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Natural and Anthropogenic Origin of

Metals in Lacustrine Sediments;

Assessment and Consequences—A

Case Study of Wigry Lake (Poland).

Minerals 2021, 11, 158. https://

doi.org/10.3390/min11020158

Academic Editor: Ana Romero-Freire

Received: 30 December 2020

Accepted: 31 January 2021

Published: 3 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Environmental Protection, Faculty of Geology, Geophysics and Environmental Protection,
AGH University of Science and Technology, Al. Mickiewicza 30, 30-059 Kraków, Poland

2 Department of Geoinformatics and Applied Computer Science, Faculty of Geology, Geophysics and
Environmental Protection, AGH University of Science and Technology, Al. Mickiewicza 30,
30-059 Kraków, Poland; lesniak@agh.edu.pl

* Correspondence: kostka@agh.edu.pl

Abstract: The contamination of aquatic sediments by metals is a worldwide phenomenon and
its assessment is a fairly complex issue, as numerous factors affect the distribution of particular
contaminants in the environment, as well as their bioavailability. Wigry Lake, as the object of this
study, is almost a perfect water body for such considerations. It has been well investigated and densely
sampled (up to 459 sediment samples). The quantities of seven metals were determined using the
atomic absorption spectrometry (AAS) or inductively coupled plasma (ICP)-MS methods, following
previous extraction in a microwave oven. The levels of concentration of the examined elements were
as follows (min–max (mg·kg−1)): Cd—0.003–3.060; Cr—0.20–22.61; Cu—0.02–59.70; Fe—80–32,857;
Mn—18–1698; Pb—7.0–107.5; Zn—3.1–632.1. Significant differences were also registered in terms of
particular metal concentrations in different sediment types found at the lake bottom. Five different
geochemical backgrounds and sediment quality guidelines implemented in the study enabled a very
scrupulous contamination assessment of the lake sediments’ condition, as well as the evaluation of the
natural and anthropogenic contribution to the enrichment of examined sediments in metals. Although
Wigry Lake is situated in a pristine region, it is still subject to anthropopressure, which seems to be
the lowest in respect to Cr and Mn, while the highest in the case of Pb. The chemoecological state
of the lake was ultimately assessed as good. The study highlighted the necessity of an integrated
approach to the assessment of contamination or pollution in the course of an environmental research.

Keywords: lacustrine sediments; metals; geochemical mapping; spatial distribution; contamination
assessment; environmental risk assessments; sediment quality guidelines

1. Introduction

Metals are native elements, which can be found in the earth’s crust, but environmental
contamination or pollution is generally connected with anthropogenic activity, such as
mining and smelting, agriculture, industry (especially energy production and distribution,
plastic, textile, microelectronic, and wood industries) or sewage effluents [1]. Some metals
(such as Co, Cu, Cr, Fe, Mg, Mn, Mo, Ni, Se, Zn) are essential for living organisms, playing
the role of microelements, but become toxic while applied in higher doses [2,3]. Others
seem to be neutral, or their biological role is unknown, while some elements (e.g., Hg, Pb)
are considered biologically useless and harmful in all concentrations [3–5]. It is also worth
noting that the biological role of some metals, previously considered only harmful, has
now been recognized. An example of such an element is cadmium [6].

The term “heavy metals”, although commonly used in science, is ambiguous, as it is
defined in terms of different properties, such as density, atomic number, or relative atomic
mass [7–10]. In environmental sciences, heavy metals are identified as toxic, ecotoxic, or
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hazardous elements, including some metalloids as well, e.g., arsenic. This term is also
often used synonymously with “trace metals” or “trace elements” [8,9,11–13]. Ali and
Khan [10] recently proposed a new definition of the term “heavy metals” as ‘naturally
occurring metals having an atomic number (Z) greater than 20 and an elemental density
greater than 5 g·cm−3’; however, this “semantic problem” still seems to be unresolved.
The authors therefore decided to avoid the term ”heavy metals”, using instead some more
neutral forms, such as metals, elements, or simply their names, as suggested by Chapman
and Holzmann [14].

Soil and water environments are particularly susceptible to the accumulation of
metals [3]. In aquatic environments, metals dissolved in water (as the most assimilable for
living organisms) are usually quickly removed through sorption (physical, chemical, or ion
exchange-based) on solid particles of suspended matter, or by precipitation and bonding
in the structure of minerals. Finally, such elements are accumulated in sediments, thus
becoming much less hazardous, but they may be, however, released again in the event
of unfavorable environmental conditions [15–19]. The accumulation of metals in aquatic
sediments depends on many variables, e.g., the geological character of the catchment and
its development, or morphometric and hydrologic characteristics of a particular water
body. One of the key factors is the chemical and granular composition of deposits [15],
wherein the most important contributors, which facilitate the accumulation of metals in
aquatic deposits, are: organic matter, clays, Fe/Mn oxides, sulfides [20–24], and the small
size of sediment particles [25–28]. All of these factors also affect the bioavailability of
hazardous substances bonded in the sediment matrix, including metals. Bioavailability
is further dependent on physiochemical conditions (pH, redox gradient, salinity, water
hardness, temperature), chemical and physical speciation of metals, some processes that
may take place within the sediment (resuspension, deposition, pore water convection),
route of exposure, and finally on the properties of living organisms exposed to harmful
chemicals [29–35]. The most important factors, which influence the bioavailability of metals,
are the potential of hydrogen (pH) and the redox potential (Eh) [35].

