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Abstract

The urbanization of catchments is consistently accompanied by a decrease of the stream condition. The case study concerns
one of the urban streams in Krakow (Poland). The aim was to show the pollutant load which can enter the Vistula River
from even a very small inflow. Samples of water, suspended particulate matter and bottom sediment were collected. Values
of pH, Eh and electrolytic conductivity were measured in situ and the contents of macroelements—cations and inorganic
anions—as well as trace elements were analysed by means of different instrumental methods. The results obtained are related
to normative values, geochemical background and different classifications. The exceedance of permissible values for water
by electrical conductivity, calcium, chlorides and cadmium concentrations in all of the sampling locations was stated. The
high content of heavy metals in the bottom sediment was found especially for zinc (to 929 mg/kg), lead (to 131 mg/kg) and
cadmium (to 10 mg/kg). It is shown that pollutants carried along with the waters and sediments of the stream constitute a
continuous source of pollution of the Vistula River. It seems important to measure the concentration of some elements not
only in the sediment of the biggest rivers but also in the smaller streams, ditches and rain collectors. Only management in
the entire catchment system and inventory of pollution sources can give some positive results in improving the quality of

urban watercourses.
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Introduction

The trend of urbanization entails large challenges in terms
of water supply and sanitation management. Next to natu-
ral river courses, which are recognized as rivers, streams,
brooks or other waters, flowing continually or periodically,
in their natural river-beds (according to the Act on Water
Law, Dz.U.2017.1566), urbanized watercourses occur. They
are understood as streams and brooks of a drainage char-
acter within city areas. Their maximum ratio of breadth to
depth equals 20:1 and the average daily rate of flow is not
higher than 1.5 m?/s (Osmulska-Mréz 1990). Their small,
transformed basins have low hydrological inertia; therefore,
the impact of external factors is revealed in them almost
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immediately and causes the high variability of water quality
indicators (Rajda and Kanownik 2005).

The urban development reduces the ability of streams to
function as natural ecosystems (Bernhardt and Palmer 2007).
The urbanization of catchments is consistently accompanied
by a decrease of the stream condition which is associated
with the hydrological, chemical and biological stressors
described as “urban stream syndrome” (Brabec et al. 2002;
Walsh et al. 2005). The development of urban infrastructure
often leads to an elimination of rivers and their valleys. The
watercourses very often lose their natural environmental
values with developed small retention, either disappearing
or otherwise becoming open or partly covered sewers. In
the city centre, they are locked in underground channels
and transport contaminants to greater rivers (Wardas et al.
2006; Kobojek 2015). The increasing degree of urbaniza-
tion has resulted in larger amounts of impervious surfaces
such as roads, parking lots, and rooftops and, therefore, a
decrease in the number of natural lands as well as significant
changes to both the quality and quantity of the storm water
runoff (Bannerman et al. 1993). It is important because the
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watershed land cover and land use may mitigate or exac-
erbate the effects of metal pollution on streams (Tomczyk
et al. 2018). It is known that increasing urbanization has
been linked to increases in stream metal concentrations (e.g.
Paul and Meyer 2001; Das et al. 2009).

Within small urbanized watercourse catchments, the
accumulation of heavy metals in bottom sediments takes
place and, when combined with salinity and eutrophica-
tion, causes the degradation of ecological potential and the
extinction of sensitive species of water organisms (Wardas
et al. 2006). Field macroinvertebrate surveys have estab-
lished a pattern of stream ecological decline along a gradient
of urbanization, consistent with the impact of contaminated
sediment (Marshall et al. 2010).

Sediments can be adopted as an efficient indicator for
monitoring heavy metal pollution levels and pollution
sources in aquatic environments (George et al. 2016). Heavy
metals do not form a stable system in the environment, they
may be released into water columns by physical, chemical
and biological processes, which may affect their properties
and forms of occurrence and in turn can increase pollution
levels of surrounding waters. Therefore, their size in the eco-
system may change over time (Aleksander-Kwaterczak and
Helios-Rybicka 2009; Shafie et al. 2014).

The whole area of Krakow is located within the Vis-
tula River catchment and its tributaries. It is estimated that
within the borders of Krakow, there is 194 km of permanent
watercourses and larger drainage ditches, with unregulated
watercourses (128 km) dominating (Dynowski 1974).

The small watercourse analysed is only one of them. This
research aims to show how large pollutant loads can be intro-
duced into rivers only by small watercourses in urbanized

Sandomierz

Baltic Sea
1
2
< e Gdansk
Elblag
Grudziadz
Bydgoszcz Yot
‘e Wioctawek Plock
4 tédz
° pilic2
5 Katowice Vi
® Krakow
CZECH Bielsko-Biata
Vistula River REPUBLIC
& Sampling
point G | SLOVAKIA
oogle

RUSSIA D

@
o

Vl'srala Warsawea Brant
g

swid

areas. Such watercourses are very poorly monitored. Mean-
while, continuous pollutant loads introduced with them into
larger watercourses, often used as a source of drinking water,
cause their continued pollution. It also aims to show the
importance of managing the water environment quality at
the catchment scale. Merely such a system can be effective
in striving to improve the quality of the Vistula River. And
only such a system will allow to reduce pollutions carried
to the Baltic Sea.

Description of the study area

The small watercourse, whose name is difficult to find on
maps, is located in Nowa Huta district of the Krakow city
(southeastern part of Poland, Fig. 1). Nowa Huta is the
easternmost district of Krakow with more than 200,000
inhabitants. It was created in 1949 as a separate city and
was planned as a huge centre of heavy industry, populated
primarily by industrial workers (Karnasiewicz 2003). The
Krakow Industrial District, comprising seven neighbour-
ing towns, specializes in the metallurgical, electromechani-
cal and chemical industries. One of the largest industrial
plants is ArcelorMittal, which manufactures steel is located
in Nowa Huta. Therefore, this area is considered the most
polluted in Krakow.

