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Comparison of selected methods used in the assessment of
contamination with heavy metals in littoral sediments of lakes

by Abstract
Julita A. Dunalska"*, This study compared selected methods of assessing
Zygmunt M. Gusiatinz, Rafat ZlellﬁSkI1, the pollution in the littoral sediments by heavy metals

(Zn, Cu, Pb, Ni and Cd) in 13 lakes of the Borecka Forest.
For this purpose, the ecotoxicological criteria (PEL TEL),
the geoaccumulation index (I ), the contamination factor
(CF) and the contamination degree (C) were applied.
Characteristic values for both Poland (GBP) and the Earth's
crust (GBE) were assumed as the geochemical background.
In addition, the organic (TOC) and inorganic (TIC) carbon
were determined in the analyzed sediments. Regardless
of the method or adopted background value, the highest
pollution level was in the littoral sediments of Lake Szwatk
Maty and Lake Kacze. This was primarily associated with
increased concentrations of Cd (1.25 and 0.64 mg kg,
respectively), which was considered as “likely to have toxic
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Poland littoral sediments of other lakes was sufficiently low and
they could be considered as basically uncontaminated.
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Introduction

Heavy metals are elements whose density is greater
than 4.5 g cm? (Streit 1994). They are divided into two
groups. The first group consists of elements necessary
for the proper functioning of the body in trace
amounts, while at higher concentrations they usually
exhibit toxic effects. These include iron, manganese,
zinc, molybdenum, chromium and nickel. The
second group includes metals of unknown metabolic
functions, which have toxic properties even in small
quantities, such as cadmium, lead, mercury, silver and
platinum (Zamorska & Papciak 2010).

The presence of heavy metals in aquatic
ecosystems is a result of natural processes and
anthropogenic  activities  (Shaikh  2013). Rock
weathering is one of the natural sources of metals.
However, the content of elements of this origin
is usually low and is referred to as “geochemical
background”, which is specific for a given region. On
the other hand, human activity has contributed to
a significant increase in the concentration of heavy
metals in the aquatic environment (Wei & Wen 2012).
Currently, metals pose a serious threat to organisms
because of their resistance to degradation and the
capacity for accumulation, including bioaccumulation
and biomagnification (Tao et al. 2012). This particularly
applies to cadmium, copper, nickel, lead, zinc, mercury
and chromium. Even small concentrations of heavy
metals may adversely affect the proper functioning
of living organisms and cause mutagenicity, teratoge-
nicity and carcinogenicity (Ociepa-Kubicka & Ociepa
2012; Sardar et al. 2013).

Heavy metals in natural waters undergo various
chemical transformations, adsorption and complex-
ation followed by sedimentation and accumula-
tion in sediments (Allen 1995). Depending on the
properties of individual metals, as well as environ-
mental and hydrological factors related to the channel
morphology, the speed and character of water flow,
they become a more-or-less permanent deposit in
sediments (Rabajczyk & Jozwiak 2008). The littoral
zone usually has the highest biological diversity within
a lake due to good oxygenation, a large amount
of incoming light as well as the presence of shady
locations and varied terrain structure. It is also the
most sensitive area of environmental and hydrolog-
ical variability, interacting directly with the land (Kajak
2001). Therefore, an assessment of the contamination
level in water bodies with heavy metals should also
include analysis of their content in littoral sediments.

The objective of the study was to assess the
pollution of littoral sediments with heavy metals (Zn,
Cu, Pb, Ni and Cd) in lakes of the Borecka Forest, using
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different methods based on the geochemical criteria
for Poland and the Earth's crust. The Borecka Forest,
located in north-eastern Poland, has a high density
of lakes, which makes it one of the most important
ecological habitats and an attractive place for tourists.
Although the lakes differ in the degree of anthropo-
pressure and morphometric and direct catchment
parameters, there is no information on the sediments
of these lakes, especially in terms of heavy metal
content.

Materials and methods

Study sites

The study covered thirteen lakes, located in
north-eastern Poland (Fig. 1). According to the
physico-geographical regionalization of Poland, the
studied lakes are located in the mesoregion of Etk
Lakeland, which is part of the Masurian Lake District
(Kondracki 2001). The lakes are situated within the
Borecka Forest, which is unusually valuable because of
its natural qualities including a dense forest complex
covering an area of approximately 230 km?.

The largest lake is Lake tazno, occupying an area
of over 562 ha with a maximum depth of about 18 m.
The deepest lake is Lake Krzywa Kuta, with a depth of
26.5 m. The smallest (area 1.8 ha) and shallowest lake
(maximum depth 0.8 m) is Lake Kacze (Table 1).

