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Persistent organochlorine pollutants in
the water ecosystems on the coast of the
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ABSTRACT. The paper presents the results of studying selected persistent organochlorine pollutants
(hexachlorobenzene, pentachlorobenzene, pentachlorophenol, and pentachloroanisole) from bottom
sediments of small stratified lakes at different stages of isolation from the White Sea, unaffected by
anthropogenic impact.The sediment samples were collected at deep-sea stations by employees of the N.
Laverov Federal Center for Integrated Arctic Research, Ural Branch of the Russian Academy of Sciences
(Arkhangelsk) during complex expeditionary work in March 2019. Persistent organochlorine pollut-
ants were extracted from air-dry samples by accelerated liquid flow extraction with a hot mixture of
organic solvents with further preparation according to RD 52.24.417-2011 (RF) and ISO 14154:2005.
Identification and quantitative determination of individual compounds were performed using capillary
gas chromatography with electron capture detection. The presence of selected persistent organochlorine
pollutants in the sediments was revealed. Their total content ranged from 9.7 to 63.6 ng g, with hexa-
chlorobenzene and pentachlorophenol being found in the highest concentrations. The concentrations
of the pollutants were generally assessed as not high by the Norwegian Quality Standards. The input of
persistent organochlorine pollutants into the bottom sediments of the studied lakes is presumably asso-
ciated with long-range transport from various sources located in low/temperate latitudes and nearby
regions.
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1. Introduction compounds of varying degrees of volatility and lipo-

philicity are capable of local, regional and transbound-
ary transfer by various ways (with atmospheric and
sea currents, migrating species of living organisms) to

Specific features of the natural ecosystems of
the Arctic and Subarctic are their low resistance to

external factors and extremely slow recovery rate. The
anthropogenic impact on these territories is constantly
increasing: oil and gas production on the Arctic Ocean
shelf is expanding, sea traffic along the Northern Sea
Route is intensifying, etc. At the same time, emission
sources of organochlorine compounds, primarily per-
sistent organic pollutants (POPs), still pose a particular
risk (Stockholm, 2024). The hazards of these pollutants
is due to their persistence in natural environments,
high lipophilicity, bioavailability, biomagnification,
and multifaceted toxic effects on living organisms.
Moreover, POPs pose a risk to human health and other
living organisms not only in the places of their forma-
tion and/or use, and input into the environment. These
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high-latitude regions, like Arctic and Subarctic, signifi-
cantly remote from the emission sources (Wania and
Mackay, 1995; AMAP, 2015). It is believed that the neg-
ative effect of POPs on biota and humans in the Arctic
and Subarctic is stronger than in low latitudes (Wania,
2003). Here, in severe climate, they accumulate (“pres-
ervation”) in components of terrestrial and aquatic eco-
systems (e.g., soils, bottom sediments, snowcover, and
ice) and biomagnification.

Based on the results of previously conducted
complex research of waterbodies in the North-West of
Russia (in particular, lakes of the middle taiga subzone,
lakes of Vaigach Island, and waterbodies in the territory
of the Bolshezemelskaya and Malozemelskaya Tundras,
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etc.), various organochlorine compounds, including
persistent organochlorine pollutants, were revealed in
bottom sediments (Kolpakova and Velyamidova, 2020;
Troyanskaya and Velyamidova, 2017; Kokryatskaya
et al., 2023; Velyamidova and Kolpakova, 2020). It
is shown that due to the of natural and climatic fac-
tors and peculiarities, and the remoteness of the study
areas from direct sources of anthropogenic impact, the
behavior (levels and distribution) of these compounds
in water ecosystems has its own specifics.

Less studied in this context are the waterbodies
located on the coast of the Kandalaksha Gulf of the
White Sea. Their specific feature is the connection with
the White sea in the past and/or present; they are for-
mer sea bays which have separated and isolated from
the sea to varying degrees as a result of gradual glacio-
isostatic and neotectonic land uplift, and displacement
of the coastline (Romanenko and Shilova, 2012). In
such waterbodies, unique hydrological and hydrochem-
ical regimes are formed, due to their morphometric
characteristics, water exchange features, and the ratio
of incoming volumes of fresh and sea waters (Losyuk
et al., 2023). And since the waterbodies are located at
the latitude of the Arctic Circle, all biogeochemical pro-
cesses occurring in water column are subject to strict
seasonal variability (Savvichev et al., 2022).

In this regard, such coastal waterbodies at differ-
ent stages of isolation from the White Sea are of inter-
est for studying the behavior of organochlorine com-
pounds, including those from the group of persistent
organic pollutants.

2. Materials and methods

The objects of study were the following coastal
waterbodies: Lakes Bol’shiye Khruslomeny, Kislo-
Sladkoe, and Trekhtsvetnoye Lakes. Trekhtsvetnoye
and Bol’shiye Khruslomeny Lakes are meromictic
waterbodies with a constant seawater influx through
permeable layers of rocks (Savvichev et al., 2020;
Losyuk et al., 2023) and have clearly expressed strat-
ification. In Kislo-Sladkoe Lake, seawater penetrates
through a rocky threshold during big spring tides
and storm surges. In terms of surface area, the stud-
ied lakes are very small (their areas vary from 0.016
to 0.33 km?) (Ivanov, 1948). The maximum depth of
Kislo-Sladkoe Lake is 4.7 m, Trekhtsvetnoe Lake is 7.5
m, and Bol’shiye Khruslomeny Lake is 18 m.

