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Abstract: This study aims to determine the pollution levels and trace element
enrichments of soils in the Avliyana area (Glimiishane), located in the Eastern
Pontide Orogenic Belt. The concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, and Pb
in the field soils were analyzed, and pollution levels were evaluated using the
Pollution Index (PI), Geo-accumulation Index (Igeo), Enrichment Factor (EF), and
Pollution Load Index (PLI). According to the findings, while Cr, Mn, Co, Ni, Cu, and
Zn elements generally remained at natural background levels (EF < 2), distinct
enrichments were detected in Arsenic (As), Cadmium (Cd), and Lead (Pb). Arsenic,
in particular, was identified as the dominant pollutant in the area, with an average
value of 82.74 ppm (maximum 533 ppm) and an Enrichment Factor (EF) exceeding
40. Comparison with local bedrock (granitoids and volcanics) data revealed that
Arsenic is enriched approximately 42-fold in the soil compared to the parent rock,
and this phenomenon is associated with anthropogenic effects and physicochemical
processes (chemical trap) rather than a lithogenic origin. The Pollution Load Index
(PLI) results indicate that environmental quality has deteriorated in the majority of
the sampled points (13/16) and that certain locations exhibit "hotspot”
characteristics.

1. Introduction

The Avliyana (Gilimiishane) area is situated within the Southern Zone of the Eastern Pontides Orogenic Belt,
specifically at the transitional interface with the Northern Zone [1-8] (Figure 1). The study area falls within the
administrative boundaries of Giimiishane, a province with a mining heritage that traces back to antiquity [9, 10].
Historically referred to as Argyropolis—owing to its abundance of silver-bearing deposits alongside lead, zinc, and
copper reserves—Glimiishane has long been a significant center for mineral extraction [11, 12]. Contemporary
geological assessments suggest that the region still harbors numerous undiscovered mineral deposits.
Consequently, the area has been the subject of continuous exploration efforts, spanning from historical surveys to
ongoing modern investigations [13-18] [3, 4, 24-30, 7, 10, 18-23] [24, 31-33] [11, 12, 16, 34-40].
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While mining activities are pivotal for national economic development, they have faced increasing social scrutiny,
particularly following the latter half of the 20th century. The surge in environmental awareness, notably since the
1980s, has led to growing public opposition regarding such operations [41-44]. In recent years, the prevailing
consensus has shifted towards approaches that equilibrate mining imperatives with environmental stewardship.
By definition, a mining site represents a localized zone where specific elements are enriched beyond average
crustal abundances. This implies a natural accumulation of elements, independent of anthropogenic inputs.
Consequently, there exists an intrinsic relationship between elemental enrichment and potential toxicity within
such geological settings [27, 45-49] [19, 23, 48, 50-54].

The primary objective of this study is to investigate the local enrichment thresholds and contamination risks
within the Avliyana area, which is characterized by intense hydrothermal alteration and significant metallic
enrichment, particularly in antimonite. To this end, the study focuses on determining the baseline concentrations
of major trace elements in the soils of the region.

2. Regional geology

The study area is situated within the Eastern Pontides Tectonic Unit (EPTU), also referred to as the Pontide
Tectonic Units [55]. Due to lithological distinctiveness observed between the northern and southern sectors
during the Late Cretaceous, this region is traditionally examined under two separate headings: the Northern Zone
and the Southern Zone [56],. However, Bektas [57] and Bektas and Giiven [58] proposed a tripartite classification
for the Eastern Pontides Magmatic Arc—dividing it from north to south into the Northern, Southern, and Axial
Zones—based on variations in magmatism, tectonism, and sedimentological characteristics.

The basement of the EPTU is comprised of Early Carboniferous metamorphic rocks [59] and Early-Late
Carboniferous plutonic intrusions [60-68]. These basement rocks are unconformably overlain by Early-Middle
Jurassic volcano-sedimentary units [69, 70] and are intruded by Middle-Late Jurassic plutonic rocks [71]. The Late
Jurassic-Early Cretaceous interval in the region represents a period of magmatic and tectonic quiescence,
characterized by widespread carbonate deposition [72]. In contrast, the Late Cretaceous is represented by a
diverse assemblage of plutonic, volcanic, and sedimentary rocks [5, 31, 73-78]. The Cenozoic stratigraphy of the
region similarly consists of volcanic, plutonic, and sedimentary sequences [79, 80, 89-94, 81-88]. The youngest
geological features in the region are slope debris, terraces, travertine, and alluvium [95-99].

