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Abstract: During extreme hydrological conditions such as flood events, sediments and alluvial soils
may become re-suspended. As a consequence, the concentration of solid particulate matter (SPM)
in the water column increases. As sediments represent a sink for the contaminants, when such
perturbation occurs, the toxic substances may be re-dissolved into the water, causing harmful effects
to the freshwater habitat. The purpose of this study was to evaluate the release of potentially toxic
elements associated to SPM during flash floods. Two sampling sites on the Sava River were chosen:
Litija (Slovenia), where the river has still the characteristics of an alpine river, and in Belgrade (Serbia),
where Sava is a lowland river with a flat riverbed, slower flow and bigger quantities of fine-grained
sediment. The results of the study showed a good correlation between the SPM mass concentration
and water level/discharge. At both sampling sites, elevated concentrations of As, Cd, Cr, Cu, Pb,
Ni and Zn were determined in SPM, indicating a moderate level of contamination at Litija and a
high level at Belgrade. The results demonstrated that during the two investigated flash flood events
limited the dissolution of PTE from SPM-bearing particles.

Keywords: potentially toxic elements; solid particulate matter; flash floods; anthropogenic stress

1. Introduction

The aquatic systems that were once controlled by climate, relief, vegetation and lithol-
ogy are nowadays severely influenced by population growth, urbanization, industrializa-
tion and water engineering, resulting in pollution with different kind of toxic compounds.
Potentially toxic elements (PTE) such as Pb, As, Cd, Cr, Zn, Cu and Ni are an example
of these compounds, being the most important inorganic contaminants of the aquatic
environment [1]. Naturally, they originate from the weathering of the parent materials
and/or soils [2,3]. Nevertheless, in urbanized and industrialized areas, through time, the
levels of PTE in the aquatic environment has increased as a consequence of urban runoff,
agriculture, combustion of fossil fuels, cement production, mining, extractive metallurgy,
pulp and paper production, etc [4,5]. PTE of anthropogenic origin may be highly mobile
and bioavailable. Therefore, they could more likely have a negative impact on the aquatic
ecosystems [6].

When present in the river water, it is likely that PTE will be removed by the suspended
solids or sediments because of adsorption, hydrolysis and co-precipitation [1,7]. In sedi-
ments, PTE are preferentially bound to fine particle fractions. During extreme hydrological
conditions such as flood events, sediments may become re-suspended. As a consequence,
the fine sediment fraction is disturbed, and the concentration of solid particular matter
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(SPM) in the water column is increased. In this way, the pollutants may be transported
long distances, with rivers being their most important route [8]. In addition to riverbed
sediments, other channel sources of SPM are mid-channel and point bars, fine particles
associated with aquatic vegetation, and other biotic particles such as phyto- and zooplank-
ton [9]. There exist also non-channel sources of SPM, such as exposed soil subject to erosion,
litter fall and atmospheric deposition [9].

The transport or release of PTE in the water column can be influenced by numerous
parameters, such as the nature of the element and the physico-chemical conditions in the
water column and of the SPM, comprising the grain size, surface area, mineralogy and
organic composition of the natural SPM [3,10].

The transport of SPM and dissolved matter during a flood event depends on the
spatial and temporal distribution of the rainfall, as well as the particle size distribution
of the sediment, the gradient of channel-bed, and the adaptability of the flora and fauna
in the river channel [11]. Occasional periodic increases in both suspended and deposited
sediment are a natural phenomenon, and river habitats can adapt to a range of sediment
concentrations resulting from natural events. If the rate and magnitude of sediment loading
resulting from human activities exceed those of natural events, this can put serious stresses
on watercourses and associated habitats [12].

The distribution coefficient (KD) between SPM and water has been widely used to
analyse the migration and transformation of pollutants in field and laboratory tests [6,13].
It was often combined with other influential factors (such as pH and dissolved oxygen) in
order to model the transfer trend of pollutants [13,14]. Detailed knowledge of the main
sources of pollutants in the river basin and their transport behaviour is needed to pro-
mote the sustainable development of the river system with regard to the protection of
floodplains and the sea. Therefore, it is of upmost importance that the transport path-
ways of sediments and SPM are well studied, and that the fluxes of PTE are accurately
estimated [15–17]. Moreover, the study of PTE bound to SPM is important for their hazard
assessment during floods.

