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Abstract. The present study investigates the mineralization potential of the Arizli ophiolitic complex in Afy-
on, Turkey, employing an integrated methodology that combines sophisticated geophysical and geochemical
techniques. The area, characterized by ultramafic rock types and intricate structures, exhibits significant en-
richment in chromium (Cr,O,, up to 49.51%) and nickel (Ni levels exceeding 2,000 ppm), particularly in ser-
pentinized dunite regions. High-resolution drone-based magnetic surveys have detected anomalies indicative
of ore-rich zones, with spatial data refined to resolutions of 50 m, 100 m, 150 m, and 250 m. Complementary
IP/ERT profiling has identified chargeability and resistivity anomalies that align with the geochemical results.
The geochemical investigation, performed using XRF, ICP-MS, and XRD, has confirmed these anomalies,
revealing a complex mineralization framework mainly consisting of chromite, serpentine, and sulfide miner-
als, including pyrite and pentlandite. A comparative examination with global chromite-bearing ophiolites,
including those in Oman and Greece, underscores the Arizli region’s correlation with economically signifi-
cant deposits. The research highlights the influence of structural discontinuities, fault-induced hydrothermal
modifications, and brecciation processes on the distribution of minerals. This research highlights the benefits
of integrating geophysical and geochemical techniques for studying chromite and nickel in ophiolitic environ-
ments. The employed methodology may act as a reference framework for analogous studies in structurally
intricate ultramafic terrains.
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INTRODUCTION Innovations in contemporary mineral exploration

tools have expedited the mineral-finding process.

Ophiolitic complexes are primary sources of strate-
gic minerals globally, including chromite, nickel, and
titanium. Their formation is linked to the emergence
of mantle and oceanic crustal materials, which con-
tribute to diverse mineralization processes (Leblanc,
Nicolas 1992; Dilek, Furnes 2011; Robinson et al.
2015; Yang et al. 2021). In mineral-abundant areas,
such as Turkey, these complexes have a significant
economic value (Cift¢i et al. 2019). The ophiolitic
complexes of western Anatolia are distinguished by
their chromite deposits and nickel enrichment (Rob-
ertson 2002; Parlak et al. 2009).

Specifically, drone-based magnetic surveying and
induced polarization (IP) techniques are notable for
their capacity to provide high-resolution data and ef-
ficiently include extensive regions (Jackisch 2020;
Park, Choi 2020; Jackisch et al. 2021). These tech-
niques can be combined with electrical resistivity
tomography (ERT), thereby enhancing our under-
standing of subsurface mineral distribution (Jackisch
2020; Ali et al. 2023; Yalgin, Karan 2024). Airborne
magnetic data collection is crucial for identifying
economically viable mineral resources, as it enables
rapid data acquisition across extensive regions com-
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pared to ground-based observations (Blakely 1996;
Telford et al. 1990; Tobi et al. 2025).

The Arizh area (Afyon, Turkey) has a consider-
able potential for essential minerals like chromite,
nickel, and titanium. Nonetheless, prior investiga-
tions in this area have been confined to geological and
geochemical assessments (Robertson 2002; Parlak et
al. 2009; Ciftei et al. 2019; Yal¢in, Kaya 2025). This
work seeks to address existing gaps in literature by
integrating drone-based magnetic measurements, in-
duced polarization, and geochemical analysis to as-
certain the mineral distribution in the area.

Geochemical studies are essential for identifying
the chemical fingerprints of mineralization processes.
XRF and ICP-MS techniques enable a precise assess-
ment of mineral chemical composition, and when
combined with geophysical data, provide a compre-
hensive model of subsurface structures (Park, Choi
2020; Accomando et al. 2023). Integrating magnetic
techniques with induced polarization (IP) has shown
efficiency in the structural delineation of mineraliza-
tion zones and a precise modelling of mineral depos-
its (Rashid et al. 2022; Sanusi et al. 2024; Fahad et
al. 2025).

In recent years, notable advancements have been
seen in the discovery and assessment of mineral re-
sources by using drone-based magnetic surveying
and induced polarization technologies (Blakely 1996;
Park, Choi 2020; Tobi ef al. 2025). Research conduct-
ed in New Zealand and Germany has shown the ef-
ficacy of these techniques in identifying various min-
eral resources (Rattenbury et al. 2016; Siemon et al.
2020; Cox et al. 2023). These methodologies remain
inadequately used in ophiolitic complexes in Turkey,
creating opportunities in regions such as Arizl.

This research seeks to provide Turkey’s mining
industry with an innovative analytical framework
and an extensive mapping of essential minerals in the
Arnizl area. The study’s results will enhance regional
mineral exploration and illustrate the efficacy of nov-
el techniques in this field.