As the presence of metals in aquatic sediments may be considered quasi-persistent,
research on their concentration in that component may be a good indicator of the chemoe-
cological state of the particular water body, as well as of the historical contamination or
pollution. There are many indicators and criteria for the assessment of the condition of
sediments, which are used around the world. One of the first, and nowadays widely used
indicators, is the geoaccumulation index (Igeo), defined by Müller [36]. Some other subse-
quently proposed indicators include, e.g., the contamination factor (Cf) and the degree of
contamination (Cd) [37] or enrichment factor (EF), primarily used in order to speculate on
the origin of some elements in the atmosphere, e.g., [38,39], but further adopted for soils,
e.g., [40,41], sediments, e.g., [42,43], rainwater, e.g., [44,45], bioindicators, e.g., [46], and
other environmental components [47]. Most of the indicators used in contamination or
pollution assessment refer to some background values; therefore, the establishment and
appropriate definition of the geochemical background seems to be a crucial, but also a
complicated issue [48]. Background values, understood as concentrations of particular
chemicals or elements naturally present in the environment, may be determined in many
ways [28,47–55]. Some researchers tend to compare their data with some “globally” defined
geochemical background, proposed, e.g., by Turekian and Wedephol [56], Håkanson [37],
or Taylor and McLennan [57], while others consider that any geochemical background
values should be determined locally. The main role of a geochemical background in envi-
ronmental research is to determine whether the studied area is anthropogenically affected
and whether we are dealing with the effect of contamination or pollution. Contamination
of a particular environment, by some chemical, means that concentration of that substance
is elevated when compared to the background value, whereas when adverse effects on
biota occur, the environment is considered polluted [58]. The geochemical background
does not provide any information on the influence of a given substance or element on
living organisms. Therefore, sediment quality guidelines (SQGs), which define certain
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critical threshold concentration values of selected chemicals associated with specifically
determined effects of biota, were provided. These include: threshold effect level (TEL;
concentration below which adverse effects are expected to occur only rarely) and probable
effect level (PEL; the concentration above which adverse effects are expected to occur
frequently) proposed by Smith et al. [59]. Those limit values were further adjusted by
MacDonald et al. [60] and proposed as threshold effect concentration (TEC) and probable
effect concentration (PEC).

Considering all of the above, Wigry Lake seems to be a perfect water body for the
analysis of environmental assessment issues, as it has been very well investigated in many
aspects, densely sampled and geochemically examined in terms of 7 metals: Cd, Cr, Cu,
Fe, Mn, Pb, and Zn. This article summarizes more than a decade of research conducted
on this lake and focuses on the concentration of metals in sediments. The main issues of
the article are as follows: (1) the description of the spatial distribution of metals in Wigry
Lake sediments in a geochemical and environmental context; and (2) the assessment of
contamination and evaluation of natural and anthropogenic contribution to the enrichment
of recent Wigry sediments in metals.

2. Materials and Methods
2.1. Study Area

Wigry (located in north-eastern Poland, at the area of Suwałki Lakeland—Figure 1)
is one of the most valuable Polish lakes, discovered for science only in the second half
of the 19th century [61]. Nevertheless, the lake, as well as its vicinity, quickly became
an object of interest for researchers from many fields of science and many papers were
published during the next century [62–73], including even Slavonic studies [74]. In 1998,
Wigry Lake, as the first in the world, was “adopted” by the International Association of
Theoretical and Applied Limnology [75]. More “contemporary” research on Wigry Lake
started in 1997, as a result of the passion and commitment of Professor Jacek Rutkowski,
professionally associated with the Polish Geological Society, the Polish Limnological So-
ciety, and the AGH University of Science and Technology [76], in cooperation with the
authorities and personnel of the Wigry National Park, as well as other scientists. During
more than two decades that followed, numerous studies were published in many fields,
such as hydrobiology [77–86], paleoclimatology, paleolimnology, isotopic investigations
and dating [87–94], limnology and sedimentology [95–102], and finally geochemistry and
environmental contamination, also with metals [103–114], which is further discussed in
more detail.

Wigry is a postglacial lake, typical of northern Poland, but it differs from other
water bodies in this region due to its interesting and complicated morphology with a
diversified coastline pattern, numerous islands, and shallows. The lake was finally formed
during Weichselian (Vistulian, Baltic) glaciation and may be divided into five main parts,
characterized by diverse bathymetry and a slightly different origin (of a furrow or morainic
type), which are usually separated by distinct shallows and narrowings of the lake basin
(Figure 1b). Wigry is also one of the biggest (water area: 21.2 km2; islands area: 0.68 km2;
capacity: 336.7 mln m3) and the deepest (maximum depth: 73 m; mean depth: 15.8 m) lakes
in Poland. Wigry is fed and drained mainly by waters of the Czarna Hańcza River, which
flows through the northern part of the lake. Other elements of the Wigry Lake water system
include several smaller lakes nearby, streams, springs, and precipitations [94,101,111].
Sediments of Wigry Lake have been extensively investigated and represent several types
of deposits, but with the vast majority being carbonate sediments. Profundal (60–75% of
the lake’s bottom) sediments, as the most homogeneous in this regard, are represented
by carbonate gyttja (CaCO3: 54–87%; organic matter: 8–30%; silt fraction: 95–99%), while
littoral sediments are more diverse. The most typical deposit present in the shallow
parts of the lake is lacustrine chalk (CaCO3: 52–98%; organic matter: 2–7%; silt fraction:
41–72%). Other littoral deposits, which are found only locally, include clastic sediment,
i.e., sands and gravels (CaCO3: 7–16%; organic matter: <1%; silt fraction: <1%), and
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organic gyttja, a specific variety of which is fluvial-lacustrine sediment present in the
mouth of the Czarna Hańcza River (CaCO3: 3–14%; organic matter: 10–51%; silt fraction:
not determined) [95,97,98,101–103,107,110,114].

Minerals 2021, 11, x FOR PEER REVIEW 4 of 21 
 

 

carbonate gyttja (CaCO3: 54–87%; organic matter: 8–30%; silt fraction: 95–99%), while lit-
toral sediments are more diverse. The most typical deposit present in the shallow parts of 
the lake is lacustrine chalk (CaCO3: 52–98%; organic matter: 2–7%; silt fraction: 41–72%). 
Other littoral deposits, which are found only locally, include clastic sediment, i.e., sands 
and gravels (CaCO3: 7–16%; organic matter: <1%; silt fraction: <1%), and organic gyttja, a 
specific variety of which is fluvial-lacustrine sediment present in the mouth of the Czarna 
Hańcza River (CaCO3: 3–14%; organic matter: 10–51%; silt fraction: not determined) 
[95,97,98,101–103,107,110,114]. 

