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Abstract: The present research’s main objective was to apply thorough exploration approaches that
combine remote sensing data with geochemical sampling and analysis to predict and identify potential
chromitite locations in a complex geological site, particularly in rugged mountainous terrain, and
differentiate the ultramafic massif containing chromitite orebodies from other lithologies. The ultramafic
massif forming the mantle section of the Kirdag ophiolite, located within the Erzurum—Kars Ophiolite
Zone and emerging in the east of Oltu district (Erzurum, NE Turkey), was selected as the study area.
Optimum index factor (OIF), false-color composite (FCC), decorrelation stretch (DS), band rationing
(BR), minimum noise fraction (MNF), and principal and independent component analyses (PCA-ICA)
were performed to differentiate the lithological features and identify the chromitite host formations.
The petrography, mineral chemistry, and whole-rock geochemical properties of the harzburgites, which
are the host rocks of chromitites in the research area, were evaluated to verify and confirm the remote
sensing results. In addition, detailed petrographic properties of the pyroxenite and chromitite samples
are presented. The results support the existence of potential chromitite formations in the mantle section of
the Kirdag ophiolite. Our remote sensing results also demonstrate the successful detection of the spectral
anomalies of this ultramafic massif. The mineral and whole-rock geochemical features provide clear
evidence of petrological processes, such as partial melting and melt—peridotite interactions during the
harzburgite formation. The chromian spinels’ Cr#, Mg#, Fe3*, Al,O3, and TiO, concentrations indicate
that the harzburgite formed in a fore-arc environment. The Al,O3 content and Mg# of the pyroxenes
and the whole-rock Al;O3/MgO ratio and V contents of the harzburgite are also compatible with these
processes. Consequently, the combined approaches demonstrated clear advantages over conventional
chromitite exploration techniques, decreasing the overall costs and supporting the occurrence of chromite
production at the site.

Keywords: remote sensing; ophiolite; geochemsitry; ultramafics; chromitite; Turkey

1. Introduction

There are vast amounts of ophiolitic rocks in Turkey. Based on the findings of [1],
chromite (Cr) is only found in mafic and ultramafic igneous rocks. Variable degrees of
serpentinization are frequently seen in these ultramafic rocks [2-5].
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Ophiolites are components of the oceanic crust and the outer mantle that were moved
and formed continents during geological processes known as orogenic events [6,7]. Ophi-
olitic sequences are typically found in suture areas and can reassemble the ancient location
of orogenic activities [7,8] (Figure 1a). Typically, they contain a variety of mineral deposits,
including chromite deposits. These types of deposits comprise tiny masses of molten rock
that are not evenly spread out throughout the ultramafic region of an ophiolite system [5,6].
Most of these deposits are located close to the mantle transition region, specifically within
the ultramafic rocks (mostly dunite) of the ophiolitic pattern and at the boundary of higher
regions that resemble cumulates [9,10].

The mining of surficial deposits has a long history, and geophysical approaches have
faced several difficulties, including the small size of chromite pods, their resemblance to
certain rocks, structural features, and the potential presence of iron-rich bodies. Despite
these difficulties, various approaches to mineral exploration have been developed, with
significant accuracy and success [10,11]. Due to their ability to extend above the rocks
surrounding them and their greater resistance to weathering than their serpentinized host,
most surficial chromite deposits have been exploited. However, the fact that such deposits
are usually discovered in clusters raises the likelihood that there are other orebodies far
below the deposits that have been identified. In addition, no single investigation technique
can be used to identify such deposits because of the complexity of the relevant geologic
processes. Conversely, combined methods have been relatively successful for chromite
exploration; one such example is the fusion of geological, geochemical, remote sensing,
and geophysical approaches [11-13].

