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Abstract: This article presents the results of the analysis and estimation of the seasonal variation
of heavy metals in the water of urban lakes and the assessment of their environmental state based
on the chemical data. The research covered seven lakes in Murmansk, subject to various levels of
anthropogenic load. Field studies were conducted in 2019-2020. Water samples were taken both in
summer and in winter/spring seasons. The most polluted lake was Lake Ledovoe, where the highest
concentrations of V, Cr, Co, Ni, Cu, W, and Mn were found. Lake Yuzhnoe, which is characterized
by the lowest concentrations of studied heavy metals, was the least subject to anthropogenic load.
In total, V, Ni, Zn, Fe, and Mn were above the background levels in the lakes of Murmansk. The
analysis of the seasonal variation showed that the highest concentrations of heavy metals were found
in winter/spring season and reached their maximum during the period of melt water intake from
the catchment area. The research showed the impact of the urban environment on the chemical
composition of the Murmansk lakes.
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1. Introduction

Among the pollutants, heavy metals pose the highest risk to aquatic ecosystems
due to their toxicity, resistance to biodegradation, and high potential for accumulation in
organisms [1-3]. Toxic impact of heavy metals on aquatic organisms causes negative effects
on the nervous, digestive, and respiratory systems of animals and the photosynthesis of
plants [4,5]. This happens because the main targets for heavy metals at the molecular level
are proteins and enzymes, involved in various vital functions. Thus, due to excessive input
of Cu and Ni into the lakes of the north-western part of Murmansk region (operations
of Kola Mining-Metallurgical Company) fish suffer from pathological changes in organs
and tissues, such as intensive growth of the connective tissue in kidneys, kidney stone
disease, pathologies in gonads (segmented gonads, medullary form of gonads), etc. This
is explained by the fact that the fish liver is the organ of the greatest accumulation of
Cu («target organ»). At the same time, Ni is mostly concentrated in the kidneys. The
spatial features of the accumulation of these metals, especially Ni, in the «target organs»
of Coregonus lavaretus are subject to the gradient dependence relative to the source of
contamination (the «Pechenganikel» plant). Thus, the average Ni content in the whitefish
kidneys from Lake Kuetsjarvi (2 km from the plant) was 30 pg/g dry weight, and in the
forest lake Kocheyaur (109 km from the source of pollution) the Cu content did not exceed
3 ug/g dry weight. At the same time, the frequency of occurrence of pathological kidney
changes in these lakes is 100 and 80%, respectively [6].

Heavy metals are toxic for plankton (especially filter feeders)—these organisms con-
centrate metals that remain in cells for an unlimited period of time, cause their death, and
then accumulate in sediments. The filter type of daphnia nutrition makes them highly
sensitive to the presence of toxic substances in the aquatic environment. Cu ions exhibit
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acute toxicity in Daphnia magna at concentrations of 0.1 and 1 ug/L, Zn, Co, and Ni ions at
the same concentrations exhibit chronic toxicity [7].

Heavy metals inputs to water bodies occur due to both natural processes and an-
thropogenic impact. The main natural sources of heavy metals in water bodies are rock
weathering, wind transportation, release from sediments, and mineralization of organic
matter in the catchment area and the water body itself [8-11]. Anthropogenic sources are
various industries (metallurgical, mining, chemical, engineering, thermal power), housing
and public utilities, transport, agriculture, etc. [12].

