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Abstract. The aim of this study is to investigate the distribution of 
selected heavy metals and metal-resistant bacteria in water and bottom 
sediments of the surface drinking water reservoir for Gdańsk. The 
following sequence of metals in regard to metal concentration in sediments 
can be written down: Zn > Pb > Cu > Cd. The evaluation of metals 
accumulation was performed using the Müller index, to indicate the bottom 
sediment’s contamination and geochemical classification of sediment 
quality according to Polish standards. The Müller geochemical index was 
changing in a wide range: < 1–4.1. Although the maximum value of 
Müller’s geochemical index determined for copper indicates that the 
sediment is ‘strongly contaminated’, in general the analysed bottom 
sediments were classified as the I and II category according to Polish 
geochemical standards. From the microbiological side a significant part of 
heterotrophic bacteria isolated from the bottom sediment and surface water 
(raw and treated water) showed a resistance to 0.2 mM and 2 mM 
concentrations of zinc, copper and lead. The highest percentages of metal-
resistant bacteria were recorded in the sediments of the reservoir  
(60%–88%). The share of metal-resistant strains in the raw water was 
significantly lower (34%–61%). The results indicate also that water 
treatment processes may contribute to the selection of resistant strains.  

1 Introduction 

Heavy metals are one of the most widespread contaminants in the environment. They cause 
the environmental pollution from sources such as industrial effluents, mine tailings, land 
application of fertilizers, atmospheric deposition and leaching of metal ions from the soil 
into lakes and rivers by acid rain [1–3].  The authors of many papers report the impact of 
heavy metals on aquatic communities including bottom sediments of rivers and lakes [4–9]. 
Numerous natural and anthropogenic factors affect the chemical composition of surface 
water sediments [10–12]. In the case of flow-through lakes often the most important 
material is the suspended and dissolved one, transported by supplying river, especially 
passing through urban, rural or agricultural areas [9]. The composition of sediments 
depends on geological structures, geomorphology and weathering process, so the 
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background values of individual compounds are characteristic for each region. Sediments 
accumulate contaminants like metals and can serve as secondary sources of pollution to the 
ecosystems they are connected with.  The potential mobility of heavy metals depends on the 
physio-chemical conditions like pH and Eh level, temperature or presence of organic and 
mineral ligands [9, 13–15]. In addition, flow interruptions, storm events and other 
perturbations such as ice scouring can result in heavy metals being released again from the 
sediments. The desorption and transformation of contaminants into more bioavailable 
chemical forms may pose ecological risk. Although some heavy metals are required for the 
normal functioning of bacteria, fungi, plants and animals [16, 17] most can be toxic to all 
branches of life. The environmental pollution as well as the widespread use of antibiotics 
promote the formation of the mechanisms of resistance in bacteria. Drinking-water 
treatment plants use a number of treatment methods to improve water quality:  
e.g. flocculation, sedimentation, filtration and disinfection. Among the processes, chemical 
disinfection contributes greatly to the control of microorganisms from treatment plant to 
point of use [18]. It can promote however the survival of bacteria resistant to chlorine 
compounds, antibiotics as well as heavy metals. 

Bottom sediments are good indicators of the contamination degree of the water 
environment. The assessing of concentrations of heavy metals and comparing them with 
background or reference value can be applied to determine the sediment contamination. 
There have been numerous criteria of sediment quality and some of them have been found 
to be a relatively good predictors of site contamination [19, 20]. The most commonly used 
are Muller’s index of geoaccumulation (Igeo) [9, 15, 21], but in some countries (Poland, 
Germany) also the regional criteria are employed [22, 24]. 

The main objectives of this study are: to determine the concentration of heavy metals 
including Zn, Cu, Pb and Cd in the surface sediments of Straszyn lake, to assess the 
threshold of heavy metals contamination in sediments using the sediment quality criteria 
and to determine heavy metal resistant bacteria (Cu, Zn, Pb) in bottom sediments, raw 
water and drinking water.  