The ideal method for detecting these serpentinized sites in dry locations without
vegetative cover and mapping regions with irregular topography is remote sensing [14-16].
Satellite remote sensing has demonstrated its ability to differentiate between hydrothermal
alteration areas, structures, and lithologies to significantly differentiate serpentinized
peridotites from other ultramafic and mafic rocks, intending to determine exploration
possibilities [17,18]. Podiform chromite exploration has benefited from some established
techniques, in addition to the advancement of satellite missions and their multiple uses
in the remote sensing of indications of mineralization [19]. Furthermore, some of the
essential characteristics of podiform chromite, such as the lack of significant hydrothermal
alteration associated with mineralization, continue to be a challenge. Principal Component
Analysis (PCA), band rationing, and spectral transform methods have been the mainstays
of traditional lithological mapping techniques employed in most ophiolite remote sensing
investigations [15,16,20].

To more definitively define the criteria for identifying mineralized zones containing
chromite, through the current study, we aim to establish a link between satellite remote
sensing, geochemical analysis, and field data. This strategy becomes crucial in locations
with rugged terrains, such as those examined in this case study (Oltu Erzurum’s East,
Turkey). We used a multi-stage processing approach to accomplish this goal. First, we used
satellite remote sensing to identify the most promising lithological units (serpentinized
ultramafic units) that could host chromite mineralization. Furthermore, we conducted field
surveys, petrographic analyses, and geochemical evaluations to assess the reliability of the
data. After integrating the data, we were able to generate a geological map that included
more chromitite prospecting sites for ultramafics.
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Figure 1. (a) Illustration depicting the overall distribution of ophiolite belts and prominent tectonic
suture areas across Turkey, with modifications derived from [21,22]. (b) Geological map specifically
detailing the Kirdag ophiolite, adapted from [23].

2. Geological Outlines

The Eastern Pontides and Eastern Taurides are critical tectonic zones in the northeastern
Anatolian Area [24]. The Eastern Pontide Belt has been recognized as part of the Sakarya
Region, forming a segment of the active continental margin of Eurasia [25]. This margin
evolved due to the northward subduction of Neotethys during the Late Cretaceous [24-27].
Although scholarly opinions vary regarding its geodynamic evolution, some suggest south-
ward subduction from the Palaeozoic to the end of the Eocene period [28]. The Late Cretaceous
ophiolites with ophiolitic melange found in the Izmir-Ankara-Erzincan Suture Zone (IAESZ)
divide the Pontide and Tauride tectonic zones [24,25,29-33] (Figure 1a). The Eastern Pontides’
eastern section is made up of four lithological sub-groups: the Late Cretaceous ophiolites, the
upper mixed portion, the lower mixed portion, and the autochthonous units of the Eastern
Pontides [27]. The Late Cretaceous ophiolites—the Erzurum—Kars Ophiolite Zone—consist of
ophiolitic melange and metamorphic and sedimentary formations [23].

The Kirdag ophiolite sequence, including the study area and situated in the Erzurum—
Kars Ophiolite Zone, commences with gabbroic rocks at the bottom, overlain by basal
conglomerates that are approximately 50 cm thick. Subsequently, the Bardizgay1 Formation
comprises sandstone, mudstone, shale, siltstone, and radiolarite [23]. The upper part of
the sequence contains blocks of limestone and ophiolitic segments. The Gezenek melange
unit comprises various volcanic components: granitoid, gabbro, diabase, serpentinite,
chert, sandstone, tuff, and siltstone [23]. The ultramafic rocks predominantly consist of
serpentinized harzburgites with minor occurrences of wherlite, dunite, chromitite, and
pyroxenite [23,34]. These ultramafics and related rocks are structurally positioned on the
Gezenek melange, a tectonic unit hosting diverse lithologies. In addition to pyroxenites,
which intrude into peridotites, diabase and gabbroic veins are present in the area [23,35].
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The Late Cretaceous Karatastepe Granitoid also led to the development of low-grade meta-
morphic rocks comprising basic volcanics and volcanoclastic and sedimentary formations
in the region [23,31,32,35] (Figure 1b).