Increased anthropogenic impact on the environment in urbanized areas and indus-
trial centers results in higher rates of heavy metals and other pollutants in the surface
water. Studies in Wuhan, China showed the tendency towards increased concentrations
of heavy metals and other elements (Cd, Co, Pb, Ni, Cu, Zn, Mn, Fe, Al) in urban lakes
water compared to water bodies in rural areas. For example, in the waters of the urban
lakes, the concentration of Co was 3.3 ug/L, Pb 10.04 ug/L, As 45.19 ug/L, A15.59 pg/L,
Ni 18.22 pg/L, Mn 656.24 ug/L, which exceeded the values recorded for rural lakes by
9,7,14,15.5, 3, and 15 times, respectively [13]. Mining operations in the Tri-State Mining
District (TSMD) of southwest Missouri, northeast Oklahoma, and southeast Kansas (the
USA) caused long-term input of Cd, Pb, and Zn to the environment. Even though mining
operations were shut down totally in 1970, there is still an abundance of Cd, Pb, and Zn
in floodplain soils and sediments of rivers and streams. The highest concentrations of Pb
and Zn are closely related to the geographical location of the former mining and smelting
centers. Thus, the content of Pb and Zn in flood-plain soils and Tar Creek sediments in
Kansas was 409 and 37 mg/kg, respectively. In Oklahoma, the Pb level was 200 mg/kg, Zn
was 2000 mg/kg. The state of Missouri was characterized by the lowest concentrations com-
pared to other states, however, metal concentrations were at a high level (Pb—145 mg/kg;
Zn—1755 mg/kg) [14]. In the water bodies near the city of Lulea in northern Sweden,
there was an excess of concentrations of heavy metals in the waters and sediments. This is
explained by the inflow of stormwater from urban areas and point sources of pollution.
Stormwater was characterized by a high content of Cd 0.2 ug/L, Cu22 pg/L, Pb 70 pug/L,
Zn 82 pg/L. At the same time, the existing redox conditions in water bodies mainly cause
the fixation of pollutants in precipitation due to the formation of sulfides and slow oxida-
tion of organic pollutants [15]. According to the long-term studies in the north of Russia,
the greatest contribution to the transformation of the chemical composition of water and
sediments of Lake Imandra, on which several cities of Murmansk region are located, was
made by mining, extraction, processing, and metallurgical industries. Concentrations of
heavy metals (Ni, Cu, Co, Zn, Cd, Pb, As, Hg, Cr) in the surface layers of sediments have
increased by dozens, hundreds, and thousands of times (e.g., Ni) above the background as
a result of anthropogenic influence on the lake. Thus, in the surface layers of sediments
of the Monche Bay (Bolshaya Imandra), there were significant increases in concentrations
of heavy metals compared to the deep background layer. The Ni concentration increased
from 50 to 30,000 mg/g, while the copper content changed from 50 to 6000 ng/g.

The increase in the content by more than an order of magnitude was also recorded for
other heavy metals—Co, Zn, Cd, Pb, As, Hg, Cr, which are the accompanying metals in
copper-nickel ore [16,17]. Thus, the problem of surface water pollution with heavy metals in
urbanized areas is significant, especially regarding the fact that urban rivers and lakes can
be used for recreational, cultural, and social purposes by the local population. Therefore,
this problem extends beyond the issue of fundamental science, affecting social, economic,
and even political aspects of people’s lives. The objective of this study is to estimate the
seasonal variation of heavy metals in the surface waters of Murmansk, the largest city north
of the Arctic Circle, and the environmental state of lakes based on the chemical data.

2. Materials and Methods

The article presents the results of the field studies of Murmansk in 2019-2020. The
research covered seven lakes in the city of Murmansk (Semenovskoe, Ledovoe, Severnoe,



Water 2021, 13, 3267

30f12

Okunevoe, Srednee, Yuzhnoe, Treugolnoe) subject to various levels of anthropogenic load
from the main sources of pollution (heating plants, the coal terminal, the waste incineration
plant, etc.). It is noteworthy that three selected lakes are not officially named and two
of them were named according to their geographical location: (Severnoe (Northern) and
Yuzhnoe (Southern)), Lake Treugolnoe (Triangular) was named by the authors because of
its shape (Figure 1).
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Figure 1. Schematic map of the location of research objects.

The largest lakes are Srednee and Semenovskoe, the deepest ones are also Srednee
and Ledovoe with maximum depths 23.5 and 15.7 m respectively (Table 1). According
to the classification of Alekin [18], the waters in the studied lakes mainly belong to the
chloride class, Na group, owing to the influence of marine aerosols from Kola Bay [19]. The
exceptions are Lake Okunevoe and Lake Srednee as their water is typical for the majority
of lakes in Murmansk region, characterized by the distribution patterns of main ions in the
bicarbonate (HCO3™) class, Ca group. These lakes are characterized by low mineralization
(mean 63-143 mg/L), the highest rates of mineralization are observed in Lake Yuzhnoe
and Lake Ledovoe (294 and 612 mg/L, respectively) [20].