The sediment samples were collected at deep-
sea stations by employees of the N. Laverov Federal
Center for Integrated Arctic Research, Ural Branch of
the Russian Academy of Sciences (Arkhangelsk) during
complex expeditionary work in March 2019.

To extract the selected individual POPs (hexa-
chlorobenzene (HCB), pentachlorobenzene (PeCB),
pentachlorophenol (PCP), and pentachloroanisole
(PCA)) from air-dry sediment samples, the method of
accelerated liquid flow extraction with a hot mixture of
organic solvents was used. Further sample preparation
was carried out in accordance with RD 52.24.417-2011
(RF) and ISO 14154:2005. Identification and quantita-
tive determination of these POPs were performed using
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capillary gas chromatography with electron-capture
detection (Crystal 5000 GC, Chromatec, RF). The lower
limit of detection of individual POPs is 0.1 ng g of air-
dry sample.

Determination of polychlorinated dioxins-p-di-
oxins and dibenzofurans (PCDDs/PCDFs) was per-
formed in the accredited analytical laboratory LLC
“Laboratoria”, St. Petersburg (Unique accredita-
tion record number in the register of accredited par-
ties No. RA.RU.21AK94) in accordance with PND F
16.1:2:2.2:3.56-08 (RF). Identification and quantita-
tive determination of PCDDs/PCDFs were carried out
by high-performance capillary gas chromatography in
combination with mass spectrometry (Agilent 7890B
GC, Agilent 7000 MS, USA). The range of determined
mass concentrations of PCDDs/PCDFs varied from 1.0
to 1000 ng kg! of air-dry sample.

3. Results and discussion

Total concentrations of persistent organochlo-
rine pollutants (HCB, PeCB, PCP, and PCA) in bottom
sediments of the studied lakes varied from 9.7 to 63.6
ng g'. The identified POPs were arranged on the basis
of their decreasing concentrations in the following
order: HCB ~ PCP > PeCB > PCA. The predominant
HCB was determined in the range from 5.9 to 41.3 ng
g1, PCP concentrations were comparable with those
of HCB - from 3.0 to 37.3 ng g, PeCB concentrations
did not exceed 2.7 ng g, and PCA concentrations were
very insignificant (no more than 0.4 ng g!) (Fig. 1).

According to the Norwegian Quality Standards
for water, sediment and biota (Pettersen, 2016), the
concentrations of HCB, PeCB, and PCP detected in lake
sediments were mostly low (in 2/3 of the sediment sam-
ples), and did not exceed average values in the remain-
ing 1/3 of the sediment samples. There is currently no
regulatory framework for the content of PCA in bottom
sediments and soils.

It is known that bottom sediments are considered
an important source of information on the climatic, geo-
chemical, and ecological conditions that existed in the
waterbody itself and in its catchment area (Dauvalter,
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Fig.1. - Distribution of selected POPs in sediments of the
studied lakes.
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2005). Sediments accumulate data on the flows of ele-
ments in the biosphere and are natural deposit matri-
ces not only for natural compounds, but also for var-
ious technogenic elements and pollutants (Dauvalter,
2012; Sabatier et al., 2022). When pollutants penetrate
into a waterbody, they can accumulate in hydrobionts,
increasing their concentration and toxicity in the envi-
ronment, and also be sorbed by organic matter particles
in suspension and bottom sediments with subsequent
“preservation”. The intensity of these processes is spe-
cific to each waterbody and is determined by its mor-
phometric and hydrological characteristics, as well as
the hydrochemical characteristics of the water column.

At the same time, under certain conditions lead-
ing to a change in the hydrodynamic situation, compo-
sition and properties of water and other factors, bottom
sediments can become a source of secondary pollu-
tion of water masses. At the same time, low tempera-
tures for most of the year and the specific conditions
developing in northern aquatic ecosystems contribute
to the accumulation and long-term “preservation” of
pollutants in sediments, the behavior of which is also
determined by the properties of the depositing matrix
itself. As expected, for all the studied lakes there was
a certain tendency for pollutants to accumulate in the
upper sediment layers, represented by finely dispersed
aleurite-pelitic and pelite-aleuritic silts enriched with
organic matter.

It should be noted that Bol’shiye Khruslomeny,
Kislo-Sladkoe, and Trekhtsvetnoye Lakes are remoted
from sources of direct anthropogenic impact, therefore
the input of the POPs into lake sediments is most likely
associated with their transboundary transport from
various sources located in low/temperate latitudes and
nearby regions. Currently, the main globally active
sources of persistent organochlorine pollutants are con-
sidered to be the combustion/burning processes of var-
ious types of organic raw materials and waste (house-
hold and industrial waste, biomass, all types of fuel), as
well as production and consumption waste from past
economic activities (Stockholm, 2024).

For comparison, we can also provide data on the
content of individual POPs in the bottom sediments of
the Mogilnoe Lake, another representative of marine
meromictic waterbodies beyond the Arctic Circle
(Kildin Island, Barents Sea) (Kokryatskaya et al., 2025).
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This lake is a remnant of a bay that was isolated from
the sea by a rocky barrier at half thousand years ago,
but still maintains an underground connection with the
sea. Quite high concentrations of pollutants were found
in the lake sediments: HCB - from 30.8 to 346.5 ng g7,
PeCB - from 2.2 to 39.6 ng g, PCP - from 3 to 89.7
ng g, and PCA - from 0.1 to 1.1 ng g, formed under
the additive influence of local anthropogenic emission
sources and transboundary transfer. This is confirmed
by the identified PCDDs/PCDFs profiles, which reflect
the input of pollutants from different sources over
decades (Fig. 2).