3. Materials and Methods
3.1. Remote Sensing Data

Field and laboratory investigations were combined using ASTER level 1B data. ASTER
measures electromagnetic radiation in 14 spectral bands to create images of the Earth’s surface
and atmosphere. Three visible and near-infrared (VNIR) bands range from 0.52 to 0.86 pm,
with a 15 m spatial resolution. In addition, six SWIR bands (1.6-2.43 pm) are available, with a
spatial resolution of 30 m. Five TIR bands span 8.125-11.65 um wavelengths, with a 90 m spatial
resolution. By adding a band that captures visible and near-infrared light, digital elevation
models (DEMs) can be created by utilizing the bands 3N and 3B. Each ASTER scene covers an
area of 60 x 60 km due to its 60 km sweep width. As indicated, these characteristics render
it appropriate for the application of regional mapping, as stated by the authors of [36-38].
Cloud-free scenes of corrected ASTER level 1 precision terrain registered at sensor radiance
(AST_L1T) and covering the study area were downloaded for free on 4 June 2024 from the
USGS Earth Explorer website (https://earthexplorer.usgs.gov), accessed on 23 June 2024.

3.1.1. ASTER Data Preprocessing

The ASTER raw dataset, consisting of visible and near-infrared (VNIR) and shortwave
infrared (SWIR) data, underwent preprocessing procedures to prepare it for further processing
and analysis. The preprocessing stage comprises radiometric calibration, atmospheric correc-
tion, and minimal noise fraction (MINF). ENVI software version 5.3 by L3Harris Geospatial
USA (Broomfield, CO, USA) was used to apply radiometric calibration and the fast line-of-
sight atmospheric analysis of spectral hypercubes (FLAASH) atmospheric correction model.
This process, described in [39], involved calibrating ASTER data to spectral appearance,
subsetting, and converting the digital number (DN) to reflectance. ASTER’s (TIR) bands
underwent radiometric calibration and thermal atmospheric correction (Figure 2).
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Figure 2. A flow chart showing the methodology of the combined approach applied in the investi-
gated area.
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3.1.2. Image Processing

In this study, we employed various techniques that exploit different mechanisms to
enhance image quality. These approaches cover (OIF), (FCC), (BR), (MNE), (ICA), (PCA),
and (DS) (Figure 2).

3.1.3. Optimum Index Factor (OIF)

Depending on their overall variance and their correlation coefficient, the OIF method
evaluates and ranks every RGB color combination found in multispectral remote sensing
datasets [40-42]. The OIF is determined using Equation (1) [41]:

B Stdi+5tdj + Stdy
| Corrij |+ Corrix | +| Corr |

OIF )

Std; is the standard deviation of band i, whereas Corr;j shows the two bands” absolute
correlation coefficients, i and j. Choosing the three bands with the greatest OIFs guarantees
that the combination contains the most information while simultaneously demonstrating
little correlation. This option is believed to provide the most detailed information and is
used for improved lithological differentiation.

3.1.4. False-Color Composite (FCC)

The differentiation between the lithological and hydrothermal alteration zones was enhanced
using strategies such as those recommended by Campbell, ]. B., and Wynne, R. H. (2011) [43]. The
use of false-color composites (FCCs) assists considerably in viewing images, leading to enhanced
interpretation. In this study, we selected RGB combinations based on the exposed rock unit types,
the results of previous studies, the outcomes of optimal index factor (OIF) investigations, and the
spectral features of the datasets utilized, ensuring the maximum degree of discrimination.

3.1.5. Decorrelation Stretch (DS)

The use of DS can reveal nearly imperceptible images that are hardly visible to the
naked eye. The heightened visibility of distinct variations in color can provide valuable indi-
cations of superposition. Images can be improved for publishing or presentation to viewers
who may not have the ability or desire to decipher their subtle aspects. Decorrelation
stretching is gaining popularity as a key method, as evidenced by [44—46] discussions in the
literature. The obtained data are transformed using the principal component method. In
this case, the modified channels can be contrast-stretched and arbitrarily allocated primary
colors for display as a color composite image.

