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Abstract

This study investigates the mineralogy of skarn, ore, and wall rocks in
the Kesikkoprii Fe-skarn deposit, along with the behavior, distribution,
and enrichment processes of major oxides and trace elements. It also
evaluates the skarn-forming potential of the Kesikképrii granitoid for
different metals. The Kesikképrii mineralization is linked to an
endoskarn zone dominated by garnet-pyroxene (+phlogopite+epidote)
and to an exoskarn zone, in which assemblages toward the wall rocks
comprise garnet (+pyroxene+phlogopite), pyroxene
(*#garnet+phlogopite+epidote), epidote-garnet, and epidote. Magnetite
mineralization is particularly found within the epidote-garnet and
epidote exoskarn subzones. Mineralogical and geochemical data
indicate a significant increase in iron content during the late stages of
skarn formation. Geochemical and isocon-mass balance analyses
demonstrate a strong protolith control on skarn formation. In the
granitoids, the endoskarn formation is characterized by Ca-Fe-Mg-Mn-
Si addition with Al and alkalis (Na, K) depletion, whereas marbles
record Ca depletion accompanied by increasing Fe input toward the ore
zones. Based on the genetic link between skarn-forming granitoids and
associated metal types, the Kesikképrii granitoid is inferred to have the
potential to generate not only Fe-skarns but also Cu- and partially Au-
and Pb-Zn skarns. Given the regional mineralization, these findings
suggest that the Kesikkoprii granitoid has multi-metal potential worthy
of further exploration.
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Bu ¢alismada, Kesikkoprii Fe-skarn yatagindaki skarn, cevher ve yan
kayaglarin mineralojisi ve bu kayaglara ait ana oksit ve iz elementlerin
davranisi, goreceli dagilimi ve zenginlesme siiregleri ile Kesikképrii
granitoyidinin farkli metaller agisindan skarn iiretme potansiyeli
incelenmistir. Kesikkoprii cevherlesmesi, granat-piroksen
(#filogopit+epidot) ile baskin bir endoskarn zonu ve yan kayaglara
dogru granat (#piroksenzfilogopit), piroksen
(#granatfilogopit+epidot), epidot-granat ve epidot mineral
birliktelikleri ile temsil olunan ekzoskarn zonlart ile iliskilidir. Manyetit
cevherlesmesi ozellikle epidot-granat ve epidot ekzoskarn alt
zonlarinda daha yogundur. Mineralojik ve jeokimyasal ézellikler, skarn
olusumunun geg evrelerinde demir iceriginin belirgin bir sekilde
arttigint - gostermektedir. Jeokimyasal ve izokon-kiitle dengesi
analizleri, skarnlarin olusumlarinda ilksel yan kayag (protolit)
kontroliiniin gticlii oldugunu ortaya koymaktadir. Granitoyidlerde,
endoskarn gelisimi sirasinda Ca-Fe-Mg-Mn-Si ilavesi ve Al ve alkali (Na,
K) tiikenmesi gériiliirken, mermerlerde cevher zonuna dogru Fe artisi
ile birlikte Ca tiiketilmesi gériilmektedir. Skarn olusturan granitoyidler
ile metal tiirti arasindaki kékensel baglantidan hareketle Kesikképrii
granitoyidinin, yalnizca Fe-skarni degil, ayni zamanda Cu-, ve kismen
de Au- ve Pb-Zn skarnlari olusturma potansiyelinin var oldugu,
bélgedeki cevherlesmeler diistiniildiigiinde, Kesikkoprii granitoyidinin
coklu metal liretme potansiyelinin olabilecegi diistintilmektedir.

Anahtar kelimeler: Jeokimya, Raman, XRD, SEM-EDS, Skarn,
Kesikkoprii.

1 Introduction

The Kesikkoprii Fe-skarn deposit geographically lies about
110km southeast of Ankara (Tiirkiye); geologically, it
occupies the northwestern sector of the Central Anatolian
Crystalline Complex (CACC) [1] and falls within the Fe-skarn
metallogenic belt defined by Kuscu and Erler [2] (Figure 1a, b).
The deposit formed at triple contacts among marble of the
Central Anatolian Metamorphics (CAM) [1], gabbro and
pyroxenite of the Central Anatolian Ophiolites (CAO) [1], and
granite, granodiorite, and monzonite of the Central Anatolian
Granitoids (CAG) [1],[3] (Figure 1b, c). Mining at Kesikkdprii
dates back to the 1960s; the deposit contains 12.7 million
tonnes of reserves with ore grades of 39-61% Fe, 5-16 % SiO,,
and 0.58-1.8% S, and current production is on the order of
200-300 thousand tonnes of iron ore per year [4]. Most
scientific and technical investigations in the area have been

*Corresponding author/Yazisilan Yazar

carried out by the General Directorate of Mineral Research and
Exploration (MTA), focusing on the geology, economic status,
feasibility, and resource development of the iron
mineralization within the skarns [5]-[20]. Further studies
have explored the mineralogy, petrography, and formation
conditions of the skarns and iron mineralization, along with
investigating the hydrothermal fluids responsible for their
genesis [3],[21]-[26]. Among these, Yilmazer and Terzi [3]
provided comprehensive evaluations of alteration patterns,
host-rock  geochemistry, and isotopic-geochronologic
characteristics. However, none of the existing previous work
has systematically examined the mineralogical and
geochemical relationships among the skarn zones, the ore, and
the wall rocks (the Kesikkoprii granitoid, mafic-ultramafic
rocks, and marble). Furthermore, no study has assessed the
potential of the Kesikkdprii granitoid to generate skarns with
differing metal endowments. Given similar-age, geochemically
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comparable granitoid-related Fe-W, Fe, Pb-Zn, and Cu-Mo
deposits nearby [27]-[29], and established links between
granitoid geochemistry and skarn metal content [30]-[33], the
Kesikkoprii granitoid and skarn zones merit this kind of
targeted study. Accordingly, this study; (i) characterizes the
mineralogy of wall rocks, skarn and ore zones using Raman
spectroscopy, X-ray diffraction (XRD), and scanning electron

microscopy with energy-dispersive spectroscopy (SEM-EDS)
methods, (ii) evaluates the behavior, relative distribution, and
processes controlling the abundance of major oxides and trace
elements in skarns, ore, and wall rocks, and (iii) assesses the
capacity of the Kesikképrii granitoid to generate skarns with
different metal endowments.
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Figure 1. (a): Tectonic map of Tiirkiye showing the location of the CACC (simplified from [27]). (b): Simplified geological map of the
CACC [2],[33]- (c): Geological and alteration map of the Kesikkdprii Fe-skarn deposit (modified from [3]).
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2 Materials and methods

This study was carried out in two stages: fieldwork and
laboratory analyses. During fieldwork, an alteration map was
created to document the relationships among wall rocks
(Kesikkoprii granitoid, mafic-ultramafic rocks, and marble),
skarn zones, and mineralization (Figure 1c). Representative
samples were collected for mineralogical-petrographic study,
and thin-polished sections were prepared. Laboratory work
consisted of four analytical methods: Raman spectroscopy,
XRD, SEM-EDS, and wavelength-dispersive X-ray fluorescence
spectrometry (WDXRF). Raman, XRD, and SEM-EDS analyses
were performed at the Earth Sciences Application and Research
Center (YEBIM) of Ankara University. Raman spectroscopy was
conducted on six spots (one from mafic-ultramafic rock, two
from endoskarn, and three from exoskarn zones) using a DXR
633 nm Filter Raman Microscope, and the obtained peaks were
compared with reference spectra to identify mineral phases.
XRD analyses were applied to seven samples (one mafic-
ultramafic, two granitoids, one endoskarn, and three exoskarn
zones), which were crushed, powdered, and analyzed with an
Inel Equinox 1000 diffractometer equipped with a Co X-ray
tube and a CPS-120 detector; diffractograms were converted to
numerical values relative to a Cu cathode for comparison with
ASTM standards, then processed with Match software for
smoothing, baseline correction, and mineral identification.
SEM-EDS analyses were performed on three thin sections from
the exoskarn zone. WDXRF analyses were carried out at the
Geochemical Analysis Laboratory (JAL) of the Scientific and
Technological Application and Research Center (ASUBTAM),
Aksaray University, on 11 samples (4 granitoids, 6 exoskarns,
and 1 ore sample) using a Malvern Panalytical Axios
spectrometer; prior to measurement, powdered samples were
mixed with a wax binder, pressed into pellets, and analyzed for
major oxides and trace elements.

