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Abstract

The Tunca River is a transboundary watercourse between Tiirkiye and Bulgaria. It is the
longest tributary of the Merig¢ River System (MRS) and joins the Merig River in Tiirkiye after
flowing through Bulgarian territory. In this study, the concentrations of Potentially Toxic
Elements (PTEs), including As, Cd, Co, Cr, Cu, Hg, Mn, Nji, Pb, Sb, and Zn, as well as lead
(Pb) isotope compositions, in sediments from the Turkish section of the Tunca River were
investigated. Contamination levels and ecological risk status were evaluated using single
and integrated indices and Sediment Quality Guidelines (SQGs). According to the Geoac-
cumulation Index (Igeo), Enrichment Factor (EF), and Contamination Factor (Cf) values,
As, Cd, Mn, and Pb exhibit moderate to considerable levels of contamination. Pollution
Load Index (PLI) and Modified Degree of Contamination (mCdeg) values indicate that
pollution from total metal loads locally reaches moderate to high levels. PTE concentrations
were below Threshold Effect Concentration (TEC) values, suggesting a low probability
of adverse biological effects. However, the Potential Ecological Risk Index (PERI) values
indicate locally moderate to high ecological risk of total metal loads. Geostatistical analyses
suggest that Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn are of geogenic origin, whereas As, Sb, and
Mn are associated with anthropogenic sources. The 2%°Pb /27 Pb ratios in the sediments
range from 1.18 to 1.25, while the 208pp, /206 P ratios vary between 2.07 and 2.22. These
values deviate slightly from natural isotopic signatures, suggesting anthropogenic influence
on Pb concentrations.

Keywords: ecological risk assessment; geostatistical analysis; lead (Pb) isotope; Potentially
Toxic Element (PTE); river sediment pollution; Tunca River

1. Introduction

Rivers are among the primary freshwater resources that meet human needs such as
drinking, domestic use, and agricultural irrigation. Therefore, maintaining water quality of
rivers is crucial. Rivers also host sediments in which Potentially Toxic Elements (PTEs) are
stored [1]. PTEs have non-biodegradable nature and exhibit toxic properties when taken
into the human body through multiple pathways, such as ingestion, inhalation, and/or
dermal absorption [2-4]. Under suitable physicochemical conditions, these elements can be
released from sediments into the water column and threaten water quality [5]. Therefore,
investigating the abundance of PTEs in river sediments is critically important for protecting
human and ecosystem health and for anticipating potential adverse effects in advance.

In sediments, accumulation levels and assessment of ecological risks caused by trace
elements are determined by widely accepted geochemical indices. Indices such as the
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Geoaccumulation Index (Igeo), Enrichment Factor (EF), Contamination Factor (Cf), Pollution
Load Index (PLI), Modified Degree of Contamination (mCdeg), and Potential Ecological
Risk Index (PERI) provide measurable and reliable outputs [6]. In addition, Sediment
Quality Guidelines (SQGs) allow for the quantitative assessment of potential adverse
biological effects on sediment-dwelling organisms [7].

PTEs may originate from geogenic and/or anthropogenic sources. Geogenic sources
are closely related to the geochemical composition of the parent rocks from which sedi-
ments are derived and to the intensity of their weathering processes [5,8]. Because PTEs
are natural constituents of rocks, the amounts accumulated in sediments vary according
to their concentrations in the parent lithologies [9,10]. Anthropogenic sources, in contrast,
include activities such as industrial operations, mining, agrochemical use, sewage disposal
and the combustion of fossil fuels [11]. Geostatistical methods are commonly applied for
source apportionment between geogenic and anthropogenic sources, such as the Pearson
Correlation Coefficient (PCC), Hierarchical Cluster Analysis (HCA), and Principal Com-
ponent Analysis (PCA) [12]. In addition to these statistical approaches, lead (Pb) isotopes
provide a highly precise method for distinguishing between anthropogenic and geogenic
Pb sources [13,14].

Lead (Pb) has four important isotopes in nature. Among them, 2Pb is primordial,
meaning it has been stable since the formation of the Earth. The other three isotopes
206pp, 207Pb, and 2%8Pb have very long half-lives and are radiogenic decay products of
2381y, 235U, and 232Th, respectively. Concentrations of U, Th, and Pb in geological materials
change over time due to radioactive decay. However, this behavior differs in Pb sulfide
ores, where hydrothermal fluids separate U and Th from the ore, effectively fixing the Pb
concentration at the time of ore deposit formation. As a result, each Pb deposit possesses its
own distinct isotopic ratio [15]. Pb used in anthropogenic applications, such as industrial
products, gasoline additives and pesticides, is primarily derived from Pb sulfide deposits.
Consequently, Pb released into the environment reflects the isotopic ratios of the ore
deposit used as the Pb source, differing from the natural isotopic ratios found in the natural
environment. These differences in isotopic ratios allow for the precise identification of
anthropogenic sources [13].

The Tunca River, which constitutes the longest tributary of the MRS, flows for approxi-
mately 30 km within the territory of Tiirkiye before joining the Meri¢ River (Figure 1). Its
main drainage basin is in Bulgaria, with a small portion extending into Tiirkiye. In this
study, the segment of the Tunca River within Tiirkiye is examined (Figure 1). Hereafter, the
name Tunca refers exclusively to the section of the river located within Tiirkiye.