With a low overall level of dioxin contamination
(concentrations did not exceed 2.4 pg WHO-TEQ, . g
(SanPiN 1.2.3685-21), the homologous profiles were
found to be similar. The dominance of TCDF, PeCDFs,
and HxCDFs indicates emission sources associated with
thermal processes (e.g. combustion of wood, coal, oil
products, household waste, garbage, accidental fires,
etc.) (Kanan and Samara, 2018; Kudryavtseva et al.,
2021). The presence of TCDD and PeCDDs indicates a
mixed pollution profile, both anthropogenic (formation
as a result of thermal processes, input with household
waste, possible use of contaminated chlorine-contain-
ing commercial products, etc.) and natural (wildland
fires) (Gullett and Touati, 2003; Kim et al.,, 2003;
Kirkok et al., 2020).

4. Conclusions

Organochlorine pollutants were determined in
the sediments of the small stratified lakes, which are to
varying degrees isolated from the White Sea and do not
experience direct anthropogenic impact. The input of
the POPs into the lake sediments is most likely associ-
ated with long-range transport from various sources in
low/temperate latitudes and nearby regions. HCB and
PCP were found in the highest concentrations in all sed-
iment samples, while PeCB and PCA were found in con-
centrations an order of magnitude lower. In general,
the concentrations of the pollutants in the sediments
were not high. At the same time, low temperatures
for most of the year and the specific conditions that
develop in waterbodies of northern territories contrib-
ute to the accumulation and long-term “preservation”
of pollutants.
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a) in bottom sediments at the deep-water station, b) in soil within the catchment area.
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CToMKMe XnopopraHuyeckKue 3arpasHuTenmu
B BOAHbIX 3KOCHMCTEMaxX Ha nobepexbe
KaHnpanakwckoro sanusa benoro mopsa

Kosmnakosa E.C.*, Benpsamugosa A.B.”, KopobuiibsiHa P./].

DedepanbHoe eocydapcmaeHHoe 6100dcemHoe yupedscOeHue Hayku PedepaTbHblil UCCIe008amMesbCKULL YeHMp KOMITEKCHO2O
uzyueHus Apkmuku umeHu akademuxa H.IT. Jlageposa Ypareckozo omoesieHua Poccutickoii akademuu Hayk, 2. ApXaHeesrbek,
np. Hukossckutl, 0. 20, 163020, Poccus

AHHOTAILIUA. B paboTe nipefcTaBjieHbl pe3yJIbTaThl U3y4eHNA HEKOTOPBIX CTOMKUX XJIOPOPraHUYeCKuX
3arpsasHuTesiell (rexcaxsjaopOeH3oJ1a, eHTaxJIopbeH3o0a, neHTaxjaopdeHosa 1 NeHTaxJIopaHu30Ja) B
JOHHBIX OCaJKaX MaJIbIX CTPaTU(UIMPOBAHHBIX 03ep Ha Pa3HOM CTaauu OTHejieHus oT Besoro mops,
He HCIIBITHIBAIOI[MX aHTPOIIOTeHHOro Bo3AeicTBUsA. [IpoObl 03epHBIX 0CaJKOB OTOOpaHHI Ha TIJIyOOKO-
BOOHBIX CTaHI[UAX B XO4e KOMILJIEKCHBIX OKCIIeAULIMOHHBIX paboT B MapTe 2019 roga coTpyaHUKaAMU
®denepajIbHOTO HCCIEA0BATEIbCKOr0 [[eHTpa KOMIUIEKCHOTO M3y4yeHrs APDKTUKY MMeHU akafgeMuka H.
I1. JTaBepoBa Ypajbckoro oraesneHus Pocculickoll akafeMuu Hayk (TropoZ ApxaHresbck). 3BieueHue
CTOMKNX XJIOPOPraHUYECKUX 3arpsA3HUTesIel 13 BO3LYILIHO-CYXUX IPO0 MOHHBIX OCAaJAKOB IPOBOAMIIN
METOAOM YCKOPEHHO! XKUAKOCTHOI IIPOTOYHO SKCTPAKLIUK IropsAYell CMechblo OpraHu4eCcKiuX pacTBOpU-
TeJleli ¢ AaJibHeHIel MoAroTOBKOM corsiacHo PJ1 52.24.417-2011 u ISO 14154:2005. UpenTtudukariio
1 KOJIMUeCTBEHHOe oIpefiesieHle MHAVBUAYAJIbHBIX COeJUHEHU MPOBOAMIIN METOAOM KaNWJIIAPHON
rasoBoil xpoMaTorpaduu ¢ 3J1eKTPOHO3aXBAaTHBIM JleTeKTHpOBaHNeM. BhIABIIeHO pUCyTCTBUE B Ocaf-
Kax CTOMKUX XJIOPOPTaHMYECKUX 3arpsA3HUTesIel, CyMMapHOe coAepXaHe KOTOPBIX COCTaBJIsIo OT 9,7
A0 63,6 HT/T, IpU 5TOM B HanOOJIBIINX KOHLIEHTPALMAX ONpeAesIeHbl reKCaxJIOpOeH30JI U eHTaxJI0p-
denosn. KoHneHTpanuy BBIABJIEHHBIX 3arpsA3HUTEJIEl OleHUBaJIKCh B I[eJIOM KaK He BBICOKHE, OTHOCHU-
TeJIbHO HOPBEXCKHX CTaHAapToB. IlocTyljieHue CTONKUX XJIODOPraHWYeCcKuX 3arps3HuTesieil B JOH-
HbBIe 0CaJKU MCCIJIeJOBAHHBIX 03€p, NPEANOJJIOXUTEIbHO, CBA3aHO C JaJIbHUM IEPEHOCOM OT Pa3JINYHBIX
HCTOYHUKOB, PACIOJIOXKEHHBIX B HU3KNX/YMEPEHHBIX MINPOTax U OJIM3/IeXaliux perioHax.