Analysed watercourse is a left tributary of the Vistula
River, the longest and largest river in Poland (Fig. 1). It is
named as “small” because the length of the stream is about
5 km, its catchment area is nearly 9.5 km? and average flow
is <1 m?%s. Short drainage ditches go into the analysed
stream in the area of Nowa Huta Meadows—a huge green
area, a remnant of the former riverbed of the Vistula with
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Fig. 1 Localization of the study area and sampling sites: a sampling point localization (on a map from https://maps.google.com), b Vistula river
basin and ¢ location of Nowa Huta within Krakow (https://en.wikipedia.org/, CC BY-SA 3.0)
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370 plant and 69 bird species, many of which have been
entered in the Red Book of Endangered Species (published
by the International Union for Conservation of Nature,
IUCN). Next, the stream flows through built-up areas
which are the dominant form of this region land develop-
ment (about 80%) (BIP 2015). According to physical and
geographical regionalization, the described area is classi-
fied as the Podkarpacka Provinces, the Sandomierska Basin
Macroregion and Nadwi$laniska Plain Microregion (Kon-
dracki 2002). In terms of geomorphology, it is located within
the Pradolina of Vistula (Tyczyriska 1968), which includes
plains accumulation terrace. Other, larger varieties of terrain
are of an anthropogenic origin.

Materials and methods
Field and laboratory analyses

Five sampling points were selected along the whole length
of the stream. Due to the large buildings of the area and
limited access to particular sections of the stream, sampling
points were not evenly distributed (Fig. 1). The distance
between sampling points ranged from about 100 m (from
point 1 to point 2) to about 400 m (from 4 to 5 point). The
first point was located near the Nowa Huta Meadows and
the last one at the mouth of the stream to the Vistula River.
At each point, water and bottom sediment samples were col-
lected in the autumn season. Water samples were collected
again at the beginning of the summer at the two selected
sampling points to check seasonal changes.

Water analysis

Water samples were taken from the shore directly into clean
polypropylene bottles. The pH (pH meter, Elmetron CP-105;
GP-105; accuracy +0.02), redox potential (Eh, Elmetron
CP-105; GR-105 k; accuracy + 1.0 mV), temperature (Elmet-
ron CP-105; accuracy +0.08 °C), electrical conductivity
(EC, Elmetron CC-105; accuracy + 1%) and oxygen content
(Elmetron CO-105; GO-105; accuracy +0.2%) were meas-
ured in situ. Each sample was filtered also in the field using
single-use cellulose acetate syringe filters of 0.45 pm and
was kept in a refrigerator at 4 °C until analysed (according to
the European Standard EN ISO 5667-3 2018). Major anions
(C1,NO;~,NO,™, SO,*~, PO,*~, HCO;~ and F~) and mac-
roions (Ca**, Mg?*, Na*, K* and HN*") were determined
using ion chromatography (DIONEX, IC25 Ion Chromato-
graph, (according to PN-EN ISO 10304-1 2009; PN-EN ISO
14911 2002) at the Polish Academy of Sciences in Krakow.
Standard reference materials (Canadian waters Hamilton-20)
were employed to determine the accuracy of ion analyses.

Samples intended for measuring the dissolved phase of
metal concentrations by spectrometry techniques were acidi-
fied with ultrapure nitric acid 65% to a pH below 2. Major
cations and elements were analysed using an inductively
coupled plasma mass spectrometer (ICP-MS, ELAN 6100,
PerkinElmer) or an inductively coupled plasma optical emis-
sion spectrometer (ICP-OES, Plasm 40, Perkin Elmer) in a
certified Hydrogeochemical Laboratory (PCA certificate, no
AB 1050) in the AGH University of Science and Technology
in Krakow, according to standard certified analytical quality
control procedures (PN-EN ISO 17294-1 2007; PN-EN ISO
11885 2009).

Suspended particulate matter analysis

The suspended matter was separated from the value of 2 L
of water using a filter with the ground clearance of 0.45 um
and an apparatus for sterile pressure filtration (type 16510,
PC). Heavy metal concentration was determined using the
ICP-MS method (ELAN 6100, PerkinElmer) after extraction
with 10 cm® of 65% nitric acid (p.a.) in High-Temperature
Digestion Systems (SCP Science—Digi PREP HT; 120 °C,
2 h). The RSD values ranged for Cd from 2.75 to 6.06%, for
Cu from 1.11 to 4.24%, Ni from 1.33 to 3.91%, Pb from 4.51
to 12.14% and for Zn from 0.18 to 3.12%.

Sediment analysis

Sediment samples were collected directly from the shore
with a special plastic scoop from the surface layer (5-10 cm)
into polyethylene bags and were placed in an ice cooler and
transported to the laboratory as soon as possible. The pH
(pH meter, Elmetron CP-105; GP-105; accuracy +0.02),
redox potential (Eh, Elmetron CP-105; GR-105k; accu-
racy + 1.0 mV), temperature (Elmetron CP-105; accu-
racy +0.08 °C), electrical conductivity (EC, Elmetron
CC-105; accuracy + 1%) were measured in situ.

