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Abstract: Peter the Great Bay and Lake Khanka are among the most important structural and
industrial fishing parts of the Far East coastal ecosystem, which are used by a number of countries
such as Russia, China, Korea, Japan, etc. At the same time, the active use of water resources, as well
as industrial activities deployed on the coastal part of these reservoirs, are accompanied by a constant
flow of pollutants into the water area. Among them, one can include heavy metals; their entry
and migration are currently not fully controlled. There exists an important scientific and ecological
task to study the features of heavy metal migration and transformation in natural objects. Bottom
sediments act as a substrate for hydrobionts and, at the same time, serve as accumulators of pollutants,
so that they can be used as the main component of the coastal-shelf ecosystem. The geochemical
assessment of the behavior of heavy metals in the bottom sediments of Ussuri Bay and Amur Bay (Sea
of Japan) and Lake Khanka (Xingkai) has been performed. Qualitative and quantitative elemental
compositions of the bottom sediments have been established by means of the inductively coupled
plasma-mass spectrometry (ICP-MS), atomic absorption spectrometry (AAS), and X-ray fluorescence
analysis (XRF), whereas a correlation with the concentration of elements in seawater above sediments
has been provided. The main phases of anthropogenic components as well as their relationship
with an increased content of heavy metals have been established using X-ray diffraction analysis
(XRD). Average values of the concentration of elements in the bottom sediments of Peter the Great
Bay decrease in the following row: Fe > Cu > Cr > Zn ≥ Pb > Mn > Ni, and for Lake Khanka:
Pb > Cu > Mn > Fe > Cr > Zn > Ni. Here, the excessive contents of Cr, Fe, Cu, Zn, and Pb in
sea bottom sediments by 6, 32, 7, 3, and 4 times as compared with background values are the
result of the formation of a large amount of carbonate and iron-oxide phases. At the same time, it
was shown that, during the transition from the estuarine (coastal) area of river flow to the central
(closer to the outlet to the ocean), the concentration of biogenic metals (Ni, Zn, Pb, Cu) generally
decreased 2–4-fold along the profile, which was associated with the formation of their hydroxides
and carbonates in the area of mixing of freshwater and seawater followed by that of complex
compounds or absorption.A significant anthropogenic impact is observed in the lake sediments, which
is demonstrated by the excess of Pb concentration by 6700 times, as compared with the Clarke number
of the lithosphere. The non-uniform distribution of heavy metals along the core profile has been
established, which is related to different contents of aluminosilicate and iron oxide phases in the form
of hematite and magnetite. The sedimentation rate has been established by means of granulometric
and radiometric analysis and equaled to 0.45 mm/year in Ussuri Bay, 1.6 mm/year in Amur Bay, and
0.43–0.50 mm/year in Lake Khanka. By calculating the distribution coefficients of heavy metals in
the ‘water–deposits’ system, some features of migration and accumulation of individual elements
have been established. To assess the potential pollution of the marine areas, the geoaccumulation
index (Igeo) and the pollution factor (Kc) have been calculated. In comparison with the maximum
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permissible concentrations of the Russian Federation (MPC), the World Health Organization (WHO),
the US Environmental Protection Agency (US EPA), and environmental protection agencies of China
and Japan, Peter the Great Bay has an excess of Mn—2-fold, Fe—2-fold, Zn—3-fold, whereas in Lake
Khanka, the situation is even less favorable, in particular, the excess of Mn is 79-fold, Fe—35-fold,
Cu—2-fold, Zn—3–4-fold, which is clearly determined by the closeness of the water basin and the
lack of water exchange. In comparison with the lithosphere Clarke number, the sediments of both
water basins, as well as the coastal soil of the lake, are enriched with Pb and depleted with Cr, Ni,
and Zn. The highest values of Igeo in both water basins have been observed for Pb, and equaled
12–16 in Peter the Great Bay and 6000 in Khanka Lake. Based on the data obtained, the areas with the
greatest pollution caused by natural and anthropogenic factors have been identified.

Keywords: heavy metals; Far East region; fresh and marine ecosystems; pollution; sediment analysis;
bottom sediments

1. Introduction

Pollution of the biosphere by heavy metals (HM) as a result of anthropogenic activities
poses a danger to the ecosystem and to humanity. The problem of HM pollution is most
serious in the territories used for agriculture, as well as coastal zones with active economic
operations related to mariculture harvesting.

A majority of all pollutants, including HMs, enter water bodies with continental runoff
and subsequent migration along trophic chains [1,2]. Here, some HMs are characterized by
biomagnification in living organisms [3–5], while most HMs do not accumulate there [6,7]
and ultimately are deposited in sea bottom sediments [8,9] of freshwater basins (ponds,
lakes) and coastal sea areas. Here, the migration of heavy metals in water basins directly
depends on the magnitude of the distribution coefficient in the ‘water–bottom sediments
(BS)’ system [8]. In the processes of transfer and deposition of BS, HM adsorbed on them
are exposed to all physical–chemical and biological processes occurring in an aqueous
environment with significant seasonal changes [10]. In an equilibrium medium, sedimenta-
tion of suspended matter occurs; however, as a result of dynamic changes in equilibrium
under the action of bioturbation, as well as natural and anthropogenic physical chemical
processes, a secondary transition of accumulated elements into a water-soluble form is
possible [11]. In addition, suspended particles are actively transported by water currents,
which contributes to the redistribution of pollutants in large water areas. The study of
the HM content in bottom sediments of various types of water basins at the interface
of the water/sediment phases, as well as along vertical profiles of BS, can serve as an
integral indicator of the degree of pollution of water bodies and enables one to evaluate
and establish the mechanisms of migration of elements [12–15].

The study of the migration and transformation of HM in seawater and freshwater
basins of the same geographical region is of particular interest due to the various effects of
natural conditions and pollution sources, which are the fundamental factors of migration
and concentration of HM in bottom sediments.

Peter the Great Bay is one of the most important structural, functional, and fishing
parts of the coastal ecosystem of the Sea of Japan due to its vast water area, bays of different
sizes, and substantially long coastline with a developed industrial infrastructure. The
highest urbanization rate of the coastal territory is observed around Ussuri Bay and Amur
Bay, which are the largest inland water basins occupying the northeastern part of the Bay
and which wash the shores of the city of Vladivostok. The length of the coastline of both
water basins varies between 50 and 60 km, whereas the maximum depth is 50–60 m. Only
some parts of the wastewater from residential areas and industrial facilities of the city of
Vladivostok are processed at treatment facilities. The greatest damage is caused by the
enterprises of water and communal services. According to the estimates of the Unified
State System of Information on the Situation in the World Ocean maintained in Russia,
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their share in wastewater discharged into Peter the Great Bay is 55%, in Amur Bay—72%,
and in Ussuri Bay—49%. The damage of substances formed from fish processing and
agricultural activities that have toxic properties in Peter the Great Bay accounts for 28%.
The yearly influx of pollutants into the internal bays of Peter the Great Bay is 4.82 g/m3 of
seawater in Amur Bay, and 269.2 g/m3 in Zolotoy Rog Bay. According to expert estimates,
the actual volumes of annual releases of certain pollutants into the waters of the bay are
many times higher than the corresponding estimates of state statistical reports. Therefore,
at analyzing the state and causes of pollution of water areas, it is necessary not only to
consider the volume of wastewater or other pollutants, but also to critically approach
the information itself. The coastline of Amur Bay formed by islands, shallow spits, and
sand bars contributes to the formation of heterogeneous hydrological conditions, which is
reflected in the sedimentogenesis of the bay. The largest river in the south of Primorsky
Krai (Razdolnaya River) flows into the upper part of Amur Bay, the waters of which are
carried into the bay by municipal wastewater from the cities of Suifenhe (PRC), Ussuriysk
(RF), and a number of small rural towns, as well as water from forest lands and agricultural
fields of the water catchment area. The total solid flow of the river is 462 thousand tons with
an ionic flow of 157 thousand tons [16]. In this part of the bay, fresh and salty seawaters
are mixed, which leads to the continuation of flocculation processes and the formation of
Fe/Mn oxides and hydroxides. In addition, the water saturates with biogenic elements,
which contributes to a high degree of eutrophication of the waters of Amur Bay [17], as
well as pollution with various toxic substances.

