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Abstract: The current work investigates the impact of magmatic fluids and metasomatic processes on
the Yolindi Cu-Fe skarn deposit in the Biga Peninsula, Turkey. It traces the stages of skarn evolution,
from prograde to retrograde alterations, and investigates findings within a broader geological, miner-
alogical, and geochemical framework. Additionally, it assesses the evolutionary history of the Yolindi
deposit in relation to calc-alkaline magmatic activity in an island-arc environment and compares its
mineral compositions and genesis with other global and regional Cu-Fe skarn deposits. The Yolindi
Cu-Fe skarn deposit in the Biga Peninsula was formed by the intrusion of Şaroluk quartz monzonite
pluton into Upper Paleozoic Torasan Formation rocks such as phyllite, schists, hornfels, marble,
and serpentinites. During skarnification, reactions between the magmatic fluids from the Şaroluk
quartz monzonite pluton and the Torasan Formation produced skarn minerals associated with metals
such as Fe and Cu. Initially, these reactions formed prograde skarn minerals such as augite-rich
pyroxenes and andradite garnets with magnetite and pyrite. As the system cooled, these initial
minerals underwent retrograde alteration, leading to the formation of minerals such as epidote,
actinolite, and chlorite, as well as other copper and iron minerals including chalcopyrite, bornite,
secondary magnetite, and specular hematite. Therefore, four main stages influenced the formation
of the Yolindi Cu-Fe deposit: metamorphic bimetasomatic, prograde metasomatic, and retrograde
metasomatic stages. Later, oxidation and weathering resulted in supergene minerals such as cerussite,
malachite, and goethite, which serve as examples of the post-metamorphic stage. The mineralogical
shifts, such as the andradite–grossular transition, reflect changing hydrothermal fluid compositions
and characteristics due to the addition of meteoric fluids. Importantly, the formation of magnetite
after garnet and clinopyroxene during the retrograde stage is evidenced by magnetite crystals within
garnet. The mineral associations of the Yolindi Cu-Fe skarn deposit align with the global skarn
deposits and specific Turkish skarns (e.g., Ayazmant Fe-Cu and Evciler Cu-Au skarn deposits).
The Yolindi Cu-Fe skarn deposit, in association with ore-bearing solutions having magmatic origins,
developed in an island-arc setting.

Keywords: EPMA data; geochemistry; mass balance calculation; Yolindi Cu-Fe skarn deposit; Şaroluk
pluton; Biga Peninsula; NW Turkey

1. Introduction

As a result of changes in fluid composition, pressure, and temperature, a skarn system
frequently displays zonal alterations [1]. These zonal patterns may run concentrically
(outward from the igneous intrusion) or perpendicular to the intrusion/carbonate-rich rock
and limestone contact [1]. Mineral assemblages are a common way to express these zones.
Based on their proximity to the caused intrusion, Ray and Webster [2] and Meinert [3]
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divided skarns into endoskarns and exoskarns. An endoskarn forms within the intrusive
body itself, typically in its outer regions. It is produced by the interaction of the igneous
body and the magmatic fluid [1]. Even while it is frequently less widespread than ex-
oskarns, it can, nonetheless, contain sizable mineral reserves. Garnet, pyroxene, quartz, and
ore minerals including magnetite, pyrite, chalcopyrite, and bornite are frequently found
among the minerals found in endoskarns, along with sphalerite and galena on occasion [1].
However, an exoskarn forms around the intrusive body in the country rock. It frequently
contains garnet, pyroxene, and wollastonite, as well as ore minerals such as chalcopyrite,
magnetite, and maybe sphalerite and galena, and develops due to metasomatism caused
by the magmatic fluids that are heated by the intrusive body [1]. These minerals can exhibit
a specific zoning pattern that reflects variations in the fluid composition and temperature.
For instance, garnet may predominate in the exoskarn’s outermost regions (showing higher
temperature circumstances), whereas epidote and other silicates might become more preva-
lent as one moves into the interior (indicating lower temperature conditions) [1]. In this
context, Meinert [4] divided these zonal patterns into three subzones based on how close
they are to the intrusive body: proximal, intermediate, and distal zones.

Skarn deposits, which are predominantly classified as Fe-skarns and Cu-skarns, are a
significant mineral deposit located on the Biga Peninsula of Turkey (Figure 1). Fe-skarns
are the most abundant type of skarn deposit in western Anatolia. They arise when plutonic
rocks such as granodiorite, monzodiorite, quartz diorite, or diorite intrusions emplace into
metamorphosed sedimentary to volcanosedimentary rocks [5]. These skarns frequently
co-generate with porphyry Cu deposits or epithermal Au deposits. This suggests that the
Fe-skarns in the Biga Peninsula are an outcome of the broader magmatic–hydrothermal
systems developed in high-level porphyry settings [5]. They are distinguished by eco-
nomically valuable Cu mineralization that occurs as veins or irregular pockets that extend
across magnetite ore bodies. These deposits are related to the Oligocene to Lower Miocene
granitoids, particularly diorite and monzodiorite dike-like bodies close to the intersection of
graphitic recrystallized limestone [5]. The deposits, including Uskufcu, Demirtepe, Evciler,
and Bakirlik, frequently coexist with high-level porphyry systems as well (Figure 1). The
Cu-skarns in the Biga Peninsula are made up of garnet–pyroxene and wollastonite–garnet
skarns in endoskarn zones and wollastonite–garnet skarns in exoskarn zones [5]. However,
Fe-skarns in the Biga Peninsula include magnetite, phlogopite, and actinolite and exhibit
the alteration of magnetite to hematite, leading to supergene copper enrichment. There is
also economically significant gold mineralization in the altered prograde skarns of certain
deposits; this mineralization appears as magnetite and chalcopyrite lenses or pockets [5].
The region also has Mo-skarns, yet these are rather less prevalent than Fe-skarns and
are typically regarded as being unprofitable. These Mo-skarns frequently include W and
Cu mineralization and are mostly found in the regions of Soğucak, Sofular, Ayvalik, and
Çakiroba. Their grade ranges from 0.1% to 0.6% Mo. These diverse skarns demonstrate
how the Biga Peninsula is mineral-rich and how important it is for mining exploration
and development [5].

The Yolindi area has previously been studied geologically and petrologically in gen-
eral [6–10] but without a special focus on the genesis of the confined Cu-Fe skarn mineral-
ization. As a result, this study discusses the genesis and formation of the Yolindi Cu-Fe
skarn deposit in the Biga Peninsula, emphasizing the relationship between the intrusion of
Şaroluk granitoid rocks and the nearby Torasan Formation rocks. It also traces the metaso-
matic processes that lead to skarn mineralogy, highlighting the role of magmatic fluids and
their influence on mineral formation, alteration, and metal associations, particularly with
copper and iron. It also seeks to identify and delineate the various stages of skarn evolution,
from prograde to retrograde alterations. Furthermore, it attempts to contextualize the find-
ings within a broader framework by comparing the mineralogy and genesis of the Yolindi
deposit to other global and regional Cu-Fe skarn deposits and assessing their evolutionary
history in relation to magmatic activity, particularly in an island-arc environment. This
will be accomplished by conducting comprehensive field, petrographic, mineralogical, and
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geochemical investigations of the newly formed skarn minerals, alterations, and associated
mineralization of the Yolindi deposit. Geochemical studies of ore-related hydrothermal
alterations were performed to examine the chemical exchanges between host rocks and
hydrothermal ore fluids. The P-T conditions of ore deposition are approximated by utilizing
the mineral chemistry of skarn, alteration, and ore minerals.
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2. Regional Geological Background of the Biga Peninsula

Biga Peninsula (Figure 1) is a geologically diverse and complex peninsula that has been
exposed to a series of tectonic events during its lengthy history. It represents the western
section of the Sakarya Zone (S Pontide Domain) along the boundary between Gondwana
and Laurasia [12] and consists of numerous tectonic units, representing both continental
and oceanic assemblages [13]. The tectonic activity of the Biga Peninsula is primarily im-
pacted by the motion occurring along the North Anatolian Fault Zone [14]. This fault zone
divides into two primary branches, namely, the northern and southern branches, located
in the eastern area of Marmara. The southern branch of the fault system has a trajectory
that extends in the direction of the Biga Peninsula. This region is distinguished by a stress
regime that involves strike-slip and oblique normal faulting, particularly in its center-to-
northern portion. The region located in the southernmost portion of the peninsula has a
stress regime that is mostly characterized by normal to oblique faulting [14]. Okay, et al. [15]
identified four distinct NE–SW trending zones within the Biga and Gelibolu peninsulas
These zones, listed in order from northwest to southeast, are referred to as the Gelibolu,
Ezine, Ayvacık-Karabiga, and Sakarya zones. The oldest rocks in the Biga Peninsula are
metamorphic basement rocks that formed during the Precambrian to Early Paleozoic era.
These basement rocks consist primarily of gneisses, schists, and marbles that underwent
multiple metamorphic events under high-pressure and high-temperature conditions [16].
The peninsula also has plutonic and related volcanic rocks, ophiolites, and amphibolite to
granulite facies metamorphic rocks [17,18]. Furthermore, the area has two major thrusted
basement rock groups: the Kazdağ metamorphic units and the Çamlıca metamorphic unit
with high-pressure assemblages, as well as the Kemer metamorphics [19]. In other words,
the metamorphic rocks are split into two major zones: the Ezine zone with the Çamlıca
Metamorphic unit in the northwest region of the Biga Peninsula and Kazdag Group and
Karakaya Complex zone in the southeast region of the Biga Peninsula, which serve as the
basement of the Rhodope and Sakarya zones, respectively [11]. Other metamorphic units
occurred in the Biga Peninsula, such as the Çamlik and Yolindi Metagranodiorite, which
was exposed north of the northeast region and intruded into the Kalabak Formation [20].
The main tectono-stratigraphic units in the area of the Biga Peninsula are Denizgoren ophi-
olite and Çetmi ophiolitic mélange, which occurred in the SW and N of the Biga Peninsula,
respectively [11,15]. The Biga Peninsula observed extensive tectonic processes throughout
the Mesozoic era, including sedimentation, ophiolite emplacement, and the development
of volcanic island arcs [12]. Sedimentation had a significant effect in creating the geology of
the area throughout the Triassic era. During this period, extensive deposition of carbonate
rocks such as limestones and dolomites occurred in shallow marine environments [12,21].
These carbonate rocks give evidence of Triassic marine environments on the Biga Penin-
sula [21]. As the Mesozoic period gave way to the Jurassic and Cretaceous periods, tectonic
activity spread ophiolite complexes over the continent, as well as flysch and mélange
deposits. These ophiolites and associated deposits reveal geological events such as oceanic
crust formation, subduction, and accretionary processes in the area. Therefore, they are
predominantly Permo-Triassic carbonates and clastic rocks of the Karakaya Complex, with
Mid-Triassic to Jurassic neritic limestones of the Çetmi Ophiolitic Mélange occurring as
part of several Formations, including the Bayırköy Formation, Bilecik Limestone, and
Vezirhan Formation [15].

Aside from the metamorphic basement rocks, the Biga Peninsula has an extensive
record of magmatic and volcanic activity dating back to the Pre-Cenozoic and Cenozoic
eras (Figure 1). Granitic intrusions and volcanic rocks were emplaced on the Biga Peninsula
during the Late Paleozoic era as a result of the closure of the Paleo-Tethys Ocean and the
formation of the supercontinent Pangea [22]. They also took place in an extensional tectonic
regime, which is characterized by the stretching and thinning of the Earth’s crust. This
extensional tectonic regime resulted in various unique tectonic settings such as the back-
arc basin [13]; orogenic collapse [23]; slab breakoff [24]; and single-subduction zone [25].
The formation of the back-arc-type extension in the Aegean area may be attributed to the
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rollback of the Hellenic subduction zone [13,26,27]. However, the orogenic collapse of the
high topography thickened crust during the Eocene also contributed to the extension in the
Aegean area [23]. Additionally, slab break-off, convective removal, or partial delamination
of the lithosphere are the driving mechanisms responsible for syn-convergent extension
and magma generation [24]. The granitic intrusions found on the Biga Peninsula are
frequently accompanied with mineralization, suggesting that they might have formerly
acted as a source of important metallic minerals [11]. The Late Cretaceous Şevketiye Pluton
(Delaloye and Bingöl, 2000) represents the Pre-Cenozoic era in the northern part of the Biga
peninsula (Figure 1). In contrast, the Cenozoic era is characterized by a variety of intrusions
across the Eocene to the Oligo-Miocene, including Dikmen, Evciler, Eybek, Kestanbol,
Kuşçayir, Şaroluk, and Yenice, which are mainly concentrated in the central and southern
regions of the peninsula, along with the Kapidağ and Karabiga plutons in the north [28–33].
The volcanic rocks that originated on the Biga Peninsula during this time period provide
valuable insights into the ancient volcanic arcs that formed due to the subduction processes
of the Neo-Tethyan oceanic lithosphere in Anatolia [34]. These volcanic rocks, together with
the related mineral deposits, give vital information on the tectonic and magmatic processes
that occurred in the region during the Late Paleozoic period [11]. Pre-Cenozoic volcanic
rock assemblages are dominated by Triassic basic volcanic rocks such as basalts and spilites.
These are found with ophiolitic mélanges, a chaotic mix of rock types, and the Karakaya
Complex [11]. The Cenozoic period, on the other hand, observed the formation of Ayvacik
volcanic rocks, Ezine basalt, and Taştepe basalt, all with calc-alkaline to alkaline affinities,
indicating a diverse magmatic history [29,35,36]. In addition to their geological significance,
the Cenozoic plutons and volcanic successions of the Biga peninsula are economically
significant. The majority of the metallic mineral resources and industrial materials that
have aided its economy are related to these Cenozoic formations [11,37] (Figure 1).

3. Samples and Methods

In the Yolindi area, extensive fieldwork was conducted to gain a complete under-
standing of the geological context. To guarantee representativeness, samples from both the
primary host rocks with alteration and the altered rocks displaying mineralization were
methodically collected. A total of 121 thin and 88 polished sections were prepared from
the collected samples. The sections were petrographically examined using a polarizing
microscope to determine the mineralogical and textural relationships within the rocks.

The 132 rock samples were geochemically analyzed at the Geochemistry Research
Laboratories of Istanbul Technical University (ITU/JAL). To ensure uniformity, the samples
were finely ground using a RETSCH RS-200 model milling device with a tungsten carbide
milling apparatus. A BRUKER S8 TIGER model X-ray fluorescence spectrometer (XRF)
with a wavelength range of 0.01–12 nm was used to evaluate the major oxides of these
samples. The trace elements and rare earth elements (REE) were evaluated using an
ELAN DRC-e Perkin Elmer model Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS). Approximately 100 mg of each powdered sample was completely digested by using
BERGHOF speedwave MWS-3+ model microwave device for the ICP-MS analysis. The
sample was initially digested in a Teflon beaker with a mixture of 6 mL of 37% HCl, 2 mL of
65% HNO3, and 1 mL of 38%–40% HF. Afterwards, the excess of HF acid was removed
with the addition of 6 mL of H3BO3 5% (w/v) solution to vessel. The digested materials
were transferred to a 50 mL volumetric flask by rinsing with pure water, and clear solutions
of the samples were obtained. The same microwave technique was used to prepare a
blank solution for ICP-MS analysis. At the Geochemistry Research Laboratories of Istanbul
Technical University (ITU/JAL), X-ray Diffractometry (XRD) studies were carried out
using a D8 ADVANCE BRUKER diffractometer to identify the minerals within the altered
rock samples. Utilizing a copper-sealed tube X-ray source that emits Cu Kα radiation at
1.5406 Å, this device operates with a theta: theta geometry. The operational range for
X-ray energy is 3 keV to 30 keV, and it operates at 40 kV and 40 mA. The X’Pert HighScore
Plus v. 3.0 software, which, additionally, assisted with the semi-quantitative evaluation of
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mineral contents, was used to identify mineral phases. The Igpet version 2.3 software [38]
was used for drawing REE patterns. Using the GEOISO-Windows software (version
1.0, available from the IAMG server, Porto, Portugal) [39], it was possible to assess the
elemental mobility and construct an extensive overview of changes in mass balance and
volume. The software allows the construction of isocon diagrams based on Grant [40] using
Gresens [41] equations.

The altered and ore mineral chemistry was analyzed at the Earth Sciences Application
and Research Center (YEBIM) at Ankara University using a JEOL JXA-8230 electron micro-
probe. The instrument operated at an accelerating voltage of 20 kV, a beam current of 20 nA,
a beam size of 1–5 µm, and counting times ranging from 10–60 s. For calibration and quality
assurance in the JEOL instrument, we utilized standard reference materials prepared and
provided by Micro-Analysis Consultants Ltd. (MAC). The natural minerals and synthetic
oxides used for calibration purposes included: albite (Na), andradite (Si, Ca), apatite (P),
barite (Ba), cadmium (Cd), celestine (Sr), chromium (Cr), cobalt (Co), copper (Cu), dolomite
(Ca, Mg), fluorite (F), gold (Au), halite (Cl), hematite (Fe), indium arsenate (As), lead
telluride (Pb), nickel (Ni), olivine (Mg, Fe), orthoclase (Si, Al, K), palladium (Pd), platinum
(Pt), pure antimony (Sb), pyrite (Si, Fe, S), rodanite (Mn), rutile (Ti), selenium (Se), silver
(Ag), sphalerite (Zn), strontium fluoride (Sr), tantalum (Ta), vanadium (V), willemite (Zn),
wollastonite (Si, Ca), yttrium (Y), zinc (Zn), and zircon (Zr). The Phi-Rho-Z (CITZAF; [42])
correction scheme, integrated into the JEOL JXA-8230, addressed possible matrix effects,
instrumental drifts, and dead times. When the accuracy metrics were compared to standard
reference materials, it was discovered that at concentrations above and below the threshold
of 1 wt.%, the relative accuracy was between 1%–2% and 5%–10%, respectively.

4. Local Geology of Yolindi Area

The Yolindi area is approximately 16 km northeast of the Biga Peninsula in Çanakkale
province in northwest Turkey (Figure 1). The Upper Paleozoic Kalabak Group, which
comprises Torasan Formations, Yolindi metagranodiorite, and Sazak Formations, and the
Triassic Karakaya Complex, constitute the area. The Early Miocene Hallaçlar volcanics and
Early Miocene Şaroluk granitoids intruded into these rocks (Figure 2). Below is a quick
summary of these significant lithostratigraphic units.

The Kalabak Group is the basement of the Sakarya Zone, which is a distinct tectonic unit.
It is mostly made up of rocks that have been subjected to low-grade metamorphism [43].
It was classified into two formations, with the Torasan Formation being the lowermost
unit and the Sazak Formation representing the uppermost unit. The Torasan Formation is
composed of epiclastic rocks that have undergone low-grade metamorphism. On the other
hand, the Sazak Formation includes pyroclastic lithologies. The presence of metagranitic
rocks that overlap, notably with the Torasan Formation, is an uncommon aspect of the
Kalabak Group, known as the Yolinidi Metagranodiorite (Figure 2). The Upper Paleozoic
Torasan Formation (Pzt) is known as Torasan metamorphic rocks by Okay, et al. [15]. It
is located in the western part of the study area, around Yolindi village and Bıçkı and
Baltaoluk hill (Figure 2). It is primarily composed of phyllites and muscovite-, biotite-,
talc-, tremolite-, and chlorite-schists and their tuffs, with hornfels, metasandstone, and
metasiltstone metamorphosed under low-to medium-grade metamorphic conditions. The
phyllite and schists of the Torasan Formation, as well as its tuffs, are generally gray and
greenish yellow in color, having foliation (Figure 3a). Within the phyllites, serpentinized
peridotites (Pzts) (Figure 3b), talc-antigorite schists, and marble members (Pztm) (Figure 3c)
have scattered as blocks and lenses (Figure 2). A well-developed foliation of muscovite,
biotite, and quartz with opaque minerals characterizes the fine-grained texture of phyllite
(Figure 3d). Biotite schists are distinguished by their schistose texture and mostly include
biotite and quartz with a few opaque minerals. (Figure 3e). Actinolite hornfels are a contact
metamorphic rock that include actinolite and quartz with clinozoisite, clinopyroxene, and
opaque minerals (Figure 3f). The serpentinites in these lenses, which have undergone low-
grade metamorphism, are made up of antigorite with chlorite, clinopyroxene remnants,
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and less common opaque minerals (Figure 3g). Marble and recrystallized limestone, on
the other hand, are fine-grained and compact boulders with a white-gray tint, forming
lenses 1–40 m thick and spanning thicknesses of 3–10 m (Figure 3c), composed mainly
of calcite (Figure 3h). Yolindi metagranitoids (Pzy), on the other hand, are distinguished
by brownish, medium-grained, significantly altered biotite gneiss, granitic porphyry, and
metagranodiorite with directional textures and rare intrusions of dacitic and aplitic dykes.
Their U-Pb zircon SHRIMP and LA-ICP-MS dating gave Early Middle Devonian ages [8].
As well, their considerable outcrops may be seen to the north of the study area, towards
Yolindi village (Figures 2 and 3i). They are usually tectonically bounded on the western
side by the Torasan Formation and unconformably covered on the eastern side by the
Karakay Formation, extending in a NE-SW direction [15,44,45] (Figure 2). Biotite gneiss is
characterized by the presence of mineral bands that are often differentiated into distinct
light and dark bands. Biotite is a significant constituent in this rock with quartz, sericitized
plagioclase, and some opaque minerals (Figure 3j). However, altered granodiorite porphyry
comprises phenocrysts of sericitized plagioclase embedded in a groundmass of fine-grained
kaolinitized feldspar, quartz, and opaque minerals (Figure 3k). Sericitized plagioclase,
quartz, biotite, and opaque minerals make up metagranodiorite (Figure 3l). The Sazak
Formation, which overlaps the Torasan Formation in the north of the study area, has a
steady increase in tuff levels. It is made up of greenish fine-grained, well-foliated basic
metatuffs, metavolcanites, tremolite-actinolite schist, and marble [15].