3 Geology

The CACC, also known as the Kirsehir Massif [34], is located in
the northern part of the Anatolide-Tauride Platform and to the
south of the {zmir-Ankara-Erzincan suture zone. It is generally
composed of four main rock groups: (i) CAM, (ii) CAO, (iii) CAG,
and (iv) cover units [1],[35],[36] (Figure 1a, 1b). The CAM
constitutes the oldest units of the CACC and is tectonically
overlain by ophiolitic rocks belonging to the CAO, which
represent fragments of oceanic crust. These units are intruded
by the CAG and, subsequently, by products of alkaline
magmatism. The entire assemblage is unconformably overlain
by sedimentary, volcanic, and pyroclastic rocks that constitute
the cover units [1],[34]-[39] (Figure 1b).

In the Kesikkoprii Fe-skarn deposit and its surroundings, the
rock succession from oldest to youngest consists of
metamorphics, mafic-ultramafic rocks, granitoids, and cover
units. The metamorphic rocks, which represent the oldest
lithology of the study area, include pure, clean marbles in the
upper levels, underlain by alternations of marble, gneiss, and
schist of varying thicknesses [21],[34]. However, gneiss and
schist are not observed within the study area; instead, marbles
occur as blocks enclosed in the mafic-ultramafic rocks
[24],(Figure 1c). The marbles are mostly white to gray, with
dolomitic varieties appearing darker. Their fractures, cracks,
and foliation planes are commonly filled secondarily with
carbonate, silica, magnetite, and sulfide minerals [3] (Figure

2a). Microscopically, the marbles are composed predominantly
of medium- to coarse-grained, equigranular calcite, with minor
dolomite and ankerite [3] (Figure 2b).
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Figure 2. (a): Veins that contain calcite, quartz, and sulfide,
cutting the marble. (b): Photomicrograph showing coarse-
grained calcite mineral in marble (XPL). (c): Field photo from
mafic-ultramafic rocks. (d): Photomicrograph of pyroxene in
pyroxenite (XPL). (e): Raman spectra of tremolite. (f): XRD
diffractogram of mafic-ultramafic rock (Amp: amphibole;
Ep: Epidote; Fsp: feldspar; Cal: Calcite; Chl-Mnt: Chlorite-
montmorillonite; Px: Pyroxene).

The mafic-ultramafic rocks, which tectonically overlie the
metamorphic assemblages within the CACC, are widely exposed
throughout the study area. Mafic-ultramafic rocks in the
Kesikkopri region are interpreted as regional equivalents of
the Ankara Mélange and the Karakaya ultramafics
[21],[25],[26],[34],[40]. This unit is composed of pyroxenite,
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hornblendite, and gabbros [21],[24]. Owing to intense
deformation, the contact relationships among these lithologies
could not be clearly delineated. The mafic-ultramafic rocks,
which are characteristically dark-colored, chiefly consist of
plagioclase, clinopyroxene, orthopyroxene, and amphibole [3]
(Figure 2c, f). Alteration types such as carbonatization,
silicification, uralitization, chloritization, and epidotization are
commonly observed in these rocks (Figure 2f).

Granitoid intrusion that crosscuts the metamorphic and mafic-
ultramafic rocks was initially described by Bayhan [41] as the
“Celebi Granitoid” (Figure 3a).
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Figure 3. (a): Field photo from granitoid cutting the mafic-
ultramafic rocks. (b): Aplite dyke cutting granitoid. (c):
Microphotograph of hornblende and plagioclase minerals in
granodiorite (PPL). (d): Microphotograph showing
sericitization, chloritization, and epidotization in monzonite
(XPL). (e-f): XRD diffractograms of granitoid (Amp: amphibole;
Cal: calcite, Chl-Mnt: chlorite-montmorillonite; Fsp: feldspar;
[It-Mca: illite-mica, Kln: kaolinite, Px: pyroxene; Qz: quartz).

However, due to their widespread occurrence in the
Kesikkoprii area southwest of Celebi, they were later named as

the “Kesikkdprii Granitoid” by Dogan [25] and Dogan et al.
[3],[26]. These granitoids, typically gray to pinkish-gray in color
and phaneritic in texture, contain enclaves of monzonite,
monzodiorite, quartz-diorite, and diorite compositions, as well
as xenoliths of mafic-ultramafic rocks, and are locally crosscut
by aplite dykes [3],[21] (Figure 3b). In thin sections, the
granitoid samples display holocrystalline-granular to
holocrystalline-porphyritic textures and comprise granite,
granodiorite, and monzonite compositions [21]. Their mineral
assemblage includes plagioclase, orthoclase, quartz,
hornblende, biotite, clinopyroxene, titanite, and apatite [3]
(Figure 3c, f). Alteration features, particularly pronounced near
the skarn zones, include Kkaolinization, sericitization,
uralitization, chloritization, and epidotization (Figure 3e, f).

4 Mining geology

Alteration at the Kesikkopri deposit comprises endoskarn and
exoskarn zones (Figure 1c). The endoskarn, hosted within the
granitoids, is characterized by garnet-pyroxene
(£phlogopitetepidote) assemblages, whereas the exoskarn,
which develops toward the wall rocks, is subdivided into four
mineralogically distinct subzones: garnet
(+pyroxene+phlogopite), pyroxene  (*garnet+phlogopite
+epidote), epidote-garnet, and epidote [3].

Endoskarn zones occur as accumulations and veins within
granitoids. Most garnets in this zone are isotropic, medium- to
coarse-grained, and anhedral, while pyroxenes, showing weak
pleochroism, occur as anhedral to subhedral grains (Figure 4a,
b). In the endoskarn zone, phlogopite is relatively fine-grained
compared with that in the exoskarn zones and occurs in
variable amounts with magnetite and pyrite as veins and
patches (Figure 4b). Epidote predominantly occurs as a
replacement product of garnet [3],[24]. Phlogopite is observed
to have undergone widespread chloritization under
microscopic examination, and the presence of montmorillonite
and vermiculite is confirmed by XRD analyses. This zone may
also contain variable amounts of magnetite, pyrite, quartz, and
calcite (Figure 4c-e).

The exoskarn zone is more extensive and displays
mineralogical zonation outward from the intrusive contact,
compared to the endoskarn zone [3] (Figure 1c). The garnet
(+pyroxene+phlogopite) exoskarn subzone consists largely of
medium- to coarse-grained, subhedral-euhedral garnet that is
dominantly isotropic with locally anomalous anisotropy, with
lesser pyroxene and phlogopite (Figure 5a-c). Pyroxenes are
most commonly preserved phases between garnets. Compared
with the endoskarn zone, phlogopite is coarser-grained.
Epidotization, tremolitization, and chloritization commonly
affect garnet, pyroxene, and phlogopite (Figure 5b, d). Whole-
rock XRD analysis shows a chlorite-montmorillonite-
vermiculite signal indicating retrograde hydrothermal
alteration of Fe-Mg silicates (Figure 4e and Figure 5e). This
subzone lacks wall rock relicts and exhibits more intense
alteration.