The direct catchment areas of the examined lakes
are characterized by different types of land use. The
direct catchment of Lake tekuk is covered mostly by
agricultural lands (about 69%). Catchments of Lake
tazno, Lake Szwatk Maty, Lake Szwatk Wielki, Lake
Wolisko, Lake Krzywa Kuta and Lake Litygajno have
relatively large surface areas and the contribution of
agricultural land above 15%. The highest percentage of
wasteland is observed in catchments of Lake Litygajno
(12.5%) and Lake taZno (12.2%), whereas the highest
percentage of building areas - in catchments of Lake
tazno (5.4%) and Lake tekuk (4.5%). No wasteland or
buildings are present in the catchments of five lakes
(Lake Biata Kuta, Lake Kacze, Lake Smolak, Lake Ciche
and Lake Dubinek; Table 2).

Sediment sample collection and analysis

The research on the littoral sediments in lakes
of the Borecka Forest was carried out in August
2010. The study sites were located in the central
part of the zone with helophytes and if the zone
of emergent vegetation was absent — at a depth of
0.5-1.5 m, depending on the slope of the lake bottom.
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Figure 1

Location of the studied lakes: 1. Biata Kuta, 2. Krzywa Kuta, 3. Kacze, 4. Smolak, 5. tekuk, 6. Wolisko, 7. Pilwag, 8. Szwatk
Wielki, 9. Ciche, 10. Szwatk Maty, 11. £azno, 12. Litygajno, 13. Dubinek

Table 1

Morphometric parameters of Borecka Forest lakes

]

I T N T I I B I
14 32 044

- Catchment A\.-'er:age ML?}:. Shore_line A\.-'e_r'age EIoncj]ati_on
Lake de depth | depth | factor depth | development | length idth factor
I
3140 213 1343 3182 2700 1.65 1200 1775 6.76
3150 1312 1344 78831 60 265 023 8550 2.1 2250 5831 386
. 3160 18 1343 51 03 08 038 490 1.04 171 1030 166
3160 70 1353 1259 17 51 033 1190 127 500 140.0 357
3150 207 1274 9574 46 125 037 1900 118 675 3067 220
3150 135 1759 6202 46 86 053 1780 137 588 2296 256
3150 1351 1333 20253 15 36 042 7940 193 B0 5823 398
3150 2134 1334 105058 49 11 045 9350 1.81 3800 5616 677
3150 150 1419 3300 22 45 049 2560 186 689 2177 316
3150 704 1336 30168 43 67 064 4900 165 1485 4741 313
3150 5624 1332 320179 57 18 032 17825 212 6200  907.1 683
3150 1621 1331 97639 60 164 037 10675 237 4700 3449 1363

1bin 3140 121 1514 310.1 25 6.2 0.40 1660 135 638 189.7 3.36
*shallow lakes (3140), eutrophic lakes (3150}, dystrophic lakes (3160)
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Table 2
The land use in the direct catchments of the analyzed
lakes

llfke Agric Vaste Building Forest

Biata Kuta 26 - - 97.4

17.8 18 26 778
- 100.0

44 - - 9.6

68.7 37 45 2341
19.6 55 27 723
52 11 05 9.2

206 28 11 754

27 - - 97.3

388 96 12 50.4

407 122 54 a7

15.9 125 22 69.4
: ST me

The number of sediment sampling points for each
lake was determined based on its surface area, the
shoreline length and the direct catchment land use.
It ranged from 3-5 sampling points for the smallest
lakes to 5-8 points for the largest lakes. Samples
were collected from the 10-cm sediment surface
layer using the Kayak sampler, and then mixed to
obtain an average sample for further analysis. After
drying at room temperature to a constant weight,
the samples were grinded in a porcelain mortar and
passed through a sieve with 1-mm diameter mesh.
The following analyses were performed on the thus
prepared sediments:

total concentration of heavy metals (Zn, Cu, Pb, Ni
and Cd) using flame atomic absorption spectro-
metry (FAAS, spectrometer 280FS AA, Varian)
after prior digestion of a sediment sample in a
microwave oven (CEM MARSXpress) in the presence
of aqua regia (@ mixture of HCl and HNO, at 3:1
ratio),

concentration of total carbon (TC) and total
inorganic carbon (TIC) by combustion of dry
sediment samples on a TOC analyzer (VCSN,
Shimadzu) equipped with a solid sample module
SSM-5000A. Total organic carbon (TOC) was
calculated as a difference between TC and TIC.

Sediment pollution with heavy metals was assessed
on the basis of geochemical criteria. For this purpose,
the measured metal concentrations in sediments (in
mg/kg of dry mass) were compared to concentrations
considered as characteristic of undisturbed conditions,
and referred to as ‘geochemical background’ for
Poland (GBP) (Bojakowska 2001).
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The potential harmfulness of the analyzed
heavy metals on aquatic organisms was determined
according to the ecotoxicological criteria using two
threshold values of TEL (Threshold Effects Level)
and PEL (Probable Effects Level). TEL refers to the
concentration of an element above which a toxic effect
on the organisms can be observed, while PEL applies
to a metal content beyond which toxicity to organisms
is often observed (CCME 1999).