The Triassic Karakaya Complex (TrKK) covers the central and westernmost portions
of the study area, which are found near the villages of Inova and Tahtali (Figure 2). In
terms of structural categorization, Okay and Goncoglu [46] divided this complex into
lower metamorphic rocks (of low grade) and upper metamorphic rocks (of high grade).
The Yolindi area has the lower Karakaya Complex, which is characterized by a succession
of metasandstone with alternating layers of fine-grained phyllite, metavolcanics, and
serpentinites (Figure 4a). Metasandstone primarily consists of sand-sized particles of quartz
with sericite, muscovite, K-feldspar, and iron oxides (Figure 4b). A very fine foliation of
biotite, k-feldspar, and sericite is arranged with quartz and muscovite in phyllite (Figure 4c).

The Early Miocene Şaroluk granitoid (MŞ) occurred as a pluton, which extends in an
east–west direction and spans an area of 20 km2, exhibiting an elliptical surface exposure
(Figure 2). Its U-Pb zircon dating varied from 22.18 ± 0.40 to 21.51 ± 0.37 Ma, displaying
that this particular pluton magmatism formed during the Early Miocene [6]. At the western
boundary of this pluton, in conjunction with the Torasan Formation and the pluton, a
hornfels zone has formed (Figure 3f). Fresh, unaltered, large-block-sized rocks could
be observed in the eastern part of the Şaroluk Pluton, whereas the western region has
undergone significant alteration. The rocks predominantly exhibit black to white colors,
except for zones with significant alteration, which are creamy. The joint sets on the pluton
are oriented N80◦ W/50◦ SE and run parallel to each other (Figure 4d). Quartz monzonite
dominates the Şaroluk pluton, with minor quantities of granodiorite and monzonite being
observed. A completely crystalline, porphyritic to granular texture including plagioclase
(34%–41%), K-feldspar (20%–27%), quartz (13%–19%), biotite, and tremolite make up the
majority of these rocks, with sericite, chlorite, epidote, and opaque minerals (Figure 4e).
Plagioclase (50%–70%), quartz (20%–30%), and microperthite (5%–15%) are the main
constituents of granodiorite, along with hornblende, biotite, trace amounts of pyroxene,
and other opaque minerals (Figure 4f). The pluton also contains gray microgranular
patches of microgranophyre that have sizes up to 10 cm (Figure 4g). The microgranophyre
has a granophyric texture and is significantly finer-grained, including mostly quartz and
microperthite with biotite and opaque minerals (Figure 4h).

The Hallaçlar Formation (Toh) is widely exposed in the southwest of the study area, close
to the Beyoluk village and around Bayındırlık Hill, Koca Hill, and Deniz Hill (Figure 2).
It was dated at 23.6 Ma by Krushensky [45], whereas 26.5 ± 1.1 Ma was determined
by Dönmez, et al. [47]. Karacik, et al. [48] estimated the age of this formation to be
22.6 ± 0.8 Ma. As a result, the volcanic activity that started in the Late Oligocene continued
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throughout the Early Miocene. The exposed parts of the Hallaçlar Formation are primarily
yellowish, whitish, and brownish (Figure 4i), while the altered sections are notably gray and
pale yellow (Figure 4j). It includes porphyritic andesite, rhyodacite, felsic tuffs, tuffaceous
siltstone, and pyroclastics. These rocks have undergone kaolinization, hematitization,
and limonitization. Porphyritic andesite is mostly formed of hornblende, biotite, and
plagioclase phenocrysts embedded in fine-grain microcrystalline plagioclase laths, biotite,
hornblende, quartz, and opaque minerals (Figure 4k). Felsic metatuffs are metamorphosed
volcanic tuffs that previously had a felsic composition and are rich in light-colored minerals
such as quartz and feldspars with sericite and kaolinite (Figure 4l).
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Figure 3. (a) Foliation of the phyllite of the Torasan Formation. (b) Serpentinized peridotites asso-
ciated with Torasan Formation. (c) Marble and recrystallized limestone in association with Torasan
Formation. (d) Phyllite has well-developed foliation of muscovite, biotite, and quartz with opaque
minerals. (e) Biotite and quartz with a few opaque minerals in biotite schists. (f) Actinolite and quartz
with clinozoisite, clinopyroxene, and opaque minerals in actinolite hornfels. (g) Serpentinites consist
of antigorite with chlorite, clinopyroxene remnants, and less common opaque minerals. (h) Calcite is
the main constituent of marble. (i) General view of the Yolindi metagranitoids. (j) Biotite gneiss having
biotite with quartz, sericitized plagioclase and some opaque minerals. (k) Phenocrysts of sericitized
plagioclase in a groundmass of fine-grained kaolinitized feldspar, quartz, and opaque minerals in
altered granodiorite porphyry. (l) Metagranodiorite contains sericitized plagioclase, quartz, biotite,
and opaque minerals. Abbreviations: actinolite (act), antigorite (atg), biotite (bt), calcite (cal), chlorite
(chl), clinopyroxene (cpx), clinozoisite (czo), kaolinite (kln), muscovite (ms), opaque mineral (opq),
plagioclase (pl), quartz (qz), sericite (ser).
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Figure 4. (a) Succession of metasandstone with alternating layers of fine-grained phyllite and
serpentinites within the Karakaya Complex. (b) Quartz with sericite, muscovite, K-feldspar, and
iron oxides in the metasandstone. (c) Phyllite consists of biotite, k-feldspar, and sericite, with quartz
and muscovite. (d) Joint sets on the Şaroluk granitoid pluton are oriented N80◦ W/50◦ SE and run
parallel to each other. (e) Plagioclase, K-feldspar, quartz, biotite, and tremolite make up most of
the quartz monzonite. (f) Granodiorite, composed of plagioclase, quartz, and microperthite with
hornblende, biotite, and other opaque minerals. (g) Microgranular patches of microgranophyre
in the grandiorite of the Şaroluk pluton. (h) Fine-grained granophyric texture has quartz and
microperthite, with biotite and opaque minerals in the microgranophyre. (i) The exposed parts of the
Hallaçlar Formation have yellowish, whitish, and brownish exposure. (j) Gray and pale yellow of
the felsic metatuffs. (k) Hornblende, biotite, and plagioclase phenocrysts embedded in fine-grain
microcrystalline plagioclase laths, biotite, hornblende, quartz, and opaque minerals in the porphyritic
andesite. (l) Quartz and feldspars with sericite and kaolinite in the felsic metatuffs. Abbreviations:
biotite (bt), hornblende (hb), K-feldspar (kfs), kaolinite (kln), microperthite (mp), muscovite (ms),
plagioclase (pl), quartz (qz), sericite (ser).
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5. Results
5.1. Hydrothermal Alterations and Mineralization of the Yolindi Skarn Deposit

The Cu-Fe(±Zn ± Pb) skarn deposit in the Yolindi area is a part of the broad magmatic-
hydrothermal system in the Biga peninsula (NW Turkey), which was formed due to the
intrusion of the Early Miocene Şaroluk granitoid (having mainly quartz monzonite with less
granodiorite) into the Upper Paleozoic Torasan Formation (having phyllites and muscovite-,
biotite-, talc-, tremolite-, and chlorite-schists and their tuffs, with hornfels, metasandstone,
and metasiltstone) within a zone of the calc-silicate and hornfels zones. Generally, Cu
mineralization is frequently associated with Fe-skarns. Cu is typically discovered in
irregular pockets with magnetite ore bodies. Trace quantities of Au mineralization can be
found in a few Fe-skarns with favorable Cu mineralization. In the study area, the zonal
alteration patterns can run concentrically or perpendicular to the contact between the
Şaroluk granitoid intrusion and the Torasan Formation and carbonate-rich rock/limestone.
These zones, which are often classified as endoskarns and exoskarns depending on their
proximity to the intrusion, as well as three subzones based on their proximity to the
intrusive body: proximal, intermediate, and distal zones, are often expressed by mineral
assemblages (Figure 5).
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Figure 5. Zonation map of the Yolindi Cu-Fe Skarn deposit showing the different skarn zones:
endoskarn and proximal, intermediate, and distal exoskarn zones.

The Torasan Formation granitoid contacts, in particular, are where the Şaroluk quartz
monzonite has bleached from grey to whitish, brownish, and greenish, making the en-
doskarns readily apparent in the field (Figures 5 and 6a). The endoskarn was formed within
the Şaroluk intrusive body itself, typically in its outer regions, and located around the
Maden Deresi and İmameğreği Sırtı areas (Figures 2 and 5). Mesoscopically, fresh granitoid
patches and the occurrences of skarnized granitoids (which include andradite) may both
be used to detect the formation of garnet, followed by epidote and sericite during metaso-
matism. Magnetite and pyrite are present in significant amounts in this zone (Figure 6).
In the Maden Deresi area, as a particular change from the low-altered magnetite-bearing
granodiorite to the magnetite-bearing endoskarn, the degree of alteration increases out-
ward to the contact region (Figure 6a). The magnetite-bearing granodiorites have mainly
quartz, plagioclase, microperthite, biotite, hornblende, pyroxene, and sphene with mag-
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netite (Figures 6a–d and 7a and Appendix A), whereas the magnetite-bearing endoskarn
has andradite and epidote with magnetite and goethite minerals, in which andradite is the
early product (Figures 6a,e–g and 7b and Appendix B). On the other hand, the İmameğreği
Sırtı area is characterized by magnetite- and pyrite-bearing granodiorite, having quartz,
plagioclase, microperthite, biotite, diopside, actinolite, and sphene with magnetite, pyrite,
and hematite (Figures 6h–k and 7a).

Minerals 2023, 13, x FOR PEER REVIEW 13 of 59 
 

 

 

Figure 6. General features of the endoskarn zone within the Şaroluk intrusive body (a) Changes 

from the low-altered magnetite-bearing granodiorite to the magnetite-bearing endoskarn in the 

Maden Deresi area. (b,c) Magnetite-bearing granodiorites. (d) Magnetite occurred in the granodio-

rite in the Maden Deresi area. (e–g) Magnetite-bearing endoskarns containing andradite and epi-

dote, as well as magnetite and goethite minerals. (h–k) Magnetite- and pyrite-bearing granodiorite 

having quartz, plagioclase, microperthite, biotite, diopside, actinolite, and sphene with magnetite, 

pyrite, and hematite. Abbreviations: actinolite (act), andradite (adr), biotite (bt), epidote (ep), goe-

thite (gth), hornblende (hb), magnetite (mag), microperthite (mp), plagioclase (pl), pyroxene (px), 

pyrite (py), quartz (qz), sphene (spn). 

Figure 6. General features of the endoskarn zone within the Şaroluk intrusive body (a) Changes from
the low-altered magnetite-bearing granodiorite to the magnetite-bearing endoskarn in the Maden
Deresi area. (b,c) Magnetite-bearing granodiorites. (d) Magnetite occurred in the granodiorite in
the Maden Deresi area. (e–g) Magnetite-bearing endoskarns containing andradite and epidote, as
well as magnetite and goethite minerals. (h–k) Magnetite- and pyrite-bearing granodiorite having
quartz, plagioclase, microperthite, biotite, diopside, actinolite, and sphene with magnetite, pyrite,
and hematite. Abbreviations: actinolite (act), andradite (adr), biotite (bt), epidote (ep), goethite (gth),
hornblende (hb), magnetite (mag), microperthite (mp), plagioclase (pl), pyroxene (px), pyrite (py),
quartz (qz), sphene (spn).
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Figure 7. XRD patterns of some selected altered samples collected from the different skarn zones:
(a) magnetite-bearing granodiorites. (b) magnetite-bearing endoskarn.

Exoskarns, which occur surrounding the Şaroluk granitoid body in the country Torasan
formation (Figure 5), frequently contain garnet, pyroxene, epidote, scapolite, wollastonite,
and ore minerals including magnetite, pyrite, chalcopyrite, bornite, hematite, and maybe
sphalerite and galena (Figures 8–10). These mineral assemblages have a particular zoning
pattern that corresponds to changes in fluid composition and temperature. Depending on
their distance from the intrusive body, Meinert [4] grouped these zonal patterns into three
subzones: proximal, intermediate, and distal zones.

Prograde and retrograde subzones make up the proximal exoskarn zone. In the SE of
the Sarıot Deresi area, the proximal prograde exoskarn zone (garnet- and magnetite-rich),
which is the earliest stage of the skarn system closest to the intrusive body, is frequently
distinguished by high-temperature mineralogy, which results from the interaction of fluids
from the intrusive body with the nearby country rocks (Figures 2 and 5). It is distinguished
by having zones of dark garnet (zoned andradite) and magnetite zones with subordinate
hematite (martitization) throughout the actinolite hornfels rocks of the Torasan Formation
(Figures 8a–f and 9a and Appendix C). The primary constituent of the actinolite hornfels
is actinolite, which displays hornfelsic textures with quartz and opaque minerals such
as magnetite and a trace amount of hematite (Figure 8e–f). On the other hand, the retro-
grade stage entails the alteration of prograde skarn minerals at lower temperatures and
pressures while still being affected by metasomatic fluids. As a result, high-temperature
prograde minerals can disintegrate, and new mineral assemblages can develop. Therefore,
in the northwest of the Sarıot Deresi area (Figure 5), the proximal retrograde exoskarn
zone (epidote-, actinolite-, and clinopyroxene-rich) reflects a cooler and less pressurized
phase of skarn formation close to the associated intrusive body. It is characterized by a
greenish color (Figure 8g–h) and retrograde minerals such as epidote and actinolite with
clinopyroxene relics and andradite-grossular intergrowth cut by quartz-carbonate veins
(Figures 8h–j and 9b and Appendix D). A significant occurrence of ore minerals includes
pyrite, chalcopyrite, bornite, hematite, and fewer magnetite (Figure 8k,l).
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Figure 8. Characteristics of the prograde and retrograde proximal zones. (a,b) Garnet- and magnetite-
bearing prograde proximal zones within the hornfels of the Torasan Formation. (c) Andradite, calcite,
and quartz in the proximal zone. (d) Martitization of magnetite into hematite. (e) Actinolite and
quartz in actinolite hornfels. (f) Magnetite and hematite in actinolite hornfels. (g,h) The greenish color
of the retrograde proximal zone, which is cut by a quartz carbonate vein. (i,j) andradite–grossular
intergrowth, actinolite, epidote, clinopyroxene relics, and quartz in the retrograde proximal zone.
(k,l) Pyrite, chalcopyrite, bornite, hematite, and fewer magnetites in the retrograde proximal zone.
Abbreviations: actinolite (act), andradite (adr), bornite (bo), calcite (cal), chalcopyrite (cp), clinopyrox-
ene (cpx), epidote (ep), grossular (grs), hematite (hem), magnetite (mag), pyroxene (px), pyrite (py),
quartz (qz).

In the Torasan Formation, the intermediate exoskarn zone (garnet-, pyroxene-, calcite-,
and scapolite-rich) formed in the Sarıot Sırtı, Ihlamurluk Tepe, and Alaburun Sırtı areas
(Figure 5). Moving further away from the heat source at the Şaroluk granitoid pluton, the
conditions are a little less extreme, and the skarn mineralogy changes. This zone has its own
distinct characteristics that reflect the gradual transition from the high-temperature, magma-
influenced proximal zone to the cooler, more distal retrograde zone, giving a greenish
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and brownish appearance because of alteration (Figure 10a). The mineral composition
of this zone is frequently diversified, including garnet (andradite–grossular), pyroxenes,
and calcite with opaque minerals (Figure 10b–d). Minerals such as epidote, scapolite,
and chlorite are formed as well (Figures 10b–d and 11a and Appendix E), indicating a
transition from high-temperature minerals to lower-temperature and retrograde ones due
to variations in temperature and fluid composition during skarn formation. Chalcopyrite,
pyrite, and specular hematite represent the ore minerals formed in this zone (Figure 10e,f).

Furthermore, the distal exoskarn zone (epidote-, chlorite-, calcite-, and sericite-rich)
within the Torasan Formation occurred in the Bıçkı Tepe region, indicating the farthest
zones from the Şaroluk granitoid pluton (Figures 2 and 5) and generally having lower
temperature and pressure conditions than the proximal and intermediate zones, and
thus, having distinct mineral assemblages (e.g., lowest temperature minerals: epidote,
chlorite, calcite, dolomite, and sericite with galena, sphalerite, and fewer chalcopyrite)
(Figures 10g–l and 11b). Cerussite, covellite, and malachite are the alteration products of
galena, sphalerite, and chalcopyrite, respectively (Figures 10j–l and 11b and Appendix F).
As a result, this zone is typically a retrograde alteration zone in which early formed
skarn minerals (including garnet and pyroxene) are overprinted and replaced by minerals
generated at lower temperatures and pressures.
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Figure 10. (a) Green and brown color alteration of the intermediate exoskarn zone. (b–d) Garnet
(andradite–grossular), pyroxenes, and calcite with opaque minerals in the intermediate exoskarn
zone. (e,f) Chalcopyrite associated with pyrite and specular hematite in the intermediate exoskarn
zone. (g–i) Sericite and carbonate alteration of the distal exoskarn zone. (j–l) Cerussite, covellite, and
malachite are the alteration products of galena, sphalerite, and chalcopyrite, respectively. Abbrevi-
ations: actinolite (act), andradite (adr), calcite (cal), cerussite (cer), chlorite (chl), chalcopyrite (cp),
clinopyroxene (cpx), dolomite (dol), epidote (ep), galena (gn), grossular (grs), goethite (gth), hematite
(hem), malachite (mal), opaque mineral (opq), orthopyroxene (opx), pyrite (py), quartz (qz), scapolite
(scp), sericite (ser), sphalerite (sp).
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5.2. Whole Rock Geochemistry
5.2.1. Geochemistry of the Yolindi Metagranodiorite and Şaroluk Granitoid Rocks

Table 1 provides the whole rock major, trace, and rare earth element (REE) data
for the Yolindi metagranodiorites and Şaroluk granitoids. The LOI of all samples is less
than 2.13 wt.%, with an average of 1.15 wt.%. The SiO2 content of the Yolindi meta-
granodiorite rocks is greater (65.68–72.98 wt.%) than that of the Şaroluk granitoid rocks,
which ranges from 56.0 to 63.17 wt.% (Table 1). Yolindi metagranodiorites contain high
alkalis (K2O + Na2O = 6.40–7.84 wt.%), high Al2O3 (12.42–15.71 wt.%), and low MgO
(0.65–1.15 wt.%) content. The Şaroluk granitoid rocks exhibit more alkalis (K2O + Na2O =
6.90–8.12 wt.%), are higher in Al2O3 (15.34–17.48 wt.%) and moderate MgO (1.97–3.59 wt.%)
than the Yolindi metagranodiorites (Table 1). On the TAS classification diagram of Middle-
most [49] (Figure 12a), the Yolindi metagranodiorites and the Şaroluk granitoids mostly fall
into the granite and granodiorite and quartz monzonite and monzonite fields, respectively.
Due to the enrichments of total alkalis (Na2O + K2O) in the analyzed granitoid rocks, they
have calc-alkaline affinities [50,51] that primarily follow the trends of compressional suites
(such as subduction-related granites) (Figure 12b), with intermediate unimodal frequency
patterns of differentiation index and normative plagioclase [52]. According to the alumina
saturation index (ASI) value (molar Al2O3/CaO + Na2O + K2O) of Shand [53], the majority
of Yolindi metagranodiorites have A/CNK values greater than 1.1 and are categorized as
S-type granitic suites, whereas the Şaroluk granitoids have A/CNK values below 1.1 and
are classified as I-type granitic suites (Figure 12c). The Fe2O3 + TiO2-FeO + MnO-MgO
diagram [54] identifies the Yolindi metagranodiorites clearly as granitoids in the magnetite
series (Figure 12d), and it also classifies them primarily into S-type granites and volcanic-
arc granites with post-collision granites (Figure 12e,f). While the Şaroluk granitoids are
clearly defined as belonging to the magnetite series (Figure 12d), I-type (Figure 12e), and
volcanic-arc granite (VAG) with post-collision granite (PCG) (Figure 12f).
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Table 1. Major, trace, and rare earth elements (REE) of the Yolindi metagranodiorite, Şaroluk grani-
toids, and Torasan Formation rocks of the Yolindi area.