Water content (loss of mass at 105 °C), LOI (loss of mass
at 550 °C, laboratory muffle furnace) and carbonate con-
tent (Scheibler’s method according to PN-EN ISO 10693
2014-06) were analysed on bulk sediment samples. Grain
size fraction was established according to PN-B-02480
1998. Heavy metal concentrations were determined using
the F-AAS method (iCE3000, Thermo Scientific) after
extraction with 10 cm? of 65% nitric acid (p.a.) in High-
Temperature Digestion Systems (SCP Science—Digi PREP
HT; 120 °C, 2 h). The RSD values for all analysed metals
were below 5% (if the value was higher, the analysis was
repeated).

The analyses were performed according to a standard cer-
tified analytical quality control procedure. Blanks and stand-
ard reference materials (Sediment river 1646) were analysed
at regular intervals (one blank and one standard for each set
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of ten samples) to assess the precision and accuracy of the
measurements. For comparison, the dilution analysed by the
F-AAS was also measured by the ICP-MS method. Results for
all analysed metals were only slightly (< 5%) different, which
confirms very good analytical quality.

Methodology of indexes

Different quality indices were used in this study to determine
the degree of contamination of the analysed sediments.

The geoaccumulation index (Igeo)

Igeo was originally used for the pollution assessment of
heavy metals in sediment by Miiller (1969). It allows to
compare current concentrations with pre-industrial levels
according to the following equation:

Cn
Igeo = logzm, (H

where Cn is the measured content of the metal n and Bn is
the geochemical background for metal.

The constant term 1.5 is used for possible lithological
variations in the background value.

The Igeo values of each heavy metal were classified into
seven grades: from class O (unpolluted; Igeo <0) to class VI
(extremely polluted; Igeo > 5).

The pollution load index (PLI)

The PLI index was suggested by Tomlinson et al. (1980)
for detecting pollution with heavy metals in each respec-
tive sample locations. It was calculated using the following
equation:

PLI = (CF1 x CF2 xCF3 x...CFn)'/", )
where CF is the concentration factors for individual metal:
C
CF = —,
3 3)

n

C is the metal concentration in the analysed sample site and
B,, is the pre-industrial reference level for the substance.

The value of PLI< 1 indicates no pollution with heavy
metal contamination, when 1 <PLI <2 moderate pollution,
2 <PLI < 3 heavy pollution and PLI >3 extremely heavy pol-
lution (Tomlinson et al. 1980; Ghaleno et al. 2015).

The contamination factor (C;)
The factor C; by Hakanson (1980) is used to describe the

contamination of an individual toxic substance and calcu-
lated as follows:

@ Springer
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where C' is the mean content of the substance i from at least
five sample sites, qu is the pre-industrial reference level for
the substance.

The classification has been accepted as

C;< 1—low contamination,

1 £ Cy<3—moderate contamination,

3 < C;< 6—considerable contamination,

C;> 6—very high contamination.

Degree of contamination (C,)

C, index (Hakanson, 1980) is defined as the sum of all con-
tamination factors which provides information about total
contamination. It is calculated according to the following
equation:

Cy=Y,Ch 5)

where C;< 8 is the low degree of contamination, 8 <Cy <16
is moderate degree of contamination, 16 <C;<32 is con-
siderable degree of contamination, and C4>32 is very high
degree of contamination.

The potential ecological risk index (RI)

The RI index by Hakanson (1980) is defined as

m

RI= ) E, ©6)
where
E =T.C, (7)

Ei is the potential ecological risk factor for the given sub-
stance, and Tri is the toxic-response factor for a given sub-
stance (Cd=30, Cu=5, Pb=5, Zn=1 and Ni=5 were
adopted for calculation).

RI< 150—Ilow ecological risk,

150 <RI < 300—moderate ecological risk,

300 <RI < 600—considerable ecological risk for the lake/
basin,

RI>600—very high ecological risk.

Ecotoxicological classification

Ecotoxicological classification is used to assess the impact
of contaminated bottom sediments on aquatic organisms.
PEL and TEL values delineated three ranges of chemical
concentrations that were (Smith et al. 1996):



Environmental Earth Sciences (2019) 78:530

Page50f13 530

e rarely—minimal effect range; concentrations equal to and
below the TEL,

e occasionally—possible effect range; concentrations
above the TEL, but below the PEL,

e frequently—probable effect range; concentrations equal
to and above the PEL, associated with adverse biological
effects.

Results and discussion
Water

The pH is one of the most important parameters which may
change the bioavailability and toxicity of metals to freshwa-
ter biota affecting both metal speciation and the binding of
metals at the organism—water interface (Meador 1991; Boyd
2015). The pH of water ranged from 7.43 to 7.69 which
indicates the slightly alkaline character of water and may be
associated with carbonate rocks occurring in the bedrock.
Although pH with these values should not affect the increase
of metal mobility, it should be remembered that there are
still acid rains in Krakow. They can cause temporary changes
in pH of the surface water, which has weaker buffer capaci-
ties compared to sediment (Ibanez et al. 2010).

The Eh of water varied between + 138 and + 180 mV and
the oxygen saturation (Sy ) was close to 100%. Such values
evidenced oxidizing conditions and are characteristic for
well-aerated water. This situation favours the processes of
self-purification of water.

The geological structure and amount of precipitation
affect diversity EC values of surface waters (Boyd 2015). In
our study, the results of conductivity measurements ranged
between 827 and 1023 puS/cm (Table 1). Such values may
result not only from leaching rock components but also from
anthropogenic activities.