 
Figure 1. Study area: (a) location of the study area (gray rectangle) on the map of Poland; (b) Wigry Lake photomap 
(obtained courtesy of the Wigry National Park authorities) with the designation of five main parts of the lake (Wigierskie 
Basin, Szyja Basin, Zakątowskie Basin, Bryzglowskie Basin, and Wigierki Bay) and other important zones (Czarna Hańcza 
River inflow, Czarna Hańcza River outflow, Zadworze Bay, Cieszkinajki Bay, and Krzyżańska Bay); (c) bathymetry sketch 
of the Wigry Lake bottom. 

2.2. Sampling and Laboratory Research 
Wigry Lake sediments were sampled during summer stagnation periods during 

more than ten successive years (starting from 1997), ultimately resulting in the collection 
of over 1200 sediment cores of up to 1.5 m in length. Samples were collected from a mo-
torboat using a gravitational sampler, designed and constructed specifically for this re-
search [115]. Sampling point locations were determined by GPS and their depths by echo-
sounder (model 381/382 by FURUNO Electronic Company, Nagasaki, Japan) or using a 
multi-parameter water quality monitor (model 6920 by YSI Inc., Yellow Springs, OH, 
USA), sometimes also using a calibrated pole (in the shallows). Adequately secured cores 
were then transported to the laboratory of the Wigry National Park (Krzywe, Poland), 
sliced into subsamples and subject to further analysis, including lithological and geochem-
ical studies. For the purposes of metal concentration analysis, the top 0–5 cm of the cores 
was separated and dried and further analysis was conducted in the laboratory of the AGH 
University of Science and Technology (Kraków, Poland). Homogenized samples were 
treated with a mixture of 10 mL of 65% HNO3 (POCH, Poland) and 2 mL of 30% H2O2 

(Chempur, Poland) and digested in a microwave oven (model MDS 2000 by CEM Corpo-
ration, Charlotte, NC, USA). The extracted metals were determined using atomic absorp-
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2.2. Sampling and Laboratory Research

Wigry Lake sediments were sampled during summer stagnation periods during more
than ten successive years (starting from 1997), ultimately resulting in the collection of over
1200 sediment cores of up to 1.5 m in length. Samples were collected from a motorboat
using a gravitational sampler, designed and constructed specifically for this research [115].
Sampling point locations were determined by GPS and their depths by echo-sounder
(model 381/382 by FURUNO Electronic Company, Nagasaki, Japan) or using a multi-
parameter water quality monitor (model 6920 by YSI Inc., Yellow Springs, OH, USA),
sometimes also using a calibrated pole (in the shallows). Adequately secured cores were
then transported to the laboratory of the Wigry National Park (Krzywe, Poland), sliced into
subsamples and subject to further analysis, including lithological and geochemical studies.
For the purposes of metal concentration analysis, the top 0–5 cm of the cores was separated
and dried and further analysis was conducted in the laboratory of the AGH University
of Science and Technology (Kraków, Poland). Homogenized samples were treated with a
mixture of 10 mL of 65% HNO3 (POCH, Poland) and 2 mL of 30% H2O2 (Chempur, Poland)
and digested in a microwave oven (model MDS 2000 by CEM Corporation, Charlotte,
NC, USA). The extracted metals were determined using atomic absorption spectrometry
(AAS—model SP9 by PYE UNICAM, Cambridge, UK; Fe: limit of quantification (LOQ)—
60 µg·L−1, Mn: LOQ—27 µg·L−1, Pb: LOQ—10 µg·L−1 and Zn: LOQ—1 µg·L−1) or using
an inductively coupled plasma induced mass spectrometer (ICP-MS—model HP 4500 by
Hewlett-Packard, Palo Alto, CA, USA; Cd: LOQ—0.16 µg·L−1, Cr: LOQ—0.21 µg·L−1 and
Cu: LOQ—0.23 µg·L−1). In order to ensure high analytical quality, reagents were of the
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highest purity, reagent blanks were used, and reference material (LKSD-4) was analyzed,
additionally, using inductively coupled plasma atomic emission spectrometry (ICP-AES—
model Plasma 40 by Perkin-Elmer, Wellesley, MA, USA) (Table 1). The quality of the results
was evaluated through the analysis of variance by the Robust statistics method [116,117]
and estimated as very good.

Table 1. Concentrations of selected metals in the LKSD-4 reference material, determined using
different instrumental methods [113,114].

Metal
LKSD-4 * ICP-MS ICP-AES AAS

mg·kg−1

Cd 1.9 2.2 ± 0.2 2.0 ± 0.2 2.0 ± 0.3
Cu 31.0 29.8 ± 1.7 28.5 ± 1.6 30.5 ± 2.6
Mn 420 412 ± 7.9 - 405 ± 12
Pb 91 101 ± 3.8 99 ± 4.5 81.8 ± 5.1
Zn 195 202 ± 9.6 200 ± 4.0 190 ± 11

* The LKSD-4 reference material is a mixture of sediments from the Big Gull Lake in Ontario and the Key and Sea
Horse Lakes in Saskatchewan and its main components are: SiO2 (41.6%), organic matter (as LOI, 500 ◦C) (40.8%),
Al2O3 (5.9%), Fe2O3 (4.1%), and CaO (1.8%) [118].

2.3. Data Processing

Metal concentrations were determined ultimately for 162 (in case of Pb) to 459 (in
case of Fe) samples (Table 2), which gave a sampling density from about 8 to 22 per km2,
respectively. All samples were identified in terms of belonging to one of five deposit types
that can be found at the Wigry Lake bottom, i.e., lacustrine chalk, carbonate gyttja, fluvial-
lacustrine sediment, organic gyttja, and clastic sediment (characterized briefly above). Basic
statistical parameters were calculated with the use of STATISTICA software (ver. 13.3,
TIBCO Software Inc., Palo Alto, CA, USA) both for particular sediment types and for all
samples collectively (Table 2). The data was also statistically analyzed using principal
component analysis (PCA), in order to investigate the multivariate relationship between
the concentrations of metals and the type of sediments and the depth. Lead was excluded
from analysis, as its concentration values were in the majority determined on a separate
samples set from other metals. The PCA was therefore carried out on the basis of samples
containing information on the type of sediment, depth and the concentration of other
elements, i.e., Cd, Cr, Cu, Fe, Mn, and Zn, excluding those with incomplete data. This
ultimately resulted in a set of 177 samples taken for PCA, which was carried out with a
use of MATLAB software (ver. 8.2.0.701 (R2013b), The MathWorks Inc., Natick, MA, USA)
(Figure 2).

