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ABSTRACT. The paper presents the results of a study of the behavior of organochlorine compounds
(chlorinated benzenes and phenols) in the bottom sediments of Mogilnoe Lake (Kildin Island, Barents
Sea). Mogilnoe Lake is a meromictic water reservoir located in the high latitudes of the Russian Arctic. A
unique feature of the lake is its underground connection with the sea, which makes it similar to tropical
anchialine lakes. Lake sediment samples were taken at three deep-water stations during complex expe-
dition work in June 2019 by employees of the N. Laverov Federal Center for Integrated Arctic Research
of the Ural Branch of the Russian Academy of Sciences (Arkhangelsk). Organochlorine compounds were
extracted from air-dried samples of bottom sediments using accelerated flow-through solvent extraction
with a hot mixture of organic solvents. Determination of the concentrations of chlorinated benzenes was
carried out according to RD 52.24.417-2011 (RF), and the concentrations of chlorinated phenols and
their derivatives — in accordance with the ISO 14154:2005. Quantification and identification of individ-
ual organochlorine compounds were carried out by capillary gas chromatography with electron capture
detection. The presence of organochlorine compounds in sediments of the meromictic Mogilnoe Lake
has been established. Concentrations of persistent organochlorine pollutants were assessed as high. Most
likely, the component composition of organochlorine compounds and their detected levels (primarily
pollutants) in the bottom sediments of the lake are due to the influence of various local anthropogenic
sources, as well as atmospheric long-range transport from low/moderate latitudes and nearby regions.
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1. Introduction living organisms. In the cold climate of the northern

territories, the so-called “conservation” and biomagni-

Recently, the environmental impact on the Arctic fication of POPs occurs. When pollutants enter a water

and Subarctic regions has been constantly increasing:
oil and gas production on the shelf of the Arctic Ocean
is expanding; traffic along the Northern Sea Route is
intensifying, etc. In this regard, significant attention
must be paid to the problem of pollution of the nat-
ural ecosystems of these regions, incl. pollution by
persistent organic pollutants (POPs) entering the envi-
ronment not only as a result of long-range transport
from remote anthropogenic sources, but also from local
emission sources.

As a result of transboundary transport to high
latitude regions, such compounds with resistance to
degradation and ability to bioaccumulation can accu-
mulate in terrestrial ecosystems, snow cover, ice, and

*Corresponding author.
E-mail address: kolpelen@yandex.ru (E.S. Kolpakova)

Received: June 10, 2024; Accepted: June 28, 2024;
Available online: August 26, 2024

416

reservoir, they can accumulate in aquatic organisms
and can be transmitted through the food chain, as well
as be absorbed by particles of organic matter and end
up in bottom sediments.

2. Materials and methods

This paper presents the results of a study of
Mogilnoe Lake, located in the southeastern tip of Kildin
Island (near the coast of the Kola Peninsula, in the
Barents Sea). This small arctic lake is the remnant of a
sea bay, which was separated from the sea by a rocky
barrier approximately 1500 years ago, but still retains
an underground connection with the sea (Strelkov et al.,
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2019). Mogilnoe Lake has got a meromictic structure of
the water column - a fresh upper layer, a salty marine
layer in the middle, and a bottom layer contaminated
with toxic hydrogen sulfide. “In contrast to sea bays
and freshwater lakes, a meromictic lake is never com-
pletely mixed. Wind mixing covers only the surface
water layer, and it is desalinated. The deeper water is
salty. The lack of wind mixing, “refreshing” the bottom
zone, led to stagnation, as a result of which the process
of bacterial sulfate reduction (the reduction of sulfur,
which is contained in seawater sulfates, to hydrogen
sulfide) was activated” (Strelkov et al., 2019). High
concentrations of hydrogen sulfide (more than 200
mg/1) were detected in the lake water (Losyuk et al.,
2019).

In June 2019, employees of the Laboratory of
Ecoanalytical Research of the N. Laverov Federal Center
for Integrated Arctic Research of the Ural Branch of
the Russian Academy of Sciences (Arkhangelsk) took
part in expeditionary complex work under the Russian
Geographical Society project “Lullaby of the Cod Lake.
Documentation of the ecosystem of Mogilnoe Lake
(Kildin Island, Barents Sea)” (Strelkov et al., 2019). For
this study, bottom sediments were collected at three
deepwater stations. The max length of sediment cores
reached 25 cm, with a sampling interval of 5 cm.

Extraction of individual organochlorine com-
pounds (OCs), incl. POPs, from air-dried samples of
bottom sediments were carried out via accelerated
flow-through solvent extraction with a hot mixture
of organic solvents (hexane/acetone). The resulting
extract was treated with a solution of sodium hydrox-
ide to separate acidic and neutral compounds. The total
content of acidic compounds (chlorophenolic com-
pounds, CPs) was determined by summing their con-
centrations in easily and difficultly extracted fractions.
The CPs isolated from each fraction were derivatized
with acetic anhydride in a weakly alkaline medium in
accordance with ISO 14154:2005. The organic phase
containing neutral compounds (including penta- and
hexachlorobenzenes) was purified from accompanying
organic impurities according to RD 52.24.417-2011
(Russia). Analytical quantification and identification of
individual OCs were carried out by capillary gas chro-
matography with electron capture detection (Crystal
5000 GC, Chromatec, Russia) with programming the
temperatures of column thermostats. The lower detec-
tion limit of individual OCs is 0.0001 pg/g of air-dry
sediment.

