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MERCURY POLLUTION OF SEDIMENTS FROM
THE RIVER TISA (SERBIA)

ABSTRACT: Mercury (Hg) has been listed as a global high priority pollutant by many
international organizations due to its mobility and persistence in the environments and high
toxicity to organisms. This research was conducted with the aims to determine: (i) total Hg
content (THg) and its spatial distribution in sediments of river Tisa along the river course,
(i) possible sources of THg and (iii) degree of THg pollution in sediments from the river
Tisa through different criteria. Total Hg in the sediments ranged from 0.07 to 0.49 mg kg™!,
with mean + S.D. value of 0.26 + 0.10 mg kg™'. The highest mean value of THg (0.30 mg kg™
was found in the lower stream, while the lowest (0.13 mg kg) was found in the tributary.
According to Principal Component Analyses (PCA) strong positive loading of metals in all
parts of the river Tisa is mainly controlled from the same sources. These sources are related
to anthropogenic activities based on calculated Enrichment Factor (EF) values. Total Hg are
higher than background value. According to the Republic of Serbia official standard, THg
values of river Tisa sediments were within the range of maximum permissible values. Com-
pared with National Oceanic and Atmospheric Administration (NOAA) guideline, 80.49%
of sediment samples indicated that THg in the river Tisa sediments represented minimal and
possible risk towards the living organisms. Integrating the results of pollution assessment,
it could be concluded that THg in river Tisa sediments in Serbia demonstrates considerable
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contamination according to Geoaccumulation Index (Igeo), and Contaminant Factor (CF),
and high pollution risk according to Potential Environmental Risk Index (PERI).
KEYWORDS: mercury, risk assessment, sediments, river Tisa

INTRODUCTION

Mercury (Hg) has been listed as a high priority pollutant by many inter-
national organizations due to its persistence in the environments and high
toxicity to organisms (Jiang et al., 2006). A global effort to common start in
solving this problem has been finalized by the adoption of the Minamata Con-
vention on Mercury (UNEP, 2019). This Convention requires that countries
around the world control both new and existing sources of Hg emission and
monitor the effectiveness of those controls. The control and management of
Hg pollution require both global and regional efforts. Ninkov et al. (2017) studied
total Hg content (THg) in agricultural soils from the aspect of soil suitability for
the production of healthy and safe food, and its spatial distribution in different
parts of Vojvodina province (Serbia). The same authors found the highest THg in
alluvial plains of the Danube, Sava and Tisa. In aquatic systems, sediment is
usually considered as an ultimate sink of pollutants discharged from land-based
sources, such as heavy metals and persistent organic pollutants. Mercury can
accumulate in sediments and be released to the surrounding media posing a
risk on the living world. In rocks and sedimentary deposits, Hg is characterized
by very low natural background concentrations. Thus, an anthropogenic impact
can easily be detected by a significant increase of its concentrations. Based on
previous research focused on the analysis of background levels of heavy metals
in the river Tisa sediments (Strbac et al., 2018), and in the view of the impor-
tance of regional studies of THg, 1nvest1gat10n of THg in the river Tisa sedi-
ments in this study continued with other aspects of observation. In the present
study, a great number of samples were observed, and in addition, a direct ana-
lytical method with a lower detection threshold was applied (Nedi¢ et al., 2019).
This research was conducted with the aims to determine: (i) THg and its spa-
tial distribution in sediments of river Tisa along the river course, (ii) possible
sources of THg and (iii) degree of THg pollution in sediments from the river
Tisa through different criteria.

MATERIALS AND METHODS
Study area and sample collection

A total of 41 sediment samples were collected from twenty sites. Thirty-
seven samples were taken from river Tisa (13 from upper and 12 each from
middle and lower stream). Sampling transect was about 150 km long and stream
deposits were collected approximately every 10 km (Figure 1). Four sediment
samples were taken from tributaries Begej and Jegricka River and crossed
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meander Mrtva Tisa. The sediment samples were taken from depth 0—60 cm
depending on the site. The sediment samples were sectioned at 15 cm intervals,
taking one to four samples per site. After sampling, the samples were stored
in polyethylene bags. The initial quantity of samples was approximately 1.5
kg. The samples were air dried in the laboratory, ground in a mortar and passed
through a 0.063 mm mesh in order to achieve consistent physical properties.
Sediment samples were collected from September to November 2010. A glob-
al positioning system (GPS, Garmin Etrex summit HC, Kansas City, USA) was
used to target the different sites.
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Figure 1. A — Study site; B — Flow of the river Tisa in the Vojvodina province;
C — Sites of sediment samples collection.

