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This study investigates the mineralogical, petrographic, and geochemical characteristics of Miocene-
aged basaltic rocks from the Tepekent region to distinguish and correlate them with other members of
the Sulutus Volcanic Complex (SVC), particularly the Ulumuhsine and Yiikselen basalts. Advanced
geostatistical methods such as Principal Component Analysis (PCA), Uniform Manifold Approximation
and Projection (UMAP), and k-medoids clustering analysis were applied to correlate the basaltic lava
flows. While some overlaps were identified in whole-rock compositions, significant differences were
observed in the mineral chemistry. The investigated basalts are primarily composed of plagioclase, with
lesser amounts of olivine, pyroxene, and Fe-Ti oxides. Clinopyroxenes from the Tepekent basalts exhibit
oscillatory zoning in MgO, CaO, Cr20s3, and TiO2 contents, indicating magma recharge from a more
mafic mantle source. Olivine phenocrysts show disequilibrium with their host magma but are in
equilibrium with the most mafic Ulumuhsine basalt, suggesting they were derived from earlier solidified
phases and subsequently incorporated into the system during magma ascent or convective processes
within the magma chamber. Irregular An fluctuations and sieve textures in plagioclase crystals further
support the presence of magma replenishment processes. Although isotopic data are indispensable in
provenance studies to definitively identify magma sources and establish genetic relationships in greater
detail, this study demonstrates how mineral chemistry and geostatistical analyses can effectively
differentiate basaltic lava flows and elucidate complex magma chamber processes. The findings
highlight the interplay between crustal contamination, mantle-derived magma replenishment, and multi-
stage magmatic evolution, providing valuable insights into the volcanic history of Central Anatolia.
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1. INTRODUCTION

Subduction zone volcanism is characterized by multi-stage, multi-source, and multi-process magmatism,

resulting in the formation and coexistence of magmas with diverse origins and compositions. The Late

Mesozoic-Neogene geology of Turkey is closely linked to the opening and closure of the Neotethys Ocean

(Sengor, 1979; Sengér & Yilmaz, 1981). In Central Anatolia, widespread Cenozoic volcanism is related to

these tectonic events, with several volcanic provinces and complexes, such as the Galatia VVolcanic Province
(GVP), the Cappadocia Volcanic Province (CVP), the Sulutas Volcanic Complex (SVC), the Erenlerdag-
Alacadag Volcanic Complex (EAVC), the Karapinar Volcanic Field (KPVF), and the Karacadag Volcanic

Complex (KCVC), forming key geological features of the region (Sengor & Yilmaz, 1981; Aydar & Gourgaud,
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1998; Deniel et al., 1998; Uslular & Gengalioglu-Kuscu, 2019; Asan et al., 2021; Gengoglu Korkmaz et al.,
2022) (Figure 1).

The Sulutas Volcanic Complex (SVC), located in the northwest of Konya, is part of the Neogene bimodal
volcanic activity in Central Anatolia (Figure 1). It exhibits a diverse composition, including shoshonitic, calc-
alkaline, high-K calc-alkaline, and Na-alkaline magmas. Bimodal volcanism, dominated by mafic and felsic
products with the scarcity of intermediate compositions, reflects complex tectonic and magmatic processes.
Previous studies have indicated that both crustal contamination and source enrichment played significant roles
in the compositional diversity of the SVC (Gengoglu Korkmaz et al., 2017; Asan et al., 2021). The SVC is
situated within a graben-type extensional basin near Konya, bounded to the east by the Konya Fault Zone. This
basin, filled with Neogene-aged sedimentary units, is underlain by Paleozoic and Mesozoic ophiolitic and
metamorphic basement rocks. The extensional tectonics of the basin are linked to the rollback of a subduction
zone associated with the Cyprus Arc, a result of the interaction between the African and Eurasian plates, which
shaped the region's geodynamic evolution (Biryol et al., 2011; Delph et al., 2015; Gengoglu Korkmaz et al.,
2017). Neogene volcanic rocks, particularly dacitic and basaltic lava flows, are exposed in the east and west
of the study area, and include enclaves of varying sizes. Dacites occur as lava flows and volcanic necks, while
basalts form lava flows, cutting through pre-Neogene units (Gengoglu Korkmaz et al., 2017).

