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Abstract: Listvenite-type silica—carbonate metasomatic alteration in the Vezirler ophiolitic mélange (northeastern
Kula, western Tiirkiye) was screened using a lithology-masked Selective PCA workflow and complementary band-
ratio indices applied to a cloud-free Landsat-7 ETM+ image. Masking reduced spectral mixing from vegetation,
alluvium, and non-target lithologies and increased anomaly contrast within a field-verified ROI. Ferric-iron—
sensitive PC2 anomalies cluster along carbonatized/silicified serpentinites (CS-Srp) and Fe-oxide-stained silica—
carbonate caps (Fscc/Cnz), consistent with hematite coatings documented in the field. Ferrous-iron responses
are comparatively subdued, indicating limited preservation of surface-expressed Fe?" signatures under pervasive
oxidation and overprinting. Hydroxyl-related patterns delineate alteration halos but weaken over strongly silicified
caps where diagnostic OH absorption is suppressed. Band-ratio maps (Fe**: B3/B2; silica: B7/B5; OH: B5/(B5
+ B7)), statistically segmented using p + o thresholds, reproduce first-order PCA patterns and support repeatable
anomaly ranking. The results demonstrate a rapid regional screening approach relevant to alteration targeting and
natural mineral carbonation analogues, while recognizing inherent limitations of the 30 m resolution, such as false
positives in shaded valleys due to topographic effects and spectral dilution from mixed-pixel responses along slope
transitions. Future work may integrate ASTER TIR and archival ASTER SWIR scenes acquired prior to 2008, or
modern SWIR/hyperspectral datasets, to improve mineral discrimination.

Keywords: Band ratios, Crosta-PCA, iron oxides, Kula, Landsat-7 ETM+, listvenite, silica-carbonate alteration,
remote sensing.

Oz: Vezirler ofiyolitik melanji (Kula'min kuzeydogusu, Bati Tiirkive) icerisindeki listvenit tipi silis—karbonat
metasomatik alterasyon, litoloji/ROI maskelemesi uygulanmis Segimli PCA (Selective PCA) is akisi ve tamamlayict
bant-orant indeksleri ile bulut icermeyen bir Landsat-7 ETM+ goriintiisii iizerinden taranmistir. Maskeleme,
bitki ortiisii, aliivyon ve hedef disi litolojilerden kaynaklanan spektral karisimi azaltarak saha ile dogrulanmig
ROI iginde anomali kontrastini artirmistir. Ferrik demire duyarli PC2 anomalileri, karbonatlagmig/silislesmis
serpantinitler (CS-Srp) ile Fe-oksit boyali silis—karbonat sapkalar (Fscc/Cnz) boyunca kiimelenmekte ve arazide
gozlenen hematitlesmis kaplamalarla uyum gostermektedir. Fe®" tepkileri daha zayiftir ve yiizeyde ileri oksidasyon/
overprinting kosullarinda Fe®" imzalarimin sinirli korundugunu diisiindiirmektedir. Hidroksil ile iligkili desenler
alterasyon halelerini isaret etse de kuvvetli silislesmis sapkalarda OH sogurmalarinin baskilanmasi nedeniyle
zayiflayabilmektedir. Bant-orani haritalar: (Fe**: B3/B2; silis: B7/B5; OH: B5/(B5+B7)) ve u + o ile istatistiksel
swmiflama, PCA desenlerini dogrulayarak tekrarlanabilir hedef siralamast saglamistir. Sonuglar, golgeli vadilerde
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topografya kaynakli sahte anomaliler ve egim gegislerinde piksel-i¢i karisim nedeniyle olusan spektral seyrelme gibi
30 m ¢oziiniirliige ozgii svmrliliklar: dikkate alarak, bélgesel 6l¢ekte hizl alterasyon taramasint miimkiin kilmaktadur.
Gelecek ¢alismalarda ASTER TIR ve 2008 oncesi arsiv ASTER SWIR sahneleri veya modern SWIR/hiperspektral

veriler ile mineral ayrumi giiglendirilebilir.

Anahtar Kelimeler: Bant oranlari, Crosta-PCA, demir oksit, Kula, Landsat-7 ETM+, listvenit, karbonat alterasyonu,

uzaktan algilama.

INTRODUCTION

Remote sensing techniques have become essential
tools for mineral exploration, particularly for the
rapid identification of economically significant
mineralization in large and often inaccessible
terrain. One of the pioneering demonstrations
of this potential was presented by Abrams et al.
(1983), who successfully delineated porphyry
copper-related alteration zones in southern Arizona
using multispectral Landsat data. Subsequent
studies have advanced these capabilities through
refined image processing techniques and sensor
improvements. For instance, Crosta and Moore
(1989) significantly enhanced mineral detection
capabilities by identifying specific eigenvector
combinations in Thematic Mapper imagery
that isolate ferric-iron and hydroxyl-bearing
clay minerals, underscoring the importance of
tailored principal components analysis (PCA)
configurations for different geological settings.

The launch of Landsat 7 ETM+ in 1999
introduced shortwave infrared (SWIR) spectral
bands particularly sensitive to distinguishing
iron oxide and clay alteration minerals, enabling
high-resolution mineralogical mapping at regional
scale (Segal, 1982; Aydal et al., 2007; Khaleghi
et al. 2020). Numerous studies have demonstrated
that basaltic volcanic fields undergo intense
chemical weathering of young basaltic lavas
and tuffs, leading to the formation of iron oxide
minerals, primarily hematite (0-Fe,O,), goethite
(a-FeOOH), and limonite (FeO(OH)-nH,O) in
surface or near-surface horizons. Deeper profiles
often exhibit alteration of volcanic glass into clay
minerals, notably smectite, illite, and kaolinite,
which significantly influence soil properties
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by enhancing water retention and swelling,
directly impacting local erosion and agricultural
productivity (Colman, 1982; Bishop et al,
1998; Gombos, 2012; Silva et al., 2020). Such
assessments from remote sensing imagery are also
critical for mineral exploration campaigns, for
remotely locating the main iron (and occasionally
transitional metal) oxide +/- silica-rich zones,
namely the gossans. Gossan zones occur through
leaching of the buried sub-surface sulfide
mineralization, due to the effects of oxidizing
surficial and/or near-surface processes, and are
considered as useful marker buoys for detecting a
potential economic mineralization.

