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Abstract

Purpose. The purpose of the study is to obtain quantitative characteristics of the spatial variability of
heavy metal concentrations in suspended matter, as well as to assess the relationship between this
variability and the hydrological and hydro chemical characteristics of the northern Black Sea waters.
Methods and Results. Data on the volume and mass concentrations of heavy metals (Pb, Zn, Ni, Fe, Cr,
V, Co) in the Black Sea suspended matter obtained during the 133rd cruise of R/V Professor
Vodyanitsky were used. A total of 44 water samples were collected at 33 stations and processed.
The data on metal content were obtained using X-ray fluorescence analysis.

Conclusions. The volume and mass concentrations of the analyzed metals in suspended matter varied
spatially within two orders of magnitude. Elevated volume concentrations of heavy metals were
observed in the northeastern part of the study area, whereas lower values were typical in its
southwestern part. The spatial variability in mass concentrations of heavy metals exhibited a more
complex pattern. Elevated values of Pb, Zn, and Ni were noted in the deep part of the sea, while lower
values were observed in the coastal area. Elevated values of Fe and V were typical of the shelf section
from Cape Meganom to Cape Chauda, and lower values were typical of the deep-sea part. Higher and
lower concentrations of Cr and Co were observed both on the shelf and in the deep-sea part of the study
area. In the deep part of the sea, the mass and volume concentrations of metals both increased and
declined with depth. In the upper part of the thermocline, the volume (Pb, Ni, Fe, Cr, V, Co) and mass
(Fe, Cr, V, Co) concentrations of most heavy metals rose by a factor of 1.1-47.1. On the shelf in the
near-bottom layer, the volume (Zn, Fe, Cr, V, Co) and mass (Zn, Fe, V, Co) concentrations of most
heavy metals also grew by a factor of 1.1-137. Principal component analysis showed that the spatial
variability of volume and mass concentrations of Fe, V, Co, and Cr is related to the impact of the
lithogenic factor (coastal abrasion, inflow of the Sea of Azov waters, and atmospheric transport), the
variability of Zn and Ni is driven by the influence of the biogenic factor (phytoplankton production,
adsorption on organic matter), and the Pb variability is related to the hydrodynamic factor (mixing
depth variability).
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Introduction

Heavy metals (HMs) are a group of chemical elements with a relatively high
atomic mass or density (usually exceeding 5 g/cm?) that exhibit a tendency for
bioaccumulate [1-3]. The most studied HMs in aquatic ecosystems include Pb,
Zn, Ni, Fe, Cr, V, and Co. The interest in Pb and Cr is due to the fact that these
metals are toxic to living organisms even at low concentrations [4—6].
The influence of the other metals (Zn, Ni, Fe, V, Co) play a dual role: at low
concentrations, they are essential micronutrients required for the normal
functioning of certain living organisms; however, at elevated concentrations, they
can disrupt physiological and biochemical processes and induce metabolic
changes in aquatic organisms [6—11].

HMs enter the marine environment through various processes: coastal
abrasion, dry and wet atmospheric deposition, river runoff, and direct discharge of
industrial waste [12—-14]. Marine pollution by petroleum products is another
important source of HMs [13, 15]. In the marine environment, HMs are distributed
between dissolved and suspended forms. Settling suspended particulate matter
plays a crucial role in the vertical transport of HMs; the sedimentation of adsorbed
HMs on suspended matter is the primary mechanism for their removal from
the water column [16, 17]. Thus, data on HM concentrations in suspended
particulate matter are necessary to assess the rate and time of their removal from
the water column. This underlines the relevance of the present study.

The Black Sea, being a semi-enclosed basin with limited water exchange,
represents a unique natural system particularly sensitive to anthropogenic impact
[18]. Results from recent studies indicate an increase in HM concentrations in
the bottom sediments of the Black Sea shelf [19, 20], which may also suggest an
increase in their concentration in the water.

It should be noted that many studies focus on HM concentrations in aquatic
organisms [10, 13, 21], bottom sediments [13, 22, 23], and dissolved forms in
seawater [13, 14, 21, 24, 25] in the Black Sea. At the same time, data on HM
concentrations in suspended particulate matter are very limited [21, 26-29], and
for the area presented in this work, they are absent from the available literature.
This highlights the novelty of the present study.