GEOLOGICAL SETTING

The Arizli ophiolitic complex is situated in the
western branch of the Neotethyan suture zone in west-
ern Anatolia (Fig. 1a). This area constitutes a com-
plicated tectonic zone established with the closure
of the Neotethys Ocean and the subsequent obduc-
tion of oceanic lithosphere onto the Anatolian mar-
gin in the Late Cretaceous (Robertson 2002; Dilek,
Furnes 2011).

Middle-Upper Triassic carbonates lie north and
east of Arizli, with Jurassic-Cretaceous limestones
atop these formations. These strata are typically con-
strained by tectonic boundaries and are overlain by
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Upper Cretaceous ophiolite units to the south. The
overlapping structures manifest as clips in specific lo-
cations. The development of these formations yields
significant insights into the tectonic history of the
area (Fig. 1b).

The primary geological units in the region com-
prise the ophiolitic mélange series, which includes
peridotite, dunite, serpentinite, diabase, and basalt.
These rocks display the east-west orientation, facili-
tating the production of minerals, including chromi-
um, nickel, and titanium. Serpentinization and hydro-
thermal alteration processes are significant factors in
enriching these minerals (Cift¢i e al. 2019).

Ophiolitic rocks from the Upper Cretaceous pe-
riod characterize the Arizli region. This unit consists
of rocks such as serpentinite, dunite, gabbro, and
basalt, and is typically subject to deformation and
modification (Fig. 2). The ophiolitic series common-
ly exhibits basal lithologies, characterized by notable
enrichments in chromium, nickel, gold, and titanium
in these regions. The serpentinization in the area re-
sulted from the interaction of ultramafic rocks with
hydrothermal fluids, considerably contributing to
mineralization processes.

Dunite concentrations are very significant for chr-
omite mineralization. The fault zones in these units
influenced the brecciation and weathering apparent
in the area. A right-lateral strike-slip fault traverses
the region and significantly contributes to mineraliza-
tion by facilitating hydrothermal alteration processes.
This fault also triggered the formation of additional
faults in the area and facilitated the development of
alteration zones along structural discontinuities.

The southern part of the region contains Upper
Cretaceous limestones and Lower-Upper Oligocene
red gravestones. These units are located along the
thrust line of the ophiolitic series and lack any eco-
nomically significant mineralization. The ophiolitic
mélange is intersected in certain areas by strike-slip
faults, which govern the settlement.

The geological formations in the Arizli region are
situated within a structural framework governed by
strike-slip and dip-slip faults. These faults influenced
both the deformation of the rocks and the alteration
processes (Fig. 2). The limestone-antiolite mélange
is recognized as a significant structural discontinuity
in the region. The deformation and brecciation along
this discontinuity have significantly contributed to
mineralization.

Alteration and brecciation, noted in the contact
zones of the ophiolitic series, have modified the in-
ternal structure and physical properties of the ultra-
mafic rocks. Hydrothermal circulations along the
faults altered the rocks’ chemical characteristics and
enhanced their mineralization potential. Serpentinites
are mainly distinguished by their low magnetic sus-
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Fig. 2 A field perspective illustrating the contact interactions between ophiolitic units (dunite, serpentinite, and basalt)
and limestone formations (a—f)
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ceptibility and elevated resistivity values (Telford et
al. 1990).

The region’s most notable structural feature is
the east-west-oriented right-lateral strike-slip fault
(Fig. 1). This fault has significantly influenced the
weathering and alteration of ultramafic rocks in the
region, resulting in the brecciation of minerals and
their transformation into economically valuable
sources of enrichment. Serpentinization and hydro-
thermal circulation processes have been documented
along fault zones, influencing the subsurface distri-
bution of minerals, including chromium, nickel, and
titanium. The mafic lithologies of the ophiolitic series
in the research area were more extensive, indicating a
significant potential for mineralization.

MINERALIZATION

Chromite and nickel mineralization in the Arizli
region is concentrated in the ultramafic levels of the
ophiolitic mélange. This mineralization signifies
commercially essential deposits, particularly in dun-
ite and serpentinite lithologies. Field observations
and laboratory analyses yield critical insights into the
mineralization’s geometry, structural linkages, and
mineralogical characteristics (Figs 3 and 4).

Mineralization is seen in veins of 1-5 meters in
width and broader breccia zones (Figs 3 and 4). Brec-
cias are discovered in places of intense mineralization
because of the influence of the right-directional strike-
slip fault. This fault influenced the weathering and re-
distribution of chromite and nickel minerals, promoting

the accumulation of sulfide minerals, including pyrite
and pentlandite, within brecciated and fractured tex-
tures. Serpentinization and hydrothermal alteration are
frequently observed in mineralization zones (Fig. 3).
Alteration zones resulted in the localized enrichment
of oxide minerals, namely hematite and limonite.

Although chromite mineralization is generally
massive, a disseminated texture is also observed in
some zones. Extensive chromite veins are localized
in dunite units, and these minerals often consist of
euhedral crystals. In brecciated zones, chromite min-
erals have more aberrant textures. This indicates that
mineralization was reconfigured and distorted due to
the impacts of faulting.