The pyroxene (*garnet+phlogopite+epidote) exoskarn
subzone is characterized by an increase in fine-grained,
subhedral-euhedral pyroxenes and the presence of anisotropic,
zoned euhedral garnet [3] (Figure 6a). Along with pyroxene and
grandite-series (grossular-andradite) garnet, this subzone also
contains phlogopite, epidote, calcite, and magnetite (Figure 6a-
c). The powder XRD pattern is dominated by calcite, with
subordinate clinopyroxene and weak garnet and magnetite
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reflections (Figure 6d). Toward the wall rocks, retrograde
alteration intensifies, leading to a marked decrease in pyroxene
abundance, while garnet abundance continues to diminish
gradually.
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unmetasomatized marble are commonly observed in this zone
[3] (Figure 7b). Garnet exhibits optical anisotropy consistent
with Fe and Al zoning/variation (Figure 7c). Magnetite, pyrite,
quartz, calcite, and phlogopite may be present. The XRD pattern
shows abundant garnet with epidote, calcite, quartz, and
magnetite, consistent with local garnet-rich bands within this
subzone (Figure 7d). The epidote exoskarn subzone is defined
by the absence or near-absence of garnet and is dominated by
fine- to medium-grained epidote [24] (Figure 7e). Calcite,
quartz, pyrite, and magnetite are also present in this subzone.

Figure 4. (a-b): Photomicrograph showing the mineral
association of garnet, pyroxene, phlogopite, and magnetite in
the endoskarn zone. (a): XPL. (b): PPL. (c-d): Raman spectra of
magnetite and pyrite. (e): XRD diffractogram of the endoskarn
zone (Cal: calcite, Chl-Mnt-Vrm: chlorite-montmorillonite-
vermiculite; Ep: epidote; Grt: garnet; Kln: kaolinite; Mag:
magnetite; Phl: phlogopite; Px: pyroxene; Py: pyrite; Qz:
quartz).

The epidote-garnet exoskarn subzone is characterized by
coarser-grained epidote than in the other exoskarn subzones,
whereas garnet is medium- to fine-grained and less abundant
than in the pyroxene (*garnet+phlogopitetepidote) exoskarn
subzone (Figure 7a). This subzone occurs farther from the
granitoid and closer to the wall rocks. Relics of

Element
Point 1 35.67
Point 2 39.42 0.39 0.42 1.62
Element  |Si e S K
Point 1 15.18 0.01 0.11 0.10
Point 2 14.37 0.01 0.01 0.03
Element |Ca Ti 4 Cr
Point 1 26.18 0.55 0.07 0.12
Point 2 22.60 0.01 0.01 0.06
Element  [Mn Fe Total

Point 1 0.62 18.15 99.99

Point 2 0.73 20.30 99.98

@ Ry —r—

Measured Peak

|
H

Reference Peak

Tremolite - N =
Ak o T

[e] Intensity

] = Sample No: KK-13-91
8001 g i

. =

N
6001 % ; &0

1= = & s
4001 = = —

i< &

] - e
200 A |0 = [C)

il (S ¥-" NC® =1] o

] S = °E &E

] S o==5 =58

5 10 15 20 25 30 35 40 45 50 55 60

Cu-Ka (1.541874 A) 2theta

Figure 5. (a): Coarse-grained and subhedral-euhedral garnets
in the exoskarn subzone. (b): Microphotograph showing the
mineral association of garnet, epidote, tremolite, and
magnetite (PPL). (c): BSE image of zoned garnet and SEM-EDS
results. (d): Raman spectra identifying tremolite. (e): Powder
XRD pattern of the garnet (xpyroxene+phlogopite) exoskarn
subzone (Cal: calcite; Chl-Mnt-Vrm: chlorite-montmorillonite-
vermiculite; Ep: epidote; Grt: garnet; Kin: kaolinite; Mag:
magnetite; Mca: mica; Qz: quartz, Py: pyrite).

1419



Pamukkale Univ Muh Bilim Derg, 31(8), 1415-1430, 2025
(Special Issue of the 10t Geochemistry Symposium)
M.H. Terzi, E. Yilmazer

i Measured Peak

Reference Peak

——

'D"' Andradite

@ Intensity
] E Sample No: KK-13-87
800-
6001
4001
200: = » 53 a0
Al — 3]
5 3 JF &L - g

5 10 15 20 25 30 35 40 45 50 55 60
Cu-Ka (1.541874 A) 2theta

Figure 6. (a): Photomicrograph (XPL) of the pyroxene
(*xgarnet+phlogopitexepidote) exoskarn subzone showing
subhedral-euhedral pyroxene and euhedral zoned garnet. (b):
BSE image of magnetite adjacent to phlogopite. (c): Raman
spectrum identifying andradite. (d): Powder XRD pattern of
the same exoskarn subzone (Cal: calcite; Grt: garnet; Mag:
magnetite; Phl: phlogopite; Px: pyroxene).

In the Kesikkoprii region, Fe-skarn mineralization is classified
into two categories: oxide ores, including magnetite and
hematite with minor limonite, and sulfide ores dominated by
pyrite, chalcopyrite, and marcasite [3],[24]. Magnetite
mineralization occurs as vein- and disseminated-type in
endoskarn, and as banded, massive, and brecciated textures in
exoskarns [3]. Magnetite can be found throughout all skarn
zones in variable amounts. Economic massive magnetite
mineralization is especially concentrated in the epidote-garnet
and epidote exoskarn subzones, where coarse-grained
phlogopite commonly accompanies magnetite (Figure 8a, b).
Microscopically, magnetite appears grayish and in some
locations has been partially replaced by hematite through
martitization [3]. Sulfide mineralization, occurring as veins,
accumulations, and disseminations, crosscuts the magnetite
ores (Figure 8c). Microscopically, pyrite appears cream to pale
yellow, and generally subhedral-euhedral (Figure 8d). In some
cases, pyrite rims have altered to marcasite [3]. Both magnetite
and sulfide mineralization are partially oxidized near the upper
levels of the deposit, where they are replaced by hematite
(+limonite) and malachite, depending on the intensity of
oxidation processes. The distribution of these zones in the open
pit is structurally controlled by fracture-fault systems [3],[24].
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Figure 7. (a): Microphotograph of the epidote-garnet exoskarn
subzone (XPL). (b): Epidote and garnet vein in marble. (c): BSE
image of garnet and SEM-EDS result. (d): XRD diffractogram of
the epidote-garnet exoskarn subzone. (e) Raman spectrum of
epidote in the epidote exoskarn subzone (Cal: calcite; Ep:
epidote; Grt: garnet; Mag: magnetite; Qz: quartz).

5 Results
5.1 Alteration geochemistry

5.1.1 Isocon diagrams

Alteration geochemistry studies were conducted at the
Kesikkoprii Fe-skarn deposit to evaluate the geochemical
impacts of hydrothermal alteration and to quantify net mass
gains and losses between altered and fresh wall rocks. To assess
metasomatic changes, isocon diagrams and corresponding
mass-balance calculations were prepared for six protolith-
alteration pairs: granitoid vs endoskarn, granitoid vs ore,
marble vs exoskarn, marble vs ore, mafic-ultramafic vs
exoskarn, and mafic-ultramafic vs ore [42].
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200pm

Figure 8. (a): Field photo from massive magnetite
mineralization. (b): Coarse-grained phlogopites accompanying
magnetite. (c): Chalcopyrite cutting magnetite. (d):
Microphotograph of euhedral pyrites (Ep: epidote; Mag:
magnetite; Phl: phlogopite; Py: pyrite).