Taking into account the concentrations of the analysed
elements, the highest results were found in many cases for
the W2 and W3 water samples (Table 1). Point W3 (Fig. 1)
is located at the end of the long ditch. It circumnavigates the
Nowa Huta Meadows, then flows through urbanized areas
and goes into the analysed stream at its midway point. Water
from this watercourse is characterized by relatively high
ammonium, potassium, magnesium, calcium, phosphorus,
silicon, fluorides, carbonates phosphates, iron, manganese
and zinc concentrations. In the upper section of the stream
(W1 and W2), concentrations of sodium, chlorides, nitrates,
sulphur, cadmium and lead dominated.

To determine the quality of water, limit values were used
according to the Ordinance of the Minister of the Environ-
ment of 21 July 2016 on the classification of the status of
surface waterbodies and environmental quality standards for
priority substances (Dz.U. 2016.1187, in accordance with

the UE Water Framework Directive 2000/60/EC). The exam-
ined stream was defined as an upland carbonate stream with
a fine substrate (group 6, Dz.U. 2011.258.1549), strongly or
artificially changed.

The biggest problem is the exceedance of permissible
values by electrical conductivity, calcium, chlorides and
cadmium concentrations which were very high at all the
sampling locations and caused the water to be classified as
lower than good class (< II class). The concentration of total
suspended matter (SM) was over the normative value only in
the case of sample W5. The high variability in phosphorus
and phosphate concentrations is reflected in the diversity of
water quality classes due to these elements.

The chemical composition of surface water is subject
to constant changes. In the riverbed, the dynamics of the
variability of the chemical composition of waters is much
higher than for the solid phase. Changes in the composition
are primarily determined by the geological structure of the
catchment, hydro-meteorological conditions, as well as the
seasonal dynamics of river runoff (Cameron 1996; Shomar
et al. 2005; Sajdak et al. 2018).

Some differences between physico-chemical compo-
sitions of water at two sampling points are presented in
Table 2. In November, samples were collected during the
rainy season, while in June during the rainless period. We
can observe that in June water was more oxygenated and
slightly more alkaline. Larger differences between the indi-
cators were observed in the upper section of the watercourse
than in its lower course. However, to assess seasonal vari-
ability in a more reliable way, research should be repeated
at all points and much more frequently.

The Pearson’s correlation could show linear depend-
ence. If the correlation coefficient between two elements is
high (close to 1), this may mean their similar distribution
along the river’s course. There are some groups of indica-
tors showing large linear interrelationships. The first of them
are NH,*, KT, Ca’*, Mg?*, HCO;™, PO,*~, Mn**, Fe*™?+
and SiO,. The Pearson’s correlation coefficient varies around
a value of r=0.9 for each couple combination (Table 3a).

The predominant geochemical process in the studied area
which is responsible for the presence of the ions Ca>*, Mg?",
HCOj;™ is the dissolution of carbonate minerals presented
in the bedrock. Mn?* and Fe?*/** can have both natural and
anthropogenic sources while the presence of NH**, K* and
PO,>~ may indicate the inflow of municipal sewage (Lenart-
Boron et al. 2016).

The second group consists of Na™, Cl~, NO;~, SO42_ and
Pb (Table 3b). The relationship between sodium and chlo-
rides is most likely due to the presence of salt NaCl, used
for de-icing road surfaces and washed into the basin (Back-
strom et al. 2004). The similar distribution of the rests of the
parameters can rather only indicate their common source.
The large dependence between the heavy metals (Mn with
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Table 1 Characterization of water samples from the analysed stream

Element Wi w2 w3 w4 W5 Min. value Max. value Average art. Threshold
limit values
pH 7.43 7.66 7.55 7.63 7.69 7.43 7.69 - 6.6-8.0
EC (pS/cm) 925 1023 827 879 1000 827 1023 931 550
So2 (%) 98 99 100 100 97 98 100 99 No
Eh (mV) 169 162 138 160 180 138 180 162 No
SM density (mg/dm?) 2.5 13.9 13.5 7.5 42.7 2.5 42.7 16.02 16.4
RSD % (mg/dm®)
Ammonium 0.08 0.11 0.20 0.17 0.17 0.08 0.20 0.15 0.91
4.71 2.97 2.08 327 3,25
Magnesium 9.28 9.27 13.53 12.24 12.34 9.27 13.53 11.33 16.70
1.02 0.90 0.31 1.78 1.77
Calcium 136.31 139.20 159.61 147.80 145.59 136.31 159.61 145.70 65.30
0.81 0.22 047 2.11 1.14
Phosphorus 0.26 0.40 1.06 0.15 0.66 0.15 1.06 0.51 0.35
5.52 8.52 8.92 6.36 4.37
Potassium 0.80 1.17 3.79 3.42 3.16 0.80 3.79 247 No
3.03 2.96 1.44 1.33 2.44
Sodium 49.36 50.11 31.66 42.34 42.00 31.66 50.11 43.09 No
0.86 0.12 0.86 2.33 1.42
Silicon 12.62 12.73 23.58 19.72 19.37 12.62 23.58 8.95 No
0.71 0.37 0.96 0.16 0.36
Fluorides 0.03 0.04 0.04 0.04 0.04 0.03 0.04 0.04 1.50
7.83 7.10 8.13 7.45 7.82
Chlorides 128.05 128.18 70.14 80.74 82.81 70.14 128.18 97.98 68.00
0.13 0.12 0.24 0.21 0.20
Nitrates 3.33 2.85 0.71 297 2.65 0.71 3.33 2.50 5.00
5.71 6.67 16.76 6.39 7.17
Nitrites 0.02 0.02 0.01 0.23 0.24 0.01 0.24 0.10 0.03
45.01 35.15 43.11 3.91 375
Sulphur 75.35 74.37 59.26 70.07 71.13 59.26 75.35 70.04 111.40
0.48 0.48 0.61 0.51 0.50
Phosphates 0.02 0.06 0.12 0.07 0.06 0.02 0.12 0.07 0.10
18.00 5.83 291 5.00 6.12
Carbonates 237.83 235.96 342.41 316.31 311.38 235.96 342.41 288.78 No
0.21 0.22 0.15 0.16 0.14
RSD % (ug/dm?)
Iron 113.36 132.13 646.43 126.03 248.90 113.36 646.43 253.37 No
3.68 2.35 2.29 1.29 0.85
Manganese 130.55 133.08 668.65 417.41 412.25 133.08 668.65 352.39 No
0.29 0.66 0.57 0.43 0.45
Cadmium 1.47 1.85 1.67 <0.30 0.55 <0.30 1.85 1.39 0.45
3.68 515 6.17 19.51
Lead 2.64 3.19 1.19 1.08 0.81 0.81 3.19 1.78 14.00
4.77 3.34 2.10 4.19 1.54
Nickel 2.71 3.02 5.09 3.67 3.27 2.77 5.09 3.56 34.00
7.32 3.21 2.89 4.70 2.36
Copper 1.56 2.00 1.91 1.58 1.40 1.40 2.00 1.69 50.00
4.74 2.61 8.22 1.63 6.64
Zinc < 1.00 <1.00 6.70 < 1.00 2.75 < 1.00 6.70 - 1000.00
4.48 14.67
Chromium <5.00 5.69 <5.00 <5.00 10.56 <5.00 10.56 - 50.00
6.27 7.29

