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Abstract

The aim of this study was to analyze the heavy metals transport in a river-reservoir system. Sediment

samples from 25 locations (9 from the Powa River and 16 from the Stare Miasto Reservoir) were analyzed

for trace metals contents (Cr, Ni, Cu, Zn, Cd, and Pb). The relationships between heavy metal concentrations

and bottom sediment physical properties were determined with the use of the multivariate statistical

techniques cluster analysis (CA), principal component analysis (PCA), and canonical correspondence

analysis (CCA). The results showed that concentrations of heavy metals in the sediments of the reservoir

were higher than those in the bottom sediments of the river. Concentrations of heavy metals in bottom

sediments in the river above the reservoir were characterized by lower spatial variability. Decisive influence

on heavy metal concentrations of bottom sediments had silt, clay, and total organic matter content.
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Introduction

The development of dams alters the structure and
function of river ecosystems. Dam reservoirs have an
impact on flow regime, sediment transport, and water
quality. Damming a river decreases water velocity, which
leads to an increase in suspended sediments deposition.
Reservoirs often are described as water treatment plants
because they trap water contaminants and suspended
sediments. Suspended sediments are the principal factor
for heavy metals transport [1-2]. Human activity increased
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input of heavy metals to water bodies where sediments
are deposited [3-8]. Amin et al. [9] and Zheng et. al. [10]
reported that more than 90% of the heavy metal load in
the water bodies has been associated with suspended
particulate matter and sediments. The spatial and
seasonal variations of heavy metal loads are controlled by
suspended sediment concentrations as well as water pH,
which controls the absorbance of heavy metals [11].

The spatial distribution of sediments in a reservoir
is not uniform [12]. Toward the dam, sediments are
usually more fine-grained and lithologically uniform
[13]. The heavy metals concentrations generally
increased with the decrease of particle size and increase
of organic matter. The concentration of heavy metals in
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suspended sediments increase along the reservoir [14].
The distribution of heavy metals in reservoirs depends
on some factors such as characteristics, amount, and
type of input water. Varol [15] shows the highest metal
concentrations at sites located at stream entrances to
reservoirs. Similar results are presented by El-Amier [16]
indicating that the highest concentrations of heavy metals
are near drains. Chen et al. [17] shows that heavy metals
concentrations were higher downstream of the dam. The
heavy metals can be released from the bottom sediments
into the water column from organic matter [18]. Some
of them can be accumulated mainly in plant roots, and
only a small fraction of them taken up by roots can by
allocated to stems and leaves [19].

Bottom sediments are a good indicator of the
environmental characteristics of the surrounding area. By
documenting the role of natural and anthropogenic factors
in determining their quantity, particle size distribution,
chemical composition, and physical and chemical
properties [20]. In comparison to water concentrations,
heavy metal contents in sediments are indicators of the
long-term accumulation of trace elements in water bodies
[21]. Heavy metals are non-biodegradable; they are
not removed from water as a result of self-purification.
Sediment quality is an important indicator that enables
aquatic ecosystem variations [22]. Sediments have been
used as an important tool to assess the health status of
aquatic ecosystems [23].

Sediments bottom contamination from heavy metals
was investigated using single and integrated pollution
indices: enrichment factor (EF), contamination factor
(CF), geoaccumulation index (Igeo), pollution load index
(PLI), degree of contamination (DC), metal pollution index
(MPI), potential ecological risk index (PERI), Nemerow
index (NI), contamination index (Pi), potential eco-risk
index (Eri), risk assessment code (RAC), and ecological
risk index (RI) [1, 4-5, 16, 24-32]. The application of
some indices are widely discussed in literature. Zeng
and Wu [33] shows that Pi, Igeo, and EF are suitable
only for risk assessment of a single metal. Additionally,
NI may overestimate the metal pollution degree, and
PLI emphasizes the spatial distribution of metals but
ignores some metals with low concentrations but high
toxicity.