Kitiouegeie cstoga: masible cTpatuuiiipoBaHHBIE 03€epa, JOHHBIE ocafku, besmoe Mope, cTolikue
XJIOpopraHuyeckue 3arps3HUTeNd, razopas xpomaTtorpadus

Jna mutupoBanusa: Kosmakosa E.C., Beassamupaoa A.B., Kopo6uipiHa P.JI. CTolikue xjopopraHhuyeckue 3arpsA3HUTEN B
BOJIHBIX DKOCHCTeMax Ha nobepexne Kanaamakmickoro 3anusa Besioro mops // Limnology and Freshwater Biology. 2025. - No 4.
- C. 635-643. DOI: 10.31951/2658-3518-2025-A-4-635

1. Beepenue YCTOMYMBOCTBIO K PA3JI0XKEHUI0 B MPUPOIHBIX Ccpedax,

BBICOKOW JIMNO(MUIIBHOCTBIO, OMOAKKYMYJIAIMOHHON
CIOCOOHOCTBI0O W MHOTOIJIAHOBBIM TOKCUYHBIM BO3-
JlelicTBHeM Ha XuBble opraHusMsl. Ilpuuem CO3 mpen-
CTaBJIAIOT ONACHOCTb I 3[I0POBbsS YejioBeKa U [Ipy-

CrnerudryeckuMu 0COOEHHOCTAMU IIPUPOLHBIX
sKocucteM ApKTUKU U CyOapKTUKU ABJAETCA UX HU3-
Kasg YCTOMYMBOCTh K BO3JEMCTBUI0 BHEIIHUX (aKToO-

POB U KpaiiHe MeJjleHHasA CKOPOCTh BOCCTAaHOBJIEHUS.
TexHoreHHasA Harpy3kKa Ha 3TU TePPUTOPUHU TOCTOAHHO
Bo3pacTaeT: pacmupserca HedTe- U ras3ofoOb¥a Ha
mesibpe CeBepHOro JleJoOBUTOro OKeaHa, akTUBU3UPY-
eTcA TPaHCIOPTHBIM MOTOK Mo CeBepHOMY MOPCKOMY
oyt U T.4. [Ipu 3TOM 0CO0yi0 yrpo3y MO-IpexXHeMY
HeCcyT WCTOYHUKU 3MMCCUU XJIOPOPraHUYEeCKUX coe-
OVHEeHN, B MepBYI0 ouepe/lb OTHOCAIIUXCA K CTOUKUM
opranudeckuMm 3sarpssuutenaMm (CO3) (Stockholm,
2024). OmacHOCTh 3THUX COeJUHEHMWH CBf3aHa C MX

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: kolpelen@yandex.ru (E.C. Kosmmakosa)
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IUX KMBBIX OPraHM3MOB He TOJIbKO B MecTaX CBOero
HCIIOJIb30BaHUA U/Nan 00pa30BaHUA U MOCTYIJIEHUS B
OKPYXaIoIIyI0 cpeay. DTU COeIMHEeHNs Pa3HOU CTeleH!
JeTyyecTu U JUNOPUJIBHOCTH CIOCOOHBI K JIOKaJib-
HOMY, PErMOHaJIbHOMY U TPaHCTPAaHUYHOMY IepeHOoCy
pasauyHbiMU TyTsMu (C atMochepPHBIMUA TOTOKAMHU,
MOPCKUMU TEYEHUSIMH, MUTPUPYIOIUMUA  BUIAMU
JKVBBIX OPTaHU3MOB) B BRICOKOIIMPOTHHIE aPKTUYECKUE
1 cybapKTuueckre paliOHbl, 3HAUUTEJIbHO yAaJIeHHbIe
OT MEepBOHAYAJIbHBIX McTOYHUKOB (Wania and Mackay,
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eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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1995; AMAP, 2015). CuuraeTcs, 4TO HeraTUBHOE BO3-
netictBue CO3 Ha 6MOTY U YenoBeka B ApPKTHUKe U
CybapkTuke cujibHee, 4eM B HuU3kux muporax (Wania
and Mackay, 2003): 311ech, B YCJIOBUAX XOJIOJHOTO KJIU-
MaTa, IPOUCXOAUT UX HaKoIUleHue («KOHCepBalllsa») B
KOMIIOHEHTax Ha3eMHBIX 1 BOJHBIX dKocHcTeM ([104Bax,
JIOHHBIX OTJIOKEHUAX, CHEKHOM IIOKpOBe, TOJIIe JIbJa)
U OHnoycusieHre BO3JeICTBUA.

