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ABSTRACT. This study presents an environmental assessment of the accumulation levels of trace met-
als (Cr, Cu, Zn, and Pb) in the sediments of Lake Ladoga near three cage trout farms. Samples were
collected at the end of an intensive fish feeding period from both the cage and reference sites. Using
ICP-MS, acid-soluble and labile metal forms were analyzed. The results show that Zn had highest accu-
mulation levels, which can be attributed to organic waste from the farms. The labile forms of Zn (up to
53%) pose serious risks of secondary pollution in the water column. However, no significant input of Cu
and Pb from the trout farms was found. Elevated Cr concentrations (up to 133 mg/kg) were observed
in both the cage and reference sites, mainly due to natural factors such as geochemical features of the
surrounding bedrocks. The integrated Pollution Load Index (PLI) indicated moderate pollution levels,
ranging from 1.0 to 1.2. These results highlight the need for monitoring Zn content under cage farms,
development of sediment quality guidelines, and assessment of hydrological and geochemical condi-
tions in aquaculture planning.
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1. Introduction 2000; Guzeva et al., 2021). Dissolved forms of metals

can have a toxic effect on both the biological communi-

Aquaculture is currently one of the most dynam-
ically developing sectors of the global food industry.
In Russia, the Republic of Karelia holds a leading posi-
tion in the production of cage-reared rainbow trout
(Oncorhynchus mykiss). There are already over two
dozen trout farms in the northern part of Lake Ladoga
requiring environmental assessment of their impact.

Fish farm waste, rich in nutrients and trace ele-
ments, enters the water environment and can accumu-
late in the sediments under cages (Kaya and Pulatsu,
2017; Ji et al., 2021; Custodio et al., 2022; Zaripova
et al., 2024). While sediments are the final destination
for chemical substances to accumulate, changes in the
physicochemical parameters of the environment may
transform them into sources of secondary pollution. For
example, during accumulation and decomposition of
large amounts of organic matter, pH and redox poten-
tial (Eh) levels may decrease facilitating metal desorp-
tion s from the solid phase of sediments and increasing
the risk of ion migration into the water column (Turner,
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ties of the reservoir itself and on farmed fish.
Hydrological, chemical, and geological charac-
teristics of the water body as well as the composition of
the feed, the amount of fish and the farm’s remediation
plan are taken into account in determining the level and
spatial extent of aquaculture waste accumulation under
cage modules (Federal Law of the Russian Federation of
20.12.2004 N 166-FZ). Trace elements such as Cr, Cu,
and Zn are essential for the health status, growth and
development of trout and can be found in both commer-
cial feed and fish tissues (Zhang et al., 2018; Lall and
Kaushik, 2021). However, these sources may also con-
tain harmful elements such as Pb, Cd and Hg (Majlesi et
al., 2019; Barszcz and Sidoruk, 2024). Additionally, the
use of antifouling coatings and paints on nets and cage
components may introduce compounds of Pb and Cu
(Patent of the Russian Federation No. RU2478114C1).
It is reported that sediments near marine and lake-based
cage fish farms have higher concentrations of metals
(Fe, Mn, Zn, Cu, Cr, Cd, Pb, and Ni) compared to those
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in control areas (Sutherland et al., 2007; Russell et al.,
2011; Xie et al., 2020; Kucuksezgin et al., 2022; Melo
Junior et al., 2023). However, in Russia, there is limited
data on trace metal concentrations in sediments near
freshwater trout farms, which hinders our understand-
ing of the spatial and temporal dynamics of pollution.
Furthermore, the lack of maximum permissible concen-
trations of chemical substances in sediments in Russia
makes environmental assessments difficult. Our previ-
ous research on a trout farm in Lake Ladoga revealed
a significant increase in Zn and Cu content in surface
sediments beneath cages compared to background lev-
els, with concentration peaks at the end of an intensive
fish feeding period (Guzeva et al., 2024). Thus, there is
an urgent need for further studies in other coastal zones
of Lake Ladoga used for aquaculture, especially in light
of ongoing scientific and industrial discussions on the
impacts of aquaculture.

The purpose of this study is to evaluate the envi-
ronmental impact of accumulation and potential geo-
chemical mobility of Cr, Cu, Zn, and Pb in the sediments
affected by three cage trout farms in Lake Ladoga. These
farms are situated in the bays with diverse hydrological
and morphometric features. The data obtained reveal
distinct patterns of trace element accumulation in the
sediments, providing crucial insights into monitoring
aquaculture operations in other regions of Russia.

2. Materials and methods
2.1. Study area

Lake Ladoga (60°50’N, 31°30’E) is the largest
freshwater lake in Europe, with the area of 17,870
km? and volume of 848 km?3, located in northwestern
Russia. The northern part of the lake, where the study
was conducted, is characterized by a complex shoreline
morphology with archipelagos, islands, and deep bays,
providing natural protection from wind and waves and
optimal conditions for cage trout farming (Rumyantsev
and Drabkova, 2002). This region belongs to the tem-
perate continental climate zone, with annual precipi-
tation of 650 — 700 mm. West and north-west winds
prevaile (average speed 4-6 m/s), modulating wave
conditions (wave height < 1.5 m in open areas, < 0.5
m in bays). Ice thickness during winter reaches 60 — 80
cm, and bottom water temperatures stabilize around
+4 °C. A pronounced thermocline forms in summer,
limiting vertical oxygen transfer.

Farm K (Fig. 1) is located in a large bay 2.2 km
long, with maximum depths of 30 m near Lahdenpohja.
The bay is connected to other bays by three channels
(50 — 200 m wide), allowing water exchange with the
open lake.

Farm S is situated near Sortavala in a strait (150
— 300 m wide) between islands with depths of 10 - 20
m. This zone may be subject to strong wind-driven cur-
rents that promote turbulent mixing of the water col-
umn under northerly and southerly winds.

Farm V is located off the coast of Valaam Island
in an isolated bay 820 m long with maximum depths
of 20 — 30 m under the cages. Narrow (10 — 15 m) and
shallow (depth ~5 m) channels restrict water exchange,

creating a stagnant hydrological regime (Zuyev and
Zueva, 2024).

Wind-driven currents play a key role in the dis-
tribution of organic matter from the cages. Farm S fea-
tures high energy currents causing wide dispersion of
aquaculture waste. In Farms K and V, weak currents
and closed circulation contribute to the accumulation
of highly organic sediments beneath the cages.

2.2. Sampling procedure

Sediment samples were collected using a gravity
corer at the end of November 2023. By early winter,
the intensive feeding season for trout had ended, and
the layer of freshly accumulated organic sediments
under the cages had reached its maximum thickness
(Lapenkov et al., 2023; 2024).

Sampling locations are shown in Fig. 1. Each
farm had both cage and reference sites. Previous stud-
ies showed high organic matter content in the surface
sediment layer at cage sites: 2 — 7 times higher than
reference values (Lapenkov et al., 2024). Control points
were located 50 — 100 m from the outermost modules.
At this distance, the organic content in the surface sed-
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Fig.1. Bathymetric diagram (according to Lapenkov et
al., 2024) of the studied fish-breeding areas of Lake Ladoga
with sampling sites in the area of the cities of Lakhdenpokhya
(Farm K) and Sortavala (Farm S), as well as on Valaam Island
(Farm V). The cage sites are marked in orange, the reference
sites in green.
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iment layer remains consistent throughout the year and
reflects background levels, as seen in the lower layers
of cores taken from cage sites (Lapenkov et al., 2023).

After coring, the lithological characteristics of
the sediments were described in the field, as detailed in
earlier studies (Lapenkov et al., 2024). The sediments at
all three farms were similar in grain size composition:
soft clayey silts with 5 — 15% silt admixture. Samples
were placed in plastic bags and transported to the labo-
ratory in a thermally insulated container.

2.3. Laboratory analysis

The 0 — 10 cm layer of sediment was used for
metal content analysis, as it contains the highest mass
percentage of organic matter compared to deeper lay-
ers. Furthermore, the top 10 cm also represents the pri-
mary habitat for benthic organisms.

Two types of extracts were analyzed: acid-solu-
ble (70% HNO, + 38% HCI + 33% H,0,) and labile
(IM CH,CO,NH,, pH 4.8) metal forms. The methods of
extraction and details of the reagents used are described
in previous publications (Guzeva et al., 2022; 2024)
and regulatory documents GD 52.18.289 — 90. The
acid mixture is effective in dissolving most metal ions,
including highly sTable forms that may play a role in
biochemical processes, with the exception of insoluble
aluminosilicate minerals. On the other hand, the labile
extract targets the most mobile metal ions, which are
potentially bioavailable, specifically those in exchange-
able and sorbed forms. These forms are the least sTa-
ble and are more likely to migrate if there are changes
in environmental parameters such as water ion com-
position, pH, and Eh. All extracts and blanks were pre-
pared in duplicate. Results were considered valid if the
difference between replicates was < 20%. A certified
reference material (Baikal Lake sediment “BIL-1 — GSO
7126-94”) was used for measurement quality control.

Metal concentrations in extracts were determined
using inductively coupled plasma mass spectrome-
try (ICP-MS) on an XSeries 2 ICP-MS (Thermo Fisher
Scientific, Waltham, MA, USA) at the analytical labo-
ratory of Karelian Research Centre RAS. Each solution
was measured three times and the average was taken.
Relative standard deviations (%) for acid-soluble forms
were: Cr (0.3 - 2.5), Cu (0.9 - 2.7), Zn (0.2 - 1.9), Pb
(0.4 - 2); for labile forms: Cr (0.5 - 5), Cu (0.4 - 4), Zn
(0.3-13), Pb (0.6 - 6).

2.4. Statistical analysis

For the dataset, the mean, median, and standard
deviation were calculated. The relationship between
metal input and organic waste from the farms was
assessed using Pearson’s linear correlation coefficient
(r). Differences between cage and reference sites were
analyzed using the Kruskal-Wallis test (H), suiTable for
evaluating median differences in small sample sizes (n
< 30).

The level of metal accumulation relative to back-
ground values was calculated using the geoaccumula-
tion index (Igeo) (Miiller, 1969):
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where C is the metal concentration in surface sediment
under cages, and B is the background concentration.
The following scale is used: unpolluted (Igeo = 0),
unpolluted to moderately polluted (0 < Igeo = 1),
moderately polluted (1 < Igeo < 2), moderately to
heavily polluted (2 < Igeo < 3), heavily polluted (3 <
Igeo < 4), heavily to extremely polluted (4 < Igeo =<
5), or extremely polluted (Igeo > 5).

Overall sediment pollution was assessed using
the Pollution Load Index (PLI) (Suresh et al., 2011):

PLI=(C/FExC/F,xC/F,...C/F)"

where C/F is the metal concentration divided by the
background value, and n is the number of elements
analyzed. Pollution levels are classified as low (PLI <
1), moderate (1 < PLI < 2), high (2 < PLI < 3), or
extremely high (PLI > 3).

