View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Central Repository of the Institute of Chemistry, Technology and Metallurgy (CER)

Accepted Manuscript

_ . JOURNAL OF
Study of potential harmful elements (arsenic, mercury and m GEOCHEMICAL

selenium) in surface sediments from Serbian rivers and artificial w EXPLORATION

lakes
\ S

Sanja Sakan, Nenad Sakan, Ivan Andelkovi¢, Snezana Trifunovié,
Dragana Pordevi¢

PII: S0375-6742(16)30327-2

DOI: doi: 10.1016/j.gexplo.2017.06.006
Reference: GEXPLO 5931

To appear in: Journal of Geochemical Exploration
Received date: 18 November 2016

Revised date: 29 March 2017

Accepted date: 8 June 2017

Please cite this article as: Sanja Sakan, Nenad Sakan, Ivan Andelkovi¢, Snezana
Trifunovi¢, Dragana Pordevi¢ , Study of potential harmful elements (arsenic, mercury
and selenium) in surface sediments from Serbian rivers and artificial lakes, Journal of
Geochemical Exploration (2017), doi: 10.1016/j.gexplo.2017.06.006

This is a PDF file of an unedited manuscript that has been accepted for publication. As
a service to our customers we are providing this early version of the manuscript. The
manuscript will undergo copyediting, typesetting, and review of the resulting proof before
it is published in its final form. Please note that during the production process errors may
be discovered which could affect the content, and all legal disclaimers that apply to the
journal pertain.


https://core.ac.uk/display/220710008?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1016/j.gexplo.2017.06.006
http://dx.doi.org/10.1016/j.gexplo.2017.06.006

Study of potential harmful elements (arsenic, mercury and
selenium) in surface sediments from Serbian rivers and artificial

lakes

Sanja Sakan? Nenad Sakan®, Ivan Andelkovi¢®, Snezana Trifunovié¢®, Dragana Pordevié¢®

® ICTM, Chemistry Center, University of Belgrade, Njegoseva 12, P. O. Box 815, Belgrade 11000,
Serbia

® Institute of Physics, University of Belgrade, Pregrevica 118, P.O. Box 68, 11081 Belgrade, Serbia

¢ Innovation Center of the Faculty of Chemistry, University of Belgrade, Studentski Trg 12-16,
Belgrade, Serbia

¢ Faculty of Chemistry, University of Belgrade, Studentski trg 12-16, 11000 Belgrade, Serbia

Corresponding author

Dr Sanja M. Sakan, ICTM, Chemistry Center, University of Belgrade, Njegoseva 12, Belgrade 11000, Serbia;

Phone: +381 11 3336 801, Fax: +381 11 2636 061; E-mail: ssakan@chem.bg.ac.rs

Abstract

This investigation examines surface sediment samples from rivers and artificial lakes (Serbia)
to quantify levels of potentially harmful elements (As, Hg, and Se) and several ancillary
elements (Al, Fe, Mn, Ca, Mg, C, H, N, and S). These data provide the first global analysis of
Hg, As and Se levels in a well-studied system. Combination of different methods was applied
for estimation of the environmental status of sediments and to determine the potential risk of
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ecological damage: digestion with aqua regia and determination of element content,
determination of elements mobile forms by ammonium-acetate extraction, calculation of
contamination indexes - index of geoaccumulation and enrichment factor, comparison with
sediment quality guidelines and other literature data, and use of statistical methods. Results
indicate that the sediments are slightly enriched with As and Hg, but not with Se. Fact that
values for Se contents was less than the international threshold levels, suggesting the very
probable absence of risk of contamination over the catchment with this element. The average
pollution levels in Serbian river and artificial lakes expressed in terms of geoaccumulation
indexes of As and Hg indicate that the environment is uncontaminated to moderately
contaminated. All values of EF for Hg were below 2, indicating deficiency to minimal
enrichment with Hg on studied localities. The EF values of As indicate deficiency to moderate
enrichment (EF ranged from 0.11 to 3.54). According to the comparison to quality standard,
the As in sediments of the studied area have potential risk. High content of arsenic in river

and lake sediments indicate that arsenic pollution problem that lasts longer period of time.
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1. Introduction

In a natural environment, As, Hg, and Se are considered potential harmful elements (PHES)
when their concentrations exceed certain levels. They can also be categorized as atmophile
elements, because their mass transport through the atmosphere is often greater than via
streams (Li et al. 2016). In recent years, much attention has been focused on the geochemical
behaviour of these elements (Rezende et al., 2011; Zhang, 2014; Jagtap et al., 2015; Jiang et
al., 2015; Chen et al., 2016; Tepanosyan et al., 2016).

Arsenic is a toxic, ubiquitous element with metalloid properties, is almost often present in
environmental samples. It is found in nature in metal ore deposits, mainly as arsenides of Cu,
Ni and Fe. Arsenic compounds are used mainly in agriculture and forestry as pesticides and
herbicides; and in smaller amounts, as additive in the glass and ceramic industries as feed
additives (Patel et al., 2005). Although it is classified as a metalloid, it is also referred to as a
metal, and in the context of toxicology as a heavy metal. Sediments are important sinks of
inorganic arsenic in natural systems. However, inorganic arsenic is not permanently fixed,
since pH, temperature or redox potential changes and presence of organic matter or ionic
exchange processes can mobilise arsenic compounds from the sediment (Raposo et al., 2004).
Selenium in the environment is a significant research area as environmental selenium
provides a source for biological uptake. Selenium is generally widely distributed and is cycled
through environmental compartments via both natural and anthropogenic processes.
Approximately, 40% of total Se emissions result from anthropogenic activities (Savery et al.,
2013). Interest in selenium concentrations in the environment stem from the dual role of
selenium as an essential nutrient at low concentrations and as toxic substance at higher levels
of concentrations (Hagarova et al., 2005). Selenium usually occurs in association with various

sulphide minerals/metallic ores in which it replaces sulphur atoms and only forms minerals



with elements having a comparatively high atomic number, e.g., Pb, Hg, Bi, Ag, Cu etc.
Particularly, selenium has strong affinity for copper and accumulation of copper in ores is
usually accompanied by concentration of selenium (Tarin, 2006). In surface waters, Se is
found mostly as selenate and selenite, which are both highly bioavailable species allowing for
bioaccumulation and biomagnification posing a threat to aquatic wildlife (Savery et al., 2013).
Mercury is one of the most hazardous environmental pollutants with a large number of
physical and chemical forms. Mercury is released into the environment from three major
sources: natural deposits in soils, anthropogenic release, and wet and dry atmospheric
deposition from both of these sources (Jagtap et al., 2015). Although all forms of mercury are
poisonous, alkylmercury compounds are of special concern because of their easy penetration
through biological membranes, efficient bio-accumulation, high volatility and long-term
elimination from tissues. In the aquatic environments, mercury accumulates in sediments,
where the methylation and demethylation processes preferably seem to occur (Berzas Nevado
et al., 2010). The major discovery in recent years that Se can inhibit the toxicity and
enrichment of MeHg in aquatic organisms has provided a potential approach to solving
problems of Hg contamination in water (Zhang, 2014). A large number of scientific studies
have confirmed that interactions between selenium and mercury are a very important topic of
study for the systematic understanding of the environmental behaviour, fate and toxicological
effects of Hg (or Se). Research (Yang et al., 2008) indicates that adding Se to lake sediments
can significantly reduce the formation of MeHg in these sediments.