Analysis of heavy metals concentrations in bottom
sediments mainly is carried out in relation to grain size
and organic matter content [32, 34-35]. Additionally,
more detailed analysis refers to the interaction about
trace metals in suspended sediments, including those
adsorbed to mineral surfaces associated with carbonates,
Fe/Mn oxides, and organic matter [1, 36]. The analysis
of sediment samples taken from the top layer enables
the analysis of spatial distribution of heavy metals
concentrations in reservoirs. The analysis of the core
sediment samples indicated the temporal distribution of
heavy metals [29, 34, 37-38]. Bian et al. [26], Antweiler et
al. [39], and Frankowski et al. [40] claimed that to describe
and understand the heavy metals cycle in reservoirs it is
important to characterize heavy metals concentrations in

water, suspended sediments, and bottom sediments in the

rivers.

Multivariate statistical techniques such as cluster
analysis (CA), principal component analysis (PCA),
factor analysis (FA), and canonical correspondence
analysis (CCA) — powerful tools for drawing meaningful
data reduction and the interpretation of geochemical data
— have been widely used in geochemical and ecochemical
studies [15]. Multivariate statistical methods have
been widely applied to investigate the concentrations,
accumulation, and distribution of trace elements in water,
soils, and suspended and bottom sediments [1, 29, 32,
41-42]. The multivariate statistical approach is used to
identify the sources of heavy metals [11, 31, 43-49]. CA,
PCA, and FA have been frequently applied to explore
the relationship between constituents andto identify the
geochemical behavior and spatial variability between
sites [1, 31, 45]. The relationships between heavy metal
concentrations and bottom sediment physical properties
were determined with the use of the multivariate methods
CCA, which represents direct gradient analysis in which
heavy metals are directly related to bottom sediment
physical properties [50].

The objectives of this study are:

1) Identify the concentration and distribution of trace
metals in bottom sediments of the Powa River and
Stare Miasto Reservoir.

2) Determine the spatial variations of heavy metals in
a river-reservoir system using multivariate statistical
techniques.

3) Define the natural and/or anthropogenic sources of
these metals in the reservoirs.

4) Determine the relationship between heavy metal
content and bottom sediment particle sizes and total
organic matter.

Material and Methods
Study Site Description

The Powa River is a left tributary to the Warta
River, which it joins at 398+800 km. The total drainage
area of the basin is 344.48 km?, while the length of the
river is 48.23 km. The basin area has a lowland character,
and the absolute altitudes of the terrain vary from
92.36 to 187.54 m a.s.l. The average slope of the basin
equals 6.14%o0, while the mean longitudinal slope is
1.09%o [51]. The area is mainly covered by arable land,
occupying 56.8% of the total basin area. The other forms
of land use are forests (26.2%), greenery (15.3%), and
urbanised lands (1.2%). The total area of water bodies is
1.46 km?, which — with respect to the total basin area —
gives the water bodies an index of 0.5%. The density of
river network is 2.11 km'km2. Most formations occurring
within the basin area have granulometric composition:
loamy sands (51%), sands (16%), and light loamy sand
(11%). Mean annual precipitation in the Powa basin is
547 mm and the average annual temperature is 9.4°C.
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On the basis of hydrological data from the Posoka
gauge station collected in 1974-2014, the flows
vary from 0.012 to 42.60 m*s'. The mean annual flow
is 1.20 m*s?!. The average unit outflow from the basin
is 3.47 dm3s'km?. The average annual outflow in
1974-2014 was 37.6910° m°.
The Stare Miasto Reservoir was built in 2006.
Its length is 4.5 km and depth varies from 1.2 to
5.7 m near the main dam [52]. The area of inundation
in normal conditions is 90.68 ha, and total capacity of
the reservoir is 2.159-10° m3 [53]. The object has a two-
stage construction. The reservoir is divided in two parts:
the main part and the upper sedimentation zone.
The main function of the upper part is to store sediment
deposits and control of pollutant accumulation [54-55].
Total area of the upper part is 27 ha, and total capacity
is 0.294-10° m®. The main part of reservoir is designed
for water supply and flood protection capacities. Total
area of this part of the reservoir is 63.68 ha and total
capacity is 1.865-10° m®. The water surface level varies
from the minimum elevation of 92.70 m a.s.l. to 94.00 m
a.s.l. Normal water level is 93.50 m a.s.l. One of the main
problems related to the functioning of the reservoir is
sediment accumulation. Cumulative volume of deposited
sediment after 7 years of operation was 0.026-10° m?,
which makes for an average accumulation velocity equal
to 3.6:10° m*-year'. The Stare Miasto Reservoir provides
water for irrigation and protection from floods, and
maintains the biological flows in the Powa downstream
from the reservoir. Since 2015 the water stored in the
reservoir has been used to generate electricity in the
hydro-power plant.