Yolindi Metagranodiorite (n = 5) Şaroluk Granitoid (n = 22) Torasan Formation (n = 13)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 65.68 72.98 68.57 56.00 63.17 61.11 32.48 73.87 55.98
Al2O3 12.42 15.71 14.50 15.34 17.48 16.08 5.79 16.33 13.10
Fe2O3 3.32 4.98 4.06 3.33 6.60 4.60 2.63 23.80 8.02
MgO 0.65 1.52 1.15 1.97 3.59 2.53 0.68 8.79 3.08
CaO 1.20 3.33 1.82 4.68 6.85 5.41 0.64 22.23 8.05

Na2O 2.76 4.81 3.70 3.08 3.69 3.32 0.01 3.31 1.84
K2O 1.59 4.41 3.47 3.73 4.94 4.46 0.72 5.94 2.65
TiO2 0.35 0.60 0.51 0.58 0.85 0.67 0.31 1.07 0.68
P2O5 0.09 0.19 0.15 0.26 0.40 0.31 0.09 0.36 0.16
MnO 0.03 0.12 0.07 0.05 0.14 0.09 0.01 1.42 0.23
Cr2O3 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.30 0.04

SO3 0.01 0.21 0.05 0.01 1.05 0.07 0.01 8.93 2.10
Cl 0.01 0.14 0.07 0.07 0.26 0.15 0.01 0.95 0.16

LOI 1.21 2.13 1.77 0.53 1.77 0.97 1.37 10.63 3.77
Trace and rare earth elements (REE)

Ag 0.4 0.7 0.5 0.3 0.8 0.5 0.0 3.5 0.4
As 1.0 15.0 8.2 5.0 24.0 13.5 1.0 214.0 53.3
Au 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.5 0.1
Ba 297.0 843.0 585.2 618.0 1119.0 917.3 46.0 1539.0 447.7
Be 1.9 2.9 2.4 3.2 4.7 3.8 1.2 4.7 2.4
Bi 0.0 0.1 0.1 0.1 1.4 0.4 0.1 7.7 1.7
Cd 0.2 7.0 2.0 0.0 12.8 1.9 0.3 12.2 3.9
Co 14.0 21.0 17.3 13.0 38.0 25.2 3.0 55.0 26.5
Cs 1.6 3.8 3.0 3.4 8.7 6.0 0.9 12.1 4.9
Cu 1.0 10.0 4.0 1.0 98.0 26.4 9.0 71.0 31.6
Ga 15.8 25.3 18.2 14.1 21.4 18.0 11.2 27.2 17.2
Hf 1.9 2.2 2.1 0.0 0.5 0.1 0.1 2.5 1.0
Li 15.7 25.6 20.2 5.3 51.0 22.5 10.3 39.5 21.8

Mo 0.4 2.3 1.1 0.6 10.4 2.5 0.0 46.4 6.9
Nb 8.0 18.0 12.0 13.0 20.0 16.3 2.0 19.0 11.8
Ni 8.0 16.0 11.0 12.0 24.0 14.8 23.0 313.0 83.0
Pb 1.0 69.0 19.7 17.0 875.0 72.5 1.0 38.0 11.4
Rb 66.0 154.0 105.7 124.0 183.8 146.9 28.7 211.4 92.2
S 40.1 846.9 193.7 40.1 4220.4 264.1 40.0 35,761.0 8417.5

Sb 0.4 0.8 0.6 0.2 1.2 0.7 0.0 37.9 6.2
Sn 1.1 2.8 1.9 0.5 2.3 0.9 0.4 19.9 5.1
Sr 132.0 402.0 221.5 494.0 687.0 576.7 148.0 408.0 236.5
Tl 0.2 1.1 0.6 0.6 1.2 0.9 0.2 1.1 0.7
V 29.0 61.0 42.5 61.0 130.0 80.2 40.0 224.0 88.1
W 100.0 183.0 148.5 75.0 360.0 186.0 19.0 359.0 99.2
U 2.3 11.9 4.3 5.0 17.0 10.1 0.3 3.5 1.8
Zn 32.0 59.0 44.7 15.0 180.0 55.2 11.0 577.0 96.3
Zr 115.0 188.0 161.5 141.0 190.0 163.7 75.0 231.0 165.2
Sc 8.0 16.0 11.0 7.0 22.0 12.8 7.0 39.0 14.8
Y 11.2 25.5 20.9 16.4 27.4 21.7 8.9 39.2 21.0
La 20.4 41.3 28.0 33.3 50.8 44.2 6.5 51.7 24.3
Ce 38.6 71.9 53.1 62.3 99.9 85.0 12.6 95.2 48.7
Pr 4.4 7.2 5.9 7.2 11.3 9.5 1.5 11.0 5.7
Nd 16.4 24.4 21.4 27.0 41.4 34.8 6.1 40.2 21.5
Sm 3.6 5.2 4.6 5.3 8.1 6.9 2.0 7.4 4.5
Eu 1.0 1.3 1.1 1.6 2.0 1.8 0.9 2.0 1.3
Gd 3.2 4.7 4.0 4.2 6.7 5.5 1.5 7.4 4.5
Tb 0.5 0.8 0.7 0.5 1.0 0.8 0.2 1.2 0.7
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Table 1. Cont.

Yolindi Metagranodiorite (n = 5) Şaroluk Granitoid (n = 22) Torasan Formation (n = 13)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

Dy 2.3 4.5 3.8 2.7 5.2 4.1 1.4 6.7 3.9
Ho 0.5 0.9 0.8 0.5 0.9 0.8 0.3 1.4 0.8
Er 1.3 2.8 2.3 1.5 2.8 2.3 0.8 4.2 2.2
Tm 0.2 0.4 0.3 0.2 0.4 0.3 0.1 0.5 0.3
Yb 1.4 2.8 2.3 1.5 2.7 2.2 0.7 3.4 1.9
Lu 0.2 0.4 0.3 0.2 0.4 0.3 0.1 0.5 0.3
Th 7.1 39.5 15.5 19.2 40.2 29.5 0.3 15.0 7.9
Zr 115.0 188.0 161.5 141.0 190.0 163.7 75.0 231.0 165.2
Sr 132.0 402.0 221.5 494.0 687.0 576.7 148.0 408.0 236.5
Th 7.1 39.5 15.5 19.2 40.2 29.5 0.3 15.0 7.9
Sc 8.0 16.0 11.0 7.0 22.0 12.8 7.0 39.0 14.8
Y 11.2 25.5 20.9 16.4 27.4 21.7 8.9 39.2 21.0
La 20.4 41.3 28.0 33.3 50.8 44.2 6.5 51.7 24.3
Ce 38.6 71.9 53.1 62.3 99.9 85.0 12.6 95.2 48.7
Pr 4.4 7.2 5.9 7.2 11.3 9.5 1.5 11.0 5.7
Nd 16.4 24.4 21.4 27.0 41.4 34.8 6.1 40.2 21.5
Sm 3.6 5.2 4.6 5.3 8.1 6.9 2.0 7.4 4.5
Eu 1.0 1.3 1.1 1.6 2.0 1.8 0.9 2.0 1.3
Gd 3.2 4.7 4.0 4.2 6.7 5.5 1.5 7.4 4.5
Tb 0.5 0.8 0.7 0.5 1.0 0.8 0.2 1.2 0.7
Dy 2.3 4.5 3.8 2.7 5.2 4.1 1.4 6.7 3.9
Ho 0.5 0.9 0.8 0.5 0.9 0.8 0.3 1.4 0.8
Er 1.3 2.8 2.3 1.5 2.8 2.3 0.8 4.2 2.2
Tm 0.2 0.4 0.3 0.2 0.4 0.3 0.1 0.5 0.3
Yb 1.4 2.8 2.3 1.5 2.7 2.2 0.7 3.4 1.9
Lu 0.2 0.4 0.3 0.2 0.4 0.3 0.1 0.5 0.3

Parameters
FeO*(Total) 2.99 4.48 3.65 3.00 5.94 4.14 2.37 21.42 7.22

Na2O + K2O 6.40 7.84 7.17 6.90 8.12 7.79
A/CNK 0.97 1.23 1.11 0.71 0.91 0.80
A/NK 1.33 1.63 1.47 1.48 1.80 1.56

FeO* + MnO 3.05 4.60 3.73 3.07 6.04 4.23
Fe2O3 + TiO2 3.67 5.58 4.57 3.91 7.40 5.27

ΣREE 98.74 159.26 128.67 148.13 228.03 198.41 41.56 230.95 120.50
ΣLREE 84.50 149.68 114.10 136.82 207.91 182.22 29.69 207.00 105.98
ΣHREE 9.58 16.77 14.57 11.31 20.12 16.19 5.12 25.32 14.51

(La/Yb)N 5.16 19.76 8.93 11.16 16.45 13.69 2.13 16.84 9.21
(La/Sm)N 2.72 5.27 3.72 3.30 4.71 3.97 2.04 4.27 3.11
(Gd/Yb)N 1.09 1.82 1.42 1.79 2.31 2.02 1.16 3.81 2.08
(Tb/Yb)N 1.08 1.66 1.33 1.38 2.01 1.73 1.23 3.13 1.83
Eu/Eu* 0.74 1.02 0.83 0.77 1.06 0.92 0.53 2.11 1.02
K wt% 0.60 4.93 2.20

K (ppm) 5977.09 49,310.97 22,011.78
K/Rb (ppm) 143.28 315.92 228.95
Function 1 −7.70 12.62 1.77
Function 2 −8.06 5.03 −1.15

In comparison to HREE (which averages 14.3 ppm and 16.2 ppm for Yolindi metagra-
nodiorites and Şaroluk granitoids, respectively), all samples of the studied granitoid rocks
are highly enriched in LREE (average values of 112.3 ppm and 182.2 ppm for Yolindi meta-
granodiorites and Şaroluk granitoids, respectively) (Table 1). The chondrite-normalized
REE patterns of these rock units also show enriched LREE relative to the HREE (Figure 12g),
with an average of (La/Yb)N = 9.1 and 13.7, (La/Sm)N = 3.6 and 3.9, (Gd/Yb)N = 1.5 and
2.0, and (Tb/Yb)N = 1.4 and 1.7 for Yolindi metagranodiorites and Şaroluk granitoids,
respectively (Table 1). The Eu-negative anomalies of the Yolindi metagranodiorite and
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Şaroluk granitoid samples with an average of Eu/Eu* = 0.85 and 9.2 indicate that they
formed during differentiation [55] (Figure 12g). The primitive mantle-normalized immobile
element profiles of the studied granitoid rocks [55] (Figure 12h) reveal depletion in Ba, Nb,
Sr, P, Zr, Eu, and Ti relative to Th-U, K, and La-Pb, compatible with a subduction-associated
petrogenesis [56]. The upper continental crust (UCC)-normalized REE pattern of these
rocks displays flat behavior [57] (Figure 12i), typically less than one, indicating that these
rocks are mainly compatible with the UCC compositions.
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Figure 12. Geochemical diagrams of the Yolindi metagranodiorite and Şaroluk granitoid rocks.
(a) TAS classification diagram of Middlemost [49]. (b) AFM diagram [50,52]. Trends of compressional
and extensional environments according to Petro et al. Kuno [51]. (c) Alumina saturation index
(ASI) in the investigated granitoid rocks. ASI = 1 from Shand [53], ASI = 1.1 from Chappell and
White [58]. (d) Fe2O3 + TiO2–FeO + MnO–MgO diagram according to Ishihara [54]. (e) CaO vs.
FeOt diagram according to Chappell and White [59]. (f) Rb vs. (Y + Nb) tectonic discrimination
diagram, modified according to Pearce, et al. [60] and Pearce [61]. (g) Chondrite-normalized REE
patterns [55]. (h) Primitive mantle-normalized trace element patterns [55]. (i) Upper continental crust
(UCC)-normalized REEs [57].

5.2.2. Geochemistry of the Torasan Formation

The major, trace, and rare earth element (REE) contents of 13 representative samples
collected from the unaltered metatuffs, metasediments, and schists of the Torasan Forma-
tion are analyzed (Table 1). The original chemical composition of the Torasan Formation
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reveals that the source area was primarily quartz diorite, granodiorite, and granitic in com-
position, with minor quantities of basalt and andesite (Figure 13a). With a range of 143.3
to 315.9 and an average of 228, the K/Rb ratio (Table 1) of the Torasan Formation reveals
that these rocks have acidic/intermediate features and are derived from metavolcanic tuffs,
metagreywackes, and arkosic sands [62] from the upper continental crusts (Figure 13b,c).
Based on the Function1–Function2 classification diagram of Roser and Korsch [63], the
compositional characteristics of the studied rocks are mostly comparable to the P4-quartoze
sedimentary provenance and P1-mafic-igneous provenance, with a few P3-felsic magmatic
suites (Figure 13d). They formed predominantly as a result of recycling from old sedi-
mentary rocks derived from highly weathered mafic and felsic terrains. The La/Th-Hf
diagram reveals that the investigated metatuff samples originated from a mixed felsic/basic
and less andesitic continental magmatic arc analogous to the average upper continental
crust, with low/intermediate La/Th ratios ranging from 1.1 to 24.4 with an average of
4.8 and Hf levels ranging from 0.1 to 2.5 ppm with an average of 1.0 ppm (Figure 13e).
They exhibit low total rare earth element levels (∑REE) (up to 230.9 ppm with an average
of 120.9 ppm), (La/Yb)N = 2.1−16.8 ppm, (Gd/Yb)N = 1.2−3.8 ppm, and a positive Eu
anomaly (Eu/Eu* = 0.53−2.11 ppm) that are comparable to the upper continental crust
(UCC) of Taylor and McLennan [57] (Figure 13f).
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Figure 13. Geochemical diagrams of the Torasan Formation rocks. (a) CaO-Na2O-K2O composition
diagram according to Condie, et al. [64]. (b,c) K−Rb diagrams according to Floyd and Leveridge [62].
Fields of unmetamorphosed arkosic sands according to van de Kamp, et al. [65]; low−grade meta-
greywackes according to Condie, et al. [64] and Caby, et al. [66]; and higher-grade metavolcanic tuffs
according to van de Kamp [67]. (d) Plot of samples in discriminant functions F1 vs. F2; provenance
fields are according to Roser and Korsch [63]. (e) Hf vs. La/Th according to Floyd and Leveridge [62].
(f) Upper continental crust (UCC)−normalized REE patterns of Taylor and McLennan [57].

5.3. Alteration Geochemistry

New alteration minerals have replaced the primary ones, and various ores (Fe, Cu,
Pb, Zn, W, Au, ... etc.) have precipitated in the Yolindi Fe-Cu skarn deposit due to the
complex interactions between the magmatic hydrothermal fluids extracted during the
magmatic intrusion of the Şaroluk pluton with the surrounding Torasan Formation, as
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well as the metamorphic conditions. Table 2 shows the geochemical characteristics of the
hydrothermal skarn zonation based on the different elements’ concentrations from the
chemical analyses (XRF and ICP-MS). The analyzed samples from the different zones have
different signatures, according to the different diagrams of the different alteration indices
(Figure 14), which aid in visualizing the effects on SiO2, FeO, MgO, CaO, Na2O, and K2O
resulting from the metasomatic alteration compared to the unaltered protoliths [68].

Table 2. Major, trace, and rare earth elements (REE) of the different skarn zones of the Yolindi area.

Endoskarn (n = 8) Proximal (n = 34) Intermediate (n = 45) Distal (n = 14)

Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 7.52 63.49 31.13 1.48 73.25 31.08 0.51 77.50 41.21 0.41 81.08 48.27
Al2O3 1.02 27.47 10.60 0.12 5.71 1.90 0.12 28.62 9.55 0.07 27.72 4.88
Fe2O3 4.13 82.81 42.43 5.49 97.52 28.09 0.06 60.00 16.74 0.06 62.58 22.81
MgO 0.05 2.26 0.70 0.07 11.86 2.54 0.01 9.00 2.68 0.01 2.07 0.32
CaO 0.42 20.07 4.55 0.12 37.96 22.19 0.12 55.41 17.71 0.04 54.97 10.05

Na2O 0.01 0.84 0.27 0.01 0.06 0.01 0.01 2.76 0.46 0.01 0.06 0.02
K2O 0.01 3.29 0.75 0.01 0.14 0.02 0.01 8.67 1.18 0.01 2.31 0.29
TiO2 0.08 1.25 0.53 0.01 0.41 0.04 0.01 1.63 0.47 0.01 0.33 0.08
P2O5 0.01 1.17 0.23 0.01 0.14 0.02 0.01 0.62 0.13 0.01 0.15 0.04
MnO 0.05 0.75 0.22 0.09 1.57 0.69 0.02 1.91 0.53 0.01 3.87 0.69
Cr2O3 0.01 0.66 0.10 0.01 0.64 0.09 0.01 0.38 0.03 0.01 0.71 0.07

SO3 0.01 14.01 1.93 0.01 20.14 4.02 0.01 24.45 2.40 0.01 4.23 0.39
Cl 0.01 0.21 0.09 0.01 0.20 0.05 0.01 1.14 0.12 0.01 0.03 0.02

LOI 0.32 15.27 6.33 0.01 22.81 9.19 0.36 43.50 6.30 0.43 44.09 7.90
Trace and rare earth elements (REE)

Ag 0.3 4.7 1.7 0.0 3.6 0.6 0.0 92.1 3.5 0.0 37.2 7.6
As 10.0 726.0 302.5 2.0 1051.0 157.9 12.0 629.0 140.8 8.0 3158.0 716.6
Au 0.0 0.1 0.0 0.0 1.4 0.1 0.0 0.2 0.0 0.0 0.6 0.2
Ba 10.0 568.0 148.6 1.0 77.0 6.4 1.0 932.0 163.0 1.0 717.0 150.4
Be 0.7 3.0 1.5 0.8 2.8 1.5 0.7 5.6 2.7 1.4 18.7 4.6
Bi 4.5 6.1 5.2 0.1 143.5 6.6 0.2 9.2 2.3 0.6 18,962.4 1420.9
Cd 0.0 2.9 1.3 0.0 11.2 2.4 0.0 14.7 2.5 0.0 500.0 40.3
Co 7.0 409.0 115.1 1.0 124.0 35.2 1.0 73.0 22.2 1.0 785.0 212.6
Cs 0.1 8.6 2.7 0.1 2.6 0.6 0.0 21.5 3.1 0.1 3.9 1.2
Cu 302.0 997.0 663.8 5.0 3006.0 329.3 5.0 5204.0 309.5 2.0 108,032.0 9043.4
Ga 6.0 27.0 14.4 1.9 27.0 8.3 0.5 37.9 16.1 0.0 30.1 10.5
Hf 0.3 1.0 0.7 0.0 1.5 0.1 0.0 5.2 0.9 0.0 1.3 0.2
In 0.2 3.2 1.0 0.0 0.7 0.1 0.0 3.8 0.6 0.0 4.6 1.3
Ir 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Li 1.6 33.2 12.7 2.5 32.2 17.8 6.4 89.4 22.3 0.5 78.7 19.3

Mo 1.0 66.0 27.5 1.0 27.0 7.1 1.0 240.0 12.4 1.0 167.0 25.6
Nb 2.0 23.0 10.3 1.0 8.0 2.4 1.0 22.0 8.9 1.0 8.0 2.4
Ni 28.0 332.0 165.5 49.0 397.0 127.1 1.0 395.0 99.0 1.0 326.0 119.4
Pb 1.0 130.0 47.9 1.0 170.0 17.9 1.0 51,354.0 3119.9 1.0 288,443.0 22,974.3
Rb 3.5 126.2 35.2 1.4 13.3 8.3 0.9 319.1 48.8 1.0 85.1 20.3
S 40.0 56,104.3 7730.1 40.0 80,659.9 16,098.4 40.0 97,921.3 9618.2 40.0 16,941.0 1566.9

Sb 1.2 37.8 10.3 0.7 18.0 4.2 0.0 63.8 6.3 0.1 230.5 36.7
Sn 1.7 68.4 16.5 0.3 13.6 2.5 0.0 189.0 14.5 0.4 121.6 13.9
Sr 9.0 203.0 68.9 5.0 166.0 72.4 6.0 955.0 179.0 1.0 154.0 50.8
Te 0.0 7.5 2.1 0.0 7.5 0.9 0.0 17.2 1.9 0.0 61.0 6.7
Tl 0.0 0.8 0.3 0.0 0.2 0.0 0.0 2.5 0.5 0.0 10.4 2.1
V 16.0 120.0 56.6 1.0 41.0 14.2 1.0 170.0 60.6 1.0 79.0 19.5
W 14.0 217.0 81.9 5.0 327.0 143.5 6.0 280.0 111.5 6.0 557.0 198.6
U 3.2 16.1 10.4 0.0 1.9 0.3 0.1 7.3 1.7 0.1 14.5 2.5
Zn 16.0 383.0 88.6 17.0 305.0 110.6 5.0 12,778.0 638.4 1.0 104,169.0 8047.6
Zr 26.0 306.0 128.6 12.0 152.0 21.8 15.0 296.0 110.5 14.0 789.0 93.9
Sc 1.0 29.0 9.9 1.0 14.0 5.8 1.0 32.0 12.4 1.0 18.0 4.1
Y 0.8 31.3 15.2 1.1 11.5 3.4 0.2 54.6 16.1 0.5 37.8 7.8
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Table 2. Cont.