All maps were prepared with the use of the ArcGIS Pro software (ver. 2.6.3, ESRI Inc.,
Redlands, CA, USA). The bathymetry map (Figure 1c) and the maps of metal spatial distri-
bution (Figures 3a–9a) were created using an ordinary kriging procedure [119], which gave
the best interpolation results for the presented data and which has been described in more
detail previously [113,114]. The bathymetry map was based on depth data received during
”contemporary” Wigry Lake research (after 1997), while collecting sediment samples, and
gathered during the performance of seismoacoustic studies [96,99,100]. Similarly, maps
of spatial distribution of metals were based on data gathered for over a decade, starting
from 1997. Maps presenting Wigry Lake sediments mapped on the basis of geochemical
backgrounds (Figures 3b–9b) and sediment quality guidelines (Figures 5c–9c) were based
on particular metal spatial distribution maps (Figures 3a–9a) and appropriate threshold
values (Table 3). In the case of GB3, upper range limits were considered for analysis.

3. Results and Discussion

Characteristic of the Wigry Lake is the fact that particular types of its sediments
differ significantly in terms of their metal concentrations, and these differences (as mean
values) can even be several dozen-fold (Table 2). The least enriched with the analyzed
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elements is lacustrine chalk (for Cd, Cr, Cu, and Fe) or clastic sediment (for Mn, Pb, and
Zn), while the richest in metals is fluvial-lacustrine sediment. This observation has been
emphasized in previous studies concerning the Wigry Lake [103,106,111,112], but gathered
and summarized in detail only recently [113,114], which was possible due to the availability
of an abundant data set.

Table 2. Basic statistics for metal concentrations in different types of Wigry Lake sediments [113,114].

Metal
Lacustrine

Chalk
Carbonate

Gyttja
Fluvial-lacustrine

Sediment
Organic
Gyttja

Clastic
Sediment

All
Sediments

mg·kg−1

Cd

n 98 149 17 4 3 271
Min 0.003 0.010 0.160 0.120 0.006 0.003
Max 0.557 0.870 3.060 0.620 0.633 3.060
Mean 0.133 0.340 1.077 0.338 0.236 0.310

Cr

n 88 136 7 4 4 239
Min 0.20 0.42 4.07 0.82 3.39 0.20
Max 4.31 12.25 22.61 7.78 4.15 22.61
Mean 1.48 3.69 16.17 3.63 3.73 3.24

Cu

n 102 144 7 4 4 261
Min 0.02 0.20 12.27 3.07 0.08 0.02
Max 8.97 26.27 59.70 10.30 6.55 59.70
Mean 2.24 6.78 41.56 6.68 2.34 5.87

Fe

n 200 217 21 9 12 459
Min 80 484 5863 2542 581 80
Max 5588 10,654 32,857 15,876 3181 32,857
Mean 983 3670 18,377 7529 1496 3191

Mn

n 200 216 21 9 12 458
Min 18 56 142 86 28 18
Max 206 1698 1373 372 85 1698
Mean 94 354 518 230 51 238

Pb

n 72 64 14 5 7 162
Min 36.2 46.8 35.6 62.3 7.0 7.0
Max 88.1 84.7 107.5 79.4 63.8 107.5
Mean 71.6 60.6 78.2 71.4 21.8 65.7

Zn

n 200 213 21 9 12 455
Min 4.6 7.1 84.5 6.2 3.1 3.1
Max 103.4 119.3 632.1 105.9 60.2 632.1
Mean 17.8 44.6 339.2 62.7 14.7 46.0

Two types of sediments covering almost the whole bottom of the lake, i.e., carbonate
gyttja and lacustrine chalk, represent nearly perfect examples of the influence of two impor-
tant contributors favoring metals accumulation in aquatic environments, i.e., granular com-
position of sediment particles [15,25–28] and chemical composition of deposits [15,20–24].
Both of them, carbonate gyttja and lacustrine chalk, are composed mainly of silt and clay
fraction, but in the case of chalk sandy and even gravel fraction may also be observed [95];
this type of deposit is then relatively coarse-grained. That is the main reason why met-
als are less likely to accumulate in lacustrine chalk, which has been confirmed also by
some specific, detailed studies. For example, calcium carbonate, which makes up lacus-
trine chalk, is partly precipitated with the participation of Charophyta (a group of algae),
which leads to the formation of calcite tubes of even more than 1 cm in length, and it
was found that those tubes are made of almost pure CaCO3 [98]. Moreover, research on
pore water mineralization of Wigry Lake sediments has revealed that it is relatively low
in the case of lacustrine chalk (544.5 mg/L) when compared to other types of deposits
(e.g., carbonate gyttja—717.7 mg/L; fluvial-lacustrine sediment—1670.9 mg/L) [120]. Con-
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sequently, apart from lacustrine chalk, clastic sediment, as the most coarse-grained, is
also the least enriched with metals. The granularity of sediment particles also explains
the correlation of concentration of elements with the depth of the lake, which has been
found significant for Fe (Figures 1c and 3a), Zn (Figures 1c and 8a), and especially for Mn
(Figures 1c and 4a) [111,113]. The reason for that is the tendency of fine-grained sediments
to accumulate in deeper areas of the lake bottom [15].

