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Increasing pollutant levels in surface water are a very important problem in developing
countries. In Serbia, the largest rivers are transboundary rivers that cross the border
already polluted. Taking this into account, evaluation of the distribution characteristics,
ecological risk, and sources of toxic elements in river water and surface sediments in
the watercourses of the Vlasina watershed is of great significance for the protection of
water resources in Serbia. A total of 17 sediment and 18 water samples were collected
and analyzed by Inductively Coupled Plasma—Optical Emission spectrometry (ICP-
OES) and Inductively Coupled Plasma—Mass spectrometry (ICP-MS) to determine
micro- and macroelements contents. The geo-accumulation index (Igeo) was applied to
determine and classify the magnitude of toxic element pollution in this river sediment.
The contents of the studied toxic elements were below water and sediment quality
guidelines. For studied river water, results of principal component analysis (PCA)
indicated the difference in behavior of Cr, Mn, Ni, Cu, and As and V, respectively.
Cluster analysis (CA) classified water samples according to As and Cu content. The
PCA results revealed that lead in river sediments had different behavior than other
elements and can be associated mainly with anthropogenic sources. According to the
degree of Igeo, the majority of sediments in the Vlasina region were uncontaminated
regarding studied toxic elements. The origin of elements is mostly from natural
processes such as soil and rock weathering.
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INTRODUCTION

The sediment environmental compartment is a heterogeneous natural matrix of materials (Carrillo
et al., 2021). Unfortunately, great pollution of rivers and sediments has been noticed recently.
Monitoring of sediment contaminants and assessment of sediment quality is usually carried out with
the objectives of determining the extent to which the sediments are either a source or a sink for
contaminants and evaluating the effects of these contaminants on the environment of the
investigated water body. Bearing this in mind, analysis of sediments provides an efficient tool
for water-quality management. There are numerous challenges in the management of contaminated
sediments, and there are no easy solutions.
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Anthropogenic activities have increased the concentrations of
pollutants in our environment. One of the significant pollutants
are potentially toxic elements (PTEs), and they can easily bind to
sediments. The majority of toxic elements are quickly deposited
in the sediment after entering rivers, and their concentration in
the sediment is much higher than in the water body of riverine
systems (Huang et al., 2020). The trace elements can be toxic at
high concentrations. Due to their resistance to degradation, trace
elements could continue to exist in the environment for a long
time (Haris et al., 2017). Since trace elements are not
biodegradable, they have a hazardous effect on the ecological
balance in aquatic ecosystems (Baran et al., 2019). Toxic elements
in the environment can be of natural, geogenic origin, such as
rock weathering with subsequent dissolution of metals in rivers
(Looi et al., 2013). Still, the portions of metal emitted by natural
processes such as volatilization, deposition from mineral rock,
and weathering of bedrock are small (Rodríguez et al., 2015).
Sediments do not permanently binds metal although they are
some of the endmost sinks for metals input into the aquatic
environment (Jahan and Strezov, 2018). Since remobilization can
happen long after the initial input, it is essential to understand the
toxic properties of contaminants in order to assess the risks
associated with contamination.

For the identification of pollution problems, it is necessary to
distinguish anthropogenic contributions from natural sources. In
the past few years, applying pollution index-based approaches
(contamination factor, enrichment factor, geoaccumulation
index, toxic risk index, pollution load index, potential
ecological risk, biogeochemical index, etc.) and multivariate
statistical methods (cluster analysis, principal component
analysis, factor analysis, and discriminant analysis) in riverine
environments has become a very important and significant
combination of methods in assessing the degree of pollution
(Radomirović et al., 2021). Chemometric methods are statistical
analyses of measured data, but pollution indexes are used for
quantification of pollution and they are calculated as ratios of
measured and background contents of elements. Pollution
indices are widely considered as tools to quantify the degree of
total metal pollution and assess the ecological risk of metals in
sediments and soils (Ustaoğlu et al., 2020; Ustaoğlu and Islam,
2020; Carrillo et al., 2021; Ustaoğlu 2021; Yüksel et al., 2021).
Multivariate statistical approaches have been successfully used in
environmental studies to identify the interrelationships between
the measured data (Sakan et al., 2009; Thuong et al., 2013;
Mihajlidi-Zelić et al., 2015; Dević et al., 2016; Varol et al.,
2021), in order to detect sources of pollution and relationships
between sampling sites and toxic element contents (Radomirović
et al., 2020;Đorđević et al., 2021). Chemometric methods provide
powerful tools for the modelling and interpretation of large,
environmental, multivariate data sets generated within
environmental monitoring programmes (Peré-Trepat et al.,
2006) and, for that reason, are used in many studies.

Therefore, for a comprehensive evaluation of the quality of
river sediments and quantification of pollution content, different
methods should be integrated, and complementary approaches
that combine sediment quality guidelines, geoaccumulation
index, and statistical analysis should be applied. Since the river

water system is dynamic with highly variable short- and long-
term properties, analysis of sediment is very important in
assessing the status of pollution in the river system.

In the previous period, accidental water pollution in Serbia was
recorded (Sakan et al., 2009; Sakan et al., 2011; Dević et al., 2016),
causing the destruction of wildlife in the watercourses. Taking
into account that mountain rivers in Serbia are generally
considered unpolluted, research involving an assessment of
their ecochemical status and defining the degree of pollution
would have great significance for Serbia as well as for the wider
region.

In this manuscript, different approaches have been applied in
the ecochemical study of the river sediments of Vlasina and the
rivers in its basin. The objectives of this manuscript were to: 1)
determine the distribution of micro- and macroelements; 2)
assess the degree of contamination with PTEs using different
methods; 3) identify the interrelationships between the studied
elements and localities; and 4) identify possible sources of
pollution using chemometric methods. Since this type of
research has not been done in the investigated area so far, the
obtained data will be of great importance both for researchers
engaged in the research of river systems and the population living
in this area.