MICROSCOPIC ANALYSES AND
MINERALOGICAL COMPOSITION

Petrographic investigations were conducted on
thin sections by using both plane-polarized light
(PPL) and cross-polarized light (XPL) microscopy
to determine the mineralogical composition and
microstructural characteristics of the chromite-bear-
ing samples. The samples predominantly consist of
serpentine (serp), calcite (cal), and opaque miner-
als (opq), as illustrated in Fig. 5. The predominant
opaque phases consist of chromite and minor sulfides,
including pyrite. Chromite grains frequently manifest
as euhedral to subhedral crystals; nevertheless, defor-
mation characteristics, including fracturing and re-
placement textures, are also apparent. These fissures
presumably functioned as channels for hydrothermal
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Fig. 3 Images of mining zones and geological formations within the research region. The photos illustrate the morpho-
logical and mineralogical correlations of the surface ore zones: (a) ore zones linked to faults and ophiolitic mélange, (b)
surface manifestation of the ophiolitic mélange and altered regions, (c) alteration zone and its correlation with ore zones,

(d) in-depth examination of a particular ore zone
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Fig. 4 Images of mining zones and geological formations within the research region: (a—b) ore zone, (c) thrust contact
between limestone and ore zone, (d) fault in ore zone, (¢) banded structure in ophiolitic melange

Fig. 5 Exemplary photomicrographs of thin sections from chromite-bearing serpentinites observed under plane-polarized
light (a, ¢) and cross-polarized light (b, d). The microtextures indicate the prevalence of serpentine (serp), calcite (cal),
and opaque minerals (opq), aligning with hydrothermal alteration (mineral abbreviations after Whitney, Evans 2010)
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Fig. 6 Photomicrographs of polished sections showing ore minerals in chromite-bearing serpentinites: (a, b) brecciated
chromite (chr) grains with interstitial pyrite (py), (¢, d) pentlandite (pn) co-occurring with pyrite (py), suggesting late-
stage sulfide mineralization along microfractures (mineral abbreviations after Whitney, Evans 2010)

fluids, facilitating metasomatism and recrystalliza-
tion. The photomicrographs demonstrate significant
serpentinization and calcite veining, suggesting post-
magmatic fluid action. All mineral abbreviations uti-
lized adhere to the standard established by Whitney,
Evans (2010).

Reflected light microscopy was used to examine
the polished sections of chromite-bearing samples to
characterize ore mineral assemblages and textures. The
main ore minerals identified were chromite (chr), py-
rite (py), and pentlandite (pn), as illustrated in Fig. 6.
Chromite typically appears as brecciated and fractured
grains, often surrounded by pyrite along grain bounda-
ries and in interstitial spaces (Fig. 6a, b). In many in-
stances, pentlandite occurs together with pyrite within
microfractures and late-stage veins, indicating a sec-
ondary phase of sulfide mineralization likely associ-
ated with hydrothermal processes (Figs 6¢ and 6d).
These textures strongly suggest that deformation and
fluid activity along fault zones controlled the remobili-
zation and redistribution of sulfides.
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The X-ray difrfraction (XRD) investigation re-
vealed the presence of lizardite and chlorite miner-
als, with chromite, serpentine, pyrite, and pentlandite
minerals in the ore samples collected from the loca-
tion (Fig. 7). These minerals exhibit the mineralogi-
cal evidence of serpentinization and hydrothermal
alteration activities. The unique mineralogical and
textural properties of the chromite ore suggest that the
mineralization in the area is associated with the basal
lithologies of ophiolitic rocks.

The analyses have comprehensively elucidated the
structural and mineralogical attributes of mineraliza-
tion in the Arizli region. Breccia textures, alteration
zones, and fault influences are pivotal in the distribu-
tion of chromite and nickel minerals in the area. The
microscopic and XRD data provide a robust foun-
dation for evaluating the economic viability of this
deposit and determining the region’s mining signifi-
cance. In conjunction with continuous geochemical
analysis, this data will facilitate the advancement of
novel methodologies for mineral exploration.
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Fig. 7 XRD study findings emphasize the crystalline structures of several minerals. Diffractograms of the samples re-
vealed the presence of principal mineral phases, including calcite, serpentine, and chromite

Fig. 8 Geological specimens obtained from the research area

SAMPLING AND ANALYTICAL METHODS

The research involved collecting 13 samples from
a specific location to examine lithological diversity
and identify regions with a significant mineraliza-
tion potential (Fig. 8). The materials were carefully
processed (Fig. 1) and comprehensively investigated

at the Geochemistry Research Laboratory of Istan-
bul Technical University. The samples were ground
using a RETSCH RS-200 grinder, and geochemical
studies were conducted using X-ray fluorescence
spectrometry (XRF) and inductively coupled plasma-
mass spectrometry (ICP-MS) devices. For ICP-MS
analysis, each sample was entirely dissolved in Te-
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flon containers utilizing a mixture of 37% hydrochlo-
ric acid, 65% nitric acid, and 38—40% hydrofluoric
acid (HF). The surplus HF acid was eliminated by
adding a 5% H,BO, solution. The produced solutions
were transferred to 50 mL balloon flasks containing
distilled water, resulting in clear solutions. An identi-
cal procedure was used to create the blank solution,
which served as a reference.