In the context of the chemical composition of Wigry Lake sediments, it has been found
that the accumulation of metals is mostly facilitated by the presence of organic matter, as
it acts as a sorbent for metals primarily via the formation of complexes [20,34]. Organic
matter in aquatic environments comes mostly from decay of plant and animal material
and is usually present in the form of humic substances. As to the sorption of metals,
the most important are fine particles (of a silt and clay fraction), due to the relatively
larger interaction area of a unit amount of material made up of particles with a smaller
diameter. This kind of organic material comes mainly from benthic invertebrate fecal
material, biofilms, and decay of aquatic macrophytes [21,34,121–124]. Profundal sediment—
carbonate gyttja—is more organic-rich and metals-rich than littoral lacustrine chalk or
clastic sediment. Other deposits found on low depths, such as organic gyttja, and especially
fluvial-lacustrine sediment, are rich in metals when compared to lacustrine chalk or clastic
sediment (Table 2), which is mainly due to their relatively high organic matter content.
Metal concentrations (except for Fe) in organic gyttja are comparable with those recorded
for carbonate gyttja, which is related to the specific conditions in which organic gyttja
is formed. This type of sediment can be found in Cieszkinajki Bay and Krzyżańska Bay
(Figure 1b), which are quite isolated from the main lake basin. This is a factor that restricts
water circulation and favors eutrophication, and a symptom of that phenomenon is the
reduction of CaCO3 precipitation and the displacement of carbonate sediments by organic
ones [98]. Finally, the most organic-rich fluvial-lacustrine sediment found at the mouth
of the Czarna Hańcza River (Figure 1b) is the richest in all examined metals (Table 2,
Figures 3a, 4a, 5a, 6a, 7a, 8a and 9a).

All of the above was also confirmed by the results of the principal component analysis
(PCA), which revealed that the two largest variances in the data set, related to the PC1 and
PC2 axes, together explain 87.5% of the variability of data set. PC1 explains 64.5% of the
data variability (Figure 2a) and it coincides well with the type of sediment. PC2 explains
23.0% of the variability (Figure 2b) and is correlated to the depth of sediments. Most of
the fluvial-lacustrine sediment samples form a separate cluster with high values on the
PC1 axis. The remaining data show the greatest variability in the intermediate direction
between PC1 and PC2, and form clusters, but less apparent. The highest values in this
direction are found in the case of carbonate gyttja samples, while the smallest ones are in
the case of lacustrine chalk (Figure 2a). In Figure 2b, characteristic data variability in a
direction close to the PC2 axis may be observed. Samples taken from the shallows have the
lowest values, while samples taken from the depths—the highest. Manganese stands out
here from other metals used in PCA analysis (i.e., Cd, Cr, Cu, Fe, and Zn), as its relationship
with PC1 and PC2 axes is comparable, which means that this element is the least related to
the sediment type (in comparison to other metals), but the most related to the depth, which
is further discussed.

The assessment of the chemoecological state of the Wigry Lake is a very interesting
issue, as very extensively investigated lake sediments, abundant data set, and as many as
five different geochemical background values, which could be applied in this study, allowed
for a very scrupulous analysis. In this paper, the authors decided not to demonstrate some
of the very commonly used indices, e.g., contamination factor (Cf), degree of contamination
(Cd) [37], or the pollution load index (PLI) [125], because they have been calculated and
discussed in detail before [114], for five of the seven metals presented here (Cd, Cr, Cu,
Pb, and Zn), and values calculated additionally for Fe and Mn would not add anything
new. The other widely used indicator—the geoaccumulation index (Igeo) [36]—could not
be used in this study, as the index formula refers to metal concentrations in pelitic sediment
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fraction [126], while bulk samples have been examined in the case of Wigry Lake. Moreover,
all mentioned indices are based on geochemical backgrounds; therefore, their values are
strongly affected by the background values used, and those might be diversified. This
was shown before [114], where the obtained assessment results for the condition of Wigry
Lake sediments ranged from “uncontaminated” to “extremely polluted”, depending on
background values adopted for calculations. In this paper, therefore, we focus only on
background values themselves. Three of them are local, while the other two are more
globally defined.
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The first of the local geochemical backgrounds (GB1) was established on the basis of re-
sults obtained for five lacustrine chalk samples, taken from the vicinity of the contemporary
Wigry Lake and underlying peat dated with 14C method at 7970 ± 70 years BP [103,127].
The second one (GB2) was implemented as a range of metal concentration values obtained
for the bottom layer of five core samples taken from the basin of the Wigry Lake. The
cores were dated and their bottom layers are known to originate from the preindustrial
period [104]. The third local geochemical background (GB3) is a fairly new idea and was
implemented for the first time in the case of Wigry Lake only recently [114], in accordance
with the concept of Matschullat et al. [48]. The method proposed by authors assumes
that the concentrations of a particulate substance naturally present in the environment
should demonstrate normal distribution, and any abnormal values (usually associated
with contamination or pollution) lead to the right-skewness of the distribution function. A
threshold value calculated using the method called a “calculated distribution function” is
defined as the median plus 2σ, where σ is the standard deviation of a normal distribution
estimated on the basis of data lower than the median. GB3, defined previously for Cd, Cr,
Cu, Pb, and Zn [114], could be calculated only for carbonate gyttja samples, as in case of
other sediment types, data sets were too small or the method assumptions were not met.
Then, consequently, GB3 for Fe and Mn was calculated here also on the basis of carbonate
gyttja samples.

The next geochemical background (GB4) was adopted from the Geochemical Atlas of
Poland [128], as mean values of metal concentrations in 993 sediment samples taken from
various aquatic environments (e.g., rivers, streams, channels, lakes, reservoirs, ponds) in
Poland. The last one—the world geochemical background (GB5)—was defined as mean
concentrations of elements in carbonate rocks, according to Turekian and Wedephol [56], as
carbonate sedimentation predominates in the Wigry Lake basin. All presented background
values (gathered in Table 3) have advantages and disadvantages, which have been listed
before [114]. Briefly, GB1 and GB2 were calculated on quite a small number of samples.
Moreover, GB1 refers to lacustrine chalk, covering only up to 30% of the current lake bottom,
but on the other hand, this type of sediment was dominant in the paleo-lake [93,101]. GB3
in turn refers only to carbonate gyttja, but this type of sediment covers the majority of the
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current lake bottom. GB4 (as based on aquatic samples of different origin and chemical and
granular composition) and GB5 (as based on carbonate rocks of different origin and not
being aquatic sediments) seem to be too “general”. It is also worth noting that GB1–GB5
values are very divergent, differing even by several orders of magnitude. Generally, the
lowest values for all metals are in the case of GB1, while the highest in the case of GB3 (for
Cd, Cu, Pb, and Zn), GB2 (for Fe and Mn), or GB5 (for Cr). Nevertheless, implementing
so many different geochemical backgrounds, along with the critical approach to their
informative value, gives a fairly reasonable base for assessment of the chemoecological
state of Wigry Lake sediments, which has been visualized on the maps (Figures 3b, 4b, 5b,
6b, 7b, 8b and 9b).