The purpose of the study is to obtain quantitative characteristics of the spatial
variability of heavy metal concentrations in suspended matter, as well as to assess
the relationship between this variability and the hydrological and hydro chemical
characteristics of the northern Black Sea waters.
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Materials and methods

Sampling

Field data were obtained during the 133rd cruise of the R/V Professor
Vodyanitsky (September 11 — October 3, 2024). Seawater samples were collected
in plastic containers using a SP15P-B-6-95 pump (Finish Thompson Inc., USA),
which prevents sample contamination by heavy metals. A total of 44 water samples
were collected from 33 stations. The station layout is shown in Fig. 1. At each
station, seawater sampling was carried out at a depth of 3 m. At stations 7, §, 25,
27, and 29, an additional 2-3 samples were collected from depths of up to 66 m to
obtain data on the vertical distribution of the analyzed parameters. The depths for
water sampling were selected directly during the work, using data on the vertical
temperature profile.
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Fig. 1. Study area (a) and the location of seawater sampling stations there (). Red dots indicate
the station locations where vertical profiles were obtained

Determination of total suspended matter (TSM) concentration

The methodology for TSM determination is based on RD 52.24.468-2019
“Mass concentration of suspended solids and dry residue in water. Gravimetric
measurement procedure.” The main difference was that new and used filters were
dried in a drying oven for 24 hours, which reduced the number of drying-and-
weighing cycles to one.
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Concentration of suspended matter was determined using a vacuum filtration
system with membrane filters made of cellulose nitrate (pore diameter 0.45 pm)
on board the ship immediately after sample collection. From 3.35 to 20.45 L of
seawater were filtered through a single filter. The volume of water filtered
depended on the concentration of suspended matter and was preliminarily
assessed visually by the filtration rate. The filtered water was collected in 5 L
plastic containers. The volume of water passed through a single filter was
determined by gravimetry under minimal rolling conditions, using electronic
scales with an accuracy of 1 g. Upon completion of filtration, the filter was packed
in a plastic Petri dish and stored at —20 °C until drying in the drying oven. The
concentration of suspended matter in water was calculated as the ratio of the
difference between the filter masses after and before water filtration to the volume
of water filtered.

Determination of heavy metal concentrations

In this study, measurements were performed for the following heavy metals:
Pb, Zn, Ni, Fe, Cr, V, and Co. Their concentration on the filter was determined by
X-ray fluorescence analysis using a SPECTROSCAN MAKS-GVM spectrometer
(SPECTRON JSC, Russia). The spectrometer was calibrated using calibration
sample sets GH-1 and GH-2 (SPECTRON JSC, Russia). The SpectrQuant
software (SPECTRON JSC, Russia) was used to control the spectrometer
operation and obtain quantitative values of HM content on the filter.
The measurement error averaged 17% for Pb, 4% for Zn, 6% for Ni, 2% for Fe,
5% for Cr, 3% for V, and 36% for Co. The minimum measurable content was
0.01 pg for Pb and Zn, 0.02 pg for Cr, 0.03 pg for Ni and Co, 0.05 pg for V, and
0.06 pg for Fe.

Values of volume-based metal concentration in suspended matter were
calculated by normalizing the metal content values on the filter by the volume of
water passed through the filter. Values of mass concentration of metals in
suspended matter were obtained by normalizing their volume-based concentration
in suspended matter by the concentration of suspended matter.

Hydrological data

Temperature and salinity measurements during the cruise were performed
using IDRONAUT Ocean Seven 320 plus CTD profilers (Idronaut S.R.L., Italy)
and Seasun CTD48 (Sea & Sun Technology GmbH, Germany). The measurement
errors for temperature and salinity did not exceed 0.002 °C and 0.01, respectively.
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The mixing layer depth (MLD) was determined from the vertical temperature
profile by identifying the horizon at which the temperature decrease relative to the
surface layer reached 0.5 °C.