Extensive iron oxide-bearing weathering
profiles and/or of gossan-like
ferruginous and silica-carbonate alteration zones
(listvenite — sensu lato) are also very significant
for mantle rocks of the ophiolitic
Mapping of the listvenite bodies is particularly
important due to their potential for precious metal
mineralization. Besides their potential economic
importance listvenites also play another role in the
current search for remedies to the global climate
crisis. These occurrences are natural analogues
of mineral carbonation that is being considered
as a way of reducing atmospheric CO, levels,
and lately they are being studied in this respect
(Akbulut et al., 2024 and references therein). For
this, introduction of CO,-bearing low-temperature
hydrothermal fluids into a serpentinized peridotite
host is essential.

occurrence

series.

The Kula region, situated at the western
termination of Tirkiye’s east-west trending
northern ophiolitic belt (Figure 1), benefits from
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a unique geological setting hosting notable hot
springs and well-preserved remnants of the
Tethyan oceanic lithosphere. Located within
the Kula-Salihli UNESCO Global Geopark, the

(Western Tiirkiye): Landsat-7 ETM+, Crosta-PCA and Band-Ratio Mapping

Sen, 2002; Binal and Ercanoglu, 2010; Ayta¢ and
Demir, 2023; Akbulut et al., 2024). Despite this
rich geological understanding, systematic remote
sensing-based mineral mapping efforts remain

area has been the subject of extensive geological limited.

investigations (e.g., Ercan, 1981; Ercanetal., 1992;
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Figure 1. Tectonic map of Turkey and surrounding regions showing locations of the listvenites within serpentinites
and serpentinite-matrix mélanges of northern and eastern Turkish ophiolites and the location of the study area.
Listvenite locations and tectonic units were compiled based on Moix et al. (2008) and Akbulut et al. (2024) and the
references therein. The neotectonic map was modified from Sengdr et al. (1985), Barka (1992), Barbot and Weiss
(2021), and Bozkurt (2001). Abbreviations: BZSZ — Bitlis-Zagros Suture Zone; DFZ — Dead Sea Fault Zone; EAF
— East Anatolian Fault; FU — Florence Uplift; MR — Mediterranean Ridge; NAF — North Anatolian Fault; PA — Pliny
Arc; SA — Strabo Arc.

Sekil 1. Tiirkiye ve cevresinin, kuzey ve dogu Tiirkiyve ofiyolitlerindeki serpantinitler ve serpantinit matriksli
melanjlardan tiireyen listvenitlerin konumlarini ve ¢alisma alanminin yerini gosteren tektonik haritasi. Listvenit
konumlari ve tektonik birimler Moix vd. (2008) ve Akbulut vd. (2024) ve orada sunulan referanslardan derlenmistir.
Neotektonik harita Sengér vd. (1985), Barka (1992), Barbot ve Weiss (2021) ve Bozkurt (2001) 'den degistirilerek
hazirlanmistir: Kisaltmalar: BZSZ — Bitlis-Zagros Kenet Kusagi; DFZ — Olii Deniz Fay Zonu, EAF — Dogu Anadolu
Fayi; FU — Florence Yiikselimi; MR — Akdeniz Sirti; NAF — Kuzey Anadolu Fayi; PA — Pliny Yayi; SA — Strabo Yay.
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This study aims to map and characterize
the listvenite-type hydrothermal/metasomatic
alteration minerals in the Kula volcanic field by
applying Crosta PCA and band ratio techniques
to Landsat 7 ETM+ imagery and to evaluate
the spatial relationships between alteration
mineral distributions and controlling tectono-
volcanic structures in the Manisa-Kula region.
The complex lithological assemblages, including
serpentinized peridotites with listvenite-type
alteration, carbonatized serpentinites, and
extensive Quaternary basaltic deposits, provide
ideal conditions for spectral discrimination of
listvenite-type alteration minerals through an
integrated remote sensing approach. With this
attempt, we hope to contribute to the literature
about remote sensing applications for gossan and
similar occurrences in these terrains.

GEOLOGICAL SETTING AND THE STUDY
AREA

The Kula-Salihli UNESCO Global Geopark,
situated in western Tiirkiye, is known for its unique
Quaternary volcanic landscapes, historically
described as “katakekaumene,” or “burnt lands”
due to their distinct geomorphological features
(Jones, 1929). Geologically, the area is located
within the actively extending Gediz Graben
system, characterized by significant tectono-
stratigraphic complexity and a diverse suite of
geological units ranging from ophiolitic mélanges
to recent volcanic fields (Ercan and Oztunali,
1982; Richardson-Bunbury, 1996) (Figure 2).

The study area is underpinned by the
ophiolitic mélange, which primarily consists of
the completely serpentinized host peridotite unit.
This ultramafic unit is locally altered into listvenite
horizons, characterized by vertical zonation of
a resistant ferruginous silica cap (Fscc) grading
downwards into a carbonatized zone (Cnz and
CS-Srp) (Figure 2). These basement rocks are
unconformably overlain by Pliocene-Miocene
sediments (Pms) comprising lacustrine limestone
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and claystone. The youngest geological features
include the Quaternary basaltic volcanics (Qbv)
of the Kula Geopark and the recent Quaternary
alluvium (Qal) deposits along the Gediz River
channel.