The dataset comprises 31 granitoid samples, 10 mafic-
ultramafic samples, 1 marble sample, 6 endoskarn samples, 22
exoskarn samples, and 2 ore samples. Of these, 4 granitoid
samples, 6 exoskarn samples, and 1 ore sample were newly
analyzed in this study. The remaining analyses were compiled
to include all analyses reported by Terzi [24] and Yilmazer &
Terzi [3], excluding the marble samples KK-13-61 and KK-13-
74 reported by Terzi [24] (Table 1). Statistical results for all
data are given in Table 2. To stabilize isocon slopes and reduce
scatter introduced by heterogeneity in alteration intensity and
veinlet contributions, we used the mean lithology compositions
of all data rather than single-sample values (Table 2). Using
lithology-based averages provides a more representative
chemical signature of the protolith, increases the reliability of
the isocon slope, and minimizes deviations in the calculated
gain/loss of samples.

The granitoid-endoskarn pair shows C2 = 0.73, consistent with
bulk mass addition to the intrusion during endoskarn alteration
(Table 3 and Figure 9a). This addition is carried primarily by
Ca, Fe, Mg, Mn, and Si: CaO (+18.15), Fe203 (+8.64), MgO
(+9.09), MnO (+0.18), and SiO2 (+6.33), with concomitant
leaching of alkalis (Naz0 -2.26; K20 -4.26) and moderate Al
loss (Al203 -1.62). The trace-elements such as Rb (-153.83), Ba
(-911.28), and Cu (-19.69) show depletions in the endoskarn
zones, whereas Zn (+35.07), Ni (+181.25), Co (+20.27), and V
(+35.07) are enriched. Sr (+232.6) increases coherently with Ca
addition. Ti shows negligible change (+0.10 as Ti0;), validating
Zr suitability as immobile reference points for the isocon.

In the granitoid-ore pair, C2=0.06 is represented by extreme
mass addition during ore formation (Table 3 and Figure 9b),
with large increases in some of the major oxide and trace
elements, notably Fe,0; (+1155.57), MnO (+68.69), CaO
(+165.35), and strong enrichments in chalcophile and
transition metals (e.g., Pb +4742.41; Zn +1949.15; Cu +722.42;
Co +1780.85; Ni +228.14; V +253.45).

The exoskarn-marble pair is marked by a steep isocon
(C2=5.99), indicating bulk mass loss (Table 3 and Figure 9c).
The mass-balance calculation records an important CaO loss

(-51.45), accompanied by small gains in Fe203 (+2.77). Large
Ion Lithophile Elements (LILE) are depleted (Ba:-14.94;
Sr:-60.11; Pb:-14.33), whereas Cu is slightly added (+8.03). V
(-30.63) and Ni (-52.89) are notably removed. Ti remains
essentially immobile (TiOz —0.01), confirming the robustness of
the isocon construction.

Progression into the ore zone is marked by Fe addition: Fe203
increases by +28.45, while CaO continues to decrease (-50.84)
and MgO slightly rises (+0.57). The isocon slope (C2=2.3)
indicates “net mass loss”. Compared with the exoskarn-marble
pair, base-metal enrichment becomes more pronounced, with
Zn (+38.73), Pb (+82.38), and Co (+16.81) recording positive
gains, while Ba (-18), V (-27.84), Ni (-52.92), and Sr (-19.75),
are notably depleted (Table 3 and Figure 9d).

Alteration of mafic-ultramafic rocks shows a different buffering
regime and metal inventory. In the mafic-ultramafic vs
exoskarn diagram, C2=0.71 indicates bulk mass gain,
dominated by Fe and Ca addition (Fe203 +34.7; CaO +19.28),
with losses of SiO2 (-9.08), Al203 (-7), and MgO (-4.57) (Table
3 and Figure 9e). Trace element signatures include strong
additions of Co (+85.25), Cu (+131.6), Pb (+236.06), As
(+243.41), and modest Nd (+53.77), Th (+15.94), and Zn
(+19.16), whereas Ni (-52.93), Ba (-42.38), Sr (-30.58), and V
(-134.85), show a net loss.

The ore vs mafic-ultramafic rocks pair is the extreme in terms
of metal budget. With C2=0.27, the system experienced
substantial bulk mass addition (Table 3 and Figure 9f). Fe203
shows a dramatic gain (+251.78), accompanied by increases in
Ca0 (+24.42) and MnO (+15.20), and large losses of SiO2
(-32.05), Al203 (-10.51), and moderate MgO (-5.06). Some of
the trace elements are exceptionally enriched: Zn (+386.45), Cu
(+145.25), Pb (+1053.56), and Co (+352.16) all show large
positive balances, while Ni (-53.16), V (-111.26), and Ba
(-68.25) are depleted. Sr is also strongly added (+310.53).

5.1.2 Geochemical variations across skarn zones at
Kesikkdprii

To assess elemental mobility among granitoid, endoskarn, ore,
exoskarn zones, and wall rocks, we also examined variations in
mean major oxide and trace element compositions along a
representative cross section of the deposit (Table 2 and Figure
10). Consistent with the isocon diagrams, SiO,, Al,05, Na,0, and
K,0 show a decrease from granitoid toward the endoskarn and
ore zones, whereas Fe,03;, MnO, and to a lesser extent CaO
increase. Sr and Ni reach their highest mean concentrations in
the endoskarn zone. The ore zone, compared with skarn zones
and wall rocks, is also enriched in Pb, Zn, Co, Sn, and Mo
alongside Fe,0; and MnO. From the ore zone toward the
exoskarn zone, SiO,, Al,03, MgO, CaO, Cu, Ni, U, and As increase,
while Fe,0;, MnO, Pb, Zn, Co, Sn, and Mo decrease. The
exoskarn zone yields the highest Cu and As mean contents.
From the exoskarn zone toward marble, CaO content increases,
in contrast with many trace elements except for Y and Ni
(Figure 10). Collectively, these trends are governed by wall rock
lithology, the mineralogy of the skarn zones, and the extent to
which specific major oxides and trace elements participate in
calc-silicate metasomatic reactions.
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Table 1. Geochemistry of wall rocks and skarn samples from the Kesikkdprii Fe-skarn deposit.