Statistical analysis

Calculations were carried out using SPSS Statistics (IBM Corporation).
Pearson correlation coefficients were used to assess relationships between
the studied parameters, allowing for the identification of linear dependencies
between quantitative variables. Correlation coefficient values were considered
statistically significant at a confidence level of at least 95% (p < 0.05), which
ensured the reliability of the identified relationships and reduced the probability of
chance associations.

To assess the applicability of multivariate statistical analysis methods, the
Kaiser—Meyer—Olkin (KMO) measure of sampling adequacy was calculated for
two datasets. The first dataset included data on volume-based HM concentration,
suspended matter concentration, station depth (StD), and mixing layer depth.
In the second dataset, volume-based HM concentration data were replaced with
data on mass concentration. Data on the vertical distribution of these parameters
were excluded from both datasets. The KMO values were 0.65 and 0.53 for the first
and second datasets, respectively, indicating a satisfactory level of sampling
adequacy and suggesting the suitability of the datasets for further analysis using
principal component analysis (PCA). Additionally, Bartlett’s test of sphericity was
applied to test the hypothesis of no correlations among variables. The obtained
significance values (p < 0.001 in both cases) indicate the presence of statistically
significant relationships among the analyzed parameters, which is a necessary
condition for using PCA and confirms the appropriateness of its application.

PCA was used to identify latent factors determining the joint variability of HM
concentrations. To enhance clarity and facilitate the interpretation of the obtained
factors, orthogonal Varimax rotation was applied, aimed at maximizing
the variance of factor loadings. The use of this rotation method allows for a clearer
delineation of the contribution of individual variables to factor formation and aids
in their interpretation in terms of physical and geochemical processes.

Results and discussion
Distribution of heavy metals in the upper mixed layer of the sea
The volume-based concentration (ug/L) of the discussed HMs varied spatially
over a wide range: < 0.01-0.24 for Pb; < 0.03-2.61 for Zn; < 0.01-0.12 for Ni;
1.07-36.71 for Fe; < 0.02-0.24 for Cr; < 0.02-0.36 for V; < 0.02-0.25 for Co.
The obtained data are consistent with those presented in the available literature on
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the Black Sea (Table 1): 0.002-0.307 for Pb; 0.002—1.103 for Zn; 0.01-4.3 for Ni;
0.13-148 for Fe; 0.04—1.47 for Cr; 0.0003-0.87 for V; 0.0007-0.11 for Co.

The mass concentration (pg/g) of HMs, like the volume-based concentration,
varied spatially within two orders of magnitude: < 11-819 for Pb; < 16—6240 for
Zn; < 19-390 for Ni; 10999-115930 for Fe; < 20-663 for Cr; < 59-1220 for V;
< 38-877 for Co. The reported concentration values are consistent with published
data (Table 1): 2-251 for Pb; 62630 for Zn; 2—-2200 for Ni; 130-130000 for Fe;
24-1867 for Cr; 1-97 for V; 0.4-39 for Co.

The spatial variability of the volume-based concentration of HMs exhibited
a complex distribution pattern (Fig. 2). Elevated and often maximum concentration
values for the discussed HMs were observed in the northeastern part of the study
area, namely on the shelf from Cape Meganom to Cape Chauda. Reduced
concentration values were characteristic of the southwestern part of this area.
An exception was Zn, for which elevated values were observed in the deep-sea part
of this area and in the coastal zone near Sudak. Notably, for all HMs, reduced
values were observed both on the shelf and in the deep-sea part.

The identified features of the spatial variability of volume-based HM
concentration are consistent with data obtained for other areas of the Black Sea.
According to the results of a study conducted on the northwestern shelf of the
Black Sea presented in [29], the volume-based concentration of Fe in suspended
matter in surface waters decreased from the shelf to the continental slope from 3.9
to 0.6 ug/L, respectively. In [28], data on the variability of volume-based HM
concentration in suspended matter at the 10-20 m horizon along a transect from
the Bosphorus Strait to the deep-sea part of the Black Sea are presented.
Comparing the data obtained at the station in the strait with those from the deep-
sea part, a decrease in concentrations for all HMs can be observed. When
comparing data obtained only from the deep-sea part of this transect, it can be
noted that the concentration of Zn, Fe, and V tends to decrease with distance from
the shore.