The geological framework of the Kula region
includes Pre-Mesozoic metamorphic basement
rocks overlain tectonically by the Vezirler
Mélange, comprising serpentinized peridotites,
radiolarites, cherty limestones, and mudstones of
Late Cretaceous age (Ercan and Oztunali, 1982).
These ophiolitic rocks are unconformably covered
by Pliocene fluvial and lacustrine sediments
interbedded with calc-alkaline volcanic extrusions
(Ercan and Oztunali, 1982). The Vezirler Mélange,
located in the northeastern part of the Kula region,
presents a remarkable exposure of serpentinized
peridotites that have undergone

carbonatization and silicification, resulting in

extensive

listvenite-type alteration assemblages (Akbulut et
al., 2024) (Figure 2). According to Akbulut et al.
(2024), the alteration profile in the northeastern
part of the Kula region comprises three principal
zones, arranged from bottom to top: a carbonatized
and silicified serpentinite (CS-Srp), a coalesced
carbonate nodule zone (Cnz), and an iron-oxide-
stained silica-carbonate alteration cap (Fscc). At
the basal levels, serpentinites exhibit a greenish-
white hue and host variably sized carbonate
nodules formed during progressive carbonation
and silicification processes. The uppermost Fscc
zone is characterized by intense silicification
and extensive accumulations of iron oxides-
oxyhydroxides, primarily hematite and goethite.
Within this horizon, carbonates occur as magnesite
and dolomite, often preserving the original
serpentine fabric. The widespread development
of iron oxides and pervasive silicification within
the cap are attributed to both intensive meteoric
weathering under paleo-surface conditions
and introduction of low temperature CO,-rich
geothermal fluid.
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Figure 2. a) Geological map of the northeast of Kula, adapted from Akbulut et al. (2024) based on data from Ercan
et al. (1980) and Kilic et al. (2018). b) Detailed geological map of the studied outcrop and its surroundings, adapted
from Akbulut et al. (2024). Note: The lithological abbreviations and unit codes defined in this figure are used
consistently throughout the manuscript in Figures 4, 5, and 8).

Sekil 2. a) Ercan vd. (1980) ve Kili¢ vd. (2018) verilerine dayanilarak Akbulut vd. (2024) ten uyarlanan, Kula 'nin
kuzeydogusuna ait jeoloji haritasi. b) Akbulut vd. (2024) ten uyarlanan, ¢alisilan mostranin ve ¢evresinin ayrintili
Jjeoloji haritasi. Not: Bu sekilde tamimlanan litolojik kisaltmalar ve birim kodlari, makale boyunca Sekil 4, 5 ve 8 de
tutarl bir sekilde kullanilmistir.
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Quaternary basaltic volcanic extrusions,
representing multiple volcanic episodes, dominate
the upper stratigraphy, illustrating a regional
topographic inversion due to uplift events
postdating initial volcanic activity (Richardson-
Bunbury, 1996; Tokgaer et al., 2005). Kula
volcanism  comprises  Pliocene-Quaternary
alkaline basaltic flows and scoria cones emplaced
along structural weaknesses in the normal fault
zones bounding the Gediz Graben. This system
exhibits a monogenetic character (Sen, 2002).
Radiometric dating indicates that eruptive activity
commenced following extensional pulses in the
early stage at ca. 1.7-2.0 Ma, while Holocene
activity is recorded as having “Ar/*’Ar ages of
311 + 15 ka (Ar-4), 274 + 13 ka (Ar-3a), and 240
+ 18 ka (Ar-3b) for three successive lava flows
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(van Gorp et al., 2013). Moreover, *He exposure
ages from western block flows of 1.5 £ 0.3 ka
and 2.5 + 0.4 ka confirm at least two distinct
late-Holocene events (Heineke et al., 2016),
demonstrating multi-phase volcanism over the last
~ 70 ky. Parallel footwall uplift along the rift axis
accelerated from ~ 0.4 mm yr! in the early phase
to ~ 14 mm yr! at present, reflecting increased
eruptive volumes, and high geothermal heat fluxes
(> 100 mW m?) near the northeastern margin of
the Gediz Graben corroborate sustained activity
(Richardson-Bunbury et al., 2001; Erkan, 2015).
This chronological and geodynamic framework
indicates that Kula volcanism has evolved through
multiple magmatic phases largely independent of
regional rifting rates, late-Quaternary climatic
fluctuations, and crustal thinning.
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MATERIALS and METHODS

Prior to any field-based
preliminary remote
conducted using Landsat 7 ETM+ imagery to
evaluate the distribution of alteration minerals
and iron oxide crust in the broader Kula region.
This image-based mineral mapping provided a
regional-scale perspective to narrow the study
area by identifying zones with prominent spectral
anomalies, particularly those indicating iron-
bearing and phyllosilicate (hydroxyl bearing sheet
silicates - e.g., kaolinite, smectite, serpentine, etc.)
altered surfaces. The remote sensing workflow
followed during this study is summarized in
Figure 3.