The Sava River, with its 97,713.20 km2 large catchment, is the major draining basin
in south-eastern Europe and the biggest tributary of the Danube River. It flows through
Slovenia, Croatia, Bosnia, and Herzegovina and Serbia. In its upper reaches, it has a
steep riverbed with an average slope of 0.07‰. It is formed of coarse-grained sediment
in prevailing limestone bedrock. From Croatia, downstream the Sava River changes to a
lowland river, with a flat riverbed formed from alluvial sediments [18]. At its spring, the
Sava River is still pristine, while in the downstream direction the anthropogenic stress
increases. Concentrations of PTE in the water, sediments and SPM are the highest near the
confluence with the Danube River [19].The ecological status of the Sava River has already
been evaluated in different studies [18–25], but none have considered the role of the SPM
to the transport of PTE, especially during extreme water conditions. The aim of the present
study was to evaluate the release, partitioning and transport of PTE associated with SPM
during flash flood events.

2. Materials and Methods
2.1. Sampling Site Description

High population density, hydropower generation, industrial (metalworks, oil refiner-
ies, chemical, leather, textile, food, pulp and paper industry) and agricultural activities
along the river have a strong impact on its ecological status. The Sava is navigable for
593 km, from its confluence with the Danube to Sisak (Croatia). In addition to intensive
ship traffic, the river is under the influence of hydro-morphological alterations. In the
Serbian and Bosnian part, the river is also impacted by untreated effluents from munici-
pal wastewaters.

For the study of the behaviour of the SPM during flash flood events, two sampling
sites on the Sava River were chosen (Figure 1). The first sampling site was Litija in the
upper river stretch, and the other was the lower stretch of the river in Belgrade. At Litija,
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a gauging station for water level and discharge is situated, while in Belgrade, only water
level is recorded.
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In Litija, Sava still has the characteristics of an alpine river. In this part, the river
has a steep riverbed and, consequentially, a fast flow and small number of fine-grained
sediments, about 10%. In Belgrade, where Sava is a lowland river, the amount of fine
sediment fraction increases up to 60% [18]. Consequently, the average amount of SPM in
Litija and Belgrade is 5 mg L−1 and 15 mg L−1, respectively [18,19]. The average annual
water levels and discharges in Litija and Belgrade are 80 cm and 60 m3 s−1, and 300 cm and
1500 m3 s−1, respectively.

In the surroundings of Litija, mining activities had occurred. Upstream of Belgrade, the
Sava River is strongly impacted by heavy industry, untreated municipal sewage waters and
agriculture. Therefore, some impact from the past activities may still be present, especially
during intense rainfalls, when the surrounding soil and slag deposits are washed into
the river.

2.2. Sample Collection and Analytical Procedures

The water samples were collected during a heavy rain event in Litjia May 2016 and in
Belgrade in March 2016. At both locations, the water for SPM and elemental analyses was
sampled in 2 L polypropylene bottles that were pre-cleaned with 10% HNO3. The samples
were sampled twice a day (morning and evening) during the flood wave. When the water
level started to decrease and until the water level was restored, the samples for SPM and
elemental analysis were sampled once per day.

The SPM content in the river water was determined by filtering the water (from
200 to 1000 mL) in the laboratory through pre-dried and pre-weighted 0.45 µm nitrocel-
lulose membranes (Millipore, Burlington, MA, USA). The filtrated water, in which the
dissolved concentrations of potentially toxic elements were determined, was acidified with
concentrated HNO3 (65%) and stored in a fridge (4 ◦C) until analysis. Filters with SPM
were dried in the oven at 60 ◦C until constant weight in order to determine the amount
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of SPM by the difference in weight. Afterward, the filters were subjected to microwave
assisted digestion (MARS 5, CEM Corporation, Matthews, NC, USA) in the presence of
HNO3 (65%), HCl (30%), H2O2 (30%) and H3BO3 (4%) for the dissolution of minerals
present in SPM for the total element concentration determination. The detailed procedure
was described in Vidmar et al., 2017 [19]. Concentrations of dissolved elements and those
present in the SPM were determined by inductively coupled plasma mass spectrometer
(ICP-MS) (7700x, Agilent Technologies, Tokyo, Japan). The operating parameters were
described in detail by Milačič et al. (2017) [18].