The quality of Wigry Lake sediments was also based on sediment quality guide-
lines, which define certain critical concentrations associated with specifically defined
effects on biota, proposed by Smith et al. [59]. The guidelines determine two threshold
values: the threshold effect level (TEL) and the probable effect level (PEL) adjusted by
MacDonald et al. [60] and renamed to threshold effect concentration (TEC) and probable
effect concentration (PEC). These two threshold values give three ranges of possible effects
on biota. Below the TEL/TEC (minimal effect range)—adverse effects are expected to occur
only rarely; between the TEL/TEC and PEL/PEC (possible effect range)—adverse effects
may occasionally occur; above the PEL/PEC (probable effect range)—adverse effects occur
frequently. It is notable that both the TEL and TEC, as well as PEL and PEC values, do
not differ significantly, and all of these threshold concentrations (listed in Table 3) were
implemented in the course of the present study. SQGs were used previously to assess the
quality of Wigry Lake sediments [114], however here they are visualized in the form of
maps for Cd, Cr, Cu, Pb, and Zn (Figures 5c, 6c, 7c, 8c and 9c); there are no values of SQGs
for Fe and Mn. It should also be remembered that SQGs have some limitations too. For
example, false positive assessment results (if SQGs indicate that a sediment is toxic when
in fact it is not) and false negative assessment results (when SQGs suggest that a sediment
is nontoxic, but, in fact, it is toxic) may occur. Moreover, SQGs do not take into account
the bioavailable fraction of contaminants [58], which is known to be affected by many
factors [29–35]. Nevertheless, the application of SQGs values, along with five different
geochemical backgrounds, provides a solid basis for the assessment of the chemoecological
state of Wigry Lake sediments. Particular metals, which display similar characteristics
or significance, are analyzed further together, in order to make the discussion more clear
and concise.

Table 3. Threshold values of geochemical backgrounds (GB1–GB5) and sediment quality guidelines
(TEL, TEC, PEL, PEC) implemented for the assessment of the chemoecological state of Wigry Lake.

Metal
GB1 1 GB2 2 GB3 3 GB4 4 GB5 5 TEL 6 TEC 7 PEL 8 PEC 9

mg·kg−1

Cd 0.003 * - 0.631 0.500 0.035 0.596 0.99 3.53 4.98
Cr 0.99 - 6.08 5.00 11.00 37.3 43.4 90 111
Cu 0.5 <1.0–4.0 11.1 6.0 4.0 35.7 31.6 197 149
Fe 344 100–13,800 5640 1000 3800 - - - -
Mn 82 53–2046 493 500 1100 - - - -
Pb 0.2 4.0–8.0 70.9 10.0 9.0 35 35.8 91.3 128
Zn 4.0 2.0–36.0 73.5 48.0 20.0 123 121 315 459

* below the limit of quantification; 1 GB1—local geochemical background “a” [103,127]; 2 GB2—local geochemical
background “b” [104]; 3 GB3—local geochemical background “c” [48]; 4 GB4—Polish geochemical background
for aquatic sediments [128]; 5 GB5—world geochemical background for carbonates [56]; 6 TEL—threshold effect
level [59]; 7 TEC—threshold effect concentration [60]; 8 PEL—probable effect level [59]; 9 PEC—probable effect
concentration [60].

Spatial distribution of iron (Figure 3a) and manganese (Figure 4a) in Wigry Lake sedi-
ments, as well as the results of principal component analysis (discussed above) (Figure 2),
and the coefficients of correlation between the concentrations of these metals, and the
depth of the lake (0.77 and 0.60, respectively) [113] indicate that both elements have fairly
similar geochemistry and, likely, origin (at least to some extent). Manganese and iron
are both redox-sensitive elements [129,130] and tend to coexist in the form of oxides and
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hydroxides [131]. Their correlation with depth may be explained by sediment diagenesis,
during which Fe and Mn undergo selective dissolution and migration in pore waters in
an upwards direction [15]. This leads to the constant enrichment of the upper layer of
sediments with these metals, which is the highest in the deepest parts of the lake, with the
thickest layer of deposits, as has been discussed more closely before [113]. The mean values
of concentrations of both of these metals are the highest in fluvial-lacustrine sediment.
However, maximum amounts of Mn have been observed in the case of carbonate gyttja
samples located in the deepest part of the lake—the Szyja Basin (Figure 1b,c and Figure 4a),
while maximum concentrations of Fe can be found in the mouth of the Czarna Hańcza River
(Figures 1b and 3a). This phenomenon may be explained by specific conditions present in
the area of the mixing of Czarna Hańcza River and Wigry Lake waters, where water flow
parameters and physio-chemical parameters are subject to rapid changes, which favors the
precipitation of any contaminants carried out by the river [108]. A similar phenomenon
was observed for example in the case of other Polish lake [27]. This observation is in
line with the study on the ecological state of the Wigry National Park water system [104],
as well as with the research on phosphorus concentrations and precipitation in the lake
environment [132,133]. Moreover, it is known that iron and phosphorus have a tendency
to coprecipitate [134]. Manganese, on the other hand, is oxidized more slowly [135,136]
and can be transported over longer distances. This is in line with results obtained from the
PCA analysis, which revealed that among all examined metals, Mn was the most strongly
related to the PC2 axis, corresponding with the lake depth. Both metals may originate from
the weathering of post-glacial rock fragments (rich in these elements), mainly igneous and
metamorphic. In the petrographic composition of gravels found in the Wigry Lake and
its vicinity, crystalline rocks (originating mainly from Scandinavia) constitute about 45%,
which is typical for northern Poland [98,137].
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(b) Mn mapped according to different geochemical background values implemented in the study
(Table 3).