Water samples from the surface (1 m from the surface) water and the bottom (1 m
from the bottom) water of the lakes were taken with a 2 L plastic bathometer. From the
bathometer, the samples were poured into 1 L plastic bottles from Nalgene®, the material
of which does not have sorbing properties. Before use, the bottles were thoroughly washed
in the laboratory. When sampling water, the bottles were rinsed twice with lake water, then
placed in dark containers and refrigerated (~+4 °C), and in a short time transported to the
laboratory. Filtration of water samples was carried out in the laboratory during discharge
using a Millipore phase sepa ration unit from high-density polypropylene through glass
and polycarbonate membrane filters of Millipore with a pore size of 0.45 um. The following
parameters were determined in taken samples: pH, conductivity, alkalinity, main ions
(Ca, Mg, Na, K, HCO3, SOy, Cl), and mineralization as the sum of seven main ions. The
quality of chemical-analytical measurements carried out in the laboratory was confirmed
by participation in the annual international verification (Intercomparison 2019). The content
of trace elements (V, Cu, Ni, Cr, Zn, Cd, Sb, Sn, Pb) in water samples was measured using
an ELAN 9000 inductively coupled plasma mass spectrometer.
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Table 1. The main morphometric characteristics and geographic coordinates of the Murmansk lakes.
Geographic ) Perimeter of Maximum Length Depth, m
Lakes Coordinates Area, km the Lake, m of the Lake, m Max. Mean

Severnoe 69';);%?672% aE“d 0.009 520 230 3.90 1.75
Ledovoe 68?;%1;E %“d 0.040 780 270 15.70 7.80
Okunevoe 68 39; 2;2735 ;“d 0.048 1270 550 5.60 2.30
Semenovskoe 68'3?; (82?35;\] %“d 0213 3200 730 11.30 2.40
Srednee 68'3938.11%;21\! %“d 0.248 1990 700 23.50 7.70
Yuzhnoe 68'5%2206(1)}] ;“d 0.053 1130 430 11.30 3.05
Treugolnoe 68.967875° N and 0.100 550 160 8.60 5.60

33.002587° E

Lake Semenovskoe was chosen to study the seasonal variation of heavy metals because
this lake is the most popular water body among locals and visitors of Murmansk. Chemical
and analytical studies were conducted in Institute of North Industrial Ecology Problems
and Institute of Geology, KRCRAS using the same methods [21].

3. Results

According to the data analysis, concentrations of Mo, Cd, Sn, Sb, TI, Pb, and Bi in
the studied water bodies did not exceed the regional relative background [22] and the
maximum permissible concentrations for fisheries [23] (Table 2).

3.1. Water Chemistry

Vanadium concentrations in the lakes varied from 0.95 to 9.1 ug/L. The highest V rates
were found in Lake Ledovoe (9.1 ug/L), Lake Srednee (8.3 nug/L), and Lake Okunevoe
(5.8 ug/L). Operations of thermal power plants, using mazut (the Murmansk thermal
power plant and boiler rooms) significantly influence the increase of the element rates in
urban lakes. It is known that mazut contains vanadium and such heat and power plants can
pollute urban areas around the world [24,25]. The concentrations of V in lakes decreased
with distance to the sources of emissions, however, concentrations 3—4 times above the
background were found even in the remote lakes (Severnoe, Treugolnoe). This happens
mostly because transport distance of ash particles from heat and power plants using mazut
can reach 15 km from the source [26].