The pollution levels in the littoral sediments for
a given lake were calculated based on the following
indices:

a) the geoaccumulation index (Igec):

C
I =lo m
geo I'5’5(1.53

n

) Q)

where: C_ - metal concentration in sediment [mg kg'],
B, - the geochemical background value; two values of
B, were assumed: the value characteristic for Poland
(GBP): 73 (Zn), 7 (Cu), 15 (Pb), 5 (Ni), 0.5 (Cd) mg kg
(Bojakowska 2001) and the concentration correspon-
ding to the natural content in the Earth's crust (GBE):
67 (Zn), 39 (Cu), 17 (Pb), 24 (Ni), 0.1 (Cd) mg kg™ (Taylor
& McLennan 1995; Li & Shoonmaker 2003; Choiriski
et al. 2010). The value of 1.5 is the correction factor
arising from the possibility of natural fluctuations in
metal concentrations in the environment with low
anthropogenic influence. Different classes of sediment
quality based on the geoaccumulation index can be
distinguished: ‘0" (I <0, unpolluted), ‘1 (0<Igeo<1,
unpolluted to moc?erately polluted), 2" (1<l
moderately polluted), ‘3" (2<I <3, moderatei;
strongly polluted), ‘4’ (3<Ige°<4 strongly polluted), ‘5
(4<Igeo<5, strongly to extremely polluted) and ‘6’ (Igeo>6,
extremely polluted).

b) the contamination factor (CF):

where: C -metal concentration in sediment [mg kg™],
B, — geochemical background for a given metal (GBP
or GBE) [mg kg']. Based on the CF index, the sediment
pollution levels can be classified as follows: low (CF <
1), moderate (1 < CF < 3), considerable 3 < CF < 6) and
very high (CF > 6) (Hakanson 1980).
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c) the percentage of each metal in the total sediment
contamination (% CF)):

CF
> CF ®

%CF, =

d) the degree of sediment contamination (C)
(Abraham 2005; Likaku et al. 2013):

where: N - the number of analyzed metals, CF, - the
contamination factor for i metal. There are seven
categories of sediment contamination levels based
on the C, index: 1" (C <1, nil to very low), "2’ (1.5<C <2,
low), 3" (2<C,<4, moderate), 4" (4<C<8, high),
‘5" (8<C <16, very high), ‘6" (16<C <32, extremely high)
and ‘7" (C =32, ultra-high) (Likaku et al. 2013).

Statistical analysis
Means and standard deviations were reported
when appropriate. Pearson’s correlation analysis was

performed to evaluate potential relationships between
different variables using Statistica 12.0 (StatSoft Inc.).

Results

Total metal concentration in sediments

In most sediments, the concentrations of
heavy metals decreased in the following order:
Zn>Cu>Pb>Ni>Cd (Table 3). In the case of sediments
collected from lakes tekuk, Ciche and Litygajno, the
order was similar to that above, but the average lead
concentration was higher than the concentration of
copper (Zn>Pb>Cu>Ni>Cd). Only sediments from
three lakes were characterized by a specific sequence
of heavy metals: Lake Kacze (Zn>Pb>Cu>Ni=Cd),
Lake tazno (Cu>Zn>Pb>Ni>Cd) and Lake Dubinek
(Zn>Cu>Ni>Pb>Cd).

The maximum concentrations of zinc, copper
and lead were found in the littoral sediments of Lake
Kacze: 42.35 mg Zn kg', 15.60 mg Cu kg' and 26.77
mg Pb kg'. The second-highest concentrations of
these metals were recorded in sediments of Lake
Dubinek, but they were lower by about 36% (Zn), 8%
(Cu) and 75% (Pb) compared to metal concentrations
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Table 3
Heavy metals in sediments arranged in order from the

highest to the lowest concentration for a given metal

Order of heavy metals
Zn>Cu>Pb>Ni>Cd

K Kuta Zn >Cu>Pb>Ni>Cd

Zn>Pb>Cu>Ni=Cd
cuk

Zn>Cu>Pb>Ni>Cd
B Zn>Pb>Cu>Ni>Cd
Zn>Cu>Pb>Ni>Cd
Zn>Cu>Pb>Ni>Cd

In=>Cu=Pb=Ni>Cd
Zn >Pb>Cu>Ni>Cd
In=>Cu=Pb=Ni>Cd
CuzZn=Pb=Ni>Cd
Zn >Pb>Cu=Ni>Cd
In=>Cu=Ni>Pb>Cd