Sample Rock/Alteration Si0z; TiOz Al:0; Fe:03 MnO MgO Ca0 Na:0 K:0 P20s Ba Rb Sr Y Ir Nb
No % % % % % % % % % % ppm ppm ppm  ppm  ppm ppm
KK-20-01 Granitoid 583 0.63 149 6.4 0.1 3.7 6.5 195 449 0.23 991 156 497 39 137 5
KK-20-06 Granitoid 59.9 039 14.2 5.6 0.2 25 59 195 462 021 796 181 477 45 157 7
KK-20-08 Granitoid 64.0 0.26 15.4 4.5 0.1 2.3 4.7 242 463 0.16 816 168 456 43 167 7
KK-20-09 Granitoid 653 025 156 4.3 0.1 1.8 45 242 478 0.15 878 171 427 40 157 7
KK-18-01 Exoskarn 18.1 - 0.6 53.3 0.3 1.2 20.1  0.05 0.02 0.00 - 4 20 - 14 2
KK-18-07 Exoskarn 365 091 14.2 13.7 0.3 54 220 0.09 001 0.15 39 5 1081 4 132 -
KK-18-10 Exoskarn 272 0.09 4.5 22.4 0.5 6.2 314 0.15 - 0.03 - - 66 - 22 2
KK-18-11 Exoskarn 354  0.01 1.2 30.0 0.7 1.1 285 0.07 - 0.01 - - 21 3 15 3
KK-18-14 Exoskarn 252 001 106 35.8 0.5 16.2 33 004 005 0.00 - 3 13 - 15 2
KK-18-18 Exoskarn 269 0.05 108 31.7 0.4 165 49 012 0.04 - - 5 38 - 17 3
KK-20-04 Ore (Magnetite) 0.7 0.03 0.2 62.1 8.1 04 179 0.09 0.06 0.01 - 6 249 - 20 1
Sample Rock/Alteration Th Pb Zn Cu Ni Co 1] Sn Mo As Nd Sm \4 Na;0+K:0 Rb/Sr
No ppm _ ppm _ ppm ppm ppm  ppm ppm ppm ppm ppm _ ppm  ppm ppm ppm
KK-20-01 Granitoid 9 53 68 24 31 31 12 2 5 17 42 7 1 6.45 0.31
KK-20-06 Granitoid 15 51 67 15 10 26 13 3 4 15 39 9 - 6.57 0.38
KK-20-08 Granitoid 20 43 50 14 9 23 13 3 5 14 30 9 - 7.05 0.37
KK-20-09 Granitoid 20 41 43 42 9 30 13 4 5 12 31 8 - 7.20 0.40
KK-18-01 Exoskarn 103 5821 39.1 14401 194 2485 84 1.7 - 103.4  58.0 - - 0.07 0.17
KK-18-07 Exoskarn 24.2 69.5 38.9 35 11.0 40.1 8.7 - 1.5 12.4 64.0 1.0 - 0.10 0.01
KK-18-10 Exoskarn 1141 2124 84.0 15.4 103 671 85 - - 39.6 79.7 - - 0.15 -
KK-18-11 Exoskarn 169 5625 553 84.5 445 1093 85 - - 110.1 83.6 - - 0.07 -
KK-18-14 Exoskarn - 21 1182 5.4 1.9 2158 84 - - - - - - 0.10 0.26
KK-18-18 Exoskarn 0.4 7.8 148.6 8.7 289.5 2062 84 - - - 8.1 - - 0.17 0.13
KK-20-04 Ore (Magnetite) 40 2910 1920 453 147 1660 84 222 - 33.0 82.3 - - 0.16 0.02

Table 2. Descriptive statistical values of wall rocks and skarn samples from Kesikkoprii Fe-skarn deposit [3],[24],[This study].

Rock/Alteration Si0z  TiO2 Al:03 Fe203 MnO  MgO Ca0 Na:0 K0 P20s Ba Rb Sr Y Ir Nb
% % % % % % % % % % ppm  ppm  ppm ppm ppm  ppm

Marble KK-13-35 5.8 0.03 0.6 2.2 0.3 0.3 55.3 0.08 0.01 0.004 193 11 76.9 125 4.7 3.8

Sample 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Mafic-Ultramafic ~Minimum 46.8 0.1 1.5 0.7 0.02 6.2 9.9 0.1 0.2 0.01 25.0 1.0 12.0 3.0 84 0.9
Maximum 57.1 0.7 19.5 10.3 0.19 18.1 19.9 2.4 1.5 0.13 246.3 76.2 3558 162 1638 7.5

Mean 51.7 03 122 7.0 0.14 12.1 13.5 0.7 0.6 0.04 79.3 17.6 1725 84 397 4.0

Sample 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10

Granitoid Minimum 582 0.2 138 1.8 0.01 0.7 2.6 1.8 15 0.1 2918 408 2480 12.0 1363 49
Maximum 69.1 0.7 17.3 6.6 0.2 4.7 6.6 3.4 5.7 0.3 1249.0 213.2 5349 449 267.0 212

Mean 632 05 154 44 0.1 2.2 4.5 2.7 4.6 0.2 981.0 161.1 4274 21.6 1781 135

Sample 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31 31

Endoskarn Minimum 47.7 0.2 31 6.9 0.1 21 13.5 0.1 0.1 0.04 10.0 1.5 67.0 48 321 36
Maximum 56.2 0.7 11.9 12.8 0.2 17.4 21.0 1.2 0.5 0.21 108.0 11.2  906.1 169 2288 15.1

Mean 51.0 0.4 101 9.6 0.2 83 16.6 0.3 0.3 0.12 51.2 5.3 4842 129 130.7 10.1

Sample 6 6 6 6 6 6 6 6 5 6 6 6 6 6 6 6

Exoskarn Minimum 2.0 0.003 0.02 08 0.1 0.4 3.3 0.04 0.01 0.003 3.0 0.6 4.3 09 09 0.6
Maximum 55.6 0.9 17.0 61.1 0.7 16.5 57.6 0.2 2.1 0.1 1933 97.6 1081.2 249 1534 338

Mean 302 0.1 3.7 29.5 0.4 5.4 23.2 0.1 0.2 0.03 26.1 8.1 1006 48 282 6.0

Sample 22 21 22 22 22 22 22 22 18 21 16 20 22 18 22 21

Ore (Magnetite) ~ Minimum 0.7 0.02 0.2 62.1 0.3 0.4 2.7 0.05 0.01 0.01 3.0 0.4 14.0 08 1.8 0.6
Maximum 10.1  0.03 0.7 78.9 8.1 3.4 17.9 0.09 0.06 0.01 3.0 5.8 2494 08 199 0.6

Mean 5.4 0.02 0.5 70.5 4.2 1.9 10.3 0.07 0.04 0.01 3.0 31 131.7 08 108 0.6

Sample 2 2 2 2 2 2 2 2 2 2 1 2 2 1 2 2
Rock/Alteration Th Pb Zn Cu Ni Co U Sn Mo As Nd Sm \' Na20+K:0 Rb/Sr

ppm _ ppm ppm ppm ppm ppm ppm  ppm  ppm ppm ppm _ ppm _ ppm ppm

Marble KK-13-35 3 43.9 138  10.0 59.3 30.8 11.0 1.1 35 1.6 - - 37.0 0.084 0.01

Sample 1 1 1 1 1 1 1 1 1 1 - - 1 1 1
Mafic-Ultramafic ~ Minimum 0.2 2.0 21.6 1.0 1.0 259 0.2 0.9 2.8 33 6.1 1.8 73.3 0.46 0.02
Maximum 12.0 57.6 1472 64.4 275.7 771 17.6 3.4 12.1 353 6.1 1.8 3340 291 0.52

Mean 2.3 13.9 57.6 20.8 107.1 503 10.3 1.8 4.6 15.7 6.1 1.8 188.3 1.29 0.18

Sample 10 10 10 10 10 10 10 10 10 10 1 1 10 10 10

Granitoid Minimum 8.6 10.3 10.0 0.7 5.6 7.5 2.7 1.0 3.5 4.0 24.8 1.8 0.6 451 0.16
Maximum 36.7 77.0 678 741 31.3 50.6 138 44 6.3 51.0 61.9 9.1 136.6  9.04 0.85

Mean 226 432 41.7 221 13.8 23.3 7.3 2.6 4.7 11.4 35.8 6.0 91.9 7.32 0.40

Sample 31 31 31 30 31 31 31 28 20 31 15 15 25 31 31

Endoskarn Minimum 0.5 2.2 34.5 1.5 14.3 6.7 0.4 1.0 2.6 2.6 12.5 2.9 62.0 0.18 0.00
Maximum 183 1052 70.7 2.1 3594 57.2 12.7 14.3 7.9 35.7 20.6 4.0 112.0 1.62 0.06

Mean 8.6 28.0 56.3 1.8 1431  32.0 8.1 5.0 4.8 16.5 16.6 3.4 93.2 0.54 0.03

Sample 6 6 6 4 6 6 6 6 5 6 2 2 6 6 6

Exoskarn Minimum 0.4 2.1 1.5 2.0 1.9 15.0 0.3 0.8 1.5 12.4 0.8 0.1 12.8 0.1 0.01
Maximum 114.1 1923.2 148.6 1440.1 289.5 2485 23.0 15.6 15.7 1098.0 83.6 1.0 1694 2.2 0.9

Mean 129 1771 544 1080 384  96.0 11.3 5.9 6.9 183.6 424 0.6 379 0.3 0.2

Sample 200 22.0 220 210 21.0 22 22 16 17 20 7 3 15 22.0 20.0
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Table 2. Continued.

