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A machine learning approach was applied to geochemical analysis of nine
obsidian blades discovered in the archaeological site of Tulul al-Bagarat
(4th millennium BCE, lIraq), aiming at unraveling the provenance of the
natural material (volcanic glass, obsidian) employed for carving the studied
tools. To accomplish this, we measured the geochemical composition of
each archaeological tool to characterize the material, using non-invasive and
non-destructive techniques. The obtained data were compared with other
compositional data from obsidian sources in volcanic districts of the Near East
in terms of major, minor, and trace elements. Significantly useful were the
Zr and Rb minor elements, which have a remarkable discriminatory capacity
in large volcanic contexts. To obtain more detailed discrimination, we also
applied principal component analysis (PCA: covariate matrix) modeling and
automatically compared these compositional data via a machine learning
approach. Obsidian tools from Tuldl al-Bagarat show a rhyolitic composition
and a geochemical fingerprint that allowed to exclude most obsidian outcrops
in Turkish and Armenian volcanic sites as original sources, due to the different
abundances of minor elements and PCA results. The most interesting outcome
of our study indicates that obsidian blades resulted geochemically comparable
to volcanic glasses from Nemrut Dag stratovolcano (Southeastern Turkey), in
accordance with the results (averaged probability) obtained via a machine
learning approach. The possible provenance from Nemrut Dag stratovolcano is
remarkable because it is located on the Turkish route of the Tigris River, providing
supporting evidence of a trade network and broad exchange activity since the
4th millennium BCE from Turkey and the south Near East to the shores of the
Persian Gulf.

obsidian, provenance reconstruction, machine learning, Bingél, Nemrut Dag

1 Introduction

From the ancient Greek “opsdian” and the Latin “lapis obsidianus, obsidian is a
volcanic rock derived from the rapid cooling of a degassed magma. Obsidian is an
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excellent natural material for making artifacts with sharp edges by
chipping. Due to its ideal physical properties, obsidian was widely
used as raw material for making tools and items by prehistoric
civilizations in the Near East and in the Mediterranean area (see,
e.g., Chataigner et al., 1998; Bak et al., 2025).

The most common obsidian is black and has a rhyolitic
composition (SiO, > 70 wt%), such as the famous “liparite,
a black obsidian from Lipari (Aeolian Islands), widespread
as raw material for carving prehistoric tools (Bigazzi and
Bonadonna, 1993; Tykot, 1996).

This article presents an archaeometry study on a set of obsidian
blades discovered in the archaeological site of Tulal al-Bagarat
(Wasit Province), approximately 25km southwest of al-Kut in
South-Central Iraq.

The aim of this study is to determine the provenance of
the raw material (obsidian). To reach such an aim, we analyzed
the archaeological tools using non-invasive and non-destructive
techniques recommended for the study of archaeological tools
(Biro, 2005). We used a low-vacuum SEM-EDS microprobe to
determine major and minor elements and a bench-to-top micro-
XRF for trace elements. The obtained data represent a detailed
geochemical characterization (major, minor, and trace elements),
used as a base for further comparisons. To avoid altering portions
of the glass or the presence of small microlites, micro-analytical
methods are preferred with respect to whole-rock chemical analysis
(Frahm, 2012). Then, we compared our data with obsidian micro-
chemical compositions from the literature via a machine learning
approach. Major elements abundance allows classifying obsidians
based on the main chemical composition, while trace element
abundance represents the geochemical fingerprint fundamental
to unravel different petrogenetic environments, likely unique for
each volcanic source. Complete chemical compositions allow
classification of different types of obsidian (classes) outcropping
in several georeferenced volcanic sources (see, e.g., Frahm, 2012;
Frahm, 2020; Khazaee et al., 2014; Frahm and Carolus, 2022).

2 Archaeological and volcanological
settings

2.1 Tuldl al-Bagarat archaeological site

The studied tools belong to the Tulal al-Baqarat archaeological
site (Figure la), a rural settlement located 180 km southeast of
Baghdad along the Tigris River, on the eastern margins of the
Mesopotamian alluvium (Figure 1b). This region was home to well-
known ancient civilizations due to its strategic location near water
sources. In antiquity, the region of Tulal al-Baqarat was probably
situated closer to the course of the Tigris River or may have
been connected to it via a system of canals. The settlement was
continuously inhabited from the early 4th millennium BCE up until
the Islamic era (Lippolis, 2020).