The specific study area is located at the transition between the Northern and Southern Zones, though it
predominantly exhibits Southern Zone characteristics. Lithologies ranging from the Paleozoic to the end of the
Tertiary outcrop within the region [100-102]. The oldest stratigraphic units in the field are Permo-Carboniferous
plutonic rocks, specifically the Artabel Granitoid [62, 103, 104]. These rocks are overlain by the Early-Middle
Jurassic volcano-sedimentary Zimonkdy Formation, separated by an erosional unconformity [100, 105, 106]. The
Late Jurassic-Early Cretaceous Berdiga Formation conformably covers these underlying units [72].

Succeeding the Berdiga Formation is the Late Cretaceous Kermutdere Formation. This formation commences with
sandy limestones at the base, transitions into purple limestones, and terminates with volcano-sedimentary units.
Itis also capped by Late Cretaceous andesites and basalts [5,101, 107]. The Eocene Alibaba Formation—composed
of andesites, basalts, and associated pyroclastics with intercalated sedimentary layers—rests unconformably upon
the Kermutdere Formation. The entire stratigraphic sequence is intruded by the Lutetian-aged Avliyana Granitoid
[2, 92, 101] (Figure 1). Finally, Quaternary alluvium, slope debris, and travertine represent the youngest
formations in the area [104].
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Figure 1. Geology of the study area and sampling locations[simplified from 2]

3. Materials and Methods: Soil Sampling, Analytical Procedures, and Pollution Indices

For the purpose of geochemical assessment, sixteen soil samples were collected from the upper soil profile
(specifically the B horizon at depths of 10-25 cm) within the Avliyana area. To minimize potential contamination,
a plastic spatula was employed for sample collection, and the materials were immediately stored in sterile plastic
bags. Following initial air-drying at room temperature, the samples underwent oven-drying at 70-80 °C for two
hours to eliminate residual moisture. The dried material was subsequently sieved to 2 mm, ground, and passed
through an 80-mesh (~177 um) screen, consistent with the optimal grain size recommendations of Rose et al. [45].
Selected trace element concentrations were determined using Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES) at the Giimiishane University Central Laboratory. Prior to analysis, a microwave-assisted
closed-system digestion procedure was utilized to obtain clear solutions. Specifically, 1 g aliquots of each soil

3



A.Vural / Assessment of Soil Quality and Environmental Risk Using Multiple Pollution Indices: Avliyana (Giimiishane, NE Tiirkiye).

sample were initially treated with 2 ml of HNO3 solution for one hour. Subsequently, 6 ml of a reagent mixture
(HCI-HNOs3-H20 in a 2:2:2 ratio) was added. The solution was then digested at 95 °C for one hour before being
introduced to the ICP-AES instrument. Comprehensive descriptions of the sample preparation and analytical
protocols are provided in Vural [108, 109], Vural et al. [110], Vural and Erdogan [111], and Bulut et al. [112].

To evaluate the extent of elemental enrichment—and by extension, potential contamination—the
Geoaccumulation Index (Igeo), Pollution Index (PI), Enrichment Factor and Pollution Integrated Index were
utilized. The Igeo classification, originally proposed by Miiller [113], facilitates the assessment of pollution levels
by comparing present-day metal concentrations against background (unenriched) values. This parameter is
calculated using the following equation:

lgeo=log:(Cn/1.5Bn) (1)

In this equation, Cn represents the measured concentration of the element in the soil samples, while Bn denotes
the geochemical background value, taken here as the average concentration of the corresponding element in the
upper continental crust [114]. The constant factor of 1.5 was introduced by Stoffers et al. [115] as a matrix
correction factor to account for potential lithogenic variations in the background data. For the interpretation of
the Geoaccumulation Index, four distinct descriptive classes were adopted (Table 1).