Rock/Alteration Th Pb Zn Cu Ni Co U Sn Mo As Nd Sm \4 Na;0+K:0 Rb/Sr
pPm__ ppm  ppm  ppm  ppm _ ppm _ ppm _ ppm _ ppm _ ppm __ ppm _ ppm _ ppm ppm
Ore (Magnetite) Minimum 0.4 291.0 50.2 45.3 14.7 53.4 0.7 1.0 14.1 2.7 1.0 0.2 21.0 0.06 0.02
Maximum 4.0 291.0 192.0 453 14.7 166.0 8.4 22.2 14.1 33.0 82.3 0.2 21.0 0.16 0.03
Mean 2.2 291.0 1211 453 14.7 109.7 4.5 11.6 14.1 17.8 41.6 0.2 21.0 0.11 0.03
Sample 2 1 2 1 1 2 2 2 1 2 2 1 1 2 2
Table 3. Mass balance calculation for major oxides and trace elements.
Si02  TiO: Al;03 Fe203 MnO MgO Ca0 Na:0 K:0 P20s Ba Rb Sr Y
Granitoid vs endoskarn 6.33 0.10 -1.62 8.64 0.18 9.09 18.15 -2.26 -4.26 -0.01 -911.28 -153.83 232.6 -4.07
Granitoid vs ore 2480 -0.08 -7.83 1155.57  68.69 29.50 165.35 -1.54 -4.03 0.02 -931.69 -110.38 1738.25 -8.45
Marble vs exoskarn -0.71 -0.01 -0.02 2.77 -0.19 0.63 -51.45 -0.06 0.02 0.00 -14.94 0.25 -60.11 -11.7
Marble vs ore -3.43 -0.02 -0.43 28.45 1.56 0.57 -50.84  -0.05 0.01 0.00 -18 0.24 -19.75 -12.15
Mafic-ultramafic vs exoskarn ~ -9.08 -0.15 -7.00 34.70 0.45 -4.57 19.28 -0.56 -0.31 0.00 -42.38 -6.19 -30.58 -1.65
Mafic-ultramafic vs ore -32.05 -0.20 -10.51 251.78 15.20 -5.06 24.42 -0.46 -0.44 0.01 -68.25 -6.3 310.53 -5.45
Nb Th Pb Zn Cu Ni Co U Sn Mo As Nd Sm \4
Granitoid vs endoskarn 0.21 -10.83 -4.99 35.07 -19.69 181.25 20.27 3.73 4.2 1.86 11.14 -13.28 -1.28 35.07
Granitoid vs ore -3.95 13.86 4742.41 1949.15 722.42 228.14 1780.85 67.25 188.33 227.58 281.78  649.05 -3.49 253.45
Marble vs exoskarn -2.8 -0.84 -14.33 -4.72 8.03 -52.89 -14.77  -9.11 -0.11 -2.35 29.05 NA NA -30.63
Marble vs ore -3.55 -2.04 82.38 38.73 9.64 -52.92 16.81 -9.03 3.94 2.63 6.14 NA NA -27.84
Mafic-ultramafic vs exoskarn 4.48 15.94  236.06 19.16 131.6 -52.93 85.25 5.66 6.56 5.07 24341 53.77 -0.98 -134.85
Mafic-ultramafic vs ore -1.84 5.85 1053.56  386.45 145.25 -53.16 352.16 6.35 40.77 47.18 49.7 146.67 -1.25 -111.26

5.2 Comparison of the Kesikképrii granitoid with skarn-

related granitoids

The geochemistry of the Kesikkoprii granitoid was compared
with the global mean, minimum, and maximum values for
skarn-related granitoids, as well as with the geochemistry of
the Celebi granitoid [30],[32],[41],[43] (Figure 11).

The SiO; contents of the Kesikkdprii granitoid range from 58.2
t0 69.1% (mean 63.2%) (Table 2). These intervals are broadly
consistent with Fe- (47-75.6%), Au- (48.8-68.4%), Cu- (55.7-
72.8%), Pb-Zn- (56.7-77%), and W-skarn (53.7-76.4%)
granitoids, but are for the most part inconsistent with Mo-
(65.3-77.1%) and Sn-skarn (65.3-77.1%) granitoids (Figure
11a).

MgO contents vary between 0.7 and 4.7% (mean 2.2%)
(Table 2). These values agree well with Fe- (0.2-7.9%) and Pb-
Zn-skarn (0-4.2%) granitoids and are partly consistent with
Au- (1.5-5.6%), Cu- (0.5-3.9%), and W-skarn (0-3.6%)
granitoids; however, they differ markedly from Mo- (0-2.7%)
and Sn-skarn (0-1.1%) granitoids (Figure 11a). On the SiO vs
MgO diagram, the Kesikko6prii granitoid plots close to the means
of Fe-, Au-, and Cu-skarn granitoids and to the Celebi granitoid
(Figure 11a).

K;0 contents range from 1.5 to 5.7% (mean 4.6%), resembling
those of Fe- (0.2-5.6%), Cu- (2-5.5%), and Pb-Zn-skarn (1.9-
10%) granitoids, and are partly compatible with Au- (0.6-4%),
W- (2.5-6.3%), Mo- (2.8-8.5%), and Sn-skarn (2.7-6%)
granitoids (Table2 and Figure 11b). On the SiO, vs K;O
diagram, the Kesikkdprii granitoid shows values close to the
mean values of Cu- and Pb-Zn-skarn granitoids and to the Celebi
granitoid (Figure 11b).

Total alkali of Kesikkdprii granitoid (Na,0+K,0) ranges from
45 to 9% (mean 7.3%) (Table2). These intervals are
comparable to Fe- (0.8-13.1%), Cu- (3.1-10.5%), Pb-Zn- (2-
14.7%), W- (4.4-11.8%), Mo- (3-13.4%), and Sn-skarn (3-
10.5%) granitoids, and are partly consistent with Au-skarn
granitoids (2.8-7.9%) (Figure 11c). On the SiO, vs Na,0+K,0
diagram, the Kesikkdprii granitoid yields mean values close to
the Fe-, Au-, and Cu-skarn granitoids and to the Celebi granitoid
(Figure 11c¢).

Zr contents range from 136.3 to 267 ppm (mean 178.1 ppm)
(Table 2). These values are similar to those of Cu-skarn
granitoids (79-363 ppm) and partly overlap those of Fe- (66-
227 ppm), Au- (1-190 ppm), Pb-Zn- (93-188 ppm), W- (42-
226 ppm), Mo- (60-186 ppm), and Sn-skarn (27-230 ppm)
granitoids (Figure 11d). Rb/Sr ratios vary from 0.16 to 0.85
(mean 0.40) (Table 2). These values are similar to those of Pb-
Zn- (0.1-2.3), W- (0.1-26), Mo- (0.1-22.5), and Sn-skarn (0.8-
240.2) granitoids, and are partly consistent with Fe- (0-0.45),
Au- (0-0.3), and Cu-skarn (0.1-0.5) granitoids (Figure 11d). On
the Zr vs Rb/Sr diagram, the Kesikképrii granitoid plots close
to the means of Cu- and Pb-Zn-skarn granitoids and to the
Celebi granitoid (Figure 11d).