mg/dm3 is a concentration unit and % refers to RSD (numbers in italics)

pg/dm? is a concentration unit and % refers to RSD (numbers in italics)

Bold values indicate statistical description of the data

Italic values indicate standard deviation values

no lack of normative values
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Table 2 Comparison of selected

rers f ter in different Sample number Date pH Eh(mV) PEW (uS/cm) Ca Cl(mg/ Cd Pb Ni
parameters for water 1n differen (mg/ dm3) (ug/ g/ (ng/
seasons dm?) dm® dm® dm?
W1 November 7.43 169 925 136.31 128.05 147 2.64 277
June 745 212 987 182.54 13512 022 093 196
W5 November 7.69 180 1000 14559 8281 055 0.81 3.27
June 7.84 213 982 18556  91.38 0.12 049 2.61
Table 3 Values of the Pearson correlation coefficient between selected parameters
a
r NH,* K* Mg>* Ca>* Si0, HCO;~ PO~ Fe2*/3+ Mn**
NH,* - 0.985 0.976 0.925 0.974 0.973 0.868 0.709 0.954
K* - 0.985 0.889 0.974 0.989 0.789 0.630 0.942
Mgt - 0.923 0.995 0.998 0.801 0.727 0.977
Ca?* - 0.955 0918 0.950 0.890 0.979
Sio, - 0.994 0.844 0.774 0.992
HCO4~ - 0.792 0.702 0.972
PO~ - 0.861 0.879
Fe*3+ - 0.846
Mn2+ _
b
r Na* Cl- NO,~ S0, Pb
Na* - 0.901 0.900 0.974 0.842
ClI- - 0.651 0.801 0.983
NO;~ - 0.960 0.532
S0, - 0.722
Pb -

Bold values indicate very strong linear correlation (» > 0.97)

Fe and Zn; Cu with Pb and Cd) can indicate their common
anthropogenic origin.

The composition of the waters is dependent on many
natural or/and anthropogenic factors in the drainage basin
and varies with seasonal differences in the volume of runoff,
water levels and weather conditions. Changes in chemical
composition are generally greatest when available water
quantities are low (Bartram and Balance 1996), as in the
case of analysed watercourse.

Suspended particulate matter (SPM)

The suspended particles in a fluvial system can adsorb dif-
ferent contaminants, which are transported downstream and
can result in serious impacts on the fluvial system (Grangeon
et al. 2012). SPM is mainly composed of inorganic matter
with a predominance of clay. However organic matter and
hydrous metal oxides can be attached to the surface of par-
ticles (Droppo 2001).

In the analysed SPM samples, metal concentrations were
calculated as the mass of metal per dry mass of suspended
matter which corresponds to the mass of metal per 1000 dm®
of stream water. There is a noticeable increase in the metal
concentration with the distance from the source of the
stream. The highest concentration of metals was observed
in the case of point SPM5 (Table 4).

Concentrations obtained for cadmium, copper and lead
are within the range estimated as the geochemical back-
ground by Adamiec (2003), while the concentration of zinc
exceeds this value many times. The LAWA classification
(Irmer 1997; LAWA 1998) was used to determine the quality
of suspended matter. It was found that because of Cu, Ni, Pb
and Zn concentrations, all of the samples belonged to class L.
According to this classification, the suspended particle mat-
ter is uncontaminated to moderately contaminated (I class
or I-II class) with Cd.

Many research results have revealed that the heavy metal
ion concentration in the suspended solids was several times
higher than in the bottom sediments (e.g. Adamiec and
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Helios-Rybicka 2002; Helios-Rybicka et al. 2005; Barbusifiski
et al. 2012). Such a situation can be dangerous because sus-
pended particles are easier to transport; hence, they will easily
move down the stream and into the Vistula River carrying
loads of heavy metals. They can also easily be carried off
the banks of the watercourse, especially during flood periods.
In the case of the watercourse analysed, high concentrations
have been found, especially for two metals, this is for zinc and
cadmium. However, only in the case of cadmium, these values
are comparable to those found in sediments (Tables 4 and 6).
Considering the variability of water suspension density, as
expected, it was higher in the rainy period (November). Gen-
erally, it is then more contaminated with metals (Table 5).

