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Abstract: Water resources are influenced by many anthropogenic pollutants, which may migrate
into the environment. The Bzura River is one of the rivers strongly impacted by human activity
e.g., waste landfills and former industrial plants. The objective of this study was to assess the
spatial-temporal variability of trace metals in river water and sediments and to recognize the main
sources of pollution. An investigation was carried out on the 120 km section, during two hydrological
years. Concentrations of Ni, Pb, Cd, Cu, Zn, Fe, and Mn were determined by atomic absorption
spectrometry (AAS). The basic statistics were supported by principal component analysis (PCA)
and cluster analysis (CA). Generally, only part of the results exceeded the WHO, USEPA, and Polish
threshold values. However, one hotspot burdened by nickel was found. The spatial trend of Ni
indicates long-distance migration. The PCA and CA confirmed that the Ni mainly comes from
the old industrial waste landfill. Variability of the remaining metals was affected by more mixed
sources. None of the metals showed any consistent temporal pattern. The PCA revealed that
the anthropogenic factor explained over 50% of the variability in both years; therefore, intensive
monitoring of the water river quality is still required.

Keywords: trace metals; heavy metals migration; river pollution; waste landfill; environmental pol-
lutants

1. Introduction

Nowadays, deficiency of drinking water is a global problem. Freshwater accounts
for 3% while available water constitutes only 0.5-1% of terrestrial water resources [1,2].
Moreover, the increase in water demand follows the population explosion, which in turn
prompted unsustainable exploitation of natural resources, forced intensive development
of agriculture and industry. Water scarcity is a common problem in many countries and
affects all continents. Poland is highly affected by freshwater deficiency [1,2]. Therefore,
a particularly important problem faced by local authorities is to reduce surface water
pollution and improve its quality.

Metal pollution has become a global problem due to its omnipresence, long-time
persistence in the environment, and high toxicity. Moreover, metals of anthropogenic
origin are very often easily mobile and prone to migration between different compartments
of the environment. A significant load of heavy metal pollution is related to human activity.
The sources of toxic metals are mostly related to mining, metallurgy, electronic industry,
chemical industry, batteries, disposal of waste, sewage sludge and wastewater, agriculture,
transport, fuel combustion [3-5]. The main pathways for the transport of contaminants
are rivers. Metal content in rivers, subject to strong anthropogenic influences, should be
monitored frequently because of significant fluctuations in pollution concentrations. This
is because a number of factors affect the metal distribution in surface waters, such as pH,
temperature, redox potential, the chemical composition of water, salinity, solubility, the
chemical form of the metals, adsorption on suspensions, complexation, sedimentation,
size of sediment particles, resuspension, bioavailability [6-8]. Thus, water pollution poses
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a direct threat to aquatic organisms, and indirectly it is also dangerous to human and
animal health. According to Dibofori-Orji et al. [9], the quality of surface water depends
primarily on land use. A serious threat to the inhabitants is the discharge of untreated or
insufficiently treated municipal and industrial sewage to rivers, as well as urban stormwater
runoff [3,10-13]. According to Zhou et al. [14], the structure of surface water contamination
has changed significantly over the last 50 years. In the 1970s and 1980s, the quality
standards (WHO, USEPA) were exceeded mainly by Fe, Mn, and Pb, and water pollution
of the 168 studied rivers usually concerned single metals. In the following decades, the
pollution of surface waters has increased, and mixed metal pollution has occurred. In the
1970s, trace metals were related to rock weathering, mining, and manufacturing, while
in the 21st century the share of pollutants from waste discharge increased significantly
worldwide [14]. Solid waste landfills (industrial, municipal) are often located in proximity
to residential areas. Even in the case of stabilization of the waste by solidification, hazardous
components may be washed out in the amount depending on the form and method of
immobilization. Therefore, toxic metals are considered one of the most important waste
producers [13,15-17].

The subject of the paper is the spatial distribution and temporal variability of the
trace metal concentrations in the Bzura River flowing through central Poland. The Bzura
has been heavily influenced by mixed anthropogenic factors and is one of the rivers
significantly transformed by human activity. In the 1960s, the Bzura was one of the most
polluted Polish rivers. The main sources of water pollution were the machinery, metal and
textile industries, dye production, municipal wastewater, and waste dumps. Most of the
pollutants introduced into the river came from the town of Zgierz (56,190 inhabitants in
2019). Over a hundred years ago, a chemical plant (later “Boruta” Dye Industry Plant) was
established in the southwestern part of Zgierz. After World War 1II, the “Boruta” plant was
significantly expanded and it produced dyes for the textile industry. Industrial wastewater
was directed to the Bzura River. In 1998, Zgierz Wastewater Treatment Plant, which collects
municipal and industrial sewage, was launched. The political transformation that took
place in Poland at the turn of the 1980s and 1990s accelerated the collapse of the “Boruta”
plant, which closed in 1999. On its site, the Boruta Zgierz Industrial Park was created,
which is the seat of numerous enterprises with a different production profile. There are
three industrial waste dumps on the premises of the former “Boruta” Dye Industry Plant
in Zgierz. The composition and amount of landfilled waste are not known exactly. After
the “Boruta” plant closure, the landfill continued to receive waste, including municipal
and hazardous. The landfill management is not in line with the regulations. A number
of ignitions have been recorded in landfills. As a result of the inspections [18], leakage of
leachate into the ground was found leading to the deterioration of the environment.

Detailed studies concerning the water quality of the Bzura River, were carried out
over 10 years ago. Based on current and historical data, Kopec¢ et al. [19] and Kobojek [20]
concluded that the changes in the landscape, moisture conditions, and vegetation in
the middle part of the Bzura River valley result from regulatory works, melioration,
deforestation, and climate change. In turn, in 1998-2002, analyzes of Cd, Cu, Zn, and
Pb contents were performed in the waters of the upper reaches of the Bzura River, in
the area of Zgierz (a satellite town of the L.6dZ agglomeration) [21]. High contamination
of the Bzura was caused by both municipal wastewater discharge and the activity of
industrial plants, of which the production of dyes had the greatest share. Sewage and
industrial waste of Chemical Plant “Boruta” in the town of Zgierz caused significant soil
and water pollution in the upper section of the river. Studies of water quality were carried
out before and after the municipal sewage treatment plant started operating. After the
construction of the sewage treatment plant located near the chemical plant, the water
quality initially improved, but after 3 years it deteriorated again. It was attributed to illegal
sewage discharges. Additionally, the industrial waste landfill located in the area of the dye
production plant began to have an increasing impact on river pollution.
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Due to the important economic and recreational role played by the Bzura and taking
into account the previous reports on the state of the environment in the Bzura River valley,
in 2016-2019 we carried out comprehensive studies of the pollution of this area. The
research was encouraged and supported by the Voivodeship Fund for Environmental
Protection and Water Management in £.6dZ. The presented study aimed to assess water
quality influenced by human activities concerning the content of trace toxic metals in the
water of the Bzura River. The location of major spots of pollution in the upper section of the
river makes this area a very interesting place for studying the pollutant’s migration in the
surface water environment. The objectives of this paper are: (i) to determine the content
of Cd, Cu, Fe, Mn, Ni, Pb, and Zn in the water and sediment samples in the upper and
middle sections of the Bzura River from its headwaters to the boundaries of the District
of Lodz; (ii) to assess fluctuations in the trace metal concentrations over 2 years along the
river section under study; (iii) to identify the main sources of water pollution. It was found
that nickel migrates primarily from the old industrial waste landfill located in the upper
section of the river and, to a lesser extent, municipal sewage treatment plants.