Physicochemical parameters were measured on site. Dissolved oxygen and water
temperature were measured using a YSI model 58 m and a YSI 5239 DO probe with high-
sensitivity membranes. Electrical conductivity was measured using a Corning 316 meter
with a two-point calibration of 0 and 1413 µS/cm. The dissolved oxygen and electrical
conductivity measurements had a precision of ±5%. A Corning 315 high-sensitivity pH
meter with an Orion Ross combination pH electrode, calibrated with low ionic strength
buffers of 4.1 and 6.97 (corrected for temperature), was used to measure the pH in the field
as close to the water temperature as possible. The reproducibility of field pH determinations
was ±0.02 pH units.

2.3. Reagents and Certified Reference Materials

Ultrapure 18.2 MΩ cm water, obtained from a Direct-Q 5 system (Millipore, Watertown,
MA, USA), was used for preparation of samples and reagents. Merck (Darmstadt, Germany)
suprapur acids were used. The certified reference materials CRM 320R Trace Elements in
River Sediment, Community Bureau of Reference (Geel, Belgium) and SLRS-5, River water
reference material purchased from the National Research Council (Ottawa, ON, Canada)
were used for accuracy check. Good agreement between the certified and determined
values for both materials was obtained. In general, the recoveries ranged from 96 to 102%
for all elements analysed.

2.4. Calculation of Distribution Coefficient

In order to describe the relationship between the dissolved and particulate PTE fraction,
the distribution coefficient (KD) was calculated in accordance with Equation (1) [13]:

KD

(
L kg−1

)
=

concentration of elementtSPM (µg/kg)
concentration of elementtdissolved (µg/L)

(1)

2.5. Flood Event Load Calculation

On the basis of time intervals of discharge, SPM and PTE concentrations loads during
the flood events were estimated in accordance with Equation (2):

F =
n

∑
i=1

(Q × C), (2)

where Q (m3/s) is the river water discharge, C is the element concentration (mg/L for SPM
and µg/L for PTE) and n is the number of measurements.

2.6. Statistical Analysis

Correlations between the determined parameters were performed and visualized
using OriginPro 2021 (OriginLab Corporation, Northampton, MA, USA). Spearman’s
correlation analysis was used to identify correlations between dissolved elements in Litija
and Belgrade, respectively. The significance level was p < 0.05.
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3. Results and Discussion
3.1. SPM Behaviour during the Flood Events

The SPM was determined in samples collected during the flash flood events at Litija
and Belgrade. During normal conditions, the average water discharge and water level
at was 60 m3/s and 80 cm, and 1500 m3/s and 300 cm, respectively, at the Litija and
Belgrade sampling point [19]. During the flood event under study, the maximum discharge
and water level at Litija were 509 m3/s and 211 cm, respectively. At the peak of the
meteorological event, from 12th to 15th of May, between 10 and 40 L/m3 per day of rainfall
was recorded [26]. This means that in 4 days, an average monthly amount of rainfall
occurred. At Litija, the Sava River still has the characteristics of an alpine river, with a fast
flow and steep riverbed, and the response to higher water inputs is almost immediate. In
a study performed by Ogrinc et al. (2018) [27] using oxygen isotope ratio measurements,
the researchers demonstrated that the Sava River in Slovenia has a fast response time to
precipitations. The data from the present survey confirm their hypothesis, as the water
discharge and level reacted promptly to the amount of rainfall.

At the Belgrade sampling location, the water level reached the maximum water level
of 530 cm. At the automatic gauging station of Sremska Mitrovica, 70 km upstream of
Belgrade, the water discharge reached 4300 m3/s [28], a much higher discharge than during
the big floods in 2014 (3200 m3/s) [18]. In the case of Belgrade, the sampling site was
situated in the pre-urban area. Therefore, to some extent, the impact of the urban runoff
was expected. The paved surfaces and scarce vegetation prevent water infiltration, causing
excess precipitation to move quickly as overland flow toward the river and contributing to
the short-term stream response. On the other side, most likely due to the waste floodplains
situated just a few kilometres before the sampling site with a high capacity to retain water,
the increase of the water level during the flood wave was slow. Moreover, due to its channel
size, the Sava River in Belgrade reacted slowly to the sudden increase in rainfall.

Figure 2 presents the correlation between water discharge and the amount of SPM
at Litija and Belgrade. In Supplementary Data Figure S1, the correlation of SPM and
water discharge at Sremska Mitrovica, the nearest official gauging station to Belgrade,
is presented.
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flood events at (a) Litija, Slovenia, and (b) Belgrade, Serbia.

