkiye, record a systematic
and spatially coherent evolution from high-temperature, oxidized porphyry-style Cu-
Mo systems to more reduced, volatile-depleted W-Mo-bearing skarns. This metallogenic
progression reflects a broader magmatic differentiation trend coupled with evolving em-
placement depths and redox states during the post-subduction tectonic regime.
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Kirazgedik represents the earliest and most thermodynamically distinct mineraliza-
tion phase, formed from deep-seated, oxidized, hydrous magmas crystallizing at elevated
temperatures (~930 °C) and pressures (~2.7 kbar). This porphyry Cu-Mo system is inter-
preted as the product of early post-subduction arc magmatism, marked by high magmatic
fOy and water content. The transitional Giineybudaklar system, constrained by Re-Os
molybdenite ages (~49.9 Ma), developed under moderately oxidized (AFMQ ~ 1.8-0.5) and
water-rich conditions, facilitating Mo and W enrichment at the porphyry—skarn interface.
Kozbudaklar, in contrast, reflects a more evolved and degassed magmatic state, where re-
duced conditions favored scheelite (W) mineralization in a distal skarn environment. Delice
captures the most complex fluid history, characterized by felsic intrusions into carbonate
rocks and recording a wide redox-volatility spectrum. The coexistence of both oxidized and
reduced fluid signatures suggests prolonged, multi-stage fluid evolution involving both
magmatic and externally derived components, as well as intense fluid-rock interaction
during retrograde alteration. Collectively, these systems illustrate a continuous, genetically
linked porphyry-skarn evolution controlled by progressive magmatic differentiation, redox
evolution, and crustal emplacement depth, all modulated by a regional tectonic shift from
transpression to transtension during slab rollback. Amphibole and mica compositions
provide robust proxies for reconstructing magmatic conditions (P-T-fO,-H,0O) and are
shown to be effective tools for assessing magmatic fertility and fluid evolution in complex
post-subduction systems. Integrated petrological, mineralogical, and geochemical analyses
delineate the mineralization potential and refine exploration models in porphyry—skarn
terranes of the Western Tethyan domain.
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