Nickel is the main siderophile element of the Baltic Shield [27] and its background
is 1.06 ng/L. Ni concentrations in the studied lakes varied from 2.8 to 11.74 ug/L, which
are 2.6-11 times higher than the regional background. Meanwhile, it was found that Lake
Ledovoe was characterized by the highest concentration of this element (11.73 ug/L). The
lowest Ni content, as well as V, was observed in Lake Yuzhnoe. This element as well
as vanadium is an indicator of the combustion of mazut fuel [28-30]. The defined mean
positive correlation (Figure 2) between V and Ni concentrations (critical value r = 0.54 with
significance level p = 0.005) in the studied lakes confirmed the significant anthropogenic
influence of the Murmansk combine heat and power plant and boiler rooms on the state of
water bodies.
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Table 2. The mean concentrations of microelements in the Murmansk lakes, ug /L.
Hg
Background MPC
Elements Semenovskoe Ledovoe Severnoe Okunevoe Srednee Yuzhnoe Treugolnoe [“2;2] Fish [23]
n 9 4 3 3 4 3 2
Vv 2.8+1.85 9.145 2.940.7 5.8+4.6 8.3+12.4 0.940.3 2.4+1.2 0.67 1
1.9(0.96-6.4) 10.1(2-13) 29(2.1-3.6) 32(2.9-11.1) 2.4(15-26.9) 0.8(0.8-1.3) 24 (15-32) :
Cr 0.4+0.08 1.64+0.56 0.7+0.03 0.95+0.06 0.6£0.05 0.7£0.2 0.8+0.05 0.50 70
0.4 (0.3-0.6) 1.7(0.9-2.2) 0.7(0.6-0.7) 1(0.9-1) 0.5(0.5-0.6) 0.7(0.5-0.8) (0.7-0.8) :
Co 0.1740.24 1.39+0.53 0.52+0.42 0.1440.02 0.1140.05 0.140.003 0.6+0.8 0.47 10
0.06 (0.04-0.8) 12(1-22) 0.3 (0.27-1) 0.15 (0.12-0.16) 0.08(0.07-0.19) 0.1(0.1-0.11) 0.6(0.07-1.19) :
Ni 4.1340.8 11.7445.2 5.5+1.1 5.9+1.6 6.8+3.6 2.840.6 71469 1.06 10
42(3254) 10.7(7.2-18.4) 5.6(4.4-6.6) 51(49-7.8) 52(45-12.2) 2.9(2.1-3.3) 7(2.2-12) :
Cu 1.740.3 2.6+1.4 2.340.8 2.540.5 240.8 1.340.2 2.540.8 0.94 1
1.7 (1.22) 24(12-4.4) 21(15-3.1) 23(22-3) 18(1.4-32) T4(1.1-15) 25(1.9-3) :
7n 6.4+3.9 10.4+4.6 14.846 17.2+411.1 7+6 1.640.16 5.6+2.3 1.66 10
5.7 (2.615) 89(6.7-17.1) 11.4(11.3-21.7) 11(10.6-30.1) 47(2.7-15.8) 1.6(1.5-1.8) 56 (47.3) :
Mo 0.1140.02 0.4140.14 0.74-0.28 0.14-0.04 0.2540.08 0.32-0.01 0.02:£0.01 055 500
0.1 (0.090.16) 0.4 (0.26-0.55) 0.7(0.5-1.05) 0.1(0.11-0.19) 0.2(0.19-0.37) 0.3 (0.3-0.32) 0.02 (0.007-0.03) :
cd 0.01+0.003 0.02+0.004 0.034+0.015 0.034+0.02 0.0640.05 0.01+0.008 0.0240.01 0.36 5
0.01(0.0080.02) 0.02(0.01-0.02) 0.03(0.02-0.05) 0.02 (0.02-0.06) 0.04(0.018-0.13) 0.01(0.007-0.02) 0.02(0.01-0.02) :
Sn 0.008+-0.007 0.059+4-0.029 0.02940.04 0.036+0.001 0.028+0.026 0.0054-0.005 0.0254+0.015 0.50 112
0.008(0.0020.02) 0.057(0.027-0.096) 0.009(0.003-0.076) 0.037(0.035-0.038) 0.025(0.001-0.06) 0.002(0.002-0.01) 0.025(0.014-0.036) :
Sh 0.1140.02 0.15+0.08 0.15-0.03 0.2540.02 0.3340.12 0.16+0.02 0.06+0.006 0.69 _
0.12(0.07-0.13) 0.11(0.10-0.27) 0.15(0.13-0.19) 0.25(0.23-0.27) 0.29(0.24-0.5) 0.17(0.14-0.17) 0.06(0.05-0.06) :
W 0.00940.006 1.3940.62 0.07+0.03 0.02-+0.009 0.01+£0.008 0.02+0.005 0.006+0.002 0.61 0.8
0.007(0.005-0.03) 1.62(0.51-1.84) 0.06 (0.05-0.10) 0.03(0.01-0.03) 0.01(0.004-0.02) 0.02(0.016-0.025) 0.006(0.004-0.007) : :
Tl 0.004+0.001 0.00740.004 0.00940.003 0.00540.002 0.003+0.001 0.0024-0.001 0.004-£0.00007 1.85 60
0.004(0.003-0.007) 0.008(0.003-0.011) 0.007(0.007-0.012) 0.004(0.003-0.007) 0.003(0.002-0.005) 0.001(0.001-0.003) 0.004 (0.0035-0.0036) :
Pb 0.14-0.08 0.27+0.06 0.2-£0.03 0.4540.08 0.1240.10 0.07-40.01 0.3740.22 0.47 6
0.13 (0.07-0.3) 0.3(0.22-0.4) 0.2(0.17-0.22) 0.4(0.39-0.54) 0.1(0.03-0.26) 0.07(0.06-0.08) 0.37(0.21-0.53) :
Bi 0.0040.006 0.014+0.004 0.007+0.004 0.004+0.004 0.00740.001 0.004+0.003 0.01+0.002 1.06 _
0.0007(0.0002-0.02) 0.016(0.007-0.02) 0.009(0.002-0.009) 0.003(0.0003-0.008) 0.007(0.005-0.007) 0.004(0.001-0.006) 0.01(0.007-0.011) :
Mn 774134 3714235 6684 8+3 41450 31437 216285 2.09 10
14 (1.7-398) 435(46.8-568) 20(14.5-163) 6(5.5-11) 25(4-109) 12(7-74) 216(14-418) :
Fe 4384891 268442453 2334167 418454 3647 45413 201041557 47.26 100
127(32-3339) 2137(211-6051) 171(111-478) T4 (359-483) 39(27-42) 50(32-59) 1996 (560-3488) :