Laboratory analysis

Particle size distribution was determined in <0.063 mm fraction by the
pipette method (Obradovi¢ and Vasi¢ 1988). Back-titration with 0.5 N NaOH
and phenolphthalein as an indicator was used to determine carbonate content.
For THg the samples were analyzed using Direct Mercury Analyzer DMA 80
Milestone as described in Nedi¢ et al. (2019). Three replicates of each sample
were used. Quality assurance and quality control (QA/QC) were conducted by
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certified reference material BCR 142R (light sandy soil) — EC, JRC, Institute
for Reference Materials and Measures. Analysis of BCR samples achieved
analytical precision, measured as relative standard deviation, of 0.0025%. The
accuracy was within interval 92.84-109.70%, and recovery was 101.11%. The
limit of detection (LOD) in our study was 0.0033 mg Hg kg'. Provided QA/QC
procedure verified the validity of applied analytical method.

Assessment of THg contamination in sediment

Background value (Strbac et al., 2018), national legislation (Official Ga-
zette of RS no. 50, 2012), National Oceanic and Atmospheric Administration
(NOAA) guideline (Bolafios-Alvarez et al., 2016), and calculation of Enrich-
ment Factor (EF), Geoaccumulation Index (Igeo), Contaminant Factor (CF),
and Potential Environmental Risk Index (PERI) were used for the assessment
of THg contamination in river Tisa sediments.

According to Ergin et al. (1991) EF is calculated in the following way:

EF = (CTHg/CAl)samples / (CTHg/CAl)background area

where (Crig/Cal)samples 18 the ratio of THg (Cry,) to the Al concentration (Caj)
samples 111 the sediment sample and (Crye/Cai)backgrouna Value is the same ratio in
an unpolluted reference sample. The EF classes are: <l no enrichment; 1-3
minor enrichment; 3—5 moderate enrichment; 5—10 moderately severe enrich-
ment; 10-25 severe enrichment; 25-50 very severe enrichment; >50 extreme-
ly severe enrichment (Birch and Olmos, 2008).

The Igeo was used to assess Hg contamination in sediments, and is ex-
pressed by Miiller (1969) as follows:

Igeo = log, Cry,/1.5 X By

where Cryg is the measured THg in the sediment, B, is the THg geochemical
background value of each basin. The constant 1.5 allows us to analyze natural
fluctuations in the content of a given substance in the environment and to
detect very small anthropogenic influences. Igeo classes are: <0 unpolluted;
0—1 unpolluted to moderately polluted; 1-2 moderately polluted; 2—3 moder-
ately to highly polluted; 3—4 highly polluted; 45 highly to very highly polluted;
5—6 very highly polluted (Yaqin et al., 2008).

The PERI was proposed by Hakanson (1980). It has been applied to evaluate
the harm of heavy metals in the sediments. The method was described as follows:

1. Contamination Factor (CF) is the ratio obtained by dividing the concen-
tration of metal (C) in the sediment by the background value (Co) (Hakanson,
1980):

CF=C/Co
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According to Hakanson (1980), CF <1 indicates low contamination; 1<
CF <3 is moderate contamination, 3< CF <6 is considerable contamination,
and CF >6 is very high contamination.

2. The Potential Ecological Risk Index for the single heavy metal pollution
(E;) was described as follows:

Ei=T x CF

where T is the toxic-response factor, and is 40 for Hg (Hakanson, 1980), and
CF is contamination factor. E; classes suggested by Hakanson (1980) were: <40
low risk; 40< E; <80 moderate risk; 80< E; <160 considerable risk; 160< E;
<320 high risk; >320 very high risk.