Previous studies (Asan et al., 2021) yielded “°Ar/*Ar plateau and inverse isochron ages of 12.07 = 0.06 Ma to
12.21 + 0.32 Ma for the dacites and 11.01 £+ 0.42 Ma to 11.05 + 0.64 Ma for the calc-alkaline basalts in the
Ulumuhsine-Kii¢iikmuhsine region. On the other hand, a whole-rock sample from Yiikselen basalts gave two
plateau ages of 16.45 + 0.76 Ma and 22.37 + 0.65 Ma for the first and subsequent steps, respectively. These
basalts are sodic alkaline, characterized by ocean island basalt (OIB)-like anorogenic geochemical signatures.
Basaltic rocks with MgO > 4 wt% (Pecerillo, 2005) are key in deciphering mantle source compositions as they
represent primary mantle-derived melts. Typically, basalts with elevated Cr (1000 ppm), Ni (400 ppm), and
MgO (~8 wt%) contents reflect derivation from a primary mantle source (Weaver, 1991; Best, 2003). However,
in the Tepekent region, the studied basaltic rocks show lower MgO, Cr, and Ni values, indicating they are
highly evolved and not representative of primary mantle melts (Eryigit et al., 2022). Despite this, their enriched
nature allows them to be plotted on Nb/La-La/Yb and Zr/Y-Zr/Nb diagrams to assess degrees of melting and
enrichment. Low Zr/Y (4.8-10.9) and Zr/Nb (8.11-15.29) values suggest partial melting of a lithospheric
mantle source, with the enrichment likely due to subduction-related recycling of ancient oceanic crust (Eryigit
etal., 2022).

In this study, the Miocene-aged basaltic rocks from the Tepekent region are classified and correlated with those
from Ulumuhsine and Yiikselen, using mineral chemistry data and geostatistical methods (PCA, UMAP, K-
means clustering). By examining clinopyroxene and olivine mineral chemistry, relationships between the lava
flows are established and their magmatic evolution is discussed. This integrated approach provides a deeper

understanding of the Tepekent basalts and contributes to the broader knowledge of the Sulutas Volcanic
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Complex, offering insights into the complex magmatic history of the Neogene volcanic activity in Central

Anatolia.
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Figure 1. Active tectonic map of Turkey showing Cenozoic Volcanic Provinces was modified from Van
Hinsbergen et al. (2016). Map was taken from Geng¢oglu Korkmaz and Kurt (2024)

2. MATERIAL AND METHOD

For petrographic and mineral chemistry analyses, approximately ten hand samples of basaltic rocks were
collected from the Tepekent area (Konya, Central Anatolia). The sampling strategy was guided by whole-rock
chemistry data published in Eryigit et al. (2022). To strengthen the robustness of our analysis, additional data
from the literature (Asan et al., 2021) were compiled and utilized for correlation and statistical evaluations.

Four carbon-coated, polished thin sections were prepared for mineral chemistry studies. The analyses were
performed using a JEOL JXA-8600 electron microprobe at YEBIM (Ankara University), equipped with four
wavelength-dispersive spectrometers (WDS) and an integrated energy-dispersive spectrometer (EDS) system.
The operating parameters included a 20 nA beam current, 15 kV accelerating voltage, and a 20-second
counting time per element. Detailed procedures for the analyses follow the methods described in Deniz and
Kadioglu (2019). Structural formulae for pyroxenes were calculated based on four cations and six oxygens,

for olivines based on four oxygens, while for feldspars, calculations were based on eight oxygens.