Numerator—mean value =+ standard deviation; the denominator is the median (the minimum and maximum values of the sample); n—number of samples.
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Figure 2. Correlation between Ni concentration and V content in the studied lakes.

Chromium and cobalt concentrations varied from 0.40 to 1.64 nug/L and from 0.1
to 1.39 ug/L, respectively. The maximum concentrations of these elements (three times
above the background) were found in Lake Ledovoe. Exceeding the maximum permissible
concentrations for fishing has not been recorded.

The high content of copper in chemical composition of surface waters is a special
feature of water bodies in the Arctic zone and the Russian North due to predominance
of chalcophile elements in the Baltic Shield and humification of the catchment area of the
lakes in Murmansk region [27]. The concentrations of Cu in Murmansk lakes varied from
1.33 to 2.62 ug/L. The maximum content was found in Lake Ledovoe, the minimum in
Lake Yuzhnoe. The majority of lakes were characterized by Cu concentrations higher than
the background of the region and 0.7-1.6 times higher than the maximum permissible
concentrations for fisheries.

During the research of the Murmansk lakes, zinc content varied from 1.64 to 17.22 pug /L.
Almost all the studied lakes were characterized by the exceeding the maximum permis-
sible concentrations for this element. The exception is Lake Yuzhnoe with the lowest Zn
concentration. Zn concentrations in Lake Severnoe and Lake Okunevoe were 1.5 and 1.7
times higher than the maximum permissible concentrations. Possibly, the high content of
Zn in these lakes is connected with the deposition of plant residues in the catchment areas
and further Zn transport with the surface run-off and from the soil horizon to the lakes
in autumn and spring seasons [31,32]. The anthropogenic source of Zn input to the urban
water bodies is dust from the highways. The enrichment of the road dust with Zn occurs
due to tire abrasion and worn brake shoes [26,33].