MATERIALS AND METHODS

Site Description
Vlasina is a river in southeastern Serbia. The spring is below the
Vlasina lake dam. The most important tributaries are: Lužnica
(Ljuberađa), the Tegošnička River and the Pusta River. Other
tributaries are the Gradska River and the Bistrička River. The
length of Vlasina is about 70 km, and eventually it flows into the
South Morava as a right tributary, 10 km downstream from
Vlasotince. Because of its mountain environment and because
of the lack of industrial polluters, Vlasina is considered one of the
cleanest rivers in Serbia. In recent years, in the surroundings of
Vlasina basin, some anthropogenic emission sources have
appeared, which can change the environmental status of this
basin. For example, foreign investors are planning to open several
mines upstream (Crna Trava, Čemernik) and it is very important
to know the history of Vlasina basin water pollution.

The pedological composition of the territory of Vlasina is
characterized by diversity, although due to the influence of
pedogenic factors (rocks, vegetation, climate, and water), a
certain zonation in the distribution of land is observed
(Marjanović 2000). The area of Vlasina is characterized by
exceptional biodiversity and autochthonous biosystems.
Climatic factors, as well as geological, geomorphological, and
pedological characteristics of the terrain, lead to the development
of interesting flora and fauna in this area. This entire area is
covered by forests, degraded forests, pastures, and agricultural
crops. In the Vlasotince plain, around the river Vlasina, river
sediment—alluvial is rich in humus, and as such, it is suitable for
growing agricultural crops. Fertile land, vast pastures, and a
favorable climate provide good opportunities for agriculture
(Savić, 2019). One of the main activities of the inhabitants of
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Vlasina is mountain agriculture: mountain cattle
breeding—raising small (sheep) and large cattle (cattle and
horses) and mountain agriculture—growing mountain cereals
(rye, barley, and oats) and potatoes. Arable agricultural land of
lower quality occupies a significant area: arable land dominates
the hills, orchards are around the houses, meadows are on the
slopes along forest belts and in the stream valleys (GLP 2012). On
the slightly undulating and hilly terrain of the Vlasotinac
vineyards, vertisol is widespread. Vlasotince is also the center
of the wine-growing region (Čvoro and Golubović 2001). The

branch of the economy that has been developing in recent years in
this micro-region is tourism (Savić, 2019).

Geological Characteristics of the
Researched Area
The research area belongs to the area of the metallocene zone
Mačkatica-Blagodat-Karamanica. The Vlasina complex
represents its upper metamorphic complex. The largest part of
this series is made up of crystalline shards of low metamorphism.

TABLE 1 | Content of element in mineral resources in Leskovac (L) and Vranje (V) Neogene basin (ppm).

Co Cu Ba Sr Ti As Ni Cd Zn Pb Be

L1
a 3.66 5.80 442 511 1,674 5.28 nd nd nd nd nd

L2 14.4 9.20 nd nd 2,867 nd 57.2 nd nd nd nd
L3 3.92 nd 441 nd 1735 2.70 nd nd nd nd nd
L4 6.14 5.22 390 396 2,280 nd nd nd nd nd nd
L5 16.2 21.0 752 nd 3,148 11.0 nd <0.80 nd nd nd
L6 16.6 49.2 nd 136 4,563 14.2 29.0 nd 63.8 30.8 nd
V1 7.89 nd 1,170 337 2,176 nd nd nd nd nd 7.57
V2 8.46 nd 1,220 370 2,598 nd nd nd nd 29.6 4.81
V3 8.40 13.7 1,051 500 2,528 nd nd 0.10 nd nd nd
V4 9.35 10.7 816 317 2,928 nd nd 0.21 nd nd nd
V5 4.17 nd nd 133 2,237 nd 14.3 0.21 nd nd nd

aL1, light gray tuff; L2, tufite sandstones and fine-grained sands; L3, ocher darker tuffaceous sandstone; L4, pale gray tuffites (carbonate lake phase); L5, volcanic rock; L6, marl; V1,
Volcanoclastic sedimentary breccias; V2, Lithoclastic and vitroclastic tuff; V3, light brown tuff; V4, sandy tuff; V5, Sediments of the carbonate lake facies; nd, no data.

FIGURE 1 | Sampling locations: VBAT—Vlasina (before receiving any tributary); GRBCV—Gradska river (before its confluence with Vlasina); VBMT—Vlasina
(upstream of the confluence with Tegošnička river); TRSP—Tegošnička river (stone pit); TRD—Tegošnička river (near village Dobroviš); VBTUW—Vlasina (downstream
of the confluence with Tegošnička river, near village Gornji Orah); LjMF—Ljuberađa (middle course); LjMP—Ljuberađa (measuring profile); LjMLjV—Ljuberađa,
(confluence with Vlasina); VBLj—Vlasina (after receiving Ljuberađa); PR—Pusta river; VUPR—Vlasina (downstream of the confluence with Pusta river);
BR—Bistrička river; RR—Rastavnica river; VBWI—Vlasina (upstream of the intake for water supply); VUV—Vlasina (downriver from Vlasotince); ZR—Zelenička river.
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It is a sediment-vulcanogenous formation metamorphosed under
the conditions of the facies of green shale. The most important
groups of rocks consist of mica-chlorite parashale of various
varieties and mica-poor orthochlorites, which are very similar to
metabasites. In addition, smaller masses of serpentinite appear
(Simić 2001). The most represented rock complexes are the
metamorphic rocks (49.31% of the total surface area), while
the rest of the basin is mostly covered by the tertiary clastic
sediments and Mesozoic carbonate rocks (Durlević et al., 2019).

In Table 1 are shown the contents of elements in mineral
resources in the Leskovac and Vranje Neogene basins (Kasalica
et al., 2021) and only elements with elevated and anomalous
values in relation to the mean content for sedimentary rocks
are given.

Sample Collection
Water and sediment samples of the river Vlasina and its
tributaries (Gradska River, Tegošnička River, Ljuberađa, Pusta
River, Bistrička River, Rastavnica) and Zelenička River were
collected in August 2018 at 18 sites (Figure 1). Both river
water and sediment samples were taken at all sampling sites,
excluding sampling site Ljuberađa (spring). At Ljuberađa (spring)
sampling site, only water samples were taken. The goal was to
examine the influence of main tributaries on potentially toxic
elements (PTEs) content in the Vlasina River. Therefore, we
chose the sampling sites of tributaries in the vicinity of the mouth
and in the Vlasina River. A list of collected river water and
sediment samples is shown in Table 2.