High concentrations of both Fe and Mn in ground waters in the area of the Wigry
National Park [73,111] also suggest a mostly natural origin of these metals in lake sediments.
The geochemical background values are also notable. Figures presenting Wigry Lake
sediments mapped according to five different GB values (Figures 3b and 4b) show that, in
both cases, deposits with metal concentrations below the GB1 value (the lowest one) can
be found. In the case of manganese, most of the lake area is covered by sediments with
Mn concentrations between GB1 and GB3 (the second lowest) and there are no deposits
in which the content of this element exceeds the GB2 value (the highest one). It is also
notable that the local geochemical background (GB2) [104] expressed in the form of a
range (Table 3), and the range of Fe and Mn concentrations in recent Wigry Lake sediments
(Table 2), are quite similar, which further supports the conclusion that the origin of these
two elements is mostly natural, especially in the case of Mn. Moreover, GB2, which is based
on fossil sediments, is much higher (taking into account the upper edge of the range) than
GB3, which is based on recent sediments. It should be noted, however, that both values
were established in different ways. On the other hand, a significant portion of iron seems
to be delivered to the lake by its tributaries, mainly by the Czarna Hańcza River, but also
by the Wiatrołuża River, which flows into the lake from the north, in the Zadworze Bay
(Figures 1b and 3a). That may indicate a natural, as well as anthropogenic contribution
to the enrichment of Wigry Lake sediments in Fe, as this element may originate from the
natural leaching of the catchment built of postglacial rocks rich in this metal, as well as
from human-related contamination of the water system in the studied region.

Spatial distribution maps of Cd (Figure 5a), Cr (Figure 6a), Cu (Figure 7a), and Zn
(Figure 8a) demonstrate similarities and although they differ in details, some general
accuracies may be observed. The area that is the most enriched with these metals is the area
of the Czarna Hańcza River mouth (Figure 1b) and the corresponding fluvial-lacustrine
sediment (Table 2). The lowest concentration of elements can be observed in the central
part of the lake (Zakątowskie Basin and Bryzglowskie Basin), while the northern part
(Wigierskie Basin, Szyja Basin) and, to a lesser extent, the south-west part of the lake
(Wigierki Bay; Figure 1b), are more enriched with metals. It seems that similar phenomena
affect the spatial distribution of these metals and their origin is similar as well, which was
confirmed by correlation coefficients between particular pairs of metals, ranging from 0.55
(for Cd–Zn) to 0.85 (for Cr–Cu) [114]. These phenomena seem to be also quite consistent
with those observed in the case of Fe and Mn, as spatial models of their distribution
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show many similarities. This observation is further supported by correlation coefficients
between metal concentrations and the depth of the lake, which are lower than in the case
of Fe and Mn, but still significant: Cd-depth—0.34, Cr-depth—0.46, Cu-depth—0.49, and
Zn-depth—0.58 [114], as well as by the results of PCA analysis (Figure 2b).
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Figure 5. Cadmium in recent bottom sediments of the Wigry Lake: (a) spatial distribution of
Cd; (b) Cd mapped according to different geochemical background values implemented in the
study (Table 3); (c) Cd mapped according to sediment quality guideline values (TEL—threshold
effect level, TEC—threshold effect concentration, PEL—probable effect level, PEC—probable effect
concentration [59,60]; Table 3).
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Cr mapped according to different geochemical background values implemented in the study (Table 3);
(c) Cr mapped according to sediment quality guideline values (TEL—threshold effect level, TEC—
threshold effect concentration, PEL—probable effect level, PEC—probable effect concentration [59,60];
Table 3).
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(c) Cu mapped according to sediment quality guideline values (TEL—threshold effect level, TEC—
threshold effect concentration, PEL—probable effect level, PEC—probable effect concentration [59,60];
Table 3).
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Figure 8. Zinc in recent bottom sediments of the Wigry Lake: (a) spatial distribution of Zn; (b) Zn
mapped according to different geochemical background values implemented in the study (Table 3);
(c) Zn mapped according to sediment quality guideline values (TEL—threshold effect level, TEC—
threshold effect concentration, PEL—probable effect level, PEC—probable effect concentration [59,60];
Table 3).

What differentiates these four metals from Fe and Mn is their origin, which in the
case of Cd, Cr, Cu, and Zn seems to be more anthropogenically affected. GB2 values
(established on a basis of fossil Wigry Lake sediments [104]) for Cd and Cr were not
available, however in the case Cu and Zn those values were significantly lower than the
ranges of the concentration of metals measured for recent Wigry Lake sediments (Tables 2
and 3), and lower than GB3 [48]. This indicates that deposits of the contemporary Wigry
Lake are significantly enriched with these metals, which was also confirmed by the studies
of the sediment cores [101,104,107,110]. On the other hand, the comparison of Wigry
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Lake sediments with different geochemical background values (Figures 5b, 6b, 7b and 8b)
revealed that only small areas of the current lake bottom are covered by deposits with metal
concentrations exceeding the highest GB values, i.e., GB3 (in case of Cd, Cu, and Zn) or GB5
(in case of Cr). This means that, although the analyzed sediments are enriched with metals,
the observed contamination does not pose a serious threat to the Wigry Lake environment.
This conclusion is also supported by the comparison of the sediment state with the sediment
quality guidelines (Figures 5c, 6c, 7c and 8c), which showed that concentrations of Cd,
Cr, Cu, and Zn in the vast majority of the area of examined lake deposits do not exceed
threshold values of TEL/TEC, which means that there is no threat to biota, or this threat is
very low, as those values represent the upper end of the concentrations of the minimal effect
range (adverse effects are expected to occur only rarely) [59,60]. In the case of Cr, not even
a single sample result was higher than TEL/TEC and sediment areas of the concentration
of elements below GB1 (the lowest one) were observed. This indicates that, of those four
metals, the concentrations of Cr in Wigry Lake sediments are the least hazardous and the
least anthropogenically affected.

The spatial distribution model of lead (Figure 9a) differs significantly from the maps
for other metals. Although the Czarna Hańcza River estuary and the northern part of the
Wigry Lake are enriched with this metal, as with other elements, significantly elevated
concentrations of Pb are observed also within the Bryzglowskie Basin (Figure 1b)—a part of
the lake that is rather uncontaminated in terms of other metals. Mean lead concentrations
in five different types of sediments demonstrate relatively little variation (Table 2), which
is quite unusual in the case of Wigry Lake as well. It is also difficult to indicate any
particular factor, which affects the spatial distribution of this element in sediments, and
it was ultimately concluded that the main source of Pb in the Wigry Lake environment is
precipitation and agriculture [111,114]. Atmospheric deposition was also identified as the
main source of Pb in lake sediments, e.g., in Norway [138] and in the USA [139].
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Figure 9. Lead in recent bottom sediments of the Wigry Lake: (a) spatial distribution of Pb; (b) Pb
mapped according to different geochemical background values implemented in the study (Table 3);
(c) Pb mapped according to sediment quality guideline values (TEL—threshold effect level, TEC—
threshold effect concentration, PEL—probable effect level, PEC—probable effect concentration [59,60];
Table 3).