To evaluate potential toxicity to freshwater ben-
thic organisms, sediment quality guidelines (SQGs)
were applied, using threshold effect concentration
(TEC) and probable effect concentration (PEC) values
(MacDonald et al., 2000; Li et al., 2015). Metal con-
centrations below TEC are considered unlikely to cause
toxicity, while those above PEC are considered likely to
pose a high risk. TEC/PEC values: Cr — 43.4/111; Cu -
31.6/149; Zn — 121/459; Pb — 35.8/128.

Secondary pollution risk (geochemical mobility)
was evaluated using the Risk Assessment Code (RAC)
(De Andrade Passos et al., 2011), which considers the
percentage of labile forms: <1% - no risk, from 1 to
10% — low risk, from 10 to 30% — medium, from 30 to
50% — high, >50% - very high.

3. Results and discussion
3.1. Accumulation levels of heavy metals
in sediments under cage trout farms

Based on acid-soluble metal concentrations in
sediments from the three farms, the order of abundance
was: Zn > Cr > Cu > Pb. Results are shown in Fig. 2.
Pearson correlation analysis between total organic
matter (from previous data Lapenkov et al., 2024) and
metal concentrations is illustrated in Fig. 3.

The strongest correlation with organic matter
was observed for Zn. A weak positive correlation was
found for Cu. This suggests that excess Zn, not absorbed
by the fish, enters sediments primarily with organic
waste such as uneaten feed and fish feces. Cu appears to
be better absorbed by fish, explaining its lower correla-
tion. Furthermore, its content in feed is also lower than
that of Zn. Thus, production feed for trout contains up
to 600 mg/kg Cu and 10,000 mg/kg Zn (Patent of the
Russian Federation No. RU2762722C1). International
studies report that up to 87% of feed Zn and 4.3% of
feed Cu are excreted by farmed salmon into the aquatic
environment (Dean et al., 2007).

The results showed that there was no significant
correlation between Pb and organic matter, suggesting
that its presence is not primarily due to fish farm waste.
While Pb and Cu may also be found in antifouling coat-
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Fig.2. Content of acid-soluble forms of metals in sediments under trout farms at cage and reference sites. TEC — threshold

effect concentration; PEC — probable effect concentration.

ings and paints, the data suggests that fish farmers
do not heavily rely on these materials (Patent of the
Russian Federation No. RU2478114C1).

The data on Cr content showed a significant neg-
ative correlation with organic matter, indicating that
its presence in sediments is mainly influenced by nat-
ural geological factors rather than aquaculture waste
(see section 3.3).

The comparison of metal concentrations between
cage and reference sites at the three farms is presented
in Fig. 4. The only significant difference was observed
for Zn, which was 2 — 3 times higher in cage sites com-
pared to reference sites. Cu and Pb concentrations were
similar to background levels. In two of the farms, Cr
content was higher at reference sites, highlighting the
dominant role of natural geochemical factors in its
presence.
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The findings obtained are in line with global
studies that have also shown a high accumulation of
Zn under fish cages. However, the patterns for Cu, Pb,
and Cr in our study were more favorable. For instance,
in tilapia (Oreochromis niloticus) farms, the concentra-
tions of Zn and Cu at the cage sites were 10 and 2 times
higher than in the reference sites, respectively, while
the levels of Cr and Pb were sTable (Melo Junior et
al., 2023). Similarly, in marine salmon farms, the lev-
els of Zn and Cu under the cages were 5 and 10 times
higher than in the control area, respectively (Dean et
al., 2007). In the Changshou Reservoir in China, the
concentrations of these metals remained elevated at 2
- 3 times even 10 years after the cessation of cage farm-
ing (Xie et al., 2020).
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Fig.3. Correlation (Pearson r, o = 0.05) between the content of acid-soluble metal forms and the content of organic matter
(LOI). LOI values for the 0 — 10 cm sediment layer were taken from a previously published work (Lapenkov et al., 2024).
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3.2. Features of metal accumulation in
sediments beneath trout cage farms in
Lake Ladoga

To assess the impact of natural and anthropo-
genic factors on metal accumulation in sediments of
the studied trout farms, the concentrations of Cr, Cu,
Zn, and Pb were compared with those in other parts of
Lake Ladoga (Petrova, 2006; Slukovskiy, 2015), as well
as background (untouched by anthropogenic activity)
lakes of southern Karelia (Slukovskii, 2020) and Clarke
values (Hans Wedepohl, 1995). The results are pre-
sented in Table 1.

Elevated Cr concentrations were obtained in
the sediments of Lake Ladoga, with levels 2 — 4 times
higher than Clarke values and 2 - 5 times higher than
the average values typically found in background lakes
in southern Karelia. The highest metal content was
observed in Farm S, with values under the cages reach-
ing 133 mg/kg and at the reference site reaching 103
mg/kg. These concentrations are comparable to the
maximum concentrations recorded by other authors in
Lake Ladoga (105 mg/kg, Table 1). The high levels of
Cr can be attributed to the geological structure of the
area: volcanics with a lithophile specialization and ele-
vated levels of Co, Bi, Be, Pb, Mg, Ca, Cr, and W (State
geological map..., 2015). It is worth noting that the
input of organic matter from the cages may serve as a
factor in “diluting” the natural Cr concentrations in the
sediments of Lake Ladoga.

In the lakes of Karelia, specifically Lake Ladoga,
the concentrations of Cu in sediments were found to
be 2 - 3 times higher than the Clarke values. This ele-
vated level of Cu, along with Cr, can be attributed to
the geochemical characteristics of the region’s rocks,
which have a specialization in copper-polymetallic
minerals (State geological map..., 2015). In the coastal
bays used for trout farming, the concentration of Cu in
sediments was also found to be 2 — 3 times higher than
the Clarke values (Table 1).

The average concentrations of Zn at the reference
sites of the farms (139 - 157 mg/kg) were like those
found in other parts of Lake Ladoga (79 — 117 mg/kg)
and southern Karelia lakes (95 mg/kg), but all values
exceeded the Clarke values by 2 — 3 times (Table 1). At
the cage sites, the concentration of Zn was 2 - 4 times
higher than in sediments found in other parts of Lake
Ladoga and southern Karelia lakes. The highest levels
of Zn were found at the oldest cage modules (K1, V1,
and S1) that have been in use for over 10 years (Fig. 2).
This suggests that the high accumulation of Zn in sed-
iments is primarily due to aquaculture activities. The
most favorable situation in terms of Zn accumulation
was observed in Farm S, which has a location in a strait
with better water exchange compared to the stagnant
closed bays of Farms K and V.

At both reference and cage sites of the studied
farms, Pb concentrations in sediments were at levels
typical for other areas of Lake Ladoga, southern Karelia
lakes, and Clarke values. Pb levels under trout cages are
primarily determined by natural factors.
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Fig.4. Statistical diagram of the content of acid-soluble
forms of metals in cage and reference sites: values, aver-
age and standard deviation. H is the calculated value of
the Kruskol-Wallis criterion (a 0.05); Igeo is the index of
geoaccumulation.

3.3. Geoecological assessment of metal
accumulation in the zone of influence of
trout cage farms in Lake Ladoga

For Zn, concentrations at all sites exceeded
the threshold effect concentration (TEC). At sites
with long-standing cage modules (K1 and V1), lev-
els exceeded the probable effect concentration (PEC),
Fig. 2. Zn also had the highest Igeo values, indicating
moderate sediment contamination, Fig. 4. Notably, the
proportion of labile (bioavailable) Zn ranged from 12%
to 53%, corresponding to moderate to high secondary
pollution risk (Fig. 5). This suggests that Zn in these
sediments is primarily bound in weakly stable com-
pounds that are sensitive to changes in environmental
conditions, such as pH. Iron(III) hydroxides, which are
key sorbents for metals, can dissolve Fe(III) — Fe(Il)
under reducing conditions and low pH, releasing Zn.
Previous research has shown that sediments under cages
often experience acidic conditions (pH 6.0 — 6.4) and
reducing conditions (Eh < -50 mV) due to low water
exchange and intense organic matter input (Lapenkov
et al., 2024). Therefore, the high Zn levels under cage
modules (especially above PEC) in these geochemical
and hydrological conditions pose potential ecological
risks for aquatic communities and farmed fish.
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Cu and Pb concentrations did not exceed TEC
values at any site, nor did they present a risk to the
ecosystem (Fig. 2). The proportion of their labile forms
was under 10%, indicating low mobility and minimal
contribution from cage farms.

Cr concentrations exceeded TEC and, in Farm
S, even PEC values in both cage and reference sites
(Fig. 2). However, labile Cr forms never exceeded
7%, suggesting low secondary pollution risk (Fig. 5).
As discussed, Cr accumulation is mainly driven by the
region’s geological background, so Cr occurs in stable,
non-bioavailable mineral forms.

At all three farms, the Pollution Load Index (PLI)
values ranged around 1, indicating low to moderate
pollution levels and relatively favorable environmental
conditions under trout cages (Table 1).

4. Conclusions

The study revealed key patterns in the accumula-
tion of heavy metals (Cr, Cu, Zn, and Pb) in sediments
of Lake Ladoga under the influence of trout cage farms:

1. The primary contributor to sediment contam-
ination was found to be Zn, with concentrations
2 - 4 times higher than references (up to 498
mg/kg). This accumulation is linked to organic
waste from farms, particularly in areas with poor
water exchange. At long-term cage sites, Zn levels
exceeded probable effect concentration (PEC) and
mobile forms reached 53%, posing high secondary
pollution risks.

No significant accumulation of Cu and Pb was
observed in cage sediments. This could be due to
high Cu assimilation by fish and limited use of
antifouling paints. The labile fractions of Cu and
Pb remained under 10%, indicating low ecological
risk.

Elevated Cr levels (up to 133 mg/kg) were recorded
in both cage and reference sites, mainly attributed
to local geology. Despite exceeding threshold
effect concentration (TEC), Cr was mostly found in
stable, non-bioavailable forms.

Table 1. Comparison of metal content (mg/kg) in sedi-
ments of trout farms with water bodies of Karelia and Clarke

values.
Parameter | Cr | Cu | Zn | Pb
Farm K
Average under cages 44.4 | 39.7 | 341.7 | 11.2
Reference average 71.9 | 35.1 | 139.3| 22.6

PLI' 1.0 — moderate level
Farm V
Average under cages 44.5 | 40.1 | 498.1 | 22.2
Reference average 32.8 | 33.8 |152.1 | 28.1

PLI' 1.2 — moderate level
Farm S
Average under cages 133.2 | 44.0 | 244.7 | 16.5
Reference average 103.5| 39.4 |159.6 | 17.3

PLI" 1.2 — moderate level
Northern part of Lake Ladoga (Kirjavalahti and Impilahti
bays)!