2. Materials and Methods
2.1. Study Area

The Bzura River (the length 166 km, catchment area 7788 km?) is a left tributary of the
Vistula River. It flows in the area of central Poland, within the boundaries of the District of
Lodz (Lodzkie Voivodeship), and in the lower, approximately 40 km-long section, through
the District of Mazovian (Mazovian Voivodeship). The river sources are located on the
north-eastern outskirts of £6dz (the third biggest city in Poland in terms of population—
693,797 habitants in 2017 [22]), in a large urban forest complex, within the Lodzkie Hills
Landscape Park. At a distance of 4 km from the springs, the river flows into the town of
Zgierz. Initially, the river flows westwards and then northwards (Figure 1). Below town of
Leczyca, the Bzura River flows eastwards across the flat-floored, broad, periglacial valley
Pradolina Warszawsko-Berlifiska. The section of the valley between Leczyca and Lowicz is
a Special Protection Area Natura 2000 (site PLB100001).
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Figure 1. Location of the sampling sites and main towns within the study area (ZG—Zgierz; AL—Aleksandréw Lédzki; OZ—
Ozorkéw; EE—Leczyca; ELO—Lowicz). The location of sampling sites was determined by handheld GPS (MobileMapper 50,
Spectra Geospatial, Westminster, CO, USA). The map of the area was generated using ArcMap 9.2 (Esri, Redlands, CA,
USA) software, basic geographic data was acquired from the Head Office of Land Surveying and Cartography [23].
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2.2. Water and Sediment Sampling, Preparation, and Analysis

Metal contents in the Bzura River section within the £L6dZ Province were determined.
Water samples were collected once a month in the period November 2017-October 2018
(first hydrological season) and November 2018-October 2019 (second hydrological season).
In the first hydrological year, samples were taken from 13 sites located in the upper and
middle sections of the river, which are potentially the most loaded with anthropogenic
pollution from mixed urban, industrial and agricultural sources (Table 1). In the following
year, additional samples from another four sites below location 13 were collected (in the
second year there were 17 sampling sites in total). Agricultural areas predominate in this
section. Additionally, at sites 1 (control sample), 4 and 11 bottom sediments were collected.

Table 1. Description of sampling sites.

Sampling Site Latitude Longitude Chainage [km + m] Characteristics
1 51°49/29" N 19°27'36" E 169 + 800 Source area of the river; protection area
2 51°51/01" N 19°26/43" E 166 + 200 Residential area; near the national road
3 51°51’06"” N 19°24'07" E 162 + 100 Urban area
Below the wastewater treatment plant,
4 51°50'53" N 19°21'55" E 159 + 400 waste landfill, and industrial park;
suburban area
5 51°50'18"” N 19°19'31" E 156 + 200 Agriculture land
6 51°50/51" N 19°15'53" E 151 + 400 Below the wastewate{r treatment plant;
meadows and agricultural land
7 51°56/12" N 19°15'57" E 137 + 100 Near the motorway; meadows and
agricultural land
8 51°56/36" N 19°17/22"" B 134 + 750 Near the local, l?usy road; meadows, and
agricultural land
9 51°58'02" N 19°17'01" E 131 + 300 Urban area
10 50°00'13" N 19°16/30" E 126 + 900 Below the was.tewater treatment plant;
agricultural land
11 5000344 N 19°13'03" E 116 + 700 Near the provincial road; meadows, and
wasteland
12 52°07'45" N 19°26/29"" E 99 + 150 Agriculture land
13 52°08'00"” N 19°33'14" E 90 + 850 Agriculture land
14 52°07'13" N 19°48/36" E 70 + 750 Agriculture land
15 50°06/45" N 1995549 E 61 + 100 Near the nat1ona1.road; warehouse and
service areas
16 52°06'39"” N 19°56'50" E 59 +900 Urban area
17 52°07'45" N 20°03'54" E 50 + 150 Agriculture land

For metal determination at each of the sites, 100 mL of water was collected in a plastic
bottle filled to the top, filtered (0.45 pm pore size), and immediately acidified with 1 mL of
65% nitric acid to pH 1-2. The samples were transported in an ice-cooled container at a
temperature below 8 °C and stored in a refrigerator (maximum holding time one week).
Before water collection, PE bottles with caps were cleaned with deionized (DI) water.
Bottles were then filled with 10% HNOj3, capped, and left for 24 h. After the nitric acid was
discarded, bottles and caps were rinsed again with DI water and dried. Before river water
sampling, the PE bottles were rinsed with river water. Water for dissolved organic carbon
(DOC) determination was sampled separately in a glass bottle to the top and acidified
on-site with 1 mL of 98% sulfuric acid to pH 1-2. Glass bottles were rinsed as described
above. The samples were transported in an ice-cooled container at a temperature below
8 °C, filtered (0.45 pm pore size), and stored in a refrigerator until analysis (maximum
holding time 24 h).

pH, temperature, and total dissolved solids (TDS) were measured directly in the river
during water sampling, using portable, digital pH- and EC-meters (Series 410, Elmetron,
Zabrze, Poland). pH-meter was equipped with the EPS-1 combination glass body pH
electrode with a temperature sensor. Prior to analysis, the pH-meter was calibrated using
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pH calibration standards (certified buffer solutions pH 4.00, 7.00, and 9.00 at 20 °C, Certipur,
Merck Supelco). EC-meter was equipped with a temperature sensor, the ECF 1 conductivity
cell (K =0.417), and the TDS measurement option. EC-meter was calibrated using EC
calibration standard (potassium chloride solution, electrolytic conductivity 0.015 mS/cm,
Certipur, Merck Supelco). The dissolved organic carbon (DOC) content was determined
using TOC/TN Analyser (Hach Lange IL 550, Hach, Loveland, CO, USA). The principle
of the method is thermocatalytic high-temperature (up to 950 °C) oxidation of organic
compounds and nondispersive infrared (NDIR) detection of CO,. For calibration of the
TOC analyzer, standard solution potassium hydrogen phthalate at a concentration of
1000 mg/L (Certipur, Merck Supelco) was used.