On the shore of Ussuri Bay, there is a landfill of household solid waste (HSW) in
Vladivostok which was recultivated in 2012, which is a source of strong local pollution of
the marine environment with heavy metals [18,19]. In addition, the water area accumulates
trace elements coming from the Artemovka River flow surrounded by agricultural land, as
well as from the sewage of Bolshoy Kamen, which hosts a ship repair yard.

Many scientific papers have shown that Amur Bay and Ussuri Bay are among the
most polluted areas of Peter the Great Bay [20–22]. This situation was observed starting
from the 1990s, which was associated with the increased development of industry [23].
Here, in 1980, the content of Zn, Cu, Pb, Hg, and Ni increased 1.5–5.0-fold as compared
to background concentrations corresponding to the period before 1900 [24]. This was
followed by a decline in industrial volumes since 1990 that contributed to the improvement
of the environmental situation [25] and decrease of the concentrations of heavy metals in
water [9,26,27]. In the period until 2012, there was a gradual self-purification of marine
waters, accompanied by a 2–8-fold decrease of the content of HM in bottom sediments,
except for Cu and Cd, which could be due to the reduction of the discharge of household
waste into the aqueous environment [19]. The recent studies (2019–2021) showed that the
contents of some elements, for example, Mn, Ni, and Pb, did not virtually change and
equaled to about 340, 30, and 40 mg/kg, respectively, unlike Cu and Zn, where the content
of which increased disproportionately over the years and equaled to 90 and 210 mg/kg,
respectively [28]. Here, the increased content of heavy metals could be due to the fact that
they enter aqueous ecosystems along with the allochthonous surface runoff as part of highly
dispersed particles of suspensions, as well as a result of the situation that most of them are
typomorphic elements. The effect of the monsoon climate and tropical typhoons prevailing
in the warm season on the shelf zone is accompanied by a change in sedimentation, as
a result of which the amount of BS carried out by rivers in both bays increases by many
times. Humus substances containing chemical elements, HM in particular, accumulated
by hydrobionts and plants as a result of the life cycle, affect the BS composition of water
areas, which also contributes to changes in the chemical composition and migration of
elements in the aqueous medium. A number of studies [29,30] show a significant excess of
the contents of Fe, Ni, Si, Zn, and Pb in green and brown algae, which is, probably, due to
atmospheric precipitation and secondary pollution from bottom sediments.

The basin of Lake Khanka (Xingkai) and the lake itself are characterized with a rich
bioresource potential and are of great international importance as a territory preserving
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the unique biodiversity of Northeast Asia, since it is a key part of the Asian migration
route of birds, and, also, of considerable interest from the perspective of the economy of
the Northeast of China and the Russian Far East. The lake was formed as a result of the
destruction and sinking of the earth’s crust. The lake area ranges from 3940 to 5010 km2,
reflecting fluctuations in precipitation between seasons and years. The average and maxi-
mum depths of the lake are 4.5 and 10.6 m, respectively. The relief of the lake’s catchment
basin is characterized by a transition from mountain ranges of medium-mountain and
low-mountain relief to a zone of mounded and hummocky relief and, as a consequence,
to high and low accumulative plains. In general, the basin is quite flat, especially in the
northern and eastern parts, which contributes to the complex hydrology of the area. The
main basin contains approximately 23 rivers flowing into the lake, 8 from China, and
15 from Russia. The hydrological regime of Lake Khanka and its capacity characteristics
are determined by natural (precipitation, river runoff, evaporation from the lake’s water
surface) and anthropogenic (economic activity in the lake’s catchment area and the transfer
of runoff) factors.

According to the background hydrochemical composition, the waters of the lake and
the rivers of its basin belong to the Far Eastern type, which is characterized by a small
amplitude of fluctuations in the amount of dissolved salts over time and the absence of
a clearly expressed relationship between flow rates (levels) and mineralization, which
generally varies within 0.06–0.12 g/dm3. Unlike the lake, the mineralization of the waters
of Peter the Great Bay varies in the range 28–33 g/dm3. The water of the lake and the rivers
of the basin belong to the bicarbonate-calcium type. The pH value of the lake water varies
in the range of 7.4–7.6 in summer and drops slightly in winter (7.0–7.2) [31].

The main problem in the state of the surface waters of the Lake Khanka basin consists
in their pollution with biogenic substances. The trophic nature of water basins characterizes
the content of biogenic elements, while the distribution of pollutants in the lake is uneven.
The area of maximum biogenic pollution refers primarily to the area adjacent to the mouth
of the Spasovka River [31].

A substantial contribution to the pollution of the basin is made by wind erosion of
agricultural lands of the Chinese territory of the basin. According to Chinese experts,
about 1115 km2 of land undergoes wind erosion of soils on the territory of China. On
the arable land, erosion reaches up to 2 mm per year, which is almost 30,000 tons per
1 km2 per year. According to preliminary estimates, total soil losses in the Chinese sector
reach 235 × 104 m3 per year. With this volume of soil, about 5 × 103 tons of nitrogen
compounds are lost, the same amount of phosphorous compounds, and up to 4 × 104 tons
of potassium compounds. As for the state of lake waters, the waters of the Little Khanka
are generally more polluted by the main macro components than the waters of the main
Lake Khanka [32]. The ecological situation in the Lake Khanka basin is of a primary
concern. Regular discharge of poorly treated or not treated wastewater from agricultural
and industrial enterprises constitutes the main anthropogenic factor that adversely affects
the environmental situation. Sewage spills also often occur due to the deterioration and
damage to the water supply and sanitation networks of local residential areas. As a result,
pollutants enter the soil, creeks, and eventually the lake. Territories of the Lake Khanka
water basin on the Russian side were actively developed for agricultural purposes over the
past 10 years. The areas of cultivated land increased, so did the volumes of fertilizers and
chemical crop protection products used in these areas. In this regard, the assessment of the
current state of the lake’s environment is an urgent task [31].

The authors of [33] stated that most HM dissolved in water (Al, Cr, Mn, Fe, Co, Ni, Cu,
Zn, As, Cd, and Pb) were characterized by seasonal fluctuations in concentration, which is
related to changes in hydrological and hydrochemical conditions depending on the time of
year. The highest concentrations of Mn, Fe, Pb, and Zn were observed, and their average
values over the entire water basin equaled 1.4, 0.4, 0.03, and 0.035 mg/L, respectively. Here,
the increased contents of Mn and Fe could be related to the fact that these elements were
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of the terrigenous origin, while the increased content of the rest probably indicated the
influence of the discharge of household and industrial wastewaters.

Characteristic features of the lake’s water consist in its high turbidity and high content
of BS in it from the end of March to the end of October, while, during freezing in winter,
their content drops to 5–11 mg/dm3 [31]. It was established that the content of HM
in BS was inversely proportional to the BS amount [33]. For instance, in the coastal
southern and southeastern parts of the lake, where the amount of BS was the lowest, the
maximum Mn content was observed, which equaled to 6000 mg/kg. Another characteristic
feature is a significant difference of HM between the indicators in water and BS. With a
minimum content of metals in water, their values in BS exceed 10–100-fold and are equal to
32,300 mg/L for Fe, 28,000 mg/L for Al, 70 mg/L for Cu, 46 mg/L for Cr, 68 mg/L for Ni,
125 mg/L for Zn, and 41 mg/L for Pb.