Thermobarometric conditions were determined using multiple methods. The clinopyroxene-liquid
thermobarometers by Neave and Putirka (2017) and Putirka (2008a) and Lindsley and Andersen's (1983)

pyroxene thermometer were employed for P-T estimations. The plagioclase thermobarometer (Putirka, 2008b)
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was also applied to evaluate geothermal conditions. Equilibrium conditions for clinopyroxene-glass pairs and
olivine-glass pairs were verified using the Kd(Fe-Mg) value of 0.27+0.03 (Putirka, 2008a) and 0.29+0.03
(Matzen et al., 2011; Putirka, 2016), respectively. WinPyrox and WinPLtb software (Yavuz, 2013; Yavuz &

Yildirim, 2018) were used for additional evaluations of hygrometric and depth conditions.

For geochemical interpretations, Igpet software (Carr, 1990) was utilized. Moreover, statistical analysis
(Principal Component Analysis (PCA), Uniform Manifold Approximation and Projection (UMAP) and k-
medoids analysis) were generated to assess geostatistical variations and to enhance the overall geochemical

analysis.

3. RESULTS AND DISCUSSION

3.1. Results
Petrography and Mineral chemistry of the Tepekent basalts

The investigated basalts outcrop as lava flows in a very restricted area (Figure 2a and 2b) near Karardi
Tepe (Tepekent region). They predominantly display holocrystalline porphyritic texture, with olivine
and clinopyroxene as the dominant mafic mineral phases (Figure 2c-2f). The rocks consist of
approximately 65% plagioclase, 15% olivine, 10% clinopyroxene, 5% sanidine and 5% opaque
minerals (Figure 2c-2f). Zeolitization is observed locally within the basalts (Figure 2e). Olivines are
predominantly occur as microphenocrysts, with rare occurrences of phenocrysts. In certain areas,
fracture-filling and crack-filling structures are noted, along with iddingsite alteration along the crystal
boundaries (Figure 2c-2f). Clinopyroxenes are primarily observed as microphenocrysts, while

plagioclases are observed as both microlith and microphenocrysts.

In the studied basalts, the feldspar minerals are predominantly represented by labradorite, with rare occurrences
of sanidine (Figure 3). While plagioclases are primarily labradorite, their rims occasionally display
compositions of andesine or bytownite. (Figure 3 and see Supplementary data). Normal, inverse, and
oscillatory zoning patterns are observed in some plagioclases, as indicated by variations in MgO, TiO2, CaO,
and An contents. As well as anorthite contents range between (An 47.72) from the core to the rim (see
Supplementary data). Moreover, some of the plagioclase microphenocrysts and phenocrysts show sieve

textures.

Pyroxenes are augite and diopsite based on Morimoto et al. (1988) (Figure 4a) and WinPyrox software Yavuz
(2013). Mg+ of the pyroxenes ranges between 64-85. Investigated pyroxenes exhibit normal, reverse and
oscillatory zoning in terms of MgO, TiO», Cr,0s and CaO (see Supplementary data). Reverse and oscillatory
zoning within MgO -TiO; and Cr,Os3 contents indicate reheating processes (magma mixing, new magma input

and recharging) and mafic replenishment before the eruption (Gengoglu Korkmaz, 2019; Ubide et al., 2014a;
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2014b; 2014c). Using clinopyroxene-melt pairs that satisfy the conditions (Kd re-mg=0.27+0.03), yielding
temperatures between 973 and 1080 °C and pressures ranging from 1 to 5.7 kbar. Temperature estimates for
clinopyroxenes were also calculated according to Lindsley and Andersen (1983) (Figure 4b). When the
clinopyroxenes were plotted on the pyroxene quadrilateral, the sample points aligned with isotherms between
950 and 1300 °C (Figure 4b). Although these values represent a broader temperature range, they generally

align with the temperature values obtained Putirka (2008a), suggesting consistency.
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Figure 2. a), b) Field appearance of the Tepekent basalts; c), d), ), f) Microphotographs of the investigated
basalts. Mineral abbreviations are based on Whitney and Evans (2009)
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Figure 3. Ab-An-Or classification diagram (Deer et al., 1963) of the feldspars from the investigated rocks.
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Figure 4. a) Morimoto et al. (1988) pyroxene classification diagram and b) Crystallization temperatures
based on Lindsley and Andersen (1983)