Mercury in contaminated sediments could be extracted by various chemical reagents in order
to determine the different mercury species and partitions, providing useful information of
toxicology, bioavailability and biochemical reactivity. Unfortunately, at present, neither
specific extractants nor standard protocols exist for the isolation of particular mercury species

(Issaro et al., 2009). Hagarova et al. (2005) report that the application of extraction methods to



selective removal of selenium is complicated by the fact that selenium may exist in more than
one oxidation state (selenate (VI), selenite (IV), elemental selenium (0) and selenide (I1)),
each of which has a unique behaviour. Selenium determination with microwave digestion
with aqua regia is recommended in paper Prachei et al. (2010). The determination of Hg total
content in sediments with aqua regia is proposed by the U.S. Environmental Protection
Agency (1986). In paper Rezende et al. (2011) is recommended the aqua regia digestion
procedure for As and Hg determination in sediments, and obtained results are with high
precision and accuracy.

In the presented manuscript, the arsenic, mercury and selenium levels in the Serbian River
and artificial lake sediments were determined using microwave digestion with aqua regia and
extraction with ammonium-acetate. The main objective of this study was to determine the
distribution of studied elements in sediments and to estimate the degree of contamination and
potential risk of ecological damages, on the basis of: calculation of pollution indexes (lgeo
and EF), comparison with the corresponding sediment quality guidelines, comparison of the
obtained results with those found in the literature, and prediction of mobility of studied
potential harmful elements. There were also calculated Se:Hg and S:Se ratios, and were
determined content of several ancillary parameters: Al, Fe, Mn, Ca, Mg, C, H, N, and S. In
order to establish relationships among elements and determine the common source (and/or
carrier substances), a correlation and cluster analysis was performed. To our knowledge, this
is the first systematic investigations of arsenic, mercury and selenium content in river and

artificial lake systems from Serbian localities.

2. Materials and methods

2.1. Study area and sampling sites



Serbia has many rivers and lakes. Serbia’s rivers belong to the drainage basins of the Black,
the Adriatic, and the Aegean seas, where the largest and the most important in the area is the
Black Sea drainage basin covering an area of 81,261 km? or 92 % of the territory of Serbia.
The number of natural lakes in the total area is relatively small; however, when the increasing
number of artificial reservoirs is included, the hydrographic networks become richer and more
complex (Devi¢ et al. 2014). Most lakes of Serbia are artificial, created by damming
numerous rivers of Serbia for the purpose of obtaining hydroelectric power or as water
reservoirs.

A total of 48 surface sediment samples were collected from Serbian rivers (36) and artificial
lakes (12) during 2008. Sampling site numbers are denoted with the brackets: the Tisa (9), the
Danube (6), the Sava (4), the Ibar (2), the Great Morava (2), the West Morava (2), the South
Morava (2), the NiSava (2), the Tami$ (1), the Vrbas (1), the Topciderska River (1), the
Porecka river (1), the Kolubara (1), the Pek (1) and the Toplica (1) - rivers and the the Barje
(3), the Celije (3), the Vrutci (1), the Garasi (1), the Bojnik (2) and the Bovan (2) - lakes.
Locations of the sampling sites are shown in Figure 1 and Table 1. The sampling of sediments
in this research was conducted using a Van Veen grab sampler, designed to collect an
accurate representative sediment sample. The sediment samples were stored at 4 °C to prevent
changes in the chemical composition. The micro and macroelemental levels were determined
in the granulometric fraction, i.e., < 63 pum of the bottom sediment sample (grab sample).
Analysis of the metal concentration in the fine sediment fraction (less than 63 um) is
recommended as these particles are the most important sources of bioavailable metals in
sediments (Villaescusa—Celaya et al., 2000), as well as for comparability of data to other river
basins (Milaci€ et al., 2010).

The moisture content of each sample was determined by drying a separate 1 g sample in an



oven (105 + 2 °C) until a constant weight was reached. From this, a correction to dry mass

was obtained, which was then applied to all reported metal content results.

2.2. Chemical analysis

2.2.1. Digestion with aqua regia

Total As, Hg, Se, Al, Fe, and Mn levels were determined using microwave digestion with
aqua regia. Approximately 500 mg of sample sediment and 12 mL of aqua regia (9 mL HCI
and 3 mL HNO3) were added to a microwave vessel (DIN 38414 S7 1983, SW-846 EPA
Method 3051a 2007). Microwave digestion was performed in a pressurised microwave oven
(Ethos 1, Advanced Microwave Digestion System, Milestone, Italy) equipped with a rotor
holding 10 microwave vessels (PTFE). During digestion, the temperature of the microwave
oven was raised to 165 °C over 10 min (holding time 0 s), then to 175 °C over 3 min, after
which it was maintained at 175 °C for 10 min (max power 1200 W) (Ronkkomaki et al.,
2008). One control vessel per rack contained a temperature and pressure probe. The vessels
were removed from the oven after the temperature had dropped to less than 50 °C and the
pressure to less than 69 kPa. At the end of the digestion cycle the vessels were allowed to cool
to room temperature before continuing the sample preparation, to align with security protocols
and to avoid the leakage of volatile substances. After cooling, the sample digests were filtered
with Whatman No. 42 filter paper, to remove solids which remained after the microwave
digestion process. The digests were then transferred into a flask, diluted to 100 mL with 1M
HNO; and stored in a polyethylene bottle at 4 °C until needed for analysis (Sakan et al.,

2011).



2.2.2. Extraction with 1 M CH3;COONH,

A 40-mL aliquot of a 1 M CH3COONH, solution was added to 1 g of sediment in a 50-mL
centrifuge tube. The suspension was shaken on a shaker for 2 h in a room at 20 + 2 °C
(Todorovi¢ et al. 2001; Sakan et al. 2009; Petrovi¢ et al., 2010; Sakan et al. 2012). The extract
was separated from the solid phase by centrifugation at 3000 rpm for 20 min. Then, the
supernatant was decanted and diluted to 50 mL with 1 M HNOj3 and stored in a polyethylene

bottle at 4 °C until needed for analysis.

2.2.3. Determination of element content

In this research, the following elements were determined in each sample: As, Hg, Se, Al, Fe,
and Mn. The analytical determination of the studied elements was realised with an atomic
emission spectrometer with an inductively coupled plasma iCAP-6500 Duo (Thermo
Scientific, United Kingdom). The detector was a RACID86 Charge injector device (CID). For
As, Hg, and Se determination, ICP. OES coupled with hydride generation technique was used.
Hydride technique was used to minimize interferences from sample matrices.

Analytical grade chemicals were used throughout the study without any further purification.
The metal standards were prepared from a stock solution of 1,000 mg L™ by successive
dilutions. The concentrations obtained for all the elements in the blanks were close to the
detection limit of the method, indicating that contamination was not a problem in the
digestion.