Al and Fe are the main structure-forming elements in the suspension particles, which
are formed as a result of the destruction and weathering of rocks, and, therefore, they enter
into Lake Khanka as a terrigenous drain. As for the remaining elements, the ways of how
they enter the aquatic environment and the distribution mechanisms in the BS composition
are not completely clear and require additional research. Another issue is the process of
studying the bottom sediments of Lake Khanka, since its peculiar bottom structure and
relatively shallow depth does not allow the use of traditional oceanological equipment for
core sampling.

Table 1 presents the results of the analysis of BS in the water basins of Amur Bay,
Ussuri Bay, and Lake Khanka regarding the HM content. The presented data indicate the
constant variability of the HM concentration, which is associated with both hydrological
atmospheric changes and migration features of these elements.

Table 1. Periodic data on HM concentrations in BS of seawater and freshwater bodies of Primorsky Krai.

Water Basin Period Cr mg/kg Mn mg/kg Fe g/kg Ni mg/kg Cu mg/kg Zn mg/kg Pb mg/kg Ref.

Peter the Great Bay
(Background) 1982–2002 10.3 76 7.2 4.9 5.1 24 5.1 [34]

Ussuri Bay

2002 5–28 32–375 10–29 4–21 5–20 25–80 4–25 [34]

2004 - - - 7.2 15 43 28.0 [35]

2008 - - - 7.9 13 26 9.5 [35]

2012 - - - 4.8 25 61.5 29.5 [19]

Amur Bay

2004 - - - 13.8 15 103 20.4 [21]

2005 37 - - 22 16 90 16.3 [29]

2008 - - - 13.9 15 64 15.7 [21]

2010 24–42 - - 22–73 10–70 50–260 3–35 [21]

2016 61.7 705 33.8 106.7 574 406 58.5 [36]

Khanka 2008 - - 50.8 - - - - [37]

The objective of the present work was to establish the dependence of the HM content
in the bottom sediments of seawater and freshwater basins on their chemical form, as well
as the concentration in the water, and the vertical distribution in the columns of bottom
sediments. To do this, the following tasks were solved: assessing of the distribution of HM
both on the surface layer of bottom sediments of the water bodies and on the vertical profile
taking the sedimentation rate into account; establishing the features of sedimentation pro-
cesses of the water bodies; performing comparative analysis and establishing the features
of horizontal and vertical distribution of HM in seawater and freshwater basins of regional
and international strategic importance, and assessing the ecological and geochemical state
of the studied bottom sediments.
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2. Materials and Methods
2.1. Sampling

The seawater basins of Ussuri Bay and Amur Bay, which wash the shores of Vladi-
vostok (Primorsky Krai, Russia) and are part of Peter the Great Bay (Sea of Japan), were
selected as objects of the research. Lake Khanka (Xingkai) was investigated as an example
of a freshwater basin. In the summer period of 2021–2022, 7 samples of bottom sediments
were taken: 2 from Ussuri Bay, 2 from Amur Bay, and 3 from Lake Khanka (Xingkai),
respectively. In addition, a soil sample (L-4, soil) was taken from the shore of the lake. The
sampling characteristics are presented in Tables 2 and 3, respectively.

Table 2. Characteristics of sampling BS and soil.

No. Marking Water Basin Latitude Longitude Sampling Depth, m Core Capacity, cm

1 BS-1

Peter the Great Bay

43.16305 131.75941 11.1 27

2 BS-2 43.30395 131.79743 10.3 65

3 BS-3 43.14897 132.06444 10.2 30

4 BS-4 43.05466 131.82171 12.1 50

5 L-1

Lake Khanka (Xingkai)

44.80254 132.60453 3.5 28

6 L-2 44.90474 132.65413 3.5 24

7 L-3 44.74985 132.52311 3.6 26

8 L-4 (soil) 44.75125 132.77482 3.8 20

Table 3. Characteristics of water sampling.

No. Marking Water Basin Sampling Date Latitude Longitude Sampling Depth, m

1 W-1

Peter the Great Bay

June 2021 43.20835 131.81766

3–5

2 W-2 October 2022 43.08461 131.74831

3 W-3 June 2021 43.16061 132.1024

4 W-4 October 2022 43.08544 132.00833

5 W-5
Lake Khanka

June 2021 44.86484 132.62309

6 W-6 October 2022 44.75380 132.12046

The samples were taken using a modified percussion forcer bore [38] with a sampler
diameter of 110 mm. The collected cores of a thickness of 30–65 cm were delivered to the
laboratory of the Institute of Chemistry of the Far Eastern Branch of the Russian Academy
of Sciences (Vladivostok, Russia). After drying, the BS cores from Lake Khanka were
divided into horizons with a thickness of 0.5 cm, and the cores from Amur Bay and Ussuri
Bay were divided into horizons of 1.0 cm each. Each individual slice was placed in a new
polypropylene beaker, weighed, and then dried in a drying cabinet at 105 ◦C for 8 h. In the
end, the sediment was homogenized, re-weighed, and preserved in a plastic container.

The soil core was sampled using a 5 × 6 cm metal profile. The core was cut into 1 cm
increments and packed in shipping bags. For further work, the obtained samples were
also delivered to the laboratory, where they were sequentially weighed, dried (105 ◦C, 8 h),
homogenized, and sealed in plastic containers for further processing.

To analyze the contents of metals in dissolved form, samples of seawater and freshwa-
ter were taken in the summer and winter of 2021–2022 (Table 3) in a volume of 50 L from a
depth of 3–5 m. Under laboratory conditions, the samples were filtered from suspended
matter by a blue ribbon filter and preserved by acidification to pH 3 using concentrated
nitric acid.
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2.2. Physical–Chemical Methods of Analysis

Determination of the concentrations of elements in water and assessment of the phase
and elemental composition of the BS were carried out at the Institute of Chemistry of the
Far Eastern Branch of the Russian Academy of Sciences, Vladivostok.

The phase composition of the BS was determined by means of X-ray diffraction
analysis (XRD) using an Advance D8 device (Bruker) with CuKα radiation in the angle
range 2◦ < 2θ < 90◦ in the point-by-point scanning mode. The maximum deviation of the
position of the reflexes determined by NIST SRM 1976 was less than 0.01◦ 2θ. X-ray images
were processed and interpreted using the Fityk and QualX software.

Elemental analysis of the BS samples was carried out using a Shimadzu EDX-800HS
energy-dispersive X-ray fluorescence spectrometer by pressing a sample weight of 200 mg
into a boric acid substrate and then measuring it in a vacuum. The measurement time in
each area of the Ti-U, C-Cs definitions was 200 s, the collimator was 10 mm. The relative
error of the method was 1–5%, depending on the element to be determined.

The concentrations of elements in freshwater and seawater samples were determined
by the atomic absorption method (AAS) via the atomic absorption spectroscopy method
using a SOLAARM6 bi-beam spectrometer (Thermo, Waltham, MA, USA) with a Quadline
deuterium background corrector in the flame mode. The relative error of the method was
5–10%. In addition, the metal content in contact solutions was determined using an Agilent
7500C quadrupole (ICP-MS).

The contents of gamma-emitting radionuclides (137Cs, 210Pb) were determined at the
Department of Radiochemistry of Lomonosov Moscow State University (Moscow, Russia)
using an ORTEC GEM-C5060P4-B gamma spectrometer with a semiconductor detector
made of ultrapure germanium (HPGe) with a beryllium window and a relative efficiency
of 20%. The activity was calculated using the Spectraline software package, which allows
taking into account the density and self-absorption of radionuclides by a sample. This is
especially important at calculating the registration of 210Pb, since it has a low gamma-line
energy and a small quantum yield. The weights of the samples ranged from 1.2 to 12 g. The
measurement time was at least 60,000 s. Systematic uncertainties included: sampling (3%),
sample preparation (2%), and measurement (2%), and in total, they did not exceed 8%.