Fig. 3 shows the spatial distributions of the discussed mass concentration
values of HMs. Elevated values of Pb, Zn, and Ni were noted in the deep-sea part
of the sea, while reduced values were observed in the coastal area. Elevated values
of Fe and V were characteristic of the shelf section from Cape Meganom to Cape
Chauda, while reduced values were characteristic of the deep-sea part. The spatial
variability of Cr and Co was more complex: elevated and reduced values were
observed both on the shelf and in the deep-sea part of the study area. Notably,
maximum or near-maximum mass concentration values for most HMs (Pb, Fe, Cr,
V) were recorded on the shelf near Kurortnoye settlement.
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Table 2

Paired correlation coefficients between the volume concentration
of heavy metals (ng/L), suspended matter concentration (mg/L),
station depth (m) and mixing depth (m)

Parameter ‘ Pb ‘ Zn | Ni ‘ Fe ‘ Cr | v ‘ Co | SM ‘ StD ‘ MLD

Pb 1.00 021 032 0.14 018 003 026 0.10 -0.17 -0.31
Zn - 1.00 056 0.13 0.05 -0.02 0.16 0.55 0.10 -0.07
Ni - - 1.00 038 056 028 030 0.49 -0.09 -0.25
Fe - - - 1.00 065 090 092 0.76 -0.39 0.03
Cr - - - - 1.00  0.60 0.48 0.38 -0.11  -0.18
v - - - - - 1.00  0.76 0.60 -0.39 0.02
Co - - - - - - 1.00 0.74 -035 -0.01
TSM - - - - - - - 1.00 —0.36 0.05
StD - - - - - - - - 1.00 -0.01
MLD - - - - - - - - - 1.00

N o t e: Statistically significant correlation coefficients are highlighted in red

The results of the correlation analysis indicate the presence of statistically
significant relationships between the spatial variability of volume-based
concentrations of individual HMs (Table 2). Such a relationship was observed in
the pairs Fe — Ni (» = 0.38), Fe — Cr (r = 0.65), Fe — V (r = 0.90), Fe — Co (r =
0.92). This may be due to both the adsorption of these metals onto Fe [27, 28] and
the similarity of their geochemical behavior, where concentration variability is
determined by the same physicochemical processes. The absence of significant
relationships between Fe and Pb, Zn may indicate differences in the sources or
sinks of these metals in the study area. The spatial variability of the volume-based
concentration of most HMs (Zn, Ni, Fe, Cr, V, Co) is linked to the spatial
heterogeneity of the suspended matter concentration field: the correlation
coefficient values are 0.55 (Zn), 0.49 (Ni), 0.76 (Fe), 0.38 (Cr), 0.60 (V), and 0.75
(Co). Thus, the more suspended matter contained in a unit volume of seawater, the
higher the concentration of HMs in the suspended matter. Statistically significant
negative correlation coefficients between water depth and the volumetric
concentration of Fe (r=—-0.39), V (r=-0.39), Co (r=—0.35), and suspended matter
(r =-0.36) may indicate that the source of these metals (e.g., coastal abrasion) in
the study area is located in the shelf zone.

The analysis results (Table 3) indicate the presence of statistically significant
relationships between changes in the mass concentration of Fe in suspended matter
and those of Cr (r = 0.56), V (r = 0.92), and Co (» = 0.86). The absence of
a statistically significant relationship between Fe and Zn or Ni may be due to the
328 PHYSICAL OCEANOGRAPHY VOL. 33 ISS.2 (2026)



fact that these two heavy metals (Zn and Ni) have local sinks — they are actively
consumed by phytoplankton [32]. The absence of a statistically significant
relationship between Fe and Pb may be due to differences in the sources of these
metals. Lead enters the marine environment primarily from the atmosphere [33], but
atmospheric flux is not the only source of iron in the marine environment. Notably,
only for Pb is there a statistically significant correlation with changes in suspended
matter content (= —0.41): an increase in suspended matter concentration is
accompanied by a decrease in the mass concentration of Pb on the suspended matter.
This is likely related to a dilution effect: the concentration of suspended matter is
higher on the shelf than in the deep-sea part due to the presence of additional material
sources.