In Litija (Figure 2a), the amount of SPM reached its maximum 100 mg L−1 slightly
after the hydrological maximum, and then decreased much faster than the water level. The
highest concentrations of SPM detected was 20-times higher than the average SPM levels
at Litija (5 mg/L). In Belgrade, the increase in SPM content was almost 15-fold, from an
average value of 15 mg/L to 180 mg/L. Data from the literature show that in mountain
rivers such as Adige and Avisio in Italy, the amount of SPM ranges from 53 to 150 mg/L and
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from 47 to 150 mg/L, respectively, during normal flow, whereas during a flood event, the
Adige River reached 560 mg/L of SPM [29]. The results are, to some extent in agreement,
with data from the present study at Litija. In a study of Toth and Bodis (2015) [30] the
researchers determined the SPM amount in the Hungarian part of the Danube River during
the years 2003 and 2011 to range from 3 to 177 mg/L during extremely low and high water
levels, respectively, which is similar to the data for the Sava River at Belgrade sampling site
as both rivers flow through similar landscapes.

At Belgrade (Figure 2b), contrary to Litija, the highest amount of SPM was determined
just before the hydrological peak, followed by a sudden decrease in the SPM concentrations.
The reason for such behaviour could be that the increase in water level was not only due
to the heavy rain in Belgrade area but also upstream. Hence, the flood wave from the
upstream rain event was recorded in addition to the fresh entrance of the urban runoff at
Belgrade. As the SPM concentration was the highest at the beginning of the flood wave,
SPM could have resulted from soil and sediment erosion from the upstream areas. After
a few days, the urban runoff with coarser particles may have caused the dilution of the
SPM. From Figure 2, some fluctuations of the SPM amount can be observed at Belgrade
sampling site as the decrease in the third and sixth sampling points, most likely due to the
inconsistency of the sampling method, for example, different sampling depths.

3.2. Changes in Physicochemical Parameters during the Flood Events

River water parameters such as pH, electrical conductivity and dissolved oxygen
at the Litija and Belgrade sampling sites are presented in Figure 3. For Litija, data are
presented in correlation to the discharge. Unfortunately, in Belgrade, only the water level
was recorded.
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Figure 3. Time series of behaviour of (a) pH and electrical conductivity in Litija, (b) discharge
and dissolved oxygen in Litija, (c) correlation of SPM concentration and turbidity in Litija, (d) pH
and electrical conductivity in Belgrade, (e) water level and dissolved oxygen in Belgrade, and
(f) correlation of SPM concentration and turbidity in Belgrade.

It can be seen that in Litija (Figure 3a,b), both pH and dissolved O2 concentration
increased (pH from 8.0 to 8.9, and O2 from 8.8 to 18.5 ppm) with the increasing discharge
as a consequence of enhanced dissolution of oxygen due to the turbulent flow. Contrary,
electrical conductivity at sampling site in Litija (Figure 3b) decreased, most likely due to
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the dilution of the riverine water with the rainwater that has lower electrical conductivity.
From 12th to 15th of May, between 10 and 40 L/m3 per day of rainfall was recorded [26].
At the end of the event, the values returned to the starting point.

From the increase of the water level in Belgrade, we can assume that the discharge was
also increased, as was the case in Sremska Mitrovica (Figure S1). From Figure 3d, it can be
seen that the pH values during the flood wave increased and did not return at their values
before the event. This could be due to an uncontrolled discharge from the paper-producing
industry situated not far upstream. Similar behaviour was observed for the electrical
conductivity, while the dissolved oxygen reached a maximum value at the water level
maximum and then decreased as the aeration, due to the turbulent flow, diminished.

The turbidity and amount of SPM at Litija followed the water discharge, and the
turbidity was almost linearly correlated with the amount of SPM (Figure 3c). Similar
to our finding at Litija, Rugner et al. (2013) [31] observed good correlation between
turbidity and SPM concentrations in five neighbouring catchments in southern Germany.
In Belgrade (Figure 3f), no correlation was observed, most likely due to the limited number
of observations.

3.3. Potentially Toxic Elements in Dissolved Phase

In the dissolved phase, the concentrations of Pb, Cd, As, Cu, Cr, Ni and Zn were
determined, as Tables S1 and S2 (Supplementary Data) for Litija and Belgrade, respectively.
Variations in the concentration of dissolved elements with the concentration of SPM are
shown in Figure 4 (a) for Litija and (b) for Belgrade.
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sampling sites.