A constant flow model was used to determine the age of bottom sediments and
sedimentation rate based on 210Pbex content [39]:

t =
1
λ

ln ln
A(∞)

A(x)
(1)

where t is the age of a sediment, years; A(∞) is the activity of the surface horizon calculated
based on the smoothed function of the distribution of reserves by depth, Bq/m2; A(x) is the
specific activity of a horizon, Bq/m2; λ is the radioactive decay constant 210Pb.

To determine the age of individual layers of bottom sediments using technogenic
137Cs, a peak was identified on the plot of its vertical distribution, which corresponds to the
maximum of global precipitation in 1963 (the main nuclear weapons tests in the Northern
Hemisphere) [40].

The degree of contamination of heavy metals in each sample was estimated using
the concentration coefficient (Cs) according to [41], which was determined and calculated
as follows:

Kc =
Ci
Cb

(2)

where C is the concentration of the detected substance in the test (i) and background
(b) samples.

The HM geoaccumulation index was calculated by comparing the concentration of
metal in the studied samples with their base level in the Earth’s crust [42] according to the
following formula:

Igeo = log2
Cbs(M)

1.5 × Cc(M)
(3)
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where Cc(M) is the base concentration of metal in the Earth’s crust, mg/kg [43]. The
multiplying coefficient 1.5 is a coefficient to minimize changes that may occur with the base
concentration of metal due to geological changes in bottom sediments. There are seven
classes of the geoaccumulation index [44]: Igeo ≤ 0—unpolluted; 0 < Igeo < 1—unpolluted to
moderately polluted; 1 < Igeo < 2—moderately polluted; 2 < Igeo < 3—moderately to strongly
polluted; 3 < Igeo < 4—strongly polluted; 4 < Igeo < 5—strongly polluted to extremely
polluted; 4 < Igeo—extremely polluted.

The migration ability of HM from water to bottom sediments was estimated using the
distribution coefficient [45]:

lg Kd =
Cbs(M)

Cw(M)
(4)

where lgKd is the distribution coefficient; Cbs(M) is the metal content in bottom sediments,
mg/kg; Cw(M) is the metal content in water, mg/L.

The HM content in water was estimated against the background of maximum per-
missible concentrations (MPC) for natural water basins in the Russian Federation [46].
According to the established values, the contents of HM in water basins should not ex-
ceed the following values: Cr ≤ 70 µg/L, Mn ≤ 10 µg/L, Fe ≤ 100 µg/L, Ni ≤ 20 µg/L,
Cu ≤ 100 µg/L, Zn ≤ 100 µg/L, and Pb ≤ 10 µg/L.

The calculation of Kc and Igeo values was carried out using Microsoft Excel and Jamovi
version 2.3.28. using the above equations. The SigmaPlot software version 13.0 was used to
represent the obtained data in a graphical form. For all calculations, the confidence interval
was at least 0.98.

3. Results and Discussion

The cores collected in Peter the Great Bay are presented in the form of a mixture of
sandy and chemogenic (clay) deposits, while the latter are predominant in the waters of
Amur Bay (Figure 1), which is reflected in the oiliness of the samples and a pungent smell
of hydrogen sulfide. Visually, the composition of BS can be divided into several horizons.
In particular, the BS-1 and BS-2 samples (Figure 1a,b) are characterized by an increased
content of sapropel, which begins with a dense compressed layer (0–7 cm), with a partial
admixture due to the content of sand particles (7–17 cm), and the transition to clay-like
sediments of light (17–22 cm) and heavy (22–40 cm) types. The BS-3 sample (Figure 1c) was
taken from Ussuri Bay and had a characteristic terrigenous origin, which is reflected in the
predominance of fragmental rocks (0–10 cm) with a transition to heavy clay-like sediments
(10–30 cm). The BS-4 sample (Figure 1d) has a composition similar to the samples from
Amur Bay except for the upper layer (0–5 cm), the composition of which is represented
by calcareous clay silts due to the high content of bivalve mollusk remains. Annealing of
various horizons of the BS profile to 650 ◦C was accompanied by a decrease of the sample
mass by 3–7% (Ussuri Bay) and 9–13% (Amur Bay). A decrease of the sapropel content
in BS-3 was accompanied by an increase in the density of horizons by 1.5–2 times, unlike
other BS that had a value of about 1.2–1.5 g/cm3 (Figure 1g). Here, the sediment density is
rather uniform throughout the profile, which indicates a uniform sedimentation and the
absence of abnormal influence of natural or anthropogenic factors on this process.

Figure 2 shows the BS cores from Lake Khanka (Xingkai), as well as soils collected
close to the coastline (Figure 2d). Unlike the seawater BS, all samples from freshwater
basins have a terrigenous origin and are presented in the form of compressed sand and
thin clays, the layers of which are probably formed due to grain flows. All the BS samples
are characterized by separation into layers of light brown sand (0–2 cm), dark gray clay
(2–13 cm), dark clay (13–14 cm), coarse-grained sand with foreign inclusions (14–16 cm),
and clay with iron oxide inclusions (16–25 cm). The L-2 sample (Figure 2b) is characterized
by an increased content of clays. It was found that the vertical sediment density increased
with the transition to deeper horizons (Figure 2e–g), which indicated an increase of the
rate of sedimentation in recent decades due to the rise in water levels during increased
precipitation, accompanied by the expansion of the wetland area adjacent to the lake. The
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proportion of the organic component established during the annealing process was 2–3%
and 4% for the BS and soil, respectively. The collected sample belongs to the meadow
texture-contrast soil. This type of soil is characterized by a powerful layer of organogenic
horizon (up to 18 cm) of dark gray color of a strong fine-grained structure, abundantly
permeated with grass roots and soil animal tracks. The boundary to the underlying horizon
has a flowing shape. The next horizon demonstrates signs of gleization, in our case, it is
slightly carbonaceous and of brownish-ochre color (Figure 2d,h). The soil is rich in nutrients
such as ozone and phosphorus.
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3.1. Assessment of the Pollution Level

To establish the ecological state and the regional geochemical background, the average
HM content in the upper layer of the sea (Table 4) and freshwater BS (Table 5) was calculated.
The obtained values of the HM content in the upper 5 cm of an undisturbed BS profile were
used for the calculation. The average values of concentration of metals in the sea sediments
in the environment unaffected by economic activity at the station on Reyneke Island (Peter
the Great Bay, Sea of Japan (Figures 1–3) for the period 1982–2002 [34,47] were used as
background levels of the concentration of metals.

Table 4. The values of the HM content on the surface of Peter the Great Bay, dry matter.

Marking Indicator Cr, mg/kg Mn, mg/kg Fe, g/kg Ni, mg/kg Cu, mg/kg Zn, mg/kg Pb, mg/kg

BS-1

Aver 270 ± 70 730 ± 20 105 ± 3 70 ± 15 1100 ± 70 455 ± 20 90 ± 25

Max 375 ± 45 750 ± 160 109 ± 4 95 ± 25 2890 ± 55 845 ± 85 130 ± 25

Min 200 ± 45 670 ± 160 99 ± 4 45 ± 25 870 ± 55 360 ± 85 50 ± 25

Kc 6.6 2.1 30.1 1.6 3.8 4.5 2.6

Igeo 1.13 −1.04 0.59 −0.32 0.59 0.83 12.19
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Table 4. Cont.