2 Study area 

The study was conducted on Straszyn Lake located on the Radunia river (the northern 
Poland) on the eastern edge of the Kashubian Lakes District. This reservoir has been 
constructed in 1910 mainly to produce energy. Situated here a small hydroelectric power 
plant with a capacity of 2450 kW is the oldest one on the Radunia river and remains in 
operation until today. The Radunia’s catchment area equals to 837 km2 and as much as 
67.6% of the area is agricultural land. The total volume of Straszyn reservoir is 3 mln m3, 
surface area amounts to 0.75 km2 and the average retention time is 170 hours [25]. Since 
1986 the main function of this reservoir is drinking water provision for several districts of 
Gdańsk.  

The Straszyn surface intake is one on the biggest in Gdańsk and  supplies the drinking 
water to more than 30% of the inhabitants [26]. During the research the raw water was 
pretreated with the ozone (0.5–0.8 gO3/m3, 3 min.). After the  coagulation (10%  solution of 
Al2(SO4)3 in summer or 5% solution of NaOH in winter) and flocculation processes in  
two-staged labyrinthine chambers, the water was filtered through sand and then 
intermediate ozone and filtration through activated carbon (up to 6m/h) was applied. Prior 
to delivery to the network, polyphosphates and lime water were added to the treated water 
and then it was disinfected with mixture of Cl2 and ClO2.  
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3 Materials and methods 

3.1 Samples collection 

Heavy metals concentration (Zn, Cu, Pb, Cd) was determined in sediments and presence of 
potentially  heavy metals resistant bacteria was determined in the bottom sediments, raw 
water and water in distribution system. 

3.1.1 Sample collection of sediments 

Sediments sampling sites were located in the mainstream of reservoir. The ordinal numbers 
of the points increase from the Radunia river inflow to the water intake at the dam. The 
sampling locations are shown in Fig. 1. 

 
Fig. 1. Positions of sampling sites. 

Surface sediment sampling was performed between May and October 2013, 8 times, in 
approximately 20 days intervals. Sediment samples of 10–15 cm thickness were collected 
using the KC Kajak sediment core sampler (Denmark Research Equipment) and stored in 
acid washed plastic containers. After collection samples were air-dried and sieved (2 mm 
plastic sieve) in order to remove major detritus. A sterilized stainless steel 10 cm diameter 
sampler was used for collecting sediments for the microbiological analyses. 

3.1.2 Sample collection of water 

The raw water was collected after the screens, and the treated water was collected at five 
points chosen on the length of the network – there were downloaded 8 series of samples in 
total. The water samples were collected directly into sterile 500 ml glass bottles. 

3.2 Laboratory analyses 

The samples of sediments were analyzed in terms of grain size, organic matter content and 
selected heavy metals content (Zn, Cu, Pb, Cd).  

Grain size distribution was performed using wet sieving method (sand: 1–0.05 mm, clay 
silty: 0.05–0.002 mm, clay < 0.002 mm) in Analysette 28 Image Sizer.  Organic matter 
content was determined using loss of ignition (LOI) technique at 605°C.  

For metal analyses the sediment samples were dried at 105°C (to constant weight) and 
sieved through a 0,2 mm sieve. In order to determine the content of Zn, Cu, Pb and Cd the 
sediment samples were extracted  with aqua regia (HCl:HNO3 = 3:1) using Büchi digestion 
system K-438 [27]. All the concentrated acids used for the experiments were supra pure 
(Merck) quality. Zn, Cu, Pb and Cd standard solutions were prepared from 1000 mg·L-1  

3

E3S Web of Conferences 22, 00093 (2017) DOI: 10.1051/e3sconf/20172200093
ASEE17



 

Merck standard solution  (Certipur®). Blank reagent and reference materials analysis  were  
done  following  the  same  experimental  procedure.  