Bottom sediment

The chemical composition of stream waters can be affected
in various ways by elements occurring in bottom sediments.
Some minerals may help stabilize the composition of stream
water due to their buffering capacity and others may cause
precipitation of dissolved ions (Haris et al. 2017). What'’s
more, sediment acts as a metal reservoir and constitutes a
sensible indicator of the background pollution of the water-
course (Shafie et al. 2014).

Bottom sediment samples (S) are generally slightly alka-
line. The pH value oscillated from 6.81 (S1) to 7.89 (S5).
Sediments had a low oxidation—reduction potential Eh which
ranged between —217 and — 136 mV. The unique aspect was
the sediment collected at point S3, where the highest elec-
trolytic conductivity (1300 pS/cm), the content of organic
matter (as LOI, 25.94%) and calcium carbonate (57.24 g/kg,
Table 4) were measured.

The spatial variations of metal pollution in sediment
depend on the mineral composition as well as particle size
distribution (Zhao et al. 1999; Huang and Lin 2003). Gener-
ally, heavy metal concentrations increase with decreasing of
grain size fraction (Aleksander-Kwaterczak et al. 2004) due
to the presence of clay minerals, organic matter, and Fe/Mn/
Al oxides in the fine particles (Yao et al. 2015). The results
of the granulometric analysis show that a silty-clay grain
fraction (<0.063 mm) dominates in all sediment samples.
Their amount ranges from about 45 wt% to 72 wt% (Fig. 2,
Table 6). The thickest grain fraction (>2 mm) content does
not exceed 10 wt% and it is the highest in the S2 sample
(9.79 wt%). Such fine-grained sediments can be found in
clay minerals characterized by very good sorption properties
(Helios-Rybicka et al. 1995; Wilson et al. 2016) which may
result in less metal mobility.

Table 4 Heavy metal

N Sample number Density Cd (mg/kg Cu(mg/ Ni Pb (mg/kg  Zn (mg/kg
concentrations in suspended (mg /dm®)  dow.) kgdw) (mgkg d.w) d.w.)
matter

d.w.)
SPM1 2.5 0.11 1.42 3.35 <MDL 9.16
SPM2 13.9 0.22 1.61 3.18 <MDL 14.33
SPM3 13.5 0.14 4.73 3.37 <MDL 7.16
SPM4 7.5 0.21 1.51 3.53 0.42 22.74
SPM5 42.7 0.38 3.65 4.86 2.55 48.93
Minimum 2.5 0.11 0.42 3.35 0.00 9.16
Maximum 42.7 0.38 4.73 4.86 2.55 48.93
Arithmetic average 16.0 0.21 2.38 3.66 - 19.86
Geochemical background according to 0.15-0.60 10-40 n.d. 12.5-50.0 0.05-0.20
Adamiec (2003)
Bold values indicate standard deviation values
d.w. dry weight, MDL method detection limit, n.d. no data
Table 5 ‘Com‘parison of selected Sample number Date Density (mg/ Cd (mg/ Cu(mg/ Ni(mg/ Pb(mgkg Zn
f:len.lents for suspended matter dm?) kgdw) kgdw) kgdw) dw.) (mg/
in different seasons kg
d.w.)
SPM1 November 2.5 0.11 1.42 3.35 <MDL 9.16
June 13 0.12 5.17 2.79 <MDL 4.74
SPMS5 November 42.7 0.38 3.65 4.86 2.55 48.93
June 20.9 0.22 1.61 3.18 0.90 22.74

MDL method detection limit, d.w. dry weight

@ Springer



Environmental Earth Sciences (2019) 78:530

Page90f13 530

100% 1 -‘ ‘I
80% +~ |
60% >2.0mm

) 2.0-0.18 mm
20% +~
20% +

s1 s2 s3 s4

0.18-0.063 mm
<0.063 mm

0%
S5

Fig. 2 Distribution of particle size in sediment samples

The concentration of metals in sediments increases
with the distance from the source. The highest content
of heavy metals was obtained for the S5 sediment which
is located at the outlet into the Vistula River. The high-
est concentrations in the silty-clay fraction were found
for zinc (929 mg/kg), lead (130.93 mg/kg) and cadmium
(10.40 mg/kg). The highest copper content was determined
for S3 (74.92) and nickel (49.71 mg/kg) for the S2 sam-
ple. The results obtained were compared with the local
geochemical background values for sediments from the
Vistula River according to Helios-Rybicka (1986) and for
sediments from Polish rivers estimated by Bojakowska and
Sokotowska (1998, Table 6).

The heavy metal concentrations in the sediment sam-
ples were compared to the Polish classification on the
basis of geochemistry standards (according to Boja-
kowska and Sokotowska 1998) which indicates different
quality classes depending on the metal and the point from
which the sediment was collected. In the sampling point
S1, the sediment is classified as class I regardless of the
metal. From point S2 to S4, the sediment is II class and

Table 6 Characteristic of the bottom sediment

in the last point (S5) sediment is III class because of the
high Cd concentration.

There are some factors that can contribute to the eco-
logical degradation of stream catchments following urban-
ization. It is often difficult to separate their relative impor-
tance because the relationship between urbanization and
ecological decline is complex and varies from stream to
stream and the relationship between stream condition and
catchment land use along the stream are generally complex
(Allan 2004; Marshall et al. 2010).