Concentrations of PTEs in the dissolved phase at both sampling sites were low and
followed the trends Cu > Zn > Ni > Cr > As in Litija, and Zn > Ni > As > Cu > Cr in
Belgrade. The dissolved concentrations of Pb and Cd at both sampling sites were under
the limit of detection during the entire flood event. The average concentrations of Pb
and Cd during normal hydrological conditions are generally low at Litija, ranging from
0.01 to 0.35 µg/L for Pb and from 0.001 to 0.006 µg/L for Cd. In Belgrade, the average
concentrations during normal hydrological conditions ranged from 0.05 to 0.15 µg/L for
Pb and from 1.5 to 2 µg/L for Cd [18,19]. During the flood events at both sampling sites,
no washout of Pb and Cd from the environment occurred. Therefore, the already-low
concentrations were further diluted.

From Figure 4a, it can be seen that in Litija, dissolved Zn concentrations decreased
with increased discharge. With the increase in the amount of water, the dissolved con-
centration decreased. During the recede of water, it started to increase, and finished at
higher concentration (1.05 µg/L) than the starting one (0.75 µg/L). The concentrations
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of Ni and As at the beginning of the event were 0.237 and 0.373 µg/L, respectively. Dur-
ing the flush event, they slightly increased, while those of Cu increased the most, from
0.80 to 1.30 µg/L, until the flow reached the maximum value as a consequence of their
transfer from SPM to the water. In the study of Milačič et al. (2010) [22] it was shown
that As, Ni, Cd and Cu were present in the easily extractable fraction of the sediment
from a dam downstream Litija, meaning that they could be transferred into water during a
turbulent flow. During the hydrological maximum, As, Cu and Ni concentrations started to
decrease, most likely as a consequence of dilution with rainwater. When the water began
to recede, the concentrations of dissolved As and Ni again started to increase, so that the
final concentrations were higher than the starting ones (0.303 µg/L for As and 0.500 µg/L
for Ni). No correlation was found between the two elements and the water discharge
(r = 0.02 and r = 0.01 for As and Ni, respectively; p < 0.05) (Figure 5). On the other hand,
the dissolved concentration of Cu at the beginning of the event increased together with
the amount of SPM and the flow. They had a positive corelation (r = 0.8 and r = 0.7 for
discharge and SPM, respectively; p < 0.05). It can be assumed that at the beginning of the
flash flood, Cu was transferred into water from SPM. The dissolved Cu concentrations
started to decrease right after the discharge reached its maximum, indicating that the fresh
rainwater caused its dilution. After the flash flood event, the dissolved concentration of
Cu was lower than at the beginning of the event (0.577 µg/L). The dissolved concentration
of Cr increased during the entire event, from 0.190 µg/L at the start up to 0.425 µg/L at
the end of the event. There was no correlation with the SPM (r = −0.2, p < 0.05) nor the
flow (r = −0.3, p < 0.05). Although the concentrations of As, N, and Cr increased, they
were generally still lower than the average values as previously reported by Milačič et al.
(2010) [22], Vidmar et al. (2017) [19] and Milačič et al. (2017) [18].
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At the Belgrade sampling point (Figure 4b), the dissolved concentrations of PTE
followed the same pattern as the amount of SPM as they reached their extreme values
before the hydrological maximum. For As and Zn, there was an increase in their dissolved
concentrations as the water level, and consequentially the amount of SPM, increased. The
starting concentrations of As and Zn were 0.80 µg As/L and 1.40 µg Zn/L, while the
maximal concentrations reached 1.50 µg As/L and 3.20 µg Zn/L, respectively. The con-
centrations started to decrease before the hydrological maximum occurred. The dissolved
concentrations stayed constant for As (0.80 µg/L) until the end of the event, while those
of Zn decreased, reaching a lower concentration (2.0 µg L−1) than the starting one. The
dissolved concentrations of other PTE remained generally constant, a slight decrease just
before the hydrological peak. No correlation between the elements and the amount of SPM
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was found (Figure 5). However, to some extent, there was a transfer of elements from the
SPM into the water during the re-suspension of the material at the beginning of the event.