To investigate listvenitic —metasomatic
alteration and iron oxide mineral distributions in
the Kula region, Landsat 7 ETM+ imagery dated
May 18, 2001, was acquired from the USGS
Earth Explorer platform. This pre-2003 scan-line-
corrector-on (SLC-on) dataset ensured complete
spatial coverage without missing data artifacts.
Although contemporary Landsat-8/9 OLI data
provide higher radiometric fidelity, the preference
for the 2001 Landsat-7 ETM+ dataset is primarily
driven by the necessity to analyze lithological
exposures prior to recent anthropogenic
overprinting. A comparison with modern satellite
imagery reveals that significant portions of the
target alteration zones have been progressively
obscured by expanding agricultural activity and
infrastructure development over the last two
decades. Consequently, the selected pre-2003
(SLC-on) imagery offers a more pristine spectral
record of the geological surface, minimizing non-
geological mixing artifacts (e.g., vegetation, man-
made structures) that affect modern acquisitions,
while ensuring gap-free spatial continuity. Landsat
7 remains widely used in mineral exploration
due to its spectral range, including SWIR bands
essential for detecting iron oxide and hydroxyl-
bearing clay minerals (Van der Meer et al., 2012).
The continued relevance of SWIR bands for

investigation, a
sensing assessment was
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alteration mapping was also demonstrated in more
recent studies utilizing advanced sensors. For
example, Johnson and Koperski (2017) applied the
8-band SWIR configuration of the WorldView-3
satellite to successfully distinguish ferric iron
and silica alteration zones in the Cuprite mining
district, with mapping performance approaching
that of hyperspectral AVIRIS data. These findings
underscore the importance of SWIR sensitivity,
even in multispectral systems such as Landsat
7, for identifying ferruginous and silica-bearing
alteration anomalies in geologically complex
terrains.

The downloaded Level-1 Terrain Corrected
(LIT) imagery was processed in ArcGIS 10.8.
First, radiometric calibration was performed
to convert digital numbers (DN) to top-of-
atmosphere (TOA) radiance using the rescale
factors provided in the metadata. Subsequently,
an atmospheric correction was applied using the
dark object subtraction (DOS1) method (Chavez,
1996) to minimize path radiance effects and
retrieve surface reflectance, assuming a uniform
haze distribution over the scene. Following these
corrections, standard RGB composites were
generated by stacking Bands 3 (Red: 0.63-0.69
um), 2 (Green: 0.52-0.60 um), and 1 (Blue:
0.45-0.52 um). These visual composites provided
a preliminary basis for distinguishing volcanic
units and sedimentary contacts based on color
tone and texture. To enhance spatial detail for
visual interpretation, the RGB composite was
pan-sharpened using the 15 m panchromatic Band
8, yielding improved delineation of structural
and lithological boundaries (Rencz and Ryerson,
1999). It should be noted that this pan-sharpened
product was utilized solely for qualitative
visualization; all subsequent quantitative analyses
(PCA and band ratios) were performed on the
original 30 m multispectral datasets to preserve
spectral fidelity.

To delineate the listvenite alteration zones
and isolate specific mineralogical anomalies, a



selective principal component analysis (selective
PCA) approach adapted from the feature-oriented
logic of the Crosta technique (Crosta and Moore,
1989) was employed alongside standard band
ratio methods (Table 1). Unlike standard PCA
applied to the entire band stack, this selective
approach processes specific two-band subsets to
maximize the spectral contrast between target
mineral absorption and background reflectance.
The selection of the specific principal component
(PC) for alteration mapping was guided by the
inspection of eigenvector loadings, following
the Crosta technique (Crosta and Moore, 1989).
In all selective PCA subsets (e.g., Bands 1+3,
4+5, 5+7), PC1 exhibited high positive loadings
for both input bands, mapping standard scene
brightness (albedo) and topography. In contrast,
PC2 displayed eigenvector loadings with opposite
signs, capturing the spectral variance attributable
to mineralogical features. Consequently, PC2 was
identified as the relevant component containing
specific spectral information for Fe**, Fe*", and
hydroxyl-bearing minerals, respectively. Two
separate selective PCA runs were conducted in
this study. The first utilized a subset of Bands 5
(1.55-1.75 um) and 7 (2.08-2.35 um) to enhance
responses from hydroxyl-bearing phyllosilicates
such as kaolinite, smectite, and serpentine. In this
configuration, the second principal component
(PC2) captures the spectral contrast between the
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high reflectance in Band 5 and the absorption
features in Band 7. The second run used Bands 1
(0.45-0.52 pm) and 3 (0.63—0.69 um) to highlight
Fe** iron oxides like hematite and goethite,
exploiting the strong charge-transfer absorption in
the blue region (Band 1) versus high reflectance in
the red region (Band 3).

To increase the sensitivity of PCA to
localized alteration features and suppress spectral
interference from non-target lithologies, a spatial
masking strategy was implemented prior to
statistics calculation. Individual spectral bands
were first clipped using a field-verified region-
of-interest (ROI) shapefile enclosing the host
serpentinized peridotites and ferruginous outcrops.
This spatial masking strategy was deliberately
designed to exclude the Gediz River channel
and adjacent agricultural lowlands; thereby
functioning as an effective manual filter against
water (NDWI) and vegetation (NDVI) spectral
interference without the need for global statistical
thresholding. This targeted approach, similar to
the masking-based technique implemented by Liu
et al. (2011), effectively reduced spectral dilution
from surrounding vegetation and alluvium.
Consequently, this step enhanced the anomaly
contrast in the resulting PC2 images by limiting
the statistical calculation to geologically relevant
zones.

Table 1. Spectral indices and PCA configurations used for detecting listvenite-type alteration minerals based on

Landsat 7 ETM+ imagery.

Cizelge 1. Landsat 7 ETM+ goriintiilerine dayali olarak listvenit-tipi alterasyon minerallerini saptamak igin

kullanilan spektral indeksler ve PCA konfigiirasyonlari.

Index Type PCA  Band Ratio Spectral Logic (ETM+) Targets

Iron oxide B1, B3/B2 High Red reflectance (B3) vs. Hematite (a-Fe,O,),

(Fe*) B3 Green absorption wing (B2) Goethite (a-FeOOH)
Ferr0u2s+1ron B4, Contrast between NIR (B4) and SWIRI (B5) Magnetite, Siderite
(Fe*") BS variance
Phyllosilicate  BS5, High SWIRI reflectance (BS) vs. .. . . .