From each of the site numbers 1, 4, and 11, five sub-samples of bottom sediments
(of a total mass of about 500 g) were taken from a depth of 0-30 cm. For each location,
sub-samples were combined into a single composite sample. Sediments were transported
in plastic bottles, then dried in the air at room temperature, mixed, and sieved through a
2-mm stainless steel sieve. Samples were stored in Ziploc bags. Total metal contents were
determined after microwave wet digestion with aqua regia and concentrated hydrofluoric
acid according to the method described in [4]. After the first step of digestion, samples
were cooled, 18 mL of 4 % H3BO3 were added and the decomposition of sediments was
continued for another 15 min (second step). Samples were then placed into a 50 mL
volumetric flask, filled with deionized water, and filtered through a filter of medium
porosity into PE bottles.

Metal contents in water and sediments were determined by the Atomic Absorption
Spectrometry (AAS). Calibration curves were prepared from standard metal solutions at a
concentration of 1000 mg/L in 0.5 mol/L HNOj; (Certipur, Merck Supelco). The following
wavelengths were used: 228.8 nm for Cd, 324.7 nm for Cu, 248.3 nm for Fe, 279.5 nm for
Mn, 232.0 for Ni, 217.0 nm for Pb, and 213.9 nm for Zn. To analyze Cu, Fe, Mn, and Zn
concentrations, the FAAS technique with air/acetylene flame was used (ContrAA 300,
Analytik, Jena, Germany). The amounts of Cd, Ni, and Pb were determined by the GFAAS
technique (SensAA, GBC, Melbourne, Australia) in an argon atmosphere. The limit of
detection was 0.005 mg/L, 0.0015 mg/L, 0.001 mg/L, 0.005 mg/L, 0.5 ug/L, 0.25 pg/L
and 0.015 pg/L for Fe, Mn, Cu, Zn, Ni, Pb and Cd, respectively. The results of metal
determination in sediment and water samples are presented in Table 2 and Tables S1-54.

Environmental matrix reference material (RM) TMDA-64.3 (Environment and Climate
Change Canada, Burlington, Canada) was analyzed to provide quality assurance. RM is a
trace element fortified sample and it is made with diluted Lake Ontario water. Analytical
and statistical data of RM analysis are presented in Table A1 (Appendix A). Additionally,
a statistical evaluation of the results of the metal analysis in water samples (four parallel
aliquots) collected at site 4 was performed. We determined standard deviations, coefficients
of variation, and confidence intervals at probability p = 95%. The results are presented in
Table S5.

To reduce sample contamination, all reagents were of Suprapur (65% HNOj3, 30% HC],
40% HF) or analytical quality. Deionized water with electrical conductivity of 0.05 uS/cm
was used (water deionized system Polwater, Cracow, Poland).

2.3. Statistical Methods

Basic statistical parameters, such as median, mean, minimum, and maximum values,
were calculated for each sampling site in 2019 (Table S1) and in 2018 (Table S2) as well as
each month in 2019 (Table S3) and 2018 (Table S4). Some of the results were below the
limit of detection (<LOD). Therefore, calculations were carried out based on the values
exceeding these limits (n). Spatial and temporal variability was also assessed by coefficients
of variation (CVs), which were interpreted according to Karim et al. [24].

Moreover, the datasets (using mean values of variables) were subjected to multivariate
analysis. Principal component analysis (PCA) and cluster analysis (CA) was performed
with Statistica 10 (StatSoft Inc., Tulsa, OK, USA). Column autoscaling of the datasets before
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PCA and CA was conducted. The PCs were selected according to the Kaiser’s criterion
and the cumulative percentage of explained variance. Ward’s method and the squared
Euclidean distance were applied to develop the CA. Additionally, the PCA and the CA
were supported by Pearson’s correlation coefficients.

3. Results and Discussion
3.1. Physicochemical Properties of the Bzura River Water

Physicochemical properties have an impact on the concentration of metals in water [25].
Therefore, four parameters were measured for the general characterization of water samples.
Annual mean values of temperature, pH, TDS, and DOC for individual sampling points
are presented in Figure S1 (Supplementary Materials).

In both years, the highest mean temperature was observed at site 4. Elevated tempera-
tures usually indicate places where liquid wastes are discharged [26]. The temperature at
the remaining points ranged from 10.7 °C to 12.6 °C in 2018 and from 9.1 °C to 12.1 °C in
2019.

Water pH was neutral or slightly alkaline. Similar ranges are found in other Polish
rivers such as the Odra and the Narew [27,28]. Generally, high variability of pH was
not observed, but site 4 can be distinguished by its lowest values in comparison to the
remaining points. The inter-annual changes in pH at all sites result mainly from the
differences in the amount of precipitation and the size of snow cover during the analyzed
period [29-31]. In 2018, it was dry and extremely dry in Central Poland. The amount of
precipitation was 80% of the long-term normal, and snow cover was sporadic. In 2019, the
amount of precipitation increased (93% of the long-term average), and the snow cover also
lasted longer. According to Moniewski [29], the long-term changes in the pH of water in
rivers near L6dz do not exceed one pH unit. The differences in pH values determined by
us amounted to 0.3-0.6 units (Figure S1) and are typical of this region.

The mean of TDS ranged between 187 mg/L and 557 mg/L. In both years, TDS levels
were comparable, however slightly higher in 2018. Using this parameter, the Bzura River
can be divided into three sections: (1) sites 1-3, where TDS concentrations were lowest
and did not exceed 300 mg/L, (2) sites 4-13, where TDS significantly increased; (3) sites
14-17, where concentrations decreased and again were close to 300 mg/L. Lower TDS
values downstream may indicate dilution and lack of significant sources of TDS within
this stretch of the river [32]. The highest TDS concentration is observed at site 4 (over
500 mg/L), which may suggest the strong anthropogenic loading [33].

The spatial variability of the dissolved organic carbon is similar to the TDS. In both
years, the highest and the lowest DOC concentrations were at sites 4 and 1, respectively.
Generally, the results obtained for the Bzura River did not differ significantly from the DOC
concentrations which were determined for the Vistula River between 2000 and 2014 [34].

3.2. Spatial-Temporal Variability of Metal Concentrations in River Water

Basic statistics of metal concentrations in 2018 and 2019 are presented in Tables S1-54.
According to the median values, the metal contents generally increase in the following
order: Cd < Pb < Ni < Cu = Zn < Mn < Fe. However, for the pairs of metals Pb/Ni and
Cu/Zn, several exceptions to the above sequence were observed. Similar trends were
recognized for the Ganga River [35] and the Polish rivers, namely Middle and Upper
Odra River [36], the Olobok (except for Cu), and along the entire course of the Odra River
(except for Ni) [37,38]. The latter is strongly influenced by various industrial activities (i.e.,
mining, power industry, pigments production), while the Olobok River collects agriculture
as well as urban wastewater. A different trend with the predominance of Fe, Zn, and Pb
was observed for the Pilawa River, which is a sink for the wastewater from the textile
industry [37].
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3.2.1. Spatial Variability of Nickel Concentrations

Nickel concentrations ranged from <LOD to 283 pg/L in 2018 and 324 pg/L in 2019.
Concentrations determined for other Polish rivers were significantly lower [27,36,37,39].
Comparable results were reported for the Olobok and Shima Rivers, which are mainly
polluted by urban and industrial sewage [37,40]. Average Ni concentrations in European
river waters were similar to our observations [14]. Higher concentrations were reported
for Sakarya and Gagan Rivers, which often receive wastewater from many industrial
plants [41,42].