Additionally, the Pollution Index (PI) is defined as the ratio of the specific element's concentration in the analyzed
sample to its average abundance in the upper continental crust. To assess the level of elemental enrichment within
the Avliyana area, PI values were computed and categorized according to the following criteria: no enrichment
(PI<1.5) and enriched (PI = 1.5).

Table 1. Classification of geoaccumulation index (Igeo) enrichment

Igeo Clas Igeo value Soil Quality / Pollution Level Color in Table 5
0 Igeo<0 Unpolluted Blank

1 O<Igeos<1 Unpolluted to moderately polluted Yellow

2 1<Igeo<2 Moderately polluted Ivory

3 2<lgeos<3 Moderately to strongly polluted

4 3<Igeo<4 Strongly polluted

5 4<Igeos5 Strongly to extremely polluted Khaki

6 Igeo>5 Extremely polluted

4, Results

Descriptive statistics regarding the elemental composition of the Avliyana soil samples were calculated and are
summarized in Table 2. Furthermore, the Pollution Index (PI) values for the studied soils were computed to
illustrate the degree of enrichment (Table 3 and Figure 2), with the corresponding descriptive statistics provided
in Table 4.

In Table 3, values ranging from 1.5 to 3 are highlighted in pink, representing PI levels that are noteworthy
regarding potential pollution. Values exceeding 3.0 are marked in dark pink, corresponding to the "Extremely
Polluted" category. The majority of the table remains uncolored, indicating that there is no significant
contamination across the study area for most metals, particularly Cr, Ni, and Zn. However, based on the PI
assessment, the area exhibits remarkable enrichment—and thus pollution—primarily in As, Cd, and Pb.
Conversely, elements such as Cr, Mn, Ni, Cu, Zn, Co, and Fe show only sporadic or localized enrichment.

A closer examination of the data reveals that the PI_As column is particularly conspicuous. Notably, samples TP2-
187 (P1=6.21) and TP1-187 (P1=6.03) exhibit the highest values, highlighted in bold dark pink.

Figure 2 illustrates the total pollution load for each sampling location based on the calculated PI data. This graph
clearly identifies the specific sampling points subject to contamination. In the figure, the height of each bar
represents the cumulative pollution load, while the color segments within the bars attribute the contamination to
specific metals. Arsenic (depicted in grey/brown tones) constitutes the largest portion of the columns, confirming
its status as the dominant pollutant in the region.

Table 2. Descriptive statistical parameters of the elements in the soils of the Avliyana site (ppm)

Cr Mn Fe Co Ni Cu In As Ccd Pb
Mean 121.30 1313.80 6.48 25.15 72.10 54.39 98.88 82.74 0.27 37.38
Median 75.69 1085.25 5.91 23.13 56.68 49.35 85.91 23.30 0.21 26.39

Standart deviation 112.74 1025.68 3.71 12.45 42.44 42.68 42.98 164.61 0.18 23.02
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Kurtosis
Skewness
#
Maximum

Minimum

5.83 4.42
2.21 2.15
16.00 16.00
47120 4245.86
1930  381.28

0.52
0.87
16.00
15.17
1.96

3.29
1.64
16.00
60.19
11.00

291
1.57
16.00
190.63
24.80

7.00
2.32
16.00
190.76
12.68

0.49 4.98
1.07 2.50
16.00 16.00
196.44 533.04
5090 6.61

3.31 -0.28
1.85 0.99
16.00 16.00
0.75 87.19
0.10 9.79

Table 3. PI values of the elements in the soils of the Avliyana site. Values of 1.5 < PI < 3 are shown in light pink, and PI
2 3 are shown in dark pink.