(OH) B7 B5/(B5 + B7) SWIR?2 AI-OH absorption (B7) Kaolinite, Illite, Smectite, Serpentine
S1119a BS, B7/B5 Suppression of OH absorption; inverse of Silicified serpentinite, quartz veins

alteration B7 clay response
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Complementing the PCA analysis, three
specific spectral band-ratio indices were computed
to map ferric iron, silica, and hydroxyl-bearing
phases. These indices were selected based on the
specific reflectance and absorption physics of the
targetminerals (Table 1). (1) Ferric Iron (Fe*") Index
(Band 3 / Band 2): This ratio highlights hematite
and goethite by exploiting their characteristic
high reflectance in the red region (0.63—0.69 pum,
Band 3) contrasted against the charge-transfer
absorption wing present in the green region (0.52—
0.60 um, Band 2) (Segal, 1982). (2) Hydroxyl
(OH") Index (Band 5 / (Band 5 + Band 7)): This
formula targets phyllosilicates (e.g., kaolinite,
smectite) by enhancing the high reflectance in
SWIRI1 (1.55-1.75 pum, Band 5) relative to the
diagnostic Al-O-H vibrational absorption feature
centered in SWIR2 (2.08-2.35 um, Band 7)
(Aydal et al., 2007). (3) Silica Index (Band 7 /
Band 5): Used as a proxy for silicified zones, this
ratio highlights areas where the diagnostic SWIR2
absorption of clays is absent or suppressed due to
intense silicification, resulting in relatively higher
Band 7 values compared to Band 5 (Kayadibi,
2008). In addition to enhancing spectral features,
these band ratios were employed to mitigate
varying illumination effects caused by the rugged
topography, as the topographic slope factor
tends to be cancelled out in the ratio calculation
(Lillesand et al., 2015). It is important to note that
a simple band ratio was not employed for ferrous
iron (Fe*") due to the spectral complexity and
broad absorption features of ferrous minerals in the
NIR-SWIR range; instead, this target was mapped
exclusively using the selective PCA method (PC2
of Bands 4 and 5) to maximize subtle variance.

To facilitate objective interpretation and anomaly
ranking, the resulting ratio maps were statistically
segmented using mean (u) and standard deviation
(o) thresholds derived exclusively from the
masked image subsets within the field-verified
region (Figure 2b). Specifically, pixels with
values exceeding p + ¢ were categorized as high
anomalies, those falling between p —c and p + ¢
were defined as moderate anomalies (representing
background variance), and values below p — ¢ were
classified as low anomalies. This classification
method, widely applied in alteration mapping
(Tangestani and Moore, 2001; Enoh et al., 2021),
allowed the pixel values to be categorized into
distinct intensity classes as detailed in Table 2.
The statistical parameters were calculated from
a sample size of N = 925 pixels (approximately
0.83 km?). Sensitivity testing indicated that a
narrower threshold (i £ 0.50) resulted in excessive
background noise (false positives), while a stricter
threshold (i + 1.56) omitted verified peripheral
alteration zones. Therefore, the p = 1.0c interval
was selected as the optimal discriminator for this
geological setting.

Field investigations were conducted following
the interpretation of satellite spectral datato validate
alteration zones and refine geological boundaries.
Spectral anomalies identified through PCA and
band ratio analyses, particularly zones with
strong Fe** responses or OH" bearing signatures,
were prioritized for ground verification (Figure
4). Field verification focused on the northeastern
sector of the study area, where previous studies
reported extensive silica-carbonate and iron oxide
alteration in detail (Akbulut et al., 2024).

Table 2. Statistical classification thresholds for band ratio indices.

Cizelge 2. Bant orant indeksleri igin istatistiksel siniflandirma esikleri.

Index Low Anomaly Moderate Anomaly  High Anomaly Tnterpretation
<p-o) (n+0) Cprto)
Fe+ <101 101-1.15 ~ 115 Hematite—goethite ennyhment, iron stained
serpentinite
Silica <0.693 0.693 -0.775 >0.775 Silicification, quartz veins, silica-carbonate crusts
OH <0.563 0.563 —0.591 >(.591 Kaolinite—smectite alteration, clay-rich zones
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The mineralogical identities of the mapped
units (e.g., magnesite, dolomite, quartz, hematite)
were cross-referenced with the detailed XRD
and petrographic data provided in Akbulut et al.
(2024) to ensure accurate spectral attribution.
During fieldwork, outcrops exhibiting surface
staining, pervasive silicification, or ferruginous
coatings were examined. Field notes, photographs,
and handheld GPS locations were recorded and
imported into GIS to compare with remote sensing
outputs. Additionally, lithological boundaries
observed in the field such as the transition from
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carbonatized serpentinite to overlying silica-
iron alteration caps were digitized. This allowed
refinement of unit contacts and the delineation
of altered zones with higher positional accuracy.
Observations of carbonate nodules, brecciated
serpentinite, and weathered iron oxide-stained
silica-carbonate crust supported the spectral
interpretations derived from satellite models.
This approach ensured that remotely sensed data
were not only validated but also geologically
meaningful within the regional tectonic and
volcanic framework.

NE ¢ ssw NNE

Figure 4. Field photographs showing vertical and lateral transitions between alteration zones in NE Kula: a) outcrop-
scale contact between CS-Srp and Fscc/Cnz, b) close-up of the Cnz-Fscc boundary, and ¢) resistant Fscc cap over

friable Cnz and underlying serpentinized bedrock.