[lo pesynpraraM paHee TPOBEJEHHBIX KOM-
IJIEKCHBIX HCCJIe[JOBaHMI BOAHBIX 00bekToB CeBepa-
3anama Poccuu (B yacTHOCTH, 03ep CpeAdHETaeKHOH
MIOA30HBI, OCcTpoBa Baiirau, BogoeMoB Ha TeppUTOPUU
Bosnbmiesemesnibekoil 1 Mano3zemMenbcKoO TYHApP U 1p.)
B JOHHBIX 0OCaJIKax BBIABJIEHO IIPUCYTCTBHE pa3Jiny-
HBIX XJIOPOPTaHWYeCKUX COeJVHEeHUI, BKJIIoYas CTOU-
KHue xjopopranudeckue sarpsasHutesnu (Konnakosa u
Benpsavmpaosa, 2020; Troyanskaya and Velyamidova,
2017; Kokryatskaya et al., 2023; Velyamidova and
Kolpakova, 2020). IToka3aHo, 4TO BBUAY OCOOEHHO-
cTell NMpUPOAHO-KJIMMATHYECKUX YCJIOBUH U yAaJieH-
HOCTH palioOHOB HUCCJIEOBAHUA OT MIPAMBIX NCTOYHHKOB
aHTPOIIOTeHHOr'0 BO3AeNCTBUA, NoBeleHue (YPOBHU U
pacripefiejieHrie) 3TUX COeJUHEHNUI B YCJIOBHUAX BOJAHBIX
5KOCHCTEM HMeeT CBOIO CIelU(UKY.

Menee wW3yuYeHHBIMH B 3TOM ILUIaHe fABJA-
I0TCA BOJOEMBI, pacIlojiOXKeHHble Ha Iobepexbe
Kanpanakmickoro 3anmuBa bemoro mopsa. Mx ocobeH-
HOCTBIO fABJIIETCA CBA3b C MOpPEM B IPOLLJIOM H/WJIU
HacToAIlleM — 3TO ObIBIIME MOPCKUE 3aJIUBBI, OTe/INB-
muecsa U B pa3HOU CTeleHU U30JIMpOBaHHBIE OT MOpA
B pe3yJibTaTe IOCTEeNeHHOro IJIAMOU30CTaTUYeCKOro
1 HEOTEeKTOHWYECKOro MOAHATUA CYIIM M IOCTeleH-
Horo mnepemenieHus OGeperoBoil yimHuM (PomaHeHKO
u lunmosa, 2012). B Ttakux BomoeMax (dopmMupyercs
VHUKaJIbHBIM THAPOJIOrO-TUAPOXUMUYECKUIN PeXuM,
00ycJy10BJIeHHBIE MOPGOMeTpUIeCKMMU XapaKTepUCTu-
KaM¥, OCOOEHHOCTAMH BOJOOOMEHa, COOTHOIIeHHEeM
MOCTYMAIUIINX 00bEMOB IPeCHONH U MOPCKON BOJBI
(Losyuk et al., 2023). A TOCKOJIbBKY, BOJOEMBI Pacro-
JloxeHBl Ha muporte [losApHOro Kpyra, To Bce MpoTe-
Kalolrie B UX BOJHOM ToJlle O01oreoxuMuyeckye mnpo-
IlecChl MMOAYUHEHHbl CTPOroil Ce30HHON H3MEeHUYHBOCTHU
(Savvichev et al., 2022).

B cBasu c sTtuM, npubpexHble BOAOEMHBI, Haxo-
JAlyecsa Ha pasHBIX CTaguAx OTAeJjieHUA oT besoro
Mops, IpeACTaBJIAIT HHTepeCc AJA H3yYeHUs OCO-
OeHHOCTell MOBeJeHUs XJIOPOpPraHWYecKuX coefuHe-
HUI, B TOM 4MCJjle U3 PYIIBl CTOMKUX OpraHWYeCcKuX
3arpsA3HUTeNIe.

2. MaTepuanbl U MeTOADI

B kxadecTBe OOBEKTOB MCCJIeJOBAaHWA BHIOpPAHBI
ozepa bospmme Xpyciomensl, Kucio-Ciaakoe
n TpexusetHoe. O3epa TpexuseTHoe u bBoJsbimue
XpyC/IOMeHbI MEPOMUKTUYECKHE C TIOCTOSSHHBIM
NOCTYIIJIEHMEM MOPCKUX BOJ 4epe3 IpOHUIlaeMble
mopogbl (Savvichev et al., 2020; Losyuk et al., 2023),
MMEIOT YeTKO BhIPaXeHHYI cTpatudukauumo. B os.
Kucno-Cnaakoe Mopckas Boa IIOCTyNaeT yepe3 Kame-
HUCTBHIHI TIOPOT BO BpeMs CHU3WUTUIHBIX IPUJIHMBOB U
IITOPMOBBIX HaroHos. 1o myomaan akBaTopuu Uccie-
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JIOBaHHBIE BOJOEMBI OTHOCATCA K OYeHb MaJjbiM (ILJI0-
maas ozep — ot 0,016 mo 0,33 km?) (MBaHOB, 1948).
MaxkcuMmasnbHas riayouHa o3. Kucio-Ciagkoe cocTas-
asaetr 4,7 M, o3. TpexusetHoe — 7,5 M, 03. Bojbmue
XpycJyioMeHHl — 18 M.