Due to their negative effects on the environment, the con-
centration of heavy metals in surface waters is regulated
in most countries. The situation is much worse in the case
of sediments. There are no normative values for determin-
ing the quality of water sediments in Polish law. Therefore,
various types of classifications and indices are used for this
purpose. Additionally, pollution indices and indexes may be
an important tool for processing, analysing, and presentation
of environmental information to decision-makers, managers,
environmentalist and the general public (Sarala and Sabitha
2012).

According to the geoaccumulation index (see Eq. 1, using
the values according to Helios-Rybicka (1986) as the geo-
chemical background), at point S1, the sediment was unpol-
luted (class 0) and in S2 weakly polluted (class 1) because
of the Zn concentration. The concentration of this metal was
the reason for sediment at points S3 and S4 being classified
as moderately polluted (class 2) and in S5 as moderately to
heavily polluted (class III, Table 7).

The pollution load index value (Eq. 2) ranges from 1.19 to
1.80; the highest was determined for the point located clos-
est to the mouth into the Vistula River (S5). In all sampling
points, the moderate pollution with metals was observed
(PLI< 2, Tomlinson et al. 1980).

Number of sample pH Eh EC H,0 LOI CaCO;  Frac- Cd Cu Ni Pb Zn
tion <0.063 mm
— (mV) (pS/cm) (%) (%) (g/kg) (%) [mg/kg fraction <0.063mm]
[mg/kg raw sedimem]
S1 6.81 —136 870 19.15 2.96 3.65 72.31 012 le3l 2855 1197 10025
0.09 11.79 20.64 8.66 72.49
S2 7.08 —140 948 15.86 6.06  13.58 53.49 0.16 3722 o7 209 180.56
0.09 13.76 26.59 11.21 96.58
S3 773 =199 1300 2205 2594 5724 67.25 181 4% 2622 5527 354.11
122 50.38 17.63 37.17 372.64
S4 7.80 =217 688 19.37 0.10 24.82 44.79 155 oL 2959 4630 43873
0.69 27.59 1325 20.74 196.51
S5 789 —197 825 24.53 9.62  32.17 46.33 1040 57.88 3249 13093 92924
4.82 26.82 15.05 60.66  430.52
Minimum 681 217 688 19.15 0.10 3.65 44.79 012 ledr 2855 1197 10025
0.09 11.79 20.64 8.66 72.49
Maximum 789 -136 1300 24.53 2594 57.24 72.31 loap 7452 4971 13093  529.4
482 5038 15.05 60.66  430.52
Arithmetic average = — - 926 20.19 894 2629 56.83 pAI) 4728 3331 5308 44058
126 2118 1492 2377 197.34
Geochemical background for the Vistula River (Helios-Rybicka 1986) 2.0 40.0 400 450 110.0
Polish geochemical background (Bojakowska and Sokotowska 1998) 0.5 6.0 5.0 10.0 48.0

Bold values indicate standard deviation values
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Table 7 Classification of sediment because of selected metal concen-
trations according to the geo-accumulative index (Miiller 1969)

Table9 Comparison of sediment quality ecological indicators by
Smith et al. (1996) with average values for the bottom sediments

Metal  Igeo value range  Igeo class Quality of sediment Metal Pb Cu Zn Ni Cd

Cd —-4.64+1.79 0 (S1-S4) Unpolluted Average content (mg/kg) 53.08 47.28 440.58 33.31 2.81
11 (S5) Moderately polluted PEL (mg/kg) 913 197 315 36.0 3.530

Cu —1.88+ 0.32 0(S1,S2,S5) Unpolluted TEL (mg/kg) 350 357 123 18.0 0.596
1(S3, S4) Weakly polluted Samples which exceeded 20 0 60 20 20

Ni —1.19+-027 0 Unpolluted PEL (%)

Pb ~2.5-0.96 0 (S1-S4) Unpolluted Samples which exceeded 60 60 80 100 60
1(S5) Weakly polluted TEL (%)

Zn —-0.72+2.49 0(S1) Unpolluted
1652 Weakly polluted used. All of the analysed metal content exceeded the TEL
I[(S3, S4) Moderately poume(_i indicator (Table 9). In the case of Zn, it comprised 80% of
TILESS) M;(iﬁ:gy to heavily the sediment samples. PEL values for this metal were also

Table 8 Classification of sediment quality according to C; contamina-
tion factor and degree of contamination (Cy)

Metal C; value Monomial
contamina-
tion factor

Cd 1.41 Moderate

Cu 1.18 Moderate

Ni 0.83 Low

Pb 1.18 Moderate

Zn 4.01 High

Total (Cy) 8.61 Moderate

degree of
contami-
nation

The highest value of the contamination factor (Cy) by
Hakanson (1980) (Eq. 4) was obtained for zinc (4.0), while
the lowest for nickel (0.8). Similar to PLI index, a moder-
ate degree of contamination (C;—Eq. 5) has been found
(Table 8).

The extreme variations in the physical and geochemical
character of urban streams have negative consequences to
environmental quality and aquatic life (Hasenmueller et al.
2017). Metal pollution can modify the structure of algal
(Morin et al. 2008) and microbial community (Duarte et al.
2008; Ancion et al. 2010).

The potential ecological risk index (RI) by Hakanson
(1980, Egs. 6 and 7) is calculated as 62.13 for the analysed
sediments which indicate low ecological risk for the water-
body. Despite the fact that this value is not high, it should
be remembered that it was calculated only on the basis of
five metals. Ecotoxicological classification, which is often
used to assess the impact of contaminated bottom sedi-
ments on aquatic organisms (Smith et al. 1996), was also

@ Springer

exceeded in 60% of cases. Particularly alarming is the fact
that, because of nickel concentration, all sediment samples
exceeded the limit value for TEL.