The wavelengths used in this analysis were: As - 189.0 nm, Hg - 194.2 nm, Se - 196.0 nm,
Mn - 257.6 nm, Fe - 261.1 nm, Ca - 184.2 nm, Mg - 279.5 nm, and Al - 237.3 nm. The

detection limit was determined as three times the standard deviation of the blank



measurements. The obtained values were (in mg kg™) were: As - 0.0001, Hg - 0.0001, Se -
0.0001, Mn - 0.03, Al -0.5and Fe - 0.3.

The obtained results are expressed in mg kg™ dry sediment.

2.2.4. Elemental Analysis

The determination of C, H, N, and S content in the investigated sediments was performed by
elemental analysis, using the Vario EL Il C, H, N, S/O elemental analyser (Elementar).
Determined C content represented total carbon content, i.e. sum of inorganic and organic

carbon.

2.3. Contamination indexes

The index of geoaccumulation (lgeo), originally introduced by Muller (1979), was employed
here to separate the anthropogenic influences on the sediment from the natural influences (Li

et al., 2016). The index is defined by the following equation:

Igeo = |ng (Cn /15 Bn),

where C,, is the measured sediment concentration of the element of interest (n) and B, is the
geochemical background concentration of element (n). The lgo classifies the sampling
locations into seven classes as follows: 1go< 0 — practically uncontaminated; 0 < lgeo < 1 —
uncontaminated to moderately contaminated; 1 < lgeo < 2 - moderately contaminated; 2 < lge, <
3 - moderately to heavily contaminated; 3 < lgo < 4 - heavily contaminated; 4 < lgeo < 5 -

heavily contaminated; and 5 < lg, - extremely contaminated.



The enrichment factor (EF) was calculated according to the following equation:

EF = (Cn(sample)/ Cref(sample)) / (Bn(background/ Bref(background))1

where Chsample) 1S the content of the examined element in the examined environment;
Crefsample) IS the content of the reference element in the examined environment; Bppackground) 1S
the content of the examined element in the reference environment, and Bief(packground) 1S the
content of the reference element in the reference environment (Bernalte et al., 2105). Five
contamination categories are recognized on the basis of the enrichment factor: EF < 2
(deficiency to minimal enrichment), EF = 2-5 (moderate enrichment), EF = 5-20 (significant

enrichment), EF = 20-40 (very high enrichment), and EF > 40 (extremely high enrichment).

2.4. Statistics and data processing

In order to establish relationships among elements and determine the common source (and/or

carrier substances), a correlation matrix was calculated for the elements in the sediments.

Hierarchical Cluster Analysis also was performed to classify the sediments according to the

values of the studied variables into clusters and generate dendrogram. Data were analyzed

using SPSS 21.0.

3. Results and discussion

3.1. The accuracy check
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The accuracy of the analytical procedures applied was checked by analysis of the certified
reference material (BCR-143R, ‘Sewage sludge amended soil’). The materials were handled
according to the supplier’s specifications. The percentage recovery for Hg and Mn was
obtained as: [(measured concentration in mg kg™) / mean certified value for CRM in mg kg™)
x 100]. The determined concentration for Hg was 1.03 mg kg?, which is 93.6% of the
certified values. The determined concentration for Mn was 822 mg kg™, which is 95.8 % of
the certified values. Good agreement between determined and the certified values confirming
the accuracy of the obtained result.

The precision is expressed as relative standard deviations. The relative standard deviations of

the means of duplicate measurement were less than 10% for all the measured elements.

3.2. Mercury, arsenic and selenium content in sediment

The total As, Se and Hg contents in studied sediments are summarized in Table 1, while the
contents of determined ancillary parameters (Al, Fe, Mn, Ca, Mg, C, H, N, and S) are
summarized in Supplementary Table 1. Comparison of the obtained results in this research
with those found in the literature for the elements in soil and sediments from India, China,
Spain, Armenia, France, Gana, Scotland, Danube and Sava river is shown in Table 2.

In general, contents of elements vary along studied localities (Table 1). The total content of
As in sediment were in the range 4.10-103 mg kg™*. The average content of As in the sediment
(19.0+16.5 mg kg™) was comparable to that of the sediment from Yangtze river (Tang et al.
2014), Sava river (Milaci¢ et al., 2010), Danube river (Woitke et al. 2003), and was
significantly lower compared with the values reported by Patel et al. (2005) for sediment from
central India. Average concentration of As found in this study was also lower than values

reported in Dhivert et al. (2015). However, the average concentration of As was found to be
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slightly higher in this study compared with the values reported by Xu et al. (2016) - for soil
from China (Beijing), Roig et al. (2011) - for river sediments (Spain), Tepanosyan et al.
(2016) - for topsoil (Armenia), and Frémion et al (2016) — for Loire river sediments (France).
Comparison of As content in Tisa river sediments in this study with those published for Tisa
sediment in Sakan et al. (2012) indicate that values in this study was higher than values in
Sakan et al. (2012). Possible reason for this maybe fact that in this research was determined
total content of As (by aqua regia), since in Sakan et al. (2012) present results for total
extractable amount of As represented as the sum of As released in all five fractions of
sequential extraction. As extractant in residual fraction in Sakan et al. (2012) is used 6M HCI,
not aqua regia.

Total Hg content ranged from bellow detection limit to 0.72 mg kg™ Hg pristine
concentrations vary between 0.08 and 0.4 mg kg™ (Issaro et al., 2009), indicating mercury
emissions from anthropogenic sources in the studied area. Results of comparisons of the
obtained results with other published results for mercury (Table 2) indicate that mercury
contents in Serbian river and lakes are higher that the levels measured in topsoil in Armenia
Tepanosyan et al. (2016) and river sediment from Spain (Roig et al., 2011), but roughly
similar to measured values in soil from China (Xu et al., 2016), river sediments from Ghana
(Oppong et al., 2010), Sava river (Milaci€ et al. 2010) and Tisa river (Sakan et al. 2012). The
sediments mercury contents measured in this study area, however, lower than those found in
soil from sewage irrigation area of northwest China (Chen et al. 2016). The average contents
of Hg found in this study is similar to measured values of Hg in Danube river and Danube
tributaries (Woitke et al. 2003), but on some location along the entire course and some
tributaries, maximum values were higher than studied values.

Total Se content in this study ranged from 0.056 to 1.000 mg kg™ (Table 1). The river and

lakes sediments selenium contents are higher than the levels measured in soils from China (Lv
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et al. 2014), but similar to measured values in Scottish topsoil (Shand et al., 2010), Finnish
sediment (Koljonen et al., 1974), and soils from China (Yu et al., 2014).

To estimate the environmental status of sediments and to determine the potential risk of
ecological damage, the Hg, As and Se contents in the sediment were compared with the
corresponding sediment quality guidelines (SQGs, Table 2): US EPA benchmarks (US EPA
2007; de Castro—Catala et al., 2016), PEC - probable effect concentrations (Ingersoll and
MacDonald 2007) and Serbia national legislation (Republic of Serbia 1994). Screening
ecological benchmarks are used to identify chemical concentrations in environmental media
that are at or below thresholds for effects to ecological receptors. No benchmarks were
exceeded for Se, but for As and Hg on some sites measured values exceeded the benchmarks
(Fig. 2, Table 2). Lemly (2002) also described the sedimentary toxic effect threshold for Se in
sediment as 2 pg/g, which is in accordance with US EPA benchmarks. The fact that Se levels
were less than the international threshold levels suggests the very probable absence of risk of
contamination with this element over the catchment.