Sekil 4. KD Kula daki alterasyon zonlart arasindaki diisey ve yanal gegisleri gosteren arazi fotograflart: a) CS-Srp
ve Fscc/Cnz arasindaki mostra olgekli dokanak, b) Cnz-Fscc sinirimin yakindan gériiniimii ve ¢) Ufalanabilir Cnz ve
altindaki serpantinlesmis temel kaya tizerindeki diren¢li Fscc sapkasi.
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RESULTS
Landsat-Based Regional Alteration Patterns

The implementation of the exclusionary
ROI mask significantly refined the spatial
extent of the mapped anomalies. In preliminary
unmasked processing, the Gediz fluvial corridor
and vegetated northern slopes exhibited diffuse,
noise-dominated spectral responses that obscured
genuine geological features. The application
of the mask effectively truncated these false
positives, ensuring that the high-anomaly clusters
described below are strictly associated with
bedrock lithology rather than riparian vegetation
or moisture-saturated alluvium. Within the masked
domain, the Fe*'-sensitive PC2 component
(derived from Bands 1 and 3) reveals clear
anomaly clusters associated with carbonatized
and silicified serpentinites and iron oxide—bearing
crust fragments, most prominently along the
eastern margin of the ophiolitic outcrops (Figure
5a). These patterns agree with field observations

documenting pervasive ferric-iron staining and
hematite-coated surfaces (Figure 4).

To validate the spectral results with ground
observations, PC2 outputs were examined within
the field-confirmed ROI (Figure 2b). In this
zone, elevated PC2 values remain concentrated
along ridge crests and resistant cap exposures,
consistent with a localized alteration footprint.
The ROI histogram shows a right-skewed
distribution toward high PC2 values (n = 40.59,
o6 = 5.24, Range: 29-66) (Figure 5b), supporting
localized but spectrally intense ferric enrichment.
A secondary anomaly south—southwest of the
ROI (inset in Figure 5a) also coincides with
serpentinite outcrops. The spectral intensity of
this feature mirrors the response observed in
the field-verified northern sector, suggesting the
presence of a similar but previously unmapped
iron-oxide bearing alteration zone. Therefore,
rather than being a background artifact, this area
is identified as a priority target for future ground-
based exploration to verify the extension of the
listvenite system.
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Figure 5. a) Regional-scale masked PC2 map derived from Landsat-7 ETM+ Bands 1 and 3 (Fe**-sensitive PCA).
(Acquisition Date: 18 May 2001; SLC-on). b) Histogram of PC2 values calculated specifically within the field-

verified ROI (Fig. 2b).

Sekil 5. a) Landsat-7 ETM+ Bant 1 ve 3 kullanilarak tiiretilen (Fe’**-duyarli PCA) Bolgesel dl¢ekli Maskelenmis PC2
haritasi (Gériintii Tarihi: 18 Mayis 2001; SLC-on). b) Arazi dogrulamali ROI (Sekil 2b) i¢indeki PC2 degerlerinin

histogrami.
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Figure 6. a) Regional-scale masked PC2 map derived from Landsat-7 ETM+ Bands 4 and 5 (Fe?*-sensitive PCA).
(Acquisition Date: 18 May 2001; SLC-on). b) Histogram of PC2 values calculated specifically within the field-

verified ROI (Fig. 2b).

Sekil 6. a) Landsat-7 ETM+ Bant 4 ve 5 kullanilarak tiiretilen (Fe* -duyarli PCA) Bélgesel dl¢ekli Maskelenmis PC2
haritast (Gériintii Tarihi: 18 Mayis 2001; SLC-on). b) Arazi dogrulamalt ROI (Sekil 2b) i¢indeki PC2 degerlerinin

histogramu.

Compared to the Fe*" response, the Fe*'-
sensitive PC2 (derived from Bands 4 and 5)
exhibits lower spectral contrast overall (Figure
6a). While scattered zones of enhanced response
appear in mafic-rich domains, these features likely
reflect mixed mafic mineralogy rather than distinct
alteration, as spectral overlap limits discrimination
at 30 m resolution. Within the field-confirmed
ROI, PC2 values are notably subdued (u=23.02, ¢
=5.02, Range: 10—49) (Figure 6b), suggesting that
ferrous phases are largely oxidized or overprinted
in the most altered surfaces.

The strongest patterns were obtained from
the OH-sensitive PC2 (derived from Bands 5 and
7). This component delineates alteration halos
compatible with hydroxyl-bearing phyllosilicate
assemblages (e.g., kaolinite, smectite, serpentine)
around listvenite crusts and volcanic edifices
(Figure 7a). Notably, the field-confirmed ROI
exhibits a relatively subdued OH response; this
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is interpreted to reflect strong silicification and
iron-oxide dominance that suppress diagnostic
hydroxyl absorption features. Consequently, the
ROI histogram appears broad and relatively flat
(uL=127.74, 6 = 2.70, Range: 15-35) (Figure 7b),
indicating spatially variable hydroxyl signatures
in this highly altered domain.

Additional Indices
Ratio

Supporting PCA-Band

In addition to PCA analysis, three band-ratio
indices were computed for the ROI to highlight
spectrally distinct alteration features (Figure
8a—d). The Fe*" index map (B3/B2) emphasizes
ferric-oxide contrast, with high values clustering
along the eastern margins of the Fscc/Cnz unit and
matching field-mapped hematitic coatings (Figure
8a). Lower index values in the sedimentary
(Pms) and volcanic (Qbv) units differ from the
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alteration zones, consistent with weaker oxidation
signatures. The silica index (B7/B5) identifies
zones of elevated SWIR2/SWIR1 contrast, with
the highest values occurring along the southern
boundary of Fscc/Cnz where quartz veinlets and
siliceous crusts were observed (Figure 8b). The
hydroxyl index [B5/(B5 + B7)] highlights clay-
rich weathering fronts along the northwestern
margins of the CS-Srp unit, whereas the siliceous
Fscc/Cnz caps exhibit lower values due to the
suppression of hydroxyl features (Figure 8c).