3.1.6. Band Rationing (BR)

The technique of dividing one band’s digital number (DN) levels by the corresponding
value of the DN of another band is known as band rationing. Following this step, a
grayscale image with the DN values obtained is displayed, revealing the bands’ respective
intensities [47-49]. The BR technique helps distinguish lithological features and identify
hydrothermal alterations [13,42].

3.1.7. Minimum Noise Fraction (MNF)

The MNF approach is employed in image processing to help distinguish random noise
throughout datasets and enhance spectrum variance [50,51]. This approach was discovered
to be effective in accurately identifying and categorizing various types of rocks, particularly
when utilizing ASTER SWIR data. The (VNIR) and (SWIR) bands of (ASTER) were used to
construct the MNF imagery for the research area.

3.1.8. Principal Component Analysis (PCA)

The PCA approach is widely recognized for its ability to decrease dimensionality,
with the first principal component reflecting the most significant possible data variability.
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Consequently, the primary principle components exhibit significant variation and are
primarily employed to produce robust color composites, thereby enhancing the visual
depiction of the mapping of the surface material [52-54]. In this work, we applied PCA to
improve the lithological discrimination.

3.1.9. Independent Component Analysis (ICA)

The ICA method illustrates blind source separation (BSS), which separates the com-
bined signals from the source signals without understanding the mixing method or the
source signals [55]. As a result, the main objective of ICA is to find a set of uncorrelated
components that are as independent of one another as is practical (note that uncorrelat-
edness is a less strict parameter than independence) [56]. As with PCA, we used the ICA
approach to improve the lithological mapping.

4. Results and Discussion

4.1. Remote Sensing

4.1.1. Optimum Index Factor (OIF), False-Color Composite (FCC), and Decorrelation
Stretch (DS)

The color composite image technique is commonly employed for displaying multi-
spectral data. A band combination environment may show a picture utilizing only three
primary colors: red, green, and blue. Reducing the variance value’s correlation is crucial to
obtaining the optimal choice among the three band combinations. The bands with higher
OIF values (2, 3, and 5) for ASTER were chosen to enhance the extraction of different
lithological information from the image (Figure 3a), as shown in Table 1. This table displays
the highest OIF values and rankings of the combinations of ASTER bands. The ultramafic
rocks are shown in deep red.

¢ Ultra

o Uit
Y i

42°100°E 42°150°E
42°100"E 42°150°E

42°100°E

Figure 3. (a) False-color composite image in the RGB of ASTER bands (2, 3, 5). Ultra = ultramafic and
Gab = gabbro; (b) false-color composite image in the RGB of ASTER bands (8, 3, 1); (c) false-color
composite image in the RGB of ASTER bands (1, 2, 3); and (d) false-color composite image in the RGB
of the ASTER band ratio (4/8,4/1,and 3/2 x 4/3).
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Table 1. The highest values of OIF and ranks of combinations of ASTER bands are as follows.

1 B2 B3 B5 (284.41)
2 B2 B3 B9 (276.16)
3 B2 B3 B6 (268.20)
4 B2 B3 B7 (262.72)
5 B2 B3 B8 (259.15)
6 Bl B3 B5 (247.70)

Ultramafic rocks appeared in blue based on a false-color composite image (Figure 3b)
comprising bands (8, 3, 1) in red, green, and blue. DS techniques were utilized to analyze
the 1-2-3 ASTER VNIR bands. Based on the features of Figure 3c, the ophiolitic rocks
have undergone clear differentiation from the country rocks. The exposed ultramafic rocks
display hues ranging from greenish to reddish [57].

4.1.2. Band Rationing (BR) Results

The RGB of ASTER band ratios (4/8,4/1, and 3/2 x 4/3) proposed by Rajendran, S.,
and Nasir, S., in 2019 discriminates the ultramafic rocks in the dark brown color (Figure 3d).
Taking the absorption features of ferromagnesian minerals into account, [58] illustrated that
the b3/b4 band ratio helps distinguish ultramafic rocks, such as dunites and serpentinite
ultramafic units, which appear darker compared to other rocks (Figure 4a).