Average 62.6 | 19.1 | 78.9 | 16.4
Maximum 104.8 | 36.5 | 137.7 | 23.3
Minimum 315 | 6.3 | 38.8 | 11.8

Western part of Lake Ladoga?

Average 53 23.8 [116.5] 29
Maximum 95.8 | 45.7 [191.1 | 53.1
Minimum 12.3 | 49 | 45.7 10

Lakes of the southern part of Karelia®

Average 18 33 95 4.6
Maximum 65 230 | 424 | 21.3
Minimum 6 8 29 0.7

Clarke values*

Upper Continental Crust | 35 |14.3| 52 | 17

Note: ! — (Slukovskiy, 2015); 2 — (Petrova, 2006); ° —
(Slukovskii, 2020); 4 — (Hans Wedepohl, 1995);
“ - Pollution load index
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Fig.5. Percentage of labile forms (% of acid-soluble) in sediments under trout farms at cage and reference sites; RAC — risk

level of secondary pollution of the water column.
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The results obtained suggest the need for regular
Zn monitoring in sediments, especially in long-term cage
zones. When designing new farms, hydrological condi-
tions must be taken into consideration. Additionally,
national sediment quality standards should be devel-
oped to properly assess the impacts of aquaculture.
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Akkymynauusa Cr, Cu, Zn u Pb B AOHHBIX
OTAOXKEHMAX AapOXKCKOro o3epa B 30He
BAMAHHUA CAAKOBbIX ¢popeneBbiX XO3AUCTB

I'yzeBa A.B., JlaneHkoB A.E.
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AHHOTAIIHUS. VccrienoBaHye TOCBAIIEHO T'e03KOJOTUYECKON OIIEHKE YPOBHS HAKOIJIEHWA TSKEJIBIX
MetajuioB (Cr, Cu, Zn, Pb) B TOHHBIX OTJIOXKEHUAX JIaJOXKCKOTO 03epa B 30HE BJIUSAHUSA TPEX CAIKOBHIX
dopeneBrix x03sa1CTB. IIpoOBI OTOMpAIMCh B KOHIE MMEPUOAa MHTEHCMBHOTO KOPMJIEHUs PBIOBI B cafl-
KOBBIX U KOHTPOJIBHBIX yyacTkax. MeTogoM Macc-cektpomerpun (MCIT MC) npoaHaIn3upoBaHbl KHC-
JIOTOpacTBOpPUMEIe U JiabuibHble GOPMBI MeTaJJIOB. Pe3ysibTaThl MOKa3ajiy, YTO HauOOoJIbIINI ypOBEeHb
HaKOIUIEHUA XapaKTepeH [JIA ZNn U CBA3aH C MOCTyIJIEHEM OpraHn4YecKux oTxoAoB depm. I[ToaBMXHEIE
dopmsl Zn (go 53%) co3mamT BEICOKMI PUCK BTOPUYHOTO 3arpsA3HeHusa BoAHOU Toumw. s Cu u Pb
3HaYMMOI'0 IIOCTYILJIEHUA OT opeJieBhIX X03AUCTB He BbIABJIeHO. [ToBrimeHHbIe cofepxanus Cr (go 133
MI/KI) B CaJKOBBIX M KOHTPOJIBHBIX TOYKaX CBA3aHBI IPEUMYIIECTBEHHO C IPUPOAHBEIMU (aKTOpaMu
— reoXUMHYeCKHMH 0COOEHHOCTSAMHU MOPOJ, CJIaraloliiX TeppUTOpuio. MHTerpajbHbIN HHIEKC 3arpas-
HeHud (PLI) yka3blBasl Ha CpeJHUI YPOBEHb 3arpsA3HeHus, Bappupys ot 1,0 no 1,2. Pe3yspTaTs noguep-
KHBaIOT HEOOXOAMMOCTh MOHUTOPUHIA COAEpXKaHUA Zn B OTJIOXEHUAX IO CaAKOBBIMU XO3AMCTBaAMU,
pa3paboTKU 3KOJIOTMYECKUX HOPMaTHUBOB [AJ1A JOHHBIX OTJIOXKEHUH, a Takxe yuyeTa TUAPOJIOTMYEeCKUX 1
reoX¥MHieckrx ocoOeHHOCTel aKBaTOpUil NpU IJIaHUPOBAHUN PIOOBOAYECKUX IPEAIPUATUL.

Kitioueavle c106a: noHHbIE OTIOXEHNs, (DOPEJIEBbIE XO3ANCTBA, TSAXENbIE METAIb, aKBAKyJIbTypa, JIamokKCcKoe 03epo

Jns mutupoBanus: I'yzeBa A.B., JlamenkoB A.E. Akkymyssamusa Cr, Cu, Zn u Pb B JOHHBIX OTjI0XeHUsX JIaJOXCKOTO
o3epa B 30HE BJIMAHUA CAAKOBBIX (opesieBbix xo3faHcTB // Limnology and Freshwater Biology. 2025. - No 4. - C. 583-599.
DOI: 10.31951/2658-3518-2025-A-4-583

1. BBeAeH"e HUA XVMMHUYECKHX BEIIECTB, OAHAKO IIpXU HN3MEHEHUAX

(PU3UKO-XUMIYECKUX TAPAMETPOB CPedbl MOTYT CTaHO-
BUTHCA UCTOYHUKOM BTOPUYHOTO 3arpsi3HEHUS BOJHON
toyy. Tak, mpu akKKyMyJIANMUA U Pa3jiokKeHUU GOJIb-
IIOT0 KOJTMYECTBA OPraHUYeCKOro Bel[ecTBa B OTJIOXKe-
HUAX MOHMXAITCA 3HAYeHUsT BOJOPO/IHOTO MOKa3aTesIs
(pH) 1 OKHCINTETPHO-BOCCTAHOBUTEIBHOTO MOTEHIIN-
ana (Eh), uto cnocoGcTByeT mecopOIiMy MeTasjIoOB U3
TBepA0(da3HBIX KOMIIOHEHTOB OCAJIKOB U YBEJINYMBAET

B HacToslllee BpeMsA aKBaKyJIbTypa ABJIAETCA
ogHOM un3 HauboJyiee AWHAMUYHO pPa3BUBAIOIIUXCA
oTpacjell NHWIEeBOM IPOMBIIIEHHOCTM B Mupe. B
Poccru nupupylomue mo3uiuu mo obbemMam BHIpa-
muBaeMol caakoBoil ¢openu (Oncorhynchus mykiss)
3aHuMaeT Pecmybamka Kapesnnsa. B ceBepHOIl dacTu
JlaioxkCcKOro o3epa yxe COCpedoTO4eHO OoJiee OBYX

JeCATKOB (bOpeJieBBIX XO3ANCTB, YTO BBI3BIBAET HEO0O0-
XOOUMOCTh TPOBEJEHUA Te03KOJIOTHYeCKOr0 MOHHUTO-
PpUHTa UX BJIUSTHUA HA COCTOSTHUE 03€PHO 9KOCUCTEMEI.

Otxomel peibOBOogueckux Qepm, coaepxkaimiye
BBICOKOE KOJITYECTBO OMOTEeHHBIX 3JIEMEHTOB 1 MUKPO3-
JIEMEHTOB, TTOTNA/IAI0T B BOJIHYIO CPey U B JaJIbHEHIIIEM
MOTYT HaKaIJINBAThCA B JIOHHBIX OTJIOKEHUAX MO/ cal-
kamu (Kaya and Pulatsu, 2017; Ji et al., 2021; Custodio
et al., 2022; Zaripova et al., 2024). JloHHbIE OTJIOXXEHUS
BOAHOT0 00BbEKTa ABJIAITCA KOHEUHOU (a30ii HaKoILie-

* ABTOP [JIsl IEPEIUCKHY.
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PHCK MUTpali MOHOB B BoAHyI0 cpeny (Turner, 2000;
Guzeva et al., 2021). PacTBopeHHble GOPMBI METALJIOB
CIIOCOOHHBI OKa3bIBaTh TOKCHYECKOe BO3eliCTBIe KaK Ha
OuroJsiornyeckue coodIecTsa caMoro BoJioeMa, Tak 1 Ha
BHIPAIIMBAEMYIO PHIOY.

YpoBeHb U IJIOMA[b HAKOIUJIEHUs pPHIOOBOJ-
YeCKUX OTXOJAOB IOJ CaJKOBBIMH MOAYJIAMM 3aBUCHUT
OT T'HMJPOJIOTUYECKUX, TUAPOXUMUYECKUX U TeOXUMMU-
YyeCcKUX OCOOEHHOCTEN BOOHOIO0 OOBEKTa, a TaKXe OT
COCTaBa MCIIOJIB3yeMBIX KOPMOB, OObeMa pas3BoOau-