The Merig, Arda, Tunca, and Ergene Rivers together form the Meri¢ River System
(MRS) in the southeastern part of the Balkans. The Merig, Arda, and Tunca rivers are
transboundary rivers and are shared by Tiirkiye, Bulgaria, and Greece [16]. In contrast,
the Ergene River lies entirely within the borders of Tiirkiye. The catchment area that
feeds the MRS, referred to as the Meri¢ River Basin (MRB), consists of the Meri¢ sub-
basin, the Arda sub-basin, the Tunca sub-basin, and the Ergene sub-basin. The portion
of the MRB within the borders of Tiirkiye includes part of the Arda sub-basin, part of
the Tunca sub-basin, and the entirety of the Ergene sub-basin, and is known in Tiirkiye
as the Meri¢—Ergene Basin. Numerous studies have been conducted on the rivers within
the Meric-Ergene Basin. Tokatli and Islam [17] provided a comprehensive review of
these studies, emphasizing that they have been carried out from various perspectives,
including water quality, sediment quality, human health risks, ecological risks, and organic
pollutants. These studies examined the Tunca River as complementary to the Meri¢ and
Ergene rivers to assess metal pollution in the Meri¢-Ergene basin, due to a lack of sufficient
sampling locations. However, there is no study in the literature examining the Tunca
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River in a representative manner, addressing it individually, and focusing on Pb isotope
concentrations. In addition, the risk of transboundary metal dispersal including Pb caused
by mining activities in Bulgaria to neighboring countries was previously reported [18]. This
present study fills the gap in this area by addressing the individual pollution pressure on
the river.
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Figure 1. Location map of the Tunca River in Tiirkiye and the sampling sites.

Fertile lands used for agricultural production are located along the banks of the Tunca
River. This makes the river water particularly important, as it is primarily used for the
irrigation of crops such as rice, maize, and sunflower [19]. Consequently, the potential
incorporation of PTEs into the food chain through cultivated agricultural products and/or
activities such as fishing poses a potential risk to human health. In addition, the river holds
substantial importance for the city of Edirne in terms of recreational use. The Kirkpimar
oil wrestling festival, which dates back approximately 650 years, is held annually in the
Sarayici area surrounded by the river. Therefore, this study investigates the contamination
levels of Tunca River sediments, assesses potential ecological risks, and identifies PTE
sources using pollution indices, geostatistical methods, and Pb isotope signatures.

2. Materials and Methods
2.1. Sampling and Chemical Analyses

In this study, twenty-four ten-centimeter-thick sediment samples (S1 to S24) repre-
senting the Tunca River were collected from the riverbed using a stainless-steel sediment
sampler (Figure 1). The samples were stored in plastic bags under cold conditions and
transported to the laboratory. They were air-dried at room temperature, sieved through a
2 mm mesh, and coarse particles and organic debris were removed. The material was then
ground to pass through a 75 um sieve.
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Chemical analyses, including Pb isotopes, were conducted at the internationally
accredited ALS laboratory using Inductively Coupled Plasma Mass Spectrometry (ICP-
MS). For solution preparation, 0.5 g of each sample was digested in aqua regia (nitric
acid:hydrochloric acid = 1:3). This method provides very low detection limits for sediment
analyses. The laboratory is accredited to ISO IEC 17025 and ISO 9001 and implements
comprehensive Quality Assurance (QA) procedures. Quality Control (QC) procedures
were applied at all stages of sample preparation, analysis, and data evaluation, including
the use of certified reference materials, duplicate samples, blank measurements, and
analytical repeats.

During the data evaluation stage, pollution and ecological risk indices, sediment
quality guidelines, geostatistical methods, and Pb isotope ratios were employed.

2.2. Pollution and Ecological Risk Indices

In this section, single (Igeo, EF, Cf) and integrated (PLI, mCdeg, PERI) geochemical
indices, their formulas, and classification ranges are described. These indices are commonly
used for the assessment of pollution and ecological risk [6]. Due to the possible lithological
differences in the upstream source area, and the transboundary situation of the river, Upper
Continental Crust (UCC) values [20] were used as background in the calculations.

2.2.1. Geoaccumulation Index (Igeo)

This index, which is widely used in pollution studies, was proposed by Miiller [21]. It
is calculated using the following Formula (1):

J— Cn
faeo = 08, (15><B> @

In the formula, n represents the metal in concern, C represents the measured concen-
tration, B denotes the background value, and the factor 1.5 is used to eliminate fluctuations
that may arise from lithological variations. The classification ranges are described as fol-
lows: “Class 0” (Igeo < 0, uncontaminated), “Class 1”7 (0 < Igeo < 1, uncontaminated to
moderately contaminated), “Class 2”7 (1 < Igeo < 2, moderately contaminated), “Class 3”
(2 < Igeo < 3, moderately to strongly contaminated), “Class 4” (3 < Igeo < 4, strongly con-
taminated), “Class 5” (4 < Igeo < 5, strongly to extremely contaminated), and “Class 6”
(Igeo > 5, extremely contaminated) [21].