Litygajno

Dubinek

in sediments from Lake Kacze. On the other hand, the
lowest concentrations of zinc, copper and lead were
recorded in the sediments of lakes Szwatk Maty and
Krzywa Kuta. The littoral sediments of Lake Dubinek
was characterized by the highest average content
of nickel. The lowest concentration of nickel was
observed in sediments of Lake Smolak (Table 4). In the
case of cadmium, its maximum content was recorded
in littoral sediments of Lake Szwatk Maty. Nearly 50%
lower concentration of cadmium was determined in
sediments of Lake Kacze. In other lakes, the concentra-
tion of this metal did not exceed 0.20 mg Cd kg™
However, the lowest content of cadmium was recorded
in sediments from Lake Biata Kuta, Lake Smolak and
Lake Dubinek. The average concentrations of heavy
metals in the littoral sediments of the examined lakes
were at the following levels: 13.28 mg Zn kg™, 6.37 mg
Cukg’, 4.88mg Pb kg™, 218 mg Ni kg', 0.23 mg Cd kg™
(Table 4).

Assessment of sediment pollution with heavy
metals

Geochemical and ecotoxicological criteria

The content of heavy metals in littoral sediments of
the examined lakes varied. Based on the geochemical
criteria for Poland (GBP) (Bojakowska 2001) (Table 5),
it was found that metal concentrations in sediments
from nine lakes (Biata Kuta, Krzywa Kuta, Smolak,
tekuk, Wolisko, Szwatk Wielki, Ciche, tazno and
Litygajno) were below the background value. Whereas,
the content of one or more metals in sediments
from three lakes slightly exceeded the GBP levels:
Lake Pilwag (Cu), Lake Dubinek (Cu and Ni) and Lake
Kacze (Cu, Pb and Cd). Nevertheless, the sediments of
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Table 4
The average content of heavy metals, total carbon (TC), total organic carbon (TOC), total inorganic carbon (TIC) in
littoral sediments in lakes of Borecka Forest

Lake zn | c [ e | N | cd |
Biata Kuta 6.50 6.22 3.83 1.09 0.05 16.00 0.11 16.11
rzywa Kuta 34 2.01 1.06 0.72 0.10 6.01 0.03 6.04
acze 4235 15.60 26.77 0.64 0.64 45446 0.22 49468
ak 11.31 5.62 2.89 0.05 0.05 44.58 0.12 4471
ekuk 12,65 5.56 6.03 74247 0.10 7.20 365 10.86
Wolisko 2246 4.06 2.19 125 0.10 6.30 9.17 1546
ilwag 19.78 1061 2.88 1.64 0.15 41.96 7.16 49,12

=

5.80 3.70 1.29 0.85 0.14 1217 0.03 12.20

iche 8.96 272 276 1.91 0.19 8.57 0.11 8.67
aly 062 2.55 0.89 135 1.25 15.56 0.04 15.60

azno 346 6.31 1.90 143 0.14 9.79 15.11 24.90
itygajno 8.06 3.54 4.08 1.82 0.10 22.95 0.74 23.69

2 143 6.57 0.05 50.30 1042 60.72

Average| 1328 488 . 3.61
Y 0.03
Max| 4235 | 1560 | 2677 |
D] +11a81 +6.82 .
11244 - : 70.19

n | 7 | s | s | os | - | I
o N V2 - O S S N

SD - standard deviation; V - variability index [%]; GBP - geochemical background for Poland, GBE- geochemical background for the Earth's crust.
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Table 5

Geochemical criteria of sediment pollution assessment (Bojakowska 2001)

Classes of sediment pollution

Metal geochemical moderately strongly
background polluted polluted

(mg kg™

Zinc (Zn) 73 200 500 1000 =>1000

unpolluted polluted

Copper (Cu) 7 40 100 200 >200
Lead (Pb) 15 30 100 200 >200
Nickel (Ni) 5 16 40 50 >50
Cadmium (Cd) <0.5 1 35 6 >6

these lakes were considered to be unpolluted (purity limit value of TEL. Therefore, the sediments from these
class 1) (Table 6). Only littoral sediments from Lake lakes did not have a toxic effect on the organisms
Szwatk Maty exceeded the GBP levels for cadmium (Tables 4, 7).

more than twice and were classified as moderately

polluted (purity class Il) (Table 6). Sediment pollution indices {Igm, CFC)

According to the ecotoxicological criteria (Table 7),
the sediments of lakes Kacze and Szwatk Maty were The calculated values of the geoaccumulation
considered to have a toxic effect on the organisms. indices for Zn, Cu, Pb, Ni and Cd in sediments using
These sediments were characterized by an increased GBP and GBE as backgrounds are given in Table 8.
content of cadmium (> 0.6 mg kg'). In the case of The | indices for Zn in all sediments were below 0.
other lakes, metal concentrations did not exceed the Thus, all sediments showed no contamination with Zn.