OT6op mnpoO [OOHHBIX OCAAKOB MPOBOJUJIICA
COTpyAHUKAMU  J1labopaTopuu  SKOAHAJUTHUYECKUX
ucciegoBanuit ®I'BYH ®UILIKHUA PAH B xo/ie aKcIiequ-
I[UOHHBIX paboT B MapTe 2019 ropa. [yia u3BjeueHus
cienyomux uHAMBUAyasbHBIX CO3: rekcaxiaopbeH-
3osa (I'’XB), nenraxyiopbensosa (I1eXb), nentaxiopde-
Hona (I[IX®), neHraxsopaHuszosna (I1XA), 13 Bo3gymI-
HO-CYXHUX NMPOO OHHBIX 0CAJIKOB HCII0JIb30BAIU METOM
YCKOPEHHO! KUAKOCTHOM TPOTOYHOU 3SKCTPaKIUU
ropsiueii CMechio OpraHu4ecKux pacTBopuresneii. [lanee
MpoOONOATOTOBKY MPOBOAUIN B COOTBETCTBUU C PJ]
52.24.417-2011 u ISO 14154:2005. KonnyecTBeHHOE
ompefesieHMe U wuAeHTUUKaUUIO ykKasaHHbXx CO3
MPOBOAWJIM METO[OM KamWJUISIDHON Tra3oBOil XpoMa-
Torpaduu C 3JIEKTPOHO3aXBAaTHBIM JIeTeKTUPOBaHUEM
(I'X “Kpucramn 5000.1”, CKb “Xpomatak”; Poccus).
HixHuil npefesn obHapykeHUs UHAWBUAYAJIbHBIX COe-
auHenwuii — 0,1 H/T B.C.B.

OnpefesieHre MOJIUXJIOPUPOBAHHBIX AHUOKCU-
HOB-N-IUOKCHHOB 1 Aubensodypanos (MIXII/TIXID)
BHINIOJTHSAIM B aKKpeAUTOBaHHOU Jjabopatopuu OO0
«JIabopaTopus», r. CaHkT-IleTrepbypr (YHUKaJIbHBIN
HOMep 3anucu 06 akKpeAUTAllMU B peecTpe akKpeau-
toBaHHBIX JinI No RA.RU.21AK94) B cOOTBETCTBUU C
IMHAO @ 16.1:2:2.2:3.56-08. KonnuecTBeHHOEe omnpefe-
Jeane u upeHtudukanuo MXIO/TIXAP npoBoAuIU
MeTOJI0M BbICOK03(hD(HEKTUBHOU KaNUUIAPHON ra3oBoil
xpomartorpadum B COUeTaHUU C Macc-CleKTpOMeTpueil
(T'X Agilent 7890B, MC Agilent 7000, CIIIA). Anana3oH
ompeJieJiieMBIX MaccoBbIX KoHNeHTparuii IIXIJ1/
IMXJ® - 1,0-1000 Hr/Kr B.C.B.

3. Pe3yAabTathbl M 06Ccy)xpeHue

CyMMapHble KOHIIEHTpAIMU CTOMKUX XJIOpOpra-
Huveckux 3arpsasHureneil (I'XB, I[1eXb, IIX®, I1XA) B
JIOHHBIX OCaJIKaX MCCJIeJOBAaHHBIX O3EP BapbUPOBAJIU
oT 9,7 5o 63,6 Hr/r. BriaBnennsle CO3 B mopske yObI-
BaHUA MX KOHI[eHTpaLUi pacIiojiarajuch B cjieAyomien
nocyegoBaresbHOCTU: XD ~ [IX® > IIeXb >~ IIXA.
[Tpeo6nanarouuii I'’Xb onpefeseH B AuamnasoHe ot 5,9
0o 41,3 ur/r, konudectBa [IX® B ocagkax ObLIN COMO-
ctaBuMbl ¢ TakoBeiMu I'XB — ot 3,0 o 37,3 HI/T, KOH-
nertpauuu I[leXb He mpeBbllianu 2,7 HIr/T, U COBCEM
He3HaunTeJIbHBIMU (He 6oJiee 0,4 Hr/r) OBLIN KOJIHYe-
ctBa IIXA (Puc. 1).

B cooTBeTcTBUM C KiaccuduKkaliell HOpBEXKCKUX
CTaHJapTOB KauyecTBa MJOHHBIX ocankoB (Pettersen,
2016) HalileHHBIX B OcCaJKaX O03ep KOHIeHTpauuu
I'XB, [1eXb u [TIX® B 60osbmuHCTBE cBoeM (B 2/3 mpob)
UMeJIi HU3KHe 3HaueHMs, a B OCTAJIbHBIX Npobax He
MpeBbIIaiv cpeJHUX 3HaueHu. [1o cogepxanuio [TXA
B JIOHHBIX OcaJikax U I[OYBaxX HopMmaTuBHas 0a3a B
HacTosilee BpeMs OTCYTCTBYeT.