Due to the specific geochemical characteristics of lead, its concentrations do not
correlate with other metals (though, in some cases, such correlations could not be calculated
as Pb and other elements were analyzed mostly on separate data sets) [114]. What is also
untypical in the case of the Wigry Lake is that lacustrine chalk is on average more enriched
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with Pb than carbonate gyttja (Table 2). This may be caused by the tendency of lead to be
accumulated and immobilized in carbonates [104,112,135,140]. Figures presenting Wigry
Lake sediment mapped according to five different geochemical backgrounds (Figure 9b)
and sediment quality guidelines (Figure 9c) demonstrate that of all metals examined,
lead is the most anthropogenically affected. The majority of the lake bottom is covered by
sediments with lead concentrations between GB4 and GB3 (the highest one) and all deposits
fall within the range between TEC and PEL values (concentrations occasionally associated
with adverse biological effects) (Table 3), which indicates a moderate threat to biota [59,60].
It is notable, however, that SQGs do not take into account the real bioavailability of
metals trapped in sediments, and in the case of the Wigry Lake, it has been evaluated as
low [114] due to the alkaline environment of the lake sediments [104], which favors metal
immobilization and the reduction of their bioavailability [141].

The enrichment of Wigry Lake sediments with metals is the effect of progressive
eutrophication of its environment. Although the lake is located in one of the most pris-
tine regions of Europe [104], agricultural activity, development of the nearby Suwałki
city, the development of tourism [89] and a significant nutrient load supplied to the
lake [132,133], have significantly accelerated natural processes, observed from the forma-
tion of the lake [91]. Anthropopressure was the most significant in the 1960–1990s [83,101],
while nowadays, constant improvement of the Wigry Lake environment can be observed,
which is mainly due to the construction of a sewage treatment plant in Suwałki in 1986 and
its modernization in the 1990s.

The chemoecological state of Wigry Lake sediments was additionally compared to
other lakes in north-central Poland and northern Europe. This region was chosen due to
a fairly comparable climate, age, and origin of the lakes (post-glacial). It was also noted
whether the compared lakes were located within relatively pristine areas. It should be
remembered, however, that each environment is unique in terms of, e.g., sedimentation
conditions, nature, or development of the catchment, morphometry, depth of lake basin, etc.
Moreover, results are often obtained by various research methods, which has been previ-
ously pointed out [114]; therefore, such comparison may only be vague. The lakes selected
in Poland included 23 lakes of the Suwałki Lakeland and Mazury Lakeland [26], Symsar
Lake [27], 11 lakes of the Wielkopolski National Park [142,143], and Gopło Lake [144],
while north-European lakes included 49 lakes in Latvia [145], 33 lakes in Norway [146],
Lake Rõuge Liinjärv in Estonia [147], and Lake Lehmilampi in Finland [148]. The average
concentrations of examined metals were lower or higher in other lakes, but generally at
levels comparable to those in the Wigry Lake. It is notable, however, that in the case of the
Wigry Lake, the ranges of results were much higher, which is probably due to significantly
larger set of samples analyzed in the case of Wigry Lake. Moreover, when fluvial-lacustrine
sediment (which, after all, occupies only a small area of the lake) was not taken into account,
Wigry turned out to be nearly the most pristine of all of the compared lakes.

4. Conclusions

The presented paper summarizes a long-term multidisciplinary research conducted
on Wigry Lake and its surroundings. An unusually abundant data set and a meticulous
investigation of the lake environment, as well as the application of various study methods,
made it possible to highlight and re-draw attention to some environmental issues, which,
although commonly known, still pose significant challenges. For example, it is known that
the spatial distribution of metals in lacustrine sediment is affected by numerous factors,
such as chemical and granular composition of the lake sediments, local physiochemical con-
ditions, or the character of the catchment. Thus, an extensive investigation of the deposits
of a particular water body under analysis is very important and sediment samples that are
taken for analysis should fairly represent the different sediment types and different depths.
However, a precise investigation of a particular environment is time- and cost-consuming,
which often makes it difficult or even impossible. The other important issue highlighted
by the present, as well as previous studies on the Wigry Lake, is the Environmental Risk
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Assessment. Although there are many ways (indices, indexes, geochemical backgrounds)
that may be used to assess the chemoecological condition of aquatic sediments, each of
them has its own disadvantages. Most of them are based on geochemical background
values; therefore, these should be very carefully chosen. Wigry Lake is unique, also, in
terms of the number of geochemical backgrounds, because as many as five different values
could be applied. However, it still failed to provide a clear answer on the chemoecological
state of Wigry Lake sediments, mainly due to the large variability in GB values.

Nevertheless, Wigry Lake sediments may be ultimately assessed as uncontaminated
or slightly contaminated and the risk to biota can be defined as low. Spatial distribution
of metals, the implementation of five different geochemical background values and the
sediment quality guidelines led us to conclude that all examined elements originated
from natural as well as anthropogenic sources, while their contribution was variable. Mn
was found to be mostly of natural origin and was the most correlated with the depth.
Concentrations of Cd, Cr, Cu, Fe, and Zn in sediments were more anthropogenically
affected, but the lowest enrichment with these metals was found in the case of Cr. Pb was
recognized as an element in the case of which human activity was the most significant. The
natural source of the examined metals has been identified as mainly the leaching of the
Wigry Lake catchment, while anthropogenic sources include agricultural activity, sewage
effluents from the nearby Suwałki city and adjacent villages, and tourism. In the case of Pb,
atmospheric deposition should additionally be taken into account. The chemoecological
state of Wigry Lake sediments does not differ significantly from other pristine lakes in
Poland or Northern Europe.
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