Endoskarn (n = 8) Proximal (n = 34) Intermediate (n = 45) Distal (n = 14)

Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av.

La 5.5 368.4 64.6 0.0 18.2 1.3 0.0 63.2 18.6 0.0 87.1 9.7
Ce 7.6 432.5 103.3 0.1 35.1 2.3 0.1 126.2 37.0 0.1 50.6 10.2
Pr 0.6 33.6 9.0 0.0 3.7 0.3 0.0 14.5 4.6 0.0 14.4 2.1
Nd 1.3 98.1 30.6 0.0 12.4 1.1 0.0 56.0 18.0 0.0 51.0 8.0
Sm 0.1 11.9 4.9 0.0 2.1 0.3 0.0 10.7 3.7 0.0 9.6 1.8
Eu 0.0 2.4 1.1 0.0 0.2 0.1 0.0 3.2 1.1 0.0 10.3 1.3
Gd 0.1 9.5 4.0 0.0 2.5 0.4 0.0 10.1 3.5 0.0 9.1 1.6
Tb 0.0 1.4 0.6 0.0 0.4 0.1 0.0 1.6 0.5 0.0 1.6 0.3
Dy 0.1 6.6 3.1 0.0 2.1 0.4 0.0 9.9 3.0 0.0 8.7 1.4
Ho 0.0 1.2 0.6 0.0 0.4 0.1 0.0 1.8 0.6 0.0 1.8 0.3
Er 0.1 3.4 1.6 0.0 1.2 0.2 0.0 5.1 1.6 0.0 5.3 0.8
Tm 0.0 0.5 0.2 0.0 0.2 0.0 0.0 0.6 0.2 0.0 0.8 0.1
Yb 0.0 3.0 1.4 0.0 1.3 0.2 0.0 4.2 1.4 0.0 5.1 0.7
Lu 0.0 0.5 0.2 0.0 0.2 0.0 0.0 0.5 0.2 0.0 0.7 0.1
Th 0.0 28.6 7.6 0.0 3.6 0.4 0.0 16.7 5.0 0.0 7.8 1.7
Zr 26.0 306.0 128.6 12.0 152.0 21.8 15.0 296.0 110.5 14.0 789.0 93.9
Sr 9.0 203.0 68.9 5.0 166.0 72.4 6.0 955.0 179.0 1.0 154.0 50.8
Th 0.0 28.6 7.6 0.0 3.6 0.4 0.0 16.7 5.0 0.0 7.8 1.7
Sc 1.0 29.0 9.9 1.0 14.0 5.8 1.0 32.0 12.4 1.0 18.0 4.1
Y 0.8 31.3 15.2 1.1 11.5 3.4 0.2 54.6 16.1 0.5 37.8 7.8
La 5.5 368.4 64.6 0.0 18.2 1.3 0.0 63.2 18.6 0.0 87.1 9.7
Ce 7.6 432.5 103.3 0.1 35.1 2.3 0.1 126.2 37.0 0.1 50.6 10.2
Pr 0.6 33.6 9.0 0.0 3.7 0.3 0.0 14.5 4.6 0.0 14.4 2.1
Nd 1.3 98.1 30.6 0.0 12.4 1.1 0.0 56.0 18.0 0.0 51.0 8.0
Sm 0.1 11.9 4.9 0.0 2.1 0.3 0.0 10.7 3.7 0.0 9.6 1.8
Eu 0.0 2.4 1.1 0.0 0.2 0.1 0.0 3.2 1.1 0.0 10.3 1.3
Gd 0.1 9.5 4.0 0.0 2.5 0.4 0.0 10.1 3.5 0.0 9.1 1.6
Tb 0.0 1.4 0.6 0.0 0.4 0.1 0.0 1.6 0.5 0.0 1.6 0.3
Dy 0.1 6.6 3.1 0.0 2.1 0.4 0.0 9.9 3.0 0.0 8.7 1.4
Ho 0.0 1.2 0.6 0.0 0.4 0.1 0.0 1.8 0.6 0.0 1.8 0.3
Er 0.1 3.4 1.6 0.0 1.2 0.2 0.0 5.1 1.6 0.0 5.3 0.8
Tm 0.0 0.5 0.2 0.0 0.2 0.0 0.0 0.6 0.2 0.0 0.8 0.1
Yb 0.0 3.0 1.4 0.0 1.3 0.2 0.0 4.2 1.4 0.0 5.1 0.7
Lu 0.0 0.5 0.2 0.0 0.2 0.0 0.0 0.5 0.2 0.0 0.7 0.1

Parameters
FeO (Total) 3.72 74.53 38.18 4.94 87.77 25.28 0.05 54.00 15.07 0.05 56.32 20.53
Ishikawa AI 1.08 58.26 24.28 0.88 72.28 15.93 0.11 94.88 28.38 0.60 94.92 40.17

AAAI 11.83 73.61 43.96 4.66 76.45 15.72 0.09 90.54 24.68 0.07 97.68 65.84
A’ index 23.16 84.79 52.01 6.28 97.87 29.96 0.16 61.14 24.65 0.11 66.78 27.37
F index 4.78 75.10 39.10 7.28 88.10 28.52 0.40 54.33 18.28 0.41 56.79 21.54
C index 0.42 20.07 4.55 0.12 37.96 22.19 0.12 55.41 17.71 0.04 54.97 10.05
A index 1.01 24.81 9.85 0.11 5.64 1.88 0.11 26.61 8.36 0.06 27.52 4.58
M index 0.05 2.26 0.70 0.07 11.86 2.54 0.01 9.00 2.68 0.01 2.07 0.32

Endoskarn, proximal, intermediate, and distal skarn zones exhibit SiO2 contents that
are lower than those of Şaroluk quartz monzonite (an average of 61.1 wt.%) and the Torasan
Formation (an average of 56.0 wt.%), with averages of 31.1, 31.0, 41.2, and 48.3 wt.%, respec-
tively (Table 2). However, the average Fe2O3 and CaO contents of the endoskarn, proximal,
intermediate, and distal skarn zones are higher than those of the Şaroluk quartz monzonite
(Fe2O3 = 4.6 wt.% and CaO = 5.4 wt.%) and Torasan Formation (Fe2O3 = 8.0 wt.% and CaO
= 8.0 wt.%), with averages of Fe2O3 = 42.4 wt.% and CaO = 4.5 wt.%, Fe2O3 = 28.1 wt.%
and CaO = 22.2 wt.%, Fe2O3 = 16.7 wt.% and CaO = 17.7 wt.%, and Fe2O3 = 22.8 wt.% and
CaO = 10.0 wt.%, respectively (Table 2). The samples from these four skarn zones have a
lower value in the alteration index (AI) from Ishikawa, et al. [69] and exhibit clustering
and sifting towards the field of the calcite and epidote when plotting the advanced argillic
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alteration index (AAAI) of Williams and Davidson [70] vs. the AI diagram, revealing
that this alteration zone was paired with alkali removal with CaO enrichment, with the
exception of some samples from distal zones that have sericite, kaolinite, and pyrophyllite
alteration (Figure 14a). The A’CF diagram by Bonnet and Corriveau [71] is particularly
useful for illustrating carbonate (Ca) or propylitic alteration (Ca-Fe), which is distinguished
by noteworthy contents of calcic minerals (calcite, epidote, grossular, anorthite, and/or
diopside), confined near to apex C, indicating the proximal and intermediate zones, except
the endoskarn and distal, which have slightly advanced argillic signatures (Figure 14b).
The advanced argillic-siliceous (Al-Si), argillic-iron (Al-Fe), and chloritic (Mg-Fe) alter-
ation vectors all point towards the apices A, F, and M, respectively, in the AFM diagram
(Figure 14c) [71]. The studied samples of the skarn zones cluster mostly toward the F apex,
showing that magnetite, hematite, iron sulfides, and, in some instances, garnet dominate
iron-bearing alteration (Figure 14c). Sericitic- or potassic-alteration types, including a few
samples of endoskarn and distal zones, rarely ever plot towards apex A (Figure 14c).
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(A’ = Al2O3 + Fe2O3

− (K2O + Na2O), C = CaO, F = FeO + MnO + MgO) according to Bonnet
and Corriveau [71]. (c) AFM Ternary diagram (A = Al2O3

− K2O, F = FeO, M = MgO) according to
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5.4. Mineral Chemistry

The representative minerals that were selected from the different skarn zonations in
the Yolindi area, e.g., garnet, clinopyroxene, scapolite, plagioclase, epidote, biotite, chlorite,
sericite, calcic amphibole, carbonate (calcite and cerussite), magnetite, hematite, and sulfide
(pyrite, chalcopyrite, and galena), were analyzed with an electron microprobe (Tables 3–14).

Table 3. Representative electron microprobe data of garnet from different skarn zones of the Yolindi
Cu-Fe skarn deposit.

Dataset

Endoskarn
(n = 12)

Proximal Prograde
(n = 35)

Proximal
Retrograde (n = 21)

Intermediate
Retrograde/Andradite

(n = 11)

Intermediate
Retrograde/Andradite-

Grossular
(n = 27)

Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 29.2 33.8 31.9 29.5 39.3 33.6 27.2 34.7 31.4 30.4 35.9 33.3 32.0 39.8 35.6
TiO2 0.3 0.4 0.4 0.0 0.0 0.0 0.0 1.6 0.6 0.0 0.5 0.1 0.0 0.6 0.2

Al2O3 4.0 5.8 4.6 0.0 0.5 0.1 0.0 12.5 8.7 0.1 13.0 3.5 0.1 23.9 11.7
Fe2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO 24.4 36.9 27.8 27.4 31.5 29.3 13.9 28.9 25.6 14.0 30.7 26.3 12.1 35.9 19.7
MnO 0.0 1.5 0.7 0.0 1.3 0.2 0.0 0.6 0.2 0.0 0.0 0.0 0.0 1.4 0.4
MgO 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.2 0.1
CaO 28.2 38.2 34.5 30.1 38.7 36.1 29.0 37.9 32.4 33.2 40.0 36.2 27.1 38.5 31.8
Total 98.7 101.0 100.0 97.5 101.0 99.3 98.0 100.3 98.8 98.4 100.1 99.4 98.1 100.9 99.4

Calculated cations based on 12 oxygen
Cations

Si 2.5 2.7 2.6 2.4 3.2 2.8 2.2 2.7 2.6 2.4 3.0 2.7 2.5 3.2 2.8
Ti 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al 0.4 0.6 0.4 0.0 0.1 0.0 0.0 1.2 0.8 0.0 1.2 0.3 0.0 2.2 1.1

Fe3+ 2.1 2.7 2.3 1.5 3.2 2.4 1.3 2.7 2.0 1.7 2.9 2.2 0.4 2.3 1.2
Fe2+ 0.0 0.0 0.0 0.0 0.5 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.6 0.3
Mn 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Ca 2.5 3.3 3.0 2.7 3.4 3.2 2.5 3.3 2.8 2.9 3.4 3.2 2.3 3.3 2.7

Fe + Mn 2.2 2.7 2.4 2.1 3.2 2.6 1.3 2.7 2.0 1.7 2.9 2.2 0.8 2.6 1.5
End members

Almandine 0.0 0.8 0.1 0.0 16.9 3.0 0.0 4.2 0.8 0.0 0.8 0.1 0.0 18.5 8.9
Pyrope 0.0 0.3 0.2 0.0 0.4 0.2 0.0 0.2 0.0 0.0 0.3 0.0 0.0 0.8 0.3

Grossular 12.9 19.2 15.7 0.0 1.9 0.3 0.1 46.5 28.2 0.6 40.4 11.0 0.6 71.0 40.6
Spessartine 0.0 3.3 1.4 0.0 2.5 0.3 0.0 1.6 0.5 0.0 0.0 0.0 0.0 3.7 0.9
Uvarovite 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.5 0.0 0.0 0.0 0.0 0.0 0.1 0.0
Andradite 78.6 86.1 81.8 82.7 99.9 96.2 53.4 99.8 69.2 58.2 99.4 88.7 13.0 85.2 48.8

Table 4. Representative electron microprobe data of clinopyroxene from different skarn zones of the
Yolindi Cu-Fe skarn deposit.

Dataset
Endoskarn (n = 15) Exoskarn Proximal

(n = 4)
Exoskarn Intermediate

(n = 4)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 51.3 58.0 55.1 52.7 55.3 54.4 51.2 52.9 52.0
TiO2 0.1 1.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0

Al2O3 0.6 5.1 2.8 0.4 1.2 0.9 0.1 0.3 0.2
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FeO 6.7 12.4 9.9 13.6 15.2 14.5 19.8 22.4 20.8
MnO 0.3 2.9 1.9 1.5 2.9 2.3 0.1 0.9 0.4
MgO 15.1 19.2 17.0 13.3 13.9 13.7 4.4 5.8 5.2
CaO 10.3 11.5 10.8 10.5 11.1 10.9 21.6 22.1 21.8

Na2O 0.2 1.3 0.7 0.1 0.1 0.1 0.0 0.1 0.1
K2O 0.0 0.5 0.2 0.0 0.1 0.1 0.0 0.0 0.0
Total 98.2 99.6 99.0 96.0 97.5 96.9 100.0 100.9 100.6
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Table 4. Cont.

Dataset
Endoskarn (n = 15) Exoskarn Proximal

(n = 4)
Exoskarn Intermediate

(n = 4)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

Calculated cations based on 6 oxygen
Cations

Si 1.9 2.2 2.1 2.1 2.2 2.1 2.0 2.1 2.1
Al 0.0 0.2 0.1 0.0 0.1 0.0 0.0 0.0 0.0

Fe + 2 0.2 0.4 0.3 0.4 0.5 0.5 0.6 0.7 0.7
Mn 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.0 0.0
Mg 0.8 1.1 0.9 0.8 0.8 0.8 0.3 0.3 0.3
Ca 0.4 0.5 0.4 0.4 0.5 0.5 0.9 0.9 0.9
Na 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0

End members
Wollastonite 24.5 28.4 25.7 25.2 26.9 26.4 47.8 48.5 48.2

Enstatite 50.6 62.0 56.0 44.8 47.2 46.2 13.5 17.8 16.0
Ferrosilite 12.1 23.2 18.3 25.8 28.5 27.4 33.9 38.6 35.8
Diopside 65.5 78.7 72.0 58.2 60.0 59.3 25.7 34.2 30.5

Hedenbergite 15.4 31.1 23.6 32.8 37.1 35.1 64.1 73.2 68.4
Johannsenite 0.8 7.1 4.5 3.6 7.1 5.6 0.3 2.8 1.2
Ti + Cr + Na 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0

#Mg 68.5 83.7 75.4 61.1 64.6 62.8 26.0 34.3 30.8

#Mg = 100 × Mg/[Mg + Fe2+].

Table 5. Representative electron microprobe data of scapolite from the intermediate exoskarn zone of
the Yolindi Cu-Fe skarn deposit.

Intermediate/Scapolite (n = 7)

Dataset Min. Max. Av.

SiO2 51.7 54.8 53.0
TiO2 0.0 0.0 0.0

Al2O3 23.5 26.1 25.0
FeO 0.2 0.3 0.2
MnO 0.0 0.0 0.0
MgO 0.0 0.0 0.0
CaO 7.9 12.6 10.5

Na2O 5.6 8.4 7.0
K2O 1.0 1.4 1.3
Cl 2.7 3.5 3.2
F 0.0 0.3 0.2

SO3 0.0 0.0 0.0
Total 92.7 107.6 100.4

Formulae based on (Si + Al = 12)
Si 7.5 8.0 7.7
Al 4.0 4.5 4.3

Total 12.0 12.0 12.0
Fe + 2 0.0 0.0 0.0

Ti 0.0 0.0 0.0
Mg 0.0 0.0 0.0
Mn 0.0 0.0 0.0
Na 1.7 2.5 2.1
Ca 1.3 2.1 1.7
K 0.2 0.3 0.2
Cl 0.6 0.8 0.8
F 0.0 0.1 0.1
S 0.0 0.0 0.0

C * 0.1 0.3 0.2
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Table 5. Cont.

Intermediate/Scapolite (n = 7)

Dataset Min. Max. Av.

Total 16.7 16.9 16.8
%Me ** 32.6 52.6 43.0

Al/Al + Si 0.3 0.4 0.4
EqAn *** 34.7 49.2 42.9

Total Fe as FeO. Treatment of total Fe as FeO or Fe2O3 produces the same number of Fe atoms in formula, * C
calculated by subtraction (Cl + F + S + C = 1.000), ** Me% = 1006 (Ca + Mg + Mn + Fe + Ti)/(Na + K + Ca + Mg +
Mn + Fe + Ti), *** EqAn = equivalent anorthite = [100(Al3)/3] where Al is the Al per formula unit.

Table 6. Representative electron microprobe data of plagioclase from the endoskarn zone of the
Yolindi Cu-Fe skarn deposit.

Dataset
Endoskarn/Plagioclase (n = 13)

Min. Max. Av.