2.2.2. Enrichment Factor (EF)

This index is calculated based on reference elements such as Al and Fe using the

following Formula (2) [22]:

F— (X/Al)Sample )
(X/ Al)Background

In the formula, (X/Al)sample represents the ratio of element X to Al in the sample,
while (X/ADpackground denotes the ratio of the same element to Al in the background. The

”

classification ranges are described as follows: “Minimal” (EF < 2), “Deficiency to moderate
(2 < EF < 5), “Significant” (5 < EF < 20), “Very high” (20 < EF < 40), and “Extremely high”
(EF > 40) [22].

2.2.3. Contamination Factor (Cf)
The index proposed by Hakanson [23] is calculated using the following Formula (3):

Cf =Cpn/Bn 3)
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In the formula, n represents the metal in concern, C represents the measured concen-
tration, and B represents the background value. The classification criteria are described as
follows: “Low” (Cf < 1), “Moderate” (1 < Cf < 3), “Considerable” (3 < Cf < 6), and “Very
high” (Cf > 6) [23].

2.2.4. Modified Degree of Contamination (mCdeg)

This index was developed by Abrahim and Parker [24] and represents a modified
version of the Degree of Contamination (Cdeg) index originally proposed by Hakanson [23].
It is calculated using the following Formula (4):

n i
mCdeg = ==L — cf

(4)

In the formula, Cf denotes the Contamination Factor, and n represents the number of
elements used in the calculation. The classification ranges are described as follows: “Very
low” (mCdeg < 1.5), “Low” (1.5 < mCdeg < 2), “Moderate” (2 < mCdeg < 4), “High”
(4 <mCdeg < 8), “Very high” (8 < mCdeg < 16), “Extremely high” (16 < mCdeg < 32), and
“Ultra-high” (mCdeg > 32) [24].

2.2.5. Pollution Load Index (PLI)

The index developed by Tomlinson, et al. [25] provides a comprehensive and quantita-
tive assessment of collective toxicity [26] and is calculated using the following Formula (5):

PLI = {/Cf; xCf, xCfs... x Cf, (5)

In the formula, Cf represents the Contamination Factor of each element, and n denotes
the number of elements. The evaluation criterion is described as “Pollution” (PLI > 1) or
“No pollution” (PLI < 1) [25,27].

2.2.6. Potential Ecological Risk Index (PERI):

The index proposed by Hakanson [23] is used to evaluate the cumulative toxicity of
selected metals in ecological systems and is calculated using the following Formula (6):

PERI =) Ei=)" TixCf 6)

In the formula, Cf denotes the Contamination Factor, Er represents the potential
ecological risk index, and Tr refers to the toxic response factors (As =10, Cd =30, Cu =5,
Cr =2, Hg =40, Pb =5, and Zn = 1). The classification ranges are described as follows:
“Low” (PERI < 150), “Moderate” (150 < PERI < 300), “Considerable” (300 < PERI < 600),
and “Very high” (PERI > 600) [23].

2.2.7. Sediment Quality Guidelines (SQGs)

Various guidelines have been published to assess sediment quality. MacDonald, In-
gersoll and Berger [7] defined two key consensus-based concentration thresholds: the
Threshold Effect Concentration (TEC) and the Probable Effect Concentration (PEC). Con-
centrations below the TEC indicate that adverse biological effects are not expected, whereas
concentrations above the PEC represent levels at which adverse effects are frequently
observed. Concentrations which fall between the TEC and PEC indicate conditions where
adverse effects are observed occasionally. Comparisons based on these threshold values
provide a practical means of determining the level of toxic risk in sediments.
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3. Results and Discussion

In this section, the results obtained from the chemical analyses of the sediments
were evaluated.

3.1. PTE Concentrations and Spatial Distribution

The concentrations of arsenic (As), cadmium (Cd), cobalt (Co), chromium (Cr), copper
(Cu), mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb), antimony (Sb), and zinc (Zn)
in the sediment samples, along with their descriptive statistical parameters, are presented
in Table 1.

Table 1. PTE concentrations in sediments (ppm).