To enhance interpretability, ratio outputs
were statistically segmented using mean (p) and
standard deviation (o) values derived from the
ROL. Pixels above p + o were classified as high
anomalies and generally coincide with the most
intense alteration surfaces mapped in the field,
whereas pixels below p — ¢ represent background
domains. When integrated with the lithological
framework (Figure 8d), these segmented maps
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confirm that spectral signatures are systematically
constrained by the lithological and structural
controls observed in the field. Quantitative zonal
statistics derived from the PC2 datasets further
validate this correspondence. For the ferric iron
(Fe’*) component, the iron-oxide stained Fscc/
Cnz unit exhibits a significantly elevated mean
value (n = 46.81), with approximately 58.8% of
its area classified as high anomaly (> p + o). In
sharp contrast, the underlying CS-Srp unit has a
much lower mean response (1 = 38.97) with only
8.1% of pixels exceeding the anomaly threshold,
quantitatively confirming the method’s efficacy
in discriminating the alteration cap from the host
rock. Furthermore, the hydroxyl (OH") response is
slightly suppressed in the Fscc/Cnz unit (14.2%
anomaly coverage) compared to the CS-Srp
unit (17.9%), consistent with the masking of
phyllosilicate features by intense silicification and
iron-oxide coatings.
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Figure 7. a) Regional-scale masked PC2 map derived from Landsat-7 ETM+ Bands 5 and 7 (OH7/phyllosilicate-
sensitive PCA). (Acquisition Date: 18 May 2001; SLC-on). b) Histogram of PC2 values calculated specifically

within the field-verified ROI (Fig. 2b).

Sekil 7. a) Landsat-7 ETM~+ Bant 5 ve 7 kullanilarak tiiretilen (OH/fillosilikat-duyarly PCA) Bolgesel olgekli
Maskelenmis PC2 haritast (Goriintii Tarihi: 18 Mayis 2001; SLC-on). b) Arazi dogrulamali ROI (Sekil 2b) icindeki

PC2 degerlerinin histogrami.
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overlayed on Fig. 2b ROI: a) Fe*" index (B3/B2) (unitless), b) silica index (B7/BS)

(unitless), ¢) OH- index (B5/(B5 + B7)) (unitless), and d) geological map of the ROI with lithological boundaries and
unit labels (adapted from Akbulut et al., 2024). (Landsat-7 ETM+ Acquisition Date: 18 May 2001; SLC-on).

Sekil 8. Sekil 2b ROl iizerinde bant-orani indeks haritalari: a) Fe*' indeksi (B3/B2), b) silis indeksi (B7/BS5), c)
OH indeksi (B5/(B5 + B7)), d) ROI 'nin litolojik simirlarin ve birim etiketlerini gosteren jeoloji haritast (Akbulut vd.

2024 ten uyarlanmigtir).

DISCUSSION AND CONCLUSION

Methodologically, the results confirm that targeted
selective PCA plus p + o-segmented indices is a
robust, scalable approach for rapid screening
in complex ophiolitic—volcanic terrains. ROI
masking prior to PCA increases signal-to-noise
by excluding non-diagnostic spectral variability,
while ratio-based thresholds translate continuous
gradients  into  operationally  interpretable
classes that can be ranked for field validation or
geochemical sampling (Liu et al., 2011; Tangestani
and Moore, 2001). Nevertheless, several
limitations must be acknowledged. First, the
Landsat 7 ETM+ sensor lacks a dedicated spectral
band in the 0.9—1.0 um range (unlike ASTER Band
4), which significantly limits its sensitivity to the
diagnostic crystal field absorptions of ferrous iron
(Fe*") minerals. Additionally, multispectral (30
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m) spatial resolution promotes sub-pixel mixing
in thin alteration veneers; strong Fe** coatings can
spectrally dominate over Fe*" and OH features,
and shadow/moisture in valley floors can mask
weak anomalies along the Gediz fluvial corridor.
These caveats explain muted hydroxyl responses
in the most silicified listvenite caps and the under-
expression of Fe*" where oxidation is advanced
(van der Meer et al., 2012).

While this workflow offers a robust, zero-cost
solution for regional exploration, practitioners
must acknowledge that the spectral signatures can
be masked by environmental factors such as dense
vegetation cover, extensive lichen growth, or
desert varnish on rock surfaces. In these scenarios,
or where detailed mineralogical discrimination
(e.g., distinguishing specific clay species) is
required, the broad bandwidths of Landsat ETM+
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may be insufficient. In these cases, sensors with
higher spectral resolution, such as ASTER (SWIR/
TIR) or commercial high-spatial-resolution
platforms like WorldView-3, are preferable
alternatives, albeit at the expense of data cost and
processing complexity. Therefore, the proposed
Landsat-based method is best utilized as a first-
pass screening tool to prioritize targets for more
capital-intensive follow-up surveys.

A sensor-to-sensor comparison  using
Landsat-8/9 OLI (and Sentinel-2) remains a logical
next step for monitoring modern surface changes,
but it requires sensor-specific selective PCA tuning
and threshold re-derivation to ensure consistent
PC behavior Looking
forward, pairing Landsat-class VNIR-SWIR
coverage with higher spectral-fidelity SWIR/TIR
(e.g., ASTER TIR and archival ASTER SWIR
scenes acquired prior to 2008) or contemporary
multispectral-hyperspectral assets would sharpen
mineral discrimination (e.g., kaolinite vs. illite
serpentine; silica polymorphs) and further
deconvolve ferric coatings from clay signatures.
Recent workflows that merge Landsat-8 with
ASTER exploit complementary bandsets to
enhance alteration mineral mapping and lineament
analysis, an approach well suited to the Kula
domain (Orynbassarova et al., 2025).