SiO2 58.0 65.4 61.7
Al2O3 21.5 26.1 24.2
FeO 0.1 0.3 0.3
CaO 3.2 7.7 5.3

Na2O 6.6 8.1 7.2
K2O 0.3 0.7 0.5
Total 98.4 99.9 99.2

Calculated cations based on 8 oxygen
Cations

Si 2.6 3.0 2.8
Al 1.2 1.4 1.3
Ca 0.2 0.4 0.3
Na 0.6 0.7 0.6
K 0.0 0.0 0.0

End members
Anorthite 18.0 37.5 27.8

Albite 59.4 79.7 69.0
Orthoclase 1.6 4.6 3.2

• Garnet

Garnet is a coarse-grained mineral that occurs in several skarn zones of the study
area, predominantly as zoned andradite with an occasional amount of grossular with
intergrowth characteristics. Microscopically, garnet from the endoskarn zone is un-zoned
andradite that was partially altered to epidote (Figures 6 and 15a), with high values of
SiO2, FeO, and CaO ranging from 29.2–33.8 wt.%, 24.4–36.9 wt.%, and 28.2–38.2 wt.%,
respectively, and a minor amount of Al2O3 (an average of 4.6 wt.%) (Table 3). It is mainly
andradite in composition, having a range of Adr79Grs13Sps0Alm0–Adr86Grs19Sps3Alm1
(Table 3). The garnet from the proximal exoskarn zone is zoned andradite in the prograde
subzone (Figures 8 and 15b), but in the retrograde subzone, andradite (Fe-rich)–grossular
(Al-rich) intergrowth occurs, with compositional change as oscillatory zoning (Figures 8
and 15c). The andradite of the proximal prograde zone has greater SiO2, FeO, and CaO
contents, with an average of 33.6, 29.3, and 36.1, respectively, with an Adr96Alm3 compo-
sition (Table 3). However, the composition of garnet from the proximal retrograde zone
shifted from Adr77Grs20Alm1 (Fe-rich) in its core to Adr59Grs39Alm1 (Al-rich) in its rim,
indicating andradite–grossular intergrowth (Table 3). The garnet from the intermediate
zone, on the other hand, represents a variation in composition from entirely andradite
to andradite–grossular intergrowth zoning with Adr89Grs11 and Adr49Grs41Alm9, respec-
tively (Figures 10 and 15d). Andradite has more FeO (an average of 26.3 wt.%) and CaO
(an average of 36.2 wt.%) than andradite–grossular, which contains more SiO2 (an average
of 35.6 wt.%) and Al2O3 (an average of 11.7 wt.%) (Table 3). Mange and Morton [73] used
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the Fe + Mn-Mg-Ca ternary plot to distinguish between various types of garnet, indicating
that garnet from the various Yolindi skarn zones is primarily classified as magmatic garnet
(Type D), which is typically derived from metasomatic rocks (e.g., skarns), with just a little
garnet derived from amphibolite-facies metasedimentary rocks (Type Bii) (Figure 16a). This
garnet classification is mostly compatible with garnet from other worldwide Cu-Fe skarn
deposits, with a little Zn skarn deposit from Meinert, et al. [1] (Figure 16b).
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Figure 15. Backscattered electron images showing different minerals from various skarn zones.
(a) Un-zoned andradite partially altered to epidote in the endoskarn zone. (b) Zoned andradite from
the prograde proximal subzone. (c,d) Oscillatory zoning of the andradite (Fe-rich)–grossular (Al-rich)
with actinolite in the retrograde subzone. (e) Augite associated with andradite–grossular and calcite
in the endoskarn and proximal zones. (f) Hedenbergite associated with scapolite in the intermediate
zone. (g) Epidote associated with calcite in the exoskarn proximal zone. (h) Biotite associated
with augite, plagioclase, magnetite, and pyrite in the endoskarn zone. (i) Chlorite accompanied
by andradite, calcite, pyrite, and specular hematite in the exoskarn proximal zones. (j) Cerussite
pseudomorph after galena in the distal exoskarn zone. (k) Malachite pseudomorph after chalcopyrite
in the distal exoskarn zone. (l) Sericite associated with calcite, chlorite, and cerussite in the distal zone.
Abbreviations: actinolite (act), andradite (adr), augite (aug), biotite (bt), calcite (cal), cerussite (cer),
chlorite (chl), chalcopyrite (cp), epidote (ep), galena (gn), grossular (grs), hedenbergite (hd), hematite
(hem), magnetite (mag), malachite (mlc), plagioclase (pl), pyrite (py), scapolite (scp), sericite (ser).
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Figure 16. (a) Fe + Mn-Mg-Ca ternary diagram according to Mange and Morton [73], displaying
definitions of garnet types A, Bi, Bii, Ci, Cii, and D. Most type A garnets are derived from high-
grade granulite-facies metasediments or charnockites, with just a small amount originating from
intermediate-acidic igneous rocks found deep in the crust. Granitoid (subtype Bi) and amphibolite-
facies metasedimentary rocks (subtype Bii) are the sources of type B garnets. High-grade metaba-
sites (subtype Ci) and pyroxenites and peridotites (subtype Cii) are the sources of type C garnets.
Skarns, extremely low-grade metabasites, or calc-silicate granulites are the sources of type D garnets.
(b) Ternary diagram showing compositional variation in garnet from the Yolindi Cu-Fe skarn deposit.
The data for typical skarns worldwide are from Meinert, et al. [1]. (c) Plot of pyroxene composition in
the Wo–En–Fs diagram according to Morimoto [74]. (d) Ternary diagram showing compositional vari-
ation in clinopyroxene from the Yolindi Cu-Fe skarn deposit. The data for typical skarns worldwide
are from Meinert, et al. [1].

• Clinopyroxene

Clinopyroxene minerals, which show no compositional zoning, occur in the endoskarn
and proximal zones as augite, along with andradite–grossular and calcite (Figure 15e), and in
the intermediate zone as hedenbergite associated with scapolite (Figure 15f). The chemistry
of the clinopyroxene minerals from the various skarn zones revealed that they are augite in
composition, with a range of En50.6–62.0Fs12.1–23.2Wo24.5–28.4 and En44.8–47.2Fs25.8–28.5Wo25.2–26.9
and range of Di65.5–78.7Hd15.4–31.1Jhn0.8–7.1 and Di58.2–60.0Hd32.8–37.1Jhn3.6–7.1 for the en-
doskarn and proximal exoskarn zones, respectively, while they are hedenbergite with
an average composition of En16.0Fs35.8Wo48.2 and Di30.5Hd68.4Jhn1.2 for the intermediate
zone (Figure 16c and Table 4). The endoskarn zone augite has greater magnesium numbers
(#Mg = 100 ×*Mg/[Mg + Fe2+]), ranging from 68.5 to 83.7, than the proximal zone augite,
which has a range of 61.1 to 64.6, whilst the intermediate zone hedenbergite has a low
#Mg content with an average of 30.9 (Table 4). The low average TiO2, MnO, and Na2O
concentrations in clinopyroxene minerals from the endoskarn, proximal, and intermediate
zones are 0.61, 1.87, and 0.75 wt.%; 0.03, 2.28, and 0.12 wt.%; and 0.01, 0.35, and 0.09 wt.%,
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respectively (Table 4). These concentrations decrease from the endoskarn to the intermedi-
ate exoskarn zone. The classification diagram of pyroxene end-member compositions with
diopside, johannsenite, and hedenbergite shows that the analyzed clinopyroxenes have
higher diopside and hedenbergite contents and are mostly compatible with clinopyroxene
from other worldwide Cu-Fe skarn deposits of Meinert, et al. [1] (Figure 16d).

• Scapolite

The scapolite mineral, which frequently occurs in Fe skarn deposits, forms in associa-
tion with hedenbergite in the exoskarn intermediate zone (Figures 10c,d and 15f) due to
the metasomatic interaction of highly abundant silicate fluids and carbonaceous host rocks
that occurs. According to the EPMA data for the scapolite, its SiO2, Al2O3, CaO, Na2O, and
Cl contents are higher, with ranges of 51.67–54.84 wt.%, 23.48–26.08 wt.%, 7.94–12.56 wt.%,
5.65–8.44 wt.%, and 2.68–3.53 wt.%, respectively, but its K2O content is lower, with an
average of 1.26 wt.% (Table 5). Furthermore, the % meionite (Me) of the analyzed scapolite
ranges from 32.59 to 52.57, with an average of 42.96, indicating that this scapolite belongs
to the late scapolite, which is a Cl-rich scapolite with averages of 33.3 and 2.96 wt.% for Me
and Cl, respectively [75] (Table 5). Na2.04K0.24Ca1.69Si7.71Al4.29Fe2+

0.03Ti0.001O24Cl0.75F0.07
is the estimated formula for the studied scapolite (Table 5).

• Plagioclase

In the endoskarn zone, plagioclase occurred, along with andradite and augite. SiO2
(58.0–65.4 wt.%), Al2O3 (21.2–26.1 wt.%), and Na2O (6.6–8.1 wt.%) are all detected in
significant concentrations, while CaO (3.2–7.7% wt.%) and K2O (0.3–0.7 wt.%) are in
relatively low amounts (Table 6). The triangle diagram of albite (Ab), anorthite (An), and
orthoclase (Or) endmembers (Figure 17a) shows that the plagioclase is oligoclase and
andesine. Considering this, the composition of plagioclase ranges from Ab59.4 to Ab79.7,
An18.0 to An37.5, and Or1.6 to Or4.6.

• Epidote

Epidote is an alteration mineral that has developed from the late replacement of garnet
in the endoskarn and exoskarn proximal and intermediate zones associated with garnet,
pyroxene, and calcite ( Figures 6–11 and 15a,g). Table 7 shows that the content of each
oxide in the representative EPMA data for the epidote from the endoskarn zone is in the
following ranges: SiO2: 31.9–33.4 wt.%, Al2O3: 23.0–26.2 wt.%, CaO: 20.5–21.6 wt.%, and
FeO: 10.9–15.1 wt.%. According to Yavuz and Yıldırım [76], the stoichiometric element
calculations based on 12.5 oxygens and the assumption of whole Fe as Fe3+ yielded total
cation values for Si, Al + Fe + Ti, and Ca + Mn in the ranges of 2.7–2.8, 3.3–3.4, and 1.8–2.0,
respectively, for endoskarn epidote. In contrast, the proximal epidote contains SiO2 (15.5–
32.7 wt.%), Al2O3 (13.4–26.1 wt.%), CaO (16.2–21.2 wt.%), and FeO (10.5–14.5 wt.%), with
the values of total cations for Si, Al + Fe + Ti, and Ca + Mn, respectively, falling within the
ranges of 2.2–2.8, 3.37–3.43, and 1.8–2.4. The Fe/(Fe + Al) ratios for the epidote from the
endoskarn and proximal zones, respectively, are between 0.23 and 0.32 and between 0.24
and 0.36, suggesting that they originated from the replacement of grossular-rich garnet and
were classified as clinozoisite (Figure 17b).

• Biotite

Eighteen EPMA spots of representative biotite were chosen from endoskarn zone
samples associated with augite, plagioclase, magnetite, and pyrite (Figure 15h) and re-
calculated to yield their formulas (Table 8). The average XMg = Mg/(Mg + Fe) and XFe =
Fe/(Fe + Mg) values of biotite are 0.65 and 0.35, respectively, indicating that this biotite is
classed as Mg-biotite according to Tischendorf, et al. [77] [(Mg-Li) vs. (Fetot + Mn + Ti-AlVI)]
diagram (Figure 17c). Nachit, et al. [78] distinguished three kinds of biotite using the (FeO +
MnO)-MgO-TiO2 ternary diagram (Figure 17d): primary magmatic biotite, re-equilibrated
biotite, and newly formed biotite. The analyzed biotites are categorized as primary mag-
matic biotite [79] (Figure 17d). Because the Ti concentrations (apfu) of the studied biotite
range from 0.47 to 0.54, they fit within the geothermometer calibration range (0.04–0.60)
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of Henry, et al. [80]. The Ti-in-biotite geothermometer application is, thus, appropriate
for predicting the equilibration temperature of biotite by calculating temperatures directly
from this equation: According to Henry et al. (2005), T (◦C) = ([ln(Ti)-a-c(XMg)3]/b)0.333,
where Ti is the number of atoms per formula unit (apfu) normalized on the basis of 22 O
atoms, a = −2.3594, b = 4.648210–9, and c = −1.7283. This equation predicts a temperature
range of 436 ◦C to 480 ◦C for the studied magmatic biotite from the endoskarn zone, with
an average of 463 ◦C (Table 8) generated within the calc-alkaline orogenic suites (Figure 17e)
from the crust–mantle source (Figure 17f).

Table 7. Representative electron microprobe data of epidote from the endoskarn and proximal zones
of the Yolindi Cu-Fe skarn deposit.

Dataset
Endoskarn/Epidote (n = 7) Proximal/Epidote (n = 7)

Min. Max. Av. Min. Max. Av.

SiO2 31.9 33.4 32.7 15.5 32.7 29.9
TiO2 0.0 0.1 0.0 0.0 0.3 0.1

Al2O3 23.0 26.2 24.2 13.4 26.1 23.1
FeO 10.9 15.1 13.4 10.5 14.5 12.8
CaO 20.5 21.6 21.1 16.2 21.2 20.0

F 0.0 0.2 0.0 0.0 0.2 0.0
O = F 0.0 0.1 0.0 0.0 0.1 0.0
Total 91.1 91.8 91.5 55.8 91.7 85.9

Calculated cations based on 12.5 oxygen
Si 2.7 2.8 2.7 2.2 2.8 2.7
Al 2.3 2.6 2.4 2.2 2.6 2.4

Fe3+ 0.8 1.1 0.9 0.8 1.2 1.0
Ca 1.8 2.0 1.9 1.8 2.4 1.9

Total 8.0 8.0 8.0 8.0 8.0 8.0
Epidote subgroup Clinozoisite Clinozoisite

Fe/Fe + Al 0.2 0.3 0.3 0.2 0.4 0.3
Al + Fe + Ti 3.3 3.4 3.3 3.4 3.4 3.4

Ca + Mn 1.8 2.0 1.9 1.8 2.4 1.9

Table 8. Representative electron microprobe data of biotite from endoskarn zone of the Yolindi Cu-Fe
skarn deposit.

Dataset
Endoskarn/Biotite (n = 18)

Min. Max. Av.

SiO2 37.0 38.1 37.4
TiO2 4.2 4.9 4.6

Al2O3 12.9 13.8 13.4
FeO 13.2 15.6 14.2
MnO 0.0 0.0 0.0
MgO 13.6 15.3 14.6
Na2O 0.1 0.3 0.2
K2O 9.7 10.1 9.8
H2O* 3.6 3.8 3.7
Li2O* 1.1 1.4 1.2

F 0.3 0.8 0.6
Cl 0.3 0.4 0.4

Atoms per formula unit (apfu)
Si 5.5 5.6 5.6

AlIV 2.3 2.4 2.3
AlVI 0.0 0.0 0.0

Ti 0.5 0.5 0.5
Fe 1.6 1.9 1.8
Mn 0.0 0.0 0.0
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Table 8. Cont.

Dataset
Endoskarn/Biotite (n = 18)

Min. Max. Av.

Mg 3.0 3.4 3.2
Na 0.0 0.1 0.1
K 1.8 1.9 1.9

OH* 3.5 3.8 3.6
F 0.1 0.4 0.3
Cl 0.1 0.1 0.1
Li* 0.7 0.8 0.7

Total 20.0 20.1 20.1
Parameters

Al total 2.3 2.4 2.3
Mg-Li 2.2 2.7 2.5

Fe + Mn + Ti-AlVI 2.1 2.5 2.3
X(Mg) = Mg/(Mg + Fe) 0.6 0.7 0.6

X(Fe) = Fe/Fe + Mg 0.3 0.4 0.4
FeO/(FeO + MgO) 0.5 0.5 0.5

FeO + MnO 13.2 15.6 14.2
ln(Ti) −0.7 −0.6 −0.7
T (◦C) 436.2 479.9 462.5

Li2O* and H2O* calculations after Tindle and Webb [81].

• Chlorite

In the exoskarn zones, chlorite forms as olive-green flakes accompanied by andradite,
calcite, pyrite, and specular hematite (Figures 10 and 15i). EPMA data for chlorite flakes
were recalculated using a formula unit (apfu) of 28 oxygen atoms (Table 9). The proximal
zone had greater Mg concentrations than the intermediate and distal zones, with values
ranging from 2.6–5.4 apfu, 1.1–2.8 apfu, and 0.9–1.5 apfu, respectively, decreasing from
proximal to distal zones (Table 9). The total Fe contents, on the other hand, rise from
proximal to distal zones, with values ranging from 3.3–14.9 apfu, 14.8–19.9 apfu, and
19.8–21.1 apfu for the proximal, intermediate, and distal zones, respectively (Table 9). As a
result, they are primarily categorized as Fe-chlorite (chamosite) based on the (AlIV)-Mg-Fe
ternary diagram of Zane and Weiss [82], with the exception of a few proximal chlorite
spots that are classified as Mg-chlorite (clinochlore) (Figure 17g). When the estimated
formation temperatures for these chlorite types were calculated using the empirical Si-AlIV

substitution geothermometer of Cathelineau [83] (Table 9), they showed a decrease from
proximal (T = an average of 286 ◦C) to distal (T = an average of 152 ◦C) throughout the
intermediate zone (T = an average of 179 ◦C).

Table 9. Representative electron microprobe data of chlorite from different skarn zones of the Yolindi
Cu-Fe skarn deposit.

Dataset
Proximal/Chlorite (n = 17) Intermediate/Chlorite (n = 8) Distal/Chlorite (n = 8)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 22.0 31.6 25.8 27.0 27.8 27.4 24.4 27.9 26.2
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Al2O3 11.5 20.0 17.9 17.2 19.1 18.2 17.8 22.6 20.0
FeO 16.4 30.7 27.1 23.4 34.5 29.7 10.9 16.8 13.6
MnO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MgO 9.2 16.4 12.7 9.0 15.4 11.8 8.2 13.8 10.9
CaO 0.1 0.4 0.2 0.0 0.2 0.1 0.1 0.2 0.1

Na2O 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
K2O 0.0 0.2 0.1 0.0 0.3 0.1 0.0 0.1 0.1
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Table 9. Cont.

Dataset
Proximal/Chlorite (n = 17) Intermediate/Chlorite (n = 8) Distal/Chlorite (n = 8)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

Cr2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
F 0.0 0.1 0.0 0.0 0.2 0.1 0.0 0.3 0.1
Cl 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total 59.1 99.6 83.8 76.8 97.7 87.3 61.5 81.7 71.0
Atoms per formula unit (apfu)

Si 3.0 7.1 5.3 2.2 3.3 2.7 1.6 2.2 1.9
AlIV 0.9 3.3 2.1 0.7 1.2 0.9 0.6 0.7 0.6
AlVI 0.0 2.9 1.8 0.0 0.0 0.0 0.0 0.0 0.0
Fe3+ 0.0 0.8 0.2 0.0 0.0 0.0 0.0 0.0 0.0
Fe2+ 2.5 14.9 6.7 14.8 19.9 17.7 19.8 21.1 20.5
Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Mg 2.6 5.4 3.9 1.1 2.8 1.8 0.9 1.5 1.2
K 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0

OH* 15.3 16.0 15.9 15.9 16.0 16.0 15.9 16.0 15.9
F 0.0 0.2 0.1 0.0 0.1 0.0 0.0 0.1 0.1
Cl 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Total 35.0 38.0 36.1 38.1 39.9 39.1 39.7 40.5 40.2
Parameters

Fe/Fe + Mg 0.4 0.9 0.6 0.8 0.9 0.9 0.9 1.0 0.9
Al total 1.4 5.2 3.9 0.7 1.2 0.9 0.6 0.7 0.6

Fe/Fe + Mg 0.4 0.9 0.6 0.8 0.9 0.9 0.9 1.0 0.9
FeO calc 12.7 30.7 24.9 23.4 34.5 29.7 10.9 16.8 13.6

Fe2O3 calc 0.0 4.5 1.4 0.0 0.0 0.0 0.0 0.0 0.0
Al iv c (corrected) 1.2 3.7 2.5 1.4 1.8 1.5 1.2 1.3 1.3
Fe = Fe2+ + Fe3+ 3.3 14.9 6.9 14.8 19.9 17.7 19.8 21.1 20.5

Fe + Mg 8.2 17.5 10.8 17.6 21.0 19.5 20.8 22.3 21.7
T (◦C) 143.2 414.9 285.7 161.8 205.3 179.3 146.4 158.6 151.6

Reformatted oxide percentages based on 28 oxygens (with Fe2+/Fe3+ and OH calculated assuming full site
occupancy) after Tindle [84].

• Amphibole

Table 10 shows the chemical compositions of amphibole from several skarn zones in
the Yolindi region (e.g., endoskarn, proximal, and intermediate zones). This amphibole is
frequently associated with andradite–grossular, and calcite formed by the pseudomorphic
replacement of pyroxene (Figure 15d). The analyzed amphiboles are magnesian, displaying
actinolite-rich compositions (Figure 17h) with a narrow range of Si content having 7.53–8.05
apfu, 7.90–8.17 apfu, and 8.10–8.19 apfu; and a Mg/(Mg + Fe2+) ratio with a range of 0.69–
0.77, 0.55–0.67, and 0.64–0.68 for amphibole from endoskarn, proximal, and intermediate
zones, respectively (Table 10).

• Carbonate

Calcite was detected in the proximal (Figure 8) and intermediate exoskarn zones
along with andradite–grossular, augite, and epidote (Figures 10 and 15e,g), and cerussite
and malachite were detected in the distal exoskarn zone pseudomorph after galena and
chalcopyrite, respectively (Figures 10 and 15j,k). The EMPA data show that the calcite
mineral has higher amounts of CaCO3 with ranges of 97.12–99.86 and 99.16–99.66 for the
proximal and intermediate zones, respectively (Table 11), and very low amounts of FeCO3
with ranges of 0.13–2.86 and 0.33–0.77 for the proximal and intermediate zones, respectively
(Figure 17f).
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Table 10. Representative electron microprobe data of amphibole from the different skarn zones of the
Yolindi Cu-Fe skarn deposit.

Dataset
Endoskarn/Amphibole (n = 5) Proximal/Amphibole (n = 11) Intermediate/Amphibole

(n = 4)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 53.07 57.55 55.12 44.74 54.06 50.38 54.97 55.57 55.23
TiO2 0.12 1.08 0.58 0.00 0.03 0.01 0.00 0.03 0.01

Al2O3 1.47 4.88 3.39 0.28 1.44 0.79 0.84 1.20 0.95
FeO 9.29 12.19 10.62 10.76 17.52 14.75 13.31 13.82 13.60
MnO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
MgO 15.09 17.74 16.34 11.20 18.31 14.02 13.97 15.72 15.02
CaO 9.25 11.18 10.44 0.23 19.45 8.18 7.91 10.11 9.04

Na2O 0.45 1.31 0.85 0.02 0.23 0.12 0.16 0.22 0.19
K2O 0.10 1.37 0.49 0.02 0.20 0.07 0.07 0.11 0.09
Atom

Si 7.53 8.05 7.79 7.90 8.17 8.03 8.10 8.19 8.15
Ti 0.01 0.12 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Al 0.24 0.82 0.57 0.05 0.27 0.15 0.15 0.21 0.17

Fe2+ 1.08 1.45 1.26 1.34 2.37 1.98 1.64 1.72 1.68
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mg 3.19 3.69 3.44 2.48 4.68 3.36 3.09 3.46 3.30
Ca 1.41 1.69 1.58 0.04 3.10 1.35 1.25 1.61 1.43
Na 0.12 0.36 0.23 0.01 0.07 0.04 0.05 0.06 0.05
K 0.02 0.25 0.09 0.00 0.04 0.01 0.01 0.02 0.02
H 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00

Mg/(Mg + Fe2+) 0.69 0.77 0.73 0.55 0.67 0.63 0.64 0.68 0.66

Table 11. Representative electron microprobe data of calcite and cerussite from the different skarn
zones of the Yolindi Cu-Fe skarn deposit.