The collation of contents of As and Hg with maximum acceptable concentrations (MAC)
approved by Serbian legislation (Table 2) showed that only arsenic exceeded MAC on some
localities: Great Morava, West Morava, Ibar and Toplica (rivers) and Barje (artificial lake).
Data from Table 2 further indicate that most of sediments exceeded PEC values for As, but
did not exceeded for Hg. PEC (probable effect concentrations) are SQGs that were established
as concentrations of individual chemicals above which adverse effects in sediments are
expected to frequently occur. Thus, it is possible to conclude that on studied localities Hg was
found to be present in slightly elevated concentration. The highest Hg content was found at
site West Morava. Elevated Hg content in this river was also shown in paper Miloskovi¢ et al.

(2016).
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High content of arsenic on some localities are mainly caused by pollution with exogenous
substances. Stafilov et al. (2010) report very heavy pollution with As of the area around the
Ibar and Sitnica valleys. Devic et al. (2016) reported high levels of As in river water in Serbia.
The authors explain that, with the use of arsenic-containing herbicides, high concentrations of
naturally occurring arsenic in some quaternary sedimentary aquifers, and as a consequence of
mining activities. These results suggest that a large proportion of the Serbian population is
chronically exposed to As. High content of arsenic in river and lake sediments indicate that
arsenic pollution problem that lasts longer period of time.

The box-plot (Supplementary Fig. 1) show that Se and As have some outliers and extreme
values. Since that Se content not exceeded MAC values, it can be supposed that geology is the
primary control on the selenium concentration in sediments. This is partially because of
different background Se content in different regions.

In the sediment samples which are analyzed in this paper shown that elevated concentrations
of elements, mainly those that exceed the MAC, in most cases were detected in samples of
river sediments. It is possible to assume that this is due to the fact that the artificial lake
reservoirs are usually built in rural areas, where the less anthropogenic pollution. Unlike
lakes, rivers often flow through the towns, but these bodies of water more or less burdened
with micronutrients, toxic substances, organic or inorganic, waste materials, depending on the
type and industrial process which, particularly in Serbia, without needed and compulsory

technology treatment directly discharged into them.

3.3 Se:Hg ratio

It was proposed as early as 1972 that the Hg-to-Se molar ratio should be used as a reference

standard for Hg pollution (Ganther et al., 1972). However, this proposal has attracted little
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attention because the specific underlying mechanism has only gradually become clear in
recent years (Zhang et al., 2014). In Burger et al. (2012) was written that Ralston (2008)
suggest that selenium:mercury molar ratios above 1 are protective for adverse mercury
effects. The Se:Hg ratio are calculated for studied sediments and results are shown in Table 1.
The ratio Se:Hg > 1 was observed in sediments with lower mercury and higher selenium
content, suggest a protective effect of Hg toxicity. For sediments with higher Hg content,
Se:Hg was < 1, which indicates that the higher content of selenium is required in order to
neutralize the negative impact mercury effects. In general, when the concentration of Se is

significantly higher than that of Hg, Se plays a dominant role in Hg assimilation processes.

3.4. S:Se ratio

Malisa (2001) reported that S/Se ratios are distinct in different rock types and can thus be
used to elucidate the origin of rocks, ores, and sediments. The obtain values for S:Se ratios in
studied sediments in present research (3586-35000, Table 1) are in accordance for values in
clayey and organic-rich sediments (1000-10000) for most of the studied samples, but in some
areas, obtained Se/S ratio was higher. This ratio in sediments depends on the abundance of
selenium during sedimentation, since there is a usually about the same amount of sulphur
present, which can be bound to sediments (Malisa, 2001). High value for S/Se ratios at some

locations in this research may be a consequence of geochemical composition of sediment.

3.5. Analysis of the easily soluble element fraction of sediments

In order to estimate the extent of pollution of selected elements in sediments, extraction in

CH3COONHqy4, was performed. The neutral 1M ammonium acetate extraction method is the
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most widely used procedure to extract water-soluble and rapidly exchangeable fractions. The
percentages of the extracted elements in the soluble fraction compared to the total content
obtained with aqua regia digestion were calculated and results shown in Supplementary Fig. 2
only for As, since the extracted amounts of Se and Hg in this fraction was below detection
limits. Other studies also shown that a significant proportion of insoluble and non-
bioavailable elemental Se naturally present in sediment (Wiramanden et al. 2010). Sakan et al.
(2012) reported that in investigated river and alluvial sediment mercury is quite stable and
present low chemical availability, which is comparable with data found in this study.

Data from Supplementary Fig. 2 showed that the percentages of the easily soluble metal
fraction of arsenic were in general below 10%, indicating its low mobility into the aquatic
environment. Obtained results are comparable to results for Sava River (Milacic¢ et al. 2010)

and Tisa river and Danube alluvial sediments (Sakan et al. 2012).

3.6. Determination of background values

The selection of appropriate background values is very important in assessment of the
sediment contamination level, based on ecological risk-assessment criteria, such as lge and EF
(Li et al., 2016; Sakan et al., 2015). Unfortunately, no earlier background data for the three
selected element were available for the study area. The As and Hg data reported in Woitke et
al. (2003) were chosen as the background values for the current study due to the following
reasons: (i) contaminated and mineralogically and texturally comparable river sediments, (ii)
similarity with other published background values (Table 2) and (iii) similarity with US EPA

benchmarks (Table 2).

3.7. The index of geoaccumulation
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The calculated values for lge, are shown on Figure 3. lge, for As ranging from < 0 to 1.93,
indicating practically uncontaminated to moderately contaminated sediments; for Hg, 1ge, Was
from < 0 to 0.87, indicating practically uncontaminated to moderately contaminated sediment.
The percentage of sediments that had Iy, < O were 45.8% for As and 75.0% for Hg. The
percentage of samples that had 0 < Ig, < 1 were 47.9% for As and 25% for Hg. Only three
sediments (Ibar (2) and Barje lake (1)) had Igeo > 1 for As (6.2%), indicating moderately
contaminated areas. The average pollution levels in Serbian river and artificial lakes
expressed in terms of geoaccumulation indexes of As and Hg indicate that the environment is
uncontaminated to moderately contaminated. Therefore, although there was a significant
proportion of samples for which As and Hg exceeded the benchmarks, they had the least
number of samples that exceeded the lge, values when background values were taken into

consideration.

3.8. Enrichment factor

The calculated EFs are shown in Figure 4. EF values range for As was from 0.113 to 3.537
(mean 0.586). All values of EF for Hg were below 2, indicating deficiency to minimal
enrichment with Hg on studied localities. The EF values of As indicate deficiency to minimal
enrichment to moderate enrichment (EF ranged from 0.11 to 3.54). The calculated values of
EF indicate that 95.8% sites for As had values for EF < 2 (deficiency to minimal enrichment).
Two stations in the studied area had values > 2 for As (moderate enrichment), for Ibar river

(stations 1280 and 1281). Obtained results are consistent with the results of Igeo.