Statistical analysis

All statistical parameters of descriptive statistics were calculated. The
significance of differences in measured parameters between four different part
of the river Tisa (upper, middle, lower stream and tributary) was determined
using Fisher’s LSD test (p < 0.05). Multivariate analysis performed on the data
include Principal Component Analyses (PCA). PCA was used to characterize
the concentration of THg in relation to grain size and organic matter (OM) and
CaCO:; in the upper, middle and lower streams of the river, as well as the main
tributaries and to assess possible contribution sources of THg as well as other
heavy metals in sediments of the river Tisa. PCA with varimax normalized
rotation was carried out separately for the four different parts of the river Tisa:
upper, middle, downstream and tributary to identify the factors influencing
each of them. Only factors with an Eigen value greater than 1 were considered
significant. Variables with a factor loading greater than 0.7 were interpreted
as being meaningfully correlated with the factor. A scatter plot of PCA mean
score values was used to graphically display the positions of investigated heavy
metals in environmental space. For statistical analysis Statistica version 12
(Dell Inc. 2016) was used.

RESULTS AND DISCUSSION

THg distribution in sediments of the river Tisa along
the river course

Total Hg in the river Tisa sediments is shown in Figure 2. Results for the
minimum, maximum, mean, and median values, standard deviation, and coef-
ficient of variation of the THg are shown in Table 1.
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Figure 2. Total Hg (mg kg!) in the river Tisa sediments along the watercourse

Table 1. Statistical summary of THg concentrations (mg kg ') in the river Tisa sediment
samples

Statistical parameters Value
Number of samples 41
Minimum value 0.07
Maximum value 0.49
Mean value 0.26
Median value 0.27
Standard deviation (S.D.) 0.10
Coefficient of variation (CV) [%] 39.42
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Total Hg in the sediments ranged from 0.07 to 0.49 mg kg!, with mean +
S.D. values of 0.26 + 0.10 mg kg' and median value of 0.27 mg kg™ (Table 1).
The lowest concentration (0.07 mg kg™') was found in the sample 20 in the
middle stream, while the highest concentration (0.49 mg kg™') was found in the
sample 37 in the lower stream of the river (Figure 2). The highest mean value
of THg (0.30 mg kg') was found in the lower stream, while the lowest concen-
tration (0.13 mg kg™') was found in the tributary. The mean value was obtained
based on the measured THg values in the upper, middle and lower stream of
the river. Figure 1 shows the distribution of the samples depending on the river
flow. Based on THg along the river Tisa streams, tributaries have the lowest
content with statistical difference compared to other parts of the river stream.
Moreover, the tributaries have the highest percentage of clay and carbonate
content (Table 2). Gu et al. (1998) emphasizes that Hg pristine concentrations
in igneous and sediment or soil samples vary between 0.08 and 0.4 mg kg™
According to Ullrich et al. (2001) THg in surface sediments of uncontaminated
or less contaminated rivers range from 0.02 to 0.4 mg kg™, and can be as high
as 100 mg kg in urban, industrial or mining areas. Total Hg concentrations
obtained in this study are lower than Hg contents reported from the river Sava
(0.2-0.6 mg kg') (Milaci¢ et al., 2010), and the Danube (<0.10-2.37 mg kg™)
(Woitke et al., 2003), and are similar to Hg contents reported from Serbian
rivers and artificial lakes (<0.0001-0.72 mg kg') (Sakan et al., 2017), and the
river Tisa (0.14-0.36 mg kg™ (Strbac et al., 2018).

To characterize the THg in relation to grain size, organic matter (OM)
and CaCOs in the upper, middle and lower stream of the river, as well as in the
main tributaries PCA was used. PCA defined two groups, which explained
74.22% of the total variation (Figure 3).
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Figure 3. The projection of the cases of the first two components of the PCA
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The first principal component explained 42.30% of the variation. It was
defined by the concentration of sand, silt and clay. The projection of the cases
for the first two components showed that lower stream and tributary could be
clearly separated from upper and middle stream (Figure 3). Based on comparison
of lower stream and middle stream, in lower stream the significantly higher
concentration of silt was found, while in middle stream a significantly higher
concentration of sand was found (Table 2).