The X-ray diffraction (XRD) investigations were
conducted using a Bruker D8 Advance model of
equipment, employing Cu Ka radiation and X’Pert
HighScore Plus v. 3.0 software to identify mineral
phases and semi-quantitatively assess mineral species
in the samples.

The Geometrics G-882 magnetometer, commonly
utilized in marine and terrestrial contexts, was modi-
fied for aerial deployment by affixing it beneath a
drone for this survey. The drone operated at a con-
sistent speed at an altitude of 50 metres, collecting
magnetic field data along flight lines spaced 50 me-
ters apart across a 12 km? research area. The aircraft
trajectories were designed to cover the whole study
region. The collected raw magnetic data was proc-
essed with the Oasis Montaj software. Initially, the
reduction to pole (RTP) was applied to the data to

eliminate local magnetic field effects, followed by
low-frequency filtering to reveal regional anomalies.
The resultant magnetic anomalies facilitated a de-
tailed mapping of the distribution of magnetic materi-
als beneath the location.

Electrical resistivity tomography (ERT) and in-
duced polarization (IP) measurements were conducted
using the ABEM Terrameter LS instrument (Fig. 9).
ERT measurements along ten profiles in the research
area (Fig. 10) produced 2D resistivity sections that
comprehensively depict the underlying structures.
Resistivity cross sections were calibrated with a mini-
mum threshold of 9.8 Ohm-m (blue) and a maximum
threshold of 447 Ohm-m (red). Low resistivity levels
typically signify zones with changed properties and
high clay content, whereas high resistivity values in-
dicate mineralized zones. IP measurements were used
to evaluate chargeability values, revealing abnormali-
ties of 1% and 5%. The IP sections were analyzed
using numerical data rather than colour coding, facili-
tating a more precise evaluation of the chargeability
anomalies.

The dependability of the data acquired from aerial
magnetic and IP/ERT measurements was assessed by
computing root mean square (RMS) error rates. The

ERT
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Fig. 9 Equipment for IP and ERT measurements and the methodologies employed during the field investigation (a—d)

120



304000 12
4241000

IP/ERE > 42
&y PROEILEST -« S RTS8

4245000

Fig. 10 The map indicating the locations of IP and ERT profiles within the research area

RMS error rate was calculated to be 2.3% for the re-
sistivity data and 3.1% for the induced polarization
data. The RMS calculations validated the precision
of the instrument calibration and the dependability of
the field measurements. The error rates strongly cor-
roborate the dependability of the data obtained. Ad-
ditionally, spontaneous potential (SP) measurements
were employed as an auxiliary method to support the
determination of structural features, including fault
zones, formation boundaries, and surface water dis-
tribution. The SP data supplied essential information
for identifying alteration zones and structural discon-
tinuities in the research area.

GEOCHEMISTRY

The geochemical investigations of rock samples
from the Arizli region yield extensive data for assessing
the mineralization potential in the area. The principal
oxide results derived from the XRF approach unam-
biguously indicate the ultramafic nature of the ophi-
olitic mélange units (Table 1). The notably elevated
Cr,0O, concentrations in samples ARIZLI-6 (41.66%
Cr,0,) and ARIZLI-13 (49.51% Cr,0,) suggest chr-
omite mineralization with commercial viability. Fur-
thermore, the elevated levels of Fe,O, (ranging from
16.29% to 18.57%) and MgO (spanning from 10.42%
to 37.71%) substantiate the ultramafic origin of the
rocks. The LOI (loss on ignition) values, particularly
in sample ARIZLI-9 (35.23%), indicate significant hy-
drothermal alteration and carbonatization processes.

The trace element investigation by ICP-MS pro-
vided a more detailed information on the geochemical

properties of the chromatic zones. Table 2 illustrates
that Ni, Co, and V concentrations provide distinct
evidence of ultramafic mineralization. For example,
samples ARIZLI-6 (1002 ppm Ni, 153 ppm Co) and
ARIZLI-13 (1566 ppm Ni, 132 ppm Co) suggest chr-
omite- and nickel-enriched units. The presence of
elements such as Zn, Sr, and Zr signifies the com-
plexity of the mineralization processes in the region.
The concentration of vanadium (V) exhibited nota-
ble enrichment, particularly in samples ARIZLI-6
(758 ppm) and ARIZLI-13 (682 ppm). Geochemical
investigations unequivocally indicate that the miner-
alization in the region presents substantial potential.
The elevated Cr,0, and Ni concentrations, particu-
larly inside the chromitic zones, signify the existence
of economically viable deposits. These findings, to-
gether with field observations and geophysical data,
facilitate the assessment of the mineral potential in
the research region.