3.9. Correlation analysis
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The correlation coefficients between each pair of variable elements in the sediments were
calculated using the Pearson correlation matrix approach and values are shown in
Supplementary Table 2. The results obtained show that there are both positive and negative
correlations between the elements with regard to their source. Results of correlation analysis
indicate that Hg does not show a significant correlation with any of the elements. The lack of
significant linear correlation between Hg and the other studied elements suggests that its
sources were quite different from those of the others. As is positive correlated with: Fe, Mg
and S, and Se are positive correlated with C and S. Correlation between Se and S is highly
significant. Positive correlation among As and Fe is also shown in paper Chen et al. (2016),
which may indicate that As is present as insoluble Fe-arsenate complexes. Also, arsenate
(As(V)) is expected to be very sparingly soluble in most environments, because of a very
efficient inner-sphere complexation adsorption mechanism on Fe and Al oxides (Gustafsson
and Tin, 1994). Frémion et al. (2016) found that a correlation between As and major elements
could reflect the fact that after their release in aquatic medium, they sorb through time onto
Al- and Fe-oxides present in high concentration in sediments matrix. As and S may form very
insoluble compounds, such as arsenopyrite (Gustafsson and Tin, 1994). Positive correlation of
As with Mg may be due to Mg has the capacity to precipitate with arsenate (Fendorf et al.,
2010). The positive correlation between Se and S reflect the association of Se with various
sulphide minerals. Because of the similar ionic radii of sulphide ion and selenide ion,
selenium readily substitutes for sulphur ion sulphide minerals. Correlation of Se with total
carbon content indicates that selenium in sediments accumulated via organic matter also,
which is in accordance with the results of Wiramanden et al. (2010). Cuvardié (2003) show

that in sedimentary rocks, Se is bond to organic fractions. Wiramanden et al. (2010) suggest
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that microbial activity may be very important in the biogeochemical cycling of Se in fresh-
water ecosystems.

Fe is negatively correlated with Ca and C, and positively with K, Mn, and H. Obtained
correlations may be consequence of different origin of elements; Ca and C represented
carbonates, and Fe is mainly present in form oxide. Fe oxides are building associations with
Mn oxides and clay minerals in soils and sediments. The positive correlations of total C with
Ca, Mg, and N confirmed dual nature of carbon content, since that total carbon includes
inorganic and organic sample constituents. Inorganic carbon forms are present in soils and
sediments typically as carbonates (represented with Ca and Mg in this research) and total N
content represent organic matter. Nitrogen in soil and sediment is mainly derived by
decomposition of the plants and animals or plankton and plays an important role as a source

of nutrients (Avramidis et al., 2015).

3.10. Cluster analysis (CA)

The results obtained by CA (R mode) are presented by dendrogram, where the distance axis
represents the degree of association between groups of variables, i.e. lower the value on the
axis, the more significant the association. According to the dendrogram (Supplementary Fig.
3), two main clusters can be observed. Cluster one consists of H, N, Se, S, Fe, K, Mn, and As.
Cluster two consists of Ca, C, Mg and Hg. The first cluster, based on the degree of
dependence on elements, can be divided into three subclusters H and N (1), Se and S (2) and
Fe, K, Mn, and As (3). H and N were significantly correlated with each other indicating
adsorption of organic matter to clay minerals; Se and S represented sulphides and Fe, K, and

Mn present Fe and Mn oxides and associations of these oxides and clay minerals in
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sediments. As(V) is very strongly sorbed by Fe/Mn oxides (Li et al. 2016), which explain the
presence of arsenic in this subcluster.

The second cluster can be divided into two subclusters: Ca, C, and Mg (1) and Hg (2). As
expected, Hg was isolated from the other elements, which is indicative of lack of association
with the others in the sediments. Ca, C, and Mg represented carbonates and form separate
sub-cluster.

Results obtained by applying this multivariate method are consistent with those obtained by

content distribution in sediments and inter-element relationships of studied elements.

4. Conclusion

Sediment pollution with As, Hg, and Se is a widespread concern due to the global distribution
of these elements and the associated potential for toxicity, bioaccumulation and
biomagnification. In the Serbian river and artificial lake sediments studied, mercury was
found to be present in slightly elevated concentration. High content of arsenic on some
localities, mainly caused by pollution with exogenous substances indicate that arsenic
pollution problem that lasts longer period of time. Elevated concentrations of elements,
mainly arsenic, in most cases were detected in samples of river sediments, since artificial lake
reservoirs are usually built in rural areas, where the less anthropogenic pollution rivers often
flow through the towns. Concentration of total selenium content in sediments is too low to be
of toxicological significance in the aquatic environment.

The average pollution levels in studied sediments, expressed in terms of geoaccumulation
indexes of As and Hg indicate that the environment is uncontaminated to moderately
contaminated. All values of EF for Hg were below 2, indicating deficiency to minimal
enrichment with Hg on studied localities. The calculated values of EF for As indicate that

95.8% sites for As had values for EF < 2, indicating deficiency to minimal enrichment. Two
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stations in the studied area had values > 2 for As, indicating moderate enrichment. These
sediments were taken from Ibar river, and obtained values may be explained by increased load
of As due to anthropogenic pressures in these region. The percentages of the easily soluble
metal fraction of arsenic were in general below 10%, indicating its low mobility into the
aquatic environment.

Due to the potential risk of arsenic and mercury pollution in sediment, with potential impacts
on the entire ecosystem, pollution prevention and remediation measurements seem essential,
especially in areas where we found increased levels of this element.

Acknowledgements

This study was supported by the Ministry of Education, Science and Technological Development of Serbia,
Grant Nos. 172001 and 43007. In addition, we would like to thank the Republic Hydrometeorological Service of

Serbia for the sediment samples.

21



References

Avramidis, P., Nikolaou, K., Bekiari, V., 2015. Total organic carbon and total nitrogen in
sediments and soils: a comparison of the wet oxidation-titration method with the
combustion-infrared method. Agric. Agric. Sci. Procedia. 4, 425-430.

Bernalte, E., Salmanighabeshi, S., Rueda-Holgado, F., Palomo-Marin, M.R., Marin-Sanchez,
C., Cereceda-Balic, F., Pimilla-Gil, E., 2015. Mercury pollution assessment in soils
affected by industrial emissions using miniaturized ultrasonic probe extraction and ICP-
MS. Int. J. Environ. Sci. Technol. 12, 817-826.

Berzas, Nevado, J.J., Rodriguez Martin-Doimeadios, R.C., Guzman Bernardo, F.J., Jiménez
Moreno, M., Herculano, A.M., do Nascimento, J.L.M., Crespo-Lépez, M.E., 2010.
Mercury in the Tapajés River basin, Brazilian Amazon: A review. Environ. Int. 36,
593-608.

Burger, J., Gochfeld, M., Jeinter, C., Donio, M., Pittfield, T., 2012. Interspecific and
intraspecific variation in selenium:mercury molar ratios un saltwater fish from the
Aleutians: Potential protection on mercury toxicity by selenium. Sci. Total Environ.
431, 46-56.