PI_Mn | PI_Fe PI.Zn | P As PI.Cd | PL.Pb
TP1-187 2.63
TP1-189 2.93 12.80
TP1-191 | 2.01 2.35 | 2.08 1.52 2.22 1.75
TP2-186 | 1.62 1.57 | 2.56 1.33 2.83 2.50 1.26
TP2-187 | 0.78 1.86 1.58 1.12 1.17
TP2-188 | 0.65 1.13 | 1.99 1.74 2.82
TP2-189 | 0.70 | 1.21 2.12 1.14 0.89 | 1.33 0.98 2.03 1.41
TP2-190 | 1.48 | 1.21 2.15 1.32 091 | 1.02 0.90 1.38 1.24 0.58
TP2-191 | 2.16 | 1.40 1.28 1.44 243 | 161 1.24 2.22 1.39
TP2-192 | 0.53 | 1.57 1.87 | 0.83 1.03 | 0.59 2.08
TP3-191 | 0.30 | 0.84 0.68 | 0.74 0.53 | 2.57 1.89 1.56 1.98
TP1-185 | 0.87 | 0.65 0.55 | 0.86 0.97 | 0.45 0.83 1.92 2.33 1.25
TP1-186 | 0.87 | 1.03 096 | 2.24 1.51 0.93 2.22 1.69
TP1-188 | 0.58 | 0.78 0.79 1.05 1.29 | 111 0.76 1.11 1.37
TP1-190 | 0.71 | 1.40 1.17 1.25 098 | 1.31 1.09 2.02 1.78 1.21
TP1-192 | 0.21 | 1.46 0.50 | 0.64 0.69 | 0.50 1.18

Pollution Index Value (log2 scale)

TP1-187

Cumulative Metal Pollution Load per Sample (Log Base 2 Scale)

TP1-189
TP2-192

TP2-191
TP2-188

TP1-192
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Figure 2. Cumulative total metal pollution load per sample in the Avliyana site

Table 4. Descriptive statistical parameters of the Pl values of the elements in the soils of the Avliyana site

PI_Cr

PI_Mn

PI_Fe

PI_Co

PI_Ni

PI_Cu

PI.Zn

PIAs

PILCd | PLPb

Mean

1.32

1.70

1.66

1.45

1.53

1.94

1.48

17.24

296 | 2.20
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Median 0.82 1.40 1.51 1.34 1.21 1.76 1.28 4.85 2.28 1.55
Standart deviation | 1.23 1.32 0.95 0.72 0.90 1.52 0.64 34.29 1.97 1.35
Kurtosis 5.83 4.42 0.52 3.29 291 7.00 0.49 4.98 3.31 -0.28
Skewness 2.21 2.15 0.87 1.64 1.57 2.32 1.07 2.50 1.85 0.99
# 16.00 | 16.00 16.00 | 16.00 | 16.00 | 16.00 | 16.00 | 16.00 16.00 | 16.00
Maximum 5.12 5.48 3.88 3.48 4.06 6.81 2.93 111.05 | 8.34 5.13
Minimum 0.21 0.49 0.50 0.64 0.53 0.45 0.76 1.38 1.11 0.58

The calculated Igeo values for the study area are presented in Table 5, while the corresponding descriptive
statistical parameters are provided in Table 6. Additionally, a box-and-whisker plot illustrating the Igeo
distribution by element is depicted in Figure 4, which summarizes the general geochemical behavior and
variability of each metal across the site. The dashed horizontal lines in the figure correspond to the Igeo
classification thresholds (classes 0 to 5) defined by Miiller [113].

According to the Igeo dataset, Arsenic (As) exhibits the widest distribution range and the highest mean values in
the Avliyana area. The significant upward extension of the upper whisker for As indicates the presence of
extremely high concentrations at specific sampling locations. Lead (Pb) and Cadmium (Cd) values predominantly
fall within the 0-2 range ("Unpolluted to Moderately Polluted"). In contrast, for the remaining metals (Cr, Mn, Fe,
Co, Ni, Zn), the majority of the box plots are positioned either below the zero line or slightly above it. This indicates
that natural and/or anthropogenic accumulation for these elements is minimal, suggesting only partial or
negligible enrichment.