42°100°E

0°250"N

42°50°E

42°150°E

°300°N

42°5'0°E 42°100"E 42°150°E

Figure 4. (a) Grayscale image of the ASTER band ratio (3/4), (b) false-color composite image in the
RGB of ASTER MNF (1, 2, 3), and (c) false-color composite image in the RGB of ASTER MNF (9, 6, 4).

4.1.3. Minimum Noise Fraction (MNF) Results

The findings of our study indicate that the initial MNF bands, specifically MNF1,
MNEF2, and MNF3 in the RGB spectrum, exhibit superior lithological distinction due to
their high information content and minimal noise compared to the following bands. For
example, the MNF1, MNF2, and MNF3 RGB images displayed a remarkable distinction
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between various rock types at the research location, especially the ultramafic rocks that
appeared light pink in color (Figure 4b). The authors of [58] employed the MNF9, MNF6,
and MNF4 components of the RGB ASTER data to efficiently distinguish ultramafic rocks,
represented by the violet hue (Figure 4c).

4.1.4. Principal and Independent Component Analyses (PCA-ICA)

As approaches to dimensionality reduction and image improvement, PCA and ICA
transformation generate bands with considerable information. These bands help determine
the spectral properties of different rocks or minerals in the study area. To distinguish the
bluish ultramafic rocks, three PCs (PC1, PC2, and PC3) in the false-color composite RGB
image were created (Figure 5a). Conversely, the IC (ICA1, ICA2, and ICA3) false-color
composite images in RGB successfully discriminate the ultramafic rocks in a light green
color (Figure 5b).

42°10'0"E 42°15'0"E 42°5'0"E

42°15'0"E

42°5'0"E 42°10'0"E 42°15'0"E

42°15'0"E

Figure 5. (a) False-color composite image in the RGB of ASTER PCs (1, 2, 3), (b) false-color composite
image in the RGB of ASTER ICs (1, 2, 3), (c) false-color composite image in the RGB of ASTER PCs (5,
4, 2), and (d) false-color composite image in the RGB of ASTER (b4, PC1, PC2).

The authors of [15] suggest using PC5, PC4, and PC2 to more effectively differentiate
serpentinized harzburgites from other ophiolitic rocks such as gabbros and metabasalt.
These components were also proposed to identify the possible chromite mineralized zone.
A comparison of the RGB composite images of PC5, PC4, and PC2 with the results of [15] is
provided in Figure 5c. The greenish-yellow color inside the ultramafic rocks better defines
the possible mineralized zone for chromitites [37].
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Instead of using a false-color composite (FCC) image that integrated the original
bands of the datasets, PC images were mixed with the original band image because PC
images have a more significant image variance than typical FCC images. Consequently, the
hybrid color composite image in [58] combined b4, PC1, and PC2 (Figure 5d). This hybrid
combination identifies the ultramafic rocks in a clear green color.

4.2. Field Observations, Petrography, and Mineral and Whole-Rock Geochemical Results

To draw insights from interpretations of the remote sensing data, we re-evaluated the
meticulously collected samples of ultramafic rocks (especially harzburgites) from multiple
locations across the study area in terms of their mineral and whole-rock geochemical prop-
erties. Employing a trinocular polarizing and reflecting microscope, we also conducted
detailed petrographic examinations of new thin sections encompassing peridotite (harzbur-
gite and dunite) and pyroxenite and chromitite, but only for this current study. However, no
new analytical procedures were performed, nor was any reanalysis conducted. Instead, we
relied entirely on the pre-existing data published and analyzed by the author of [34]. These
previously gathered data were carefully reviewed, evaluated, and interpreted to inform
the findings and conclusions of the present investigation. The mineral and whole-rock
geochemical analysis methods are described in [34].