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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MOMU pBIOBI U MJIaHa MeJIMOPAaTUBHBIX pabOT X03ANCTBA
(®enepanbHblil 3akoH PO or 20.12.2004 N 166-D3).
Takne Mertasuibl, kKak Cr, Cu u Zn, ABJIAIOTCA OJHUMU
U3 KJII0YEBBIX MUKPO3JIEMEHTOB PHIOHBIX KOPMOB, TaK
KaKk HeoOXOAWMBI AJiA IIOJHOLIEHHOIO pocTa U pas-
ButuA dopenu (Zhang et al., 2018; Lall and Kaushik,
2021). B xoMMepueckux KOpMax U TKaHAX CaJKOBOMN
pBIOBI TakXke obHapyxuBatoTcsa Pb, Cd u Hg (Majlesi et
al., 2019; Barszcz and Sidoruk, 2024). Kpome Toro, B
NIpOoTHBOOOpacTaTesIbHbIX MOKPHITUAX U Kpackax Ajid
ceTeli, a TakXe B COCTAaBHBIX YaCTAX CAAKOBBIX MOJY-
Jlell UCNOJIB3yI0TCA KOMIIOHEHTH Ha ocHOBe Pb u Cu
(ITatent P® Ne RU2478114C1). 3apybexHble ucciie-
JI0BaHusA IOKAa3bIBAIOT, YTO B JOHHBIX OTJIOXKEHUAX B
30He BJIMAHMA MOPCKUX U O3€PHBIX CaJIKOBBIX PBHIOHBIX
depMm (QuKCHPYIOTCA IOBBIIIEHHBE, 10 CPaBHEHUIO
C KOHTPOJIBHBIMM y4YacTKaMH, COAEepXaHWA HEeKOTO-
pix Tsoxesibix MetasuioB (Fe, Mn, Zn, Cu, Cr, Cd, Pb
u Ni) (Sutherland et al., 2007; Russell et al., 2011; Xie
et al., 2020; Kucuksezgin et al., 2022; Melo Junior et
al., 2023). B Poccuu B HacTtosllee BpeMsA JaHHBIE IO
KOHIIEHTpaI[AM MHKPO3JIeMEeHTOB B JIOHHBIX OTJIOXe-
HUAX B palioHe paclojIoXKeHUs IPeCHOBOAHBIX dopeie-
BBIX XO3ANCTB OrpaHWYeHbl U He Oai0T NOJIHOLEHHOH
KapTHUHB 00 ypOBHe U IPOCTPaHCTBEHHO-BpPeMEeHHOM
JAUHaMHKe OaHHOro BUja 3arpssHeHusa. Kpome Toro,
B HOpMaTuUBHOI 6a3ze P® otcyrcTByer cucrema IIJIK
(mpemesibHO [JOMYCTHUMBIX KOHIIEHTpAIU) XuUMUIYe-
CKUX Bel[eCTB [AJiA JOHHBIX OTJIOXEHUM, 4YTO TakKke
YCJIOXHSAET IpollecC re03KOJIOTMYeCKUil OLleHKH BJIU-
AHNAA PHIOOBOJYECKUX XO3ANCTB Ha O3€pHble 3KOCHU-
cteMbl. PaHee NpoBelleHHOe HCCJIeJOBaHUE aBTOPOB
Ha oAHOM u3 (opesieBbIX NpeAnpuATUi Jlagoxckoro
o3epa BBIABUJIO BBICOKYIO CTelleHb oboramieHus Zn u
Cu MOBEepXHOCTHBHIX CJIOEB OTJIOXKEHMIN oA caJKaMH
OTHOCUTEJIbHO (DOHOBBIX 3Ha4YeHH. MakcumasbHble
cojiepXaHUs MeTaJlJIOB JOCTUTaJINCh K KOHIly nlepruoAda
WHTEHCHUBHOTO KOpMJieHUs peIO (Guzeva et al., 2024).
ITosiyueHHBIe pe3yJIbTaThl, a TakXe OUCKYCCUA B Hayu-
HOH U NPOM3BOJACTBEHHO! cpejie O BJIUAHUU CaJKOBBIX
XO35IUCTB Ha BOJHBIE 00BEKThl 0OYCJIOBUJIUM BaXXHOCThb
MIPOAOJIXEeH!s paboT U B APYTUMX IPUOPEXHBIX aKBaToO-
pusax Jlagory, UCNOJIb3yeMBIX B IIeJIAX aKBaKyJIbTYpBHL.
Llesb HccriefoBaHMA — Te03KOJIorUecKas olleHKa
YPOBHA HAaKOIUIEHHWA U MNOTeHLIMaJbHOM IeoXuMuye-
ckoi moaswxHoctu Cr, Cu, Zn u Pb B moHHBIX OTJIO-
KEHUAX B 30He BJIMAHUA TpeX (PopeJieBBIX CaAKOBBIX
X034KcTB JIafoXKCKOT0 03epa, KOTOphle paclojaraiTcs
B pa3JIMYHBIX IO T'UJPOJIOTUYECKUM yCJIOBHUAM U MOp-
domeTprUecKMM XapaKTepHUCTUKaM IPUOpeXHBIX Oyx-
Tax. Pe3ysIbTaThl BBIABJIAIOT JIOKAJIbHBIE U OOIIKE 3aKO-
HOMEpPHOCTU HaKOIUJIEHUs MUKPO3JIEMEHTOB B JOHHBIX
OTJIOKeHUAX (opesieBbIX X03ANCTB, He0OX0AUMble AJIA
pa3paboTKU CHCTEeMBl MOHUTOPUHIA PBIOOBOYECKOM
JEeATEeJIbHOCTU U B IPYTUX peruoHax Po.

2. MaTepuanbl U MeTOADI
2.1. PaioH uccnepoBaHunA

Jlagoxckoe ozepo (60°50” c¢. m., 31°30” B. 1.) —
KpYNHeNIINI MpecHOBOAHBIN BojioeM EBpomsl 1ionia-
nb10 17 870 xm? 1 06bEMOM 848 KM, PaCIIOJIOKEHHBIIA

Ha ceBepo-3amage Poccunu. CeBepHasA 4YacTh akKBaTo-
puy, rie nNpoBefeHO HccJleJoBaHNe, XapaKTepusyeTcs
CJIOXHOU MopdomeTpuell 6eperoBoil JUHUU C apXu-
nejlaramMy, OCTpPOBaMHU U IJIyOOKMMM 3aJIMBaMH, 4TO
obecrieunBaeT eCTECTBEHHYI0 3aluTy OT BeTPO-BOJI-
HOBOT'O BO3JeMCTBHA, CO3[aBasg ONTHMMaJIbHble YCJIO-
BUA /I OpraHu3aliy caJKoBbIX (POpesIeBBIX XO3ANCTB
(Pymsannes u [pabkosa, 2002). Paiion oTtHOcuTCA K
YMEepeHHO-KOHTUHEHTAJIbHON KJIMMaTH4YecKol 30He
C TOIOBBIM KOJIMUecTBOM ocaikoB 650 — 700 Mm.
[IpeoGsafaoT 3amajHble UM CeBepo-3allajiHble BeTphl
(cpeanss ckopocTb 4 — 6 M/c), MOAYJIMPYIOIIKe BOJHO-
BOI1 pexuM (BbICOTa BOJIH < 1,5 M B OTKPBITOH 4acTy,
< 0,5 m B 3anuBax). ToyluHa JbAa B 3MMHU IepUOJ
pocturaet 60 — 80 cM, TeMnepaTypa NPUAOHHEIX CJI0EB
crabunusupyertcs Ha ypoBHe +4 °C. B jieTHuil nepuop
dopmMupyeTcsa BeIpakeHHBIN TepMOKJIMH, OrpaHUYMBa-
I0IIMM BepTUKAJIbHBIN [TIepeHOC KUCJIOpOa.

XozsiictBo K (Puc. 1) HaxoauTcsa B KPyIHOM
3ayMBe AJIMHOM 2,2 KM C MaKCUMaJIbHBIMU TJIyOMHaMU
30 M B patioHe r. JlaxfeHNoxbsA. 3aJIUB COEAUHEH C
JpyruMu 3ajuBamMu 3 npotokamu mupuHoi 50 — 200
M, ofecrnieuyrBaloIUX BOJOOOMEH C OTKPBITON 4acTbiO
o3epa.
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WA e vinoxss)
&
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Puc.1. Batumerpuueckas cxema HCCJIEJOBAaHHBIX PHIOO-
BOJHBIX y4acTKOB Jlafoxckoro o3epa (mo gaHHeiM Lapenkov
et al., 2024) c¢ Toukamu mpoGooTOOpa B paliOHE TOPOJOB
Jlaxpnennoxes (xo3siictBo K) u CopraBasna (xo3siicTBO S),
a Takxe Ha o. Bamaam (xo3satictBo V). OpaHXeBbIM I[Be-
TOM 00603HaueHHl CaJIKOBBIe TOYKH OTOOpa Npob, 3eJIeHbIM
- KOHTPOJIbHBIE.




lysesa A.B., Jlanerkos A.E. / Limnology and Freshwater Biology 2025 (4): 583-599

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

Xo3A#cTBO S pa3melieHo psAnoM c r. Coprasasia
B npotoke (mmpuHoii 150 — 300 M) mexAy ocTpo-
BaMu ¢ riaybuHamu 10 — 20 M. J[aHHasA 30Ha MOXeT
OBITh IIOJIBepXXeHa NHTEHCHBHBIM BETPOBLIM TeYeHUAM,
CnocoOCTBYIOIIUM TypOyJIeHTHOMY IlepeMelllBaHuI0
BOJHO! TOJILY NIPX CEBEPHOM U I0’)KHOM HallpaBJIeHU!
BeTpa.

XozsiicTBo V pacmosioxkeHo y 6eperos o. Bamaam
B M30JIMPOBAHHOM 3ajuBe AJWHON 820 M ¢ Makcu-
MaJIbHBIMU IJTy6uHamMu nof cagkamu 20 — 30 M. Y3kue
(10 - 15 M) u MenkoBoHbIe (TJIyOMHA ~5 M) MPOTOKU
OrpaHUYUBAIOT BOJOOOMeH, GOpMUpPYs 3aCTONMHBIN
TUIPOJIOTHYECKUH pexxuM (Zuyev and Zueva, 2024).

BerpoBble TeueHUsA UIpalOT KIIIOYEBYIO POJIb B
pacrpefieJileHMM OpraHUYecKOoro BelllecTBa, IIOCTyIalo-
mero ot cafgkoB. JJ1A xo3:AiicTBa S XapakTepHa BbICcOKas
SHeprus TeyeHuil, NpUBoAANlas K MKUPOKOMY IIepeHOoCy
OTXOA0B PHIOOBOOUYECKON JieATeJIbHOCTU. B xo3saiicTBax
K u V npeobGiapmaior cialble TeyeHHUs, a 3aMKHyTas
LHUPKYJIANUA CIOCOOCTBYIOT aKKyMYJIALIMH BBEICOKOOP-
raHU4ecKuX OTJIOXKEeHMIH IOoJ cagKaMU.

2.2. OT60p NpPO6

[TpoObl AOHHBIX OTJIOXEHUIN OTOUpAJIUCh IpU
IIOMOIIIM I'PaBUTALMOHHOrO IIPOOOOTOOPHUKA B KOHIIE
Hosa6ps 2023 roma. K Havamy 3uMBI ce30H MHTEHCUB-
HOro KopMJieHHA (opesiy 3aBepLInICA, U CJIOH CcBeXxe-
HaKOIUJIEHHBIX OpraHWYeCKUX OCaAKOB MOJ cagkamu
JocTturaa MakcuMasibHol MomHocTtu (Lapenkov et al.,
2023; 2024).

Ha xaxaoMm xo03siicTBe BBIOMpalCh Henocpen-
CTBEHHO CaJIKOBBIE 11 KOHTpOJIbHBIEe yyacTku (Puc. 1). B
CaJIKOBBIX TOUKaX paHee NpOBeJleHHBbIEe HCCaefOBaHUA
[IOKa3aJjii BBICOKHE COJepXaHus OpraHn4ecKkoro Bele-
CTBA B [TIOBEPXHOCTHOM cJioe: B 2 — 7 pa3 Bhlle (HOHO-
BbIx 3HaueHud (Lapenkov et al., 2024). KoHTpoIbHBIE
y4aCTKU pacroJjiarajuch Ha paccrosHuu 50 — 100 m ot
KpaliHuX MopyJiell. Ha maHHOM paccTosAHMM cofepxka-
HUe OpraHn4ecKoro BellecTBa B IOBEPXHOCTHBIX CJIOAX
OTJIO’KEHU IpaKTUYeCcKU He MeHsAeTCA B TeyeHue roga
Y COOTBETCTBYeT 3HAUeHUAM, XapaKTepPHBIM 1A (OHO-
BBIX (HMWXHMX) CJI0eB KOJIOHOK M3 CaAKOBBIX TOYeK
(Lapenkov et al., 2023).