Sample Al Fe As Cd Co Cr Cu Hg Mn Ni Pb Sb Zn
S1 6400 10,100 217 017 561 1500  9.70 0.02 948 11.70 12,60 0.11 48.20
52 8800 13,600  2.79 0.24 742 2020 13.35 0.02 1235 1575 16.65 0.14 59.20
S3 14,500 20,300  4.79 0.34 1075 3430 24.70 0.03 1715 2820 2730 022 90.70
54 20,100 27,100  6.10 045 1390 51.10 30.00 0.03 1550 43.60 35.80 025 117.00
S5 3800 7800 292  0.09  4.38 830  6.00 0.01 1595 6.87 1345 011 33.00
56 6100 10,700  3.49 019 544 1265 947 002 2350 914 1705 0.16 48.10
57 3000 6600 242 005  4.08 639 471 0.01 85 516 1270 0.08 21.20
S8 18,700 30,000  8.45 0.69 1510 49.70 35.50 0.05 2760 3580 4470 0.30 138.50
59 9700 15,300 4.41 0.31 747 2190 17.25 0.02 1905 1325 2510 0.18 79.60
510 8300 14,600 636  0.24 6.22 1910 1440 0.02 793 1025 21.80 0.13 69.00
S11 8600 12,800 223 0.15 720 1675 11.60 0.01 7221070 2200 012 5270
S12 4900 8100 1.49 016 464 1070  9.33 0.01 461 6.81 1690 0.07 47.30
513 4700 7900 1.19 0.11 431 1015 7.12 0.01 274 6.60 19.65 0.07 39.60
S14 4200 7800 182 010 476  9.39 592  0.01 582 633 1350 0.07 43.20
515 5900 9600 227 013 528 13.95 8.61 0.01 541 8.01 2050 0.09 42.00
S16 9000 13,900  3.35 0.14 746 30.00 17.55 0.08 971 3650 21.10 0.19 53.40
S17 6500 10,600  1.89 016 583 1495 11.55 0.01 465 1050 1840 0.08 55.20
518 7800 11,900 271 0.19 621 1775 1545 0.04 863 1555 33.80 020 58.00
519 26,400 32400 744 192 1495 56.70 51.90 0.07 1725 40.00 123.00 0.32 149.00
520 10,900 15,300 224  0.24 786 2490 17.80 0.02 414 13.00 26.00 0.11 8210
521 21,200 29,100 742  0.67 12.80 51.00 40.20 0.07 4230 39.70 5540 029 185.50
522 15,500 23,700  6.50 032 11.05 4010 29.70 0.07 2030 34.60 44.60 029 147.50
523 6100 9400  2.20 019 499 1310 1255 0.02 638 997 3890 0.0 49.20
524 7800 11,800 172  0.25 6.70 1875 15.35 0.02 263 1080 22,60 0.11 66.80
Min. 3000 6600 1.19 0.05  4.08 639 471 0.01 263 516 1260 0.07 21.20
Max. 26,400 32,400  8.45 192 1510 56.70 51.90 0.08 4230 43.60 123.00 0.32 185.50
Mean 9954 15,017  3.68 0.31 768 2362 1749 0.03 1245 17.87 2931 0.16 74.00

Concentrations ranged as follows (ppm): As (1.19-2.15), Cd (0.05-1.19), Co (4.08-15.10),
Cr (6.39-56.70), Cu (4.71-51.90), Hg (0.01-0.08), Mn (263-4230), Ni (5.16-43.60), Pb
(12.60-123), Sb (0.07-0.32), and Zn (21.20-185.50). Their mean values decreased in the
following order: Mn (1245.63), Zn (74), Pb (29.31), Cr (23.62), Ni (17.87), Cu (17.49), Co
(7.68), As (3.68), Cd (0.31), Sb (0.16), and Hg (0.03).

Examination of the PTE concentrations in the sampling sites shows that concentrations
in the middle section of the river are lower than those in the upstream and downstream
sections (Table 1). In this middle reach, the river is supplied by a high-discharge irrigation
canal originating from a different source. This condition may have led to the washing out
of metals and their transport toward the downstream section. Individually, Ni reached its
maximum concentration at site S4 (43.60); As (8.45) and Co (15.10) at site S8; Hg (0.08) at
site S16; and Cd (1.92), Cr (56.70), Cu (51.90), Pb (123), and Sb (0.32) at site S19; while Mn
(4230) and Zn (185.50) reached their maximum levels at site S21 (Table 1). Accordingly, Ni
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attained its highest concentration in the upstream section of the river, As and Co in the
middle section, and Hg, Cd, Cr, Cu, Pb, Sb, and Zn in the downstream section. The fact
that many PTEs reach their maximum concentrations in the downstream section indicates
possible contributions from the Edirne city center.

3.2. Pollution and Ecologic Risk Assessment

The single index values of Igeo, EF and Cf calculated for the Tunca River sediments are
presented in Figure 2.
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Figure 2. Geochemical index values and classification categories for Tunca sediments: (a) Geoac-
cumulation Index (Igeo), (b) Enrichment Factor (EF), (c) Contamination Factor (Cf), (d) Pollution
Load Index (PLI), (e) Modified Degree of Contamination (mCdeg), and (f) Potential Ecological Risk
Index (PERI).

Mean values of Ige, decreased in the following order: Cd (0.59), As (0.48), Mn (0.11),
Pb (—0.05), Zn (—0.73), Sb (—1.11), Cu (—1.38), Co (—1.85), Hg (—2.01), Ni (—2.22), and Cr
(—2.67) (Figure 2). According to the Ige, classification scheme, Cd, As, and Mn fall within
Class 1 (uncontaminated to moderately contaminated), while all other elements are within
Class 0 (uncontaminated). The mean values of EF decreased in the following order: Cd
(6.40), As (5.70), Mn (4.91), Pb (4.00), Zn (2.40), Sb (1.86), Cu (1.53), Co (1.09), Hg (1.08),
Ni (0.88), and Cr (0.63) (Figure 2). According to the EF classification scheme, Sb, Cu, Co,
Hg, Ni, and Cr are classified as “Minimal enrichment” since their values remain below
the threshold of 2. In contrast, Mn, Pb, and Zn fall within the range of 2 to 5, indicating
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“Moderate enrichment,” while Cd and As exhibit values greater than 5, corresponding to
a “Significant enrichment” level. Mean values of Cf decreased in the following order: Cd
(3.18), As (2.45), Mn (2.08), Pb (1.72), Zn (1.04), Sb (0.79), Cu (0.70), Hg (0.49), Co (0.45), Ni
(0.41), and Cr (0.28) (Figure 2). According to the Cf classification scheme, Sb, Cu, Hg, Co, Ni,
and Cr fall below 1, indicating a “Low” contamination level. In contrast, As, Mn, Pb, and
Zn are classified as “Moderate,” while Cd shows “Considerable” level of contamination.