RESULTS AND ASSESSMENT OF
GEOPHYSICAL MEASUREMENTS

Comprehensive geophysical measurements were
conducted at the Arizli location as part of the investi-
gation. These measurements utilized aircraft magnetic
data collecting and IP/ERT (induced polarization and
electrical resistivity tomography) techniques. Figure
10 illustrates the trajectories of the IP/ERT profiles,
while Fig. 11 presents the maps of the aerial magnetic
data at the depths of 50 m, 100 m, 150 m, and 250 m.
Figure 13 illustrates the outcomes derived from the IP
and ERT methodologies.
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Table 1 Major oxide analyses of samples from the Arizli Region (XRF results)

XRF | Na,0O | MgO | ALO, SO, | PO, KO | CaO | TO, | MnO | Fe,0, | Cr0, | SO, | LOI
SAMPLE % % % % % % % % % % % % %
ARIZLI 1 0.52 2.67 5.77 | 47.88 0.15 246 | 2457 | 0.71 0.19 4.82 0.02 0.03 10.12
ARIZLI2 | <0.01 | 27.09 1.40 | 31.64 H <0.01 | 0.03 13,02 | 0.06 0.14 9.68 0.35 0.02 16.31
ARIZLI 3 1.47 1042 | 10.22 | 37.62 | 0.78 0.85 14.41 3.67 0.22 18.57 | 0.08 | <0.01 | 1.52
ARIZLI 4 1.64 10.49 | 9.83 39.95 0.62 0.89 14.46 | 2.35 0.32 17.37 | 0.12 | <0.01 | 1.81
ARIZLI 5 0.05 1.81 1.45 76.35 0.06 0.19 9.40 0.09 0.70 4.02 0.01 0.01 5.80
ARIZLI6 | <0.01 | 16.73 9.44 9.82 | <0.01 | <0.01 | 292 0.14 0.15 16.29 | 41.66 | <0.01 | 2.58
ARIZL17 0.64 9.49 11.26 | 36.17 | 0.52 0.27 18.13 2.88 0.20 14.53 029 | <0.01 | 549
ARIZLI 8 4.03 5.56 11.46 | 3938 | 0.16 0.26 13.56 1.78 0.26 12.88 | 0.03 0.02 10.52
ARIZLI 9 0.10 0.85 1.23 11.92 | <0.01 | 0.25 | 4943 0,08 0.18 0.63 0.03 0.03 35.23

ARIZLI 10 | <0.01 | 34.28 0.29 | 38.54 | <0.01 | <0.01 1.14 0.16 | <0.01 | 10.82 | 0.34 0.01 14.09
ARIZLI 11 | <0.01 | 37.71 0.17 | 34.73 | <0.01 | <0.01 | 0.39 | <0.01 0.14 9.87 0.39 | <0.01 | 16.29
ARIZLI 12 | <0.01 | 3534 | 0.24 | 3534 | <0.01 | <0.01 | 5.65 0.01 0.14 7.31 0.36 0.02 15.37
ARIZLI 13 | <0.01 | 1524 | 11.83 3.84 | <0.01 | <0.01 1.11 0.19 0.15 16.18 | 49.51 | <0.01 | 1.64

Table 2 Trace element analyses of samples from the Arizli Region (ICP-MS results)

ICP/MS Sc A% Co Ni Cu Zn As Sr Zr Nb Mo Ba Pb
SAMPLE  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm  ppm
ARIZLI 1 7.00 61.00 16.00 51.00 13.00 46.00 16.00 213.00 77.00 13.00 1.00 258.00 <1
ARIZLI2 12.00 69.00 94.00 1827,00 10.00 34.00 9.00 73.00 16.00 1.00 2.00 3500 <1
ARIZLI3  30.00 260.00 65.00 350.00 197.00 127.00 10.00 165.00 247.00 44.00 1.00  86.00 <1
ARIZLI4  35.00 209.00 73.00 439.00 38.00 170.00 12.00 163.00 147.00 31.00 1.00  50.00 <1
ARIZLI 5 5.00 48.00 35.00 30.00 80.00 49.00 23.00 39.00 29.00 4.00 2.00 32.00 <1
ARIZLI 6 <1 758.00 153.00 1002,00 17.00 383.00 51.00 14.00 <1 1.00 17.00 <1
ARIZLI7  29.00 245.00 55.00 235.00 72.00 97.00 12.00 152.00 193.00 39.00 1.00 35.00 <1
ARIZLI8  38.00 358.00 24.00 42.00 25.00 81.00 17.00 156.00 86.00 5.00 1.00 58.00 <1
ARIZLI 9 1,00 42.00 1.00 28.00 8.00 19.00 10.00 148.00 24.00 2.00 6.00 <1 <1