The archaeological site of Tulal al-Baqarat is composed of a
group of ten mounds, tell in Arabic (taliil plural). The main tell of
the archaeological site is named TBI (Tell Baqarat n. 1) and was
extensively excavated from 2008 to 2010 by an Iraqi expedition
with exceptional results (see Bahar, 2020; 2022). From 2013 to 2022,
an Italian expedition (sponsored by the University of Turin and
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the Centro Ricerche Archeologiche e Scavi di Torino) conducted
soundings and a topographic survey on the main mounds of the area.
In particular, they focused on a large low tell (average, 8 ha), named
TB7 (Tell Baqarat n. 7, Figure 1a), located approximately 1 km to the
southeast of TB1. The main architectural features and the materials
(pottery, stone tools, flints, and clay-sickles) found in the TB7 tell
suggest a settlement of a rural nature, with residential and productive
units flanked by a monumental and raised sector (a building on a
terrace?) in the middle of the tell.

The settlement, formerly circular in shape, was likely surrounded
by a wide ditch, testified by a strong color change of the soil between
the inner and the outer parts around TB7 (Lippolis et al., 2019).

TB7 architecture and other evidence point to dating the
cultural layer to the main Early Uruk-Late Chalcolithic 2/3
period (4th millennium BCE). The later historical phases (e.g.,
the Parthian period) are poorly documented because of the
strong erosion and land modifications that affected the site.
Thus, TB7 contains the oldest evidence of human activity in the
entire region (Lippolis, 2020).

Despite this, small fragments of painted pottery are attributed
to the late Obeid period, or to a transitional phase between
Obeid and Uruk periods (4th-5th millennium BCE). Obsidian
tools studied in this article were found in the TB7 tell. These
items are a set of prehistoric tools of daily life, such as blades and
splinters (Lippolis, 2020).

Most of the obsidian tools found in the TB7 tell come from a
collection of surface contexts. Although present in the investigated
levels, obsidians in strata are rare compared to those encountered
on the ground during a survey. It might be reasonable to claim that
almost all the flints present in the tell can be attributed to the 4th
millennium cultural horizon (Lippolis, 2020).

2.2 Volcanological setting of the eastern
Anatolia region

There is extensive bibliography on the volcanoes of the
Mediterranean and Near East regions, which reports the presence
of obsidian-bearing volcanoes and volcanic obsidian deposits
(Alict et al, 2001; Alpaslan, 2007; Azizi and Tsuboi, 2021;
Di Giuseppe et al., 2018; Innocenti et al., 1976; Keskin, 2003;
Keskin et al, 1998; Kurt et al., 2008; Lustrino et al., 2010;
Lustrino et al., 2021; Pearce et al., 1990; Shaw et al., 2003;
Yilmaz et al., 1998). In the Western Mediterranean area, obsidian
sources are very few and relatively well studied, while in the
Middle East, obsidian-bearing volcanoes cover hundreds of square
kilometers and offer a wide range of investigation. Moreover, in
addition to major obsidian source areas, small outcrops are scattered
throughout Anatolia (Ozdogan, 1994), making this area the most
problematic for obsidian source identification (Oddone et al., 2003).

In addition, the obsidian sources for Tulal al-Baqarat tools
must be sought in an area easily accessible by ancient populations.
In fact, Oddone et al. (2003) proposed sites reachable by foot or
by river transport as the most suitable source areas, instead of
the obsidian sources closest to the archaeological site (Tulal al-
Baqarat). Accordingly, we selected the eastern Anatolia region as the
most suitable source area for the Tulal al-Baqarat obsidian tools,
focusing on the volcanic district near Lake Van (Kearney et al,
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(a) Aerial view of the TB7 tell at the Tulll al-Bagarat archaeological site, the site of discovery of the obsidian tools object of study. (b) Geographic map
of the Near East area between Turkey, Armenia, Azerbaijan, and Iraq. The Tulll al-Bagarat archaeological area is indicated by a red star. (c) Detail of the
map in (b), along the Turkey and Armenia border, in the Lake Van area, showing the regional sources of obsidian (modified after Khazaee et al., 2014).