Marking Indicator Cr, mg/kg Mn, mg/kg Fe, g/kg Ni, mg/kg Cu, mg/kg Zn, mg/kg Pb, mg/kg

BS-2

Aver 250 ± 40 750 ± 40 112 ± 7 80 ± 20 200 ± 15 325 ± 10 135 ± 20

Max 285 ± 45 820 ± 160 107 ± 4 125 ± 25 290 ± 55 340 ± 85 185 ± 25

Min 220 ± 45 675 ± 160 116 ± 4 55 ± 25 90 ± 55 320 ± 85 80 ± 25

Kc 6.1 2.1 32.1 1.7 7.2 3.2 3.9

Igeo 1.01 −1.00 0.69 −0.17 1.51 0.35 12.77

BS-3

Aver 300 ± 60 700 ± 200 94 ± 10 95 ± 25 1530 ± 80 2225 ± 150 1300 ± 100

Max 650 ± 45 1150 ± 160 123 ± 4 120 ± 25 2890 ± 55 5070 ± 85 3093 ± 25

Min 120 ± 45 405 ± 160 65 ± 4 45 ± 25 870 ± 55 1180 ± 85 430 ± 25

Kc 7.3 2.0 26.9 2.1 54.6 22.2 37.2

Igeo 1.26 −1.10 0.43 0.09 4.44 3.13 16.03

BS-4

Aver 180 ± 35 725 ± 50 100 ± 5 60 ± 15 420 ± 50 400 ± 35 140 ± 25

Max 220 ± 45 800 ± 160 106 ± 4 90 ± 25 455 ± 55 490 ± 85 200 ± 25

Min 125 ± 45 660 ± 160 96 ± 4 45 ± 25 370 ± 55 370 ± 85 95 ± 25

Kc 4.4 2.1 28.5 1.3 15.1 4.0 4.0

Igeo 0.53 −1.05 0.52 −0.57 2.58 0.65 12.82

BACKGROUND * 41 150/350 1.5/3.5 15/45 8/28 30/100 20/35

Clarke ** 83 1000 46.5 58 47 170 0.013

Notes: BACKGROUND *—background values of HM content in Peter the Great Bay: Cr [34], other HM [47]
(sands/aleuropelites); Clarke **—the content of elements in the lithosphere, according to Vinogradov A.P. [43].

Table 5. The values of the HM content on the surface of Lake Khanka (Xingkai), dry matter.

Marking Indicator Cr, mg/kg Mn, mg/kg Fe, g/kg Ni, mg/kg Cu, mg/kg Zn, mg/kg Pb, mg/kg

L-1

Aver 125 ± 25 1210 ± 150 48 ± 5 40 ± 10 255 ± 30 180 ± 30 0

Max 145 ± 25 1340 ± 165 55 ± 4 60 ± 15 290 ± 55 230 ± 35 0

Min 105 ± 25 935 ± 165 45 ± 4 50 ± 15 145 ± 55 135 ± 35 0

Kc ** 1.5 1.2 1.0 0.7 5.4 1.1 0.0

Igeo 0.02 −0.31 −0.54 −1.16 1.86 −0.50 −1.16

L-2

Aver 125 ±15 1535 ± 80 54 ± 2 55 ± 10 285 ±25 200 ± 30 90 ± 5

Max 135 ± 25 1655 ± 165 57 ± 4 60 ± 15 325 ± 55 245 ± 35 100 ± 15

Min 120 ± 25 1380 ± 165 59 ± 4 50 ± 15 245 ± 55 135 ± 35 80 ± 15

Kc ** 1.5 1.5 1.2 1.0 6.0 1.2 6784.6

Igeo 0.03 0.03 −0.37 −0.65 2.01 −0.37 12.14

L-3

Aver 175 ± 10 3460 ± 900 79 ± 7 0 335 ± 15 530 ± 20 85 ± 5

Max 180 ± 25 4575 ± 165 92 ± 4 0 365 ± 55 795 ± 35 85 ± 15

Min 165 ± 25 1935 ± 165 67 ± 4 0 305 ± 55 335 ± 35 85 ± 15

Kc ** 2.1 3.5 1.7 0.0 7.1 3.1 6625.4

Igeo 0.50 1.21 0.18 < 0 2.25 1.05 12.11
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Table 5. Cont.

Marking Indicator Cr, mg/kg Mn, mg/kg Fe, g/kg Ni, mg/kg Cu, mg/kg Zn, mg/kg Pb, mg/kg

L-4 (soil)

Aver 110 ± 10 7400 ± 1000 83 ± 5 80 ± 20 395 ±40 375 ± 80 120 ± 30

Max 130 ± 25 9475 ± 165 92 ± 4 95 ± 15 510 ± 55 510 ± 35 165 ± 15

Min 80 ± 25 6110 ± 165 76 ± 4 60 ± 15 365 ± 55 260 ± 35 80 ± 15

Kc ** 1.3 7.4 1.8 1.3 8.4 2.2 9225.8

Igeo −0.19 2.30 0.25 −0.16 2.49 0.55 12.58

Clarke * 83 1000 46.5 58 47 170 0.013

Notes: Clarke * is the content of elements in the lithosphere, according to Vinogradov A.P. [4]. Kc ** is the ratio of
C(Mi) to C(Mi)clark.
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It was established that the concentration values of all HMs in the BS of Peter the Great
Bay exceeded the background [34,47] and lithosphere [43] values by two or more times
(Table 3). The average values of the concentration of elements decrease in the following
row: Fe > Cu > Cr > Zn ≥ Pb > Mn > Ni. Figure 3 shows a map of the estimated pollution
sources established according to the calculated concentrations of HM. The greatest excess
of concentration was recorded for Fe across the entire water body of the bay, the source of
which is probably organic and inorganic suspensions in the composition of river drains
(green area, Figure 3: Artemovka river, Razdolnaya river, Amba river). When exposed
to a medium with pH > 6 and an elevated salt background, iron is transferred into the
corresponding hydroxide forms [Fe(OH)]2+, [Fe(OH)2]+, [Fe(OH)3]0. In the above water
basins, this process is reflected by the increased turbidity of water in coastal areas, which is
additionally amplified by wind stirring. Only a small part of particularly fine suspensions
reaches the open part of the sea, while most of the solids and solutes are retained in the
barrier zone. Thus, a decrease of the Fe content in the BS samples from Amur Bay from the
estuary part (Figure 3 BS-1) to the bay mouth (Figure 3 BS-2) indicates a decrease in the
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influence of terrigenous runoff. This fact is also reflected in a decrease of the Mn content
in these samples, the source of which, like Fe, is a terrigenous runoff. In comparison with
the background values, there are excess concentrations of Cu, Zn, and Pb by 55, 22, and
37 times, respectively, in Ussuri Bay. The excess content of these HM may be due to the
sewage discharge from the city of Vladivostok, a number of large enterprises and factories
located on the shore of the water area (Figure 3, yellow areas), and extensive agricultural
land (Figure 3, orange areas). The following should be taken into account, particularly,
a landfill of household waste located in the suburbs of Vladivostok and preserved in
2012 [11,12], and the BS-3 sampling points, capable of supporting the flow of HM entering
seawater for many years with subsequent accumulation in BS. The 2–4-fold increased HM
content in the BS-1 and BS-2 samples could be due to atmospheric precipitation, seasonal
variability, and gradual self-cleaning of the bay, which has been observed over the past
20 years after the decline of industrial production [26]. Despite the fact that the water area
where the BS-4 sample was taken was more closed and had no river drains, there was an
increased content of HM in the BS, which could be determined by both the absence of
internal flow and corrosion of military shipwrecks.