Water grab samples were collected at around 10 cm under the
surface into the high-density polyethylene bottles. Samples were
filtered through 0.2 μMnylon syringe filters, acidified with HNO3

to a pH below 2 and stored at 4°C until analysis (Thuong et al.,
2015).

Sediment samples were collected with a plastic spatula (Sakan
et al., 2007; Patel et al., 2018;Đorđević et al., 2021). Plastic shovels
were used to collect sediment samples from shallow waters
(Kemble et al., 1994), as well as to avoid metal contamination

(Patel et al., 2018). After sampling, the sediment was packed in
polyethylene bottles and transported to the laboratory. In the
process of preparation for analysis, stones and plant debris were
removed from the samples, and the precipitate was homogenized
by mixing the sample with a plastic spoon in the laboratory. In
this paper, we decided to work with air-dried samples, which is
also recommended in the literature (Arain et al., 2008; Jamali
et al., 2009). Samples were air dried for 8 days before analysis
(Arain et al., 2008; Jamali et al., 2009).

Chemical Analysis
Sediment samples were analyzed by the optimized BCR
(Community Bureau of Reference) three-step sequential
extraction procedure (Passos et al., 2010; Sutherland 2010;
Sakan et al., 2016). This manuscript considered results for the
total amounts of the extracted elements. The total amounts of
elements are defined as the sum of the element contents in the
three fractions plus the aqua-regia extractable content of the
residue (Facchinelli et al., 2001; Sakan et al., 2007). This method
results in concentrations normally referred to as “pseudo-total,”
“total extractable amount,” or “sequentially extractable amount,”
as the silicates are not completely destroyed (Facchinelli et al.,
2001).

Determination of Element Concentrations
and Quality Control
Element concentrations in the water and extracts obtained at each of
BCR extraction step were determined using techniques of
Inductively Coupled Plasma—Optical Emission spectrometry
(Thermo Scientific ICP-OES iCap 6500 Duo) and Inductively
Coupled Plasma—Mass spectrometry (Thermo Scientific ICP-MS
iCap Q). The analytical data quality was controlled by using
laboratory quality assurance and quality control methods,
including the use of standard operating procedures, calibration
with standards, and analysis of both reagent blanks and replicates
(Sakan et al., 2016). The blank solutions were prepared in the same

TABLE 2 | List of samples in Vlasina region.

ID Sampling site GPS coordinates

VBAT Vlasina (before receiving any tributary) N 42.893, E 22.329
GRBCV Gradska river (before its confluence with Vlasina) N 42.901, E 22.347
VBMT Vlasina (upstream of the confluence with Tegošnička river) N 42.949, E 22.306
TRSP Tegošnička river (stone pit) N 42.917, E 22.420
TRD Tegošnička river (near village Dobroviš) N 42.940, E 22.357
VBTUW Vlasina (downstream of the confluence with Tegošnička river, near village Gornji Orah) N 42.962, E 22.300
LjS Ljuberađa (spring) N 43.030, E 22.388
LjMF Ljuberađa (middle course) N 43.020, E 22.364
LjMP Ljuberađa (measuring profile) N 43.014, E 22.334
LjMLjV Ljuberađa, (confluence with Vlasina) N 42.975, E 22.264
VBLj Vlasina (after receiving Ljuberađa) N 42.974, E 22.263
PR Pusta river N 42.976, E 22.233
VUPR Vlasina (downstream of the confluence with Pusta river) N 42.977, E 22.225
BR Bistrička river N 42.959, E 22.231
RR Rastavnica river N 42.969, E 22.182
VBWI Vlasina (upstream of the intake for water supply) N 42.971, E 22.178
VUV Vlasina (downriver from Vlasotince) N 42.974, E 22.117
ZR Zelenička river N 42.879, E 22.200
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way as the samples during the extraction procedure. Sediment data
in this study are reported on a dry weight mg kg−1 basis.

The quality of data was assessed by estimations of accuracy
and precision. The accuracy and precision of the obtained results
were checked by analyzing sediment reference material (BCR
701) for three-step sequential extraction. Acceptable accuracy
(80–120%) and precision (≤20%) of metals was achieved for all
steps of sequential extraction (Supplementary Table S1).

Determination of Magnetic Susceptibility
Magnetic susceptibility (MS) was measured using a magnetic
susceptibility meter SM30. This is a small device, which is highly
sensitive and therefore can measure sediments and rocks with an
extremely low level of magnetic susceptibility. Also, it is very
important to note that it can distinctly measure diamagnetic
materials such as limestone, quartz, and even water. The
sensitivity of the SM30 device is 1 SI × 10–7 SI units, which is
about 10 times better than the sensitivity of the majority of other
instruments. It operates on frequency of 8 kHz, measurement
time is less than 5 s, operating temperature is −20–50 °C. It has an
8 kHz LC oscillator with a large size pick-up coil as a sensor. The
frequency of oscillation is measured when the coil is put on the
surface of the measured sample and when the coil is removed tens
of cm away from the sample.

To assure as much precise data as possible, each sample was
measured in triplicate and the mean value was taken as the final
result of measurement.

Statistical Analysis
In this study, principal component analysis (PCA) and cluster
analysis (CA) were applied. PCA is an advanced algorithm for
exploration of data that can identify patterns in the data structure
and discover a transformed representation of data that highlights
these patterns. Cluster analysis (CA) is an unsupervised pattern
recognition approach that groups data/objects into clusters based on
their similarities or dissimilarities. Correlation, principal component,
and cluster analysis were performed using IBM SPSS 21 software.