Table 5. Igeo values of the soils from the Avliyana site

Igeo_Cr | Igeo Mn | Igeo_Fe | Igeo_Co | Igeo Ni | Igeo_Cu | Igeo_Zn | Igeo_As | Igeo_Cd | Igeo_Pb

TP1-187 | 1.77 1.87 0.15 1.21 1.44 0.35 0.81 1.27 1.19
TP1-189 | 0.75 1.49 0.38 0.64 0.65 037 0.97 1.34 134
TP1-191 | 0.42 0.00 -0.14 -0.04 0.65 0.47 0.02 1.74 0.57 0.22
TP2-186 | 0.11 0.15 0.72 0.10 0.07 0.77 -0.18 0.92 0.74 -0.25
TP2-187 | -094 | -1.61 1.37 -0.15 031 -0.42 -0.35
TP2-188 | -1.22 0.57 1.05 0.03 041 | 041 0.22 1.46 0.91 1.22
TP2-189 | -1.10 -0.31 0.50 -0.39 075 | -0.17 -0.61 1.96 0.44 -0.08
TP2-190 | -0.02 -0.31 0.52 -0.19 -0.73 -0.55 -0.73 -0.12 -0.27 -1.38
TP2-191 | 0.52 -0.10 -0.23 -0.06 0.69 0.11 -0.28 0.57 -0.11
TP2-192 | -1.49 0.07 0.32 -0.85 -054 | -1.35 0.47 2.00 1.77
TP3-191 | -2.32 -0.84 -1.15 -1.02 -151 | 078 0.34 0.06 1.15 0.40
TP1-185 | -0.79 -1.20 -1.43 -0.80 -0.63 -1.73 -0.85 0.35 0.64 -0.26
TP1-186 | -0.79 -0.55 -0.65 0.58 0.01 1.13 -0.69 1.64 0.57 0.17
TP1-188 | -1.36 -0.94 -0.93 -0.52 -0.22 -0.43 -0.98 1.39 -0.43 -0.13
TP1-190 | -1.09 -0.10 -0.36 -0.26 -0.61 -0.20 -0.46 0.43 0.25 -0.31
TP1-192 | -2.84 | -0.04 -158 | -1.24 112 | -1.59 -0.35 186 | 245 | 151 |

Table 6. Descriptive statistics of the Igeo values for the Avliyana site

IgeoCr IgeoMn IgeoFe IgeoCo IgeoNi IgeoCu IgeoZn IgeoAs IgeoCd Igeo_Pb

Mean -0.65 -0.11 -0.09 -0.19 -0.17 0.03 -0.14 1.98 0.75 0.31
Median -0.87 -0.10 0.00 -0.17 -0.32 0.23 -0.23 1.69 0.60 0.04
Standart deviation 1.18 0.89 0.88 0.64 0.77 1.03 0.59 1.84 0.82 0.86
Kurtosis 0.05 0.90 -0.83 0.25 -0.20 0.24 -0.73 1.80 0.30 -0.47
Skewness 0.18 0.71 -0.22 0.42 0.35 -0.03 0.42 143 0.54 0.17
# 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00 16.00
Maximum 1.77 1.87 1.37 1.21 1.44 2.18 0.97 6.21 247 1.77
Minimum -2.84 -1.61 -1.58 -1.24 -1.51 -1.73 -0.98 -0.12 -0.43 -1.38
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Figure 3. Box plot of the Igeo data for the study area

The Enrichment Factor (EF) was utilized to distinguish between lithogenic and anthropogenic sources of
contamination within the study area (Figure 4). Iron (Fe) was selected as the reference element (normalizer) for
these calculations, given its high natural abundance in the lithosphere and its relative immobility throughout
geochemical processes.

Since the Pollution Index (PI) dataset was already available, Enrichment Factor (EF) values for each element were
calculated using the relationship EF = PI_element / PI_Fe. Because PI values are normalized to upper continental
crust abundances, deriving EF values from PI ratios ensures internal consistency among the applied pollution
indices. Based on the classification scheme proposed by Sutherland [116], an EF box-and-whisker plot was
generated (Figure 5). The elements Cr, Mn, Co, Ni, Cu, and Zn predominantly fall within the range of EF < 2
("Deficiency to Minimal Enrichment"), suggesting that their presence is primarily governed by the parent rock
lithology (natural geological background). In contrast, Cadmium (Cd) and Lead (Pb) exhibited slight elevations in
certain samples, corresponding to "Moderate Enrichment" (EF 2-5). Arsenic (As) emerges as the most conspicuous
element in the graph, with values exceeding 40 ("Extremely High Enrichment"). The high EF values identified in
the field sampling records provide strong evidence that the contamination at these locations is of anthropogenic
origin, most likely associated with sources such as mining residues (tailings) and/or agricultural pesticides.
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Within the scope of the environmental geochemical investigation conducted on the Avliyana site soils, the
Pollution Load Index (PLI) was additionally utilized to extend the interpretation beyond individual metal
concentrations and to obtain an integrated measure of the area’s overall heavy-metal contamination. Introduced
by Tomlinson [117], the PLI represents a key indicator that condenses the collective impact of multiple
contaminants into one composite value, thereby reflecting the general pollution intensity of the site.