Sample Collection and Preparation

The sampling and field surveys took place during
November 2011 and September 2016. The total 25 top
sediment samples (1-5 cm deep top layer) included 9
samples from the Powa and 16 samples from Stare Miasto
(Fig. 1). Bottom samples were collected manually by
means of Nurek and Czapla devices and carried within
zip-mouthed PVC packages.

Grain size and total organic matter content (TOM)
were measured to show the general characteristics of
sediment samples. Granulometric analysis was done
according to the Casagrande aerometric method modified
by Proszynski [56]. This procedure is regulated by the
Polish norm [57]. Granulometric analysis was done for all
samples by using a grainsize analyzer (LS-13320). Sand
(0.05-2.0 mm), silt (0.002-0.05 mm), and clay (<0.002 mm)
fractions were determined. Total organic matter (TOM)
was measured by the Tiurin method with wet oxidation,
followed by titration ferrous ammonium sulphate [56].
The content of the metals was determined in bottom
sediment samples after extraction with hydrochloric acid
(Merck, Darmstadt, Germany) at a 1:4 ratio [57]. The
sample was mineralized at 95°C+5°C in a Mars 5 Xpress
microwave digestion system (CEM, Matthews, North
Carolina, United States).

Chemical Analysis
The concentrations of Cd, Cr, Cu, Pb, Ni, and Zn

in the bottom sediment samples were determined by
acetylene-air flame atomization (F-AAS) using a fast
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Fig. 1. Study site location.
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sequential SpectrAA 280FS manufactured by Varian
(Mulgrave, Victoria, Australia) and using an inductively
coupled plasma mass spectrometer (ICP-MS) (Agilent
Technologies 8800 Triple Quad, Japan). The analytical
procedure is described in previous papers [59-60].

Reagents and Certified Reference Material

The reagents used were analytically pure, and the
water was purified to the resistivity of 18.2 MQ-cm (at
25°C) in a Direct-Q3 Ultrapure Water Systems apparatus
(Millipore, France). During the determinations by
the AAS and ICP-MS techniques, standard solutions
produced by Merck (Merck, Darmstadt, Germany)
and VHG Labs (Manchester, England) were used. We
measured the following certified materials: SRM 1643e
(National Institute of Standards and Technology, USA)
and CRM 027-050 (US), and high compliance with
reference values was found.

Statistical Analysis

Statistical differences between the heavy metals
concentrations in samples of bottom sediments in river
and reservoir were analysed by nonparametric Kruskal-
Wallis and Dunn’s tests (p<0.05). The same method was
used in order to reveal differences in physical properties of
sediment samples. Relationships between concentrations
of total organic matter, grain size, and heavy metals were
analysed using Spearman’s rank correlation analysis.

Before the statistical analysis using multivariate
statistical techniques the data are log-transformed to
obtain a normal distribution. The normality of analysed
features was checked by Shapiro-Wilk’s W test [19]. In
order to avoid misclassification due to wide differences
in data dimensionality, the CA and PCA were applied on
standardized data through z-scale transformation [61-62].

CA was applied to group samples into categories or
clusters on the basis of similarities and dissimilarities
in heavy metals concentrations and physical properties.
CA was performed using squared Euclidean distances
as a measure of similarity and Ward’s method to obtain
dendrograms [41]. PCA was employed to identify sources
of heavy metals. The number of significant principal
components was selected on the basis of a Kaiser criterion
of eigenvalues higher than 1. CA and PCA were conducted
using Statistica 13.1. CCA was applied to analyze the
interactions between heavy metal concentration and
grain size and total organic matter content with respect
to sample site location [1, 63]. CCA was conducted using
Canoco 4.5.

Results and Discussion
Results

The concentrations of heavy metals in bottom
sediments sampled from river and reservoir are presented

Table 1. Content of heavy metals (mg kg' d.m.) in bottom
sediments at Powa River and Stare Miasto pre-dam reservoir
study sites (minimum, maximum, mean, and standard deviation).