G
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Table 6

Heavy metal pollution of littoral sediments from lakes in Borecka Forest

T | aw | m | N ] |
Lake

Sediment purity classes

Sediment evaluation

0

0

0

0 0
0 0
0 0
0 o umoluwed
0 0
0 0
0

0

0

geochemical background
0 geochemical background
geochemical background
geochemical background
geochemical background

geochemical background

geochemical background
1] moderately polluted
geochemical background
geochemical background

SzwatkWielki

o o0 0 0O 90 0O 0 00 090 o0 0
o o

IDDDODIDDO

o o o O O O o O o O

Table 7

Ecotoxicological assessment of sediments in rivers and lakes (Macdonald 1994, CCME 1999)

Veta PEL

‘I
=

123 315

Cu 36 197

16 42
Cd 06 35

Table 8

Values of geoaccumulation indices (Im} of heavy metals in littoral sediments from lakes in Borecka Forest
, -4.07 076 -255 -2.78 -4.00
BiataKuta =
3.95 323 -274 -5.05 -167
.01 239 441 -3.38 -297
vaKuta —
488 486 459 715 -064
GBP 137 057 025 -355 023
Kacze =
GBE 1.25 191 007* 731 2.10%
GBP -3.28 0.90 -2.96 -391 -391
Smolak —
GBE 3.15 338 -3.14 767 -1.58
GBP 3.1 092 -1.84 -1.69 -295
tekuk =
o 2.29 137 3.36 -1.96 -292
GBE 216 385 -3.54 572 -0.60
GBP 247 002* 297 219 -233
q
GBE 235 246 3.5 -5.96 001
GBP 4.24 -1.50 412 214 -2.40
vatkWie —
411 398 431 -691 -0.08
3 GBP 361 195 -3.03 -1.97 -197
Ciche =
GBE 349 443 321 574 035
Vol GBP 7.46 2.04 4.66 -247 0.74*
‘ GBE 7.34 452 484 624 3,065
, 498 073 3.57 -239 -239
tazno =
4.86 321 375 -6.16 -007
e 3.76 157 246 204 294
Litygajno -
364 405 264 581 061
) -2.00 0.45* 178 069" -391
ex
188 203 1.9 -3.08 158

* -unpolluted to moderately polluted sediments (class I); *** - moderately to strongly polluted sediments (class lll}; **** - strongly polluted sediments (class V)

o
m

DE GRUYTER

QA

©Faculty of Oceanography and Geography, University of Gdansk, Poland. All rights reserved.



Oceanological and Hydrobiological Studies, VOL. 45, ISSUE 4| DECEMBER 2016

JulitaA. Dunalska, Zygmunt M. Gusiatin, Rafat Zieliriski, Daniel Szymariski, Justyna Sieriska

The |geo for Cu ranged from -2.39 to 0.57 (GBP) and from obtained only for sediments collected from lakes Kacze
-4.86 to -1.91 (GBE). Based on the GBP criterion, the and Szwatk Maty using GBE as a background value
littoral sediments in lakes Kacze, Pilwag and Dubinek (Table 8). Based on the Cd content, sediments from
were classified as “unpolluted to moderately polluted” Lake Kacze were classified as moderately to strongly
due to positive values of | _, i.e. 0.57, 0.02 and 045, polluted (quality class Ill), whereas sediments from
respectively. As a result, sediments from these lakes Lake Szwatk Maty as strongly polluted (quality class
had quality class I. The sediments from the other [V). Therefore, sediments from these two lakes were
lakes were unpolluted with Cu (quality class 0). The characterized by the lowest quality. However, using
|, indices calculated for Pb varied in a wide range GBP as a background for Cd, sediments from Szwatk
Tgrom -4,66 to 0.25 (for GBP) and from -4.84 to 0.07 (for Maty were classified as unpolluted to moderately
GBE). The positive values of | were obtained only polluted, and from Lake Kacze — as unpolluted. In
in the case of sediments from Lake Kacze. Based on addition, sediments from Lake Ciche belonged to
., values for Pb, these sediments were classified as quality class | due to a positive value of | which,
“unpolluted to moderately polluted”. The values of |geo however, was lower than for sediments from lakes
for Ni were negative for all lakes, except for sediments Szwatk Maty an Kacze.
from Lake Dubinek. In that case, the |geo amounted Assessment of the sediment pollution by various
to 0.69, when GBP was used as a background value. heavy metals using | __ was reflected in the obtained
This means that Ni content in these sediments was contamination factors (CF) (Table 9). The CF index also
a cause of their deterioration (class |, unpolluted to confirmed a very high sediment pollution with Cd
moderately polluted). On the other hand, Igw for using the GBE value for lakes Szwatk Maty and Kacze. In
Ni calculated based on GBE gave a negative value addition, the sediments from other lakes were assessed
(-3.08), which means no sediment contamination with with the CF index as moderately contaminated with
nickel. In the case of Cd, the highest values of |geo were Cd, ie. sediments from Lake Pilwag, Lake Ciche
Table 9