ARIZLI 10  5.00 12.00 127.00 2145,00 1.00 39.00 11.00 22.00 13.00 2.00 1.00 14,00 <1
ARIZLI 11 ~ 7.00 18.00 113.00 1789,00 <1 36.00  9.00 6.00 12.00 1.00 1.00 7,00 <1
ARIZLI 12 10.00 26.00 117.00 1588,00 4.00 23.00 16.00 103.00 14.00 2.00 2.00 18.00 <1
ARIZLI 13 <1 682.00 132.00 1566,00 17.00 299.00 10.00  7.00 14.00 1.00 2.00 21.00 <1

Aerial magnetic measurements

Magnetic measurements were acquired via an un-
crewed aerial vehicle (UAV). Figure 11 illustrates the
spread of magnetic anomalies across various depths.
The map at a depth of 50 m (Fig. 11c¢) reveals anoma-
lies close to the surface, but the maps at the depths
of 100 m (Fig. 11d), 150 m (Fig. 11le), and 250 m
(Fig. 111) illustrate the magnetic properties of sub-
surface structures. The findings reveal a significant
magnetic anomaly in the region, which is believed to
be linked to chromite and nickel enrichments.

Airborne magnetic maps indicate that the anoma-
lies are predominantly aligned in the northeast-south-
west orientation. This illustrates the structural regula-
tion of the ophiolitic mélange in the research area, as
well as fault zones potentially linked to mineraliza-
tion.
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IP/ERT measurements

Figure 12 presents the [P and ERT results, offering a
comprehensive analysis of the electrical characteristics
of the site’s subsurface structures. Ten profiles were
acquired, and resistivity and IP sections were gener-
ated based on these profiles. Resistivity data were nor-
malized between 9.8 Q) and 447 Q, with low resistivity
values represented in blue, and high resistivity values
in red. Low resistivity readings are typically associated
with altered zones and possibly mineralized regions.

The IP measurements indicated elevated charge-
ability values, suggesting the presence of metallic
minerals. These findings offer significant evidence
for mineralization zones in the field. The anomalies
detected in the IP sections confirm the presence of
mineralized zones indicative of chromite and nickel
enrichments.
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Error rates were calculated to assess the depend-
ability of the geophysical data obtained. During the
processing of airborne magnetic measurements, cor-
ner deviations and magnetic noise were eliminated,
thereby enhancing measurement accuracy. In model-
ling IP/ERT data, the root mean square (RMS) error
rate was maintained below 5%, signifying the reli-
ability of the results.

Analysis of spontaneous potential (SP) data

The SP data was a supplementary technique for
identifying fault zones and surface water dynam-
ics. Measurements revealed substantial negative and
positive anomalies in the studied area. Negative SP
anomalies were typically associated with altered
zones, whereas positive anomalies were correlated
with surface water flow.

The geophysical survey results have effectively
shown structural and altered zones potentially linked
to chromite and nickel enrichments in the studied re-
gion. The IP and ERT measurements, along with the
magnetic anomalies, offer compelling evidence of the
area’s mineralization potential. Specifically, regions

exhibiting elevated chargeability in IP data have been
designated priority targets for comprehensive mineral
exploitation.

DISCUSSION

This study’s integration of geophysical and geo-
chemical methodologies has yielded significant in-
sights into the mineralization potential of the Arizl
region, which is notable for its ophiolitic mélange and
substantial mineral resources, including chromite and
nickel. The comprehensive methodology utilized here-
in, encompassing drone-based magnetic surveys, [P/
ERT profiling, and sophisticated geochemical analy-
sis, illustrates both the benefits and difficulties of these
techniques in exploring analogous deposits worldwide.

Analysis of international case studies

Global ophiolitic complexes, including those in
Oman (Ahmed, Arai 2003), the Balkans (Kapsiotis
2014), and New Caledonia (Maurizot et al. 2020;
Wells et al. 2022), have repeatedly exhibited substan-
tial potential for the occurrence of chromite, nickel,
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and associated minerals. The results from Arizli align
with these international observations, particularly in
terms of the correlation between chromite mineraliza-
tion and serpentinized ultramafic rocks. Eskandari et
al. (2023) demonstrated that high-resolution drone-
based magnetic surveys can accurately identify deep-
seated mineralized formations, a finding similar to
those in the Arizli region.

Moreover, Turkey’s chromite deposits, espe-
cially inside the Tethyan ophiolitic band (Cift¢i et al.
2019), exhibit significant parallels with the discover-
ies in Arizli, particularly regarding structural restric-
tions and the occurrence of brecciated ore zones. The
present work validates these findings by highlighting
the significance of fault zones in promoting hydrother-
mal modifications and ensuing mineral enrichment, as
documented in research from the Philippines (Dossey
2023) and Papua New Guinea (Smith ez al. 2023).