Contamination Assessment Methods
In this manuscript, the index of geoaccumulation (Igeo) has been
applied to assess the metal pollution in the sediment samples.
This determination equation was introduced by Müller (1979).
The equation used for the calculation of Igeo was as follows: Igeo =
log2 (Cn/1.5 · Bn), where Cn—the measured concentration of
heavy metals in the studied sediment and Bn—the geochemical
background value. In this manuscript, element contents in soil
from the Vlasina region were used as background values. Soil
samples were collected near the river Vlasina and its tributaries.
The data for soil content near the watercourses of Vlasina
watershed, which were used for the calculations in this study,
is shown in Sakan et al. (2021). Background contents of elements
were calculated for each element as the 75th percentiles of the
frequency distribution of the data—soil content (Dos Santos and
Alleoni, 2013). The Igeo is typically divided into seven grades: Igeo
< 0: uncontaminated/unpolluted; Igeo = (0–1): unpolluted/
moderately; Igeo = (1–2): moderately; Igeo = (2–3): moderately/
heavily; Igeo = (3–4): heavily; Igeo = (4–5): heavily/extremely and

Igeo > 5: extremely. The factor 1.5 is the background matrix factor
due to lithogenic effects (Haris et al., 2017).

RESULTS AND DISCUSSION

Concentration of Studied Elements in Water
and Water Quality
The concentration values of 21 elements (Zn, Ni, Cu, Cr, Pb, Cd,
Al, B, Ba, Be, Ca, Co, Fe, K, Mg, Mn, Na, Sr, Ti, V, and As) in the
water of rivers in the Vlasina region and detection limits are
shown in Supplementary Table S2, while basic statistical
parameters are shown in Table 3. The content of Hg in water
was under the detection limit on all sampling sites.

The relative abundance of major metals in studied river waters
was Ca > Mg > Na > K (Table 3, Supplementary Table S2).
Regarding trace elements, concentrations of Pb, Cd, Ti, and B in
all water samples were below the detection limits, and the mean
concentrations of other trace elements decreased in the order of
Sr > Ba > Al > Fe > As > Zn > Cu > V > Ni >Mn > Cr > Be > Co
(Table 3, Supplementary Table S2).

The spatial distribution of elements regarding studied rivers is
presented on maps produced by ArcGIS (Supplementary
Figures S1–S3). Spatial variability was generally not very
pronounced, although, similar spatial concentration patterns
can be noticed for Ca, Mg, Sr and As with higher
concentrations in Ljuberađa River and Tegošnička River, for K
and V with higher concentrations in Tegošnička River, Ljuberađa
River and in the most downriver samples of Vlasina River, for Fe,
Mn, Cr with higher concentrations in the most downriver
samples of Vlasina River, and for Ni and Cu with higher
concentrations in Gradska River, Tegošnička River, Vlasina
(after receiving Ljuberađa) and in the most downriver samples
of Vlasina River (Supplementary Figures S1–S3; Supplementary
Table S2).

Element concentrations in river water samples were compared
with surface and drinking water quality standards and the results
of other river water quality studies, as presented in Tables 3, 4.
The concentrations of all measured regulated elements (Zn, Ni,
Cu, Cr, Pb, Cd, Al, B, Ba, Be, Ca, Fe, K, Mg,Mn, Na, and As) in the
investigated rivers of the Vlasina region were below
recommended and prescribed limit values (Table 4).

Compared to less polluted rivers and rivers polluted by
industrial discharges and mining activities in Serbia and the
world (Table 3), element concentrations in this study were
lower than those found in other studies.

Content of Studied Elements in Sediment
and Comparison With Similar Results and
Sediment Standards for Risk Elements
The content of 23 examined elements (Zn, Ni, Cu, Cr, Pb, Cd, Al,
B, Ba, Be, Ca, Co, Fe, K, Mg, Mn, Na, Sr, Ti, V, As, Cd, Li) in
sediments is shown in Supplementary Table 3 and Figure 2, while
the mean, median, SD, minimum and maximum values of
elements in the examined sediments are presented in Table 5.
The content of Hg in river sediments was below the detection
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TABLE 3 | Descriptive statistics for studied elements (μg/L) and comparison with other rivers.

This study Low polluted Low polluted Polluted by industrial
wastes, coal combustion

Polluted
by mining activities

Min Max Average SD Velika Morava, Serbia
Dević et al. (2016)

Karasu River,Turkey Varol
et al. (2021)

Huaihe River, China
Wang et al. (2017)

Tinto River, Spain
Olías et al. (2020)

Zn <DLa 6.4 0.81 1.83 45.15 25.4 10,504.1 45,000
Ni 0.028 0.486 0.281 0.142 4 5.7 46.19 218
Cu <DL 1.05 0.420 0.335 18.17 2.6 52.32 29,000
Cr 0.021 0.194 0.091 0.053 1.2 1.7 23.08 42
Cd <DL <DL / / 0.05 1.18 61.74 144
Pb <DL <DL / / 0.37 0.9 154.96 166
Al <DL 11.92 2.35 3.14 68 552.86 166,000
B <DL <DL / /
Ba 4.13 19.02 9.62 3.85 132.46 15
Be <DL 0.15 0.09 0.04
Ca 3,918 46,650 27,650 14,221 63,000
Co <DL 0.036 0.016 0.010 890
Fe <DL 10.91 2.2 3.31 75 440.65 377,000
K <DL 912 401 377 1,600
Mg 865 7,634 4,739 1734 12.03 178,000
Mn <DL 0.574 0.143 0.153 9.7 49.02 16,000
Na 1831 577 3,301 1,031 34,000
Sr 32.3 190.3 98.4 56.4
Ti <DL <DL / /
V 0.106 0.568 0.391 0.124
As 0.236 7.13 1.31 1.71 5.88 2.2 374

aDL, detection limit (values are shown in Supplementary Table S2).

TABLE 4 | Comparison of water quality in the present study with water quality standards.