Table 3

Paired correlation coefficients between the mass concentration
of heavy metals (ng/g), suspended matter concentration (mg/L),
station depth (m) and mixing depth (m)

Pararneter‘ Pb | Zn | Ni ‘ Fe | Cr ‘ v | Co |TSM‘ StD |MLD

Pb 1.00 031 030 0.10 0.12 0.06 035 041 0.14 -040
Zn - 1.00 020 -022 0.07 -0.15 -0.16 -0.11 0.63 -0.08
Ni - - 1.00 009 034 0.10 0.00 -023 0.13 -0.33
Fe - - - 1.00 056 092 086 0.09 -026 -0.01
Cr - - - - 1.00 052 037 -0.19 025 -0.13
A% - - - - - 1.00  0.71 0.08 -0.29 0.02
Co - - - - - - 1.00 -0.04 -0.13 -0.12
SM - - - - - - - 1.00 -036 0.05
StD - - - - - - - - 1.00  -0.01
MLD - - - - - - - - - 1.00

N o t e: Statistically significant correlation coefficients are highlighted in red

Vertical distribution of HMs. Vertical profiles of volumetric and mass metal
concentrations are shown in Fig. 4.

At stations located in the deep-sea part of the Black Sea (st. 7, 8, 29), a decrease
with depth (comparing data from horizons at 3 and 63—-66 m) was observed for the
volume-based and mass concentrations of Zn by 3.1-29.4 and 6.6—47.1 times,
respectively, along with an increase in the volume-based concentration of Fe by 1.3—
6.0 times and Co by 1.1-8.3 times. The mass concentration of Fe in suspended matter
either increased with depth (by 1.1-1.7 times) or decreased (by 1.2 times). Regarding
Co, its mass concentration increased by a factor of 1.6 and decreased by 1.2-1.9
times. The volume-based concentration of other HMs both increased and decreased

PHYSICAL OCEANOGRAPHY VOL.33 ISS.2 (2026) 329



with depth: by 1.6 and 4—14 times, respectively, for Pb; by 1.6 and 1.4 times for Ni;
by 1.3 and 1.7-6.25 times for Cr; and by 5-7.4 and 1.3 times, respectively, for V.
The mass concentration of these metals also both increased and decreased with
depth: by 12 and 1.4-6.3 times, respectively, for Pb; by 1.1-5 and 7.3 times for Ni;
and by 1.4-26 and 2 times for V. The mass concentration of Cr increased only with
depth by 2.7-13.5 times.

The obtained results are in good agreement with published data. Analyzing the
data presented in [28], a trend towards a decrease with depth in volume-based
concentration of Pb, Zn, Ni, V, and Co can be noted.

On the shelf (st. 25 and 27), an increase with depth was observed for the volume-
based and mass concentrations of most metals: by 2.4-137 and 2-125 times,
respectively, for Zn; by 2.7—7.8 and 1.9-2.2 times for Fe; by 3.2-4.5 and 1.1-2.6 times
for V; by 1.8-23 and 1.5-21 times for Co. The volume-based concentration of Cr showed
an increase with depth by 2.9-3 times, while its mass concentration increased by a factor
of 13 at st. 25 and decreased by a factor of 1.4 at st. 27. The volume-based and mass
concentrations of Pb increased by 8 and 7 times, respectively, at st. 27 and decreased by
3.6 and 4.4 times at st. 25. The volume-based and mass concentrations of Ni at the same
stations increased by 4 and 39 times and decreased by 7 and 1 times, respectively. The
increase in the volume-based concentration of HMs in suspended matter with depth
observed for most HMs is likely due to an increase in suspended matter concentration.
As shown above in the analysis of spatial variability in the upper mixed layer, an increase
in suspended matter concentration is accompanied by an increase in the volume-based
concentration of HMs in the suspended matter. The increase in mass concentration of
HMs may be due to their adsorption onto suspended matter during its settling. The
maximum concentration of suspended matter in the bottom layer may be related to
a decrease in its settling velocity due to reduced water dynamics.