Bottom sediments of Lake Khanka were not studied before, since it was impossible
to perform sampling using standard oceanological equipment due to the shallow depth
of the water body, the constant variability of the bottom, and specific atmospheric and
water weather conditions. In this regard, the established values of the HM content in the
BS were estimated against the background of the Clarke number of the lithosphere [43].
As can be seen from the data presented in Table 3, the concentration values of all HMs
exceed the limit values of the lithosphere, which indicates anthropogenic impact. The
average concentrations of elements decrease in the following row: Pb > Cu > Mn > Fe
> Cr > Zn > Ni for the lake sediments, and Pb > Cu > Mn > Fe > Zn > Cr ≥ Ni for the
coastal soil (Table 5). A significant excess of Pb in the surface layer was earlier recorded in
2018 [48]; however, the concentration values presented were 2-3-fold less than the present
ones and amounted to about 10–50 mg/g. The source of pollution in this area can only be
possible river tributaries that have connecting channels with lead smelting and recycling
enterprises, but there is no published information about this. Here, the values obtained in
the soil from the coast can serve as a basis for establishing other sources of pollution. The
highest values of Mn, Fe, and Cu were established for the L-3 sample, which is associated
with terrigenous flow and, probably, with abnormally rich deposits of tin ores (Figure 4
red region) [49], the main minerals of which are cassiterite (SnO2) and stannine (tin pyrite,
Cu2FeSnS4) containing up to 13% Cu and 28% Pb. Zn and Pb can also be present in the
form of impurity metals. The Zn content in the BS is almost two times higher than the
value obtained for the soil (L-4), which may be due to atmospheric precipitation during the
transfer of dust particles from a zinc ore mining site (Figure 4 purple area). In addition, in
the east of Primorsky Krai, one of the largest deposits of lead-zinc ores in Russia is located,
which can also have an anthropogenic impact and contribute to an increase in background
concentrations of Pb and Zn in soil and water bodies by means of weathering and transfer
of dust particles with subsequent accumulation in the BS.

According to the calculated values of the Kc concentration coefficient (Tables 4 and 5)
and the geoaccumulation index Igeo (Figure 5), BS of Peter the Great Bay in relation to
Cr, Mn, Fe, and Ni belong to the class of unpolluted and are depleted by these elements,
with the exception of iron. In Figure 5, dotted lines indicate the boundaries of the division
of classes of the geoaccumulation index [44]. Despite the depletion of the BS in Cu and
Zn, their class varies from unpolluted to strongly polluted, depending on the water area
of the probe, which is probably closely related to the diversion of urban spillway plants.
At the same time, in relation to Pb, BS of both the sea area (Figure 5a) and Lake Khanka
(Figure 5b) exhibits strong pollution with directly proportional enrichment of sediments.
A distinctive feature of freshwater sediments is the wide area of Mn distribution, which
allows classifying these BS from unpolluted to strongly polluted. There is also a moderately
strong pollution of sediments by Cu.
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3.2. Assessment of HM Content in the Core Profile

If we neglect the process of desorption of HM from the BS back into the aqueous
medium, then, the sediments can be considered as the final stage of migration of pollutants.
In this case, the influence of the surrounding anthropogenic and natural factors on the
process of migration, deposition, and concentration of HM can be traced by analyzing the
vertical profile of the BS.

The sedimentation rate in the BS samples was estimated by measuring the activity of
factory-made radionuclides 137Cs and 210Pbex by the core depth (the maximum activity cor-
responds to the time of the most intensive nuclear weapons tests in 1963). In earlier studies,
it was found that the sedimentation rate in the northern part of Amur Bay was equal to
7.2 mm/year in 1996 [50] and 3.6–5.2 mm/year in 2015 [51]. We found that, for the central
part of Amur Bay, the calculated values are 1.6 mm/year [52]. For Ussuri Bay, the sedi-
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mentation rate decreased 2–3-fold compared to Amur Bay and amounted to 0.45 mm/year.
This fact directly depends on the number and volume of freshwater reservoirs flowing into
the water basin, which are an order of magnitude smaller in Ussuri Bay.

Figure 6 shows the dependencies of the HM concentration in the core profile, where
the greatest changes were observed, from the depth of the underlying layer to in the
waters of Ussuri Bay and Amur Bay. It was established that the values of Fe and Mn
concentrations in Amur Bay’s profile (Figure 6, BS-1/BS-2) did not undergo changes up to
a depth of 50 cm (for point BS-2), which approximately corresponds to 300 years, while
the maximum concentration reaches the values of 760 mg/kg (Figure 6b,i) and 120 mg/kg
(Figure 6c,j), respectively. This fact indicates that, despite the seasonal change in the amount
of precipitation, the terrigenous flow of these metals does not change and is in equilibrium.
Additionally, it can be indirectly concluded that the mineral or organic phase of metals
does not undergo significant changes over time, otherwise there would be a process of
de-manganation and de-ironing accompanied by a change in the concentration of HM
in the BS profile and water, as a result of changes in the physical–chemical properties of
the aqueous medium (pH, concentration of free carbon dioxide, dissolved oxygen, redox
potential, sulfides, organic substances, hardness, total mineralization, dissolved gases [53]).
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In Ussuri Bay’s profiles (Figure 6, BS-3), during the transition from 22 cm to 10 cm,
an increase of the concentration of all the studied HM by two to three times is observed,
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which could be related to the period of active development of the territories and local
industry. The subsequent slowdown in the industrial development rate since the 1990s
could contribute to a decrease of the level of environmental impact, which is reflected in a
consistent decrease of the concentration of HM in the upper 10 cm layer of the BS [17,27].

It was found that, during the transition from the estuary (coastal) zone of the river flow
of the Razdolnaya River (Figure 3, BS-2) to the central zone (closer to the outlet to the ocean,
Figure 3, BS-1), the concentration of biogenic metals (Ni, Zn, Pb, Cu) in the whole profile
decreased 2–4-fold (Figure 6, BS-1, BS-2), probably, due to the formation of their hydroxides
and carbonates ([Ni(CO3)]0, [Ni(OH)]+, [Ni(OH)2]0, [Zn(OH)]+, [Pb(CO3)]0, [Cu(CO3)]0,
[Cu(OH)2]0) in the area of mixing of freshwater and seawater followed by sorption on
suspensions that prevent the distribution of HM over long distances as a result of the BS
formation. The highest concentrations of these metals were recorded at the profile level of
36–48 cm for the near-mouth core (BS-2) and 24 cm for the central part of the bay (BS-1),
which is approximately in the same time ranges. Here, the difference in the depth of the
layer is compensated by the sedimentation rate, which in the BS-1 sample is approximately
1.5–2 times less than in BS-2.

Figure 7 shows the dependence of the HM concentration on the depth of the un-
derlying layer of the BS in the water basin of Lake Khanka (sample L-2) and the profile
of the coastal soil (-4). The distribution and concentration of HM in the samples L-1
and L-3 have a comparable shape and values and, therefore, were not considered in de-
tail. It was established that the sedimentation rate in the core sampling area was about
0.43–0.50 mm/year [52].
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Chaotic fluctuations of concentrations of Cr and Pb are observed in the BS: from 0 to
180 mg/k (Figure 7a,g), which is also reflected in the soil profile (Figure 7h,n) with the
addition of Ni (Figure 6k). The highest concentrations were recorded for Fe and Mn, which
are evenly distributed over both profiles. Minor deviations are probably related to the
geochemical position of certain soils in the core profile. Here, the increased Mn content
is determined by the constant allochthonous runoff and the fact that it is a typomorphic
element. High content of Fe in the entire profile indicates the predominant presence of a
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fine grain fraction, as well as the intensive sedimentation of the suspended matter during
the entire time. The same trend is typical for Amur Bay.

Comparable values of Cr and Zn concentrations in the BS and soil profile indicate an
increased content of elements in atmospheric precipitation and natural runoff.

In general, the concentration values of Mn, Fe, Cr, and Pb in the soil profile exceed
2–6-fold the values obtained for the BS, which contributes to the accumulation of HM in
them, at intensive release from sub-positions. This type of HM migration is characteristic
of transeluvial and subordinate landscapes, accompanied by the removal of HM from the
soil profile. Metals migrate both in dissolved form with ground runoff and mechanically,
moving to the final links of landscapes: swamps, lakes, and sea bays [54]. It is reasonable
to suggest that the flow of lead into the lake began about 100 years ago and that it was
associated with anthropogenic impact. The same assumption can be made about Ni. A
peak of Zn content was detected in the soil profile at a depth of 6–7 cm. This was probably
the result of the same anthropogenic influence, but more local, which did not affect the
flow of Zn into the bottom sediments of the lake.