The spatial variability of Ni concentrations in the Bzura River was similar in both years
(Figure 2). The lowest contents were detected at sites 1-3 as well as at 14 and 17, where
the maximum and median values did not exceed 8.5 ng/L and 2.2 ug/L, respectively. Site
4 (downstream of Zgierz) was characterized by the highest Ni contents, which increased
nearly 30 times compared to points 1-3. Below point 4, a gradual decline of the metal
content along the river flow was observed. Finally, Ni concentrations decreased to 4.2 nug/L
(2018) and 4.6 pg/L (2019) at site 13. At sites 14-17, Ni concentrations stabilized and
the median values ranged from 1.9 pg/L to 3.0 pg/L. Sites 15 and 16 (upstream and
downstream town of Lowicz, respectively) are characterized by a wider range of Ni
contents. The maximum values increased to about 9 ug/L (and even reached 30 pg/L once
in April 2019). These sites are located within the city area, near the roads with heavy traffic.
This may have contributed to the increase in Ni levels because Ni is found in exhaust gases,
brakes, or welded metal plating [43]. Nickel contents determined in 2018 as part of State
Environmental Monitoring [44] at three points on the river section below sites 10, 15, and
17 were on average 7.6, 2.1, and 2.1 ug/L (max. 15.0, 2.9 and 4.8 pg/L, respectively).
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Figure 2. Median values of Ni concentrations in 2018 (a) and 2019 (b) for individual sampling sites, respectively.

Other anthropogenically impacted rivers showed different spatial tendencies [25,45].
Both the Bogacayi and Langat Rivers were characterized by increased Ni concentrations
on the entire length of the river. The Langat River received the main pollutants load
from the upstream and also from the industrial activities downstream. The Bogacayi
River flows almost along its entire length through the areas with many manufacturing
plants, especially downstream. Hence, in these rivers, a cumulation of Ni was recorded
in downstream regions. The most important Ni source exists upstream of the Bzura
River. Therefore, observation of the long-distance migration of this element is argued. A
slightly similar trend was observed for the Shima River, which is mainly influenced by
the discharge of industrial sewage upstream [40]. This study was conducted for three
months. In February, the highest Ni concentrations were found upstream with a declining
trend towards downstream. This trend was explained by the deposition and dilution of
pollutants. However, the decreasing pattern was not gradual, and downstream, an increase
in Ni concentration was detected. Additionally, the short research period did not allow the
evaluation of the occurrence of this trend during the year.
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Industry, metal mining, municipal and industrial waste, or vehicle emissions are
the main anthropogenic sources of nickel. The industrial applications of nickel are e.g.,
electroplating, production of steel as well as chemical and metallurgical industry [46-51].
Waste landfills, especially when dealing with old dumps that do not have a system to collect
effluents and prevent them from migration, pose a serious environmental problem [13,52].
Waste from the “Boruta” dye production plant, municipal and industrial waste, electronic
and electrical equipment, construction debris, and others was deposited in dumps above
site 4. Part of the industrial waste is stored in rusty containers which are an additional
source of nickel and other heavy metals. The impact of the industrial waste landfill located
near site 4 was audited by the Supreme Audit Office. The river water was not tested,
however, deterioration of the groundwater quality near the landfill has been observed
since 2013, due to leachate leakage into the environment. In April 2019, many indicators
were significantly exceeded in the leachate from piezometers and the drainage ditch in the
landfill [18]. Our studies proved that this waste landfill affects not only the groundwater
but also the Bzura River water quality. An additional source of nickel may come from the
wastewater treatment plant, which processes sewage both municipal and industrial from
factories located in Boruta Zgierz Industrial Park [53].

The spatial Ni variability was very similar every month, regardless of the season or
the level that was reached. Figure 3 shows the comparison of variation in selected months
for (a) winter, (b) spring, (c) summer, (d) autumn. It confirms the year-round prevalence of
the point-source of Ni at site 4.

The mobility of Ni in the environment depends on several factors, including pH and
organic matter [47,50]. In an acidic environment with a high content of organic substances,
the mobility of Ni increases and may pose a threat to groundwater [50]. Landfill conditions
above site 4 favor nickel migration. Waste deposited in dumps contains a significant
amount of organic substances [18]. Landfills do not have a leachate collection system.
Therefore, nickel and other metals are leached by acidic stormwater into the soil and then
into the river.

At site 4, the lowest pH values were observed, especially in 2019 (minimum was
6.35). It probably induced higher solubility of Ni because, in natural water, Ni is present
predominantly as Ni(H,O)¢?* and the change of water pH from 8 to 6.5 may cause an
increase in cationic forms even of 25% [51,54]. Additionally, in the water samples collected
at site 4, the highest contents of dissolved organic carbon were detected. Significant
correlation coefficients (p < 0.05) between DOC and Ni concentrations in water at all sites
were found for both years, namely, 0.74 (2018) and 0.90 (2019). It confirms that Ni is strongly
associated with organic matter. Therefore, a decrease in pH values and/or an increase
in organic matter contents at site 4 promote nickel migration. A gradual decrease in Ni
concentration downstream probably results from the dilution of pollutants along the flow
of the river. Long-distance Ni migration (nearly 70 km) suggests that nickel does not easily
accumulate on the bottom sediments. It is also confirmed by the analysis of the sediment
samples collected at sites 1, 4, 11 (Table 2). The partition coefficient (log Kg) indicates that
Ni is the only metal prevailing in the liquid phase both at sites 4 and 11 (Table A2).
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Figure 3. Variability of Ni concentrations in selected months.
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Table 2. Mean metal contents and geochemical background [mg/kg] in bottom sediments.

Geochemical Background [55] Site 1 Site 4 Site 11
Zn <73 10.1 765 39.4
Cu <7 244 110 19.5
Cd <0.5 0.04 1.0 0.2
Ni <6 27 3.8 42
Pb <15 3.1 424 6.4
Mn - 106 73.8 441
Fe - 2704 3535 2667

The geochemical background of nickel in bottom sediments in Poland is 6 mg/kg [55].
The Ni content in the Bzura River bottom sediments is determined as part of State Environ-
mental Monitoring at two points. The first monitoring site is located between points no. 13
and 14 investigated in this study. In 2017, nickel content in this site was 7.4 mg/kg. At the
second state monitoring point (located outside the area studied by us, at the mouth of the
Bzura River to the Vistula River), the Ni content in the sediments increased to 10.6 mg/kg.