Contamination factors (CF), the percentage of each metal in the total sediment contamination (%CF) with heavy
metals in littoral sediments and the degree ofsed|ment contamination (C))

0.09 58 089 575 026 165 022 141 0.09 154 031
010 10.0 0.16 165 023 233 002 17 047 097 019
GBP 0.05 63 029 38.8 0.07 95 0.14 195 0.19 074 015
- 005 45 005 45 0.06 55 0.01 09 0.96 114 023
-_ 058 9.7 223* 37.1 178* 297 013 21 128* 600 1.20
063 7.0 040 44 157 174 0.01 01 641 9.03 1817
_ 015 15 0.80 59.5 0.19 143 0.10 74 0.10 135 027
GBE 0.17 170 014 146 017 172 0.01 07 0.50 099 020
- 017 85 079 3838 042 205 0.46 227 0.19 205 041
GBE 0.19 1. 014 84 037 217 0.03 20 097 171 034
031 19.0 058 359 0.15 9.0 039 239 020 122 162 032
GBE 034 211 010 66 013 8.1 0.03 18 099 624 159 032
GBP 027 104 152 582 0.19 74 033 126 030 N4 260 052
030 13 027 121 0417 75 0.02 11 149 662 225 045
| cep 0.08 69 053 460 0.09 75 017 148 0.28 47 115 023
“| GBE [N 5.1 0.09 56 0.08 45 0.01 07 142* 840 169 034
_ 012 84 039 266 018 126 038 262 038 %62 146 029
B o 58 0.07 3.0 0.16 7.0 003 12 191 829 230 046
B oo 03 036 114 0.06 1.9 027 84 250 781 320 064
_ 001 0.1 007 05 0.05 0.4 0.02 02 1249%% 988 1264 253
vaino 005 29 0.90 54.7 013 7.7 029 174 029 174 165 033
GBE 0.05 29 016 9.1 on 63 0.02 1.2 143* 805 178 036
e GBP on 76 051 34.9 027 188 036 251 020 135 145 029
Pl GBE 0.12 83 009 6.2 024 165 0.03 18 098 672 146 029
" GBP 037 7.0 204 380 044 8.1 242 450 0.10 19 537 107
GBE 041 22 037 199 039 210 0.18 97 0.50 72 184 037

“*#% _ very high contamination level ; * - moderate contamination level; %) — low contamination level; %) - moderate contamination level
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and Lake tazno using the GPE background and
sediments from lakes Szwatk Maty and Kacze using the
GBE background.

Sediments from lakes Kacze and Pilwag showed
moderate contamination with Cu when the GBP value
was used as a background. In addition, sediments from
Lake Kacze were moderately contaminated with Pb,
regardless of the background value (GBE or GPE).

Since the degree of sediment contamination
(C,) is calculated in relation to all metals present in
sediments, its comparison with other indices, ie. |
or CF calculated for individual metals can be quite
difficult. Nevertheless, the C, index revealed that
although the contamination of sediments in lakes
Kacze and Szwatk Maty was mainly caused by Cd (the
content of Cd was 71% and 98.8%, respectively), the
overall contamination of these sediments was low and
moderate, respectively. The values of C, for the other
sediments were below 1. This means that they showed
nil to very low contamination.

To sum up, based on the values of pollution indices,
Cd, Pb and Cu had the greatest effect on the sediment
quality, but it depended on the type of lake. The values
of individual indices were affected not only by the
total metal concentration in sediments, but also by the
background value (GBP or GBE).

Organic and inorganic carbon in sediments

The content of TOC and TIC in sediments can affect
their ability to bind and accumulate heavy metals. In
the present study, the sediments are characterized
by varying concentrations of organic and inorganic
carbon (Table 4). The average content of total carbon
(TC) in dry mass of sediments amounted to 60.21
g C kg'. The highest concentrations of TC were
observed in lakes Kacze and Dubinek, 494.68 and
60.72 g C kg' respectively, while the lowest in
sediments from lakes Krzywa Kuta and Ciche, 6.04
and 867 g C kg respectively. The highest content
of TOC was recorded in lakes Kacze and Dubinek,
while the lowest in lakes Krzywa Kuta and Wolisko.
The mean concentration of organic carbon in the
analyzed sediments amounted to 56.60 g kg™, which
accounted for 94.0% of TC. The maximum concentra-
tions of TIC were recorded in sediments from lakes
tazno and Dubinek and the minimum concentrations
in sediments from lakes Szwatk Maty and Krzywa
Kuta. The average content of TIC in the dry mass of
sediments from these lakes amounted to 3.61 g kg
(6.0% of TC) (Table 4). Clearly, the dominant form of
carbon in the sediments of most lakes was TOC. The
content of TOC in sediments from eight lakes (Kacze,
Szwatk Maty, Szwatk Wielki, Smolak, Krzywa Kuta, Biata
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Kuta, Ciche and Litygajno) ranged from 97 to 100% of
TC. On the hand, the TIC dominated only in sediments
from lakes tazno and Wolisko (about 60% of TC)
(Fig. 2).