This study Fresh water Drinking water

European Commission (2013);
Government of Republic of Serbia

(2014)

Government of
Republic of
Serbia (2019)

WHO (2017) European Commission
(2020)

USEPA (2022)

MACa AAb MACa GVc PVd MACa

Zn (μg/L) <DL—6.40 3,000 3,000
Ni (μg/L) 0.028—0.486 34 4 20 70 20
Cu (μg/L) <DL—1.05 2000 2000 2000 1,300
Cr (μg/L) 0.021—0.194 50 50 50 100
Cd (μg/L) <DL <0.45 (H < 40)e <0.08 (H < 40)e 3 3 5 5

0.45 (H = 40-50) 0.08 (H = 40-50)
0.6 (H = 50-100) 0.09 (H = 50-100)
0.9 (H = 100-200) 0.15 (H = 100-200)

1.5 (H ≥ 200) 0.25 (H ≥ 200)
Pb (μg/L) <DL 14 1.2 10 10 10 15
Al (μg/L) <DL—11.92 200 200
B (μg/L) <DL 1,000 2,400 1,500
Ba (μg/L) 4.13—19.02 700 1,300 2000
Be (μg/L) <DL—0.15 10 4
Ca (mg/L) 3.92—46.6 200
Fe (μg/L) <DL—10.91 300 200
K (mg/L) <DL—0.912 12
Mg (mg/L) 0.865—7.63 50
Mn (μg/L) <DL—0.574 50 50
Na (mg/L) 1.83—5.48 200 200
As (μg/L) 0.236—7.13 10 10 10 10

aMAC, maximum allowable concentration.
bAA, annual average.
cGV, guideline value.
dPV, parametric value.
eH—water hardness (mg/L CaCO3).
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limit in all samples. The spatial distribution of studied elements
for sediment is presented in Supplementary Figures S1–S4.
Geochemical maps of the trace metals were created using
ArcGIS. No significant spatial variability of potentially toxic
elements in sediments was observed. The results of
microelement content in studied river sediments decreased in
the following order: Al >Mn > Ti > Zn > Ba >V >Cu >Ni >Cr >
Li > As > Sr > Co > Pb > B > Be > Cd. The results of the mean
content of macroelements in sediment were in order: Ca > Fe >
Mg > Si > K > Na.

The total content of the studied elements, extracted from the
sediments at the examined site, was compared with the limit and
remediation values prescribed by the “Regulation on limit values
for pollutants in surface and ground waters and sediments and
the deadlines for their achievement” (Regulation—Government
of the Republic of Serbia, 2012) for the preliminary risk
assessment. In addition, the obtained results were also
compared with sediment quality guidelines (SQGs) of the
numerical indices: threshold effect concentration (TEC) and
probable effect concentration (PEC). The TEC represents the
concentration below which harmful effects are unlikely to be
observed, and the PEC indicates the concentration above which
harmful effects are likely to be observed. These values were used
to assess the potential hazard to organisms with regard to the
content of trace elements in the sediments usingMacDonald et al.
(2000). We also compared our results with the values for element
concentrations in the continental crust (Wedepohl, 1995) and
with similar results for river sediments in Serbia and the world.

The results of the comparison of toxic elements’ total extracted
content with similar results for river sediments in Serbia and the
world indicate that the contents of Zn, Ni, Cu, Cr, Pb, Cd, and As
are much lower compared to the results from China, Serbia, and
Dravinja (Slovenia). It was noticed that the contents of Cd and As

in the sediments of Vlasina are similar to those in Dravinja. Mean
values for As and maximum values for Ni are higher than TEC
but lower than PEL values. The sediment samples with element
concentrations between TEC and PEC values are potentially non-
toxic, but the frequency of their toxicity occurrence is higher than
for TEC values and yet lower than for PEC (MacDonald et al.,
2000). The contents of Cd and As are higher than the average
crust value; Cr and Ni are lower; while the contents of Zn, Cu, and
Pb were similar to the crust contents. The Cr and Ni contents are
lower than the crust values because the applied extraction agents
do not completely destruct the silicates since hydrofluoric acid
was not used. The slightly higher content of Cd and As in some
sediments indicates the possible existence of additional sources of
these elements in relation to geochemical processes in nature.
Comparison of the contents of other examined elements
(Table 5) with crust values indicates that the contents of Al,
B, Ba, Be, Co, Fe, K, Li, and Na are mostly similar or slightly lower
than the crust values, which is most likely due to incomplete
destruction of silicates, while at some localities an increased
content of Ca and Mg was observed, which indicates an
increased content of carbonates in the examined localities.

The obtained results indicate that the contents of regulated
toxic and potentially toxic elements in sediment samples are
lower than the maximum allowable concentrations
(Regulation—Government of the Republic of Serbia, 2012).

Correlation Analysis—Water
A correlation analysis was performed in order to examine the
relationships between elements (Supplementary Table S4). At
significance level 0.01, correlations were found between all major
metals (Ca, K, Mg, Na), all major metals and V, and Ca and Sr
with As. Regarding trace elements, correlations at significance
level 0.01 were found for Ba-Ni and Ni-Cu. At significance level

FIGURE 2 | Content of studied elements (Zn, Ni, Cu, Cr, Pb, Cd, Co, and As) in sediment.
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0.05, correlations were found for the following pairs of trace
elements: Ba-K, Ba-Cr, Ba-Mn, Cr-Mn, Cr-Ni, Mn-Ni, Ni-As
(negative), Cu-As (negative).

Correlation Analysis—Sediment
The results of correlation analysis for the studied elements
extracted from sediment are presented in Supplementary
Table S5. The existence of positive correlations between most
of the examined elements can be noticed, which may indicate
their dominant geochemical origin. Of all the toxic elements, Pb
stands out significantly, being the only one that is positively
correlated with Cd, As, and Ba. Calcium is negatively correlated
with elements that represent silicates (Al, Ti) and oxides (Fe, Mn),
which is a consequence of the fact that they are competitive
substrates. The existence of carbonate rocks has been shown in
the studied area. Many elements show significant correlations
with Mg, Li, Al, and Ti, but not with K. This could be an
indication of magmatic rock presence in the studied area.
According to elemental correlations, the most probable
explanation is that present magmatic rocks are mostly acidic
rocks, with prevailing albite and anorthite content, while sanidine
(K,Na)Si3O8, orthoclase KSi3O8, and microcline KSi3O8 are most
probably not present, or at least not in higher quantities. The

highly positive correlation of Fe and Mn with trace elements
indicates that Fe and Mn oxides/hydroxides play an important
role in controlling the behavior of trace element pollution in
sediments. Many authors have suggested that metals are
efficiently adsorbed and co-precipitated with iron and
manganese oxides/hydroxides (Al-Mur et al., 2017; Baran
et al., 2019). All studied potentially toxic elements, except lead,
were positively correlated with aluminum. The positive
correlations of Al and Fe with PTEs in sediments indicate that
these elements originate from lithogenic sources (Lima et al.,
2022).