[Tocsie oT6opa KOJIOHOK OCAOKOB BHINOJIHAIOCH
[oJIeBoe ONMCaHue JINTOJIOTMYeCKUX OCcOOeHHOoCTel
OTJIOKEHUI, KOTOpoe NOoApOoOHO IpeACcTaBJIeHO U Mpo-
WLTIOCTPUPOBAHO B GoJiee paHHUX pabdoTax (Lapenkov
et al., 2024). BaxHO OTMETUTD, YTO JOHHbBIE OTJIOXKEHUSA
Ha TpeX X03AICTBax XxapaKTepu30BaJIliCh CXOAHBIM I'pa-
HyJIOMeTPHUYeCKUM COCTaBOM: MATKHe TJIMHUCThIE WJIbI
¢ mpumechio ajgeBputa ot 5 1o 15%. IIpo6Gel nomea-
JIUCh B IIJIACTUKOBBIE NTAKeThl ¥ TPAHCIIOPTHPOBAJIKCh B
1abopaTopui0 B TEPMOCTONKOM KOHTeliHepe.

2.3. NabopaTopHblie aHaAU3bI

Jiia aHanmu3a cofiepXaHus MeTaslsIoB OBLJT B3AT
cioi otsyioxeHuii 0 — 10 cMm, Tak KaKk OH COHEpPXUT
MaKcHUMaJibHOe KoJjimdecTBo (Macc. %) opraHn4eckoro
BelllecTBA IO CpaBHEHUIO ¢ HWKHUMH ((POHOBBIMU)
ciossmMu KoJtoHOK (Lapenkov et al., 2023). Kpome Toro,
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oBepxXHOCTHBIe 10 cM 03epHBIX 0CaJKOB C dKOJIOrHYe-
CKOUM TOYKU 3peHUs ABJIAIOTCA OCHOBHOM cpeloil o6u-
TaHuA OEHTOCHBIX OpPraHU3MOB.

JnA onpenesieHusa coAepkaHUsA MeTasUJIOB aHa-
JIU3UPOBAJINCh [BAa TUIA BHITSKEK U3 NIPOO AOHHBIX
OTJIOXEHUH: KucjotopactBopumbie (70% HNO, +
38% HCI + 33% HZOZ) u jgabuibHbie (1M CH,CO,NH,,
pH 4,8) dopmbl. MeToauka 3KCTpakMU U XapaKTepu-
CTHKH MCII0JIb30BAHHBIX PeaKTHUBOB IIOAPOOHO yKa3aHbI
B paHee ony0JIMKOBaHHBIX paboTax (Guzeva et al., 2022;
2024) v HopMaTHBHBIX JokyMeHTax PJ] 52.18.289 - 90.
B nepBoM cilydyaem cMech CHUJIBHBIX KUCJIOT U [TepeKucu
BOJOpOJA H3BJIeKaeT OOJIbIIYI0 YacTh HMOHOB MeTajl-
JIOB, B TOM 4MCJIe O4eHb YCTONUMBbEIe GOPMBEI, KOTOpEIE
[OTEHI[MaJIbHO MOTYT y4acTBOBaTh B OMOXMMHYECKUX
npoueccax. MckiodeHrue B JaHHOM CJIydae COCTaB-
JIAIOT HepacTBOPHMEIE aJIlOMOCUJIMKAaTHBIE MUHepPAaJIbl,
OAHAKO MeTaJUIbl B X COCTaBe MUIPUPYIOT JIMIIb IIpU
MeXaHN4ecKoM IlepeHoce TBepJbIX YacTul] ocaaka. Bo
BTOPOM THIIEe BBITSDKEK H3BJIeKalTcA HauboJsiee MOA-
BIDKHBIE (IIOTeHNMaJIbHO OMOAOCTYIIHbIE) MOHBI MeTajl-
JIOB, KOTOpPEle HaXOAATCA B OOMEHHO-IIOTJIOIEeHHOU U
cnenuduyecky copbruposaHHoM popMax. Takue coen-
HeHUA HauMeHee cTaOuJIbHBL U IIPU U3MeHeHUAX Qpusn-
KO-XMMHWYEeCKHUX MapaMeTpoB cpedbl (MOHHBEI COCTaB
BoAd, pH u Eh cpenpr) MoryT MurprupoBaTh U3 JOHHBIX
OTJIOKEHWH B BOJHYIO TOJIIy. Bce BBITSXKM U3 IIPoO
JIOHHBIX OTJIOXKEHHUI U XOJIOCTHle IIPOOB TOTOBUJIUCH B
JIByX NapaJulesIbHbIX IIOBTOPHOCTAX. Pe3ysbTar npuHu-
MaJicd B KauyecTBe BEpHOIO, eCJIM pas3HUIlAa 3HadeHUM
JJ1 IapaJuleibHBIX BRITSXKEK He Ipesbimasa 20%. {4
KOHTPOJIA H3MepeHUH WCIO0JIb30BAJICA CTaHAAPTHBIN
obpazer] moHHOro wia ozepa baitkan «BUJI-1 — I'CO
7126-94» (Guzeva et al., 2022).

Ananu3 copepxaHusA MeTaJIOB BO BCeX IOJIy-
YeHHBIX BBITSKKAxX IPOBOJMJICA METOAOM Macc-CIeK-
TPOMETPUU C UHAYKTUBHO-CBA3aHHOU miasmoii (ICP
MS) Ha cnektpometpe XSeries 2 ICP-MS Thermo Fisher
Scientific (Waltham, MA, CIIIA) B aHaJIUTHYECKOH
nabopatopuu KapHIL] PAH. M3mepeHus kaxJaoro pac-
TBOpa MPOBOAWJIMCH [0 TPU pas3a, 3aTeM pacCUUTHIBA-
JIoCh cpefiHee 3HaueHMe. BesnunHa cpegHeKBaJApaTH-
4ecKOro OTKJIOHeHUs (B %) AJiA KUCJI0TOPaCTBOPHUMBIX
¢opwm cocrasuia: Cr (0,3 - 2,5), Cu (0,9 - 2,7), Zn (0,2
-1,9), Pb (0,4 - 2); ansa nabusbhbix ¢popm: Cr (0,5 - 5),
Cu (0,4 - 4), Zn (0,3 - 3), Pb (0,6 - 6).

2.4. Cratucruueckan o6paborka pAaHHbIX

[ MaccrBa TOJIyYeHHBIX JaHHBIX OBUIM pac-
CUMTAHBL: CpeJlHee 3HAaUYeHHe, MeJMaHa U CTaHapTHOe
OTKJIOHeHHe. B3auMOCBf3b IOCTYIUIEHUs METaJIJIOB
C OpraHuyeckKUMH oTxodaMu ¢epM olleHHBajach IO
k03ddunreHTy JuHeHHOU Koppessauu IlupcoHa (r).
CpaBHeHMe pe3yJIbTATOB MEXOY CAOKOBHIMU U (GOHO-
BBIMU TOYKaMU IIPOBOAUJIOCH C KCIIOJIb30BaHUEM KpU-
tepusa Kpackena-Yosuuca (H), NpuUMeHUMOro MJis
OLIEHKM CTaTUCTUYECKON pasHUIBl MeauaH MaJlblX
BBIGOpOK (n < 30).

YpoBeHb HaKOIIEH!A KKA0ro MeTaslia 110 CpaB-
HeHUI0 ¢ GOHOBBHIMM 3HAYEHUSAMU PACCUUTHIBAJICA IIO
ko3 dunmenty reoakkymysanuu (I ), (Muller, 1969):

geor
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rae C — KOHLIeHTpalusA MeTajljla B IOBEPXHOCTHOM CJIoe
OTJIOXKEHUs o[ cagkaMu, B — poHOBas KOHLlEHTpaUus.
YpoBeHb HaKOIJIEHNs MeTajlla B OTJIOKEHUAX OLieHU-
BaeTcs M0 cjleAyollell mKae: He3arpsa3HeHHbIe (Igeo <
0), oT He3arpsA3HEHHBIX 0 YMEPEHHO 3arps3HeHHbIX (0
< Igeo < 1), ymepeHHo 3arpsi3HeHHBIE (1 < Igeo < 2),
OT YMEPEHHO A0 CUJIBHO 3arpsA3HeHHBIX (2 < Igeo < 3),
CHJIBHO 3arpsi3HeHHble (3 < Igeo < 4), OT CHUJIBHO [0
3KCTpeMaJIbHO 3arps3HeHHbIX (4 < Igeo < 5) nim sKc-
TpeMaJIbHO 3arpsi3HeHHbIe (Igeo > 5).

Obmjas oneHKa CTeleHU 3arpA3HeHus JOHHBIX
OTJIOXKEHUH MOoJ] cafjkaMi Ha KaXXJOM XO35ICTBe IpO-
BOJWJIACh MO WHTerpajibHoMmy uHAekcy PLI (Pollution
Load Index), (Suresh et al., 2011):

PLI=(C/FxC/F,xC/F,...C/F)"

rae C/F — oTHOLIEHME cOoAepXaHuA MeTajula K (POHO-
BOMY 3HAUYEHMIO, N — YHUCJIO TpOaHaJIU3UPOBAHHBIX 3Jie-
MEHTOB. YPpOBeHb 3arpsA3HeHNs OlleHMBaeTCs KaK HU3-
kuii (PLI < 1), cpennutii (1 < PLI < 2), BeicOKUH (2 <
PLI < 3) wum 3kcTpeManbHO BhicOKUE (3 < PLI).

JlnA TOHMMaHUA TOTEHI[UAJIbHOM TOKCUYHO-
CTU 3arpsA3HEHHBIX JOHHBIX OTJIOXEHUM AJIA MpPecHO-
BOAHBIX TUAPOOMOJIOTUYECKUX COOOIIeCTB MCIOJIb30-
Bajlach MexayHapongHas MeTtoguka SQGs (Sediment
quality guidelines), B KOTOpOI1 OLleHHBAIOTCA U3MEPEH-
Hble cofepxanus MetajuioB (MacDonald et al., 2000;
Li et al., 2015). B maHHOM PYKOBOZCTBE IJifA KaXI0T0
TSXKEJIOro MeTasUla IpefycMorpeHa mnoporoBas (TEC
— threshold effect concentration) M MHOTEeHIMAIBHO
tokcuuHasa (PEC - probable effect concentration) KoH-
neHTpauusa. Ilpu coxepxanun mertajuia Huxe TEC
TOoKcr4eckuil 3p@PeKT /1A XKUBBIX OPraHM3MOB Majio-

Cr
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BeposATeH, ecju 3HauyeHus npessimaiT PEC, To puck
olieHMBaeTca Kak Bbicokuil. 3HaueHusa TEC/PEC s
U3yueHHbIX B pabore snemeHToB: Cr — 43,4/111; Cu —
31,6/149; Zn — 121/459; Pb — 35,8/128.