Fo content [Fo = 100 x Mg/(Mg + Fe) in mol%] of the measured olivines ranges between 67-82. Major
elements compositions were recorded in the olivine from the basalts: 0.001 to 0.014 wt%, Cr,03; 0.16 to 0.5
wt%, CaO; 35-44 wt%, MgO. They are relatively homogeneous with Fo composition. Although many olivines
in the same sample have been normal zoned in terms of Fo, some olivines have not displayed homogene
distributions within Cr.0s, TiO, and CaO contents (see Supplementary data). Using olivine-melt pairs that
satisfy the conditions (Kd Fe-Mg=0.30+0.03), the calculations were made for temperature values are around
1200°C.

3.2 Discussion

Chemical Relationship between the Miocene Basalts in the SVC

In the north-northwest of Konya, basaltic rocks are represented by a restricted basaltic sill or dike, which has
previously been attributed to the Miocene-aged Sulutas Volcanic Complex (Gengoglu Korkmaz et al., 2017;
Asan et al., 2021). In this study, the Tepekent basalts are examined alongside the previously reported Yiikselen
and Ulumuhsine basalts (Gengoglu Korkmaz et al., 2017; Asan et al., 2021) to make correlation and perform

the evaluation. The basaltic lavas in the Yukselen area, which outcrop over a restricted region, exhibit a distinct
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whole-rock composition compared to the Ulumuhsine and Tepekent basalts. These lavas are alkaline basalts

(Figure 5) and were previously classified as hawaiite-type sodic alkali basalts (Gengoglu Korkmaz et al., 2017).

Silica versus major and trace element diagrams reveal a significant compositional distinction between the
Yukselen hawaiites and the other basalts, with the former exhibiting a more mafic character. In contrast, no
clear relationship indicating fractional crystallization (FC) is observed between the Ulumuhsine and Tepekent
basalts (Figure 6 and 7). The major oxides and trace elements do not display homogeneous distributions, which
suggests that the observed heterogeneity is better explained by assimilation-fractional crystallization (AFC)
contamination processes rather than by FC alone (Figure 6 and 7). Nevertheless, certain trace elements, such
as Zr, Yb, and Sr, exhibit similar concentrations across both basalt types, indicating underlying geochemical

affinities.
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Figure 5. a) Total alkali-silica (TAS) rock classification diagram based on Irvine and Baragar (1971) and b)
AFM diagram for subalkaline rocks (Irvine and Baragar, 1971) Whole-rock geochemistry data of Tepekent
basalts were taken from Eryigit et al. (2022). The other basalts were taken from Asan et al. (2021)to
correlate the Miocene?-aged basaltic rocks outcropped the N-NW of Konya

Tectonic discrimination diagrams indicate that the Yikselen basalts display ocean island basalt (OIB)
characteristics, whereas the Ulumuhsine and Tepekent basalts exhibit features consistent with enriched-mid-
ocean ridge basalt (MORB) and crustal-contaminated arc basalts (Figure 8 and 9). The chondrite-normalized
rare earth element (REE) diagram (Sun & McDonough, 1989) reveals a significant enrichment in light rare
earth elements (LREES), ranging from 20 to 200 times chondritic values. Notably, all three basalt types exhibit

closely overlapping patterns, suggesting similar geochemical trends (Figure 8b).