The content of heavy metals in the sediments of the stud-
ied stream was compared with data for other tributaries of
the Vistula River (Table 10). This confirms the very high
concentrations of metals in the analysed watercourse against
the background of larger tributaries.

The pollution of aquatic ecosystems with heavy metals
is often reflected in their high levels in sediments than in
elevated concentrations in water (Linnik and Zubenko 2000;
Singh et al. 2005). Such an occurrence is also strongly vis-
ible in our studies. This is a dangerous situation because in
small watercourses it is common to carry sediments outside
the riverbed. In addition, a large amount of metal is trans-
ported with the suspended matter.

Some of the Vistula tributaries flow through historical
and present mining and smelting areas and transport sub-
stantial amounts of contaminants of industrial origin (Alek-
sander-Kwaterczak and Helios-Rybicka 2009). Water carries
pollution mainly from the Biata, Gostynia, Przemsza and
Wiosienica River basins. The most burdensome is pollu-
tion with mineral substances from saline mine water from
an Upper Silesian hard coal mine. In Krakow, the largest
amount of sewage reaches the Vistula through the tributar-
ies of the Wilga and Drwina Diuga, as well as the Dtubnia,
Rudawa and Biatucha (Pociask-Karteczka 1994). The system
of natural watercourses is supplemented by drainage ditches,
the total length of which is about 628 km, roadside trenches
with a length of 475.8 km and a rainfall sewage system with
a length of about 305 km with rain inlets. The rainwater
drainage system introduces a large load of pollutants into
surface waters, as confirmed by Wardas-Lason (2014). An
additional source of pollution originated from agricultural
areas.

It is very important that land cover and land use can exac-
erbate the effects of metal pollution. The study watercourse
is located in the most contaminated district of the Krakow,



Environmental Earth Sciences (2019) 78:530

Page 110f 13 530

Table 10 Comparison of heavy metal concentrations in investigated sediment samples with values for sediment in other Vistula tributaries in

Krakow region

Metal (mg/kg) Cd Ni Pb Zn Literature

Average concentration in the analysed stream 2.81 47.28 33.31 53.08 440.58 This work

Maximum concentration in the analysed stream 10.40 74.92 49.71 130.93 929.24

Pradnik-Biatucha 2.7-7.6 11-77 4-45 44-122 185-732 Wardas et al. (2006)
Sudét Dminikariski n.d 7-73 n.d 16-124 47-943 Wardas et al. (2010)
Wilga 1-16 8-184 8-31 15-70 43-372 Wardas et al. (2002)
Storm spillover sediment—Vistula’s left bank system 12-13 57-590 n.d 231-320 864-2380 Wardas-Lason (2014)

n.d no data

close to the large steelworks, and has been subjected to
heavy metal emission for over 60 years. What’s more, the
stream flows through built-up areas with a dense network
of roads and parking lots. All these factors affect the con-
tamination of the catchment area, and consequently of the
studied watercourse. Historical and contemporary contami-
nation can cause very long-term emission of metals to the
aquatic environment.

According to the requirements of the European Water
Framework Directive (WFD), surface waters should attain
“good ecological condition” by the end of 2015, which is
denoted by biological, hydromorphological and physi-
ochemical quality elements. As can be seen, this is not an
easy matter in the face of a constant inflow of pollutants.
Water and sewage management in Krakow still generates
pollution, and the environment protection instruments used
to date have proven to be insufficient. It seems important to
measure the concentration of some elements also in sedi-
ments from the small streams, ditches and rain collectors
(Wardas-Lason 2014). This is why, their research should be
introduced to research conducted as part of environmental
monitoring. Only management in the catchment system can
give some positive results and an answer about the problem
of total pollutant load.

Conclusions

The catchment urbanization is consistently accompanied by
decrease of water condition. It is strongly visible not only
in the case of rivers but also for small, unmonitored water-
courses. The composition of water depends on many natural
and anthropogenic factors but changes in chemical composi-
tion are generally greater when the water has low flow. Water
quality can change very quickly; hence, it is a good medium
showing the temporary situation. Contamination of aquatic
ecosystems is more often reflected in high pollutant levels
in sediments than in water. This is why solid particles may
be a much better indicator of the situation occurring in the
watercourse.

It is known that land cover and use can have a huge impact
on water pollution. The study stream is located in the most
contaminated district of the Krakow and has been influenced
by heavy metal emission for over 60 years. What’s more, the
stream flows through built-up areas with a dense network
of roads and parking lots. In the case of small watercourse,
contaminated sediments are often transported outside the
riverbed, and a large number of pollutants can be transported
with the suspended matter in the receiver.

The results of heavy metal concentrations in bottom
sediment samples indicated contents that exceed the values
of the geochemical background and were at a similar level
as larger of Vistula River tributaries in Krakow. The inter-
pretation of different sediment indices of quality shows
that the greatest problem for the environment may result
from cadmium and zinc content. Although the oxidation-
reducing potential and pH values, as well as carbonate
content, indicate stable chemical forms of the metals, it
should be remembered that this form is not stable over
time. As a consequence, metals may be remobilized.

According to the requirements of the European Water
Framework Directive (WFD), surface waters should attain
“good ecological condition” by the end of 2015. As it
turned out, it is not easy in a situation of the constant
inflow of pollutants. It seems important to measure the
concentration of some elements not only in the sediment of
the biggest rivers but also in the smaller streams, ditches
and rain collectors. Only management in the entire catch-
ment system and inventory of pollution sources can give
some positive results in improving the quality of urban
watercourses, not only in Krakow but in any other city
where similar problems occur.
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