Tungsten concentration in the lakes did not exceed the background. The exception is
Lake Ledovoe with the W concentration of 1.4 ug/L, that is 0.8 pg/L more than the back-
ground. W compounds are used in mechanical engineering for lubricants and polyamide
composites as antifriction nanoparticles, that reduce the friction coefficient, and as catalysts
for oil refining [34]. The gas station, the car wash, and garages are located near Lake
Ledovoe, which is possibly a reason for the increase of W in this lake.

The Murmansk lakes are characterized by the relatively high content of Fe, the excep-
tions are Lake Srednee and Lake Yuzhnoe, where the lowest concentrations of this element
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(36 and 47 ug/L, respectively) were found. The maximum rates were observed in Lake
Ledovoe (2684 pg/L) and Lake Treugolnoe (2010 pug/L), 27 and 20 times higher than the
maximum permissible concentrations for fisheries. The main source of Fe in waters is rocks,
where Fe exists in the bivalent form. During silicate weathering under the influence of
carbonic acid and water, bivalent iron in the form of bicarbonates transports into waters.
Under the influence of oxygen, bivalent iron further switches to trivalent, which breaks
down hydrolytically to Iron (III) oxide-hydroxide in acid solutions [35]. Moreover, Fe has
the capacity to complexation, creating stable complex compounds with humic substances
(the main part of Fe exists in the complex anionic form) [36].

Manganese is a widespread element in the environment. Its mean content in the
Murmansk lakes varied from 8 to 371 ug/L. The highest concentrations compared to the
background were found in Lake Ledovoe (371 pug/L) and Lake Treugolnoe (215.85 ug/L).
The minimum Mn concentration was observed in Lake Okunevoe—38 pg/L. The Republic
of Karelia and Murmansk region belong to the ferromanganese geochemical province,
which causes migration of elements as part of organic-mineral complexes to the water
bodies of these regions [37]. The strong correlation (Figure 3) between Fe and Mn con-
tents in the studied lakes indicated simultaneous input of these elements. Moreover, the
subarctic areas are characterized by eutrophication of lakes with the high content of hu-
mus [38]. As a result of low temperature influence and decrease in the oxygen content
at the bottom of water bodies, Mn switches to the dissolved form (Mn(Il)) and releases
from sediments [39]. Anthropogenic sources of Mn are exhaust fumes of cars with gasoline
engines, where methylcyclopentadienyl manganese tricarbonyl is used as an antiknock
agent, and manganese antismoke agents for diesel fuel [40].

3 -
Mn, pg/L X'L\96 -
500 4 R Q%* %C)q% //,/
A
400 4 %% 7
o o
300 1 7
200 - o ///
O -
100 P e
o 7
:3/@ Fe, ug/L
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Figure 3. Correlation between Fe concentration and Mn content in the studied lakes.

Comparison of the concentrations of trace elements in the Murmansk lakes with
their concentrations in the lakes of the border zones of Russia, Finland, and Norway
(Table 3) showed that the concentration of Cu in the Murmansk lakes was on the same
level as Norway. Moreover, Ni concentrations in the Murmansk lakes were 1.8 times
higher than in Norway. The highest concentrations of these elements are common for
the north-western part of Murmansk region. As noted above, Cu and Ni are some of the
most common pollutants from non-ferrous metallurgical plants, located in this area. The
highest concentrations were found in lakes located close to metallurgical plants: Lake
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Haukilampi (Cu—=8.3 pg/L; Ni—109 nug/L), LN-2 (Cu—9.8 ug/L; Ni—265 pg/L), LN-3
(Cu—13.6 ug/L; Ni—111 pg/L), Lake Kuetsjarvi (Cu—8.6 ug/L; Ni—106 ug/L) [41]. The
lowest concentrations of Cu, Ni, and Pb were observed in the lakes of Finland. The mean
Pb content in other regions was similar and varied from 0.23 to 0.28 pg/L. In turn, the
lakes of Murmansk and Finland were characterized by high concentrations of the mean
Fe content, which is common for small lakes in these regions. Meanwhile, the highest
concentrations of Fe were observed in the Murmansk lakes and they were 1.9 times higher
than in the Finnish lakes.