Histograms obtained from PLI, mCdeg and PERI integrated indices are also shown in
Figure 2. The PLI values calculated for the sediments exceed “1” at sites S3, 54, S8, 519, 521,
and 522, indicating the presence of pollution, while all other sites exhibit values below 1,
indicating no pollution (Figure 2). Based on the mCdeg values, sites S3, 54, and 522 exhibit
“Low” contamination, while sites S8, S19, and S21 show “Moderate” contamination levels
(Figure 2). No contamination is observed at the remaining sites. The PERI values, which are
calculated by using toxic risk factors, indicate a “Moderate” ecological risk at sites S3, 54, S9,
and 522, and a “Considerable” ecological risk at sites S8, 519, and 521 (Figure 2). PLI, mCdeg
and PERI show similar trends between the upstream and downstream sections of the river
defined by a decrease in the middle section. This is consistent with the concentration
dilution effect in the middle section (Table 1).

Spatial variations in EF values along the river are shown in Figure 3. As is predomi-
nantly classified as “Significant”, with seven sites, 52, 511, 513, S17, S20 and S24, showing
“Moderate” contamination, and displays a generally uniform distribution along the river.
Cd shows a similar pattern, with “Significant” enrichment at most sites, “Moderate” levels
at S5, 57, S11, 513, S15, S16 and S22, and a single “Very high” value at S1. Co and Cr
remain at “Minimal” levels throughout. Cu, Ni and Hg are also largely “Minimal”, each
showing a single “Moderate” value at 519 for Cu and at S16 for both Ni and Hg. Mn
exhibits greater variability, ranging from “Minimal” at 520 and 524 to “Significant” at eight
sites, 51, S2, S5, S6, 57, S8, S9 and S21, with higher enrichment in upstream sections. Pb is
mainly “Moderate”, with “Significant” levels at 513, 518, S19 and 523, and shows increased
contribution in downstream section. Sb is mostly “Minimal”, except for six “Moderate”
sites, S5, 56, 57, 516, S18 and S22. Zn is predominantly “Moderate”, with “Minimal” levels
at S7 and 516, and is evenly distributed along the river.
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Figure 3. Spatial distribution maps of EF values.
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3.3. Sediment Quality

The PTE concentrations of selected rivers from Tiirkiye and around the world are
presented in Table 2. Comparison of sediment concentrations among these rivers reveals
pronounced differences. These variations are thought to be related to the mineralogical
composition of source rocks, the intensity of rock weathering, and levels of anthropogenic
contamination [5]. Therefore, each river should be considered and evaluated within the
framework of its specific geological, hydrological, and environmental conditions. In
addition, as members of the MRS, the Tunca, Meri¢ and Ergene rivers may be compared
specifically. In this framework, all the mean PTE concentrations in sediments of the Tunca
River are higher than those in the Meri¢ River and lower than those in the Ergene River.

Table 2. Mean PTE concentrations (ppm) measured in sediments from various rivers.

Locations As Cd Co Cr Cu Hg Mn Ni Pb Sb Zn  References

Tunca River, Tiirkiye 3.68 0.31 768 23.62 1749 0.03 1245 1787 29.31 0.16 74 This study
Ergene River, Tiirkiye 25 1.34 11 160 66.8 - 348 729 97.6 - 183 [28]
Merig River, Tiirkiye 0.16 0.06 0.29 2.76 1.62 - 40.6 0.88 1.67 0.016 5 [29]
Cavuslu River, Tiirkiye 3.12 0.17 22 2334 85.2 0.04 731 729 1217 022 465 [30]
Tigris River, Turkiye 59 3.02 190 135 1257 - 1257 284 380 - 509 [31]
Sakarya River, Tiirkiye - 2.62 21.2 37 3754 - 772 83 4131 - 767 [32]
Kuzihrmak River, 158 086 155 2123 185 044 922 1219 136 - 525 [33]

Tiirkiye

Oder River, Poland - 0.85 - 2282 27.6 - - 4641 6417 - 220 [34]
Zarjoub river, Iran 8.07 - 32.7 195 70 - 694 51.3 71.7 - 165 [35]
Hai River, China - 0.26 12.4 77.5 46 - - 29.6 40.1 - 144 [36]
Feni River, Bangladesh 0.85 - 31 35.28 - 0.71 379 3327 6.47 - - [37]
TEC 9.79 0.99 - 434 31.6 0.18 - 22.7 35.8 - 121 [7]
PEC 33 4.98 - 111 149 1.06 - 48.6 128 - 459 [7]

TEC: Threshold Effect Concentration, PEC: Probable Effect Concentration.