Dataset

Proximal/Calcite
(n = 22)

İntermediate/Calcite
(n = 4)

Distal/Cerussite
(n = 17)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

Wt% element
Ca 21.10 23.85 22.58 22.82 23.41 23.10 0.00 0.08 0.03
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Fe 0.04 0.94 0.23 0.11 0.25 0.20 0.00 0.16 0.03
Sr 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.02 0.00
Pb 0.00 0.02 0.00 0.00 0.01 0.00 35.91 71.50 68.53

C backcalc 6.34 7.23 6.82 6.90 7.06 6.97 2.10 4.15 3.99
O backcalc 25.35 28.89 27.24 27.56 28.21 27.84 8.38 16.59 15.95

Total 52.88 60.37 56.88 57.56 58.89 58.12 46.46 92.24 88.54
Atomic fraction

Ca 0.53 0.60 0.56 0.57 0.58 0.58 0.00 0.00 0.00
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.00 0.00 0.00 0.00 0.17 0.35 0.33
C 0.53 0.60 0.57 0.57 0.59 0.58 0.17 0.35 0.33
O 1.58 1.81 1.70 1.72 1.76 1.74 0.52 1.04 1.00

Structural formulae basis on cation per 2 oxygens
Ca 1.94 2.00 1.99 1.98 1.99 1.99 0.00 0.01 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe 0.00 0.06 0.01 0.01 0.02 0.01 0.00 0.02 0.00
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Table 11. Cont.

Dataset

Proximal/Calcite
(n = 22)

İntermediate/Calcite
(n = 4)

Distal/Cerussite
(n = 17)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 0.00 0.00 0.00 0.00 0.00 0.00 1.98 2.00 1.99
C 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
O 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00

% Molecule
CaCO3 97.12 99.86 99.25 99.16 99.66 99.37 0.01 0.61 0.27
MgCO3 0.00 0.02 0.01 0.00 0.01 0.00 0.00 0.03 0.01
MnCO3 0.00 0.03 0.01 0.00 0.03 0.01 0.00 0.05 0.01
FeCO3 0.13 2.86 0.72 0.33 0.77 0.61 0.00 0.85 0.17
SrCO3 0.00 0.02 0.01 0.00 0.02 0.01 0.00 0.10 0.02
PbCO3 0.00 0.02 0.00 0.00 0.01 0.00 98.85 99.97 99.53
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

FeCO3 + MnCO3 0.13 2.87 0.73 0.33 0.81 0.61
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ture of monoclinic epidote-supergroup minerals belonging to the clinozoisite subgroup according 

Figure 17. (a) An-Ab-Or ternary diagram according to Deer, et al. [75] showing the composition of the
plagioclase from the endoskarn zone. (b) Ternary diagram Cr3+-Al-Fe3+ showing the nomenclature of
monoclinic epidote-supergroup minerals belonging to the clinozoisite subgroup according to Franz
and Liebscher [85]. (c) Classification of biotite on the (Mg-Li) vs. (Fetot +Mn + Ti–AlVI) diagram
according to Tischendorf, et al. [77]. (d) (FeO + MnO)-MgO-TiO2 ternary diagram of biotite according
to Nachit, et al. [78], Nachit, et al. [86]. (e) MgO-FeOtot-Al2O3 discriminating diagrams for biotite
according to Abdel-rahman [87]. (f) FeO/(FeO + MgO) vs. MgO (wt.%) binary diagram according
to Zhou [88]. (g) (AlIV)-Mg-Fe chlorite classification diagram according to Zane and Weiss [82].
(h) Classification of the calcic amphiboles according to Leake, et al. [89]. (i) CaCO3-MgCO3-FeCO3 +
MnCO3 ternary diagram of carbonate minerals [75].
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• Sericite

Sericite is a very fine-grained white mica of a white and yellowish tint that is generally
formed by the breakdown of feldspars in the distal zone associated with calcite, chlorite,
cerussite, and malachite (Figures 10g–l and 15l). The sericite electron microprobe results
(Table 12) revealed that the muscovite content was abundant in all the investigated flakes
(average XMs = 0.99) and that the phengite content (Mg + Feapfu) ranged from 0.55 to 0.86.

Table 12. Representative electron microprobe data of sericite from the distal exoskarn zone of the
Yolindi Cu-Fe skarn deposit.

Dataset
Distal/Sericite (n = 3)

Min. Max. Av.

SiO2 38.30 41.57 40.20
TiO2 0.02 0.05 0.03

Al2O3 25.70 28.87 27.70
FeO 1.62 3.19 2.19
MgO 1.41 1.88 1.72
CaO 0.12 0.28 0.21

Na2O 0.00 0.05 0.03
K2O 7.23 8.87 8.10
Cl 0.01 0.03 0.02
F 0.20 0.36 0.30

TOTAL 76.29 82.49 79.85
O = F,Cl 0.09 0.15 0.13
TOTAL 76.15 82.34 79.72

No Anions 22.00 24.00 23.00
Formula

Si 5.86 6.36 6.15
Ti 0.00 0.01 0.00

AlIV 1.64 2.14 1.85
AlVI 2.50 3.51 3.15

AlTotal 4.64 5.21 5.00
Fe(ii) 0.21 0.41 0.28
Mg 0.32 0.43 0.39
Ca 0.02 0.05 0.03
Na 0.00 0.02 0.01
K 1.41 1.73 1.58
Cl 0.00 0.01 0.01
F 0.11 0.18 0.15

Total 12.79 13.93 13.45
Fe/(Fe + Mg) 0.33 0.49 0.41

XMs 0.99 1.00 1.00
Fe + Mg 0.55 0.84 0.67

Si + Mg + Fe 6.70 7.00 6.82

• Ore mineral chemistry
• Magnetite

In association with andradite, augite, hedenbergite, calcite, pyrite, and chalcopyrite,
the magnetite minerals formed in the endoskarn and exoskarn proximal and interme-
diate zones and were partially martitized to hematite ( Figures 6–9 and 18a). Table 13
shows the EPMA results for endoskarn, proximal, and intermediate magnetite, with FeO
content of 92.66–95.48 wt.% (average 94.53 wt.%), 90.07–96.72 (average 93.77 wt.%), and
91.92–93.84 wt.% (average 92.99 wt.%), respectively. From the endoskarn to the interme-
diate zone, the SiO2 and Al2O3 contents of the analyzed magnetite increased on average
by 0.17, 0.48, and 0.55 wt.% and 0.07, 0.09, and 0.11 wt.% for the endoskarn, proximal,
and intermediate zones, respectively (Table 13). Low amounts of TiO2, MnO, MgO, and
CaO were found with average concentrations of 0.06, 0.01, and 0.01 wt.%; 0.04, 0.16, and
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0.08 wt.%; 0.03, 0.05, and 0.05 wt.%; and 0.03, 0.03, and 0.06 wt.% for endoskarn, proxi-
mal, and intermediate zones, respectively. Lin [90] presented a TiO2-Al2O3-(MgO + MnO)
ternary diagram to differentiate magnetite from different deposit types or metallogenic
settings. The endoskarn magnetite has magmatic affinity, falling primarily in the fields
of magmatic and accessory mineral types (Figure 18b), whereas the proximal and inter-
mediate magnetites have principal hydrothermal affinity, plotting mostly in the fields of
skarn and contact metasomatic types. This is also evident in the (Ca + Al + Mn) vs. (Ti + V)
magnetite discrimination diagram [91], where the proximal and intermediate magnetite
fall into the skarn field (Figure 18c), implying a hydrothermal metasomatic origin, whereas
the endoskarn magnetite has a different origin than skarn.

Table 13. Representative electron microprobe data of magnetite from the different skarn zones of the
Yolindi Cu-Fe skarn deposit.

Dataset

Endoskarn/Magnetite
(n = 5)

Proximal/Magnetite
(n = 14)

Intermediate/Magnetite
(n = 6)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

SiO2 0.00 0.57 0.17 0.03 1.30 0.48 0.29 0.83 0.55
TiO2 0.02 0.11 0.06 0.00 0.05 0.01 0.00 0.02 0.01

Al2O3 0.02 0.14 0.07 0.00 0.23 0.09 0.04 0.18 0.11
Cr2O3 0.00 0.01 0.01 0.00 0.03 0.01 0.00 0.02 0.00
V2O3 0.01 0.26 0.08 0.00 0.05 0.01 0.00 0.01 0.00
FeO 92.66 95.48 94.53 90.07 96.72 93.77 91.92 93.84 92.99
MnO 0.02 0.10 0.04 0.08 0.25 0.16 0.05 0.16 0.08
MgO 0.01 0.06 0.03 0.00 0.28 0.05 0.01 0.10 0.05
CaO 0.00 0.11 0.03 0.01 0.09 0.03 0.02 0.11 0.06
ZnO 0.00 0.04 0.01 0.00 0.03 0.01 0.00 0.01 0.01
Total 92.74 96.88 95.03 90.19 99.02 94.61 92.32 95.26 93.85

No Oxyg 32.00 32.00 32.00 32.00 32.00 32.00 32.00 32.00 32.00
Atoms

Si 0.00 0.17 0.05 0.01 0.39 0.15 0.09 0.25 0.17
Ti 0.00 0.03 0.01 0.00 0.01 0.00 0.00 0.00 0.00
Al 0.01 0.05 0.02 0.00 0.08 0.03 0.01 0.06 0.04
Cr 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
V 0.00 0.06 0.02 0.00 0.01 0.00 0.00 0.00 0.00

Fe(iii) 15.49 15.97 15.82 15.15 15.98 15.67 15.43 15.81 15.62
Fe(ii) 7.98 8.12 8.03 7.97 8.30 8.08 8.06 8.15 8.11
Mn 0.00 0.02 0.01 0.02 0.06 0.04 0.01 0.04 0.02
Mg 0.00 0.03 0.01 0.00 0.13 0.02 0.00 0.04 0.02
Ca 0.00 0.04 0.01 0.00 0.03 0.01 0.01 0.04 0.02
Zn 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Total 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00 24.00
Parameter

MgO + MnO 0.03 0.10 0.06 0.10 0.52 0.21 0.06 0.23 0.13
Ti + V wt% 0.02 0.21 0.08 0.00 0.05 0.01 0.00 0.01 0.00

Ca + Al + Mn wt% 0.03 0.16 0.08 0.08 0.24 0.17 0.08 0.22 0.15

• Chalcopyrite

Chalcopyrite is the most prevalent base metal sulfide (BMS) in the Yolindi area, where
it is mostly associated with specular hematite, pyrite, and magnetite (Figures 8, 10, and 18d).
Its EPMA results show that the Cu concentrations vary from 28.68 to 29.42 wt.%, while the
Fe and S contents range from 27.38 to 28.06 weight percent and from 41.76 to 42.71 wt.%,
respectively, with the derived structural formula Cu0.81Fe0.87Mo0.01S2.30 (average), which is
near the stoichiometric chalcopyrite (Table 14). Molybdenum (Mo) levels in chalcopyrite
range from 0.63 to 0.69 wt.%.
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• Pyrite

Pyrite is the most common Fe-sulfide found in endoskarn and exoskarn zones associ-
ated with magnetite, chalcopyrite, specular hematite, andradite, and calcite (Figures 6, 8, 10,
and 18d–e), with Fe and S contents ranging from 41.25 to 43.64 wt.% and 53.04 to 56.90 wt.%,
respectively (Table 14). Pyrite contains trace amounts of Mo and Ni, with an average of
0.97 wt.% and 0.25 wt.%, respectively. As a result, the estimated pyrite structural formula
is Fe0.91Ni0.01Mo0.01S2.07 (average), which is virtually identical to the stoichiometric pyrite.
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Figure 18. (a) Backscattered electron images of the magnetite in association with hematite in the
proximal zone. (b) TiO2-Al2O3-(MgO + MnO) ternary diagram of the analyzed magnetite according
to Lin [90]. (c) (Ca + Al + Mn) vs. (Ti + V) magnetite discrimination diagram [91]. (d) Backscattered
image of the chalcopyrite associated with pyrite in the intermediate zones. (e) Backscattered image of
the pyrite with specular hematite, andradite, chlorite in the intermediate zone. (f) Backscattered image
of the galena that mostly altered to cerussite associated with sericite in the distal zone. Abbreviations:
andradite (adr), calcite (cal), cerussite (cer), chlorite (chl), chalcopyrite (cp), galena (gn), hematite
(hem), magnetite (mag), pyrite (py), sericite (ser).

• Galena

Galena was encountered in the distal exoskarn with sericite, chalcopyrite, and mala-
chite, and it was mostly altered to cerussite (Figures 10, 15j,l, and 18f). The EPMA data
show that it includes 88.07 wt.% Pb and 10.93 wt.% S on average, with less amounts of Co
and Ni, averaging 0.13 and 0.16 wt.%, respectively (Table 14). Consequently, the calculated
structural formula is Pb1.10Co0.01Ni0.01S0.88.

• Cerussite

Cerussite is a secondary lead carbonate mineral that forms in the oxidized zone of the
distal exoskarn zone. It is a common alteration product of galena (Figures 10j,k, 15j,l, and
18f) during the retrograde stage, when the cooling of the system and ingress of external
fluids, particularly meteoric waters, lead to the oxidation of primary sulfides. The EPMA
data show that the cerussite has a higher PbCO3 amount with a range of 98.85 and 99.97
and low amounts of CaCO3, FeCO3, and SrCO3, with an average of 0.27, 0.17, and 0.02
(Table 11).
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Table 14. Representative electron microprobe data of sulfide minerals from the different skarn zones
of the Yolindi Cu-Fe skarn deposit.

Dataset
Chalcopyrite (n = 4) Pyrite (n = 40) Galena (n = 7)

Min. Max. Av. Min. Max. Av. Min. Max. Av.

S 41.76 42.71 42.09 53.04 56.90 55.15 10.24 11.48 10.93
Fe 27.38 28.06 27.61 41.25 43.64 42.48 0.00 0.02 0.01
Te 0.00 0.01 0.00 0.00 0.02 0.00 0.01 0.04 0.02
Cu 28.68 29.42 29.18 0.00 0.14 0.04 0.00 0.04 0.01
Au 0.00 0.01 0.00 0.00 0.04 0.01 0.00 0.02 0.00
As 0.00 0.05 0.03 0.00 0.60 0.12 0.00 0.04 0.01
Co 0.00 0.22 0.14 0.00 0.33 0.04 0.00 0.23 0.13
Ni 0.00 0.22 0.11 0.00 1.08 0.25 0.00 0.51 0.16
Ag 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.04 0.02
Sb 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.02 0.01
Zn 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.00
Sn 0.00 0.01 0.00
Pb 0.00 0.00 0.00 0.00 0.00 0.00 87.29 88.75 88.07
Cr 0.00 0.01 0.00
Hg 0.00 0.00 0.00 0.00 0.05 0.02 0.00 0.03 0.00
Mo 0.63 0.69 0.66 0.91 1.05 0.97 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00 0.00
Bi 0.00 0.05 0.01 0.00 0.04 0.00 0.00 0.00 0.00

Total 99.67 100.02 99.86 97.42 100.39 99.19 99.02 99.75 99.49
atom%

S 57.21 58.24 57.62 67.59 70.17 68.84 42.34 45.66 44.13
Fe 21.44 22.07 21.70 29.36 31.51 30.45 0.00 0.05 0.03
Te 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.04 0.02
Cu 19.73 20.35 20.16 0.00 0.09 0.03 0.00 0.08 0.02
Au 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00
As 0.00 0.03 0.02 0.00 0.32 0.06 0.00 0.06 0.01
Co 0.00 0.16 0.11 0.00 0.22 0.03 0.00 0.49 0.28
Ni 0.00 0.16 0.09 0.00 0.74 0.17 0.00 1.13 0.36
Ag 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.04 0.02
Sb 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.03 0.01
Zn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.04 0.01
Sn 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Pb 0.00 0.00 0.00 0.00 0.00 0.00 53.71 57.00 55.09
Cr 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.03 0.01
Hg 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.02 0.00
Mo 0.29 0.31 0.30 0.38 0.44 0.41 0.00 0.00 0.00
Cd 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Bi 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00

Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Formula Cu0.81Fe0.87Mo0.01S2.30 Fe0.91Ni0.01Mo0.01S2.07 Pb1.10Co0.01Ni0.01S0.88

S 2.29 2.33 2.30 2.03 2.10 2.07 0.85 0.91 0.88
Fe 0.86 0.88 0.87 0.88 0.95 0.91
Cu 0.79 0.81 0.81
As
Co 0.00 0.01 0.01
Ni 0.00 0.02 0.01 0.00 0.02 0.01
Pb 1.07 1.14 1.10
Mo 0.01 0.01 0.01 0.01 0.01 0.01

Sum 4.00 4.00 4.00 3.00 3.00 3.00 2.00 2.00 2.00

6. Discussion
6.1. Impact of the Alterations

In skarn deposits, mass balance calculations assist to quantify elemental gains, losses,
and redistributions during the transformation from unaltered rock to skarn. Depending
on the fluid composition, temperature, pH, Eh, and host-rock compositions, the chemical
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ion exchange between host/wall rocks and hydrothermal fluid results in the formation
of new altered minerals and alteration zones [32,92,93]. The gain and loss of rock mass
components is common during hydrothermal alteration processes [94]. As a result, these
calculations give a quantitative assessment of the metasomatic processes that contribute to
skarn formation. The isocon method, developed by Grant [95], assesses the impact of hy-
drothermal alteration by comparing unaltered and least-altered protoliths to mineralogical
and geochemical changes. Gresens [41] proposed this approach, excluding the concurrent
volume increases and decreases, allowing for the evaluation of elemental mass gain or loss.
Grant [95] and Grant [40] enhanced Gresens’ equations by assuming immobile elements
that do not undergo mass transfer during alteration processes. Utilizing Gresens’ equations
and isocon diagrams and by picking immobile components, Coelho’s GEOISO-Windows™
program of Coelho [39] evaluates and graphs mass balance/volume change by the ultimate
mobility of the elements. Al2O3, TiO2, Nb, and Y are four immobile elements that appear
to have higher correlation coefficients than the other immobile elements, with values of
0.986, 0.981, 0.973, 0.971, and 0.965 for Al2O3 vs. Y, Al2O3 vs. Nb, TiO2 vs. Y, TiO2 vs. Nb,
and TiO2 vs. Al2O3, respectively.