The index serves several important functions:

e Quantifying Overall Contamination Pressure: It integrates the concentrations of various heavy metals to
express their combined environmental burden.

e Enabling Comparative Assessments: It allows objective comparison of the pollution status of the study
area either through time or in relation to other locations.

Interpretation of PLI values follows a simple framework:
e PLI <1 denotes an absence of contamination.

e PLI > 1 indicates the presence of pollution, with increasing values corresponding to greater levels of
environmental degradation.

PLI is calculatede as follow:

PLI = %/PL,xPL,xPl; ....xPI, 2

where n: The number of metals analyzed.

The PLI results indicate that the majority of the samples (13 out of 16) exhibit PLI values greater than 1,
demonstrating a general decline in environmental quality and the presence of a measurable metal pollution load
across the study area. The highest levels of contamination were recorded in samples TP1-187 (PLI = 4.87) and
TP1-189 (PLI = 3.25), which can be classified as contamination “hotspots,” largely driven by elevated arsenic (As)
concentrations. In contrast, only three samples—TP3-191 (PLI = 0.97), TP1-185 (PLI = 0.91), and TP1-192 (PLI =
0.91)—display PLI values below 1. These locations may therefore be considered unpolluted or representative of
natural background conditions (Figure 6).

Pollution Load Index (PLI) Values for Soil Samples

—— Baseline (PLI=1)

Pollution Load Index (PLI)

Figure 6. Bar chart of the Pollution Load Index for the Avliyana site
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5. Discussion

In order to more clearly elucidate the geochemical cycling within the study area, the soil data obtained in this
investigation were compared with the average values of bedrock analyses (granitoids and volcanics) previously
reported by Vural and Kaygusuz [107] from the same locality. Using these datasets, a Rock-Soil Elemental
Enrichment Diagram was constructed for the site (Figure 7).

Examination of Figure 7 reveals that Cu and Zn display relatively moderate enrichment in soils compared to the
bedrock, with enrichment factors ranging from approximately 1.1 to 3.3. This pattern is consistent with the
capacity of clay minerals to adsorb these metals during pedogenic processes. In contrast, the behavior of arsenic
(As) is markedly different; while the average As concentration in bedrock is around ~2 ppm [107], the soils exhibit
a mean concentration of 82.7 ppm.

The calculated enrichment coefficients (Soil/Rock ratios) further show that arsenic is enriched by approximately
42-fold relative to its bedrock levels (Figure 7). Such an extreme increase cannot be explained solely by the
physical disintegration of the parent rock. Instead, it suggests that arsenic mobilized through a combination of
hydrothermal inheritance, surface weathering, and subsequent remobilization under anthropogenic influences
(e.g., agricultural practices), with a possible minor contribution from acid mine drainage (AMD) processes —
previously described in Vural [4]—may have been retained within the soil profile by iron-manganese oxides and
organic matter, acting as a “chemical trap” and leading to progressive accumulation over time. The retention of
arsenic by Fe-Mn oxides and organic matter is a well-documented process in oxidizing soil environments and
plays a key role in long-term arsenic accumulation.

In summary, while the bedrock geochemistry indicates the potential source of contamination, the soil data and
associated enrichment patterns presented in this study demonstrate how this potential has manifested as an actual
environmental risk under surface conditions.
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Figure 7. Element concentrations in bedrock and soil, and elemental enrichment of soils relative to
bedrock

A comparison was made between the data obtained in this study and the results reported by Vural and Cicek
(2022) for soils developed over the stibnite mineralization, which partially overlaps with the present study area.
This comparison was visualized using a bar diagram (Figure 8).