Therefore, it can be assumed that a transfer of As, Cr and Ni occurred from the SPM.
This phenomenon was described also in the study of Roussiez et al. (2013), [10] where
the researchers described a rapid flash of soluble material from the upper soil horizon
at the beginning of the flood event. It is also possible that a third anthropogenic input
occurred, possibly originating from the urban environment [31]. In addition, concentrations
of dissolved Ni, Cd and Cr at both sampling sites remained below the EU WFD average
annual allowable limits [32] during the entire event at both sampling sites.

Generally, SPM originates from river sediment or represents the eroded fine particles
from soil from the banks and floodplains [11]. In the study of Milačič et al. (2010) [22], the
fractionation of elements (As, Cd, Cr, Zn, Ni, Cu and Pb) between different components
of the sediments were studied. They found that all elements were present in the easy
extractable fraction at very low concentrations, most likely bound to the insoluble residual
fraction, meaning that they were not mobile under normal conditions. In the study of
Pavlović et al. (2019) [33], the PTE were bound to sparingly soluble fractions of soil in the
riparian zone and were identified as being of possible anthropogenic origin [23]. Some
transfer of elements from the suspended material into the water during the flash flood
occurred. The concentration of elements was relatively low in regard to the sediments with
high loads of PTE present, especially in the lower river stretch. The dissolved concentra-
tions did not increase over the average values representative for the Sava River along its
entire flow.

3.4. Potentially Toxic Elements in SPM

The variation of PTE Al, Mn and Fe concentrations in SPM is presented in Figure 6.
As can be seen from Figure 6, at the Litija sampling site, the concentrations of PTE in

SPM at the beginning of the event jumped to very high concentrations, indicating a runoff
from the surrounding area. At Litija, lithogenic contribution is the main source of PTE, with
possible minor anthropogenic contributions from the main tailings from former Pb and Zn
ore excavations [19,22,34]. With the increase of the amount of SPM, the PTE concentrations
in SPM quickly decreased. The most probable explanation is that at the hydrological
maximum, the river flow is turbulent. Therefore, coarser particles are suspended, causing
the dilution of fine particles [3]. From Figure 6c, where the concentrations of Mn, Fe and Al
in relation to the amount of SPM are presented, it can be observed that they have a good
corelation (r = 0.98, p < 0.05). Al, Fe and Mn are abundant in the Earth’s crust and present in
rather insoluble species under oxidising conditions [13]. As they are the main constituent
of the sediments, they were consequently mobilised during the turbulent flow, causing the
dilution of smaller particulate particles. Since PTE preferentially binds to small particles,
their concentrations tend to decrease with the increased presence of bigger particles [10].

At the Belgrade sampling site, the PTE concentration in the SPM generally followed
the amount of SPM. This was also the case for the Al, Fe and Mn concentrations (Figure 6d).
At Belgrade, it seems that there was less dilution of SPM with the coarser particles. In
general, the concentrations of PTE in SPM at Belgrade are higher than at Litija. The main
contributions of PTE at the Belgrade sampling site are its intensive industry, agriculture
and urban areas [19,21].

3.5. Partitioning and Transport of PTE and SPM

For the partitioning of PTEs between the dissolved and particulate phase, the distribu-
tion coefficient (KD) was calculated (Table 1). A wide range of KD values were obtained as
a result of the wide difference in concentrations between dissolved PTE and those present
in the SPM. Therefore, the KD values are expressed in logKD form. Elevated KD means that
the elements have high affinity for the solid phase, and elements with low KD are more
easily weathered [13].
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Table 1. Distribution coefficients calculated for Litija and Belgrade data.

Location Date and Time of Sampling
KD

As Cr Cu Ni Zn

Litija

1.5.2016 15-00 4.7 6.1 4.9 5.7 5.0

2.5.2016 05-00 4.8 6.1 5.1 5.7 5.7

15.5.2016 09-00 4.5 5.5 4.4 4.9 5.5

15.5.2016 13-00 4.6 5.5 4.4 4.9 5.4

15.5.2016 17-30 4.6 5.4 4.4 4.9 5.5

15.5.2016 21-00 4.4 5.3 4.3 4.8 5.4

16.5.2016 05-30 4.4 5.2 4.1 4.8 5.4

16.5.2016 13-30 4.4 5.2 4.3 5.0 5.4

17.5.2016 05-50 4.3 5.1 4.2 5.0 5.4

18.5.2016 05-50 4.3 5.0 4.6 5.2 5.2

19.5.2016 05-00 4.7 5.8 4.8 5.7 5.4

23.5.2016 06-00 4.6 5.8 5.2 5.8 5.4
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Table 1. Cont.