Statistical analysis revealed strong correlations
between the concentrations of individual metals in
the examined sediments: zinc and copper (r = 0.85),
lead and zinc (r = 0.82) and copper and lead (r = 0.73).
A high significant correlation was also found between
TOC and Pb content (r = 097), TOC and Zn (r = 0.78),
and TOC and Cu (r = 0.69) (Table 10).

Table 10
Values of Pearson’s correlation coefficients between
heavy metals, TOC and TIC in sediments

Lo ool n o>l
1

-
*““‘0.82 *0.73 1

Ni 0.34 049 0.03 1

0.00 0.00 0.24 -0.18 1

j[o]lem “*0.78 **0.69 ***0.97 -0.09 034 1

TIC 017 032 -0.14 0.46 -0.27 -0.18 1
(¥**), (**) significant at p<0.01 and 0.05, respectively

(|
Y o d

Discussion

In the present study, sediments from different
lakes differed in the total concentration of individual
metals. Varied metal concentrations in the sediments
are determined by catchment factors and the degree
of anthropopressure as well as environmental factors,
i.e. the nature and structure of sediments, the type
and the development stage of the vegetation in the
lake (Szafran 2003). Bojakowska and Krasuska (2014)
analyzed the content of heavy metals in sediments
from 14 lakes located in the Gniezno Lake District
(Poland), sediments from 9 lakes outside the power
plant cooling system and sediments from 5 lakes
within the power plant cooling system. Sediments
from lakes within the power plant cooling system
are characterized by a considerably higher content
of Ba, Zn, Cu, Ni, Hg compared to sediments from
the other lakes. Szafran (2003) showed that the
lowest concentrations of heavy metals in sediments
from lakes Sumin and Rotcze were found in sandy
sediments within the area of emergent plants
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Biata Kuta Krzywa Kuta Kacze Smolak tekuk

0.7 04 0.0 0.3

Wolisko Pilwag Szwatk Wielki Ciche
14.6 0.2 1.2
99.8 98.8

[ ] -TOC
Szwatk Maty tazno Litygajno Dubinek B -Tic
0.2 17.2
99.8 82.8
Figure 2

The percentage of individual forms of carbon in the littoral sediments in lakes of Borecka Forest

(on average 4.64 mg Zn kg', 2.77 mg Pb kg™, 1.15 mg
Cu kg, 0.04 mg Cd kg), and the highest in sediments
in the middle part of the lake (on average 147.25 mg Zn
kg’, 55.39mg Pb kg™, 808 mg Cu kg”, 1.77 mg Cd kg™).
Lower metal concentrations in the littoral sediments
compared to the sediments in the middle part of
the lake may be due to the bioaccumulation effect.
Sediments from the deeper zones of the lake show a
higher sorption capacity toward metals. This results
from a higher content of organic matter and clay
fraction as compared to the littoral sediments. Mielnik
et al. (2011) confirmed that heavy metal content in
sediments from selected lobelia lakes was spatially
differentiated. In most cases, the content of Zn, Cu and
Mn was significantly higher in the profundal zone of
each of the investigated lakes compared to the littoral
zone.

Sediments are generally rich in organic matter. In
the present study, the average concentration of TOC in
sediments was 56.60 g kg™, which accounted for 94.0%
of TC. The content of TOC in sediments can vary within
very wide limits and reach a value of even 460 g kg
(Cieslewicz 2005; Galman et al. 2008). In the sediments
from lakes located on the Wateckie Lake District,
Chodzieskie Lake District, ltawskie Lake District,
Drawska Plain and Tucholska Plain (Poland), Cieslewicz
& Rozanski (2010) found the highest concentration

% it s spattid

of organic carbon in the following lakes: Arkonskie
(386 g kg™), Hanki (339 g kg™) and Piaseczno Mate (315
g kg"). The highest concentration of inorganic carbon
was determined in the sediments from Lake Wdzydze
(65.4 g kg™).