Regional tectonic context and structural
framework

The Arizli ophiolitic complex is located within the
extensive tectonic structure of the Neotethyan suture
zone in western Anatolia, which documents the clos-
ing of the Neotethys Ocean and ensuing continental
collision episodes during the Late Cretaceous (Rob-
ertson 2002; Dilek, Furnes 2011). The area is char-
acterized by the presence of ultramafic units, includ-
ing harzburgite, dunite, and serpentinized peridotite,
which are frequently linked to thrusting and obduc-
tion at the continental edge. The Arizli region exem-
plifies a tectonic mélange environment, characterized
by significant deformation and brecciation along east-
west-oriented right-lateral strike-slip faults, which
played a pivotal role in concentrating hydrothermal
alteration and chromitite mineralization.

The structural components indicate a post-sub-
duction tectonic regime characterized by lithospheric
thinning, slab break-off, and strike-slip faulting, which
enabled mantle upwelling and subsequent magmatic
activity. The placement of chromite-rich dunites and
subsequent serpentinization presumably transpired
along steep, structurally regulated zones, which cur-
rently serve as favoured pathways for fluid circulation
and mineral concentration. This view corresponds with
models suggested for analogous ophiolitic complexes
in the Eastern Mediterranean and southern Tethyan re-
gions (Parlak et al. 2009; Kapsiotis 2014).

Assessment of geophysical methodologies

Drone-based magnetic surveys have demonstrated
significant utility in identifying underlying anoma-
lies in extensive and challenging landscapes. Drone-
based systems offer superior spatial resolution and

expedite data collection relative to traditional ground-
based methods, as demonstrated by recent research
conducted by Park and Choi (2020), Jackisch et al.
(2021), and Li et al. (2024). This study also encoun-
tered constraints, including vulnerability to ambient
noise and the need for sophisticated data processing
algorithms, as noted by Dadrass et al. (2024).

The IP/ERT profiling was crucial in detecting
resistivity and chargeability abnormalities, which
signified mineralized zones (Alshareef et al. 2025).
The results align with those of the Yukon chromite
deposits in Canada (Cross, Peterson 2023) and the
Bushveld Complex in South Africa (Kruger 2021;
Sihoyiya 2023), where IP/ERT profiling has been
successfully employed. This work further highlights
the challenges of scaling IP data to accurately rep-
resent more complex systems, echoing the concerns
expressed by Davidenko et al. (2023).

The computed RMS errors of under 5% confirm
the dependability (Harris, Grunsky 2015) of the IP/
ERT data gathered in Arizli. The accuracy aligns with
studies conducted in Oman and the Philippines (Arai
1992; Ahmed, Arai 2003; Tupaz et al. 2020), which
found analogous error margins, underscoring the ro-
bustness of the applied technique (Lelievre, Farqu-
harson 2016; Harris, Grunsky 2015).

Geochemical insights and global comparisons

The geochemical results from XRF, ICP-MS, and
XRD examinations characterize the area’s principal
oxides, trace elements, and mineral phases. The el-
evated Cr,O, content (up to 49.51%) and substantial
Ni concentrations (> 2.000 ppm) found in the Arizl
samples position the location among the economically
important chromite and nickel resources worldwide.
Similar geochemical signatures have been reported in
the Oman ophiolites (Arai et al. 2004) and the Pin-
dos ophiolites in Greece (Zhou et al. 1996; Kapsiotis
2013, 2014, 2016; Zaccarini et al. 2024).

Additionally, the Cr/Fe ratios in the Arizli
chromites correspond with those documented from
the Vourinos chromite deposits in Greece (Smith
et al. 2024) and the Sukinda belt in India (Arasada
et al. 2020; Mishra et al. 2022), hence reinforcing
the economic potential of these deposits. This work
successfully demonstrates the association between
geochemical anomalies and geophysical data, a re-
lationship previously observed in other mineralized
belts, including the Abitibi greenstone belt in Canada
(Mokhtari et al. 2025).

While rare earth element (REE) analysis was not
performed in this phase of the study, subsequent re-
search will incorporate REE and isotopic investigations
to more accurately delineate the mantle source charac-
teristics and assess potential metasomatic overprints.
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Benefits and drawbacks of methodologies

The integrative technique employed in this study
provides a multifaceted understanding of the sub-
surface geology. Drone-based magnetic surveys ac-
curately defined extensive structural features, whilst
IP/ERT profiling provided depth-specific resolution
to the mineralized zones (Moezzi Nasab et al. 2023).
The geochemical analyses enhanced these methods
by confirming the mineralogical composition and el-
emental distribution.