Bottom sediments in the upper part of the Bzura River have been rarely investigated.
Analyses of their composition at the site directly below the waste landfills of the “Boruta”
Dye Industry Plant in Zgierz were performed in the 1990s before the municipal wastewater
treatment plant was launched. At that time, high nickel contents in sediments were
found (max. 345 mg/kg) [56]. However, the Ni content in the river water did not exceed
0.02 mg/L. To our knowledge, the composition of the bottom sediments at this site has not
been controlled since then. After the treatment plant was started up, the parameters of the
water improved temporarily, but soon the pollution increased again. The likely sources
were three hazardous and industrial waste dumps (currently closed). This is confirmed
by the results of inspections carried out in recent years at landfills [18,57]. As mentioned
above, the analysis of samples taken from piezometers showed high contents of some
parameters e.g., iron and nickel concentrations (in 2019 it was determined 0.20-0.22.mg/L
of Ni and 13-24 mg/L of Fe). The audit also proved that, for example, the landfill adjacent
to the river bank (closed since 1995) is not protected against leachate migration into the
environment.

3.2.2. Spatial Variability of Cd, Pb, Cu, Zn, Mn, and Fe Concentrations

Cadmium concentrations were found from <LOD to 1.20 ug/L in 2018 and 0.47 ug/L
in 2019 (Tables S1 and S2). The highest contents were observed at sites 7-11, in 2018. In the
following year, these points were also characterized by slightly higher Cd concentrations.
In both years, the lowest concentrations were noticed at sites 1, 2, and 3. In the environment,
Cd usually comes from the Ni-Cd type of batteries, plastic and steel industries as well as
fossil fuels, municipal waste burning, transport, and agriculture [5,14,33,43,58,59]. Cad-
mium occurs in the phosphorus fertilizers and may be released from the soil into the river
water as a result of the application of NPK fertilizers, which promotes Cd mobility. This
metal is also detected in the urban runoff as a consequence of tires and brakes outwearing
or operating car washing facilities. Agriculture and transport are probably the main factors
responsible for the presence of cadmium in the Bzura waters. However, high values of
the coefficient of variations (CVs) indicate the presence of other point sources of cadmium
contamination as well (Tables S1-54).

Lead was determined from <LOD to 28.6 pg/L in 2018 and 25.0 ug/L in 2019. How-
ever, in 2019, at sites 7 and 17, the amounts of lead were 85.3 pg/L and 63.7 ug/L, respec-
tively (Tables S1 and S2). Considering spatial variability in 2018, we can distinguish the
river section from sites 6 to 11 with the highest Pb values. In 2019, only sites 7 and 10 were
characterized by elevated Pb concentrations. The remaining points did not show clear
diversity. Chemical fertilizers, pesticides, domestic plumbing, and vehicular traffic are the
most probable Pb sources among the specified ones in the literature. The phasing out of
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lead tetraethyl added to fuel reduced the lead content in road runoff; however, Pb is still
used in lead-acid batteries, wheel balance weights, brakes, or car body paint [33,43,59].

Copper concentrations ranged from <LOD to 0.073 mg/L in 2019 and 0.067 mg/L
in 2018, with the exception of site 13 (0.129 mg/L in September 2018) (Tables S1 and S2).
In 2019, the highest Cu concentrations were determined at points 6 to 9. Below site 9, a
decrease in the metal content was noticed. A slight increase in Cu concentrations was
observed only at sites 15 and 16 in Lowicz town. In 2018, Cu levels were comparable
at all sites and they do not create any consistent spatial trend. Copper is used in many
industrial branches, such as electroplating or the production of pigments, batteries, and
fertilizers [33,60]. The spatial variability of Cu in the Bzura does not clearly indicate the
potential sources. However, following the type of land use, road runoff, industrial and
municipal sewage, and agriculture are the most possible sources of Cu. Municipal sewage
often contains copper as a result of copper pipes corrosion. Copper is associated with
transport as it is used in the production of tires and brakes and as an impurity of road
salts [43,59].

Zinc concentrations were determined from <LOD to 0.099 mg/L in 2019 and
0.147 mg/L (with the exception of sites 7 and 8 with 0.237 mg/L and 0.206 mg/L, re-
spectively) in 2018 (Tables S1 and S2). The spatial variability of zinc in the Bzura was
similar in both years (Figure 4). The lowest contents were observed at sites 1-3 and 13-17,
where median values did not exceed 0.02 mg/L. Site 4 was characterized by the highest
concentrations, namely 0.065 mg/L in 2018 and 0.044 mg/L in 2019. At site 4, zinc probably
comes mainly from the waste dump runoff [21] and leaching of the bottom sediments,
which is indicated by the highest Zn content detected in bottom sediment (765 mg/kg).
Levels of natural zinc in the bottom sediments are defined up to 73 mg/kg. Therefore, its
content at site 4 exhibits anthropogenic enrichment (Table 2). Below point 4, Zn contents
decreased because of dilution, but at the same time, other point sources of pollution caused
local increases in the concentration of metal again. Additional sources could be road runoff,
urban stormwater, municipal wastewater, and agriculture. Zinc is used as corrosion pro-
tection in many constructions, such as roof covers, lamp poles, galvanized building pipes,
and car bodies. Zingc, like copper, is also one of the road salt impurities. It may also come
from arable and animal farming. Zinc is contained both in crop protection treatment and
inorganic fertilizers as well as manure and slurry. This is caused by nutritional supplements
applied to promote the growth of animals, especially pigs [39,43,59,61,62].
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Figure 4. Median values of Zn concentrations in 2018 (a) and 2019 (b) for individual sampling sites, respectively.

Manganese concentrations ranged from <LOD to 0.32 mg/L in 2018 and 0.22 mg/L
in 2019. In the case of iron, concentrations were found from <LOD to 1.30 mg/L in 2018
and 0.53 mg/L in 2019 (Tables S1 and S2). Both in 2018 and 2019, the lowest Fe and
Mn concentrations were at site 1. Median values of Fe did not differ substantially at the
remaining points. The highest Mn concentrations were found at site 3 in both years. Similar
to Fe, the remaining points were characterized by comparable levels. Manganese and iron
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are usually regarded as metals of natural origin as they are among the most abundant
elements in the Earth’s crust [59,63,64]. Their presence in river water is mainly caused
by the dissolution of Fe and Mn oxides as well as catchment erosion [54,61]. However,
they may also come from anthropogenic sources, such as the production of steel and iron
alloys [59,65]. Mn is also used in the production of fertilizers as well as disinfectants and
bleaching agents (potassium permanganate) and therefore it is detected in agricultural and
urban wastewater [37,59].

3.2.3. Temporal Variability of Ni, Cd, Pb, Cu, Zn, Mn, and Fe Concentrations

Metal concentrations in the Bzura River water varied from month to month
(Tables S3 and S4). The highest levels of Ni and Pb were in December 2018 and April 2019.
Elevated concentrations were observed after the long-lasting rainfall; however, this cannot
be considered a trend. Relatively high Pb concentrations were also detected in February
and July 2019 and from June to August 2018. The highest median and maximum values
of Cd were observed from December to February and in August 2019 and in January and
February 2018. Additionally, high Cd levels were also found in March, June, and July 2018.
As far as zinc is concerned, the highest concentrations were recorded in January, February,
and April 2019 as well as from November to March 2018. Cu is the only metal that was not
detected for several months. In January, February, and October 2018 as well as in December,
January, March, and April 2019, concentrations at all sites were found below LOD. The
highest median values were determined in August 2019, June, and July 2018. Monthly
medians of Fe and Mn concentrations were comparable during the year. However, April
and May were characterized by slightly higher values of Fe in both years. In the case of
Mn, the level of 0.1 mg/L was reached from December to June 2018 and from January to
May 2019.