As indicated by the diagrams (Figure 5-9), whole-rock geochemical data alone are insufficient to clearly
distinguish calc-alkaline rocks outcropped around the investigated area. To address this limitation, this study
incorporates mineral chemistry data and geostatistical interpretations to enhance the classification and

understanding of petrogenetic processes.
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Figure 6. Silica versus selected major oxide variation diagrams for investigated basalts. Whole-rock
geochemistry data of Tepekent basalts were taken from Eryigit et al. (2022). The other basalts were taken
from Asan et al. (2021) to correlate the Miocene?-aged basaltic rocks outcropped the N-NW of Konya
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Figure 7. Silica versus selected trace element variation diagrams for investigated basalts. Whole-rock
geochemistry data of Tepekent basalts were taken from Eryigit et al. (2022). The other basalts were taken
from Asan et al. (2021) to correlate the Miocene?-aged basaltic rocks outcropped the N-NW of Konya
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Complex Magma Chamber Process of the Tepekent Basalts

MnO, CaO and Cr.Os; compositions from the investigated olivines display nearly negative correlations with
Mg# (Figure 10). The correlations of Mg# versus Cr.03 and CaO align with fractional crystallization (Figure
10). In addition, olivine grains have Ca0>0.1, indicating being phenocryst rather than mantle xenocryst
(Thompson & Gibson, 2000; Gengoglu Korkmaz et al., 2019). However, the Kdre-mg Values of the olivines
range from 0.105 to 0.204, which are lower than the expected Kde-mg) equilibrium value of 0.29 + 0.03,
suggesting that they are not in equilibrium with their host liquid (Figure 11a). Some of the olivine grains are
in equilibrium with the most mafic basalt from Ulumuhsine (Figure 11b Sample Y7, (Asan et al., 2021)). These
olivines may be antecrysts, representing earlier solidified phases that were transported into the system during

magma ascent.

The reverse and oscillatory zoning observed in pyroxene minerals, with respect to MgO, Cr,03, and TiO, from
the core to the rim, suggests that the magma has been replenished by a more mafic mantle source (Gengoglu

Korkmaz, 2019; Ubide et al., 2014a; 2014b; 2014c). Some of pyroxenes can share the similar chemical
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properties (see Supplementary data). They can be antecrysts formed before eruption phase and cropped from
the magma wall and transferred the system. Moreover, the oscillatory variations in An content and the presence
of sieve and dusty textures in plagioclase further support this interpretation indicating instability and complex
magmatic processes during crystallization (Streck et al., 2002; 2005; Ginibre & Worner, 2007; Streck, 2008;
Gengoglu Korkmaz & Kurt, 2021).
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Figure 10. Mg versus selected major oxide diagrams for investigated olivines
Geostatistical Evaluation of the Basalts
In tephrochronology, occasionally Fe-Ti oxide pairs, biotite, amphibole, and pyroxene minerals are commonly
used to correlate and associate tephra layers (Lowe, 2011). In this study, pyroxene minerals from the Tepekent
basalts were specifically selected and utilized for correlation and classification purposes. To achieve this,

classification and chemometric analyses, including PCA, UMAP, and k-medoids clustering, were performed.

Principal Component Analysis-PCA is a widely used linear dimensionality reduction method that transforms
high-dimensional datasets into a lower-dimensional space while preserving as much variance as possible. It
projects the data onto orthogonal axes, called principal components, which are aligned with the directions of
maximum variance in the dataset. This method is particularly effective in datasets where variables are highly
correlated, as it reduces redundancy by identifying uncorrelated linear combinations of the original features.
PCA is often employed to simplify datasets for further analysis, including clustering and regression, by
minimizing reconstruction error during the dimensionality reduction process (Jolliffe, 2002; Demsar et al.,
2013). In volcanology, PCA has been applied to spatial and compositional data to differentiate volcanic units
and interpret geochemical patterns (Prima & Yoshida, 2010; Mazzarini et al., 2016; Petrelli, 2021; Uslular et
al., 2021).
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Figure 11. a) Rhodes diagrams illustrating disequilibrium conditions between Tepekent basalts and the
analyzed olivines. b) Rhodes diagrams indicating equilibrium conditions for the most mafic basalt from
Ulumuhsine and a subset of the analyzed olivines. The equilibrium field for Fe/Mg exchange between olivine
and basaltic melt (Kdre-mg) = 0.29 £ 0.03) is based on Matzen et al. (2011) and Putirka (2016)