De Castro-Catala, N., Kuzmanovi¢, M., Roig, N., Sierra, J., Ginebreda, A., Barcelo, D., Pérez,
S., Petrovi¢, M., Pic6, Y., Schuhmacher, M., Munoz, 1., 2016. Ecotoxicity of sediments
in rivers: Invertebrate community, toxicity bioassays and the toxic unit approach as
complementary assessment tools. Sci. Total Environ. 540, 297-306.

Chen, H., Chen, R., Teng, Y., Wu, J., 2016. Contamination characteristics, ecological risk and
source identification of trace metals in sediments of the Le'an River (China). Ecotox.

Environ. Safe. 125, 85-92.

22



Chen, T., Chang, Q., Liu, J., Clevers, J.G.P.W., Kooistra, L., 2016. Identification of soil heavy
metal sources and improvement in spatial mapping based on soil spectral information: A
case study in northwest China. Sci. Total Environ. 565,155-164.

Cuvardi¢, M.S., 2003. Selenium in soil. Proceedings for Natural Sciences, Matica Srpska
Novi Sad, 104, 23-37.

Devi¢, G., Dordevi¢, D., Sakan, S., 2014. Freshwater environmental quality parameters of
man-made lakes of Serbia. Environ. Monit. Assess. 186, 5221-5234.

Dhivert, E., Grosbois, C., Coynel, A., Lefévre, I., Desmet, M., 2015. Influences of major
flood sediment inputs on sedimentary and geochemical signals archived in a reservoir
core (Upper Loire Basin, France). Catena. 126, 75-85.

Fendorf, S., Nico, P.S., Kocar, B.D., Masue, Y., Tufano, K.J., 2010. Arsenic chemistry in
soils and sediments. Develop. Soil Sci. 34, 357-378.

Frémion, F., Bordas, F., Mourier, B., Lenain, J., Kestens, T., Courtin-Nomade, A., 2016.
Influence of dams on sediment continuity: a study case of a natural metallic
contamination. Sci. Total Environ. 547, 282-294.

Ganther, H.E., Goudie, C., Wagner, P., Sunde, M.L., Kopecky, M.J,, Oh, S.H., Hoekstra,
W.G., 1972. Selenium relation to decreased toxicity of methylmercury added to diets
containing tuna. Science. 175, 1122-1124.

Gustafsson, J.P., Tin, N.T., 1994. Arsenic and selenium in some Vietnamese acid sulphate
soils. Sci. Total Environ. 151, 153-158.

Hagarova, I, Zemberyova, M., Bajéan, D., 2005. Sequential and single step extraction
procedures used for fractionation of selenium in soil samples. Chem. Pap. 59, 93-98.

Issaro, N., Abi-Ghanem, C., Bermond, A. 2009. Fractionation studies of mercury in soils and
sediments: A review of the chemical reagents used for mercury extraction. Anal. Chim.

Acta. 631, 1-12.

23



Jagtap, R., Maher, W., 2015. Measurement of mercury species in sediments and soils by
HPLC-ICPMS. Microchem J. 121, 65-98.

Jiang, Y., Zeng, X,, Fan, X., Chao, S., Zhu, M., Cao, H., 2015. Levels of arsenic pollution in
daily foodstuffs and soils and its associated human health risk in town in Jiangsu
Province. Ecotox. Environ. Safe. 122, 198-204.

Koljonen, T. 1974. Selenium in certain Finnish sediments. Bull. Geol. Soc. Finland. 46, 15-
21.

Lemly, A.D., 2002. Selenium Assessment in Aquatic Ecosystems: A Guide for Hazard
Evaluation and Water Quality Criteria. Springer, New York, NY.

Li, L., Ciu, J., Liu, J., Gao, J., Bai, Y., Shi, X., 2016. Extensive study of potential harmful
elements (Ag, As, Hg, Sb, and Se) in surface sediments of the Bohai Sea, China:
Sources and environmental risks. Environ. Pollut. DOI 10.1016./j.envpol.2016.05.034

Lv, Y., Yu, T., Yang, Z., Zhao, W., Zhang, M., Wang, Q., 2014. Constraint on selenium
bioavailability caused by its geochemical behavior in typical Kaschin—Beck disease
areas in Aba, Sichuan Province of China. Sci. Total Environ. 493, 737-749.

MacDonald, D.D., Ingersoll, C.G., 2002. A guidance manual to support the assessment of
contaminated sediments in freshwater ecosystems.
(http://www.epa.gov/greatlakes/sediment/\Vol3.pdf.)

Malisa, E.P., 2001. The bahaviour of selenium in geological precesses. Environ. Geochem.
HIth 23, 137-158.

Milagi¢, R., Séanéar, J., Murko, S., Kocman, D., Horvat, M. 2010. A complex investigation of
the extent of pollution in sediments of the Sava River. Part 1. Selected elements.
Environ. Monit. Assess. 163, 263-275.

Miloskovi¢, A., Dojc¢inovi¢, B., Kovacevié, S., Radojkovi¢, N., Radenkovi¢, M., MiloSevi¢,

D., Simi¢, V., 2016. Spatial monitoring of heavy metals in the inland waters of Serbia: a

24



multispecies approach based on commercial fish. Environ. Sci. Pollut. Res. DOI
10.1007/s11356-016-6207-2

Muller, G. 1979. Schwermetalle in den sedimenten des Rheins-Veranderungen seitt.
Umschau. 79, 778-783.

Patel, K.S., Shrivas, K., Brandt, R., Jakubowski, N., Corns, W., Hoffmann, P., 2005. Arsenic
contamination in water, soil, sediment and rice of central India. Environ. Geochem.
Hith. 27, 131-145.

Petrovi¢, D., Todorovi¢, M., Manojlovi¢, D., Krsmanovié, V., 2010. A simulation experiment
as a method for the investigation of the mobility of heavy metals from innudated land. J.
Serb. Chem. Soc. 75, 1005-1018.

Prachei, B.M., Snow, D.D., Pegg, M., 2010. Distribution of Selenium, Mercury, and
Methylmercury in Surficial Missouri River Sediments. Bull. Environ. Contam. Toxicol.
84, 331-335.

Ralston, N.V.C. 2008. Selenium health benefit values as seafood safety criteria. EcoHealth. 5,
442455,

Raposo, J., Olazabal, M.A., Madariaga, J.M., 2004. Validation of chemical speciation model
of inorganic arsenic in river waters with mobilisation processes. Chem. Spec.
Bioavailab. 16, 9-15.

Republic of Serbia, 1994. Official gazete of Republic Serbia, 23/1994. Rule book of allowed
concentrations of dangerous and hazardous materials in soil and in water for irrigation
and methods for analysis, 23.

Rezende, P., Moura, P.A.S., Durdo Jr, W.A., Nascentes, C.C,, Windmo ller, C.C., Costa, L.M.
2011. Arsenic and Mercury Mobility in Brazilian Sediments from the S&o Francisco

River Basin. J. Braz. Chem. Soc. 22, 910-918.

25



Roig, N., Nadal, M., Sierra, J., Ginebreda, A., Schuhmacher, M., Domingo, J., 2011. Novel
approach for assessing heavy metal pollution and ecotoxicological status of rivers by
means of passive sampling methods. Environ. Int. 37, 671-677.