CTeneHb prcKa BTOPUYHOIO 3arpsA3HeHNs BOJHON
TOJIIIA MeTaJulaMU U3 JOHHBIX OTJIOXKeHU! (reoxuMu-
gyecKas MOABMXXHOCTD) ObliIa olleHeHa o uHpaekcy RAC
(De Andrade Passos et al., 2011), B KOTOPOM YYHUTHI-
BaeTcs MpoOIleHTHas JoJiA JabuiabHbIX popm: <1% —
OTCyTCTBUE pucka, oT 1 go 10% — Hu3KadA CcTeneHs, OT
10 go 30% - cpenus:as, ot 30 go 50% — Bricokas, > 50%
— OuYeHb BBICOKas.

3. Pe3yAabTathbl M 06Ccy)xpeHue

3.1. YpoBeHb aKKYMYAAUMH TAXKEAbIX
MEeTaANOB B AOHHbIX OTAO)KEHHUAX NMOA
dopeneBbIMM XO3AUCTBAMHM

[To copepxaHU0 KUCJIOTOPACTBOPUMBIX (pOpM B
JIOHHBIX OTJIOXKEHUSIX TpeX HCCJIeJOBAHHBIX XO3ANCTB
MeTaJUIbl 00pa3ylT ciaefywouuii pag: Zn > Cr >
Cu > Pb, pesyspTaThl TpeicTaBjieHH Ha Puc. 2.
KoppesnsaunonHsiii aHanu3 IlupcoHa Mexay oOmuM
coflepXaHUEM OpraHUYecKoro BellecTBA B JIOHHBIX
OTJIOXeHUsX ([0 paHee TOJIyYeHHBIM [JaHHBIM U3
Lapenkov et al., 2024) u uccJiefOBaHHBIMH B HaCTOS-
mel paboTte 37eMeHTaMM IokasaH Ha Puc. 3.

Haubosiee TecHas cBA3b C OpraHUYecKuM Bellle-
CTBOM BbIsIBJIeHA A1 Zn. Ciabas nojoXuTesIbHas KOp-
penAnusa MexXy JaHHBIMU [MapaMeTpaMy Takxke IOoKa-
3aHa 11 Cu. CnefjoBaTesibHO, IOCTYILJIEHNE U3JIMIIKOB
He YCBOEHHOro pbIOOil Zn B JOHHBIE OTJIOXKEHUS MOA
caZikaMU TPOUCXOOUT TPEeuMYIIeCTBEHHO BMeCTe C
OpPraHUYeCKUMU OTXOoJaMu (pepM, B KOTOPHIX Mpeod-

Cu
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Puc.2. CopepxaHue KUCJIOTOPACTBOPUMBIX GOPM MeTaJJIOB B [IOHHBIX OTJIOXeHUs moJ (opesieBBIMM XO3fHCTBAMU B
cankoBbiXx M KOHTpoJibHbIX Toukax. TEC (threshold effect concentration) — moporoBas kouientpanusa, PEC (probable effect

concentration) — MOTeHNNAJILHO TOKCUYHAsA KOHI[eHTpaIuA.
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koBaHHO# pa6oTsl (Lapenkov et al., 2024).

JafaloT ocTaTKu kopMma u dekasnuil peidbl. B ropasago
MeHbIIell CTeleHU OpraHuveckKrue OTXOABl PBIOHBIX
XO3ANCTB CJIy’KaT UCTOYHUKOM Cu, I0-BUANMOMY, U3-3a
ee 6oJiee 3(pdHeKTHUBHON yCBOsseMOCTU PBIOOH U Goiee
HU3KUM cofepxaHueM B kopMax. Tak, B IPOAYKIMOH-
HBIX KOopMax aja ¢openu cogepxurca Ao 600 mr/kr
Cu u 10 000 mr/kr Zn (ITatent P® Ne RU2762722C1).
MexayHapoJHble HccaefOBaHUA YPOBHA HaKOILJIEHUA
MeTaJJIOB B CaAKOBOM JIOCOCE U AOHHBIX OTJIOXXKEHUAX
BBIAABUJIM, YTO B BOJHYIO Cpelly C IPOAYKTaMH BhlfeJie-
HUA peIOBI Tonagaet A0 87% u 4,3% Maccsl mocTynao-
mux ¢ kopmoM Zn u Cu cootBeTcTBeHHO (Dean et al.,
2007).

Jsist Pb He BBISIBJIEHO CTaTHUCTUYECKU 3HAUMMOM
CBA3U €ro MOCTYIJIEHUA B JOHHBIE OTJIOXKEHUS C TBEp-
ABIMHU YacTUIlaMU OPraHHYeckoro BellecTBa oT (ope-
neBsix GepM. Takue meTasuisl, kKak Pb u Cu, moMumMo
KOPMOB, MOTYT OBITh KOMIIOHEHTaMU MIPOTUBOOOpacTa-
TeJIbHBIX CpeJiCTB U Kpacok 1A cerell (I[TatreHT PO No
RU2478114C1). OpHako pe3ysbTaThl YKa3bIBalOT Ha
OTCYTCTBHME HaKOILJIEHUA MeTaJJIOB B JJOHHBIX OTJIOXe-
HUAX NOJ CaJlkaMM U MO3BOJIAIT IPEeANOJIOKUTh HU3-
KU ypOBeHb IIPAaKTUKU IIPUMEHEeHUs TaKUX COCTaBOB
Ha peIO0BOJYECKUX XO3AHCTBAX.

Jna Cr BeiABJIeHa 3HaYMMas oOTpullaTesbHAadA
CBA3b ¢ OOIIMM KOJINYeCTBOM OPraHMYecKoro BellecTBa
B oTmjoxeHuax. CieqoBaTesIbHO, cCOfepXXaHue [daH-
HOIO 3JIeMeHTa B OTXOJaX CAfKOBbIX ¢epM HU3KOe U
ero IoCTyIJIeHle B JOHHBIE OTJIOXKEHUA ollpefesigeTcs
[IpeUMyIIeCTBEHHO JIOKaJIbHbBIMU O0COOEHHOCTAMU Treo-
JIOTUYECKOI'o CTPOeHUs uccyieyeMoi Tepputopuu (CMm.
pasnen 3.3).

CraTtucTuvecKUil aHaIW3 pa3jIMyuil B coAepxa-
HUHM MeTaJUIOB MeXJy CaJKOBBIMHU M KOHTPOJIbHBEIMU
TOYKaMH TpeX HCCJIeJOBAHHBIX XO3ANCTB INpuBefeH
Ha Puc. 4. 3Haunmas pa3Huia ObjIa okasaHa TOJIBKO
U1 Zn, ero cofepxaHue B CAJKOBBIX TOYKaX IPeBOCXO-
JUT KOHTPOJIbHBIE yYacTKu B 2 — 3 pa3a. A Cu u Pb
XapaKTepHBl CXOJHble ¢ (GOHOBBIMU 3HAYEHUAMHU KOH-
uentpauuu. ComepxaHua Cr B KOHTPOJIBHBIX TOYKaxX
Ha ABYX M3Y4YEHHBIX XO3AMCTBaxX OKa3bIBAIOTCA BHIIE,
yeM B CaJKOBBIX y4YacTKax, 4TO MOATBepXJaeT Beady-
HIyI0 POJIb IIPUPOJHBIX Te0XUMUYeCKUX (aKkTOPOB B ero
MIOCTYILJICHUY B OTJIOXKEHUA.

30

40 50 60

LOI (macc. %)
Puc.3. Koppessauus (koaddurment [Mupcona r, a = 0,05) Mexy coAepxaHreM KHUCJI0TOPACTBOPUMBIX (HOpPM MeTaslJIOB U
0o01KM KoJIMuecTBOM opraHuyeckoro BemiectBa (LOI). 3nauenus LOI qyia citos otyioxenuit 0 — 10 ¢cM B3sTHL U3 paHee Omy06JIn-
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[TosiyuenHble pe3yJibTaThl B LI€JIOM CXOJHHI C
JpyTMMH MUPOBBIMHU HCCJIEJOBAHUAMH IIO OTHOCH-
TeJIbHOMY YPOBHIO HaKOIUJIEHUA Zn B OTJIOXKEHUAX MOJ
cagkamu, a BOT i Cu, Pb u Cr mokasaHa 6oJiee 6J1a-
ronpusaTHasA kaptuHa. Tak, npu uccjiefoBaHUM CaOKoO-
BBIX NIPECHOBOJHBIX (epM IO BHIPALIMBAHUIO TUJIANUU
(Oreochromis niloticus) koHIleHTpauuu Zn 1 Cu B cajKo-
BBIX TOYKaX IO cpaBHeHUI0 ¢ GOHOM ObLIM Bhille B 10
1 2 pa3a COOTBETCTBEHHO, a i comepxaHusa Cr u Pb
HaXOJIWJINCh Ha YPOBHe KOHTPOJIbHBIX yyacTKoB (Melo
Junior et al., 2023). B MOpCKHX JIOCOCEBBIX X0O35HUCTBAaX
[I0OKA3aHO IIpeBblllleHe KOHTPOJIbHBIX 3HauyeHus AJiA

Cr Cu
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Zn - B 5 pa3, a aya Cu — B 10 pa3 (Dean et al., 2007). B
OJTHOM U3 KpyIHBIX Bogoxpanunuiy Kurasa (Changshou
reservoir) cmycts 6osiee 10 jeT mocjie 3aBepiieHUs
YyHKIMOHMPOBaHUA PpHIOOBOAYECKOIO XO3AHCTBA B
JOHHBIX OTJIOXKEHMAX Ha MeCTe CTapbiX CaJAKOBBIX
MoyJiel 3adpuKcupoBaHbl cogepxanus Zn, Cu, Cr u Pb
B 2 — 3 pasa NpeBOCXOJsAlIMe KOHTPOJIbHbIE 3HaUeHHA
(Xie et al., 2020).