Generally, concentrations of Cd and Zn were slightly higher in the months with the
highest downfalls, Pb and Ni concentrations increased after the long-lasting rainfall, while
Cu contents were detected in the summer. However, temporal variability did not create
any consistent seasonal trend. No clear hydrological or meteorological impact on the
concentrations of trace metals in the surface water within urban, industrial, and agriculture
areas was observed in other Polish reservoirs [38,39,66]

3.2.4. Coefficients of Variation

Based on the coefficient values of variation (CVs) (Tables 51-54), the degree of metal
concentration variability between the sampling sites (spatial variability) and also between
months (temporal variability) was determined. In both years, the Ni, Pb, and Cd contents
were characterized by the highest variability (exceptionally high or high) between the
sites [24]. Temporal variability for Ni was high or exceptionally high, whereas for Pb
and Cd it was mainly high or moderate. Exceptionally high CVs values (>100%) indicate
important spatial and/or temporal variation for metals [45,65,67]. In the case of Zn, Fe, and
Mn, moderate or high variability was observed both between sites and months. However,
in both years, moderate CVs predominate for Fe in the case of spatial and temporal
variability. The wide range of spatial and temporal CVs suggests anthropogenic sources
of these metals [65]. The CVs higher than 50% may indicate different sources of metals or
dilution in the river water [65]. Most of such values were noticed for Ni, Pb, Cd, and Zn,
while the least for Fe and Mn.

3.3. Water Quality

The quality of the Bzura River was assessed based on threshold levels following
the WHO, USEPA, and Polish Regulations concerning drinking water and surface water
classification (Table 3).
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Table 3. Limits of metal concentrations according to the WHO, USEPA, and Polish Regulations.

Metal WHO [59] USEPA [68] [69] [70] [71]
Cd [ug/L] 3 5 5 5 (Al A2, A3) 15
Pb [pg/L] 10 15 10 50 (Al A2, A3) 14

. 50 (A1, A2)

Ni [ug/L] 70 — 20 200 (A9 34

0.05 (AL A2)
Cu[mg/L] 2 1.3 2 05 (A3 0.05
3 (A1)

Zn [mg/L] — 5 - 5 (A2, A3) 1
0.05 (A1)

Mn [mg/L] 0.1 0.05 - 0.1 (A2, A3) —
0.3 (A1)

Fe [mg/L] - 0.3 - 0 (A2, A3) -

[69]—Regulation of the Minister of Health of 7 December 2017 on the quality of water intended for human
consumption. [70]—Regulation of the Minister of Marine Economy and Inland Navigation of 29 August 2019
on the requirements to be met by surface waters used to supply the population with water intended for human
consumption. [71]—Regulation of the Minister of Marine Economy and Inland Navigation of 11 October 2019
on the classification of ecological status, ecological potential, chemical status, and the method of classifying the
status of surface water bodies as well as environmental quality standards for priority substances.

Limits of metal concentrations for drinking water were established by the WHO,
USEPA, and Polish Regulation of Health Minister [59,68,69]. In the case of Cd, Cu, and
Zn, all determined concentrations were lower than the threshold values. Most values
above the guideline limits were found for Mn. In both years, it was about 70% and 40% of
water samples according to the USEPA and the WHO, respectively. Permitted levels were
exceeded at every site, but mostly at sites 3 and 4. Fe concentrations exceeded the guideline
limit is 60% and 33% of samples collected in 2018 and 2019, respectively. Only site 1 was
characterized by lower levels than thresholds in all months. Concentrations of Pb and Ni
were above the standard in less than 10% and 20% of the samples, respectively. In 2018, Pb
concentrations were above limits at sites from 6 to 11 and 13. In 2019, the limit values were
sporadically exceeded at sites 2, 3, 6, 7, 10, and 17. According to the Polish Regulation [69],
Ni concentrations were higher than the permitted limits at sites from 4 to 12 and at 15 and
16 in 2019, while in 2018 only at sites 4-10. Ni contents determined for sites from 4 to 7 also
exceeded the WHO standards. The lowest Ni concentrations, below the threshold limits,
were found in September 2019 and February 2018, while the highest—in April 2019 and
December 2018. Site 4 was characterized by the Ni levels higher than permitted almost
every month, only except in April 2019 and February 2018.

According to Polish legislation, surface waters can be classified in terms of their
chemical and ecological quality [71] or their suitability for consumption [70]. The Polish
regulation on the requirements for surface water intended for food purposes specifies the
parameters that surface water should meet before treatment [70]. Water could be divided
into three categories (Cat. A1, Cat. A2, Cat. A3) depending on water treatment processes
(Tables 3 and 4).
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Table 4. Percentage of investigated samples in a specific water category (in total in 2018 and 2019).

Metal Cat. 1 Cat. 2,3 >Cat. 31
7n 100 - -

Fe 54.7 453 -
Mn 28.6 29.7 4172
Metal Cat. 1,2 Cat. 3 >Cat. 31
Ni 94.7 47 0.63

Cu 94.7 7.3 —
Metal Cat. 1,2,3 >Cat. 31

cd 100 -

Pb 99.4 064

T not appropriate for portable purposes; 2 exceedance of the limit for category 3 (0.1 mg/L) applies to all locations

except site 1; the percentage of samples with Mn content above 0.1 mg/L at sites 2-17 is 20-75%; 3 two samples at
site 4; 4 one sample each at sites 7 and 17.

To assess the chemical status of the Bzura River water, the results of our investigation
were compared to the threshold values specified in the Regulation of the Minister of Marine
Economy and Inland Navigation on surface water quality [71]. According to the Cd and
Zn concentrations, a good chemical status was achieved at all sites. However, the guideline
limits were exceeded for Ni, Pb, and Cu. In terms of the Ni levels, the chemical status was
classified as failing to achieve ‘good” at sites from 4 to 10 in December 2018 and April 2019.
Additionally, a good chemical status was not reached ten, four times, and twice at sites 4, 5,
and 6, respectively. The Pb concentrations indicated less than a good status at site 7 (in four
months) as well as at sites 2, 3, 6, 8-10 (in two months) and only once at sites 11, 13, 17. In
2019, the Cu concentrations were higher than threshold limits only in August at sites 1-3
and 5-7. In 2018, the status was determined as failing to be considered good at sites 2-7,
9-11, and 13, once or twice. Taking into account all metal concentrations, a good chemical
status was most often achieved at sites 12, 14, 15, and 16 (every month) and sites 1 and 17
(except one month).