Total metals concentrations in sediments were measured by flame atomic absorption 
spectrometry (FAAS) using  Vario 6 (air/acetylene flame), equipped with a single element 
hollow cathode lamp and a deuterium lamp for the background correction. All 
measurements were performed three times and reported as mean values. Replicate 
measurements agreed within < 5%. Accuracy of the analytical method was assessed using 
the sediment reference materials (river clay sediment LGC6139). During metals analyses, 
calibration solutions, blanks and standards were re-run every 12 samples. In studies of 
bacterial resistance to heavy metals there were used sulfate salts of  zinc, copper and lead. 
The total number of bacteria was isolated on R2A agar [28]. Heterotrophic bacteria in water 
and sediment samples were enumerated by spread plate count. The plates were incubated at 
22°C from 3 to 7 days. The sulfate salts of  zinc, copper and lead were used as follows:  the 
appropriate volumes of stock 10 mM ZnSO4, 10 mM CuSO4 and 10 mM Pb(NO3)2 
solutions, sterilized via filtration, were added to a 100 ml sterile R2A liquid medium  
15 minutes before inoculation in order to give a final concentration in solution 0.2 mM and 
2 mM. The percentages of metal-resistant bacteria were determined by comparing the 
number of bacteria on the R2A medium with Cu, Pb and Zn with the number of bacteria on 
the R2A medium without them. 100 g sediment samples were mixed with 100 ml of Ringer 
solution with 0.28% sodium pyrophosphate additive [29, 30]. The solution was shaken 
vigorously for 20 minutes with a type 358S laboratory shaker and decanted for 2 minutes. 

4 Results and discussion 

Grain size analyses revealed that sediments sampled from the site 1 (upper part of reservoir, 
Fig. 1) were coarser (fraction ‘sand’ 47% and ‘clay silty’ 49%) than sediments taken from 
the sites 2–4. Sediments from the middle and lower part of reservoir were finer, with the 
fraction ‘clay silty’ representing about 83%-91% of the sediment mass. The organic matter 
content (express as LOI) presented variability in the range of 10.6–14.8%. Zn, Cu, Pb and 
Cd occurred in the investigated sediments in a wide range of concentration. Taking into 
consideration the criterion of the concentration in sediments, the following sequence of 
metals can be identified: Zn > Pb > Cu > Cd. The content of Zn in the sediments of the 
Straszyn reservoir were characterized by considerable variability (15.31–92.47 mg kg-1dry 
wt). The mean Zn contents for sampling points were lower in the upper part of the reservoir 
compared to the middle and lower part (Fig. 2). Concentrations of Cu were in the range 
2.34–25.65 mg kg-1dry wt; similar on the stations 2–4 (mean values 20.40–22.05 mg kg-

1dry wt) and lower on the station 1 (mean value 3.81 mg kg-1dry wt). The highest Pb 
content (mean value 33.75 mg kg-1dry wt) was detected in the sediments from the middle 
part. Concentration of Cd were in the range 0.04–1.70 mg kg-1dry wt. Higher contents of 
Cd were found also in the middle and lower part of reservoir (from stations 2–4). Fig. 2 
shows changes in the total metal content in sediments at the sampling sites. 

Similar results were found in other investigations conducted in the sediments of lakes in 
the northern and northeastern Poland. There were observed though significant differences  
in heavy metals concentrations in bottom sediments in Poland: sediments of lakes and 
rivers located in southern Poland were more strongly contaminated by various metals in 
comparison to northern Poland [9, 24, 31]. 
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Fig. 2. Changes in the concentrations of zinc, copper, lead and cadmium in sediments at the sampling 
sites.  