Obsidian sources: (A) Bingol, (B) Nemrut Dag, (C) Suphan Dag, (D) Meydan Dag, (E) Sarikamis, (F) Gutansar, (G) Geghasar, and (H) Syunik.
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2025; Figure 1¢). The Nemrut Dag Volcano and Bingdl Plateau
offer a wide area of investigation, due to their widespread
volcanic activity, wherein the occurrence of numerous obsidian
deposits is well known (Innocenti et al., 1976; 1980; Poidevin,
1998; Khazaee et al., 2014; Robin et al., 2015; Robin et al.,
2016; Frahm, 2020; Frahm and Carolus, 2022; Frahm, 2023;
Frahm, 2025). The Nemrut Dag stratovolcano and Bingél Plateau
occur in the Lake Van area of south-eastern Anatolia (A, B;
Figure 1c).
Detailed
characterization of each obsidian-bearing outcrop is the key to

volcanological, geological, and geochemical
unraveling the source of the Tulal al-Baqarat tools.

In the archaeological literature, Nemrut Dag is considered
one of the most important sources of raw obsidian used by
prehistoric societies for producing tools. However, this does not
provide any information about the stratigraphy of most of the
obsidian outcrops (Robin et al., 2016).

Nemrut Dag is an active stratovolcano with a typical effusive
activity, which experienced historical eruptions (Aydar et al,
2003; Peretyazhko and Savina, 2017; Ulusoy et al., 2019). This
stratovolcano is constituted of a wide caldera (~25km in
diameter, Bigazzi et al., 1994; 1997), partially occupied by a lake,
near the southwestern tip of Lake Van (Karaoglu et al., 2005).
Nemrut Dag stratovolcano was characterized by a polyphase
eruptive activity (Ozdemir et al., 2006), whose volcanic products,
among others, include wide obsidian layers, present at each
stage of its activity. The post-caldera activity of the volcano
is marked by peralkaline rhyolitic (comendite) intra-caldera
lava flows and explosive hydrovolcanic activities. Obsidian
deposits related to this eruptive stage and outcropping inside
the caldera date between 30 ka (Matsuda et al., 1990) and 15 ka
(Gubukeu et al., 2012).

The Bingdl volcanic complex is a basaltic plateau with
a thickness of up to 1000 m of effusive rocks (Kurum and
Baykara, 2020). These are characterized by a suite of calc-alkaline
to weakly alkaline lavas and pyroclastites. Here, two obsidian
varieties were recognized, known as “Bing6l-A” and “Bingol-B”
(Cauvin et al., 1986; Cauvin et al., 1991; Bigazzi et al, 1997;
Frahm, 2012; Carter et al., 2013).

Frahm (2012) reports the best representative available dataset
of georeferenced Nemrut Dag and Bingol obsidians, based
on geochemical data of 100 obsidian samples. According to
Frahm (2012), eleven obsidian outcrops were identified inside
and outside of the Nemrut caldera, which were geochemically
grouped in six clusters (Nemrutl-6), suggesting the occurrence
of rhyolites from calc-alkaline (Nemrutl) to variably alkaline
(Nemrut2-5), to the Fe-rich and Al-poor rhyolite variety (Nemrut6;
Frahm, 2012).

These georeferenced obsidian clusters, with geochemical
characterization, represent a perfect comparison for obsidian
geochemistry and a solid base for the database used as a reference
for the following machine learning application.

3 Materials and methods

Various micro-analytic, non-invasive, and non-destructive
techniques were applied to the compositional study of the nine
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obsidian tools. Then, preliminary geochemical comparisons
and principal component analysis (PCA: covariate matrix)
modeling were done to fully characterize our samples
and identify the geochemical fingerprint. In the final step,
we applied a machine learning approach, comparing the
chemical data with from the

obtained training datasets

literature.

3.1 Analytical techniques

Major and minor elements of the nine obsidian samples
(Figure 2a) were determined using a scanning electron microscope
(SEM - JEOL IT300LV) equipped with an energy dispersive
(SDD EDS detector-AZtec Oxford
Instruments), operating under low-vacuum conditions, which

microanalysis  system
allows for obtaining reliable analysis with a non-invasive and
non-destructive approach. Samples were analyzed as they
are, without any manipulation or carbon coating. The tools
were placed on a glass holder and fixed with putty and
conductive carbon tape (Figure 2b). The possibility of operating
in a completely non-invasive way represents a non-negligible
incentive to the development of specific analytical protocols
for applications to the heritage of cultural and archaeological
interest.