3.4. Multivariate Statistics

PCA and CA were used to determine the relations between variables and classify
sampling points. Calculations were performed for selected months as well as for both
years. February and July (in 2019) were the only months with a majority of the results
above LOD for all metals. Therefore, statistical data were compared between these months.
During both years, most of the values above LOD were measured for Ni, Mn, and Fe (86%,
97%, and 98% of the total number of results, respectively) (Tables S3 and S4). Hence, PCA
and CA were carried out for these elements and physicochemical properties.

3.4.1. Comparison between February and July

PCA revealed that data variability for winter and summer months was controlled by
different numbers of main components (Table 5). In February, three principal components
(PCs) with 54.9%, 21.4%, and 10.3% contributions of the total variance and eigenvalues
higher than one were extracted. In July, four PCs, which explained 36.5%, 21.0%, 18.4%,
and 13.0% and had eigenvalues higher than or equal to one, were identified. Hence, PC1
has a significantly lower share in variability explanation in summer than in winter.
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Table 5. Eigenvalues and coefficients of correlation between variables and components calculated for
datasets obtained for February and July (in 2019).

February July

PC1 PC2 PC3 PC1 PC2 PC3 PC4

Eigenvalue 6.0 24 11 4.0 23 2.0 14

temp. —0.23 0.87 0.11 —0.66 —0.51 —0.35 0.01

TDS —0.67 0.62 0.03 —0.63 —0.71 0.19 0.14

pH 0.53 —0.09 0.78 0.36 —0.11 —0.52 0.69
DOC —0.71 0.56 —0.09 —0.88 —0.23 —0.21 —0.30

Fe —0.93 -0.19 0.21 —0.38 0.24 —0.73 0.31
Mn —0.67 —0.03 0.60 —0.18 0.33 —0.86 —0.21

Ni —0.90 0.29 -0.17 —0.79 —0.44 0.14 0.11
Cu —0.66 —0.62 —0.22 —0.57 0.74 0.02 —0.15
Zn —0.93 —0.08 0.05 —0.89 0.37 0.14 —0.01

Pb —0.77 —0.58 —0.01 —0.34 0.23 0.31 0.81

Cd —0.87 -0.21 0.10 —0.51 0.63 0.38 0.13

In February, PC1 was strongly or moderately influenced by all variables (except tem-
perature) with correlation coefficients >0.7 and 0.5-0.7, respectively [65,66]. PC1 represents
a mixed anthropogenic-lithogenic source of metals. Site 4 shows the highest negative PC1
score (indicating the highest concentration of metal) (Figure S2). This point is characterized
by the lowest pH and the highest TDS values, which may increase the desorption of metals
from sediments [72]. At sites below sample 4, the impact of PC1 fluctuates in the range from
—3 to —1, and from point 12 there is an increase in positive values, comparable to those
in sites 1 and 2. PC2 has strongly positive correlation coefficients for water temperature,
moderately positive for TDS and DOC as well as moderately negative for Cu and Pb. This
principal component contrasts physicochemical properties with metal concentrations. The
presence of TDS, DOC, Cu, and Pb both in PC1 and PC2 indicates that PC2 is related to
other processes than PC1 and it may be associated with metal accumulation. The processes
of metal adsorption and desorption on the sediment significantly affect its concentration
in water. Several authors reported that metals leaching from sediment may depend on
seasonal parameters like organic matter and temperature [54,73]. Results of the mentioned
studies which investigated temperature effects on Pb [74] and Cu [75] adsorption on sedi-
ments and suspended solids proved that accumulation of these metals increases with rising
temperature. Site 4 and points 14-17 in the lower course of the river have the highest PC2
scores, which may result from the elevated temperature at these points. This favors the
process of metal adsorption on sediments, which reduces the concentration of these metals
in the water. PC3 was positively correlated with pH and Mn, (strongly or moderately,
respectively). The presence of Mn in two components indicates different sources of this
element.

The trend of PC1 in both months is generally similar. In July, PC1 was strongly
negatively correlated with DOC, Ni, Zn and moderately negatively with temperature, TDS,
Cu, and Cd. Samples 3-10 and 12 are characterized by negative PC1 scores. The significant
share of metals from human activities, often found in urban runoffs, allows assigning this
component to anthropogenic sources. Additionally, in stormwater runoff, organic matter
has a high affinity for metals such as Ni, Cu, Cd [43]. The high correlation coefficient of
Ni, which in our case comes mainly from landfill, indicates the anthropogenic nature of
PC1. The significant influence of temperature also proves the anthropogenic nature of PC1,
because often at the place of discharge of wastewater (containing metals) an increased
temperature of surface waters is noted [26]. PC2 is strongly correlated with TDS (negatively)
and Cu (positively). Additionally, moderately negative (temperature) and positive (Cd)
correlations were observed. PC2 is related to the influence of temperature on the sorption
processes of Cu and Cd in sediments [75]. PC3 was dominated by strongly negatively
correlated Fe and Mn as well as moderately negatively pH. Fe and Mn mainly come from
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natural processes [65], but the highest PC3 score is presented by point 3. Therefore, PC3
may be attributed to mixed anthropogenic-lithogenic sources. PC4 was characterized by
strongly (Pb) and moderately (pH) positive correlation coefficients. The stretch of the river
where the PC4 share was found to be significant is located in agricultural and built-up areas
along with local roads and a motorway. This may indicate the presence of a new mixed Pb
source in the summer as a result of re-suspension processes from bottom sediments and
human activity (e.g., fertilization, waste, batteries) [39,76,77].

Following the CA (Figure 5) in February and July, two clusters of samples were
extracted: [—sites 1-2 and 14-17; [I—sites 4-13. The only difference is the change in the
position of sample 3 in July compared to February due to the increase in the pollutant load
at this site in the summer. In addition, the distance between clusters I and II in February is
much greater than in July, which may indicate the diversity of sources and pollution loads
discharged into the Bzura River in the winter and summer seasons. Thus, in February,
there is a more distinct division into river sections with a relatively small (cluster I) and
significant influence (cluster II) of anthropogenic factors. In July, the loads of Fe, Mn, Ni,
Zn, and Cd in the river section between points 4-13 decreased. This resulted in a certain
change in the location of points in cluster II.
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Figure 5. Dendrograms showing clustering of sampling sites in (a) February and (b) July (in 2019).

3.4.2. Comparison between Years

Following the PCA calculated for Ni, Mn, Fe, and physicochemical properties, three
main components (PCs) were extracted both in 2018 and 2019. Together they explain almost
92% of the data variability. However, some differences occur for individual components.
PC1, PC2 and PC3 explain 54.3%, 24.7%, 12.9% and 61.1%, 20.6%, 10.2% for 2018 and 2019,
respectively. Eigenvalues were 3.8, 1.7 and 0.9 (in 2018) and 4.3, 1.4 and 0.7 (in 2019) for
PC1, PC2 and PC3, respectively. Although eigenvalues of PC3 are below 1 for both years,
they have been included in the following considerations, because each of them explains
more than 5% of variance [78].