W3BeCcTHO, YTO JOHHBIE OCAJIKM CUMTAIOTCS BaX-
HBIM HCTOYHUKOM HHGpOpMAIUM O KJIMMAaTHUYeCKUX,
reoXMMHYeCcKUX, OJKOJIOTUYeCKHUX YCJIOBHUAX, Cylie-
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CTBOBaBIINX B CAaMOM BOJOEMe U Ha ero BoJocOOpPHOM
mwiomanu (JayBanerep, 2005). OHM HaKalJIMBamOT
CBeJleHUs O MOTOKax 3JIeMeHTOB B Ouocdepe U ABJISA-
I0TCSl €CTeCTBEHHBIMU AeNOHUPYIOMNMM MaTpULlaMU
He TOJIbKO AJIA MPUPOAHBIX COeJUHEHUH, HO U [Jif
Pa3JIMYHBIX TEXHOTE€HHBIX 3JIEMEHTOB U 3aTrPsA3HAIONINUX
BemjectB ([dayBanbsTep, 2012; Sabatier et al., 2022).
[Ipy momagaHuy B BOJOEM 3arps3HUTEJIU CIIOCOOHBI
aKKyMyJIMpOBaTbCA B TUAPOOHMOHTaxX U IepeiaBaThCA
10 THUIEBOV Lenu ¢ YyBeJIM4eHHeM KOHIIeHTpaluu
B KaxJOM IOcJiefyllleM 3BeHe, a Takxke CcOpOHUpo-
BaTbCs YaCTUIlAMU OpPraHMYecKOoro BelllecTBa B3BeCU
U JIOHHBIX OCaJIKOB C MOCJIeyIollel «KOHcepBalieri».
VIHTeHCHUBHOCTh 3THUX IIpolleccoB crhenuduvHa i
KaXjoro BoJoeMa U ompefesisieTcss ero MoppoMeTpu-
YecKMMH U THJPOJIOTMYECKUMM XapaKTepUCTHUKaMU,
a Takxe TMIPOXUMUYECKUMU OCOOEHHOCTSAMHU BOOHOMN
TOJIIIN.

B TO Xe BpeMs, Ipu omnpefesieHHbIX YCJIOBUSX,
NpUBOMALNIUX K HW3MEHEHUI0 TI'MAPOAMHAMUYECKOM
06CTaHOBKMY, COCTaBa U CBOWCTB BOJBI U MpOuYUX (pak-
TOPOB, JJOHHBIE OCAJIKU MOTYT CTaTh UCTOYHMUKOM BTO-
PpUYHOrO 3arpsisHeHus BOAHBIX Macc. [Ipu 5ToM Hu3kue
TeMIlepaTypsl Ha NPOTsHKeHUU OoJibllleil 4acTyu roga u
creliUYHOCTD yCJIOBUM, CKJIAABIBAIOIUXCSA B BOJIHBIX
skocucteMax ApkTuku U CyOapKTUKM, CIOCOOCTBYIOT
HaKOIUIEHUI0 U [JIUTeJIbHOMYy COXpaHeHUI0 B oOcaf-
Kax 3arpsAsHAIIMX BellecTB nogodHo CO3, mosefe-
HHe KOTOPhIX, KaK WH3BECTHO, OIpelesiAeTcs elle U
CBOVICTBAMU COOCTBEHHO [eMOHUpYIoIel MaTpulbl. B
1eJIoM, KaK M OXUOaJoCh, OJIA BCEX HCCJIeIOBAHHBIX
o3ep HabJ0/lasIach HEKOTopasA TeHJeHIMs K HaKoILle-
HUIO 3arpsi3HUTeJIel B BEPXHUX CJI0SX JOHHBIX OCaJKOB,
Npe/iCTaBJeHHBIX TOHKOANCIEPCHBIMU aJIeBPO-TeINUTO-
BBIMI/TI€JINTO-aJIEBPUTOBEIMU UJIaMU, O0OTallleHHBIMU
OpraHUYeCcKUMU BelleCTBOM.

Cnenyer OTMeTHTb, 4YTO o3epa bBosbiinie
Xpycnomensl, Kucno-Cnazgkoe u TpexiiBeTHOe cuuTa-
I0TCA yAaJIeHHBIMU OT KCTOYHUKOB IPsSMOIO aHTPO-
MOTeHHOT0 BO3MeNCTBUsA, MO3TOMY MocTymieHre CO3
B JIOHHBIE OCaJKM, CKOpee BCero, CBsA3aHO C TpaHCrpa-
HUYHBIM [IEPEeHOCOM OT Pa3JIMYHBIX MCTOYHUKOB, pac-
MOJIOXKEHHBIX B HU3KUX/yMepPeHHbIX IHUpPOTaxX U 6JIn3-
Jexamux pervoHax. B Hacrosilee BpeMs OCHOBHBIMU
rj06asibHO AEeNCTBYIOMMMH KWCTOYHMKAMM XJiopopra-
HUYECKUX 3arps3HUTeIeN CYMTAIOTCA MPOoIiecchl CXKuUra-
HUs/TOpeHMsl Pa3IMYHOIO BUJa OPraHUYeCcKOro ChIpbs
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Puc.1. - Pacnipenesnienre CO3 B JOHHBIX OCaJKax uccJie-
JIOBaHHBIX 03ep.

1 0TX0J10B (OBITOBBIX ¥ IPOMBIILJIEHHBIX OTXOJI0B, OHO-
Macchl, BCeX BUJIOB TOIUIMBA), & TaKXe OTXOABI IMPOU3-
BOJICTBA M NMOTpebJsieHNs OT IPOLJION XO03ANCTBEHHON
nesrenbHocTU (Stockholm, 2024).