Parameters River Reservoir Average
N=9) (N=16) (N =25)
Cr 0.28-0.62 0.06-0.74 0.06-0.88
0.39+0.11 0.34+0.21 0.36+0.18
Nib2 0.33-0.61 0.96-5.25 0.33-5.25
0.47+0.09 2.66+1.48 1.87+1.59
Cub? 041-1.23 1.03-2.88 0.41-2.88
0.80+0.27 1.71£0.57 1.394+0.65
72 3.05-6.18 338-21.2 3.05-21.2
5.04+£0.91 10.9+5.50 8.844+5.26
cd 0.16-0.39 0.02-0.80 0.02-0.80
0.27+0.07 0.33+0.28 0.31+0.23
P12 0.64—-1.03 0.47-4.96 0.47-4.96
0.76+0.12 3.17+1.49 2.30+1.67

in Table 1. The results showed that the mean concentration
of heavy metals in the river and reservoir bottom
sediments followed the order Zn>Cu>Pb>Ni>Cr>Cd and
Zn>Pb>Ni>Cu>Cr>Cd, respectively. The levels of all
investigated elements were affected by sampling location.
The highest variability in heavy metal concentrations was
noted in reservoir bottom sediments, which contained the
highest average concentrations of Ni (2.66 mg kg’ d.m.),
Cu (1.71 mg kg' d.m.), Zn (10.9 mg kg' d.m.), and Pb
(3.17 mg kg' d.m.) (Table 1). Concentration levels of Ni,
Cu, Zn, and Pb in reservoir bottom sediments were from
2.1 to 5.7 times higher than in the river. The differences
were statistically significant on the level of p<0.05
(significant differences in the Kruskal-Wallis test).
A reverse situation was noted in respect to Cr and Cd,
which was found on the same concentrations level in river
and reservoir. The effect of bottom sediment physical
properties on metal concentrations was analysed with
the use of Spearman’s rank correlation coefficient. The
analysis shows that sediment bottom physical properties
that influence Ni, Cu, and Zn content may be put in the

Table 2. Spearman’s rank correlation analysis of relationships
between metal concentrations and physical properties of bottom
sediments.

TOC Sand Silt Clay
Cr 0.09 0.15 -0.26 0.08
Ni 0.80 -0.89 0.84 0.83
Cu 0.64 -0.73 0.67 0.72
Zn 0.59 -0.72 0.69 0.73
Cd 0.27 -0.22 0.17 0.20
Pb 0.70 -0.72 0.67 0.79

Bold values indicate significant correlation coefficients
(p=0.05)
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Fig. 2. Dendrogram showing clustering of sampling sites on the basis of bottom sediment physical properties a) and heavy metals

concentrations b).

following decreasing order: clay > silt > organic matter
(Table 2). A somewhat different situation was noted
in respect to Pb. The Pb concentration was positively
correlated with sediment bottom properties in the
following decreasing order: clay > organic matter > silt.
The concentrations of Ni, Cu, Zn, and Pb were negatively
correlated with sand fraction. In respect to Cr and Cd,
no relationships between physical parameters of bottom
sediments were observed.

CA was applied to the data set of the river and
reservoirs to group the similar sampling sites (spatial
variability). Spatial CA rendered a dendrogram (Figs
2a-b) where all 25 sampling sites were grouped into
two statistically significant clusters based on physical
properties (Fig. 2a) and heavy metals concentrations
(Fig. 2b). Significant linkage distance (D, /D__ )100<25
indicated a relatively high degree of independence for
clusters. Bottom sediment samples from the river were
homogeneous and were characterized by low variability
of organic matter and sand fraction content. In samples
1 to 7 no silt and clay fractions were detected and in
samples 8 and 9 the silt fractions were only 3%. Greater
variation in physical parameters of bottom sediments
were observed in the reservoir (Table 3). The TOC content
in bottom sediment samples varied from 1.01 to 18.8 and
the average was 11.9 times higher than in the river. The
silt and clay content varied from 3.0 to 39.0 and from 1.0
to 8.0, respectively. Sediment distribution depends on
morphometric parameters of the pre-dam reservoir such
as depth, area, and shape, and hydrological parameters
such as retention time and location of hydraulic structures
(inlet and outlet). The spatial distribution of sediments in
a reservoir is not uniform. Generally toward the dam,
sediments are usually fine-grained and lithologically
uniform (Fig. 2a).