The operating conditions were acceleration voltage 30 kV, low
vacuum 50 Pa, beam current 5 nA, working distance 10 mm, and
counting time from 100 s to 300 s. The compositional homogeneity
of each tool was verified by quartering the sample surface and
acquiring one X-ray elemental map of approximately 1 mm? (total
area of 4 mm?) on each quarter. Each map was acquired by avoiding
small holes, cracks, scratches, and microlites (Figures 2c,d). The
software used for the elemental acquisition was Aztec Oxford
Instrument ® , Features package.

From each area, the sum spectrum was extracted and then
quantified with Oxford Instruments AZtec QuantMap: mean and
standard deviation were calculated by element. Primary and
secondary standards used for EDS quant calibration, and the
controls were the minerals from Astimex Scientific Limited® 53
Minerals Mount.

The detection and quantification of trace elements were obtained
by a benchtop EDAX-Eagle micro-fluorescence (micro-XRF). The
micro-XRF uses a beam of collimated polychromatic X-rays to
produce the characteristic X-rays of the chemical elements in
conditions of high analytical sensitivity that allows for measuring
contents lower than 1000 ppm, always in a non-destructive mode
(Vaggelli and Cossio, 2012). The analytical conditions of the micro-
XREF were an acceleration voltage of 40 kV, a beam current of 1 mA, a
counting time of 1000 s, and an XRF beam spot of 30 um. A 250-pum-
thick aluminum foil was used as the primary filter, and the correction
method “Fundamental Parameter” with internal standards was
applied for the quantitative results, using two reference standards
for glass materials: NIST610 and NIST612 (more details in
Vaggelli et al., 2013).

Trace elements were determined as a profile of ten spot analyses
performed along the elongation of each tool, avoiding small holes,
cracks, scratches, and microlites.
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FIGURE 2

(a) Macroscopic picture of five of the nine obsidian tools. (b) Obsidian tools fixed on a glass holder for geochemical measurements. Backscattered
electron (BSE) images of the tool surface, highlighting (c) surface cracks and (d) scratches, which were avoided during the measurements.

3.2 Machine learning: decision tree and
random forest

To test the machine learning procedure, we built a training
dataset of obsidian geochemical data to compare with our
geochemical data. Frahm (2012) provides the best representative
available dataset, based on electron microprobe analyses, containing
108 georeferenced Nemrut Dag and Bingol obsidians, grouped
in classes and occurring in different outcrops with similar
geochemical imprints.

An applied machine learning approach is based on two
well-known algorithms, decision tree (Quinlan, 1986) and
random forest (Breiman, 2001).

Decision tree is a top-down classification algorithm (Quinlan,
1986) that constructs tree-like graphs, based on two abstractions:
nodes and branches. Branches simply connect nodes with each
other, while nodes make decisions, sending an instance to another
node (child node) that is connected through a branch. Alternatively,
they can return the estimated class of an instance. In the first node
(i.e., root), all instances are used to determine the best attribute for
splitting the instances into two subsets assigned to two new child
nodes. This process is recursively repeated in each new node until
the class of all instances of the subset is unique or until a stopping
criterion is reached. The best attribute is determined in each node
by evaluating the information gain or Gini index.
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Random forest (Breiman, 2001) is a meta-classifier (or
ensemble) algorithm that trains several decision trees on various
subsamples of the original dataset and uses averaging to improve
the predictive accuracy and control over-fitting.

Random forest is an ensemble learning method for classification
that operates by constructing a multitude of decision trees (Quinlan,
2014) at training time. The output of the random forest is the class
selected by the most trees (Breiman, 2001). Random forest can assign
importance to the different attributes of a dataset.

In addition, this algorithm is also one of the most cited classifiers
for its best results, which makes it interesting to study it in
this context.

The random forest calculations were performed by means of
SharpLearning (2025) (an open-source machine learning (ML)
library for C#NET, https://github.com/mdabros/SharpLearning).
To obtain the best results, we used the RandomSearchOptimizer
function, present in the SharpLearning package, to tune
hyperparameters. For this optimization, we randomly split the
learning database (i.e., Frahm, 2012; containing 108 observations,
seven output classes), assigning 70% of the observations to the
training dataset and 30% to the test dataset. The optimization
100;
maximumTreeDepth = 30; minimumInformationGain = 1.E-06;