Nevertheless, certain limits were identified.
Drone-based magnetic surveys provided high-resolu-
tion data; nonetheless, their efficacy diminished in re-
gions characterized by dense vegetation and steep to-
pography, as noted by Efrem et al. (2024). Likewise,
IP/ERT profiling encountered difficulties in areas
with significant resistivity differences, which could
obscure minor anomalies, a shortcoming identified in
research by Li ef al. (2023).

Consequences for subsequent exploration

The results from the Arizli region highlight the
efficacy of integrating contemporary geophysical
and geochemical techniques for mineral prospecting.
Integrating drone-based surveys with [P/ERT profil-
ing constitutes a substantial development in locating
deep-seated ore bodies, as notably highlighted in re-
cent research (Jackisch 2020; Jackisch et al. 2021).
Subsequent research may benefit from integrating
supplementary techniques, such as magnetotellurics
and 3D inversion modeling, which have demon-
strated efficacy in alternative ophiolitic environments
(Kruger 2021; Sihoyiya 2023).

Moreover, the data obtained from Arizli can be
a benchmark for investigating analogous deposits
in other regions of Turkey and worldwide. The ap-
proaches and results provided here provide a compre-
hensive framework for appraising mineral potential
in structurally complex terrains, particularly those as-
sociated with ophiolitic phases.

The investigation of the Arizli region’s minerali-
zation potential has been enhanced by utilizing high-
resolution geophysical and geochemical methods,
highlighting their relevance in analogous global geo-
logical contexts. The study may serve as a reference
framework for future studies in ophiolitic terrains.

CONCLUSIONS

This study thoroughly assesses the mineralization
potential in the Arizli ophiolitic complex, a signifi-
cant geological formation in the Afyon region of Tur-
key. It utilizes an integrated methodology that merges
advanced geochemical and geophysical techniques.
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The findings illustrate the essential interaction among
structural controls, lithological differences, and eco-
nomic mineralization, providing significant insights
for academic study and practical exploration endeav-
ours.

The geochemical investigation, performed us-
ing XRF and ICP-MS techniques, demonstrated a
substantial enrichment of chromium (up to 49.51%
Cr,0,) and nickel (up to 2145 ppm) in the ultrama-
fic lithologies, which are rock formations with a high
magnesium and iron content, especially within dun-
itic zones. The mineralogical composition, as deter-
mined by XRD analysis, revealed the predominance
of chromite, serpentine, and magnetite, with elevated
Cr/Fe ratios indicating substantial economic poten-
tial. These results align with global counterparts, in-
cluding the Bushveld Complex in South Africa and
the Pindos Ophiolite in Greece, underscoring the im-
portance of ultramafic complexes as key targets for
strategic mineral exploration.

High-resolution drone-based magnetic surveys
identified specific anomalies associated with the ultra-
mafic strata containing chromite and nickel minerali-
zation. Depth slices of 50 m, 100 m, 150 m, and 250 m
accurately delineated subsurface lithological and
structural characteristics, encompassing fault zones
and brecciated serpentinites linked to metal deposits.
The resistivity and chargeability data from IP/ERT
profiles provide supplementary insights, highlight-
ing underlying ore zones and structural constraints,
including faults and lithological boundaries. Integrat-
ing drone-based geophysics with ground-based geo-
chemical approaches proved crucial for enhancing the
accuracy and reliability of the exploration model.

Theresultsunderscore the study’s global relevance,
highlighting the crucial influence of structural charac-
teristics, including faults and lithological connections,
on the control of mineralization. The discontinuities
enabled hydrothermal alteration and serpentinization
processes, which subsequently concentrated chromite
and nickel ores in particular zones. The brecciated
and altered zones associated with these formations
are promising prospects for further exploration and
resource assessment. The study’s scientific approach
validates the economic potential of the Arizli com-
plex and establishes a precedent for research tactics
in analogous ophiolitic terrains worldwide.

This study acknowledges constraints, including the
unexplored subsurface beyond a 250 m depth, which
necessitate the use of advanced geophysical meth-
ods, such as gravity surveys or seismic imaging. Fur-
thermore, forthcoming metallurgical investigations
are required to evaluate the viability of mining and
processing these minerals. Extending this methodol-
ogy to more ophiolitic complexes in Turkey, includ-
ing the Mersin and Ispendere ophiolites, may confirm



its broader relevance. The amalgamation of machine
learning algorithms with geophysical and geochemi-
cal datasets offers a promising opportunity to enhance
the accuracy of mineral deposit predictions.

This research elucidates the mineralization proc-
esses in the Arizli ophiolitic complex and establishes
a comprehensive, scalable analytical framework for
mineral prospecting in ultramafic terrains. The find-
ings enhance our understanding of vital mineral re-
sources and underscore Turkey’s potential as a signif-
icant player in the global mineral market. This work
offers a crucial step forward in merging contemporary
technologies and traditional exploratory approaches
to address the challenges of modern mineral explora-
tion, inspiring optimism for the industry’s future.
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