Ronkkomaki, H., Po ykio , R., Nurmesniemi, H., Popov, K., Merisalu, E., Tuomi, T.,
Valimaki, 1. 2008. Particle size distribution and dissolution properties of metals in
cyclone fly ash. Int. J. Env. Sci. Te. 5, 485-494.

Oppong, S.0., Voeghorlo, R.B., Agorku, S.E,, Adimado, A.A., 2010. Total Mercury in Fish,
Sediments and Soil from the River Pra Basin, Southwestern Ghana. Bull. Environ.
Contam. Toxicol. 85, 324-329.

Sakan, S., Pordevi¢, D., Manojlovi¢, D., Poli¢, P., 2009. Assessment of heavy metal
pollutants accumulation in the Tisza river sediments. J. Environ. Manage. 90, 3382-
3390.

Sakan, S., Pordevi¢, D., Devi¢, G., Relic, D., Andelkovi¢, 1., Purici¢, J., 2011. A study of
trace element contamination in river sediments in Serbia using microwave-assisted aqua
regia digestion and multivariate statistical analysis. Microchem. J. 99, 492-502.

Sakan, S., Pordevi¢, D., Lazi¢, M., Tadi¢, M., 2012. Assessment of arsenic and mercury
contamination in the Tisa River sediments and industrial canal sediments (Danube
alluvial formation), Serbia. J. Environ. Sci. Heal. A. 47, 109-116.

Sakan, S., Devi¢, G., Relic, D., Andelkovi¢, 1., Sakan, N., Pordevi¢, D., 2015. Environmental
assessment of heavy metal pollution in freshwater sediment, Serbia. Clean-Soil, Air,
Water. 43, 838-845.

Savery, L.C., Evers, D.C., Wise, S.S., Falank, C., Wise, J., Gianios, C. Jr., Kerr, I., Payne, R.,
Thompson, W.D., Perkins, C., Zheng, T., Zhu, C., Benedict, L., Wise, J.P. Sr., 2013.
Global mercury and selenium concentrations in skin from free-ranging sperm whales

(Physeter macrocephalus). Sci. Total Environ. 450451, 59-71.

26



Shand, C.A., Balsam, M., Hillier, S.J., Hudson, G., Newman, G., Arthur, J.R., Nicol, F., 2010.
Agquaregia extractable selenium concentrations of some Scottish topsoils measured by
ICP-MS and the relationship with mineral and organic soil components. J. Sci. Food.
Agric. 90, 972-980.

Stafilov, T., Aliu, M., Sajn, R., 2010. Arsenic in surface soils affected by mining and
metalurgical processing in K Mitrovica region, Kosovo. Int. J. Environ. Res. Public
Health. 7, 4050-4061.

Tang, Q., Bao, Y., He, X., Zhou, H., Cao, Z., Gao, P., Zhong, R., Hu, Y., Zhang, X., 2014.
Sedimentation and associated trace metal enrichment in the riparian zone of the Three
Gorges Reservoir, China. Sci. Total Environ. 479-480, 258-266.

Tarin, P., 2006. Distribution, speciation and geochemistry of selenium in contaminated
marine sediments—Port Kembla Harbour, NSW, Australia, PhD thesis, School of Earth
Environmental Sciences, University of Willongong, http://ro.uow.edu.au/thesis/714

Tepanosyan, G., Sahakyan, L., Belyaeva, O., Saghatelyan, A., 2016. Origin identification and
potential ecological risk assessment of potentially toxic inorganic elements in the
topsoil of the city of Yerevan, Armenia. J. Geochem. Explor., 167, 1-11.

Todorovi¢, Z., Poli¢, P., Pordevi¢, D., Antonijevi¢, S., 2001. Lead distribution in water and
its association with sediment constituents of the ,,Barje* lake (Leskovac, Yugoslavia). J.
Serb. Chem. Soc. 66, 697-708.

U.S. Environmental Protection Agency, 1986. Test Methods for Evaluating Solid Wastes, SW
846, Vol. 1, third ed., U.S. Environmental Protection Agency, Washington, DC, Sec. A,
Method 7471.

US EPA, 2007. Freshwater Sediment Screening Benchmarks. US Environmental Protection

Agency.

27



Villaescusa-Celaya, J.A., Gutiérrez-Galindo, E.A., Flores-Mufioz, G., 2000. Heavy metals in
the fine fraction of coastal sediments from Baja California (Mexico) and California
(USA). Environ. Pollut. 108,453-462.

Wiramanaden C.1.E., Forster, E.K., Liber, K., 2010. Selenium distribution in a lake system
receiving effluent from a metal mining and milling operation in Northern Saskatchewan,
Canada. Environ. Toxicol. Chem. 29, 606-616.

Woitke, P., Wellmitz, J., Helm, D., Kube, P., Lepom, P., Litheraty, P., 2003. Analysis and
assessment of heavy metal pollution in suspended solids and sediments of the river
Danube. Chemosphere 51, 633-642.

Xu, L., Cao, S., Wang, J., Lu, A., 2016. Which factors determine metal accumulation in
agricultural soils in the severely human-coupled ecosystem? Int. J. Environ. Res. Public
Health 13, 510; DOI 10.3390/ijerph13050510

Yang, D.Y., Chen, Y.W., Gunn, J.M., Belzile, N., 2008. Selenium and mercury in organisms:
interactions and mechanisms. Environ. Rev. 16, 71-92.

Yu, T., Yang, Z., Lv, Y., Hou, Q., Xia, X., Feng, H., Zhang, M., Lixin, J., Kan, Z., 2014. The
origin and geochemical cycle of soil selenium in a Se-rich area of China. J. Geochem.
Explor. 139, 97-108.

Zhang, H., 2014. Impacts of Selenium on the Biogeochemical Cycles of Mercury in
Terrestrial Ecosystems in Mercury Mining Areas, Springer Theses, Springer-Verlag

Berlin Heidelberg, DOI 10.1007/978-3-642-54919-9_2

28



Fig. 1. Location map of sampling sites.
Fig. 2. Hg, As, and Se content (mg kg™) in sediments from rivers and lakes.
Fig. 3. Arsenic (a) and mercury (b) index of geoaccumulation of studied sediments.