The existence of harzburgites holds significant importance in exploring potential
podiform chromite deposits (i.e., chromitites). From this perspective, the predominant
lithology in the study area consists mainly of harzburgites, frequently interspersed with
smaller amounts of dunite, wehrlite, pyroxenite, and occasional chromitite blocks (as
depicted in Figure 6a-h). Therefore, for this investigation, our focus was primarily on
the harzburgites spread over a wider area. This main segment of the ultramafic section
within the Kirdag ophiolite is characterized as medium-to-coarse-grained crystallized and
partly serpentinized harzburgites. They typically exhibit a characteristic porphyroclastic
texture, comprising over 85% volume of olivine and orthopyroxene, less than 3% volume
of clinopyroxene (cpx), and approximately 1%—2% volume of chromian spinels and 10%
volume of serpentine minerals. The orthopyroxene contents in the harzburgite samples
are notably elevated, with the most prominent ones displaying coarse-grained textures
and extensive deformation aligned parallel to the foliation and featuring a bent structure
alongside clinopyroxene exsolution lamellae (Figure 7a,b).

Examinations of the dunite samples via petrographic analysis revealed predomi-
nantly equigranular textures, primarily consisting of olivine, chromian spinel, and smaller
amounts of serpentine (Figure 7c,d). It was also determined that the pyroxenites are
orthopyroxenites, have a coarse-grained texture, and consist entirely of orthopyroxene,
except for a 1%-5% volume of clinopyroxene and spinel (Figure 7e). The chromitite samples
underwent examination using a reflection microscope, revealing massive and semi-massive
textures. Serpentinized olivines were seen in these samples alongside the chromian spinels
(Figure 7f).

To achieve the aim of this study, our investigation of the mineral chemistry focused
on pristine primary silicates and oxides, such as olivine, orthopyroxene, clinopyroxene,
and chromian spinel, extracted from the harzburgites within the Kirdag ophiolite. These
harzburgitic peridotites serve as the foundational host rock for the dunites, chromitites,
and pyroxenites.
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Coordinate
40 28' 13" N
42 10'4" E

Figure 6. (a) Field snapshot exhibiting the juxtaposition between the host harzburgite and adjacent
lithologies (including dunite, pyroxenite, and chromitite) within the research locale. (b—h) Detailed
close-up images showcasing the characteristics of the harzburgite, dunite, pyroxenite, and chromitite

pod within the mantle section of the Kirdag ophiolite.
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Figure 7. Thin-section photomicrographs of the harzburgite (a,b), dunite (c,d), pyroxenite (e), and
chromitite (f). Microphotos (a,c,e) were taken under cross-polarized light, (b,d) were taken under plane-
polarized light, and (f) was taken using a reflecting microscope for a chromitite ore sample. In the figure,
spnl = chromian spinel, ol = olivine, opx = orthopyroxene, cpx = clinopyroxene, and srpn = serpentine.

The olivines in the harzburgites exhibit Fo-numbers ranging from 90.74 to 91.21, and
their NiO and MnO contents vary between 0.39 and 0.50 and 0.09 and 0.15, respectively [34].
The FeO and Cr,Os contents of the olivines also vary between 8.51 and 9.08 and 0.17
and 0.60, respectively [34]. Based on the microprobe analysis findings, the orthopyrox-
enes, which constitute the predominant minerals in harzburgites after olivines, exhibit
an enstatite composition [34]. The major chemical compositions of the orthopyroxenes
generally display slight variations within narrow ranges. The Mg-numbers (Mg/(Mg+Fe))
of the orthopyroxenes observed in harzburgite range from 0.91 to 0.94. Additionally, these
orthopyroxenes” Al,O3 and TiO; contents are relatively uniform, falling within the ranges
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of 1.07 to 1.83 wt.% and <0.01 to 0.03 wt.%, respectively [34]. Despite being relatively
less abundant in these harzburgites, clinopyroxenes play a significant role in petrological
interpretation, showcasing Mg-numbers (Mg/(Mg+Fe)) spanning from 0.94 to 0.95 [34].
The Al,O3 and TiO, concentrations within these clinopyroxenes vary, ranging from 1.47 to
2.13 wt.% and <0.01 to 0.01 wt.%, respectively [34]. Across all observed clinopyroxenes,
the Cr,O3 content falls within the range of 0.61 to 1.30 (wt.%) [34]. The composition of
chromian spinels within these harzburgites exhibited a high degree of uniformity. Specifi-
cally, the Cr-numbers (Cr/(Cr+Al)) of the chromian spinels fall within the range of 0.54 to
0.61 [34]. These spinels also demonstrate narrow ranges of Mg-numbers (Mg/(Mg+Fe)),
spanning from 0.52 to 0.56. Moreover, their TiO2 contents are notably low, measuring at
0.01 (wt.%) [34].