run gave the following optimized parameters: trees

featuresPrSplit = 0; and minimumSplitSize: = 1 for the random
forest algorithm.
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FIGURE 3
(a) Total-alkali vs. silica (TAS, after Le Bas et al., 1986) classification diagram showing the composition of the nine Tulll al-Bagarat obsidians. The red
line represents the geochemical distinction based on the alkali content, after Irvine and Baragar (1971). (b) Rb vs. Zr diagram for obsidians from Turkey
(pale blue areas: A: Bingdl-A; Al: Bingdl-B; B: Nemrut Dag; B1: Nemrut Dag; C: Suphan Dag; D: Meydan Dag; E: Sarikamis) and Armenia (green areas: F:
Gutansar; G: Geghasar; H: Syunik) volcanic complexes (modified after Ghorabi et al., 2010; Khazaee et al., 2014). A selection of georeferenced obsidian
samples from Nemrut Dag and Bingol (Frahm, 2012) is plotted with Tuldl al-Bagarat tools for direct comparison (legend reported in the figure).

Using these parameters, we get a test error, defined as metric
error between the known targets test set and test predictions, of
<0.05. The returned output includes a list of probabilities (1 for
each output class) where the highest value corresponds to the most
probable phase.

The algorithm must be trained by associating the input variables
(in our case, the concentrations of the elements) with the class
they belong to. From here on, it is possible to enter input
variables (concentrations of elements in an unknown sample) to
obtain the most probable class, that is, the probability (0/1) of
belonging, for each available class. A similar procedure was applied
to microprobe analysis, and its classification and plotting were
described by Cossio et al. (2024).

4 Results and discussion

4.1 Geochemical data of Tulul al-Baqarat
obsidian tools

The representative compositions of each analyzed obsidian
(Supplementary Table S1) are first plotted into the TAS diagram
(Le Bas et al., 1986), which is based on silica (SiO,) versus total
alkali (Na,O + K,0), commonly used for the chemical classification
of volcanic rocks. As reported in Figure 3a, the analyzed samples
indicate a rather homogeneous rhyolite composition.

The material used for carving the nine tools is therefore a natural
volcanic glass, showing a high silica content with a peraluminous
feature [Al,O;/ (Na,O + K,0 + CaO) > 1]. The alkaline content
(Na,O+ KO, occurring in similar amounts) is close to 10 wt%. In
addition, the alumina (Al,O; approximately 11 wt%) and Fe (FeO
approximately 2.5 wt%) contents are low, as are the calcium and
magnesium (MgO and CaO <1 wt%) contents.

Trace elements show a very high content of Zr
(>1000 ppm), together with high values of Rb (200-300 ppm),
Y (140-150 ppm), Nb (50-80 ppm), and Zn (150-200 ppm).
These are features reflecting intraplate

values peculiar
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acid volcanic rocks (Le Maitre, 2002) occurring in eastern
Anatolia (Innocenti et al, 1982; Di Giusepppe et al, 2017;
Peretyazhko et al, 2015). Supplementary Table S1 reports the
representative averaged chemical compositions (with relative
standard deviation, §) of the multiple analyses performed for major
(i.e., > 1 wt% oxide) and minor (i.e., < 1% wt% oxide) elements on
each tool. The detected trace elements (Mn, Ti, Zn, Y, Zr, Nb, and
Rb) are similarly reported as average values and relative standard
deviation.

4.2 Geochemical comparison of Tulual
al-Bagarat samples with obsidian sources
from eastern Turkey and Armenia

The measured chemical compositions of the nine obsidian
blades are here compared with those measured on other obsidians
from the most widespread Turkish and Armenian obsidian-bearing
volcanic areas reported in the literature (Keller and Seifried, 1991;
Khademi Nadooshan et al., 2013; Khazaee et al., 2014; Darabi and
Glascock, 2013). We have restricted our geochemical consideration
to the most significant and analytically best constrained elements,
that is, Zr and Rb, which have a remarkable discriminatory capacity
in large volcanic contexts. In the Rb vs. Zr plot (Figure 3b), the nine
obsidian tools show high values of both Zr and Rb, similar to some
Turkish obsidians (A, B in Figure 3b), especially those belonging to
Bingol and Nemrut Dag. These values are clearly different from all
the Armenian (E H, G in Figure 3b) and other Turkish (C, D, E
Al in Figure 3b) obsidians that are characterized by minor Zr (of
one order of magnitude) and Rb (from 60 ppm to 140 ppm less)
contents. Therefore, among the possible source areas for the analyzed
obsidian tools, only the obsidians from Nemrut Dag and Bingol
show comparable Zr and Rb values (Figure 3b).