Fig. 4. Enrichment factors values of Hg (a) and As (b) at each sampling site.
Table 1 Content of studied elements (mg kg™), dry weight basis and Se:Hg and S:Se ratios

Table 2 The average contents and ranges of As, Hg, and Se, compared with data reported in other

sediments and soils and quality guidelines (in mg kg™, only if it is not otherwise stated)
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Table 1

Content of studied elements [mg kg™ ], dry weight basis and Se:Hg and S:Se ratios

Number Sampling location R/L* Hg As Se Se:Hg S:Se
1 Tisa (Martonos) R <dl* 20.1 0.542 6827
2 West Morava (Kratovska stena) R <dl 23.5 0.605 8099
3 Ibar (Rasgka) R 0.086 103 0.357 4.15 13165
4 Tamis (Jasa Tomic) R <dl 9.77 0.341 8504
5 Tisa (Titel) R <dl 13.6 0.399 6266
6 Vrbas DTD (Vrbas) R <dl 7.58 0.152 13158
7 Danube (Bezdan) R <dl 13.8 0.352 5682
8 Danube (Bezdan) R <dl 13.1 0.365 5753
9 Danube (Bezdan) R 0.259 125 0.382 1.47 5131
10 Topéiderska river (Rakovica) R 0.242 17.6 0.266 1.10 7143
11 Danube (Bogojevo) R 0.123 8.44 0.291 2.37 6873
12 Porecka river (Mosna) R <dl 16.6 1.004 3586
13 Barje L <dl 9.69 0.128 14922
14 South Morava (Mojsinje) R 0.075 16.8 0.486 6.48 5967
15 Celije L <dl 9.46 0.128 15391
16 Celije L 0.009 9.70 0.056 6.22 35000
17 Barje L 0.002 37.2 0.117  58.50 16667
18 Nisava (Nig) R 0.492 11.2 0.650 1.32 5538
19 Danube (Bezdan) R 0.500 16.6 0.388 0.78 5052
20 Barje L <dl 44.7 0.127 15354
21 Tisa (Titel) R 0.203 20.4 0.290 1.43 6897
22 Tisa (Titel) R 0.056 14.4 0.176 3.14 11080
23 Kolubara (Drazevac) R 0.345 19.5 0.206 0.60 9466
24 Ibar (Kraljevo) R 0.357 66.0 0.216 0.61 12130
25 Vrutci L 0.135 5.96 0.084 0.62 22619
26 Sava (Ostruznica) R 0.331 17.6 0.272 0.82 7132
27 Celije L 0.147 8.95 0.090 0.61 21889
28 Pek (Kusice) R 0.130 234 0.983 7.56 6419
29 Sava (Sremska Mitrovica) R 0.341 14.8 0.323 0.95 6037
30 Sava (Sabac) R 0.368 175 0.342 0.93 5702
31 Great Morava (Ljubicevski most) R 0.500 30.7 0.451 0.90 4279
32 Tisa (Martonos) R 0.206 15.1 0.347 1.68 5620
33 Tisa (Martonos) R 0.254 19.6 0.433 1.70 4411
34 South Morava (Vladi¢in Han) R 0.271 19.6 0.301 1.11 6379
35 Toplica (Doljevac) R 0.352 25.2 0.491 1.39 3951
36 Bojnik L 0.321 4.95 0.230 0.72 8435
37 Tisa (Martonos) R 0.360 17.4 0.400 1.11 4875
38 Garasi L 0.337 6.2 0.159 0.47 12327
39 West Morava (Maskare) R 0.717 31.3 0.363 0.51 7218
40 Bojnik L 0.178 5.81 0.263 1.48 7338
41 Nisava (Dimitrovgrad) R <dl 4.10 0.446 4731
42 Bovan L 0.021 941 0.274  13.05 7080
43 Bovan L <dl 9.29 0.301 6412
44  Tisa (Martonos) R 0.051 15.8 0.316 6.20 6203
45 Great Morava (Bagrdan) R 0.441 243 0.373 0.85 5308
46 Tisa (Martonos) R 0.08 18.2 0.365 4.56 5342
47 Sava (Jamena) R 0.217 16.3 0.390 1.80 5000
48 Danube (Gruja) R 0.269 17.1 0.276 1.03 7609
Median 0.141 16.4 0.332
GM** 0.134 153 0.292
HM*** 0.081 12.8 0.242
Avg 0.183 19.0 0.340 3.95 8874
Max 0.717 103 1.004 58.5 35000
Min <dl 4.10 0.056 0.47 3586
SDEV 0.180 16.48 0.191

#River/Lake; *below detection limit (< 0.0001 mg kg™); ** geometric mean; *** harmonic mean
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Table 2

The average contents and ranges of As, Hg, and Se, compared with data published for other sediments
and soils and sediment quality guidelines (in mg kg™, only if it is not otherwise stated)

As

Hg

Se

Literature

Sediment (Kupa river, Croatia)
Sediment (rivers***, Slovenia)
Sediment (Sava river****)
Sediment (central India)

Soail (northwest China)
Background

Scottish topsoils

Finnish sediment (silt)

Finnish sediment (clay)

Soail (northeast-southwest China)
Soil (China, Fujiang River B)

Soil (China, Beijing)

Sediments (river, NE Spain)
Topsoil (Yerevan, Armenia)
Sediments (Rhue river, France)
Sediment (Upper Loire River, France)
Sediment (Yangtze River, China)
Sediment (River Pra Basin, Ghana)
Sediment (Sava river, spring - outfall)
Sediment (Danube river)

Sediment (Danube-tributaries)
Sediment-background values
Sediment (this study)

MAC (Serbia)

Benchmarks

PEC

ND-12.96 (5.036+2.829)
10.87-30.46 (17.336.94
1.89-46.01(14.13+7.94)
19-489 (105* )

6.28- 12.96 (9.88)

11.70

4.05-18.3 (8.38)
1.09-13.17
0.050-4.900 (0.050)
9.4

44.7

17.0

7-25
9.0-68.9 (17.6+1.9)
8.1-388 (20.1+15.9)
10

4.10-103 (19.0+16.48)
25

9.8

25

13.4-206 (86.8+48.2)**
121-1087 (425+312) **
16.8-6918(1163-1415)**

0.52-5.05 (1.39)
0.13

0.01-0.67 (0.07)
ND-0.22
0.010-0.270 (0.115)

0.390-0.707
0.2-0.6

<0.10-2.37 (0.22+0.05)
<0.10-2.56 (0.22+0.21)
0.2

<dI*-0.72 (0.18+0.18)
2

0.18

1.1

0.12-1.26(0.61+0.26)
0.34-2.72(1.2620.57)
ND-3.94(1.25+0.81)

0.19-1.46
(90**)
(320%%)
0.08-0.215
(0.200)

0.06-1.00 (0.3440.19)

2

Fran¢iskovi¢-Bilinski (2007)
Franciskovi¢-Bilins. et al. (2006)
Fran¢iskovi¢-Bilinski (2008)
Patel et al. (2005)

Chen et al. (2016)

Chen et al. (2016)

Shand et al. (2010)

Koljonen T (1974)

Koljonen T (1974)

Lv et al. (2014)

Yu et al. (2014)

Xu et al. (2016)

Roig et. (2011)

Tepanosyan et al. (2016)
Frémion et al. (2016)
Dhivert et al. (2015)

Tang et al. (2014)

Oppong et al. (2010)
Milacic et al. (2010)

Woitke et al. (2003)

Woitke et al. (2003)

Woitke et al. (2003)

Republic of Serbia (1994)
US EPA 2007
MacDonald and Ingersoll (2002)

ND: not detected; * mean; **ug kg; *** Savinja, Voglajna, and Hudinja; ****Slovenia and Croatia); dI*- 0.0001 mg kg™; ND- Not Detected
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Highlights

Estimation the anthropogenic input of As, Hg and Se > Combination of different methods for
estimation of the environmental status > Risk assessment of contamination > Calculation of
contamination indexes - index of geoaccumulation and enrichment factor

> As in sediments of the studied area have potential risk
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