Table 2. Sediment characteristics of the river Tisa (mean value + standard error)

Lower stream  Middle stream  Upper stream Tributary
THg [mg kg™] 0.30+0.04 a 0.26+0.05 a 0.20+0.03 a 0.13£0.02 b
Sand [%)] 1424+2.96b  44.69+1.83a  27.25£929ab  14.31£3.66 b
Silt [%] 60.73£1.91 a 39.0140.62b  53.19£1.77 ab  52.93+2.44 ab
Clay [%] 25.03+2.23 ab  16.2942.02 b 19.55+3.15b 32.76+5.62 a
CaCoOs [%] 3.59+0.10 b 3.78£0.24 b 5.13+£0.64 b 9.12+3.38 a

Organic matter (OM) [%]  0.20+0.004 ns  0.18£0.006 ns  0.19+0.001 ns  0.22+0.029 ns

* Different letter indicates that differences between different parts of the river Tisa are
significant according to Fisher’s LSD test (p < 0.05), ns — not significant

The second principal component explained 31.91% (Figure 3) of variation
due to the variability in CaCO; and OM and showed clear separation of the
middle stream from other investigated parts of the river Tisa. Tributaries have
the highest concentrations of clay, CaCO; and OM. Fisher’s test showed no
significant differences in OM between different parts of the river Tisa (Table
2). In the river Tisa sediments Hg is likely to be transported primarily by the
small particles. Tansel and Rafiuddin (2016) found that heavy metals concen-
trations were directly correlated with particle size. Fine sediments (<0.106 mm)
can accumulate more than 10 times the levels of Hg in comparison to the
sediments that are greater than 0.850 mm. The anthropogenic activities in the
area of the samples with minimum and maximum values of THg concentration
(samples 20 and 37) do not present other likely sources of Hg pollution, vari-
ation coefficient CV (39.42 %) points out small heterogeneity of tested sediment
samples (Table 1), so the observed increase could be explained by change in
the grain size of surface sediments. In the sample 20 percent of clay was 6.67%,
and in the sample 37 it was 32.50%. Fine-grained sediments have a higher
specific surface area of clay particles than coarser sediments, which can in-
crease the ability of metals to associate (Liu et al., 2017). However, the lowest
mean THg was found in tributaries, where the highest percentage of clay was
present (Table 2). In addition to the highest percentage of clay, the highest
percentage of CaCO; was also recorded. For remediating pollution of heavy
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metals, calcium carbonate-enriched materials (e.g., mussel shells) have recently
been introduced (Wang et al., 2019). Pefia-Rodriguez (2010) have published the
study that high levels of Hg could be removed using calcined mussel shell,
although this material contained 7% of aragonite even after calcination (Pefia-
-Rodriguez et al., 2013).

Possible sources of THg content

Total Hg obtained in the upper, middle and lower streams of the river, as
well as the main tributaries, were compared with content of As, Cd, Cu, Ni, Pb,
and Zn using PCA to establish possible sources of Hg. The contents of As, Cd,
Cu, Ni, Pb, Zn in sediments were investigated in samples collected from the
same sites during the same year and previously were reported in Strbac et al.
(2018). PCA of the fourth datasets defined three PCs for the lower stream and
two PCs for the middle stream, upper stream and tributary which contributed
to 97.03%, 90.31%, 96.15% and 98.26% of the total variance. For the dataset
referring to lower stream group, the first principal component explained 49.85%
of the total variance (Fig. 4A) and has strong positive loadings on Hg, Cd and
Pb. The second principal component accounted for 32.27% of variation due to
the variability in the concentrations of As, Cu, and Ni. The third principal
component explained 14.90% of variation and is formed by Zn. For the second
group (middle stream) PC1 (66.62% of total variance) is dominated by As, Cu,
Pb and Zn. PC2 has strong positive loadings on Hg, Cd, and Ni explaining
23.70% of total variance (Fig. 4B). PC1 of the upper stream has strong positive
loadings on As, Cd, Cu, Ni, Pb and Zn explaining 76.60% of the total variance.
The second PC (19.56% of total variance) was related only to the Hg (Figure
4C). In fourth group — tributary, PCI1 is dominated by Hg, Cu, Ni, Pb and Zn
accounting for 74.68% of the total variance, while PC2 explaining 23.58% due
to As (Figure 4D). According to PCA strong positive loading of examined
metals in all parts in the river Tisa are mainly controlled from the same sources.
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Figure 4. PCA loadings and score plots of metals for groups: A — lower stream;
B — middle stream; C — upper stream; D — tributaries.