As shown in Figure 8, when the element concentrations of soils overlying the mineralization zone are evaluated
together with the concentrations measured at the sampling locations of this study, a striking difference is observed
in arsenic (As) levels. While the average As content in soils overlying the mineralization was reported as 10.98
ppm (maximum: 20.50 ppm), the Avliyana soils investigated here display a mean As concentration of 82.74 ppm
(maximum: 533 ppm), indicating an enrichment approximately 7.5 times higher.
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This pronounced increase is interpreted as evidence of anthropogenic influence associated with agricultural
activities at the sampling locations of the present study. Although the samples collected by Vural and Cigek [7]
were taken from areas situated above the mineralization zone, the absence of direct contact with the ore body was
highlighted as the likely reason for the lower arsenic levels they reported.

100 mmm Current Study (Avliyana)
mmm Reference: Vural & Cicek (2022)

82.7

40

Mean Concentration (ppm)

Pb Cu Zn

Figure 8. Bar chart comparing As, Pb, Cu, and Zn concentrations in soils overlying the stibnite
mineralization and in the study area soils

6. Conclusions

The findings obtained from this study, conducted to determine the geochemical characteristics of the soils in the
Avliyana (Torul) area of Giimiishane Province (Northeastern Tirkiye), assess elemental enrichment levels, and
evaluate the associated environmental risks, are summarized below:

* Elemental Distribution and Dominant Contaminants: The spatial distribution of elements in the study area
soils is not homogeneous. While Cr, Mn, Co, Ni, Cu, and Zn generally occur at low concentrations within natural
background ranges, pronounced anomalies were detected for arsenic (As), lead (Pb), and cadmium (Cd). Among
these, arsenic stands out as the most dominant contaminant, with an average concentration of 82.74 ppm and a
maximum of 533 ppm.

¢ Pollution Indices and Anthropogenic Influence: Evaluations based on the Geoaccumulation Index (Igeo) and
Enrichment Factor (EF) provide critical insights into the origin of elemental inputs. EF values below 2 for elements
such as Cr, Mn, Ni, and Zn indicate predominantly lithogenic (bedrock-derived) sources. In contrast, arsenic
exhibits EF values exceeding 40 in nearly all samples—classified as “Extremely High Enrichment”—and appears
in the “Extremely Polluted” category according to the Igeo scale. These results indicate that arsenic accumulation
is influenced not only by natural geological processes but also by hydrothermal/mineralization-related
contributions, agronomic inputs, and secondary anthropogenic impacts derived from the transport of materials
associated with mineralized zones.

* Bedrock-Soil Relationship: Comparison of the soil data with the geochemical composition of granitoid and
volcanic bedrock units from the same region [107] further clarifies the magnitude of contamination. Elements such
as Cu and Zn show moderate enrichment during soil formation, ranging from 1.1 to 3.3 times their bedrock
concentrations. However, arsenic displays striking enrichment—approximately 42-fold relative to bedrock levels.
This extreme increase suggests that arsenic mobilized through processes such as Acid Mine Drainage (AMD) may
have been retained within the soil by iron-manganese oxides and organic matter, operating as a “chemical trap”
that promotes long-term surface accumulation.

¢ Regional Comparison and Agricultural Pressure: When compared to soils developed above stibnite
mineralization in the same region [7], the Avliyana soils exhibit arsenic concentrations approximately 7.5 times
higher. The elevated As levels observed at locations without direct contact with the mineralized zone likely reflect
additional contamination arising from regional agricultural practices or the redistribution of legacy mining
materials.
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e Overall Environmental Risk: According to the Pollution Load Index (PLI), more than 81% of the sampled
locations (13 out of 16) display PLI values greater than 1, indicating a widespread contamination pressure
affecting soil quality across the area. Locations such as TP1-187 and TP1-189 represent contamination “hotspots”
with exceptionally high metal burdens, highlighting the need for focused environmental monitoring and potential
remediation.

In conclusion, the soils of the Avliyana area are subject to a notable contamination pressure that exceeds the
natural geochemical signature of the underlying bedrock, particularly with respect to arsenic. This contamination
poses a potential risk to both regional ecosystem integrity and agricultural production safety.
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