3.3. Phase Composition of the BS

To establish regularities of the horizontal and vertical distribution of HM in the pre-
studied waters, the phase composition of these sediments was studied. Figure 8 shows
X-ray images reflecting the phase composition of the BS collected in Amur Bay (BS-1, BS-2)
and Ussuri Bay (BS-3). The X-ray patterns are provided only for the upper centimeter
layer, since the qualitative analysis of the phase composition of subsequent horizons is
comparable to horizon No. 1.
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A common feature of all the X-ray patterns consists in clearly expressed reflexes corre-
sponding to different phases of silicon oxide (quartz, chalcedony, moganite). The source of
silicic-oxygen minerals, the total content of which in the samples is 30–50%, are both coastal
sand rocks and a river stream containing BB. It is worth mentioning that the presence of
silicates with a developed surface morphology can be accompanied by active adsorption
processes and concentration of heavy metals present in the composition of the soil, from
freshwater and seawater when entering the liquid phase. However, additional studies are
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required to assess the qualitative and quantitative characteristics of this transfer. A sig-
nificant part of the sediments is also represented by minerals such as albite (Na[AlSi3O8])
with an admixture of calcium, calcite (CaCO3), and ankerite (Ca(Fe,Mg)(CO3)2), which
could be related to the presence of bicarbonate and contribute to the accumulation of iron.
Albite is the most common pore-forming mineral of magmatic origin belonging to the
class of aluminosilicates, its source can include underwater and terrestrial volcanoes of the
Far Eastern coast, and the waters of the Sea of Japan, in particular. The phase of calcium
carbonate, which is probably related to aragonite, formed as a result of the destruction of
mollusk shells and is a biogenic accumulator of HM. As the depth of the incision increases,
a directly proportional increase in the intensity of the halos corresponding to the ankerite
is observed, which also affects the increase in the Fe content in the studied sections of the
BS-3 sample. In addition, there are reflexes corresponding to rock salt and halite with cubic
syngony, the presence of which is associated with the sample preparation process that
results in crystallization of NaCl contained in seawater.

A significant difference in the phase composition is observed in the samples BS-1 and
BS-2 (Figure 8a,b) at a profile depth corresponding to the range of 17–50 cm, where the
predominant phases were established for such relic minerals as hematite and maghemite,
least of all quartz and moganite. At a profile depth of 45 cm, the phase of iron sulfide (FeS2)
was also identified; its formation can be associated with redox processes of decomposition
of organic residues of biota and metal structures undergoing corrosion. The predominance
of iron oxide phases coincides with the results of the elemental analysis shown in Figure 6,
and, at the same time, an increase of the values of other HM is also observed, which could
be related to increased sorption characteristics of hematite and maghemite [55]. In this
case, maghemite and hematite can interfere with the processes of diffusion of HM back into
the water.

In addition to calcium carbonate, the samples from Amur Bay also contain a phase
of calcium sulfate (gypsum) of biogenic origin. The initial samples of BS contained the
remains of shells of bivalve mollusks of various species.

Figure 9 shows X-ray patterns reflecting the phase composition of Lake Khanka BS
(L-1, L-2, L-3). The presented patterns are provided only for the upper centimeter layer,
since the qualitative analysis of the phase composition of subsequent horizons is compara-
ble to horizon No. 1.

The phase composition of all the samples is represented mainly by quartz as part of
the sand. Just like in the seawater BS, a group of widespread aluminosilicates, feldspars
of igneous origin, albite (Na[AlSi3O8]), and anorthite (Ca[Al2Si2O8]) with high contents
of K and Ca impurities were identified. With an increase in the depth of the section, the
intensity of the corresponding reflexes decreases, which is probably the result of changes
in natural conditions and cataclysms (floods, wind, earthquakes, etc.) having a major
role in the process of transferring and concentrating components. The presence of a large
variety of freshwater bivalves and other mollusks in the water body, as well as an increased
content of carbonates leads to the formation of calcium carbonate polymorphs, calcite,
and aragonite. Iron was identified in the phase composition of ankerite (Ca(Fe,Mg)CO3)2),
as well as an uncharacteristic phase for this region, ferrisanidine (KNa[FeSi3O8]) with
possible admixtures of Al, Ti, Mg, and Na. Its formation was probably caused by the
water migration of factory-made iron involved in subsequent biogenic processes. Here, the
percentage of iron-forming phases does not change with depth. An additional contribution
of iron to the phase composition to the lake could be made by intraplate volcanites and
intrusions of mixed magmatic series lying at a distance of 20–80 km from the southern and
western shores of the water body [56]. The composition of these rocks includes minerals
such as basalt, andesites, dacites, rhyolites, and their tuff-sedimentary rocks containing
from 1 to 10% of FexOy, depending on the type of mineral.
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3.4. HM in the Liquid Phase

Since the migration of heavy metals in water bodies directly depends on the features
and mechanisms of the two-way transition of elements in the water–bottom sediment
system, the contents of the base (Table 6) and heavy metals (Table 7) in the investigated
aqueous objects were studied. The values of the content of base metals (Table 7) in the
seawater and freshwater basins correlates to regional data for many years [19–21,25,28,57].
On the contrary, the values of the HM content (Table 7) demonstrate an excess compared to
previous years [20,21]. In comparison with the maximum permissible concentrations of the
Russian Federation (MPC), the World Health Organization (WHO), the US Environmental
Protection Agency (US EPA), and environmental protection agencies of China and Japan,
Peter the Great Bay has an excess of Mn—2-fold, Fe—2-fold, and Zn—3-fold. The ratio
of the HM concentration to MPC in Lake Khanka is even less favorable, in particular,
the excess of Mn is 79-fold, Fe—35-fold, Cu—2-fold, and Zn—3–4-fold, which is clearly
determined by the closeness of the water basin and the lack of water exchange.

Table 6. The content of the basic metals in the composition of seawater and freshwater bodies.

Marking Water Area pH Li, mg/L K, mg/L Na, mg/L Ca, mg/L Mg, mg/L Si, mg/L Ba, mg/L

W-1 Amur Bay 7.97
±0.12

148.5
± 14.1

740.0
± 70.0

7660.0
± 720.0

330.0
± 30.0

1340.0
± 125.0

440.0
± 40.0

0.012
± 0.001

W-3 Ussuri Bay 8.39
±0.12

160.0
± 15.2

825.0
± 78.0

8560.0
± 810.0

350.0
± 30.0

1450.0
± 135.0

1420.0
± 135.0

0.008
± 0.001

W-5 Lake
Khanka

7.68
±0.12

1.8
± 0.2

5.0
± 0.5

12.0
± 1.0

17.0
± 1.0

5.0
± 0.5

3140.0
± 300.0

0.048
± 0.004
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Table 7. Content of heavy metals in seawater and freshwater.

Marking Water Area Cr,
mkg/L

Mn,
mkg/L

Fe,
mkg/L

Ni,
mkg/L

Cu,
mkg/L

Zn,
mkg/L

Pb,
mkg/L

W-1 Amur Bay <1 24 ± 2 51 ± 4 н/o 66 ± 6 298 ± 25 <1

W-2 Ussuri Bay <1 7 ± 1 112 ± 10 н/o 50 ± 5 116 ± 10 <1

W-3 Lake
Khanka <1 790 ± 75 3543 ± 325 н/o 165 ± 15 368 ± 30 <1

MPC [46] ≤70 ≤10 ≤100 ≤20 ≤100 ≤100 ≤10

China water quality
standard (grade I) [58] ≤50 - - - ≤50 ≤50 ≤10

China water quality
standard (grade II) [58] ≤100 - - ≤25 ≤100 ≤100 ≤5

Japan water quality
standard [59] ≤50 - - - ≤50 - ≤10

USEPA [60] ≤50 - ≤300 ≤20 - ≤5000 ≤50

WHO ≤50 ≤100 ≤100 ≤20 - ≤2000 ≤50

Figure 10 shows the curves of the dependence of migration and accumulation of HM
depending on the metal and the water basin.