Ba contents range from 291.8 to 1249 ppm (mean 981 ppm;
Table 2). These values are similar in range to W-skarn
granitoids (142-2348 ppm) and are partly consistent with Fe-
(1-658 ppm), Au- (483-1500 ppm), Cu- (787-2562 ppm), Pb-
Zn- (980-1401 ppm), Mo- (376-1449 ppm), and Sn-skarn (14-
829 ppm) granitoids (Figure 11e).

On the Zr vs Ba diagram, the Kesikkdprii granitoid plots close to
the Cu- and Pb-Zn-skarn granitoids and to the Celebi granitoid
(Figure 11e). On the tectonic discrimination diagram [44],[45],
the Kesikkdprii granitoid plots with granitoids associated with
mostly Fe-, Cu-, and Pb-Zn-skarns, consistent with the other
diagrams (Figure 11f).

Fe,03 contents range from 1.8 to 6.6% (mean 4.4%) (Table 2).
These intervals show strong agreement with Fe- (0.5-6.5%)
and Au-skarn (0.6-8.7%) granitoids and with the Celebi
granitoid, and are partly consistent with Cu- (0.8-4.8%), Pb-Zn-
(0.3-3.5%), W- (0.2-4.4%), Mo- (0.5-1.9%), and Sn-skarn (0-
4.1%) granitoids (Figure 12a).

The Cu contents of the Kesikkdprii granitoid range from 0.7 to
74.1 ppm, with a mean of 22.1 ppm (Table 2). These values
overlap with the ranges reported for Fe- (0-196 ppm), Cu- (0-
1669 ppm), and the Celebi granitoid, while showing partial
consistency with Au- (5-329 ppm), Pb-Zn- (3-420 ppm), W-
skarn (5-158 ppm), Mo- (2-9 ppm), and Sn-skarn (3-80 ppm)
granitoids (Figure 12b).
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Pb contents vary between 10.3 and 77 ppm, averaging
43.2 ppm (Table 2). This range is comparable to
Cu- (1-70 ppm) and Pb-Zn-skarn (3-630 ppm) granitoids, while
being only partly consistent with Fe- (0-40 ppm), Au- (3-25
ppm), W- (13-270 ppm), Mo- (3-30 ppm), and Sn-skarn (25-
3109 ppm) granitoids (Figure 12c).

Zn contents range from 10 to 67.8 ppm, with a mean of
41.7 ppm (Table 2). These values resemble those of
W- (10-320 ppm) and Sn-skarn (6-1662 ppm) granitoids, while
showing partial overlap with Fe- (25-91 ppm), Au- (29-97
ppm), Cu- (22-98 ppm), Pb-Zn- (45-2080 ppm), and Mo-skarn
(4-52 ppm) granitoids (Figure 12d).
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Figure 10. Mean geochemical variations among granitoid,
endoskarn, exoskarn, ore zones, and wall rocks.

6 Discussion

6.1 Alteration mineralogy and geochemistry

The Kesikkoprii deposit shows a zoned skarn evolution from
endoskarn (garnet-pyroxene * phlogopite * epidote) to
outward-progressing exoskarn subzones (roughly garnet-
pyroxene-epidote), with a overprinted by tremolitization
chloritization, carbonatization, silicification. Magnetite occurs
throughout, but the economic, massive ores are concentrated in
the epidote-garnet and epidote exoskarn subzones, where
coarse phlogopite is common-consistent with Fe—-oxide
deposition during the retrograde stage as hydrous fluids
overprinted the prograde calc—silicate assemblages. Normally,
identification of micas ideally rests on chemical data that
demonstrate octahedral Mg dominance (phlogopite) versus
Fe?* dominance (annite). In our samples, pervasive alteration,

especially chloritization, prevented the acquisition of reliable
SEM-EDS analyses, yielding no robust compositions.
Comparable difficulties have been reported by Yilmazer & Terzi
[3] where extensive alteration hindered geochronology.
Despite this limitation, we retain the term phlogopite as an
interpretive, context-supported designation for three reasons.
(i) Paragenetic context: coarse micas intimately associated with
magnetite during the retrograde skarn stage are widely
documented as phlogopite in Fe-skarn systems [46]-[50]. (ii)
Lithologic and mineralogical context: the occurrence within
Mg-rich wall rocks (mafic-ultramafic rocks) and the coexisting
magnesian skarn assemblage (forsterite and diopside; [21])
indicate elevated Mg activities in the hydrothermal system,
consistent with Mg-dominant mica. (iii) Alteration products:
the observed, abundant chloritization and the presence of
montmorillonite and vermiculite, confirmed by XRD analyses,
are typical of retrograde replacement of Mg-rich biotite in
skarns and are consistent with the textural relationships
(Figure 4b, e and Figure 5d).

Geochemical assessments of fresh and altered rocks in the
Kesikkopri area indicate that skarn samples display variable
enrichment-depletion trends relative to the protolith
composition of their wall rock lithologies (Figure 9 and Figure
10). A uniform or systematic enrichment-depletion pattern is
not consistently observed across all samples. Nonetheless,
certain elemental transfers between the wall rock, skarn, and
ore zones can be delineated as characteristic features.
Endoskarn samples yield clearer geochemical signatures of
enrichment-depletion behavior, whereas exoskarn or ore zone
samples display distinct patterns of element mobility when
compared to the protolith composition.

In the endoskarn zone, bulk mass transfer-driven by Ca-Fe-Mg-
Mn-Si addition and coupled Al and alkalis depletion is
consistent with feldspar breakdown and the introduction of
calc-silicate  assemblages (e.g, diopside-hedenbergite,
andradite-grossular, amphibole, and epidote) along the
intrusive contact (Table 3 and Figure 9a). Strong Rb-Ba and
moderate Cu-depletions may reflect LILE removal from
feldspars, and biotite breakdown, respectively. One of the
important points here is that the V and Ni elements show
enrichment in the endoskarn and ore zone samples, which may
indicate leaching of these elements from mafic-ultramafic rocks
and their addition to the endoskarn zone (Figure 93, b). In the
marble vs exoskarn and ore zone diagrams, the steep isocons
and pronounced Ca losses record decarbonation-dominated
mass loss (Figure 9c, d). Fe gains reflect the replacement of
carbonate by Fe-bearing minerals. With progression into ore,
Fe addition intensifies, and the increase in base metals (Zn, Pb,
and Co) becomes more evident (Figure 9d). In the mafic-
ultramafic-related exoskarn and ore diagrams, the isocons
show substantial bulk mass gain. The mass transfer suggests
the formation of Fe- and Ca-rich calc-silicates and magnetite
through the consumption of silicate phases in the mafic-
ultramafic protolith, reflecting extensive replacement by
magnetite and calc-silicates. Most trace elements (Pb, Zn, Cu,
Co, U, Th, Mo, As, Nd, and Sn) are enriched in the exoskarn and
ore zone samples, consistent with introduction and transport
by magmatic-hydrothermal (granitic) fluids into reactive mafic-
ultramafic rocks (Figure 9e, f). Ni (-52.93 and -53.16) and V (-
134,85 and -111.26) show the coherent depletions.
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This is consistent with mafic-ultramafic mineral breakdown
and redistribution into the endoskarn zone, where Ni and V can
be mobilized or partitioned into phases not stabilized in the
exoskarn zone (Table 3).

Collectively, the isocon slopes and mass balance calculations
define a mass transfer regime: (i) granitoids undergo Al and
alkali leaching concurrent with Ca-Fe-Mg-Mn-Si addition to
produce endoskarn; (ii) marbles experience decarbonation-
driven mass loss during exoskarn and ore development, with
incremental Fe addition toward ore; and (iii) mafic-ultramafic
rocks are highly receptive to Fe, Ca, and base metal input in both
the exoskarn and ore zones, yielding exceptionally elevated
metal budgets in the ore zone. Additionally, LILE depletion (Rb,
Ba) in the endoskarn and exoskarn zones reflects feldspar
and/or carbonate breakdown, whereas chalcophile and
transition metal enrichments (Zn, Cu, Co, Pb, and partly V) may
indicate the input of ore fluids and the newly formed skarn and
magnetite.