J7a cpaBHEHUA MOXHO TakXe IPUBECTH [aH-
HBIe 110 CoJiepXaHnio UHAUBUAYyaIbHbIX CO3 B JOHHBIX
ocajakax majioro o3. MorusibHoe, elje OAHOTO IMpen-
CTaBUTEJII MEPOMUKTHUYECKUX MOPCKHX BOJOEMOB 3a
[MossspasiM Kpyrom (o. KuipawH, BapenHneBo Mmope)
(Kokryatskaya et al., 2025). Osepo sBjdeTca ocTart-
KOM 3aJIMBa, OTAEJIMBIIErocs OT MOpsI OKOJIO MOJIyTopa
THICAY JIeT Ha3aJ KaMeHUCTOH NepeMbIUKOM, HO A0 CUX
IIOp coxpaHseT MOoA3eMHYI0 CBA3b ¢ MopeM. B ocagkax
3TOro o3epa BHIABJIEHBI JOBOJIbHO BBICOKHE KOHIIEH-
Tpauuu 3arpsasHuTteseii: I'’Xb — ot 30,8 no 346,5 Hr/T,
ITeXb - ot 2,2 go 39,6 ur/r, [IX® - ot 3 go 89,7 Hr/T,
ITXA - ot 0,1 go 1,1 Hr/r, chopMUpOBaHHBIE IO aAU-
TUBHBIM  BJIMSHHEM aHTPONOTeHHBIX/TeXHOT€HHBIX
HWCTOYHUKOB JIOKAJIbHOTO YPOBHS U TPaHCTPaHUYHOTO
nepeHoca. [loaTBepXxOeHHEM 3TOrO ABJIAIOTCA yCTa-
HoBJleHHBle npoduym IIXI/TIXA®D, oToOpaxkarouiye
MOCTyIJIeHNe 3arpsA3HuTe el U3 pa3HbIX UCTOYHUKOB B
TeueHue Aecarmiaeruni (Puc. 2).

[Tpy HEBBICOKOM B I[€JIOM YpPOBHE 3arps3HeHUsA
(konuenTpanuu IIXAJ/TIXA® He npeBbiuanu 2,4 mr
WHO-TEQzOOS/r (CaulluH 1.2.3685-21) romoJioru-
yeckre Npodun OKasajuch OJM3KU APYyTr K OPYTY.
HJomunuposanue TXJ®, [TeX® u I'kX1d cBugeTesib-
cTByeT 00 MCTOYHMKAX 3arpA3HeHNs, CBA3aHHBIX C Tep-
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a) B JOHHBIX 0CaJIKax Ha riiyboKOBOJHON cTaHI[Y, 6) B IoYBe Ha BOAOCOOPHOM ILIOMA .
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MHYeCcKMMHU IpoleccaMy (HalpuMep, CKUTaHUe Ipe-
BECHUHEBI, yIJIA, He(TenpoayKTOB, OBITOBEIX OTXOJIOB,
Mycopa, cjy4alHble Bo3ropaHusa u mp.) (Kanan and
Samara, 2018; Kyapssuesa u fp., 2021). [IpucyTtcraue
TXOO u IMeX]/1 yka3piBaeT Ha CMelIaHHBIN NPodpuib
3arps3HeHus, KakK aHTpomnoreHHoro (oOpasoBaHue B
pe3yJibTaTe TepMUYEeCKHUX IIPOLecCcoB, IOCTyIJIeHue
¢ OBITOBBIMM OTXOJaMH, BO3MOXHOe IpUMeHeHHe
3arps3HeHHBIX XJIOpCOAepKalluX KOMMepYecKuX Ipo-
JAYKTOB U IIp., TaK U IPUPOAHOro xapakrepa (Ipupoj-
Hele noxapsl) (Gullett and Touati, 2003; Kim et al.,
2003; Kirkok et al., 2020).

4. BoiBOADI

TakuMm oOpa3oM, B AOHHBIX OcafKax MCCIIeNo-
BaHHBIX MaJIbIX CTPATU(PUINPOBAHHBIX 03€ep, B Pa3HOI
CTEeNeHU U30JIMPOBaHHBIX OT besioro Mops U He UCHBI-
THIBAOI[UX MPSIMOr0 AHTPOIIOIE€HHOrO BO3/eHCTBUSA,
BBIABJIEGHO IPHUCYTCTBHE CTOWKUX XJIOPOPraHUYeCKUX
sarpasHuTtesieil. [loctymneHue CO3 B JJOHHBIE OCAIKU,
BepOsATHEe BCEero, CBA3aHO C JaJIbHUM IIepEeHOCOM OT
Pa3JINYHBIX UCTOYHUKOB B HU3KUX/YMEPEHHBIX LIUPO-
Tax U OJIn3examux pernoHax. B Haubospmux KOHIeH-
TpaluaxX BO Bcex ocajikax obuin HatifieHsl I'XB u [IX®; B
KOHIIEHTpaluAX, Ha NOPAAOK HUXe ObLJIN Olpe/iesIeHbl
[TeXb u [TXA. B nesnowm, koHLeHTpanuu CO3 B uccieno-
BaHHBIX OcaJKaX ObLIM He BBICOKMMU. B TO e Bpems,
HU3KUe TeMIlepaTyphbl Ha IPOTSXKEHUN OO0JIbIell YacTu
roga u cnequdUYHOCTDh YCJIOBUM, CKJIaJbIBAIOLIIUXCA B
BOJIOEMAX CEBEPHBIX TEPPUTOPHII, CIIOCOOCTBYIOT HaKO-
IJIEHUIO U JUINTEJIbHOMY COXpaHEeHUIO 3arpsA3HUTeiel.

KoHPAUKTBI HHTEpPEeCcOoB

ABTOpHI 3asBJIAIOT 06 OTCYTCTBUM KOHQIIMKTA
HMHTEPECOB.
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