The isocon diagrams (Figure 19) and mass balance analyses (gain or loss) of the el-
emental compositions of the several skarn zone samples show that each alteration zone
has significantly added and depleted major, trace, and rare earth elements (REE) (Table 15).
The endoskarn is distinguished microscopically by andradite formation, which is fol-
lowed by epidote during metasomatism with magnetite and pyrite (see Figure 6). During
the endoskarn formation, SiO2, MgO, Na2O, and K2O were removed from the igneous
rock, while Fe2O3, CaO, MnO, Cr2O3, SO3, and volatiles (expressed as LOI) were added
(Figures 19a and 20). The added Fe2O3, FeO, CaO, and MnO were absorbed by newly
formed andradite, but the lost SiO2, Na2O, and K2O might be attributed to feldspar partial
destruction. Except for Au, Sr, W, and Eu, the majority of the trace and all the REE elements
were added during endoskarn formation (Figure 19a, Table 15). This zone has lower values
for mass (MC) and volume changes (VC) of 4.7% and 1.9%, respectively. The petrographic
composition of the proximal Skarn zone is dominated by andradite and magnetite in the
prograde subzone and grossular, actinolite, and clinopyroxene remnants in the retrograde
subzone. As a result, its geochemical signature based on mass balance calculation is distin-
guished by enrichment in Fe2O3, FeO, CaO, MnO, MgO, SiO2, SO3, LOI, and occasionally
Cr2O3 (Figures 19b and 20a and Table 15). It is distinguished by the higher enrichment of
Au, S, Ni, Sr, and W compared to the other skarn zones, as well as additions of Ag, Bi, Co,
Cu, Sb, and Te and depletion of all REEs except Lu (Figures 19b and 20b and Table 15). This
zone has higher MC and VC values of 68.1% and 69.0%, respectively. However, moderate
enrichments of Fe2O3, FeO, CaO, MnO, MgO, SiO2, SO3, LOI, and Cr2O3 with Au, Ag, Bi,
Co, Cu, Mo, Ni, S, Sb, Te, W, Zn, and some REE (i.e., Eu, Gd, Tb, Dy, Ho, Er, Yb, and Lu)
and the depletion of Na2O, K2O, Nb, Sr, and light REE (i.e., La, Ce, Pr, and Sm) characterize
the intermediate skarn zone (Figures 19 and 20 and Table 15). This refers to the progressive
shift from the high-temperature, magma-influenced proximal zone to the cooler, more
distant retrograde zone, including andradite, grossular, pyroxenes, and calcite with epidote,
scapolite, and chlorite. The significant prevalence of epidote alteration is responsible for
the Sr depletion in this intermediate zone [96]. The MC and VC values in this zone are 6.2%
and 6.8%, respectively. The distal zone, on the other hand, exhibits SiO2, Fe2O3, FeO, CaO,
MnO, Cr2O3, SO3, and LOI enrichment and MgO, Na2O, K2O, TiO2, and P2O5 depletion
(Figures 19d and 20b and Table 15). The enrichments of Ag, As, Bi, Co, Cu, In, Mo, Pb, Sb,
Sn, Te, Zn, and Eu are significantly greater than in other skarn zones with the addition of
heavy REE (i.e., Tb, Dy, Ho, Er, Yb, and Lu) and depletions of Nb, Sr, and light REE (i.e.,
La, Ce, Pr, Sm, and Gd) (Figures 19d and 20b and Table 15). The MC and VC values in this
zone are moderate values of 20.9% and 22.3%, respectively.
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Table 15. Elements/oxides mass changes in relation to the original whole rock mass ((Mfi-Moi)/Mo)
and in relation to the original elements/oxides mass in the original rock ((Mfi-Moi)/Moi) (data from
GEOISO-A Windows™ program).

Endoskarn Proximal Intermediate Distal

(Mfi-Moi)/Mo (Mfi-Moi)/Moi (Mfi-Moi)/Mo (Mfi-Moi)/Moi (Mfi-Moi)/Mo (Mfi-Moi)/Moi (Mfi-Moi)/Mo (Mfi-Moi)/Moi

SiO2 −13.89 −0.23 201.93 3.30 8.28 0.14 97.94 1.60
Al2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe2O3 2.99 12.98 11.62 50.52 1.18 5.15 3.53 15.33
FeO 51.09 13.00 199.36 50.73 20.17 5.13 60.29 15.34
MgO −1.47 −0.58 18.97 7.50 1.98 0.78 −1.48 −0.58
CaO 1.49 0.28 182.39 33.71 24.41 4.51 27.71 5.12

Na2O −2.91 −0.88 −3.24 −0.98 −2.55 −0.77 −3.25 −0.98
K2O −3.32 −0.75 −4.29 −0.96 −2.47 −0.56 −3.50 −0.79
TiO2 0.13 0.20 −0.33 −0.50 0.12 0.18 −0.41 −0.61
P2O5 0.04 0.13 −0.14 −0.45 −0.09 −0.29 −0.18 −0.58
MnO 0.24 2.71 5.75 63.88 0.80 8.92 2.18 24.26
Cr2O3 0.14 14.17 0.75 75.17 0.04 4.05 0.22 22.07

SO3 2.86 40.83 33.95 485.03 3.97 56.73 1.22 17.36
LOI 8.63 8.90 76.81 79.18 9.64 9.94 25.06 25.84
Ag 2.16 4.50 4.60 9.58 5.43 11.31 24.73 51.52
As 445.39 32.99 1322.41 97.96 223.64 16.57 2347.66 173.90
Au −0.01 −0.13 1.03 14.72 0.01 0.20 0.42 6.06
Bi 7.53 18.84 55.12 137.80 3.47 8.68 62,482.13 1562.05
Co 149.47 5.94 273.06 10.84 12.17 0.48 675.49 26.83
Cu 980.49 37.13 2760.42 104.52 494.67 18.73 29,772.43 1127.32
In 1.42 35.41 0.81 20.16 0.95 23.84 4.18 104.44

Mo 39.26 15.96 57.80 23.50 18.49 7.52 82.03 33.34
Nb −0.72 −0.04 3.62 0.22 −1.34 −0.08 −8.49 −0.52
Ni 236.29 16.00 1060.56 71.81 151.86 10.28 378.53 25.63
Pb 0.13 0.00 78.82 1.09 5180.68 71.46 75,629.67 1043.17
S 11,462.33 43.40 1359.79 514.90 15,930.78 60.32 4898.88 18.55

Sb 14.92 20.16 34.64 46.81 9.95 13.45 120.32 162.60
Sn 24.06 25.60 20.13 21.42 23.39 24.88 44.96 47.83
Sr −472.19 −0.82 35.63 0.06 −275.25 −0.48 −409.32 −0.71
Te 3.24 323.63 7.78 777.61 3.27 327.34 21.97 2196.82
W −61.74 −0.33 1028.77 5.53 1.74 0.01 468.59 2.52
Zn 79.22 1.43 881.22 15.96 1019.72 18.46 26,462.17 479.13
La 53.70 1.21 −33.32 −0.75 −12.91 −0.29 −12.44 −0.28
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Table 15. Cont.

Endoskarn Proximal Intermediate Distal

(Mfi-Moi)/Mo (Mfi-Moi)/Moi (Mfi-Moi)/Mo (Mfi-Moi)/Moi (Mfi-Moi)/Mo (Mfi-Moi)/Moi (Mfi-Moi)/Mo (Mfi-Moi)/Moi

Ce 71.82 0.85 −65.40 −0.77 −22.60 −0.27 −51.18 −0.60
Pr 4.22 0.45 −7.03 −0.74 −1.72 −0.18 −2.73 −0.29
Sm 0.59 0.09 −4.59 −0.67 −0.57 −0.08 −0.81 −0.12
Eu −0.09 −0.05 −1.24 −0.68 0.02 0.01 2.62 1.43
Gd 0.60 0.11 −2.26 −0.41 0.50 0.09 −0.14 −0.03
Tb 0.16 0.20 −0.29 −0.37 0.13 0.16 0.06 0.07
Dy 0.61 0.15 −0.86 −0.21 0.94 0.23 0.47 0.12
Ho 0.09 0.12 0.00 0.00 0.20 0.26 0.16 0.21
Er 0.18 0.08 −0.17 −0.08 0.49 0.21 0.25 0.11
Yb 0.03 0.01 −0.31 −0.14 0.15 0.07 0.07 0.03
Lu 0.01 0.03 0.03 0.09 0.01 0.03 0.02 0.06

Mass
Change 4.72 68.10 6.24 20.94

Volume
Change 1.95 68.96 6.83 22.26
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6.2. Yolindi Cu-Fe Skarn Evolution Processes

Fe-skarns are prevalent in the Biga Peninsula, where Cu is pervasive in veins or erratic
pockets cutting across magnetite ore bodies in the Fe-skarn deposits. Inextricably connected
to the formation of skarns is the emplacement of subvolcanic–plutonic rocks, particularly
granitoids such as quartz monzonite, diorite, and monzodiorite, into tertiary sedimentary
to volcanosedimentary rocks such as phyllite, meta-carbonates, marble, hornfels, and
metabasalt [5]. The majority of these granitoids are oxidized I-type and range in age
from Late Eocene–Oligocene to Miocene, and they are emplaced simultaneously with
or alongside related porphyry deposits [5]. In the Yolindi area, the formation of skarn
mineralogy in association with several metals, including Fe and Cu and their related
metals, occurs due to the metasomatic reactions between invaded magmatic fluids from
the causative Şaroluk granitoid pluton and the surrounding Torasan Formation country
rocks during the skarnification process of the studied Cu-Fe skarn deposit. The intrusion
of the I-type Saroluk quartz monzonite pluton into the Torasan Formation releases Cu-
and Fe-bearing magmatic fluids, which react with the Torasan Formation, generating
calcium-rich silicate minerals (skarn mineralogy), such as garnet and pyroxene. The early
reactions frequently result in prograde skarn minerals such as garnet (mostly andradite
with less grossular variants) and pyroxenes [3]. Some of the original skarn minerals can
undergo retrograde alteration when the system cools and/or is exposed to external fluids,
creating epidote, actinolite, and chlorite, as well as different copper and iron minerals
including chalcopyrite, bornite, magnetite, and hematite. Finally, the distal zone may
oxidize, resulting in the production of both cerussite and malachite minerals and perhaps
increasing the grade of the deposit.

According to the field relationships, along with the mineralogical and petrographic
data, as well as the comprehensive paragenetic relationships among the metamorphic/
metasomatic and ore mineral phases, the genesis of the Yolindi Cu-Fe deposit is, thus,
believed to have involved four main phases that correlate to the metamorphic–metasomatic
transition (Figure 21). These four phases started with (1) the metamorphic–bimetasomatic
(quasi-isochemical contact metamorphism) stage, (2) the prograde metasomatic stage, and
(3) the retrograde metasomatic stage. After these metamorphic–metasomatic stages, a
(4) post-metasomatic stage was identified as the weathering and oxidation stage, which
can be illustrated by the production of supergene minerals including cerrusite, malachite,
and goethite (Figure 21).

6.2.1. Contact Metamorphic–Bimetasomatic Stage

Bimetasomatism refers to a sequential metamorphic process in which a rock experi-
ences two distinct metasomatic events consecutively. In this scenario, a reciprocal inter-
action occurs between a rock undergoing alteration and the fluid, resulting in a mutual
alteration of their respective chemical compositions. The process of simultaneous ex-
change may result in the evolution of two separate mineral assemblages or zones, with
one occurring inside the rock and the other within the fluid pathway or surrounding
environment [97]. In the Yolindi area, this is the initial stage in the formation of skarn
deposits, whenever high-temperature fluids, typically derived from the Early Miocene
Şaroluk granitoid (MŞ) intrusion, react with the Upper Paleozoic Torasan Formation (Pzt),
causing contact metamorphism and bimetasomatism, leading to significant mineralogical
and textural changes. This intrusion that triggered contact metamorphism in the Upper
Paleozoic Torasan Formation (Pzt) was initially emplaced at the beginning of this stage. The
volatile-rich felsic melt and heat flow from the Şaroluk intrusion had isochemically meta-
morphosed the Torasan and nearby Karakaya Formation country rocks, which had then
bimetasomatized into skarnoid-hornfels, having quartz, clinopyroxene, and re-crystallized
calcite (see Figure 3) in intercalations of biotite schists and phyllite of the Torasan Formation.
At this stage, no sulfides or oxide disseminations were seen or developed.
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Figure 21. A comprehensive paragenetic relationship among the metamorphic/metasomatic and ore
mineral phases during the different stages of metasomatism and mineralization in the Yolindi Cu-Fe
skarn deposit.

6.2.2. Prograde Metasomatic Stage

It may be assumed that their magma cooled and solidified more quickly, allowing
the residual liquid to become more silicic and volatile-rich in the late stage of magmatic
differentiation. This would explain why microgranophyre patches formed in a larger
body of Saroluk quartz monzonite in the Yolindi area (see Figure 4). A fine-grained
texture can arise from this quick cooling, which can “quench” the minerals and inhibit
them from becoming larger crystals [98]. Consequently, the quick fluid escape indicated
that this was probably related to pressure-quench crystallization [32]. In general, as the
magma that formed Şaroluk granitoid rocks cools and crystallizes, volatile chemicals
such as water, carbon dioxide, fluorine, and chlorine are released, generating a magmatic-
hydrothermal fluid [3,99]. This fluid is rich in metals such as Cu, Fe, and others, in addition
to numerous elements. During the prograde metasomatic stage, it interacts with the
surrounding Torasan Formation country rock, which is typically composed of phyllite
and schists with serpentinized peridotites (Pzts) and marble members (see Figure 3).
Furthermore, the resurgent boiling of the prograde metasomatic stage, along with the
progressive crystallization of the Şaroluk granitoid rocks, causes degassing of the volatile
phases, as well as a large volume of highly evolved magmatic-hydrothermal solution that
became saturated in the magma and began to exsolve as a separate phase [100]. When
these exsolved fluids penetrate country rocks, they cause abrupt and rapid hydrofracturing
in the crystallizing magma (Şaroluk granitoid rocks) and the nearby wall or host rocks
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(Torasan Formation). This hydrofracturing is also a consequence of bimetasomatic and
decarbonation alteration events [101], which form regions of distinct skarn zones in the
study area: endoskarn and multiple exoskarn zones.

In the Yolindi area, the prograde metasomatic alteration is represented by a series of
medium- to coarse-grained Fe-rich anhydrous calc-silicate minerals (andradite and augite),
with magnetite and pyrite formed in the endoskarn and proximal exoskarn zones, where
Fe2O3, CaO, MnO, Cr2O3, SO3, and volatiles (expressed as LOI) were added (mass balance
calculation data). Andradite in these two zones is more Fe-rich than andradite in the
intermediate zone. Furthermore, the presence of un-zoned andradite in the endoskarn
(Figure 15a) and zoned andradite in the proximal exoskarn (Figure 15b) can provide data re-
garding skarn formation conditions, fluid flow dynamics, and element mobility. Un-zoned
andradite (Figure 15a) forms under stable conditions such as constant temperature and
pressure and is uniform from core to rim (Table 3). It might point to rapid crystallization in
the endoskarn, which did not allow for compositional zoning to develop. Zoned andradite
(Figure 15b), on the other hand, shows compositional shifts from core to rim, indicating
differences in formation conditions. This is prevalent in proximal exoskarns, which form
when an intrusive body interacts with the nearby Torasan Formation country rocks. The
zonation often recorded variations in temperature, pressure, and fluid composition as
magmatic fluids moved outward from the intrusion and interacted with wall rocks [102].
Furthermore, the presence of zoned andradite indicates an extended period of skarn for-
mation, which allowed for the sequential deposition of different garnet compositions as
conditions changed [102]. Exoskarn zoning patterns have the potential to provide insight
into fluid flow and source evolution during the formation of skarns [3,102]. In general, a
metasomatic front moving through the rock is typically to blame for garnet zoning. As
the fluids arrive, the country rock gradually reacts with them, leaving a record of this
reaction in the form of garnet zoning [102]. While clinopyroxene is represented by augite,
which is formed at high temperatures in the endoskarn and proximal zones during skarn
formation due to its proximity to a heat source, augite forms earlier in the paragenetic
sequence, indicating more temperature stability under reducing conditions, implying a
more reducing environment [103]. Magnetite, which exhibits magmatic-hydrothermal
affinities in the endoskarn and proximal zones, having a higher TiO2 value with an average
of 0.11 wt.% and 0.02 wt.%, respectively (Figure 18b,c and Table 13), is formed along with
pyrite during this stage.

6.2.3. Retrograde Metasomatic Stage

The retrograde metasomatic stage outlines the reactions that occur when the system
cools and the original anhydrous calc-silicate (prograde) mineral assemblages (e.g., andra-
dite and augite) are replaced by new hydrous calc-silicate (retrograde) mineral assemblages
(e.g., epidote and actinolite) due to changes in physical–chemical conditions such as temper-
ature, pressure, and fluid composition [3,104]. It also entails the insertion of additional fluid
phases, such as late magmatic fluids exsolved from the cooling intrusion and exogenous
fluids (typically meteoric fluid), into the system through fractures and other permeable
pathways [1]. The redox conditions of the infiltrating fluids may differ from those of the
original magmatic fluids. Meteoric water, for example, is frequently more oxidizing than
magmatic fluids. The shift in redox conditions could cause the previously formed prograde
minerals to become unstable, break down, and evolve into new mineral phases [105]. Acti-
nolite, epidote, scapolite, calcite, and chlorite in the exoskarn zone of the Yolindi area are
suggestive of retrograde metamorphism and alteration formed under lower temperature
and pressure conditions, as well as a neutral to alkaline pH environment pseudomorph
after garnet and pyroxene [106] (see Figures 8, 10 and 15). The andradite–grossular inter-
growth that characterizes the garnet at the retrograde stage in the proximal retrograde
and intermediate zones (see Figure 15c–e), which refers to a drop in temperature where
andradite is stable at higher temperatures [107] while grossular prefers to develop at lower
temperatures [108], offers crucial hints concerning the transition from andradite to grossu-
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lar. This transition implies a change in the composition of the hydrothermal fluids, which
become more neutral to alkaline in character; specifically, a drop in iron and an increase in
aluminum imply a shift from Adr77Grs20Alm1 (Fe-rich) to Adr59Grs39Alm1 (Al-rich) (see
Table 3). This implies that the system was cooling and evolving, probably with declining
magmatic impact and maybe increasing meteoric water input. Additionally, at this period,
the pressure conditions remained mostly constant [109]. Additionally, Hedenbergite was
identified in the retrograde intermediate zone in association with scapolite (see Figure 15f),
implying that this zone underwent lower temperatures, most likely because of its distance
from the intrusive heat source. It usually occurs under more oxidizing conditions than
augite. Because of the effect of meteoric water mixing with magmatic fluids, the shift
from augite to hedenbergite throughout a skarn system may, therefore, record a move
from more reducing to more oxidizing environments [1,110]. Moreover, the interaction
of fluid–rock in Cl-rich environments is shown by the formation of Cl-rich scapolite with
hedenbergite, which shows extensive metasomatic alteration and the mobilization of el-
ements, including Ca, Fe, Na, and Cl (mass balance calculation data) from the Şaroluk
quartz monzonite and Torasan production, to re-concentrate into these minerals. In the
exoskarn zone, magnetite and late Cl-rich scapolite (Table 5) indicate brines are essential
for Fe transfer and metasomatism throughout the fluid pathway [111]. Chamosite, which
mostly represents the chlorite mineral in the study area (see Figure 17g), is often stable at
lower temperatures, decreasing from proximal (T = an average of 286 ◦C) to distal (T =
an average of 152 ◦C) over the intermediate zone (T = an average of 179 ◦C) (Table 9). Its
formation frequently indicates the stability of the skarn system after high temperatures.
It can be associated with ore minerals such as chalcopyrite, sphalerite, or galena in the
study area, suggesting a proximity to sulfide mineralization zones. The Fe-rich composition
of chamosite implies special redox conditions with relatively low oxygen fugacity [112].
Along with epidote, actinolite, calcite, and quartz in the proximal retrograde and inter-
mediate zones, the presence of small magnetite crystals (partially martitized to hematite)
within the garnet and clinopyroxenes (see Figure 8) proves that magnetite was formed after
garnet and clinopyroxene during this retrograde stage. This magnetite, whose TiO2 content
averages 0.01 wt.%, is of hydrothermal metasomatic origin and resembles the world-class
skarn of Xie, et al. [113] (see Figure 18b,c). A variety of copper and iron minerals, such
as chalcopyrite, bornite, magnetite, and specular hematite, are formed during this phase
when the system cools and is exposed to external fluids (see Figures 8 and 10).

6.2.4. Post-Metasomatic Stage

The presence of cerussite and malachite in the distal exoskarn zone of Cu-Fe skarn
deposits, common in oxidation zones, indicates that the deposit has undergone weathering
and oxidation, converting primary sulfide minerals into secondary oxide and carbonate
minerals (see Figures 10 and 21). The formation of these minerals suggests metal leaching
and movement from proximal areas, where they dissolve primary metal sulfides, transport
them outward, and precipitate them as carbonates due to pH changes and redox condi-
tions, suggesting the skarn system developed in a carbonate-rich environment while the
neutralization of acidic fluids occurred. Additionally, the presence of these minerals in the
distal exoskarn zone can aid in the modeling of past fluid flow pathways, indicating active
mineralizing fluids that could be useful for exploration targeting.