Correlation Analysis Between Mass
Spectrometry and Studied Element Content
in Sediment
The correlations between magnetic susceptibility (MS) and 23
studied elements in Vlasina sediments are presented in Table 6.
As it can be seen, 10 elements show positive correlations while 13
elements show negative correlations with MS. None of the
elements show very high correlation, which might be
supported by our finding that Vlasina sediments are not under
significant anthropogenic influence. That is, contrary to cases

TABLE 5 | Descriptive statistics for total element content (mg kg−1) in sediment.

Meana Mediana SDa Mina Maxa Xb Yc Zd Pe Rf Pg Mh Ri Cj

Zn 57.5 61.6 16.9 24.1 80.6 257.2 125.2 342.5 135 121 459 430 720 65
Ni 18.4 16.8 19.2 3.93 37.4 36.29 36.0 83.19 34 22.7 48.6 44 210 56
Cu 18.6 19.2 4.95 9.10 28.4 71.29 49.9 78.02 39 31.6 149 110 190 25
Cr 14.7 15.8 6.28 1.44 26.4 59.7 103.9 53.62 91 43.4 111 240 380 126
Pb 10.5 10.3 3.62 5.14 18.4 102.5 213.8 67.67 35 35.8 128 310 530 14.8
Cd 0.44 0.43 0.08 0.32 0.60 23.31 0.70 2.43 0.403 0.99 4.98 6.4 12 0.1
As 12.1 10.2 5.03 7.49 24.2 98.38 17.88 19.0 11 9.79 33 42 55 1.7
Al 7,550 7,902 2,215 4,334 11,552 nd# nd nd nd nd nd nd nd 79,600
B 0.75 0.47 0.61 0.21 2.48 nd nd nd nd nd nd nd nd 11
Ba 34.9 33.1 9.98 22.6 57.6 nd nd nd 449 nd nd nd nd 584
Be 0.54 0.54 0.10 0.31 0.76 nd nd 1.36 nd nd nd nd nd 2.4
Ca 232,225 113,971 287,783 8,192 853,656 nd nd 39,806 nd nd nd nd nd 38,500
Co 10.9 11.6 4.55 3.89 19.7 16.97 17.4 18.40 nd nd nd nd nd 24
Fe 30,009 33,375 9,991 14,381 43,302 nd 44,800 40,281 nd nd nd nd nd 43,200
K 633 636 120 329 902 nd nd nd nd nd nd nd nd 21,400
Li 13.7 12.8 5.61 4.96 26.1 nd nd nd nd nd nd nd nd 18
Mg 7,276 6,995 3,954 2,592 15,576 nd nd nd nd nd nd nd nd 22,000
Mn 535 588 225 155 838 nd 2,500 1,113 nd nd nd nd nd 716
Na 55.8 52.7 25.0 28.0 101 nd nd nd nd nd nd nd nd 23,600
Si 907 892 244 449 1,517 nd nd nd nd nd nd nd nd 28,800
Sr 11.0 9.73 7.04 2.74 29.1 nd nd nd nd nd nd nd nd 333
Ti 384 455 253 58.8 809 nd 9,300 nd nd nd nd nd nd 4,010
V 25.3 28.8 9.21 11.8 37.4 nd nd 87.34 91 nd nd nd nd 98

*In percent.
#nd means—no data.
aThis study.
bZhuzhou Reach-Tunca river sediment, South China, mean values (Huang et al., 2020).
cAnning river sediment, SW china, mean values, Wang et al. (2018).
dRiver sediment—Serbia—mean values (Sakan et al., 2011; Sakan et al., 2017).
eDravinja river, Eastern Slovenia, mean values (Mezga et al., 2021).
fTEC (threshold effect concentration)—MacDonald et al. (2000).
gPEL (probable effect concentration)—MacDonald et al. (2000).
hMAV, maximum allowable value (Government of Republic of Serbia, 2012).
iRV, remediation value (Government of Republic of Serbia, 2012).
jElement concentrations in the Continental Crust—K.H. Wedepohl, (1995).
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where significant anthropogenic influence was observed, like in
the Kupa River drainage basin (Croatia), where very high positive
correlations of MS with some elements exist (Frančišković-
Bilinski et al., i2014, 2017; Sakan et al., 2020).

In Vlasina sediments highest positive correlations of MS are
with V, Ti, Pb, Zn and a bit weaker correlations with Ba and Cu.
Other elements have much weaker correlations with MS than
these. It is known that reaction of V with cations of heavy metals,
such as copper, lead, uranium, and zinc, forms epigenetic
vanadate minerals in the oxidized zones of base-metal deposits
(Kelley et al., 2017), so it could be assumed that this could be the

natural source of these elements in the Vlasina region. Also, it is
known that some altered titanium-rich syenite (igneous rock
similar to granite) intrusions might contain high concentrations
of vanadium, so this could explain MS correlations with V and Ti.

Principal Component Analysis—Water
Trace elements containing up to 10% of values below the
detection limit (Ni, Cu, Cr, Mn, V, As) were included in PCA.
The Kaiser–Meyer–Olkin (KMO) and the Bartlett sphericity tests
were performed to examine the validity of PCA. The KMO value
was 0.779 and the significant level of the Bartlett sphericity test
was 0.02. In this study, as a result of PCA, initially 6 components
were extracted. According to the Kaiser criterion, the first two
components with initial eigenvalues larger than 1 were retained
and subjected to varimax rotation. The results of PCA are shown
in Table 7 and Figure 3A. Two components explained 69.78% of
the total variance of the original data set (Table 7).