3.2. 0c06eHHOCTH HAKONAEHHUA METaANOB B
OTAOXKEHMAX NOA CaAKOBbIMM popeneBbIMU
xo3ancTeamu AapoXKCKOro o3epa

JlUisa BBIABJIEHUSA BJIUSHUA NMPUPOAHBIX M aHTPO-
MoreHHBIX (aKTOPOB Ha HaKOIJIeHVe MeTaJJIOB B JIOH-
HBIX OTJIOXKEHUSAX H3yUYeHHBIX (OpeJieBbIX XO3ANCTB
OBLJI0 IpOBefieHO cpaBHeHUe cojiepxanus Cr, Cu, Zn u
Pb ¢ gpyrumu yacTaMu akBaTopuu JIaJoXCKOro o3epa
(ITerpoma, 2006; CnykoBckuii, 2015), a Takxe (poHO-
BBIMM (HE3aTPOHYTHIMU AHTPOIOTeHHOHN [AeATesbHO-
cThi0) o3epamu IoxkHoU Kapemmu (Slukovskii, 2020)
U kjapkoBbiMu 3HaueHusAMH (Hans Wedepohl, 1995),
pe3yJibTaThl npeAcTaBiieHsl B Tabsue 1.

B ornoxeHusx Jlamoxckoro osepa (puKCUpY-
I0TCA NOBBIILIeHHBIE cofepxanus Cr: B 2 — 4 pasa Bblllle
KJIAPKOBHIX U B 2 — 5 pa3 0oJibllle cpeJHUX 3HAauYeHUN,
XapaKTepHBIX AJIA 03ep (OHOBHIX TEPPUTOPUI I0XKHOI
Kapenun. MakcumanbHble KOHILEHTpau{d MeTaslia
HabJIogaIMch B X03AHCTBe S: 3HAUeHMA I10]] cagKaMu
(133 mr\kr) u B KOHTpoJibHON Touke (103 wmr\kr)
6JIM3KM K MaKCHMaJIbHO BeTpevatomuMcs B JlajoxxckoM
o3epe y apyrux aBtopoB (105 mr\kr, Ta6muua 1). B
1leJIoM, BbICOKMe cojiepxaHus Cr OOBACHAIOTCA 0OCO-
OeHHOCTSIMM Te0JIOTUYEeCKOTO CTPOEHUsA TeppUTOPUU:
BYJIKQHUTHI C JIUTOXAJIbKOQUIIBHON clienraau3anuei c
MOBBIIIIEHHBIM HakorieHueM Co, Bi, Be, Pb, Mg, Ca, Cr
u W (T'ocreonkapra..., 2015). Takum o6pa3zoM, 0O6UIIb-
HOe TOCTyIJIeHHe OpraHu4yecKuX BellecTB OT CaJgKOB
CITy’XUT (GAKTOPOM «pa30aBjeHUs» MPUPOJHBIX KOH-
neHtpauuii Cr B JOHHBIX OTJIOXEHUSAX JlamgoxcKoro
o3epa.

Juia o3ep Kapenuu, B Tom umciie i Jlagory,
XapaKTepHO TpeBbilleHNe (B 2 pa3a) comepxaHusa Cu
B JOHHBIX OTJIOXKEHUAX OTHOCUTEJIBHO KJIAPKOBBIX 3Ha-
yeHUN. JlaHHBIN pe3ysbTaT, Kak U B ciaydae ¢ Cr, 00b-
SICHAETCS TeOXUMUUYecKol crenudukoil Mmopoj peru-
OHa, OOHapyXUBAWIMX MeqHO-TOJNMETALTNYECKYI0
crenuanuzaiuio ('ocreosnkapra..., 2015). B npubpex-
HBIX OyxTax, 3aHATHIX AJIA BbIpaliuBaHus ¢opesu, B
JOHHBIX OTJIOXKeHUAX 3apUKCHUpPOBaHBl KOHI|EHTpalUU
Cu B 2-3 pasa mnpeBocxofsdllile KJIapKOBble 3HaYe€HU:A
(Tabsmna 1).

[To Zn cpegHue KOHI[EHTpaLUM C KOHTPOJIBHBIX
y4acTkoB X035 UcTB (139 — 157 mr\kr) 6J1M3KU K cpef-
HUM BeJIMYMHaM, XapaKTepHbIM [Ji OPYruUX dacTeil
akBatopuu Jlajoxckoro oszepa (79 — 117 mr\kr) u
o3ep 1oxHoU Kapenuu (95 mMr\kr), ogHako Bce 3Hauye-
HUsA IPEBHIIAIT KjapkoBele B 2 — 3 pa3a (Tabsauna 1).
B cankoBbIx TOukax KoHIleHTpauuu Zn B 2 — 4 pasa
BBIIIIe, YeM B OTJIOKEHUAX APYTUX dyacTell Jlamoxckoro
o3epa, a Takxke o3ep toxHOHN Kapesnuu. IIpu sToMm Mak-
cUMaJIbHble cOoAepXaHHUs 3JIeMeHTa B KaXJIOM U3 U3Y-
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YeHHBIX XO3ANCTB OOHAapyXeHbl B TOYKAaX, I[le paclo-
Jlarajuch caMble cTapble (He NepeMemaomuyecs 6oJsiee
10 set) capkoBble Moaym — K1, V1 u S1 (Puc. 2).
CrenoBaTeJIbHO, BBICOKHII ypOBEeHb aKKyMyJIALUU Zn
B OTJIOXEHMAX Noj (opesieBEHIMU XO3ANCTBAMM IIpe-
MMYILIECTBEHHO CBfA3aH C [eATeJIbHOCTBI0 PBIOHBIX
npennpuaTuil. HaubGosiee 6GnaronpusATHas cUTyanus
B OTHOIIEHWM HAKOIUJIEeHHWS AAHHOIO MeTajUla B JOH-
HBIX OTJIOXEHUAX MoKa3zaHa My XosdAiicTBa S, peIbO-
BOJHBIY y4acTOK KOTOPOI'O pacIoJiaraercs B IIPOJIMBe
C JIy4IIMMH yCJIOBUAMH BOAOOOMEHa IO CpaBHEHUIO C
HENPOTOYHBIMU 3aKpBITHIMU OyxTaMu Xo3saicTs K u V.
B ¢oHOBBIX U CaAKOBBIX TOUKAaX U3y4YeHHBIX PBI0O-
BOJUYECKUX XO3AMCTB KOHIleHTpaluu Pb B oTyioxeHMsax
HaxXOAATCA HA YPOBHe, XapaKTepHOM U JJiA APYTUX paii-
oHOB JIafoXCKOro o3epa, a Takxe o3ep rora Kapenuu u
KJ1apkoBbIx 3HavyeHuit (Tabsmra 1). Comepxanue Pb B
OTJIOKEHUAX NoJ popeJieBBIMU CaJIkaMU OllpefesiseTcs
[IperMyIlecTBeHHO IPUPOAHBIMU haKTOpaMu.

Ta6suna 1. CpaBHeHUe cofiepXXaHUs MeTaJlJIOB (MI\KT)
B JIOHHBIX OTJIOXEHUAX (OpesieBbIX XO3ANUCTB C BOJAOEMAaMU
Kapenuu v KJIapKOBBIMU 3HAYEHUSAMU.

ITapameTtp | Cr | Cu | Zn | Pb

XozsicTeo K

CpenHee noJ caikamMu 44,4 | 39,7 | 341,7 | 11,2
CpenHee ¢oHOBOE 71,9 | 35,1 |139,3| 22,6
PLI" 1,0 — cpeqHUIT ypOBEHD

Xo3zsiicTtBo V

CpenHee o cagkamu 44,5

32,8

40,1
33,8

498,1
152,1

22,2
28,1

Cpennee oHOBOE

PLI’ 1,2 — cpegHUN YpOBEHb
X03a1icTBO S
CpenHee noJ caiKkamMu 133,2 | 44,0 | 244,7 | 16,5
CpenHee GoHOBOE 103,5| 39,4 |159,6 | 17,3

PLI" 1,2 — cpeqHUI ypOBEHD

CeBepHas yacTb Jlagoxxckoro o3epa (3auBel KupbsBaiaxTu
u UMmnunaxtu)!

Cpennee 62,6 | 19,1 | 78,9 | 16,4
Makcumym 104,8| 36,5 | 137,7 | 23,3
MuHuMyM 31,5 6,3 38,8 | 11,8

3anagHas yacTh JIaIOXCKOTo o3epa?

Cpennee 53 23,8 | 116,5 29
Makcumym 95,8 | 45,7 | 191,1 | 53,1
MuHuMyM 12,3 4,9 45,7 10

Ozepa 1oxHOH yactu Kapenun®

Cpennee 18 33 95 4,6
Makcumym 65 230 | 424 | 21,3
MunuauMyMm 6 8 29 0,7

KnapkoBsie cofepxaHus?
BepxHsAA 4acTb KOHTH- 35 14,3 52 17
HeHTasbHOU Kopsl (Upper
Continental Crust)
IIpumeuanwue: ' — (Cinykosckuii, 2015); 2 — (IleTpoBa,

2006); * — (Slukovskii, 2020); * — (Hans Wedepohl, 1995);
* - Pollution load index
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3.3. FeoskonornueckKasa oueHKa YPOBHA
HAKOMNAEHHUA METAAAOB B 30HEe BAUAHUA
CcapKoOBbIX popeneBbIX XO3AUCTB
AapoXxckoro o3epa

Jna Zn Bo Bcex TOYKax 3a(pUKCHUPOBAHBI KOH-
LleHTpaluuy, [peBHIIIAIINEe [OPOTOBBHIN  yPOBEHb
tokcuyHoctu (TEC). B Toukax c Hambojiee cTapbMu
caakoBbiMu MoayJiamu (K1 u V1) ux conepxaHus npe-
BOCXOAT MOTEHLMAJBHO TOKCUYHBIN ypoBeHb (PEC),
Puc. 2. JI1a mJaHHOTO 3JIeMEHTa ITOKa3aHO W HaubOJIb-
mee 3HaveHue I (Puc. 4), xapaxkrepusymilee yMe-
PEeHHBII ypOBeHb 3arpsA3HEeHUs OTJIOXKEeHUH Zn mof
CaIKOBBIMU MOJIyJIAMU. BaXXHO TakXe OTMETHUTH, UYTO B
OOJIBIIMHCTBE KCCJIEJOBAHHBIX YYaCTKOB COJiepXXaHue
JabuIbHBIX (MTOTEHIMAIbHO OMOMOCTYIIHBIX) ¢GOpM Zn
Bapbupyer oT 12 1o 53%, 4TO COOTBETCTBYeT cpeAHel
U JaXe BBICOKOM CTelleH! prcKa BTOPUYHOTO 3arpsi3He-
HUsA BoaHou Tomu (Puc. 5) CiemoBaTesibHO, 3HAUU-
TeJIbHAsA JI0JiA Zn 3aKpersisieTcs B JJOHHBIX OTJIOXKEHUAX
HccJIe/IOBaHHBIX YYaCTKOB B COCTaBe CJIab0yCTOMYUBBIX
XUMHYECKUX COEQUHEHUM, YyBCTBUTEJbHBIX K U3Me-
HEHUsIM  (U3UKO-XMMHUYECKUX I[apaMeTpOB CpeJibl,
HampuMmep K 3akucjeHur. Kpome Toro, ogHUMHU U3
BaXXHEUIINX COPOUPYIOIINX MeTaJLIbl MUHEepaJbHBIMU
KOMIIOHEHTAMU OTJIOXEHUM SBJIAIOTCA TUIPOKCHUJIBI
Fe(III), pacTBOpsAIOMUECA TTPU CHUXEHUN OKUCIUTETD-
Ho-BoccTaHoBuTesbHoro norexHnuasna (Eh) u Boccra-
Hossiennu Fe(Ill) — Fe(II). Kak mokasasu paHee mpo-
BeJIeHHbIe HCCJIeIOBAHNS, B OTJIOXKEHUAX IO caJKaMU
U3-32 HU3KOT'O YPOBHSA MPOTOYHOCTU HEKOTOPHBIX y4aCT-
KOB XO3fMCTB, a Takke WUHTEHCHUBHOI'O MOCTYILJIEHUS
OpraHUYeCcKUX Bell[eCTB B TeueHHe roja rnpeobJiagarnT
kucyasle (pH 6.0 — 6.4) BoccTaHOBUTesibHBIE (Geckuc-
snoponuele, Eh < -50 mV) ycnoBus (Lapenkov et al.,
2024). Takum 00pa3oM, BBICOKHE KOHLEHTpauuu Zn
nojyi cagkoBeiMu MoAyJsisimu (ocoberHo Bhoiie PEC) B
JAHHBIX THUIPOJIOTUYECKUX U TEeOXMMHYECKUX YCJIO-
BUAX CO3AI0T IMOTEHIIMAJIbHBIN 3KOJIOTMYECKUN PHCK
Kak 1 TUAPOOUOJIOTUYECKUX COOOIeCTB, TaK U JJif
TOBapHOU PHIOHI.