According to the results of a study conducted on the northwestern shelf of the
Black Sea presented in [29], the volume-based concentration of Fe in suspended matter
increases from the surface layer to the bottom layer by 5—46 times. The authors of [27]
noted the presence of a maximum concentration of Co, Ni, and Zn in the bottom layer,
which was associated with the maximum concentration of Fe and explained by the
adsorption of these HMs onto it.

The results of the correlation analysis (Tables 4 and 5) indicate the presence of
a strong positive relationship between the vertical distribution of volume-based
concentrations of Fe and Cr (» = 0.86), Fe and V (» = 0.99), Fe and Co (» = 0.98), and
Fe and suspended matter concentration (» = 0.89). The mass concentration of Fe
correlates only with V ( = 0.98) and Co (» = 0.85). This result indicates a common
pattern in the behavior of Fe, V, and Co in the study area. A relationship between the
vertical distribution of volume-based concentrations of Fe and Co was noted in [26],
whose authors indicated that this is due to the adsorption of Co onto Fe.
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based and mass concentrations of heavy metals at different stations
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Table 4

Paired correlation coefficients between the volume concentration
of heavy metals (nug/L) and concentration of suspended matter (mg/L)

Parameter ‘ Pb | Zn ‘ Ni | Fe ‘ Cr | v ‘ Co | TSM
Pb 1.00 0.01 0.59 0.26 0.16 0.21 0.29 0.34
Zn - 1.00 0.06 0.44 0.45 0.42 0.37 0.40
Ni - - 1.00 0.05 0.21 0.03 —-0.01 0.19
Fe - - - 1.00 0.86 0.99 0.98 0.89
Cr - - - - 1.00 0.84 0.81 0.82
\Y% - - - - - 1.00 0.97 0.89
Co - - - - - - 1.00 0.89

TSM - - - - - - - 1.00

N o t e: Statistically significant correlation coefficients are highlighted in red

Table 5

Paired correlation coefficients between the mass concentration
of heavy metals (ug/g) and concentration of suspended matter (mg/L)

Parameter | Pb ‘ Zn ‘ Ni | Fe | Cr ‘ v ‘ Co | TSM
Pb 1.00 0.33 0.37 -0.31 -0.14 -0.38 -0.01 —0.38
Zn - 1.00 —-0.11 -0.10 0.27 0.01 0.07 -0.21
Ni - - 1.00 -0.33 —0.01 -0.30 -0.43 -0.10
Fe - - - 1.00 0.08 0.90 0.85 0.33
Cr - - - - 1.00 —-0.03 0.05 —0.12
A% - - - - - 1.00 0.65 0.32
Co - - - - - - 1.00 0.21

TSM - - - - - - - 1.00

N o t e: Statistically significant correlation coefficients are highlighted in red

The influence of the thermocline on the vertical distribution of HMs should be
noted separately. At st. 29, the midpoint of the profile is located in the upper part of
the thermocline. In the thermocline layer, compared to the 3 m horizon, an increase
in volume-based concentration was observed for all metals except Zn: Pb by a factor
of 1.4; Niby 2.2; Fe by 13; Cr by 4.3; V by 8.5; Co by 10.3 times. The concentration
of Zn decreased by a factor of 73. The increase in volume-based metal concentrations
may be due both to an increase in suspended matter concentration by a factor of 4.1
and to metal adsorption during its settling. Evidence supporting the latter is the
increase in the mass concentration of Fe by 3.2; Cr by 1.1; V by 2.1; and Co by
2.5 times. The mass concentration decreased for Pb by 3 times, for Zn by 62, and for
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Ni by 1.9 times. The decrease in mass concentration of these metals may be due to
both their active consumption in the upper layers and a dilution effect due to the
increase in suspended matter concentration. The accumulation of suspended matter
in the thermocline is associated with increasing density [34]. Notably, in the lower
part of the thermocline (st. 8), with an increase in suspended matter concentration by
a factor of 1.5, an increase in volume-based concentration was observed only for Ni
(by 5.8 times) and Pb (by 17 times). A significant increase (up to two orders of
magnitude) in the concentration of individual metals at specific horizons in the
photic layer was noted in the data from [28].