Component 1, which explained 47.61% of the total variance,
had high positive loadings for Cr, Mn, Ni, and Cu, and moderate
negative loadings for As (Table 7). As it can be noticed in
Supplementary Table S4, significant positive correlations were
found for Ni and Cu (r = 0.634, p < 0.01), Cr and Mn (r = 0.587,
p < 0.05), Cr and Ni (r = 0.549, p < 0.05), and Mn and Ni (r =
0.559, p < 0.05). Also, As showed significant negative correlations
with Cu (r = - 0.531, p < 0.05) and Ni (r = - 0.496, p < 0.05).
Component 2 accounted for 22.16% of the total variance and had
a high positive loading for V and a moderate positive loading
for As.

TABLE 6 | Vlasina sediments—correlations between MS and studied elements.

Zn Ni Cu Cr Pb Al B Ba Be Ca Co

MS 0.17 –0.20 0.12 –0.05 0.17 0.05 –0.21 0.13 –0.03 –0.27 0.07
Fe K Li Mg Mn Na Si Sr Ti V As

MS 0.07 –0.01 –0.28 –0.19 0.10 –0.31 –0.22 –0.28 0.20 0.21 –0.25

*Marked correlations are significant at p < .05000.

TABLE 7 | Varimax rotated component matrix for selected trace elements in the
studied river water.

Component

1 2

V 0.082 0.883
Cr 0.795 0.009
Mn 0.810 0.278
Ni 0.840 –0.166
Cu 0.721 –0.342
As –0.581 0.573
Eigenvalues 2.86 1.33
% of variance 47.61 22.16
Cumulative % 47.61 69.78

Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser
normalization. Bold values represent significant loadings.

FIGURE 3 | PCA (R mode) for trace elements in water (A) and sediment (B).
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The results of PCA suggest that different processes/sources
contribute to concentrations of Cr, Mn, Ni, Cu, and also to
concentrations of As and V in the studied waters.

Principal Component Analysis—Sediment
Principal component analysis showed that two principal
components with an eigenvalue > 1 exist (Figure 3B;
Table 8). Component 1 accounts for 70.049% of the
variation and includes Ni, Zn, Cu, Cr, Cd, Co, and As. The
obtained results suggested that these elements had a dominant
geological source. Therefore, they may have been derived from
natural processes such as soil erosion and rock weathering.
This hypothesis is also supported by previous studies (Huang
et al., 2020; Sakan et al., 2021). In Huang et al. (2020), it is
shown that Cr, Ni, and Co may have derived from natural
processes such as soil erosion and rock weathering. In Sakan
et al. (2021), it is shown that the binding sites of microelements
such as Co, Ni, Cr, and Cu in soils from the Vlasina region
could be shales, as well as ultrabasites-basites and
serpentinites. Erosive processes of various intensities affect
most of the Vlasina River basin. The watercourses in the
Vlasina basin are almost all torrents, and Tegošnica is
among them. As a consequence of erosive processes and
torrents, the soil is destroyed, which reduces its fertility and
a huge amount of water is lost due to its sudden runoff.

Component 2 accounts for 15,183% of the variation and
includes Pb, Cd, and As. The results show that the origin of
lead is completely different in relation to the origin of Ni, Zn, Cu,
Cr, and Co, while As and Cd are related to both components. It is
possible to conclude that the content of Pb is mainly affected by
human activities. Given that Cd and As are associated with both
components, it is possible to assume that, in addition to the
natural sources, anthropogenic sources of these elements are also
important. Arsenic and cadmium are widely found in the
environment (Perera et al., 2016). It can be found in the
literature that use of agricultural chemicals has been indicated
as the main anthropogenic source of As and Cd pollution in
aquatic environments (Perera et al., 2016). Mickovski Stefanović
(2012) showed that the sources of cadmium in the soil are mineral

fertilizers, while lead and arsenic in general are derived from lead-
arsenate (PbAsO4), which is used in orchards to control insects.

Cluster Analysis—Water
In the present study, hierarchical cluster analysis in the Q-mode
(classification of sampling sites) was performed.

The results of cluster analysis (CA) are presented in a
dendrogram in Figure 4. Samples were divided into three
main groups–clusters which mostly differed in concentrations
of As and Cu. Cluster 1 included samples of Tegošnička River,
Ljuberađa River, samples of the Vlasina River downstream of
each of these rivers and downstream of the Pusta River, and the
Bistrička River. The majority of water samples in cluster 1 were
characterized by higher concentrations of As than samples in
cluster 2, and most of the samples had lower concentrations of
Cu. Cluster 2 contained samples of the Vlasina River upstream of
the confluence with the Tegošnička River, Gradska River, Pusta
River, Rastavnica River, and the most downstream samples of the
Vlasina River. These river water samples mainly had higher
concentrations of Cu and lower concentrations of As,
compared to samples in cluster 1. Cluster 3 comprised one
sample, the Zelenička River, the only studied river that is not
a tributary of the Vlasina River. With the exception of Ni, the
Zelenička River is characterized by lower concentrations of trace
elements.

Cluster Analysis—Sediment
A cluster analysis (CA) was performed to classify sampling sites
in the Vlasina River watershed. All the sites were divided into
three groups (Figure 5): group (1) includes all samples of Vlasina
(UPR, BWI, UV, BTUW; BLj, BMT, and BAT), Rastavnica,
Gradska River and Bistrička River; group (2) consists of the
two subclusters: (2a) Tegošnička and Pusta River, and (2b) all
three samples of Ljuberađa and group (3) includes one site,
Zelenička River.

Group (1): In the samples that make up this group, i.e., cluster
1, no increased content of studied toxic elements was found.
Considering that this group consists of all sediment samples from
the Vlasina River and its three tributaries (Rastavnica, Gradska
Reka, and Bistrička Reka), we can assume that the examined river
sediments forming the first cluster have a similar geochemical
composition and are not significantly exposed to anthropogenic
pollution.