According to the comparison of PTE concentrations of Tunca River sediments with
TEC and PEC threshold values, As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn were found to remain
below the TEC (Table 2). This indicates that no adverse toxic risk is expected for sediment-
dwelling organisms. This is inconsistent with PERI classification, which is another tool used
for measuring toxic risk. The main reason for this is that PERI is calculated using multiple
metals and multiple toxic risk factors, while SQG values address individual metals.

3.4. Source Identification

In this section, the Pearson Correlation Coefficient (PCC), Hierarchical Cluster Analysis
(HCA) and Principal Component Analysis (PCA) methods are introduced.

PCC is a statistical approach used to calculate correlation coefficients between variables.
These coefficients can be used to evaluate potential genetic and geochemical relationships
among variables [38]. As the absolute value of the correlation coefficient approaches +1 or
—1, the strength of the relationship increases, whereas values approaching 0 indicate a weak
relationship. Strong positive correlation coefficients indicate a high degree of similarity and
co-variation between variables, while strong negative correlation coefficients indicate an
inverse relationship and low similarity between variables [30].

The correlation coefficients obtained from the PCC analysis of the sediment samples
are presented in Table 3. Coefficients between element pairs are generally strong to very
strong and positive, whereas only the coefficients between Mn and the other metals exhibit
negative values. This suggests that Mn may originate from a different source or may be
governed by different geochemical processes compared to the other metals. In contrast,
metal pairs showing strong positive correlations can be interpreted as having common
genetic origins or similar geochemical behaviors.
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Table 3. Coefficients obtained from Pearson Correlation Coefficient (PCC) analysis and loadings of
PC1 and PC2 obtained from Principal Component Analysis (PCA).

Al Fe As Cd Co Cr Cu Hg Mn Ni Pb Sb Zn PC1 PC2
Al 1 0.920 0.370
Fe 0.989 ** 1 0.871 0.464
As 0.719 * 0.792 ** 1 0.441 0.853
Cd 0.934 * 0.909 ** 0.634 ** 1 0.898 0.281
Co 0.977 ** 0.984 ** 0.767 ** 0.875 ** 1 0.855 0.463
Cr 0.990 ** 0.983 ** 0.715 ** 0.909 ** 0.973 * 1 0917 0.369
Cu 0.980 ** 0.966 ** 0.699 ** 0.937 ** 0.946 ** 0.978 ** 1 0.935 0.334
Hg 0.877 ** 0.876 ** 0.706 ** 0.805 ** 0.860 ** 0.908 ** 0.903 ** 1 0.817 0.430
Mn —0.514* —0.582 ** —0.858 ** —0.469 * —0.577 ** —0.498 * —0.482* —0.528 ** 1 —0.173 —0.955
Ni 0.939 ** 0.940 ** 0.751** 0.826 ** 0.946 ** 0.962 ** 0.937 ** 0.931 ** —0.600 ** 1 0.822 0.499
Pb 0.837 ** 0.805 ** 0.582 ** 0.804 ** 0.773 ** 0.812** 0.876 ** 0.786 ** —0.355 0.761 ** 1 0.859 0.197
Sb 0.834 * 0.875 ** 0.896 ** 0.735 ** 0.867 ** 0.835 ** 0.824 ** 0.852 ** —0.808 ** 0.901 ** 0.689 ** 1 0.609 0.759
Zn 0.959 ** 0.946 ** 0.668 ** 0.956 ** 0.923 ** 0.947 ** 0.953 ** 0.855 ** —0.485* 0.871** 0.823 ** 0.759 ** 1 0917 0.308

** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).

HCA is a multivariate statistical technique that aims to group variables within a dataset
according to their degrees of similarity or dissimilarity. This grouping process is based on
the stepwise aggregation of individuals or variables according to their relationships with
one another, and the results are visually presented using dendrograms [30,39].

The dendrogram of the PTEs examined in this study is presented in Figure 4. Exam-
ination of the dendrogram reveals three main clusters, namely Cluster 1, Cluster 2, and
Cluster 3, formed at the closest similarity distances among the PTEs. Cluster 1 consists of
Al, Cr, Fe, Co, Cu, Cd, Zn, Hg, Ni, and Pb, whereas Cluster 2 includes As and Sb. Cluster 3
is composed solely of Mn. This clustering pattern indicates that the elements form distinct
groups in terms of their sources and geochemical behaviors.

-38.40-
2 773
=
B3
E
v

E387
[ —————
100.00 1 " . ' 1 f } d ! ' 1
Al Cr Fa Ca Cu Cd Zn Hg Mi Fb As 5b Mn

Cluster 1 Cluster 2 Cluster 3

Figure 4. Dendrogram showing the clustering tendency of the PTEs.

PCA reduces the dimensionality of a dataset by representing the data through a
set of optimal components. This method enables the identification of the main factors
influencing the dataset and contributes to a clearer understanding of the relationships
among variables [1]. The Kaiser-Meyer—Olkin (KMO) test value of the data is 0.848
(KMO > 0.5), and Bartlett’s test of sphericity yields a significance value of 0.000 (p < 0.001),
indicating that the data are suitable for PCA.