60
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Hnsa Cu u Pb comepxaHus KUCJIOTOPACTBOPUMBIX
¢opM BO Bcex HCCIIe[IOBAaHHBIX TOYKAaX CTAOWIBHO He
MpPEeBHIIAIOT MOPOTOBOM KOHI[eHTpaLUM TOKCUYHOCTU
(TEC) u He co3faeT NMOTEHLUAJIBHBIX PUCKOB AJIS 9KO-
cucteMsl (Puc. 2). Jona jabunbHbIX HGOpM He mpeBocC-
xoautT 10%, 4yTo cBUAETENbCTByeT 006 MX YCTONYMBOM
3aKpellJIeHUU B COCTaBe OCAJKOB U He3HAUUTeJbHOM
YPOBHE NOCTYILJIEHUSA OT CAKOBBIX XO35ICTB B JOHHbIE
OTJIOXEHUS.

Hna Cr xapakTepHBl cOJiepXaHus, MpPeBBIIIA0-
mue noporossle koHIeHTpanuu (TEC). B Xosstictee S
ero cogepaHusd, Kak B CaJIKOBBIX, TaK ¥ KOHTPOJIBHBIX
TOYKaX MPEeBOCXOAAT MOTEHLUAJIbHO TOKCUYHBINA YpO-
BeHb (PEC), Puc. 2. OqHako BaXXHO OTMETHUTD, YTO JOJIS
noABUXHBIX popM Cr BO BceX UCCJIeITOBAaHHBIX TOYKaX
He mpeBbinaer 7% (HU3KUII ypoBeHb pHCKa BTOpPUY-
Horo 3arpssHeHus, Puc. 5). Kak obcyxaanocs paHee,
HaKoIJIEeHre JaHHOTO 3JIeMeHTa B JJOHHBIX OTJIOXKEHUAX
nccjeqyeMbIX PBIOOBOAHBIX YYaCTKOB OIpeesiseTcs
MperuMyIllecTBEeHHO TeoJIOTUYeCKMMH OCOOeHHOCTSAMU
TeppUTOpPUU ceBepHOI yacTu Jlagoxckoro osepa, a B
coctaBe ocagkoB Cr accOLUMPOBAaH C YCTOMYUBHIMU
MOTeHIMAJIbHO HeJOCTYIHBIMM [JIs XUBBIX OpPraHu3-
MOB COeMHEHMSIMU.

Ha Tpex uccienoBaHHbIX popesieBbIX X035 CTBaxX
WHTerpajbHbIl nokasaresib 3arpsasHeHus (PLI) npuxu-
MaeT 3HaueHUs Oymskue K 1 (OT HU3KON OO yMepeH-
HOM CTemneHU), 4YTO CBUAETEIbCTBYeT 00 OTHOCUTEJIBHO
6J1aronpUATHON CUTyaliy B OTHOILIIEHUHU YPOBHS HAKO-
wIeHuss MukpoasiemeHToB Cr, Cu, Zn u Pb B moHHBIX
oTJIOXeHUAX o cagkamu (Tabsmuma 1).

4. BoiBOADI

[IpoBeeHHOe HcceOBaHUE BBIABUJIO KIIIOYe-

Bble 3aKOHOMEPHOCTH HaKOIJIEH!S TAXKeJIbIX MeTaslJIoB
(Cr, Cu, Zn, Pb) B MOHHBIX OTJIOXEHMAX JIagOXCKOIO
o3epa B 30He BJIMAHMA CaJIKOBBIX (OpesIeBbIX XO3AKCTB:
1. Haubospmuii BkJIa[ B 3arps3HeHUe OTJIOXKEHUH
BHOCHUT Zn, KOHLIEHTPAlly KOTOPOro NMoJ cagKaMu
MIpeBHINAOT KOHTPOJIbHEIE 3HaUeHusd B 2 — 4 pasa

40

%
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RAC: === Huskuii

Kontpoms

CPCUHU}] s BLICOKUH

Puc.5. Conepxanue noaBrkHbBIX popM (% OT KUCJIOTOPACTBOPUMEBIX) B JIOHHBIX OTJIOXKEHUAX o (hopesieBRIMU X0351icTBaMU
B CAJIKOBBIX M KOHTPOJIbHBIX To4kaxX; RAC — ypoBeHb prcKa BTOPUYHOI'O 3arpsA3HeHUs BOJHOM TOJIIIN.
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(mo 498 mr/xr). AKKyMyJIAIMsA 3JIEMeHTa CBsi3aHa
C HaKOIUIEeHHWeM Ha JHe OpraHW4YecKWX OTXOJOB
depMm (octaTku KOpMa U peIOHBIE (pekayinuun), 0Co-
OeHHO B yCJIOBUAX cjaboro BogoobMmeHa. B 3oHax
JUINTEJIBHOM SKCIUIyaTalud CagKoB KOHIlEHTpa-
UM Zn TpeBHINAIOT IOTEHIMAJbHO TOKCHUYHBIN
ypoBenb (PEC), a gonsa nabuibHBIX GOPM AOCTU-
raer 53%, co3faBasd BBICOKMI PUCK BTOPUYHOI'O
3arpsA3HeHus BOAHOU TOJIIIHU.

Jna Cu u Pb He BHIABJIEHO 3HAQUMMOTO HaKoOILIe-
HUA 3JIEMEHTOB B OTJIOXKEHHAX B CAJJKOBBIX TOUKaX,
YTO MOXeT OBITh O0YCJIOBJIEHO BBICOKOH YyCBOse-
MocTbi0 Cu pbrIOOM, a TakXe HU3KUM HCIIO0JIb30Ba-
HHEeM IPOTHUBOOOpacTaTeIbHBIX MOKPHITUI B IIPaK-
THKe pHIOOBOAUYECKHX XO03AHCTB. [loTeHIMasabHaA
noABMXHOCTH (% JIabuabHBIX GOPM) AJIA [NaHHBIX
3JIeMEeHTOB OKasaJlach Takke Ha HH3KOM ypOBHe
(<10%), uTto yka3siBaeT Ha OTCYTCTBHE OITACHO-
CTU JJ1A )KUBBIX OPTaHU3MOB.

[MoBeimenHsle copepxanus Cr (mo 133 mr/kr) B
CaJIKOBBIX M KOHTPOJIBHBIX TOYKAaX CBS3aHBI Ipe-
WMYIIECTBEHHO C TIPUPOAHBIMU (akTopaMu —
reOXMMHYECKUMH OCOOEHHOCTSAMU TOPOJI, CJia-
ramux Tepputopuio CeBepHoro IIpuiiafoxsbs.
JlaHHBIN MeTaJlj1, HECMOTPS Ha MpeBbIIlIeHKE TOPO-
roBeix 3HaueHui tokcuuyHoctu (TEC), 3akperieH
B YCTOMYMBBIX MHHepPaJIbHBIX (opmax (ToABUXK-
HOCTh <7%), YTO MUHUMH3UPYET €ro MOTEeHIIN-
JIbHYI0 OMOJOCTYITHOCTh B 9KOCHCTEME.

[TonyyeHHBle B WCCIEAOBAaHUU Pe3YJIbTAThI
MO3BOJIAINT PEKOMEHIOBaTh BHEJPEHUE DPEeryJIApHOro
MOHHUTOPUHTa Zn B [JOHHBIX OTJIOXKEHUSX PBHIOHBIX
XO035HCTB, 0COOEHHO B 30HAX IJIMTEJIbHOTO pasMellie-
HUA caakoB. [Ipy NpPOEKTUPOBAaHMM HOBBIX XO3SMCTB
JUTA MUHUMU3ALUY HaKOTLJIEHUA 3arpA3HUTEJIEl BaXXHO
VUUTBIBATh THUIPOJIOTMYECKHE OCOGEHHOCTH WCIIOJIb-
3yeMBIX aKBaTOpWi. J[JiA rPaMOTHOIN OLIEHKU YPOBHS
HaKOIUIEHWs] METAJUIOB B 30HE BJIMSAHUA PHIOOBOAYE-
ckux ¢GepM HeoOXOAUMO NPUHUMATh BO BHHMaHUE
reoXUMUYECKy0 crenuduKy TeppUTOpUM, a TaKxke
paspabartsiBath cuctemy [1JIK 111 JOHHBIX OTJIOXKEHUIN
BOJIHBIX OOBEKTOB.

BbhraropapHoCTH
ABTOpBEI HCcKpeHHe OJyiarofapAT PyKOBOJICTBO U
COTPYAHUKOB QopesieBhIX X03ANUCTB JIaJokcKkoro o3epa

(ITapona, AxysioBka U Bamaam) 3a JIOTHUCTHUYECKYIO
IIOMOILb B IPOBEJIEHUH HCCJIeJOBAHNUA.

KoHPAUKT UHTEpecoB

ABTOpHI 3asABJIAIOT 06 OTCYTCTBUU Y HHUX KOH-
(bJIMKTa UHTEpECOoB.

CobAnloapeHMe 3THYEeCKUX HOPM

Bce IIPpUMEHUMBIE 3TYECKNE€ HOPMBbI CO6J'IIO,£[eHbI.
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