Group (2): in the samples of the Tegošnička River, an
increased content of Zn, Ni, Cu, Cr, Pb, Cd, Co, As and Fe
was observed in relation to other sediments, while an increased
content of Fe was also observed in the Pusta River. An increased
content of calcium was observed in the samples of Ljuberađa,
which may be the reason for the separation of these samples from
the others. In Perović (2019), it was shown that within the cracked
and karstified limestones in the area of eastern Serbia, there are
significant accumulations of groundwater, which are discharged
through karst springs withvariable yield, and one of those springs
is Ljuberađa. No increased content of other elements was noticed
in the sediment samples from Ljuberađa. At the Tegošnička River
site, one sample was taken near the quarry, which explains the
grouping of these samples with Ljuberađa samples within the

TABLE 8 | Varimax rotated component matrix for selected trace elements in the
studied sediments.

Component

1 2

Zn 0.621 0.301
Ni 0.882 0.256
Cu 0.955 0.178
Cr 0.945 0.149
Pb 0.071 0.970
Cd 0.505 0.827
Co 0.935 0.210
As 0.752 0.521
Eigenvalues 5.604 1.215
% of variance 70.049 15.183
Cumulative % 70.049 85.232

Extraction method: Principal component analysis. Rotation method: Varimax with Kaiser
normalization. Bold values represent significant loadings.
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same cluster. The increased content of calcium that represents
carbonates in certain sediments can be explained by the existence
of tertiary clastic sediments and mesozoic carbonate rocks in the
river basins, as shown in Durlević et al. (2019).

Group (3) is characterized by low concentrations of Ni, Cu, Cr,
Co, and Fe, suggesting that most elements in sediments from the
Zelenička River had a geological origin. The separation of this
river into a special group indicates that this river differs
significantly from Vlasina and other rivers in its basin in
terms of geological and chemical composition.

Index of Geoaccumulation
The calculated Igeo values for Zn, Ni, Cu, Cr, Pb, Cd, and As
are shown in Figure 6. The majority of investigated sediments
were in class 0 (background concentration) with the exception
of samples from the Tegošnička River (one sample is near the
stone pit and the other sample is near the village Dobroviš) for
As and Ni, which were in class 1 (unpolluted to moderately
polluted). It has been shown in the literature (Smedley and

Kinniburgh, 2001) that most common silicate minerals
contain around 1 mg kg−1 or less As and carbonate
minerals usually contain less than 10 mg kg−1. Since arsenic
may be sorbed to the edges of clays and on the surface of
calcite (Goldberg and Glaubig, 1988), higher mobility of
arsenic can be expected in areas with high carbonate
content. For nickel, process of adsorption on the calcite
surface (Zachara et al., 1991) and coprecipitation with
calcite (Alvarez 2019) was already described in literature.
Lakshtanov and Stipp, (2007) reported that interaction of
calcite with Ni controls its distribution in calcareous
environments. Increased carbonate content in the
Tegošnička River is expected given the nearby stone pit. In
general, the values obtained for Igeo indicate that the
sediments in the Vlasina region were uncontaminated
regarding the studied elements. Negative Igeo values for
most soils indicated that there was no contamination.
Therefore, the origin of elements is mostly from natural
processes such as soil and rock weathering.

FIGURE 4 | CA (Q mode) for trace elements in river water.
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CONCLUSION

In this study, the water and sediments of rivers in the Vlasina
region were analyzed to assess the current state of pollution with

toxic elements. No significant spatial variability of potentially
toxic elements in water and sediments was observed.

The concentrations of all measured regulated elements in the
investigated rivers of the Vlasina region were below

FIGURE 5 | CA (Q mode) for trace elements in river sediment.

FIGURE 6 | Distribution of studied elements enrichment based on Igeo in sediment: 1—Vlasina (before receiving any tributary); 2—Gradska river (before its
confluence with Vlasina); 3—Vlasina (upstream of the confluence with Tegošnička river); 4—Tegošnička river (stone pit); 5—Tegošnička river (near village Dobroviš);
6—Vlasina (downstream of the confluence with Tegošnička river, near village Gornji Orah); 7—Ljuberađa (middle course); 8—Ljuberađa (measuring profile);
9—Ljuberađa, (confluence with Vlasina); 10—Vlasina (after receiving Ljuberađa); 11—Pusta river; 12—Vlasina (downstream of the confluence with Pusta river);
13—Bistrička river); 14—Rastavnica river; 15—Vlasina (upstream of the intake for water supply); 16—Vlasina (downriver from Vlasotince); 17—Zelenička river.
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recommended and prescribed limit values. Differences in the
distribution of some elements in water and sediment are a
consequence of the fact that the water samples constitute a
snapshot of chemicals in the water, while surface sediments
retain longer-term records.

The existence of positive correlations between most of the
examined elements in sediments may indicate their dominant
geochemical origin. The positive correlations of Al and Fe with
PTEs in sediments indicate that these elements originate from
lithogenic sources. The obtained results showed the great
importance of carbonates for the mobility and binding of As and
Ni in environments with increased calcium andmagnesium content.

The results of PCA suggest that different processes/sources
contribute to concentrations of Cr, Mn, Ni, Cu, and also to
concentrations of As and V in the studied waters. Based on the
obtained PCA results for sediments, it is possible to conclude that
Ni, Zn, Cu, Cr, Cd, Co, and As had a dominant geological source,
and the origin of lead is completely different in relation to the
other elements. Since As and Cd are related to both components,
it can be assumed that, in addition to natural, anthropogenic
sources of these elements are also important.

In general, the values obtained for Igeo indicate that the
sediments in the Vlasina region were uncontaminated
regarding the studied elements. Negative Igeo values for most
sediments indicated that there was no contamination. The results
of magnetic susceptibility support our finding that Vlasina
sediments are not under significant anthropogenic influence.

The obtained results confirmed the assumption that the
Vlasina is one of the cleanest rivers in Serbia, as well as its
tributaries. In view of this, as well as the major problems that exist
with the pollution of river flows, all necessary measures should be
taken to protect this river, as well as to continue monitoring the
status of pollution in these river systems.

The combination of chemometric approaches and pollution
indices is useful for assessment of the pollution status of toxic
elements, but magnetic susceptibility measurement is better for
more polluted areas.
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