Degree of THg pollution in sediments from the river Tisa
through different criteria

To establish the intensity of anthropogenic influence on the river Tisa
sediments, the results of this study were compared with the background value,
national legislation, and NOAA guideline. Total Hg were obviously higher than
mean background value (0.065 mg kg™) (Strbac et al., 2018). According to the
official standard on the limit levels of pollutants in the Republic of Serbia, THg
in the river Tisa was within the range of maximum permissible values (Off.
Gazette of RS no. 50, 2012). Maximum permissible value is the concentration
of an individual pollutant or group of pollutants above which negative envi-
ronmental impacts are expected (Off. Gazette of RS, no. 50, 2012). Compared
with NOAA guideline, 80.49% (Table 3) of sediment samples showed THg
between the Effects Range-Low (ERL) and Effects Range-Median (ERM)
values, indicating that THg in the river Tisa sediments represented minimal
and possible risk towards organisms. The NOAA guidelines classified the
sediment: rarely (SERL), occasionally (*ERL and <ERM) or frequently as-
sociated with adverse biological effects (*ERM) in relation to the concentra-
tions of pollutants. Concentrations lower than ERL represent a minimal effect;
those between ERL and ERM represent a possible effect; and those above the
ERM represent a probable effect. The ERL and ERM toxicity values for THg
as reported by NOAA are 0.170 mg kg and 0.486 mg kg'!, respectively (Bola-
nos-Alvarez et al., 2016). Degree of THg contamination was also assessed by
pollution indices EF, Igeo, CF and PERI. EF of THg ranged from 1.06 to 6.75.
EF results showed that 31.71% of samples showed minor enrichment, 53.66%
moderate enrichment, and 14.63% severe enrichment (Table 3). However, an
EF >1.5 indicates that a significant portion of the heavy metals was delivered
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from non-crustal materials, thus these heavy metals were delivered by other
sources, like point and non-point pollution (Barbieri, 2016). In this sense, THg
in the river Tisa sediments has enrichment phenomenon with respect to the
background value and mainly originates from anthropological sources. The
Igeo index for the sampling sites ranged from -0.31 to 1.61. Igeo results showed
that 51.22% of all sediment samples were moderately polluted, 39.02% unpol-
luted to moderately polluted, and 9.76% unpolluted (Table 3). According to the
category of CF, 12.19% samples were at a very high contamination level,
53.66% samples were considerably contaminated, while 34.15% were moder-
ately contaminated (Table 3). Specifically, 53.66% of sediment samples were
within high pollution risk, 34.15% in considerable pollution risk, and 12.19%
in moderate risk according to PERI (Table 3).

CONCLUSION

Total Hg concentrations in the sediments ranged from 0.07 to 0.49 mg kg™,
with mean + S.D. value of 0.26 + 0.10 mg kg™'. The highest mean value of THg
(0.30 mg kg™) was found in the lower stream, while the lowest (0.13 mg kg™
was found in the tributary. In the river Tisa sediments THg is likely to be
transported primarily by the small particles. The anthropogenic activities in
the area of the samples with minimum and maximum values of THg do not
present other likely sources of Hg pollution of the river Tisa, so the observed
increase could be explained by change in the grain size of surface sediments
in this area. According to PCA, strong positive loading of metals in all parts
in the river Tisa is mainly controlled from the same sources. These sources are
related to anthropogenic activities based on calculated EF values. EF indicates that
THg concentrations in the river Tisa sediment have enrichment phenomenon.
Total Hg are higher than mean background value. According to the Republic of
Serbia official standard THg in the river Tisa was within the range of maximum
permissible values. Compared with NOAA guideline, 80.49% of sediment
samples indicated that THg in the river Tisa sediments represented minimal
and possible risk towards the living organisms. Integrating the results of pol-
lution assessment, it could be concluded that THg in river Tisa sediments in
Serbia show considerable contamination according to Igeo and CF, and high
pollution risk according to PERI.
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3ATABEBE CEAMMEHATA XXVMBOM VY PEIIM TUCHU (CPEUJA)

Cuexana P. I_HTPBAL[ Jopnana M. HUHKOB?, Tletap I1. PAUUEBUR’,
He6ojma /1. BACUR* , Munnna I1. KAITAHUH-I'PYBUH', T'opnana 'b. FAJI/IL[AI,
Hy6paska M. MUJIUR?