Cluster analysis with respect to heavy metal
concentrations has shown that 25 points can be subdi-
vided into two groups with different heavy metal content
(Fig. 2b). In Cluster 1 (sites 1 to 9 of the river and sites 10

to 13 of the upper part of the reservoir), and the average
concentrations of Ni, Cu, Zn, and Pb were higher than in
Cluster 2. Cr and Cd concentrations in Clusters 1 and 2 did
not differ significantly. The low concentrations of Ni, Cu,
Zn, and Pb in samples 10 to 13 result from the hydraulic
conditions for sedimentation of silt, clay, and TOM in
the reservoir inlet. The sites located in the middle and
lower parts of the reservoir (Cluster 2) are characterised
by higher variability of heavy metals concentrations. The
trace element concentrations generally increased with the
decrease of particle size and increase of organic matter
content. Generally the concentration of heavy metals
increases along the reservoir, which is caused by the
natural sedimentation process.

PCA was employed to identify sources of heavy
metals. In this study, two components (PCs) with
eigenvalues higher than one were obtained. PC1 and
PC2 explained about 86.49% of the total variance in the
heavy metals concentration data set. The corresponding
PCs, variable loadings, and the explained variance
are presented in Table 4. Component 1 (PC1), which
accounted for 66.08% of the total variance, had strong
positive loadings (>0.70) on Ni, Cu, Zn, and Pb, and
moderate positive loading (>0.50) on Cd. PC2, which

Table 3. Bottom sediment physical properties.

Property of River Reservoir Average
bottom sediments (N=9) (N=16) (N=25)
TOC!2 0.07-1.76 | 1.01 -18.8 | 0.07—18.8
0.50+£0.50 | 5.94+5.00 3.98+4.77
Fractions (mm):
97.0-100 | 58.0-95.0 | 58.0-100
_ 1,2
sand 2.0-0.05 99.341.32 | 84.149.5 | 89.6+10.6
. 0.0-3.0 3.0-39.0 0.0-39.0
~ 1,2
Silt0.05-0.0020% 1 672133 | 124293 | 82:94
0.0-0.0 1.0-8.0 0.0-28.0
1,2
clay <0.002 0.0£0.0 | 35426 | 22427
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Table 4. Initial eigenvalues and rotated component matrix of
heavy metals concentrations in bottom sediments.

Component

Elements PC1 PC2
Eigenvalue 3.965 1.225
Total variance % 66.08 20.42
Cumulative variance % 66.08 86.49
Cr -0.001 0.942

Ni 0.904 0.266
Cu 0.883 -0.104

Zn 0.867 0.396

Cd 0.531 0.786

Pb 0.872 0.237

Bold and underline values indicate strong and moderate
loadings, respectively.

accounted for 20.42% of the total variance, had strong
positive loadings on Cr and Cd (Table 4). Very small
concentrations of Cr in the river-reservoir system
reflected natural background levels. In addition, Cr
shows relatively small spatial variability among the 25
sampling sites located in the river and reservoir. Therefore,
the Cr are predominantly derived from geogenic sources.
The concentrations of Ni, Cu, Zn, and Pb and their spatial
variability demonstrated that these metals probably
originate from anthropogenic sources (Fig. 3). The strong
positive loadings of Cd with PC2 and moderated with
PC1 suggest a combination of anthropogenic and natural
sources. PCA analysis suggests that other factors than the
content of silt and clay fraction and total organic matter
content may affect Cr transportation in the river-reservoir
system.

We used CCA to assess the relationship between the
physical properties of bottom sediments and heavy metals

1.0 o7
0.8 d
0.6
13 Zn
Q 04 .
i
2
0.2
0.0
C.u
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0.2 0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3. PCA results of heavy metals concentrations in bottom
sediments.
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Fig. 4. Canonical correspondence analysis biplots of heavy
metals concentrations associated with sample site location and
bottom sediment physical properties.