The whole-rock geochemical analyses conducted on the harzburgites within the Kirdag
ophiolite were re-evaluated for this current investigation. Substantial alterations were noted
in the loss on ignition (LOI) values across all analyzed samples, reflecting varying degrees
of alteration. These values exhibit a broad spectrum, ranging from 4 to 14.90 (wt.%). Their
MgO contents range between 35.39 and 40.90 (wt.%); in comparison, the A1203 contents
fall within the 0.40 to 0.64 wt.% range. In addition, the SiO;, Fe;O3, CaO, MnO, and Cr,O3
contents (wt.%) vary from 39.66 to 45.49, 7.32 to 8.46, 0.33 to 0.80, 0.10 to 0.11, and 0.27
to 0.45, respectively. Conversely, the trace element compositions of the harzburgite show
deficient concentrations [34].

4.3. Petrogenesis and Tectonic Implications in the Mantle Section of the Kirdag Ophiolite

The mineral and whole-rock geochemical characteristics observed in harzburgite from
the Kirdag ophiolite (Erzurum, NE Turkey) offer compelling evidence for melting and
melt-rock interactions during harzburgite generation [34]. The Cr-number, Mg-number,
Fe**-number, and TiO, contents of chromian spinels are vital parameters utilized to discern
the tectonic origins of peridotites [59-64]. The mentioned compositions of the chromian
spinels in the harzburgites from the Kirdag ophiolite imply their genesis within a supra-
subduction zone setting (SSZ) ([34]; Figure 8a—c). The Mg-numbers and Al,O3 contents of
orthopyroxene and clinopyroxene in mantle peridotites indicate partial melting and SSZ-
related tectonic conditions [65-67]. The high Mg-number and low Al,O3 contents in the
orthopyroxenes and clinopyroxenes of the Kirdag ophiolite harzburgites are similar to those
of fore-arc peridotites ([34]; Figure 8d,e). Additionally, whole-rock geochemical analysis
of the harzburgite samples aligns with the mineral chemistry data, showing similarities
to depleted fore-arc peridotites in terms of Al;O3/SiO; ratios and V (ppm) contents ([34];
Figure 8f).

In summary, the harzburgites within the Kirdag ophiolite are not simply residual
peridotites; they reflect a reactive origin influenced by both melt—peridotite interactions
and the partial melting process in a fore-arc setting [34]. These characteristics also provide
insights into the processes that may have led to the formation of chromitite orebodies in
the Kirdag ophiolite mantle section.

4.4. Integration of Remote Sensing and Geochemical Results

In mineral potential mapping, it is necessary to integrate several data sources in a
spatial evaluation approach. A combined technique was utilized to determine the likely
high-potential sites of chromitite. The results obtained from the remote sensing data and
geochemical analysis were combined and produced significant proof, which can aid in the
research techniques used in the exploration of chromitite.