Uniform Manifold Approximation and Projection-UMAP is a nonlinear dimensionality reduction technique
designed to preserve both global structure and local relationships in high-dimensional data. Unlike PCA, which
relies on linear transformations, UMAP creates a low-dimensional manifold that retains the data's intrinsic
topological properties. This makes UMAP particularly effective for datasets with nonlinear relationships,
where preserving local neighborhoods is critical. UMAP has seen increased usage in Earth sciences for
visualizing complex datasets, such as geochemical analyses of volcanic minerals, where its ability to
distinguish subtle differences in composition is invaluable (Mclnnes et al., 2018; Becht et al., 2019). Moreover,
k-medoids clustering is a robust partitioning algorithm that groups data into k-clusters using representative
data points (medoids), which are actual data objects rather than centroids (Yousif & Yan, 2021). This method
minimizes the sum of pairwise dissimilarities within each cluster, making it particularly effective in noisy or
outlier-prone datasets (Yousif & Yan, 2021; Ren et al., 2022). It has significant applications across geosciences
and biosciences, such as classifying fault systems, mineral assemblages, and spectral data in remote sensing,
as well as clustering genomic sequences or ecological distributions. In tephrochronology, it can be used to
classify volcanic ash layers and differentiate compositional variations in pyroclastic deposits by grouping
similar geochemical signatures, aiding in the identification of volcanic sources and eruption dynamics.
Clustering results obtained through k-medoids can be effectively visualized using UMAP, a nonlinear
dimensionality reduction technique that preserves both global structure and local relationships in high-
dimensional datasets. UMAP excels in representing the intrinsic topology of clusters, allowing clear
differentiation of groups defined by k-medoids in a two- or three-dimensional space. To further validate and
interpret clustering results, Principal Component Analysis (PCA) can be employed. PCA identifies the

directions of maximum variance within the dataset, providing complementary insights into the overall structure
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and confirming the robustness of the clustering. By combining k-medoids with UMAP for visualization and
PCA for statistical verification, this approach offers a comprehensive framework for analyzing complex
datasets. Such methodologies are particularly beneficial in fields like tephrochronology, where geochemical
data of volcanic deposits can be clustered and visualized to discern compositional variations and eruption

histories

The PCA and UMAP analyses of olivine minerals did not provide a clear distinction or correlation between
the two calc-alkaline lava flows (Figure 12a and 12b). Investigated basalts and Ulumuhsine basalts can share
common olivine grains or they can contain olivine grains within the similar composition. However, the PCA
and UMAP diagrams and k-medoids clustering analysis (Table 1) for pyroxenes demonstrated a pronounced
differentiation, suggesting that the two lava flows likely represent distinct magmatic events or magmatic
episodes (Figure 13-14).
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Figure 12. a) Principal Component Analysis (PCA) and b) Uniform Manifold Approximation and Projection
(UMAP) diagrams of the investigated olivines. Green triangles represent olivines from the Tepekent basalts,
while blue squares denote those from the Ulumuhsine basalts. Olivine data for the Ulumuhsine basalts were
taken from Asan et al. (2021). Despite the analysis, PCA and UMAP results were insufficient to effectively
distinguish the basaltic lava flows based on olivine compositions.
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Figure 13. PCA diagrams of the investigated pyroxenes and pyroxenes from Ulumuhsine basalts. Green
triangles represent clinopyroxenes from the Tepekent basalts, while blue squares denote those from the
Ulumuhsine basalts. Clinopyroxene data for the Ulumuhsine basalts were taken from Asan et al. (2021)
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Table 1. K-medoids clustering analysis for pyroxenes