"' Vuusepsurer y beorpany, MHCTHTYT 3a XeMHjy, TEXHOIOTH]y U METaIyprHjy,
CTyz[eHTCKH Tpr 12—-16, beorpax 11000, Cpbuja
2VIHCTUTYT 3a paTapcTBO U TIOBPTAPCTBO,

Maxkcuma I'opkor 30, Hosu Cax 21000, Cpouja

3 Vuusepsutet y beorpany, Ilossonpuspeanu hpakyirer,

Hemamuna 6, beorpaza 11000, Cpouja
* Vuupepsuter y beorpany, Pynapcko-reonomku GakynTer,
Bymnna 7, beorpan 11000, Cpbuja
> Vuusepsutet y Hopom Cajy, IIpupoiHo-MaTeMaTHIKH GaKyTer,
Tpr Hdocureja O6panosuha, 3, Hou Cax 21000, Cpouja

PE3UME: Benuku 6poj MeljyHapoiHHX OpraHu3alija XeMHjCKU €JIeMEHT KHUBY
(Hg) o3nauno je kao rmobdanuo 3arahyjyhy cyrncraHiry BUCOKOT IPHOPHTETa 300T CBOje
MOOWIJIHOCTH M MEP3UCTEHTHOCTH Y JKUBOTHO] CPEJMHHU, Ka0 U BUCOKE TOKCUYHOCTH
3a J)KHMBE OpraHu3Me. McTpakuBame je ClpOBEACHO ¢ IMJbEM Ja ce YTBpAU: (1) YKyITHH
caapxaj Hg (THg) u mena npoctopHa aucTpulyLrja y ceAMMEHTUMA AYK TOKa peKe
Tuce, (i1) moryhu uzsopu THgu (iii) crenen 3araneH)a cequMeHaTta peke Tuce mpume-
wyjyhu pazaunuure KpI/ITepI/IJYMe VYkynan cagpxaj Hg y cemumenTima peke Trce Kpe-
Tao ce o1 0,07 10 0,49 mg kg™, ca cpenmom Bpe};(Homhy +S.D. 010,26 +0,10 mg kg™
Hajseha cpexma BpensocT THg (0,30 mg kg™') yrBphena je y nomeM ToKy peke, I0K
je majamxka (0,13 mg kg') 3a6enexena y nputokama. Ha oCHOBY aHaju3e Ii1aBHHX
komnonenara (PCA) Moxke ce 3akJbyunTH Jia onTepeheme ceuMeHaTa MeTajaiuma JyxK
nesnor Toka peke Tuce nMa 3ajenHu4Ko nopeksino. OHO ce JOBOAM Y Be3y ca aHTpPOoIore-
HUM aKTHBHOCTHMA Ha OCHOBY M3padyHaTHX BpeAHOCTH (hakTopa oborahuBama (EF).
VYkynuu caapxaju Hg y cenmumenTrMa peke Tuce BUIIU Cy 0J] MPUPOIHE BPEIHOCTH
3a Taj JIeo CIIMBA, alli Cy Y I'paHUIIaMa MAaKCUMAJTHO JI03BOJLEHUX KOHIICHTpAIH]ja peMa
3BaHUYHOM cTaHAapay PermyOimke CpOuje. Y nmopehermy ca HaMOHATHUM CMepHHLIAMa
3a okeaHcKy U atMocdepcky ynpasy (HOAA) y 80,49% y3opaka cenumenara THg
MpecTaB/ha MUHUMaIaH B Moryhu pusnk 3a opranusme. Materpumyhu pesynrare
HpOIeHe 3araljema, MoXxe ce 3akJpyunTH 1a THg y cennmentnma peke Tuce y Cpouju
M0Ka3yje 3HaTHY KOHTAMUHAIIHM]y Ha OCHOBY reoakyMyianuonor uHjekca (Igeo) u dax-
topa 3aralhema (CF), kao u Bucok pusuk 3aral)ema Ha OCHOBY WHJIEKCA TIOTEHITU]aTHOT
pu3uKa Ha )kUBOTHY cpenuny (PERI).

KJbYYHE PEUU: xuBa (Hg), mpouiena pusnka, cCeAMMEeHTH, peka Tuca
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