Water 2023, 15, x FOR PEER REVIEW 21 of 25 
 

 

 

Figure 10. The rate of HM accumulation in the water–bottom sediment system, depending on the 

type of metal and the water area. 

Despite the increased content of Fe in the seawater and freshwater basins, the distri-

bution coefficient has an almost minimal value, which could indicate the course of com-

peting processes accompanied by the reverse migration of metal from the BS into the wa-

ter. One of the affecting factors could be a change of pH of the solution in the area of 

mixing (dilution) of freshwater and seawater, which leads to desorption of cationic forms 

of HM from the surface of solid particles of suspensions or BS followed by the entry of 

metals into the water. The greatest effect is observed for the sea samples of Ussuri Bay 

(Figure 10, BS-3). In natural water, which is a complex multicomponent solution, pH does 

not depend on the dissociation of its own water molecules, but mainly on the ratio of the 

amount of carbonic acid and HCO3−, CO32−, and, to a lesser extent, other ions. It follows 

that, in addition to the effect of pH on the distribution of HM between components in 

aquatic ecosystems, the effect of carbonate and bicarbonate ions of natural water must 

also be taken into account, which requires additional experiments. 

4. Conclusions 

A correlation between the HM concentration in water, BS, and their migration over 

the territories under study has been established. It was found that, along with the increase 

of pH of the liquid medium (freshwater and seawater), the migration rate decreased in 

reverse proportionality to the accumulation of Сr, Ni, Cu, Zn, and Pb in BS from the liquid 

medium. The intensity of the deposition process decreases in the following row: Pb >> Mn 

≥ Ni > Cu > Zn > Fe >> Cr. By means of elemental analysis of Lake Khanka coastal soil, 

multiple surpassing of the contents of some HMs was established that promotes intensi-

fication of metal migration into the water and their accumulation in Lake Khanka BS. 

It has been determined that BS of both water basins, as well as the Lake Khanka 

coastal soil, are enriched with Pb and depleted with Сr, Ni, and Zn. In addition, BS of 

seawater basins are characterized with increased coefficients of Fe and Cu accumulation, 

unlike freshwater basins, in which the predominant element is Mn. The latter is not re-

flected in the HM distribution profile, which indicates constant hydrological changes. 

The main BS phase composition was determined by the XRD method. It has been 

demonstrated that the presence of iron oxide in the forms of magnetite and hematite fa-

cilitates ‘rigid accumulation’ of HM preventing their diffusion back into the liquid phase. 

A direct proportional dependence of the increase of the Ni, Cu, Zn, Fe, and Cr contents on 

the fraction of iron-oxide and aluminosilicate and carbonate phases preserved over the 

whole core profile has been established. Analysis of surface BS of seawater areas has 

Figure 10. The rate of HM accumulation in the water–bottom sediment system, depending on the
type of metal and the water area.

The interpretation of lgKd is reduced to the fact that the greater its value, the more
intense the process of metal migration from water to bottom sediments is observed. The
use of this characteristic within one season enables one to judge the rate of accumulation
of a particular metal. In cases when the limits of the seasonal dynamics of HM allows
determining the periods of their maximum content in bottom sediments, it is possible to
predict the influence of the studied factors on the migration processes of metals in the
water–bottom sediments system, which will be carried out and presented in our next study.

Studies have shown that, along with an increase of the pH of the liquid medium
(Figure 10), the migration rate decreases with the inverse proportionality of an increase in
the accumulation of Cr, Ni, Cu, Zn, and Pb into BS from the aqueous medium. Among
other metals, Pb undergoes sedimentation processes into BS most intensively, and the rate
generally decreases in the following row: Pb >> Mn ≥ Ni > Cu > Zn > Fe >> Cr. The
observed migration pattern for Mn and Ni is moderate.
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Despite the increased content of Fe in the seawater and freshwater basins, the distribu-
tion coefficient has an almost minimal value, which could indicate the course of competing
processes accompanied by the reverse migration of metal from the BS into the water. One of
the affecting factors could be a change of pH of the solution in the area of mixing (dilution)
of freshwater and seawater, which leads to desorption of cationic forms of HM from the
surface of solid particles of suspensions or BS followed by the entry of metals into the
water. The greatest effect is observed for the sea samples of Ussuri Bay (Figure 10, BS-3). In
natural water, which is a complex multicomponent solution, pH does not depend on the
dissociation of its own water molecules, but mainly on the ratio of the amount of carbonic
acid and HCO3

−, CO3
2−, and, to a lesser extent, other ions. It follows that, in addition to

the effect of pH on the distribution of HM between components in aquatic ecosystems, the
effect of carbonate and bicarbonate ions of natural water must also be taken into account,
which requires additional experiments.

4. Conclusions

A correlation between the HM concentration in water, BS, and their migration over
the territories under study has been established. It was found that, along with the increase
of pH of the liquid medium (freshwater and seawater), the migration rate decreased
in reverse proportionality to the accumulation of Cr, Ni, Cu, Zn, and Pb in BS from
the liquid medium. The intensity of the deposition process decreases in the following
row: Pb >> Mn ≥ Ni > Cu > Zn > Fe >> Cr. By means of elemental analysis of Lake Khanka
coastal soil, multiple surpassing of the contents of some HMs was established that promotes
intensification of metal migration into the water and their accumulation in Lake Khanka BS.

It has been determined that BS of both water basins, as well as the Lake Khanka coastal
soil, are enriched with Pb and depleted with Cr, Ni, and Zn. In addition, BS of seawater
basins are characterized with increased coefficients of Fe and Cu accumulation, unlike
freshwater basins, in which the predominant element is Mn. The latter is not reflected in
the HM distribution profile, which indicates constant hydrological changes.

The main BS phase composition was determined by the XRD method. It has been
demonstrated that the presence of iron oxide in the forms of magnetite and hematite
facilitates ‘rigid accumulation’ of HM preventing their diffusion back into the liquid phase.
A direct proportional dependence of the increase of the Ni, Cu, Zn, Fe, and Cr contents
on the fraction of iron-oxide and aluminosilicate and carbonate phases preserved over
the whole core profile has been established. Analysis of surface BS of seawater areas has
demonstrated that the spatial migration elements supplied from the coastal areas is limited
and expressed in the decrease of HM concentrations along with removal from the coast.
It was shown that, at the transition from the near-estuary (coastal seawater) area of the
runoff of the Razdolnaya River to the central one (closer to the outflow to the ocean), the
HM concentrations decrease 2–4-fold.

The ecological conditions of the territories under study have been analyzed. According
to the calculated values of Kc and Igeo of BS of Peter the Great Bay, as regards Cr, Mn, Fe,
and Ni, these belong to the class of non-polluted, just like those of Lake Khanka. The main
contribution is provided: Cu (Kc ≤ 54.6), Zn (Kc ≤ 22.2), and Pb (Kc ≤ 37.2), whose source
includes factory-made effects requiring special attention.

To sum up, the regularities of the spatial distribution of HM in the water areas of Peter
the Great Bay and Lake Khanka related to the nonuniform accumulation of Fe and Mn
in BS, whose phase carriers are clay fractions and aluminosilicate suspended particles as
well as organic substances supplied by the terrigenic runoff, have been established. It has
been demonstrated that one can judge, from the gradual increase of contents of Fe, Mn,
etc., in BS samples from the near-estuary part to the bay narrow entrance, the effect of the
terrigenic runoff on different parts of the water area, with the further determination of the
boundaries of possible pollution.
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