Therefore, an accurate comparison with obsidians that erupted
from the Nemrut Dag stratovolcano and the Bingol Plateau was
performed to evaluate the geochemical fingerprint.
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FIGURE 4
(@) Zr vs. Mn and Zn diagrams and (b) Zr vs. Rb, Nb, and Y for the Tultl al-Bagarat tools (red dots) compared to obsidian sources from Nemrut Dag and
Bingol. Data from (a) Frahm (2012), (b) Carter et al. (2013), (c) Keller and Seifried (1991), and (d) Robin et al. (2016).

Following this assumption and in agreement with literature
studies on Bingdl and Nemrut Dag obsidians, a set of geochemical
diagrams was created using the available data of obsidian sources
(Keller and Seyfried, 1990; Frahm, 2012; Sumita and Schmincke,
2013; Carter et al., 2013; Schmincke and Sumita, 2014; Robin et al.,
2016). The separation in classes by accurate geochemical analyses of
specific chemical elements is the key to identifying the geochemical
fingerprint.

We selected Zr vs. Zn, Mn, Rb, Nb, and Y trace element
pairs to discriminate the geochemical fingerprints of each volcanic
complex, as reported in Figure 4. Unfortunately, these diagrams
show a scarce discriminating capacity, contrary to other cases
(Khademi Nadooshan et al., 2013; Khazaee et al., 2014). Indeed, in
the diagram, Zr vs. Zn and Mn show a clear separation between
Bing6l-B, Nemrutl, and Nemrut6 clusters, but it is impossible to
distinguish between the Nemrut2-5, Bingol-A, and Tulal al-Baqgarat
obsidians (Figure 4a). Similarly, when comparing Zr vs. Nb, Y, and
Rb, an indistinct dataset gathers Nemrut, Bing6l-A, and Tulal al-
Bagqarat obsidian samples (Figure 4b).

No clear and exhaustive information was obtained by simple
geochemical comparison, and therefore, a further discriminative
attempt was performed by applying a machine learning model based
on literature data from Frahm (2012) as a training dataset.
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4.3 Principal component analysis (PCA)

To verify the good clustering proposed by Frahm (2012), a
principal component analysis (PCA) was first applied to these
geochemical clusters (Figure 5).

An accurate selection of elements was made for testing
PCA, according to their quantitative occurrence (similar order of
magnitude) and geochemical behavior.

Two different training sets of geochemical elements were
selected to validate the proposed method of attribution according
to the available dataset.

The chemical elements for PCA include five major elements (Si,
Al, Na, K, and Fe; Supplementary Table S1) for the first dataset, and
two minor (Ti and Mn) elements, as well as Zr and Zn, for the
second one.

Given the low dimensionality (five elements for major and
four for minor/trace), it is possible to represent the analytical
points using the mean of the covariance matrix, using the
first two PCA components (Figure 5a for major; Figure 5b for
minor/trace elements). In these conditions, we have more than
85% of the available variance for the two datasets. In each class,
the ellipse represents a deviation of 2 sigma, with respect to
the class centroid, projected into the two PCA components.
The clear separation and the good grouping between the
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FIGURE 5

Principal component analysis (PCA) on (a) major (Si, Al, Na, K, and Fe) and (b) selected minor/trace (Ti, Mn, Zr, and Zn) elements for Bingol-A and
Nemrut Dag Obsidians clusters from Frahm (2012). The numbers in brackets are the number of samples in the cluster. The average values of elements
for each class (centroid) and relative standard deviations are reported in Supplementary Tables S2, S3.

different considered classes allow us to use this information to
train the machine learning algorithms with the Frahm (2012)
dataset.

4.4 The machine learning approach

After the successful PCA and the resulting good subdivision
into database classes (Frahm, 2012), we used this information to
train machine learning algorithms based on the random forest
algorithm (Quinlan, 2014). Therefore, a detailed comparative study
with obsidian samples from different outcrops was performed.

Frontiers in Earth Science

We selected the same chemical elements as for PCA: five major
elements (Si, Al, Fe, Na, and K) and four minor/trace elements
(Ti, Mn, Zr, and Zn), for both our geochemical data and for the
database. Figure 6 shows the histogram of provenance probability,
calculated as an average value from major and minor/trace elements
probability of belonging to each class present in the database
(Bingol-A and Nemrut1-6), for each obsidian tool.