In both years, temperature, TDS, DOC, Ni showed strongly and Fe moderately positive
correlations with PC1 (Figure 6). PC1 was also negatively correlated with pH, but weakly
(—0.36) in 2018 and moderately (—0.67) in 2019. In addition, a moderately positive (0.42)
PC1 correlation coefficient for Mn was observed in 2018. Correlation coefficients indicate
that PC1 represents the overall pollution of river water mainly from anthropogenic sources
of pollutants. Metals of anthropogenic origin are usually more mobile and their release
increases towards low pH values [79]. PC2 was characterized by positively strong or
moderate correlation coefficients of Fe and Mn as well as a positive (strong in 2018 and
weak in 2019) correlation with pH. In 2018, PC2 had also a moderately negative correlation
coefficient for temperature. Additionally, the relatively low variability between sampling
sites and months can indicate a negligible anthropogenic impact [80]. For these reasons,



Minerals 2021, 11, 861

17 of 23

PC2 probably represents the lithogenic source. The origin of Fe and Mn was also defined as
natural in other contributions concerning metal sources in the aquatic environment [63,65].
PC3 includes only pH (positive correlation) and Mn (negative) (Figure S3). Moderate and
weak correlations for these variables may suggest the additional point source of Mn. The
highest PC3 score is observed at site 3 (the town of Zgierz). The location of this point
suggests that the source of Mn can be e.g., combustion fuel additives used in local heating
systems or illegal dumping of waste.
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Figure 6. Correlations between the variables and principal components in the projection of PC1 and
PC2 for (a) 2018 and (b) 2019.

Trends in the spatial variability of PC scores were very similar in both years (Figure S4).
Sites 1 and 2 located within the Bzura source area have the lowest negative PC1 scores.
It confirms the low impact of pollution at these sites. The highest positive PC1 score
(anthropogenic pollutants) is observed for site 4. It is caused by the influence of landfills,
sewage treatment plants, and urban activity. Below point 4, the impact of PC1 significantly
decreases, and in the further course of the river, it usually ranges from —1 to 1, which
proves an average influence of given factors [37]. It also proves that at site 4 there is a
source of pollution that determines river water chemistry. PC2 has the lowest negative
scores at sites 1 and 4. The low impact of the natural factors at site 4 results from the
high share of anthropogenic pollutants. Site 1 (river source section) is not polluted, but
Fe and Mn concentrations are not particularly high due to the low surface runoff and
the low metal content in the soil. Below point 4, the influence of PC2 increases and most
often fluctuates between —1 and 1. As it has already been stated, in both years the lowest
negative PC3 scores were recorded at site 3. For each month, the highest or one of the
highest concentrations of manganese were found at this point.

Cluster analysis (Figure 7) shows that site 4 is a hot-spot and the other points are
grouped in one cluster. It can be seen that site 1 differs from the others. In addition, several
subclusters can be distinguished. Subcluster I includes sites with low water pollution,
namely sites 2 and 3 in 2018 and sites 14-17 in 2019. These are the points from the
initial section, which carry only a small load of pollutants, and the points from the lower
section, where the pollutants have already diluted and the activities in this area do not
cause any additional contamination. Subcluster II contains sites 5-13 i.e., the section
of the river under a strong impact of anthropogenic pollution (except 4, which is a hot-
spot). The linkage distances in subcluster II are below 20, so these points are similar.
However, it can be seen that the classification of points depends on the type of pollutant,
especially in 2019. The pollutants migrating from point 4 have a strong impact on the
sites below (5 and 6). Subsequent sites downstream of the river are less influenced by the
hotspot. However, points 11-13 are found in intensively used agricultural areas (mainly
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the cultivation of vegetables) and thus separated from sites 7-10 (mixed pollutants from
transport, wastewater treatment plants, agriculture).
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Figure 7. Dendrograms showing clustering of sampling sites in (a) 2018 and (b) 2019.

The PCA and CA results prove that in both hydrological years, similar factors influence

the water chemistry. The predominant factor is the anthropogenic impact, which accounts
for over 50% of the variability. In both years, the influence of factors on individual sampling
sites is similar. According to the studies, the “constant” sources of pollution (waste landfills,
sewage treatment plants, urban runoff, and land use which did not change significantly
within two years) are of significance to the spatial and temporal variability. Climatic and
meteorological factors in annual terms seem to be less important, which was also noticed
by Siepak et al. [66].

4. Conclusions

@

2

®)

4)

©)
(6)

7)

Our study is the first comprehensive investigation that provided detailed information
about the trace metal variability in the Bzura River water within the £L6dZ Province
for 24 months.

It has been found that industrial and hazardous waste dumps located above site 4 are
significant sources of water pollution by metals. Waste from the dye production plant,
municipal and industrial waste, electronic and electrical equipment, construction
debris, and others were deposited in landfills. Part of the industrial waste is stored in
metal containers. Their corrosion, found as a result of the inspection, is an additional
source of heavy metals.

The most interesting finding is the spatial trend of nickel concentrations. Contrary to
the remaining metals, long-distance migration was detected. In the case of this metal,
the impact of the landfill is visible within about 70 km. This poses a particular threat
to the areas below site 4 in the case of the release of exceptionally high nickel contents
from the waste landfill.

The contamination of the river with the other metals comes from mixed sources, i.e.,
waste dumping, municipal sewage treatment plants, agricultural areas, transporta-
tion.

Following the multivariate statistics, one hotspot and groups of sites depending on
the pollution sources were distinguished.

Water quality has improved since the 1990s, but anthropogenic factors still dominate
water chemistry. Additionally, the exceedance of the threshold concentrations occurs
unpredictably. Therefore, intensive monitoring of water quality should be constantly
carried out.

To improve the water quality in the Bzura River, it is necessary to limit the inflow of
metals from the urban areas. The solution to this problem requires prevention of the
leachate migration from landfills and an increase in wastewater treatment efficiency.
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Appendix A

Table Al. Results of reference material analysis (n = 6).

Metal Concentrations [ug/L]

Sub-sample Ni Cd Pb Cu Zn Fe Mn
1 246 251 267 243 312 349 260
2 257 245 268 243 308 344 256
3 249 247 272 240 303 338 260
4 250 249 275 238 313 337 262
5 243 249 276 242 315 316 261
6 244 248 279 235 308 328 258

Found value

[ng/L]

Cert[iﬁgjllj’]alue 251+17 258+£21 280422 261+19 320426 229421 293 +17

Recovery [%] 98.8 96.1 97.5 92.0 96.9 112 88.7

248 £5 248 + 2 273 £5 240+ 3 3105 335 £ 12 260 £ 2
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Table A2. Partition coefficients (log Kq) in bottom sediment and water at particular sites (in July

2018).
Metal Site 1 Site 4 Site 11
Zn 2.46 4.39 3.36
Fe 4.64 4.03 4.03
Mn 3.46 3.03 3.04
Ni 3.72 1.84 2.61
Cu 2.79 3.32 2.75
Cd 2.57 3.87 2.86
Pb 2.99 3.87 2.89

K4 = Cs/Cy, where Cs, C,, are metal concentrations in sediment and water, respectively [81].
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