k-medoids
Item Cluster Item Cluster

BT43/C1-1/1 1 BT44/C2/3 1
BT43/C1-1/2 1 BT44/C2/4 1
BT43/C1-1/3 1 BT44/C2/5 1
BT43/C2-1/1 2 BT44/C2/6 1
BT43/C2-1/2 1 BT44/C2/7 1
BT43/C2-1/3 1 BT43/C3-1/1 1
BT43/C2-1/4 1 BT43/C3-1/2 1
BT43/C2-1/5 1 BT43/C3-1/3 1
BT43/C2-1/6 1 BT44/C3/3 1
BT43/C5-1/1 1 BT44/C3/4 1
BT43/C5-1/2 1 BT44/C3/5 1
BT43/C5-1/3 2 BT44/C3/6 1
BT43/C5-1/4 1 *G-21B-1-px-5 2
BT43/C5-1/5 1 *G-21B-2-px6 2
BT44/C1-1/1 1 *G-21B-3-px-7a 2
BT44/C1-1/2 1 *G-21B-3-px-7b 2
BT44/C1-1/3 1 *G-21B-4-px-8a 2

BT44/C2/1 2 *G-21B-4-px-8b 2

BT44/C2/2 1

* Sample data were taken from Asan et al. (2021).
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Figure 14. a) UMAP (nonlinear, Euclidean distance) and b) UMAP (nonlinear, Bray-Curtis dissimilarity)
visualizations of the investigated clinopyroxenes (green triangles) and clinopyroxenes from Ulumuhsine
basalts (blue squares). The diagrams display the results of k-medoids clustering analysis, illustrating group
separations based on compositional variations. These UMAP projections highlight how different distance
metrics influence the clustering outcomes and the visualization of data relationships.
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4. CONCLUSION

This study underscores the efficacy of geostatistical interpretations of mineral chemistry in distinguishing
between rocks with similar whole-rock geochemical characteristics, where bulk chemistry alone proves
insufficient. Minerals such as Fe-Ti oxide pairs, amphibole, biotite, and pyroxene minerals play a critical role
in tephrochronology for differentiating volcanic deposits. In this study, advanced geostatistical techniques,
including Principal Component Analysis (PCA) and Uniform Manifold Approximation and Projection
(UMAP), were applied to mineral chemistry data. PCA, a linear dimensionality reduction method, and UMAP,
a nonlinear ordination technique, both proved instrumental in identifying subtle compositional differences
between basaltic units with overlapping bulk compositions.

The Ulumuhsine and Tepekent basalts, despite their comparable whole-rock geochemical profiles, exhibit
distinct pyroxene types based on mineral chemistry analyses. Notably, some olivines in the Tepekent basalts
exhibit geochemical characteristics similar to those in the Ulumuhsine basalts. This resemblance suggests that
these olivines may be antecrysts—minerals formed during earlier magmatic stages—that were incorporated
into the Tepekent basalts during magma ascent through a complex magmatic plumbing system. This
incorporation highlights the dynamic and multi-stage nature of magma evolution in the region. These
differences suggest that the basalts are not products of the same lava flow and likely represent distinct basaltic
products exposed different magmatic processes during their evolution. While mineral chemistry strongly
supports this distinction, further geochronological and isotopic studies are necessary to confirm whether these

basalts share a common origin or belong to the same eruptive episode.

This study emphasizes the value of combining mineral chemistry with both linear (PCA) and nonlinear
(UMAP) ordination techniques to improve volcanic stratigraphy resolution. Such an approach provides a
deeper understanding of magma evolution, particularly in cases where whole-rock geochemistry alone cannot

adequately resolve genetic relationships between volcanic units.
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