6.3. Comparison of the Genetic Relationship between the Yolindi Cu-Fe Skarn and Calc-Alkaline
Magmatism in the Biga Peninsula with Other Worldwide Skarns

The genetic relationship between Cu-Fe skarn deposits and magmatic activity in skarn
systems may be relevant to other skarn deposits throughout the world, including those in
the Biga Peninsula in northwestern Turkey (Table 16). In general, the distribution, mineral-
ogy, and metal ratios of skarns are extremely diverse, as described by Einaudi, et al. [114],
and may correspond to the magma types, depth of formation, oxidation state, and distance
from intrusion [115]. A metallogenic province cannot form without the various oxygen



Minerals 2023, 13, 1304 47 of 57

fugacities residing in the magma and the released ore solution. In this context, the more
mafic igneous rock types of an oceanic island arc gave rise to a magnetite-rich skarn, which
is analogous to the Fe-Co skarn of Smirnov, et al. [116], with a considerable Cu, Co, and Au
content [114]. In contrast, hypabyssal settings generate different skarns, such as Fe, Cu, Mo,
Pb, and Zn. Highly siliceous alkalic granite belts have lithophile mineralized skarns (such
as Sn, W, F, Li, Be, and B), whereas moderately siliceous magmas contain litho-chalcophile
mineralization, which includes W, Ho, Cu, Zn, Pb, Au, Hg, and Sb. Magnetite-bearing
epidote, pyroxene, plagioclase, garnet endoskarn, and garnet-epidote-bearing exoskarn are
the main constituents of an island-arc skarn [114]. The main mineral prevalent in skarns is
andraditic garnet, whereas pyroxene is a member of the diopside–hedenbergite association.
The main major iron oxide mineral, magnetite, can be formed between the exoskarn and cal-
careous rocks or between the endoskarn and exoskarn. As shown at the Shinyama mine in
the Kamaishi area, Japan [117], chalcopyrite and pyrite are major sulfide minerals. Epidote,
actinolite, chlorite, calcite, and quartz are some of the minerals that are most representative
of retrograde alteration. According to Meinert [118], copper skarns from oceanic island-arc
settings associated with quartz monzonite to granodiorite plutons exhibit high garnet to
pyroxene proportions, comparatively oxidized assemblages (andraditic garnet, diopside,
pyroxene, magnetite, and hematite), and a medium to significant sulfide content.

The EPMA data for garnet reveal that it is primarily classified as magmatic garnet
(Type D), which is typically derived from metasomatic rocks (e.g., skarns) (see Figure 16a).
It is mostly compatible with garnet from other worldwide Cu-Fe skarn deposits, with a
little Zn skarn deposit from Meinert, et al. [1] (see Figure 16b), as well as garnet from the
Ayazmant Fe-Cu skarn of Turkey of Oyman [119], the Ahar Fe-Cu skarn deposit of Iran of
Mollai, et al. [120], the Kamaish Fe skarn of Japan of Einaudi and Burt [121] (Figure 22a1).
Furthermore, the analyzed clinopyroxenes are mostly compatible with clinopyroxene from
the Ayazmant Fe-Cu skarn of Turkey of Oyman [119], the Evciler Cu-Au skarn of Turkey
of Öztürk and Helvaci [122] (Figure 22a2), and other worldwide Cu-Fe skarn deposits of
Meinert, et al. [1] (Figure 16d). The analyzed samples of the Şaroluk quartz monzonite
rocks are associated with the studied Yolindi Fe-Cu skarn plot in the area between plutons
associated with Fe and Cu skarns on the TiO2 vs. Zr diagram, as proposed by Meinert [115],
Oyman [119], and Mollai, et al. [120], shown in Figure 22b. Meinert [115] noticed that
practically no skarn-related plutons would be categorized as peralkaline based on Al
saturation and that the majority of their compositions cluster close to the boundary between
metaluminous and peraluminous. The Şaroluk quartz monzonite, which is categorized
as a metaluminous I-type granitoid due to the considerably greater A/NK and lower
A/CNK values, is plotted in nearby areas of the Cu and Zn skarns of Meinert [115] and
the Evciler Fe-skarn granitoids of Öztürk, et al. [123] (Figure 22c). The MgO content of
the Şaroluk quartz monzonite ranges from 1.97 wt.% to 3.59 wt.% with an average of
2.53 wt.%; however, this value is 3% for Fe-skarn granitoids, 3.2% for Au-skarn granitoids,
and 1.8% for Cu-skarn granitoids [115], The Şaroluk quartz monzonite samples plot close
to the Fe-, Cu-, and Au-skarn granitoids in the SiO2 vs. MgO binary diagram, which are
comparable with the Evciler Au-Cu skarn granitoids of Öztürk, et al. [123] (Figure 22d).
According to Figure 22e, which depicts the relationship between Y and Nb, the majority
of skarn-associated plutons occur in volcanic arcs (VAG) and syn-collision (Syn-COLG)
granitoids and within continental plates (WAG) [1]. Sn, W, and most Mo skarns are solely
linked with plutons that plot in the WPG field, whereas Fe, Au, Cu, and Zn skarns are only
associated with plutons that plot in the VAG + Syn-COLG field [1]. The studied samples of
the Şaroluk granite fall in the field of VAG and Syn-COLG near to the Cu- and Fe-skarns of
Meinert [115] and exhibit a similar pattern to the Evciler Au-Cu skarn granitoids of Öztürk,
et al. [123] and the Ahar Fe-Cu skarn granitoids of Mollai, et al. [120] (Figure 22e). It is
clear from the discussion and comparison above that the island-arc environment is ideal
for the Cu-Fe skarn deposits in the Yolindi area and the ore solution associated with their
magmatic genesis.
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Table 16. Comparison of Cu-Fe skarn deposits in the Yolindi area of NW Turkey with other skarn deposits in Turkey and across the world.

Skarn
Type Location N Name Host rock

Associated
Igneous

Rock
Composition Age of

Magmatism
ProGrade
Minerals

RetroGrade
Minerals

Ore
Minerals Grade Accompanying

Metal References

Fe, Cu Çanakkale,
Turkey Yolindi

Torasan
formation
(phyllite,
Schists,

hornfels)

Şaroluk
pluton

Granodiorite,
quartz

monzonite

Early
Miocene adr, aug

grs, ep, act,
hd, scp, chl,
ser, cal, qz

mag, hem, py,
ccp, gn, cer,

sp, mal
Pb, Zn The current study

Fe Balikesir,
Turkey Yasyeri

Meta pelitic
rocks,

carbonate
lenses

Eybek pluton Granite, gra-
nodiorite 23–26 Ma di, hd ep, cal

mag, hem,
ccp, py, sp,

gn
30%–50% Cu Karaaslan and

Başarı [124]

Pb, Zn,
Cu

Balikesir,
Turkey Bağırkaç

schist with
metacarbon-
ate lenses in

Karakaya
complex

Eybek pluton Granite, gra-
nodiorite 23–24 Ma Wo, adr, grs,

di, scp cal, tr sp, gn, hem,
ccp, py 10% Pb + Zn Cu

Gümüş
[125],Dora [126],
Önal, et al. [127]

Fe, Cu Balikesir,
Turkey Şamlı Karakaya

complex Şamlı pluton

Granodiorite,
diorite,
granite

porphyry

23 Ma adr-grs,
di-hd

act, ep, cal,
tr mag, hem 58.5% Au, Cu Tamer and Kurt

[128]

Cu, Au Çanakkale,
Turkey Evciler

Metamorphics
of Kazdag

massif

Evciler
pluton

Granodiorite,
qtz diorite 26 Ma

adr, di grs,
di-hd, scp,

py

ep, cal, tre,
chl, qt

mag, hem,
ccp, py 52% Au, Cu

Öztürk, et al.
[123], Öztürk,

et al. [129]

Pb, Zn Çanakkale Bergaz

Permian
limestones in

Bozalan
formation

Kestanbol
pluton

Monzodiorite,
granodior-

ite
19 Ma adr, jhn, di,

hd ep, cal, chl mag, hem 49.98% Fe Gjelsvik [130]

Fe, Cu,
Pb

Çanakkale,
Turkey

Uskufcu
(Aladag)

Permian,
bozalan

carbonates

Kestanbol
pluton

Monzonite,
qtz

monzonite
19 Ma di, gro, jhn ep, tr, act gn, sp, mag,

ccp Pb-Zn Arik and Aydin
[131]

Fe, Cu Çanakkale,
Turkey Bakırlık

Oligocene
sedimentary

rocks

Halilaga
subvolcanic

domes

Diorite
porphyry 26 Ma grt, hd ep, chl, act ccp, mag Fe Öngen, et al.

[132]

Pb, Zn Çanakkale,
Turkey Handere

Metacarbonates
in Kazdag

massif

subvolcanic
andesitic

rocks

Andesite
porphyry Oligocene grt, jhn ep, cal, qz sp, gn 3.25% Pb,

1.75% Zn Cu Mesut [133]
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Table 16. Cont.

Skarn
Type Location N Name Host rock

Associated
Igneous

Rock
Composition Age of

Magmatism
ProGrade
Minerals

RetroGrade
Minerals

Ore
Minerals Grade Accompanying

Metal References

Pb, Zn Çanakkale,
Turkey Karaaydın

Metacarbonates
in Kazdag

massif

Eybek
pluton,

subvolcanic
andesitic

rocks

Oligocene wo, di-hd,
adr-grs

ep, chl, cal,
qz gn, sp, py, po 8.48% Pb +

Zn
Tufan [134],

Yücelay [135]

Fe–Cu Balıkesir,
Turkey

Ayazmant
(Ayvalık)

Hornfels,
skarn

Granodioritic
to monzodi-

oritic
porphyries

di, adr-grs,
scp

ep, amp, py,
or, chl, cal,

qz

mag, ccp, py,
bn, mol, gth,
hem, po, gn,
sp, various

Au-Ag- Te-Se

46% Fe and
0.6% Cu Oyman [119]

Cu, Fe Alborz, Iran Ahar

Impure
carbonate

and
granodiorite

Granodiorite Granodiorite pyx, grt ep,chl, cal,
ser

ccp, py, mag,
hem

1.2% Cu and
Fe

Mollai, et al.
[120],Mollai [136]

Abbreviations: actinolite (act), andradite (adr), amphibole (amp), augite (aug), bornite (bn), calcite (cal), chalcopyrite (ccp), chlorite (chl), diopside (di), epidote (ep), galena (gn), grossular
(grs), garnet (grt), goethite (gth), hedenbergite (hd), hematite (hem), johannsenite (jhn), magnetite (mag), malachite (mal), molybdenite (mol), orthoclase (or), pyrrhotite (po), pyrite (py),
pyroxene (pyx), quartz (qz), scapolite (scp), sericite (ser), sphalerite (sp), tremolite (tr), wollastonite (wo).
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Figure 22. (a) Ternary diagram comparing the composition of garnet (a1) and pyroxene (a2) from
the Yolindi area to skarn deposits in different regions of the world. (b) The variation diagram of Zr
vs. TiO2 depicts the relationship between igneous rocks of the Şaroluk quartz monzonite and those
associated with the Yolindi Cu-Fe skarn deposit compared to other igneous rocks related to skarn
deposits according to Meinert [115], Oyman [119], and Mollai, et al. [120]. (c) A/NK vs. A/CNK,
(d) MgO vs. SiO2, and (e) Nb vs, Y diagrams for the Şaroluk quartz monzonite and comparison with
other world skarn granitoids according to Meinert [115], Öztürk, et al. [123], and Mollai, et al. [120].

7. Conclusions

The Yolindi Cu-Fe Skarn deposit in the Biga Peninsula is the result of the intrusion
of subvolcanic-plutonic rocks, particularly granitoids such as quartz monzonite, diorite,
and monzodiorite, into tertiary sedimentary to volcanosedimentary rocks such as phyllite,
meta-carbonates, marble, hornfels, and metabasalt. During the skarnification process
of the studied Cu-Fe skarn deposit, metasomatic reactions between invaded magmatic
fluids from the causative Şaroluk granitoid pluton and the surrounding Torasan Formation
country rocks result in the formation of skarn mineralogy in association with several metals,
including Fe and Cu and their related metals. When the oxidized I-type Şaroluk quartz
monzonite pluton intruded into the Torasan Formation, it released magmatic fluids that
were rich in copper and iron. These fluids interact with the Torasan Formation to form
calcium-rich silicate minerals, including garnet and pyroxene. Early reactions frequently
lead to prograde skarn minerals, including pyroxenes (mostly augite with higher diopsidic
rations) and garnet (mostly andradite with fewer grossular variations). When the system
cools and/or is exposed to external fluids (meteoric fluids), some of the initial skarn
minerals might undergo retrograde alteration, resulting in epidote, actinolite, and chlorite,
as well as other copper and iron minerals including chalcopyrite, bornite, magnetite, and
specular hematite. Finally, the distal zone could oxidize, forming the minerals malachite
and cerussite and perhaps raising the grade of the deposit. As a result, four primary
phases are thought to have been involved in the formation of the Yolindi Cu-Fe deposit:
the metamorphic–bimetasomatic (quasi-isochemical contact metamorphism) stage, the
prograde metasomatic stage, and the retrograde metasomatic stage. The formation of
supergene minerals such as cerrusite, malachite, and goethite serves as an example of
the post-metamorphic stage known as weathering and oxidation, which follow these
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metamorphic–metasomatic processes. Likewise, the andradite–grossular intergrowth,
which denotes a change in the composition of hydrothermal fluids, suggests a transition
from andradite to grossular in the exoskarn zone of the Yolindi area. It is confirmed that
magnetite is developed after garnet and clinopyroxene during the retrograde stage by the
presence of tiny magnetite crystals (partially martitized to hematite) within the garnet and
clinopyroxenes in the proximal retrograde and intermediate zones.

Taking all factors into account, genetic relationships between Cu-Fe skarn deposits and
magmatic activity in skarn systems may be relevant for other skarn deposits worldwide,
including those on the Biga Peninsula in northwest Turkey. Furthermore, the studied garnet
is predominantly magmatic garnet, generated from metasomatic rocks, and is compatible
with garnet from global Cu-Fe skarn deposits with a small Zn skarn deposit, according
to EPMA data. Additionally, the majority of the studied clinopyroxenes coincide with
those from the Turkish skarns Ayazmant Fe-Cu and Evciler Cu-Au. The Şaroluk quartz
monzonite rock samples from the studied Yolindi Fe-Cu skarn also match the Fe and Cu
skarn plutons of Meinert (1995). Consequently, the Cu-Fe skarn deposits in the Yolindi
area and the ore solution associated with their magmatic origin evolved in the island-arc
environment.
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Appendix A. XRD Analyses of Representative Samples from the Magnetite
Bearing Granodiorite

No. Ref. Code
Compound

Name
Chemical Formula

Semi-Quant (%)

BG-209A BG-220A Average

1 98-001-8053 Anorthite Al2 Ca1 O8 Si2 36 45 40.5
2 98-001-7363 Microcline Al1 K1 O8 Si3 24 14 19
3 98-005-6693 Titanite Ca1 O5 Si1 Ti1 12 12 12
4 98-002-8097 Actinolite H2 Al0.23 Ca1.68 Fe0.48 Mg4.59 Na0.1 O24 Si7.92 13 6.5
5 98-006-7745 Biotite H2 Al1.996 Fe2.554 K1 O12 Si2.45 1 12 6.5
6 98-002-3114 Quartz low O2 Si1 3 9 6
7 98-002-8260 Ferrohornblende H2 Ca2 Fe5 Na1 O24 Si8 8 4
8 98-000-5530 Diopside Ca1 Mg1 O6 Si2 7 3.5
9 98-007-8202 Magnetite Fe3 O4 1 1 1
10 98-006-2733 Pyrite Fe1 S2 1 1 1
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Appendix B. XRD Analyses of Representative Samples from the Magnetite
Bearing Endoskarn

No. Ref. Code Compound Name Chemical Formula
Semi-Quant (%)

BG-209D

1 98-002-1810 Epidote H1 Al2 Ca2 Fe1 O13 Si3 83
2 98-006-1164 Andradite Ca3 Fe2 O12 Si3 9
3 98-003-4859 Goethite H1 Fe1 O2 4
4 98-004-1521 Magnetite Fe3 O4 2
5 98-007-0044 Hematite Fe2 O3 1
6 98-005-4829 Quartz low O2 Si1 1

Appendix C. XRD Analyses of Representative Samples from the Proximal
Prograde Zone

No. Ref. Code
Compound

Name
Chemical
Formula

Semi-Quant (%)

BG-35A BG-41 BG-40 BG-103 Average

1 98-002-8161 Andradite Ca3 Fe2 O12 Si3 35 39 44 25 35.75
2 98-000-5164 Chalcopyrite Cu1 Fe1 S2 7 31 25 31 23.5
3 98-002-3114 Quartz low O2 Si1 21 8 11 16 14
4 98-003-5029 Calcite C1 Ca1 O3 20 12 6 15 13.25
5 98-004-0639 Magnetite Fe2.897 O4 10 8 5 5.75
6 98-000-5961 Pyrite Fe1 S2 4 6 6 4
7 98-001-2749 Hematite Fe2 O3 10 2.5
8 98-005-2707 Clinochlore IIb-2 H2 Al2 Mg5 O15 Si3 2 0.5

Appendix D. XRD Analyses of Representative Samples from the Proximal
Retrograde Zone

No. Ref. Code
Compound

Name
Chemical Formula

Semi-Quant (%)

BG-237E BG-71 BG-253 BSD-12 Average

1 98-005-4829 Quartz low O2 Si1 47 79 53 61 60.0
2 98-002-8162 Andradite Ca3 Fe2 O12 Si3 24 11 14 6 13.8

3 98-003-8838 Diopside
Al0.6 Ca0.96 Fe0.51
Mg0.44 O6.12 Si1.4

8 24 8.0

4 98-001-1924 Grossular Al2 Ca3 O12 Si3 3 6 13 5.5
5 98-003-5028 Calcite C1 Ca1 O3 7 3 9 4.8
6 98-004-6522 Hematite Fe2 O3 14 2 1 4.3
7 98-008-6291 Bornite Cu2 Fe1 S2 9 2.3
8 98-006-1953 Goethite H1 Fe1 O2 5 1.25
9 98-000-5164 Chalcopyrite Cu1 Fe1 S2 1 0.3

Appendix E. XRD Analyses of Representative Samples from the Intermediate Zone

No. Ref. Code
Compound

Name
Chemical Formula

Semi-Quant (%)

BSS-12 BG-217C BG-35A BG-103 Average

1 98-002-8162 Andradite Ca3 Fe2 O12 Si3 7 26 32 16.3
2 98-000-5543 Epidote H1 Al2.16 Ca2 Fe0.84 O13 Si3 36 23 14.8
3 98-003-5029 Calcite C1 Ca1 O3 7 8 13 14 10.5
4 98-004-0906 Quartz low O2 Si1 7 20 15 10.5
5 98-004-6519 Hematite Fe2 O3 3 19 18 10.0
6 98-004-5762 Microcline Al1 K0.96 Na0.04 O8 Si3 26 6.5
7 98-007-6432 Clinopyroxene Al0.3 Ca0.75 K0.23 Mg0.75 O6 Si1.97 21 5.3
8 98-000-5765 Scapolite C0.87Al8.69Ca4.17Cl0.73K0.46Na3.31O52.09S0.37Si14.99 21 5.3
9 98-005-2707 Clinochlore IIb-2 H2 Al2 Mg5 O15 Si3 7 10 4.3
10 98-002-8914 Clinozoisite H1 Al2.79 Ca2 Fe0.21 O13 Si3 15 3.8
11 98-000-5164 Chalcopyrite Cu1 Fe1 S2 2 1 6 5 3.5
12 98-006-6931 Grossular Al2 Ca3 O12 Si3 8 2.0
13 98-007-8261 Goethite H1 Cd0.1 Fe0.9 O2 3 5 2.0
14 98-001-2001 Muscovite 3T H2 Al3 K1 O12 Si3 5 1.3
15 98-007-8202 Magnetite Fe3 O4 5 1.3
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Appendix F. XRD Analyses of Representative Samples from the Distal Zone

No. Ref. Code
Compound

Name
Chemical Formula

Semi-Quant (%)

BG-76 MTK-5 Average

1 98-001-1941
Muscovite

2M1
H2 Al3 K1 O12 Si3 31 15.5

2 98-008-5903 Dolomite C2 Ca1 Mg1 O6 2 25 13.5
3 98-000-6100 Malachite C3 H2 Cu2 O5 18 7 12.5
4 98-005-4829 Quartz low O2 Si1 22 11
5 98-002-1957 Calcite C1 Ca1 O3 21 10.5
6 98-004-2100 Vesuvianite H7.48Al12.52Ca19Fe0.48O78Si18 16 8
7 98-002-1588 Hemimorphite H4 O10 Si2 Zn4 5 10 7.5
8 98-001-7069 Cerussite C1 O3 Pb1 7 5 6
9 98-000-6278 Hematite Fe2 O3 5 5 5
10 98-002-1961 Magnesite C1 Mg1 O3 5 2.5
11 98-002-1822 Galena Pb1 S1 2 2 2
12 98-003-4857 Goethite H1 Fe1 O2 3 1.5
13 98-007-2188 Sphalerite S1 Zn1 1 0.5
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23. Seyitoğlu, G.; Scott, B.C. The cause of N-S extensional tectonics in western Turkey: Tectonic escape vs back-arc spreading vs
orogenic collapse. J. Geodyn. 1996, 22, 145–153. [CrossRef]
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Anatolia; DEÜ Fen Bilimleri Enstitüsü: Buca/İzmir, Türkiye, 2006.
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