In  conclusion, ROI-masked selective
PCA isolated ferric-iron and hydroxyl-bearing
anomalies that correspond closely with field-
mapped Fscc/Cnz caps and CS-Srp units, whereas
Fe*" responses were weak where oxidation is
advanced (Tangestani and Moore, 2001). The
i £ o-segmented Fe** (> 1.15), silica (> 0.775),
and OH- (> 0.591) indices provided objective
thresholds that validate PCA outputs and revealed
additional targets for ground verification (Enoh et
al., 2021). The mapped alteration architecture is
consistent with listvenite formation pathways and
highlights sites of potential economic and CCS-
relevant interest in the Kula ophiolitic mélange
(Ugurum, 2000; Akbulut et al., 2024).

across instruments.

VS.
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GENISLETILMIS OZET

Bu ¢alisma, Bati Tiirkiye deki Kula bélgesinde yer
alan Vezirler ofiyolitik melanjindaki listvenit tipi
silis-karbonat alterasyon zonlarmmi haritalamak
amacwyla,  diigiik  maliyetli ve  biitiinlesik
bir wuzaktan algilama is akisimin etkinligini
degerlendirmektedir. Altin, giimiis ve kobalt gibi
ekonomik potansiyellerinin yani sira kiiresel iklim
krizi ile miicadelede dogal Karbon Yakalama ve
Depolama (CCS) siireglerinin analoglart olmalar
sebebiyle bertaraf stratejilerinin  gelistirlmesi
icin de onem tasiyan bu mineralizasyonlarin
belirlenmesi  ve  haritalanmast  onemlidir.
Calisma, ozellikle vejetasyon ve aliivyal ortiiden
kaynaklanan  spektral —karisikliklart - minimize
ederek, demir oksit ve hidroksil igeren alterasyon
sapkalarint (demir sapkalari) serpantinlegsmis yan
kayaglardan ayirt etmeyi hedeflemistir.

Yontem olarak, antropojenik bozulmanin en
az oldugu donemi temsil etmesi nedeniyle 18 Mayis
2001 tarihli, tarama hatasi igcermeyen (SLC-on)
bir Landsat-7 ETM~ goriintiisii kullanilmistir.
Ofiyolitik arazilerde sik¢a karsilasilan spektral



gliriiltiiyii  gidermek amaciyla, Gediz Nehri
koridorunu ve tarimsal alanlart dislayan litoloji
tabanl bir “Ilgi Alani (ROI)” maskeleme stratejisi
uygulanmistir. Bu maskelenmig veri seti tizerinde,
Crosta Teknigine dayali Secgici Temel Bilesenler
Analizi (Selective PCA) ve tamamlayict bant
oranlama yéntemleri (Fe’, Fe®, OH ve Silis)
uygulanmistir. Elde edilen spektral anomaliler,
arazi ¢alismalar: ve petrografik/XRD verileriyle
(Akbulut vd., 2024) dogrulanmis, sonuglar
Ortalama + Standart Sapma (u = o) esik degerleri
kullamlarak istatistiksel olarak sumiflandiriimistir.
Hassasiyet analizleri, u £ 1.0c esik degerinin,
gliriiltii  (yanls pozitifler) ile gercek jeolojik
surlart ayirmada en optimum araltk oldugunu
gostermigtir.

Elde edilen bulgular, ROI maskeli Segici
PCA yonteminin alterasyon zonlarini ayirt etmede
yiiksek bir basart sagladigini  géstermektedir.
Ozellikle Fe** duyarli PC2 bileseni (Bant 1 ve
3ten tiiretilen), arazide gozlenen hematit kapl
demirli silis sapkalart (Fscc/Cnz) ile giiclii bir
mekansal uyum sergilemistir. Bolgesel istatistiksel
analizler (Zonal Statistics), yontemin basarisini
nicel olarak da kanitlamaktadr: Hedeflenen
alterasyon  sapkast  (Fscc/Cnz)  ortalama
1=46,81 degeriyle alanin %58,8’inde “Yiiksek
Anomali” verirken, altere olmamis serpantin
yan kayacinda (CS-Srp) bu oran sadece %8, 1
olarak hesaplanmistir. Aradaki bu belirgin fark,
yontemin hedef kiitleyi yan kayagtan basariyla
aywrdigint dogrulamaktadir. Buna karsin, Fe**
anomalileri (Bant 4 ve 5), Landsat sensoriiniin
spektral ¢oziiniirliik kisitlart ve yiizeydeki yogun
oksidasyon ortiisii nedeniyle daha sinirli bir tespit
basarisi gostermistir. Hidroksil (OH') haritalamasi
ise fillosilikat¢ca zengin belirlemis,
ancak yogun silislesmis sapka kisimlarinda kil
minerallerinin  bozulmast veya maskelenmesi
nedeniyle anomali degerlerinin beklendigi iizere
diistiigii (%14,2) gozlemlenmistir.

zonlari

Sonu¢  olarak  bu  ¢alisma,  dislayict
maskeleme ve hedefe yonelik PCA teknikleriyle
islenen Landsat-7 verilerinin, yart kurak ofiyolitik
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kusaklarda listvenit arama c¢calismalart icin
saglam ve maliyet etkin bir tarama aract oldugunu
ortaya koymaktadir. Yontem, ozellikle demirce
zengin alterasyon sapkalarini ¢evre kayacglardan
istatistiksel olarak anlamli  bir dogrulukla
aywrabilmektedir. Calisma, belirlenen spektral esik
degerlerinin saha ¢alismalarint 6nceliklendirmek
icin objektif bir kriter sagladigimi gostermekle
birlikte; gelecekteki ¢alismalarda spesifik kil
tiirlerinin veya diigiik tenorlii Fe?* minerallerinin
ayrimt i¢in ASTER (SWIR/TIR) veya WorldView-3
gibi daha yiiksek spektral ¢oziintirliiklii sensorlerin
entegre edilmesini 6nermektedir.
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