Location Date and Time of Sampling
KD

As Cr Cu Ni Zn

Belgrade

8.3.2016 17-00 4.6 5.9 4.7 5.2 5.2

9.3.2016 07-00 4.9 6.1 5.0 5.2 5.5

9.3.2016 17-00 4.0 5.6 4.3 5.0 4.8

10.3.2016 07-00 4.6 5.8 4.7 5.0 5.0

10.3.2016 17-00 4.4 5.8 4.7 5.3 5.2

11.3.2016 07-00 4.5 5.7 4.7 5.1 5.6

11.3.2016 17-00 4.5 5.8 4.8 5.2 5.1

12.3.2016 08-00 4.6 5.8 4.8 5.3 5.3

12.3.2016 17-00 4.5 5.8 4.6 5.2 5.0

13.3.2016 08-00 4.5 5.8 4.7 5.1 5.1

13.3.2016 17-00 4.5 5.7 4.8 5.3 4.7

16.3.2016 8-00 4.5 5.6 4.6 5.3 4.9

18.3.2016 17-00 4.5 5.8 4.8 5.3 5.5

22.3.2016 17-00 4.5 5.8 4.4 5.2 5.3

In general, for all PTE from both sampling sites, the KD values ranged between 4.0
and 6.1. The highest KD was obtained for Cr (between 5.0 and 6.1), while for As, the KD
was the lowest (between 4.0 and 4.9) at both sampling locations. For all PTE, the KD values
did not change significantly during the flood events, indicating that there was limited or
no dissolution of elements from the SPM.

The amount of transferred SPM and PTE following the Equation (2) was evaluated
only for Litija because no data about the discharge exist for Belgrade. The average amount
of SPM in Litija is about 5 mg/L. During the flash flood, which lasted for 3 days, the
maximum SPM amount was 100 mg/L. The load of SPM during the 3 days of the event,
almost 1 kg of SPM, was transported downstream. At Belgrade, the load of SPM would
be even bigger, since the SPM concentration and the discharge during the flood were
much higher. The estimated SPM load at the maximum discharge (4000 m3/s) recorded at
Sremska Mitrovica would be 500 kg day−1 during the flood peak, showing the significance
of the SPM in the transfer of PTE through the Sava River.

4. Conclusions

The results of the resent study highlighted the significance of the suspended particulate
matter in the transport of PTE elements in the Sava River system. There were big differences
in the amount of SPM at the two studied locations. In Litija, the Sava is still an alpine
river, with a fast flow, small amounts of sediments in the riverbed and, consequently, low
concentrations of SPM. At Litija, the major PTE sources are of lithological origin, with minor
influence of past mining activities. Therefore, the concentration of PTE is low. During the
flood event, the concentrations of PTE in dissolved form increased slightly, while those
present in the SPM decreased as a consequence of dilution with coarser fractions. At
Belgrade, the concentrations of SPM, as well as those of PTE, were much higher compared
to Litija. During the flood, they increased even further. At both locations, to some extent,
the transfer of PTE from the SPM was observed The KD values did not change significantly
during the events, indicating limited dissolution of the elements from SPM.

The majority of PTE present in the Sava River is bound to solid particles in sediments
as well as in SPM. From the study, it was shown that SPM is an important transport medium
for PTE. During the duration of the flood events, from 1 kg (Litija) to more than 1t (Belgrade)
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of SPM was transported downstream, indicating that the majority of anthropogenic forms
of PTE is likely exported in association to SPM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14081213/s1, Table S1. Concentrations of Pb, Cd, As, Cu, Cr, Ni
and Zn in the dissolved phase during the flood event at Litija sampling site; Table S2. Concentrations
of Pb, Cd, As, Cu, Cr, Ni and Zn in the dissolved phase during the flood event Belgrade sampling site;
Figure S1. Amount of SPM versus discharge at Sremska Mitrovica, Serbia (70 km upstream Belgrade
sampling point).
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24. Ščančar, J.; Heath, E.; Zuliani, T.; Horvat, M.; Kotnik, J.; Perko, S.; Milačič, R. Elements and Persistent Organic Pollutants in the
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