In the present study, the highest | and CF
values among the analyzed metals in lake sediments
were obtained for Cd. It was found that due to the
increased content of Cd, the largest contamination
occurred in sediments from Lake Szwatk Maty. One
possible reason for this may be the surface runoff
from agricultural land, which occupies almost 40% of
the direct catchment area of the lake. The amount of
Cd which is introduced into the soils with the fertili-
zers and herbicides is undoubtedly much lower
than that introduced with the industrial pollutants.
The one cause of water pollution with cadmium is
using phosphate and calcium-magnesium fertilizers
(Bojakowska & Sokotowska 1996). Despite this, their
regular and prolonged use may cause accumulation of
this metal in the surface soil layers, which then reaches
the lake with the runoff waters, melt waters or wind
erosion. One of the potential sources of cadmium may
also be the effluent from leaking cesspools, located in
the area of farms and recreational plots in the vicinity
of the lake (Bak et al. 2013). In addition, Lake Szwatk
Maty is very popular in Poland as a carp fishing area.
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In this type of lakes, large amounts of groundbait are
used. Therefore, it can be assumed that a certain load
of cadmium gets into the lake with the bait, mainly
to the littoral zone where carp has feeding areas.
Additionally, a drainage ditch flows into the lake (about
0.7 m long) from the village of Szwatk, which receives
part of the waters from fields and the asphalt road that
runs along the shoreline of the lake.

The littoral sediments of Lake Kacze were also
characterized by an increased content of cadmium.
However, it should be noted that the catchment area
of this lake is completely covered by forests and the
lake has no surface flow. This small, shallow lake is
different from the others by the highest content of
organic carbon in the sediment. Therefore, it should be
noted that the primary source of cadmium and other
heavy metals in the sediments of Lake Kacze could
be the weathering processes and bonding of metals,
which occurs mainly with a considerable amount
of allochthonous organic matter flowing from the
catchment (Kabata-Pendias & Pendias 1999; Potarzycki
& Maciejewska 2005). Cieslewicz & Rozanski (2010)
found that the cadmium concentration was high (3.40
mg kg™) in the sediments of Slim Lake, which is located
in the catchment dominated by deciduous forest.

In the present study, a strong and very strong
correlation between TOC and Zn, Cu and Pb may
indicate that these metals were bound to organic
matter in all analyzed sediments. In addition, these
metals were correlated with each other. Although
cadmium generally did not correlate with organic
carbon (r = 0.34 for all sediments) (Table 10), sediments
from Lake Kacze were characterized by a strong
correlation between Cd and TOC (r = 0.86 at p<0.05)
(full data not shown). Cieslewicz & Rozanski (2010) also
found a strong correlation (r = 0.87 at p<0.05) between
TOC and cadmium in lake sediments. The concentra-
tion of organic carbon was high (89-386 g kg™') in these
sediments and the total cadmium concentration varied
between 0.73 and 3.04 mg kg'. Nickel correlated
neither with TOC nor TIC in the sediments.

The correlations between heavy metals and
TOC or between metal pairs in sediments were also
indicated by other authors. Bojakowska & Krasuska
(2014) showed that Pb concentration in sediments
coming from the following lake districts: Great
Poland, Pomeranian and Masurian was relatively well
correlated with the total organic carbon (r = 0.59),
aluminum (r = 0.45) and sulfur (r = 0.47) as compared to
other analyzed chemical parameters. In the sediments
from 13 lakes, Cieslewicz & Rézanski (2010) showed
that the concentration of zinc, copper and lead was
also positively correlated (p<0.05) with the organic
carbon content. Such correlation was not observed
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for nickel. Similar relationships between the organic
carbon content and zinc, copper, lead, and nickel were
determined in the present study. If the correlation
coefficient between the heavy metal factors is positive,
these factors may have a common source and identical
behavior during transport (Saeedi and Salmanzadeh,
2012).

Summary

Due to the lack of any legal regulations regarding
the permissible levels of heavy metals in the lake
sediments in Poland, the commonly used method
of assessing the sediment pollution is to compare
the total metal concentrations with the geochemical
criteria. A method using the ecotoxicological criteria
(PEL TEL) or pollution indices, i.e. the geoaccumula-
tion index (I__ ), the contamination factor (CF) and the
contamination degree (C)) could be more sensitive.
A considerable effect on the final quality of sediments
has the assumed background value for a given metal
(GBP or GBE). As the GBP has been developed specifi-
cally for the Polish conditions, it seems to be more
appropriate for assessing the purity of lake sediments
in Poland. On the other hand, taking into account the
very valuable region of Borecka Forest, the GBE can
also be appropriate, especially in relation to the most
toxic metals such as Cd.

In the present study, the lowest quality was
determined for the littoral sediments from two lakes,
Szwatk Maty and Kacze, based on the ecotoxicolo-
gical criteria and pollution indices. The sediments
from the other lakes of Borecka Forest were basically
unpolluted, regardless of the method used. From
the practical point of view, the most useful tool for
assessing the quality of lake sediments seems to
be the degree of sediment contamination (C). This
index refers to the combined effect of all metals on
the sediments. Thus, the overall sediment quality can
be estimated and not the quality related to individual
metals.
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