Using various techniques, including OIF, FCC, BR, MNE, ICA, PCA, and DS, it was
possible to use the remote sensing results to distinguish between peridotites (harzbur-
gites) hosting chromitite and other lithologies (Figure 9). The existence of harzburgites
significantly impacts chromite ore deposit prediction and identification.
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Figure 8. Graphical representations (a,b) illustrating the relationship between the Cr-number, Mg-
number, and Cr-number and TiO, for chromian spinels within the harzburgite. Abyssal, fore-arc
peridotite, and boninite fields are derived from [68], whereas the reaction fields and partial melting
trend are referenced from [66,69], respectively. The diagram (c) presents the relationship between
TiO, and Fe**-number for chromian spinels. The fields representing the Mid-Ocean Ridge (MOR)
and Supra-Subduction Zone (SSZ) contexts are based on data from [64]. Diagram (d) illustrates the
correlation between Al,O3 and Mg-number for orthopyroxene. In addition, (e) depicts the exact
correlation for clinopyroxene. The fields representing abyssal and SSZ peridotites are based on data
from [67]. The diagram (f) illustrates the relationship between V (ppm) and Al,O3/MgO for the
harzburgites from the Kirdag ophiolite. The fields representing the fore-arc and abyssal peridotites
are derived from data compiled by [65,67], respectively.
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Figure 9. Sentinel-2-L.2A True Color B4, B3, B2 showing the location of high-potential chromite-bearing
mineralized zones based on integrating remote sensing and geochemical results with field validation.

The study results suggest that the east of the Oltu site has numerous areas with
high chromite potential. The triangle areas between Ipekcayir, Cayiistii, and Dogkaya
are prospective high-potential chromite-bearing mineralized zones within the ophiolite
region and successfully mapped serpentinized harzburgite-containing chromite orebod-
ies (Figure 9). It is strongly recommended that this technique be employed rather than
depending entirely on field data to explore chromitite in arid locations worldwide further.

5. Conclusions

The region of East Oltu Erzurum, Turkey, which comprises the Kirdag ophiolite se-
quence, including the study area, and is situated in the Erzurum-Kars Ophiolite Zone,
serves as the case study. The primary goal of the present research was to apply compre-
hensive exploration techniques that integrate mineral and whole-rock geochemical data
with remote sensing data to find and identify locations of high-potential sites of chromite
mineralization in a complex geological location, particularly in mountainous terranes with
rough topographies. Additionally, through this research, we aimed to differentiate highly
serpentinized peridotites harboring chromite mineralization from other ultramafic and
mafic rocks. The following techniques were used to identify hydrothermal alteration zones
and distinguish lithological features: PCA-ICA, BR, MNF, DS, OIF, and FCC. Previously
published mineral and whole-rock geochemical data of the harzburgites, the most common
lithology in the study area, were used to validate the remote sensing data in this study. In
addition, using a trinocular polarizing and reflecting microscope, we conducted compre-
hensive petrographic examinations of new thin sections of peridotites (harzburgite and
dunite), pyroxenite, and chromitite specifically for this study.

The remote sensing results showed that the ultramafic rocks that host chromitite ore-
bodies were successfully detected, and their spectral variation was identified. The presence
of harzburgites significantly influences the identification of predicted chromite ore deposits.
The harzburgite’s mineral geochemical characteristics demonstrate petrological processes and
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associated tectonic environments. The chromian spinels’ Cr, Mg, Fe**, and TiO, compositions
in the harzburgites indicate the subduction zone in which they formed. Moreover, the partial
melting conditions in mantle peridotites are marked by the Mg-numbers, TiO,, and Al,O3
levels of orthopyroxene and clinopyroxene. By investigating the harzburgites of the Kirdag
ophiolite, it is evident from these parameters that they have experienced significant partial
melting and melt interactions in a subduction zone environment.

Furthermore, the results of the whole-rock geochemical analysis of the harzburgite
samples are in good agreement with the results of the mineral chemistry investigation;
in particular, they show that the Al,O3/SiO; ratios and V (ppm) concentrations of the
samples are similar to those of depleted fore-arc peridotites. In particular, it is crucial
to comprehend that the harzburgites discovered inside the Kirdag ophiolite are reactive
since the processes of melt interaction in peridotites play an essential role in the formation
of chromitite zones. The study results suggest that the east of the Oltu area comprises
numerous areas with high chromitite-bearing zones within the ophiolite region, and we
mapped the serpentinized harzburgite-containing dunite and chromitite in the triangle
area between Ipekcayir, Cayiistii, and Doskaya sites. The combined strategies provide
significant benefits over traditional exploration methods, reinforcing the site’s potential for
future chromitite production.
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