Principal component analysis. Analysis of volume-based HM concentration
data using PCA allowed for the identification of 3 components (Fig. 5). The first
component explains 43.1% of the variability in the analyzed series, the second —
17.3%, and the third — 12.3%. The first component is associated with the variability
of Fe, V, Co, Cr, and suspended matter concentration and likely reflects the influence
of the natural lithogenic factor (coastal abrasion, intrusion of Sea of Azov waters,
atmospheric transport) [7, 26-28]. The second component is associated with Zn, Ni,
and suspended matter concentration and likely reflects the influence of the natural
biogenic factor (phytoplankton production, adsorption onto organic matter). The
third component is associated with Pb and mixing layer depth and likely reflects the
influence of hydrodynamic processes: Pb enters the marine environment with
atmospheric aerosols; the decrease in volume-based Pb concentration with
increasing mixing layer depth suggests its dilution in a larger volume.
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Fig. 5. Graphical representation of the first and second (a), and the first and third (») components for
HM volume-based concentrations
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Analysis of mass HM concentration data using PCA also allowed for
the identification of 3 components (Fig. 6). The first component explains 31.7% of
the variability in the analyzed series, the second — 23.7%, and the third — 12.6%.
The association of the extracted factors with the analyzed parameters did not
fundamentally change compared to the results described above, which further
confirms the validity of the assumptions made about the nature of the processes
controlling the spatial variability of HM content in suspended matter in the area
under consideration.
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Fig. 6. Graphical representation of the first and second (), and the first and third (») components at
HM mass concentration

Conclusions

This paper presents the results of analyzing field data on the spatial variability
of volume-based and mass concentrations of heavy metals (Pb, Zn, Ni, Fe, Cr, V,
Co) in suspended particulate matter, obtained in the northern part of the Black Sea.
The values of volume-based and mass concentrations of the analyzed metals varied
spatially over a range of two orders of magnitude. Elevated and often maximum
volume-based concentration values for these heavy metals were observed in the
northeastern part of the study area, while reduced values were characteristic of the
southwestern part. The spatial variability of the mass concentration of heavy metals
exhibited a more complex pattern. Elevated values of Pb, Zn, and Ni were noted in
the deep-sea part of the sea, while reduced values were observed in the coastal area.
Elevated values of Fe and V were characteristic of the shelf section from Cape
Meganom to Cape Chauda, while reduced values were characteristic of the deep-sea
part. Elevated and reduced concentrations of Cr and Co were observed both on the
shelf and in the deep-sea part of the study area.

In the deep-sea part, the mass and volume-based concentrations of the analyzed
metals either increased or decreased with depth (comparing the 3 m layer with the
334 PHYSICAL OCEANOGRAPHY VOL. 33 ISS.2 (2026)



63—66 m layer). In the upper part of the thermocline, an increase in volume-based
(Pb, Ni, Fe, Cr, V, Co) and mass (Fe, Cr, V, Co) concentrations was observed for
most heavy metals by a factor of 1.1-47.1. An increase by a factor of 1.1-137 in
volume-based (Zn, Fe, Cr, V, Co) and mass (Zn, Fe, V, Co) concentrations of most
heavy metals was also noted on the shelf in the bottom layer. Such an increase is due
to the combined influence of at least two processes — accumulation of suspended
matter due to reduced water dynamics and adsorption of these metals onto the
settling suspended particulate matter.

Using PCA, it was shown that the spatial variability of volume-based and mass
concentrations of Fe, V, Co, and Cr is associated with the influence of the lithogenic
factor (coastal abrasion, intrusion of Sea of Azov waters, dust transport); the
variability of Zn and Ni is due to the influence of the biogenic factor (phytoplankton
production, adsorption onto organic matter); the variability of Pb is due to the
influence of the hydrodynamic factor (variability of the mixing layer depth).
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