The PCA identified two principal components, First Principal Component (PC1)
and Second Principal Component (PC2), with eigenvalues of 10.89 and 1.16, respectively
(Figure 5). PC1 alone explains 64.43 percent of the total variance, while PC2 accounts
for 28.28 percent. Cumulatively, these two components explain 92.71 percent of the total
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variance. PC1 is dominated by strong loadings (0.70<) for Cu (0.935), Cr (0.917), Zn (0.917),
Cd (0.898), Pb (0.859), Co (0.855), Hg (0.817), and Ni (0.822). In contrast, Mn (—0.955), As
(0.853), and Sb (0.759) exhibit strong loadings on PC2 (Table 3). These results indicate that
the elements are influenced by two main factors associated with different sources.

100 @ D
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(¢}
' Sb
1 g
i
8 Ni Co Fe
054 = . oL~
o= A(':
H e u
Ll
320 250N 2N
_________ Q
............. Pb Cd
N Cemponent liumbe:
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-1.0 -05 0.0 05 1.0
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Figure 5. PCA results: (a) Scree plot; (b) Principal components plot.

Al and Fe, which are represented by PC1, are among the major rock-forming elements
of the Earth’s crust and are defined as conservative elements [22,40,41]. These two elements
have also been widely used as normalizing elements in many geochemical approaches [42].
Therefore, the strong positive loadings of Al and Fe, along with the elements influenced by
PC1, suggest a geogenic origin for these elements. The fact that the same group of elements
is clustered together in the HCA further supports this interpretation.

Because As and Sb possess toxic characteristics and are commonly associated with
anthropogenic sources, PC2 is interpreted as a component representing anthropogenic
influence [43]. Mn, which is represented by a strong negative loading on PC2 (—0.955), also
appears to be influenced by anthropogenic sources in a manner like As and Sb. However,
the negative loading of Mn indicates that this element may be affected by a different
anthropogenic source or process than those controlling As and Sb.

Igeo, EF, and Cf indices indicated the accumulation of As, Cd, Mn, and Pb in sediments
(Figure 2). Geostatistical analyses also revealed that Cd and Pb are of geogenic origin, while
As and Mn are of anthropogenic origin. In the HCA, Pb joined the geogenic cluster at a
relatively greater distance (Figure 4). This may indicate an anthropogenic Pb contribution.
Evaluations that may coincide with this interpretation are discussed in the following section.
Geogenic Cd may have accumulated as a result of the weathering of Cd-rich rocks. These
rocks can be of various types, depending on their occurrence in the source area [44,45]. On
the other hand, considering the agricultural activities around the river, agrochemicals can
be suggested as a possible source of As [46]. In geostatistical analyses, the separation of Mn
from other anthropogenic elements suggests that its origin may be related to activities such
as atmospheric transport [47] or mining, unlike agrochemicals [48].

The possibility that PTEs accumulated in sediments may be transferred to agricultural
products through irrigation practices constitutes a potential risk to human health. In

https://doi.org/10.3390/min16020223


https://doi.org/10.3390/min16020223

Minerals 2026, 16, 223

12 of 17

addition, recreational activities and fishing increase the likelihood of human exposure to
PTEs. Considering these potential risks. Comprehensive, evidence-based action plans are
essential for protecting and sustainably managing the river ecosystem.

3.5. Pb Isotope Signatures

The 204pPb, 206Pp, 207Ph, and 298Pb isotope concentrations of the Tunca River sediment
samples, along with the 2°°Pb /207Pb and 2%Pb /2%Pb ratios used in source identification
studies, are presented in Table 4. The 206 /207Ph ratios, with a mean value of 1.19 + 0.02,
range from 1.18 to 1.25 ppm. Also, the 2%Pb/2%°Pb ratios, with a mean value of 2.11 & 0.04,
vary between 2.07 and 2.22 ppm.

Table 4. Isotope concentrations (ppm) and selected isotope ratios in the sediments.

S ample 204 Pb 206Pb 207Pb 208 Pb 206Pb /207Pb 208 Pb. /206Pb
S1 0.16 3.03 2.54 6.66 1.19 2.20
S2 0.22 4.32 3.45 9.04 1.25 2.09
S3 0.35 6.88 5.82 14.40 1.18 2.09
54 0.44 8.60 7.28 18.05 1.18 2.10
S5 0.16 3.06 2.58 6.79 1.19 2.22
S6 0.23 4.47 3.79 9.38 1.18 2.10
S7 0.17 3.10 2.60 6.83 1.19 2.20
S8 0.53 10.40 8.80 21.80 1.18 2.10
S9 0.33 6.59 5.55 13.75 1.19 2.09