Table 3. The mean contents of microelements in the Murmansk lakes and the neighboring zones of
Russia, Norway, and Finland, ug/L [41].

Cu Ni Pb Fe
Murmansk 2.1 6.3 0.23 837
Russia 52 41.6 0.26 98
Norway 2.1 3.6 0.28 54
Finland 0.9 1.5 0.09 434

3.2. Seasonal Variation

The seasonal variation of the content of microelements in the Murmansk lakes was
studied in Lake Semenovskoe due to its location in the central part of the city and its high
recreational meaning for citizens.

The mean concentrations higher than the regional background were found in Lake
Semenovskoe for these elements: Cu (1.8 times higher), Ni (3.9), Zn (3.9), V (4.2), Fe (9.3),
and Mn (37). The highest concentrations were observed mainly in winter/spring season
and reached their maximum in the flood period. Thus, there were high concentrations of V
(3.87 ng/L in winter; 6.42 pug/L in spring) and Zn (8.22 pug/L in winter; 15 ug/L in spring)
in the surface water (Figures 4 and 5).

22 4
7.0 4
BV (surface horizon) 19
55 4 3
ﬁ ’ ® @ Cu (surface horizon)
? BV (bottom horizon) | =
S S
£ 10 E-1
g g 16
;:5 B Ni (surface horizon) g
5 25 £ B Cu (bottom horizon)
S S
@ Ni (bottom horizon) 13
1.0 A
-0.5 Spring 2019 Summer 2019 Autumn 2019 Winter 2020 1.0 -
Spring 2019 Summer 2019 Autumn 2019 Winter 2020
480 175 A
400 145
'i 320 B Mn (surface horizon) E;: 15 4 B Zn (surface horizon)
g0
£ £ 851
£ 160 g
g B Mn (bottom horizon) | § B Zn (bottom horizon)
g S 55 4
80
0 25
Spring 2019 Summer 2019 Autumn|2019 Winter 2020
-80 - -05 -
Spring 2019 Summer 2019 Autumn 2019 Winter 2020

Figure 4. Seasonal and vertical variation of V, Ni, Mn, Cu, Zn contents in Lake Semenovskoe in 2019-2020.
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Figure 5. Seasonal and vertical variation of Fe content in Lake Semenovskoe in 2019-2020.

The highest contents of Mn were noted in the bottom water layer (189 ug/L in winter;
398 ug/L in spring) and Fe (427 pg/L; 3339 ug/L in spring). Iron and manganese cycling
is common for natural water bodies [42]. During winter stagnation, active diffusion of
Fe?* and Mn?* from sediments to water occurs and that leads to the accumulation of
these elements in the bottom water. In summer, a significant decrease in concentrations of
studied elements occurs compared to the spring season. For instance, Zn concentration
was 12.4 pg/L less in the surface water and 4.98 ug/L less in the bottom water. Mn content
in the surface water was on the same level in summer, while the concentration of this
element in the bottom water was 7.8 times less compared to spring. A sharp decline in
concentrations in summer in the bottom water is common also for Fe (content was 11.7
times less). In summer, when oxygen conditions improve, Fe?* oxidation to hydroxides
and Mn2* oxidation to dioxide occurs, and concentrations of these elements in water bodies
decrease. In autumn during homothermia, water masses mixing leads to equal distribution
of elements in the water column of the lake. Thus, Zn content in the surface water was
3.67 ug/L and in the bottom water 3.41 ug/L. The seasonal pattern of Cu proceeds without
strong variations. The highest content of this element was observed in summer (2.05 pug/L
in the surface water; 1.76 ug/L in the bottom water) and spring (1.73 pg/L in the surface
water; 1.86 ug/L in the bottom water). In winter/spring season, the highest concentration
of Cu was found in the surface water (1.6 nug/L). Meanwhile, the difference between Ni
content in the surface and bottom water was not observed during the research.