The earlier studies (1999–2000) of heavy metals in sediments of Straszyn lake [32] 
indicated that the concentrations of Zn, Cu, Pb and Cd were higher than the average ones 
for the Pommeranian Region. In our reserch, (conducted 14 years later) the concentrations 
of zinc, lead and cadmium were significantly lower and the content of copper was at  
a comparable level. The improvement of the quality of sediments was probably caused by 
the modernization and expansion of municipal facilities located in the catchment of the 
Radunia River: wastewater treatment plants in Przodkowo (2001–2002) and in Somonino 
(2008–2009). The reports of Gdańsk Inspectorate of the Environmental Protection [33] 
provided that in 2000 water quality of Radunia river was maintained in I and II class 
according to the Polish standards, but the concentration of copper was too high. The report 
on 2013 assesses the condition of the Radunia River’s water in accordance with the WFD 
as good. Kuriata-Potasznik [9] reported that a river flowing through a lake is a key factor 
responsible for the input of the majority of available fraction of heavy metals. 

According to the correlation coefficients, accumulation of heavy metals in the Straszyn 
reservoir sediments was mainly related to content of fine fraction of sediments: silty clay  
(r2 = 0.92–0.99) and clay fractions (r2 = 0.68–0.87). Similar results were obtained  for Cu, 
Zn, Pb, Cd and Ni by Szarek-Gwiazda and Strzebońska [15, 34]. Additionally a strong 
negative correlation was found between metals and sand fraction (r2 = -0.90 – -0.99). The 
high correlation coefficients between metals were also calculated (r2 = 0.86–0.98) (Tab. 1). 

Table 1. Coefficients of correlation between heavy metals concentration and between heavy metals 
concentration and parameters affecting metals distribution in the sediments. 

Parametr Zn Cu Pb Cd 
r2 

Zn  0.97 0.88 0.95 
Cu   0.95 0.98 
Pb    0.86 

Grain 
size 

0.05–1.00 -0.99 -0.96 -0.92 -0.90 
0.002–0.05 0.99 0.97 0.93 0.92 
< 0.002 mm 0.87 0.75 0.71 0.68 

LOI 0.23 0.21 0.45 0.00 
 
The assessment of sediment enrichment with metals was carried out using Polish 

geochemical classification [24] and Müller’s geoaccumulation index  Igeo [35]. 
The sediment metals concentrations presented by [36] were used as a local geochemical 

background  in all the calculations. 
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According to the first geochemical classification of river and lake sediments in Poland, 
proposed by the Polish Geological Institute [24] sediments deposited at the analysed sites in 
the Straszyn reservoir were classified with respect to: 

• Zn and Pb falling into the first class in all the sampling points 
• 47% of the samples were classified to the I and 53%  to the II category in terms of Cu 
• 75% of the samples were classified to the I and 25%  to the II category in terms of Cd 
Bojakowska [24] also reported, that the bottom sediments in northern Poland (rivers: 

Narew, Noteć, Łeba, Słupia) were classified in I and II category. 
To establish contamination status of the Straszyn reservoir sediments, also the 

geoaccumulation index was calculated and classification in Igeo classes was carried out:  
Igeo = log2 Cn/1.5Bn        (1) 

Cn – concentration of the element “n” in the fraction < 0.002 mm (clay) 
Bn – background value for this element for this fraction of river sediment 
The factor 1.5 is employed to take into account possible variations in the background 

data. 
The index of geoaccumulation consists of seven grades, whereby the highest grade 

reflects 100-fold enrichment above the background values. The geoaccumulation classes 
and  corresponding contamination intensity listed by Förstner [22] were used. 

In this study the values of Igeo were calculated from using grain-size fraction of  
< 0.2 mm. The Müller’s geochemical index changed in a wide range: the lowest values for 
each metal were observed in the sampling point 1 and the highest – near the dam. The 
maximum value of the Müller’s geochemical index was determined for copper: it was in the 
range 3–4 which means that the sediment was ‘strongly polluted’. The values of Igeo for Zn 
and Pb were classified in grades 1-3: ‘moderately or strongly polluted’ were the samples of 
sediments in the middle and lower part of reservoir. Sediment of Straszyn reservoir was 
classified as ‘unpolluted to moderately polluted’ because of Igeo< 1 for Cd. Although  the 
bottom sediments in Poland were classified in grades 3–4 for Cu, 3–4 for Pb, 4–6 for Zn,  
5–6 for Cd in river Odra [37], sediments of lake Symsar (northern Poland) were found as 
‘uncontaminated’ and ‘moderately  contaminated’ [9]. 