Mineral-chemistry analyses of garnet indicate decreasing
grossular and increasing andradite from crystal cores toward
rims [21]. This trend suggests a progressive decrease in Al and
an increase in Fe in hydrothermal fluids from the endoskarn to
the exoskarn zone (Figure 10). The gradual decrease of Al,03
toward the ore and exoskarn zones is, in turn, directly related
to drop in grossular-rich garnets and/or the corresponding

increase in andraditic garnets [51] as the SEM-EDS results of
garnets imply the decrease in Al contents (from 1.62-2.94% to
0.30-2.78%) and increase in Fe content (from 18.15-20.30% to
18.64-23.07%) from the garnet (+pyroxene+phlogopite) to the
epidote-garnet exoskarn subzone (Figure 5c and Figure 7c).

From granitoid toward endoskarn, ore, and exoskarn zones,
SiO; contents decrease in parallel with Al,03 (Figure 10). This
depletion is consistent with the incorporation of Si into
diopsidic pyroxene and with the use of Si and Al in the
formation of grossular-rich garnet, epidote, and phlogopite. The
Mg required for the formation of diopsidic pyroxene and
phlogopite could have been possibly derived from mafic-
ultramafic rocks (up to 18.1% MgO) (Table 2). The Ca required
for pyroxene, garnet, and epidote formation was likely supplied
by marbles, which contain 55.3% CaO, consistent with the
increase in CaO from granitoid toward the endoskarn and
exoskarn zones (Table 2, Figure 9 and Figure 10). The low Fe
and Mn but high Mg contents of pyroxenes suggest that Mg was
present in the early hydrothermal fluids and that high Mg
activity prevailed during the early stages of skarn formation
[21],[52]. This may indicate that Mg was supplied directly from
granitoid (up to 4.7% MgO) and/or leached from the mafic-
ultramafic rocks through fluid-rock interaction. Bayhan [21]
also reported the presence of forsterite in alteration
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assemblages at Kesikkoprii and noted that its formation
required the remobilization of Mg and Si from the wall rocks.

Given that the iron enrichment is especially concentrated in the
epidote-garnet and epidote exoskarn subzones, suggests the
increased Fe input during the later stages of skarn evolution
[3],[21]. The occurrence of early-stage pyroxenes with
diopside, salite, and fassaite compositions, the progressive
increase in andradite contents from garnet cores to rims, and
the formation of pistacite-rich epidotes in the epidote-garnet
and epidote exoskarn subzones collectively indicate that Fe
content was relatively low during the early stages of skarn
formation but increased toward later stages and into the wall
rocks [21]. This also suggests that Fe may initially have been
leached from granitoid and/or mafic-ultramafic rocks during
early skarn formation. In particular, the breakdown of
ferromagnesian minerals such as olivine and pyroxene in the
mafic-ultramafic lithologies may be an important source of Fe
[25],[26],[53]. The enrichment of Fe in the endoskarn, ore, and
exoskarn zones relative to their protoliths, however, might
suggest that multiple sources contributed to the deposit’s Fe
budget (Figure 9 and Figure 10). To refine source contributions
and fluid evolution, advanced mineral chemistry (e.g., EMPA)
and isotope analyses are warranted. In situ trace-element and
isotope studies of magnetite and garnet, in particular, can
illuminate fluid-rock interactions and temporal changes in fluid
composition during progressive skarn formation.

6.2 Evaluation of the potential of the Kesikkdprii
granitoid to produce skarn with different metal
endowments

Numerous studies have examined the genetic link between the
major oxide and trace element geochemistry of skarn-forming
granitoids and the metal endowment of the skarns they
produce [30]-[33], [54]-[58]. In this context, the major oxide
and trace element compositions of the Kesikképrii granitoid
were compared with Meinert [30]’s dataset associated with Au-
, Cu-, Fe-, Mo-, Pb-Zn-, Sn-, and W-skarns, as well as with the
geochemistry of the Fe- and Fe-W skarn related Celebi granitoid
[32],[41],[43] (Figure 11 and Figure 12). Geochemically, when
evaluated against skarn-related granitoids worldwide, the
Kesikkoprii granitoid falls within the range typical of Fe-skarn
granitoids and shows particularly close affinities to Cu-skarn
granitoids, with partial overlap with those linked to Au and Pb-
Zn skarns (Figure 11 and Figure 12). Although copper and gold
mineralization have not yet been documented at the
Kesikkoprii Fe-skarn deposit, late-stage phases (calcite-,
quartz-, and sulfide-bearing veins) related to the Kesikkopri
and Celebi granitoids contain concentrations that may be
considered anomalous [55],[59], with 1-2% Cu, 1,500 ppb Au,
and up to 2,777 ppm As [3],[15],[20],[29],[32]. Moreover, in
light of the geochemical characteristics, tectonic setting, and
age relations [3],[32],[41],[43], together with the occurrence of
Pb-Zn veins within the Kesikképrii granitoid and the presence
of Pb-Zn skarn (Keskin) and porphyry Cu-Mo (Karacaali,
Baliseyh) systems in the region [22],[27],[60],[61], the
Kesikkopri granitoid may have the potential to generate skarns
with different metal endowments. Therefore, despite the
current lack of direct evidence, this region should not be
overlooked, particularly with respect to possible Cu, Au, and
Pb-Zn enrichment.

7 Conclusions

The Kesikkoprii Fe-skarn deposit consists of an endoskarn
represented by a garnet-pyroxene (*phlogopitetepidote)
assemblage and four exoskarn subzones-garnet (+pyroxene
+phlogopite), pyroxene (+garnet+phlogopite+epidote),
epidote-garnet, and epidote. Exoskarns cover a larger area than
the endoskarn zone, with economic iron mineralization
concentrated in the epidote-garnet and epidote exoskarn
subzones. Alteration mineralogy and geochemical patterns
demonstrate that protolith composition strongly controls skarn
mineralogy, elemental redistribution, and ore localization.

Mass-balance and transect data indicate that i) granitoids gain
Ca-Fe-Mg-Mn-Si with Al and alkali loss to form calc-silicate
minerals in the endoskarn zone; ii) marbles undergo
decarbonation with Fe input and later Fe enrichment in the ore
zone; and iii) mafic-ultramafic rocks are highly receptive to Fe
and Ca input, developing metal-rich signatures with Pb-Zn-Cu-
Co enrichment and Ni-V depletion. Depletion of LILEs (Rb, Ba)
reflects the breakdown of feldspar and carbonate. Garnet
zoning from grossular to andradite and Fe-rich epidote
compositions support increased magnetite mineralization in
epidote-garnet and epidote subzones. MgO enrichments point
to the formation of diopsidic pyroxene, phlogopite, and
tremolite, consistent with the mafic-ultramafic protolith.

Geochemically, the Kesikkoprii granitoid resembles granitoids
associated with Fe- and Cu-skarns, and to a lesser extent those
linked to Au- and Pb-Zn-skarns. This suggests a magmatic
source capable of generating skarns with diverse metal
contents. Although there is no direct evidence of Cu, Au, Pb, and
Zn mineralization at Kesikkoprii, the presence of Cu, Au, and As
anomalies in late-stage veins and nearby Pb-Zn veins, Pb-Zn
skarns, and porphyry Cu-Mo systems reported in the literature
highlights the broader metallogenic potential of the Kesikkopri
region.
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