3.3. Assessment of the Level of Pollution of Water Bodies

To assess the level of pollution of lake waters in Murmansk, a regional water pollution
index (WPlyeg) was calculated [36]. To calculate this indicator, only priority chemical
indicators reflecting this type of pollution are used. This takes into account not only the
toxicity of the elements in accordance with their maximum permissible concentrations for
fishery reservoirs but also the geochemical background for uncontaminated reservoirs. The
index takes into account not only the toxicity of elements from the maximum permissible
concentrations for fisheries but also the geochemical background for unpolluted water
bodies. WPIreg is calculated according to the formula:
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1 Ci
WPleg = ). RMPC 1" @
where Ci—the actual concentration of the element in the water body; RMPCi—the regional
maximum permissible concentrations of the same element. Only the compounds with
Ci > RMPC are used for the calculation, others, as well as substances reflecting the re-
gional specifics of waters, are not taken into account. RMPC for substances with MPC >
Cbackground (V, Cr, Co, Ni, Zn) are calculated as the geometric mean:

RMPC = /Cbackground x MPC 2

The sum
RMPC = Cbackground + MPC (©)]

was used for elements with the background concentration on the same level as MPC (Cu,
W). The regional water pollution indices, confirming the influence of anthropogenic load
on the state and quality of Murmansk lakes, are presented in Table 4.

Table 4. The regional water pollution index (WPl;eg) of the Murmansk lakes.

Lake WPlieg Classification by WPIyeg
Semenovskoe 21 Polluted
Ledovoe 3.7 Heavily polluted
Severnoe 2.5 Polluted
Okunevoe 3.6 Heavily polluted
Srednee 3.7 Heavily polluted
Yuzhnoe 1.1 Moderately polluted
Treugolnoe 2 Polluted

As can be seen from Table 4, although the studied lakes are not directly exposed to
wastewater discharge from the enterprises of Murmansk, WPl,g reflects the influence of the
urban environment on the state of water bodies. At the same time, Lake Imandra (the largest
water body in Murmansk region) is influenced by the multifactorial anthropogenic load
from mining and metallurgical industries, iron ore production, energy complex, household
wastewater, and characterized by the value of WPl;eg from 0.9 to 2.5. These values are close
to those for the lakes of Murmansk [43]. On the other hand, the Syuskuyanjoki River (the
Republic of Karelia, Russia), characterized by the low development of the catchment area
and the absence of point sources of pollution, is considered to be clean (WPlyeg is 0.4) [44].
Additionally, WPIg was calculated for the water of Lake Peipus (45% of the lake area
belongs to Russia, 55% to Estonia). This lake is exposed to the anthropogenic load from
point (urban wastewater) and scattered (agricultural facilities) sources of pollution. WPl eg
for this lake was 0.77, which corresponds to the category of clean waters [45].

4. Conclusions

The results of the studies showed the significant influence of the urban environment
on the chemical composition of the Murmansk lakes. The most polluted lake was Lake
Ledovoe with the highest concentrations of V, Cr, Co, Ni, Cu, W, and Mn. The least subject
to anthropogenic load was Lake Yuzhnoe, characterized by the lowest concentrations of
studied heavy metals. The highest excess of the background in the Murmansk lakes were
found for V, Ni, Zn, Fe, and Mn. The main reason for the high content of V and Ni is the
combustion of mazut fuel. Zn and Mn concentrations can increase due to both natural and
anthropogenic factors, influencing different processes in the surface and bottom waters.
The analysis of the seasonal variation showed that the highest concentrations of heavy
metals were observed in winter/spring season and reached their maximum during the
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period of melt water intake from the catchment area. The assessment of the quality of the
Murmansk lakes using the regional water pollution index showed that Ledovoe, Okunevoe,
and Srednee lakes can be characterized as “heavily polluted”. Semenovskoe, Severnoe,
and Treugolnoe lakes are “polluted”. Only Lake Yuzhnoe is “moderately polluted”.
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