The graph 3 shows the mean  percentages of heavy metals resistant bacteria. Bacteria 
isolated from  sediments, raw water and drinking water  displayed the highest resistance to 
zinc in the concentration 0.2 mM (respectively 88% , 62% and 83%). In case of  lead  
(0.2 mM) and copper (0.2 mM) the percentages of strains resistant to these metals were 
lower and reached respectively 81% and 70% of the bacteria isolated from sediment, 54% 
and 50% of the bacteria isolated from the raw water and 75% and 66% in case of strains 
isolated from tap water. The resistance to the higher concentration (2 mM) of copper was 
shown by 60% of the strains isolated from sediments, 35% of the strains isolated from the 
raw water and 58% from tap water. In case of bacteria resistant to Zn and Pb (2 mM), the 
figures were respectively 67% and 69% for deposits, 49% and 42% for raw water and 64% 
for tap water in both categories (Fig. 3). 

High lead levels in drinking water are still a concern for households serviced by lead 
pipes in many parts of North America and Europe [38]. Copper pipes and zinc-coated 
components are also commonly used in water distribution systems. Many researchers point 
out that primarily copper and zinc ions inhibit the growth of microorganisms, but bacteria 
resistant to these metals are often resistant to antibiotics and disinfectants as well [39, 40]. 

According to Schwartz et al. [40] the relationship between bacteria resistance to heavy 
metals, antibiotics and disinfectants was observed. The disinfection process, in particular 
the usage of chlorine compounds may result first of all in the survival of strains resistant to 
both multiple-antibiotic and heavy metals [41]. One of mechanisms, by which sub-
inhibitory levels increase the risk of selection of  ARB, is the chemical stress [42].The 
application of chlorine solution in the disinfection process leads to the abundance of 
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antibiotic-resistant bacteria and antibiotic-resistant genes in opportunistic bacteria [43, 44]. 
Disinfection efficiency does not remain the same throughout the supply system, as the 
chlorine concentration varies. Responses range from lethality/complete inhibition at high 
concentrations, selective survivability of resistant populations at sub-inhibiting 
concentrations, to responses triggering biochemical stress at much lower (sub-inhibitory) 
concentrations. Some of surviving bacteria may have increased the innate resistance to 
those impacts [45]. 

 

 
Fig. 3. The percentage of heterotrophic bacteria isolated from bottom sediments, surface raw water 
and tap water resistant to zinc, lead and copper. 

5 Conclusions  
The concentrations of metals in the Straszyn Lake measured in this research were lower 
than the contents reported by Kulbat [32] in studies conducted in 1999-2000, except copper. 
Accumulation of Zn, Cu, Pb and Cd in sediments was mainly related to content of fine 
fraction of sediments. The results of this study proved that sediments of Straszyn reservoir 
not exceed the levels of I and II class according to Polish geochemical standards proposed 
by Bojakowska [24]. However the maximum value of the Müller’s geochemical index was 
determined for copper: it was in the range 3–4 which means that the sediment was ‘strongly 
polluted’. The sediments were ‘moderately or strongly polluted’ of zinc and lead and 
unpolluted to moderately polluted’ of cadmium. Bacteria isolated from  sediments, raw 
water and drinking water displayed the highest resistance to zinc, probably because content 
of this metal was the highest, and the multi-stage water treatment technology has 
contributed to the selection of bacteria resistant to various impacts, including heavy metals. 
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