The results are surprisingly coherent, identifying a statistically
significant unique provenance, that is, the Nemrut2 cluster
(Figure 6). This cluster shows a statistically significant geochemical
affinity to the measured obsidians of Tuldl al-Baqarat, more than
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FIGURE 6
Random forest averaged decision probability for the Tultl al-Bagarat obsidian tools.

twice that of the second similar cluster (Bing6l-A), while other
clusters show a significantly lower statistical affinity (Figure 6).

Nemrut2 corresponds to an outcrop inside the caldera of
Nemrut Dag Volcano (the EA25 outcrop in Frahm, 2012) and is
likely to be the statistically more plausible source rock among the
other obsidians.

4.5 Final remarks: the obsidian source

The calculated averaged probability led us to collocate the
source rocks of the studied nine obsidian tools in the Nemrut
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Dag stratovolcano (Lake Van region, Turkey), and, more precisely,
in the obsidians outcropping inside the caldera, emplaced during
the post-caldera activity of Nemrut Dag Volcano from the
last 30 ka (Ulusoy et al., 2012).

The suggested exhaustive hypothesis appears plausible even
assuming their transport to the outcrop (i.e., the site of discovery
in ancient times) through the main waterways of the region, such as
the Tigris River.

This archaecometry study of obsidian sourcing for Tulal al-
Baqarat tools suggests a significant network of interactions among
populations of Southeastern Anatolia and the south Near East
during the 4th millennium BCE.
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5 Conclusions

The results of this study demonstrate that geochemistry is
essential in archaeometric research for determining the provenance
of raw materials used in the production of artifacts in historical
periods. It is here evidenced that geochemical analysis, combined
with a machine learning approach, represents a useful procedure for
easily distinguishing among different obsidian deposits, reaching, in
some cases, the outcrop-scale of detail.

The obsidian tools found in Tulal al-Baqarat show a composition
that is clearly different from other obsidians present in the mid-East
(Armenia and central or western Turkey) and are comparable to
the volcanic glasses from the Nemrut Dag Volcano in southeastern
Turkey. In more detail, using the procedure presented above, we
identified a restricted area (i.e., the caldera) of the Nemrut Dag
Volcano as the most suitable source of the obsidian raw material,
from the geochemical point of view. This is the “geochemical
fingerprint”

It must be pointed out that element pairs such as Zr vs. Rb, Zr vs.
Zn, and Zr vs. FeO (Figure 4) have a roughly discriminating capacity
for most Anatolia obsidian sources, because of some geochemical
affinities. A machine learning approach was remarkably successful
at exhaustively discriminating among similar petrogenetic sources,
such as Nemrut and Bingol.

In conclusion, data obtained in this archaecometric study
through non-invasive and non-destructive geochemical analyses
and through a machine learning approach suggest that the obsidian
deposits were very important as an obsidian source for the
production of tools and artifacts by prehistoric populations across
the Near East (see, e.g., Muskara and Konak, 2021; Muskara and
Agirsoy, 2023).

We can also assert that obsidian tool production was not
only for local or regional production in the neighborhood of
the Nemrut Dag volcanic area but was part of a larger regional
trade network in obsidian and obsidian tools (Khalidi and
Gratuze, 2013; Orange et al., 2021).

Indeed, beginning in 9600 BP, this obsidian is only present
in the upper Tigris and upper Euphrates basins and followed the
diffusion of the calc-alkaline variant (Bing6l-B) toward the middle
Euphrates (Gratuze et al., 1993).

Concerning the form in which these raw materials were
obtained, it is more likely that this obsidian was accessed directly,
being decorticated at source as a means of both testing raw material
quality and diminishing transport weight (Carter et al., 2020).
As for the question of how the obsidian was moved to Tulal al-
Bagqarat, the means of transport were by foot, with the domestication
of pack animals, or on a boat. The Nemrut Dag volcanic area
is roughly 1200 km (in a straight line), far from the Tulal al-
Bagqarat archaeological site, suggesting a far distance provenance and
sourcing. This information provides a more solid comprehension of
the trade and exchange network among populations of Southeastern
Anatolia and the south Near East during the 4th millennium BCE.

Finally, the reconstruction of the extraordinary influence of
the Tigris River in the Near East is emphasized as a route for the
transportation of materials toward the shores of the Persian Gulf.

This study provides an important constraint for further
archaeological studies on prehistoric settlements in the Middle East
and Mediterranean regions.
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