concentrations. CCA analysis explained 54.3% of the data
variation. The first two axes and confirmed sampling
sites were divided according to physical properties of
bottom sediments (Fig. 4a). The river (sites 1 to 9) and
reservoir (10 to 25) samples were separated mainly by
the first axis. The negative value on the first axis indicated
high silt, clay, and TOM contents, and positive value
indicated high content of sand fraction. The river sites
were more homogenous, with sites 1 to 9 placed close to
each other. The distance between the sites in the diagram
approximates the dissimilarity in sediment physical
composition. Bottom sediment samples 1 to 9 were
characterised by high content of sand and low content of
silt and TOM. Sample sites located in the reservoir were
more heterogeneous due to hydraulic condition variability,
which has a great impact on the sedimen-tation process.
Bottom sediment samples containing more silt and clay
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fractions and organic matter were generally characterized
by higher concentrations of heavy metals. The similar
directions of Ni, Pb, Cu, and Cd factors and the opposite
direction of Cr (Fig. 4b). The angles between heavy
metals arrows indicate correlations between individual
heavy metals. This result suggest a different source, and
driving forces determine its concentration in bottom
sediments.

Discussion

The obtained results confirmed the analysis of
[1-2] that suspended sediments are the principal factor
for heavy metals transport in the river-reservoir system.
Concentrations of heavy metals in the reservoir sedi-
ments were higher than those in the bottom sediments
of the river where it was formed. Concentrations of
heavy metals in bottom sediments in the Powa River
above the reservoir were characterized by lower spatial
variability. Heavy metal concentrations in the reservoir
were characterized by high variability, which was
primarily related to organic matter, silt, and clay content.
In general, the higher the organic matter content as well
as silt and clay contents, the greater the concentration of
heavy metals. Similar findings on statistical correlations
between soil organic matter, silt, and clay were reported
by [64-65]. El-Sayed et al. [27] showed that this trend is
not proven for all elements, which means that grain size is
not the only factor affecting heavy metal concentrations.
Additionally, lithogenic sources and mineralogical
composition of sediments as well as physical, chemical,
and biological processes are other factors that share in
controlling the sediment-heavy metal content.

In general, heavy metal concentrations in bottom
sediments rise along the reservoir, which is related to the
sedimentation process. At the inlet of the reservoir the
sand fraction was mostly sedimented, while the middle
and lower parts saw silt and clay fractions. Similar
findings were reported by Klaver et al. [14], who showed
that the concentration of heavy metals increases along
the reservoir. Sedlacek et al. [13] indicated that reservoir
sediments are usually more fine-grained and lithologically
uniform. The variability of the sedimentation process
is an individual feature of each reservoir that depends
on morphometric parameters of the reservoir, water
exchange time, and operating conditions. Additionally,
the distribution of heavy metals in reservoirs depends
on some factors such as amount and characteristics
of rivers water. As shown by the present analysis, the
relatively high flow velocities at the inlet part of Stare
Miasto Reservoir result in unfavorable conditions for
the sedimentation of silt, clay, and TOM. This translates
into low concentrations of heavy metals in bottom
sediments in the inlet part. The concentrations of heavy
metals were close to those recorded in the rivers. Slightly
different results were obtained by Varol [15] and El-Amier
[16], who show that the highest metal concentrations at
the sites were located at the entrances of streams and

drains. Additionally, the distribution of heavy metals
in reservoirs depends on some factors such as
characteristics and amount of input water.

The use of CA allows for the division of measurement
sites into homogeneous groups in terms of heavy metals
concentrations, which allows for a better understanding
of their circulation in the river-reservoir system.
Additionally, PCA enables the determination of potential
sources of heavy metals in sediment and CCA provides
a comprehensive assessment of the relationship between
physical properties of bottom sediments and heavy metals
concentrations.

Conclusions

1. Heavy metals concentrations in the bottom
sediments of the reservoir were higher than in the
bottom sediments and were characterized by higher
variability.

2. Concentrations of heavy metals at the inlet to reservoir
were similar to those recorded in the river.

3. Silt, clay, and total organic matter content have
decisive influence on heavy metal concentrations of
bottom sediments.

4. Suspended sediments have a decisive influence on
heavy metal circulation in river system reservoir
retention.

5. Spatial variability of heavy metal concentrations
in bottom sediments results from the hydraulic
parameters of the reservoir, which determines the
sedimentation process.

6. Low spatial variability of Cr concentrations and
no relationship with the content of silt, clay, and
total organic matter content suggests their geogenic
sources, or different driving forces determine its
concentration.
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