S10 0.27 5.29 4.48 11.10 1.18 2.10
S11 0.27 5.40 4.55 11.25 1.19 2.08
S12 0.21 4.14 3.37 8.64 1.23 2.09
S13 0.25 4.97 4.20 10.40 1.18 2.09
S14 0.18 3.35 2.83 7.33 1.18 2.19
S15 0.26 5.04 4.26 10.55 1.18 2.09
S16 0.28 5.51 4.64 11.50 1.19 2.09
S17 0.25 4.86 4.08 10.10 1.19 2.08
S18 0.43 8.54 7.22 17.85 1.18 2.09
S19 1.62 31.80 27.00 66.50 1.18 2.09
S20 0.33 6.49 5.50 13.55 1.18 2.09
S21 0.69 13.55 11.40 28.10 1.19 2.07
S22 0.55 10.75 9.13 22.60 1.18 2.10
523 0.51 10.05 8.53 21.00 1.18 2.09
S24 0.28 5.44 4.60 11.40 1.18 2.10
Min. 0.16 3.03 2.54 6.66 1.18 2.07
Max. 1.62 31.80 27.00 66.50 1.25 2.22
Mean 0.37 7.32 6.18 15.36 1.19 211
Std. D. 0.30 5.90 5.02 12.29 0.02 0.04

The 2°Pb/?%Pb and 2%Pb/?%Pb ratios of natural sediments are approximately
1.20 and 2.05, respectively [49]. In contrast, anthropogenic sources are characterized by
lower 2%Pb /297Ph ratios and higher 208pp /206Ph ratios [50]. Pb isotope concentrations
are not fractionated by environmental and/or industrial processes, allowing them to re-
tain their source signatures through to the final environment [51]. A well-documented
application of Pb isotope ratios was presented by Kober, et al. [52] in a study conducted
on sediment cores from Lake Constance in Central Europe. According to these authors,
sediment layers showing increased 2%8Pb /2%Pb ratios correspond to the mid-19th century,
when industrial activities such as coal combustion, iron ore processing, and the use of
leaded gasoline intensified. Toward the end of the 19th century, the implementation of
environmental regulations, including restrictions on leaded gasoline, led to a decrease in
208pp /296Pb ratios, and this decline was clearly recorded in the sedimentary sequence.
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In order to trace the sources of Pb in the Tunca River sediments, a binary diagram with
206Pb /207Pb and 2%8Pb /2% Pb isotope ratios on the axes was constructed (Figure 6). On this
diagram, fields representing geogenic and anthropogenic sources compiled from previous

studies were indicated [14,53-57]. Then, sediment samples were plotted onto this diagram

to evaluate their relative positions with respect to these source fields.
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Figure 6. Pb isotope diagrams of the samples: (a) 208py, /206pp s, 206Pp /207Pp, (b) 296Pb /207Pb vs.
1/Pb, and (c) 2°8Pb/2%Pb vs. 1/Pb.

The points on the diagram were positioned to the left of the geogenic source field
and to the right of the anthropogenic source field. They also followed the trend of isotope
ratio changes between the source fields. This pattern indicates that the Pb content in

https:/ /doi.org/10.3390/min16020223


https://doi.org/10.3390/min16020223

Minerals 2026, 16, 223

14 of 17

References

sediments is not derived solely from geogenic sources but also includes contributions from
anthropogenic inputs. A previous study in the region, which measured metal pollution
in the Danube River and the MRB resulting from mining activities in Bulgaria, reported
on the importance of the transboundary dispersal of metals [18]. The authors stated that
metal concentration values associated with sediments measured in the Tunca and other
transboundary rivers immediately upstream of Bulgaria’s borders with Turkey and Greece
are concerningly high. Another study conducted in the far southeast of the Tunca River
investigated whether metal accumulation occurred in soils and lichens via atmospheric
transport [58]. This region has been significantly affected by intensive industrial activities
and urbanization. The study noted that many PTEs, including Pb, showed an approximately
tenfold increase in areas where industrial activities were carried out compared to clean
areas. Based on these studies, it is considered that anthropogenic Pb concentrations in
Tunca River sediments may be affected by both mining activities and atmospheric transport.

Moreover, the 2°°Pb /2%Pb vs. 1/Pb and 2%®Pb/2%Pb vs. 1/Pb diagrams were used
to assess whether concentration-dependent variations are present (Figure 6). In these
diagrams, the sample points define inclined regression lines that vary as a function of Pb
concentration. Such inclined regression trends indicate that Pb concentrations are supplied
by two distinct sources: in our situation, geogenic and anthropogenic [59,60]. In this context,
the results obtained from the 2°°Pb /2%Pb vs. 2%Pb /206Pb diagram are further supported
by these two diagrams.

4. Conclusions

This study indicates that As, Cd, Mn, and Pb, as well as total metal loads, contaminate
sediments. Ni exhibited its highest concentration in the upstream section of the river,
As and Co in the middle section, and Hg, Cd, Cr, Cu, Pb, Sb, and Zn in the downstream
section. This suggests that contributions such as sewage disposal at the downstream section
slightly elevated the concentrations. In addition, EF levels along the river were distributed
uniformly, except for Mn, which was enriched in the upstream section.

Individual PTE concentrations are unlikely to have adverse biological effects on
organisms inhabiting sediments. However, the increase in total metal loads indicates the
potential for location-based ecological risks.

The results of the geostatistical analysis indicate that Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn
are of geogenic origin, whereas As, Sb, and Mn are associated with anthropogenic sources.
Isotope analyses further reveal that Pb concentrations in the sediments are influenced by
anthropogenic inputs.
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