3. Results and discussion

According to the results of the study, hexachlo-
robenzene (HCB), pentachlorobenzene (PeCB), and
pentachlorophenol (PCP) were found in all bottom
sediments sampled in different parts of Mogilnoe Lake.
Concentrations of HCB in sediments ranged from 30.8
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to 346.5 ng/g, PeCB from 2.2 to 39.6 ng/g, and PCP
from 3 to 89.7 ng/g. The detected concentrations of
these POPs can be considered as high. Along with PCP,
other CPs were found in lake sediments. The dominant
compounds among the CPs were those formed and
coming from sources associated with combustion and
incineration processes of various organic raw materials
and other materials (PCP, 2,3,4,6-tetrachlorophenol,
2,4,6-trichlorophenol, 2,4-dichlorophenol, and 4-chlo-
rophenol) (Briois et al., 2006). In addition, chloro-
phenol metabolites (mono- and dichlorophenols), the
formation of which is caused by natural enzymatic pro-
cesses, were identified in lake sediments. Although the
proportion of these compounds in the composition of
CPs was significantly lower compared to compounds of
technogenic origin.

4. Conclusions

Therefore, the formation of the composition and
levels of individual OCs in bottom sediments is a con-
sequence of the low intensity of the degradation pro-
cesses occurring in the components of the ecosystem
of the meromictic Mogilnoe Lake. The high content
of hydrogen sulfide in the water column of the lake
and low ambient temperatures inhibit the processes of
reductive dechlorination of OCs, which leads to their
accumulation in bottom sediments. The component
composition and detected concentrations of OCs in lake
sediments are most likely caused by the supply of these
compounds from various local anthropogenic sources,
as well as long-range transport from low/temperate
latitudes and nearby regions. The determined profile
of individual CPs (PCP, 2,3,4,6-TeCP, 2,4,6-TCP, 2,4-
DCP, 4-CP) indicated the dominance of combustion and
incineration processes among the sources.
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DedepanbHoe eocydapcmaeHHoe 6100dcemHoe yupedscOeHue Hayku PedepaTbHblil UCCIe008amMesbCKULL YeHMp KOMITEKCHO2O
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AHHOTALIUA. B craThe mpefcTaBjieHbl pe3yJIbTaThl N3yuyeHUs 0COOeHHOCTel MOBeJeHUs XJI0popra-
HUYeCKUX CcoeAuHeHUH (XJIOpHpOBaHHBIX 0e€H30J10B U (PEeHOJI0B) B JOHHBIX OcajKax o3epa MoruibHoe
(o. KunpauH, BapennieBom Mmope). O3epo MorujibHOe — MOPCKON MEpPOMUKTHUYECKUI BOJOEM, paclo-
JIOXKEHHBIN B BBICOKUX IIMPOTAaX APKTHKH. YHMKaIbHasA 0COOEHHOCTh BoJoeMa — ero noj3eMHas CBA3b
C MOpeM, YTO [ieJIaeT ero aHaJIoroM TPOIINYeCKUX aHXWaJIMHOBBIX 03ep. [IpoObl JOHHBEIX 0CAAKOB OTO-
OpaHbI Ha TpeX IJIyDOKOBOAHBIX CTAHLMAX B XOJ€ KOMILJIEKCHBIX SKCIeAUIMOHHBIX paboT B uwHe 2019
roga corpygHukamu O®I'BYH OUIKHUA YpO PAH (r. ApxaHresbck). V3BiedueHne XJI0pOpraHUYecKUx
COeJMHEHUN 13 BO3OYIIHO-CyXUX NPOO MOHHBIX 0CAAKOB IIPOBOAWJIN METOAOM YCKOPEHHOH XXHIKOCT-
HOU NPOTOYHOIM 3KCTPaKIMUU ropsyell CMechbl0 OpraHUYecKux pacrBopureseil. OnpepeseHre KOHI[eH-
Tpauuii XJIOpHPOBAaHHBIX OEH30JI0B MpoBOAWIN corjiacHo P/ 52.24.417-2011. OnpepesieHrie KOHI[eH-
Tpanuii XJIOpUPOBAHHBIX ()eHOJIOB U UX MPOM3BOAHBIX IPOBOAWJIM B COOTBETCTBUU €O cTaHAapToM ISO
14154:2005. KosmuecTBeHHOE OMpeesieHre U UIeHTU(DUKAINI0 XJIOPOPraHNYeCKUX COeqUHEHUH MPO-
BOAWJIA METOAOM KalMJIJIAPHOU ra30Bo XpoMarorpaduu ¢ 3JeKTPOHO3aXBaTHEIM [IeTeKTUPOBAHUEM.
YcTaHOBJIEHO NPUCYTCTBUE XJIOPOPraHWMYeCcKUX COeJMHEHHI B OcajJkax MepOMUKTHYECKOro o3epa
MorusnpHoe. KoHIIeHTpauy CTOMKUX XJIOPOPraHWYeCKUX 3arps3HUTesIell OLleHUBAINCh KaK BHICOKUE.
KoMIIOHEHTHBIN COCTaB XJIOPOPraHUYECKUX COeJUHEHNI B JOHHBIX OTJIOXKEHUAX 03. MoruiabHOe HapAanay
C UX BBIABJIEHHBIMH YPOBHAMH cofepxaHus (mpexze Bcero us comcka CO3), BeposATHee Bcero, o0y-
CJIOBJIEH IIOCTYILJIEHHEM 3THUX COeJUHEHUN OT Pa3jIM4YHBIX aHTPOIOTeHHBIX/TeXHOTeHHBIX NCTOYHHKOB
JIOKQJIBHOTO YPOBHS, a Takxe aTMOC(epHBIM [IepeHOCOM 13 HU3KUX/yMepEeHHBIX MINUPOT U OJin3Jiexa-
[IUX PErMOHOB.
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1. Beepenue B pesynbpraTe TpaHCIpaHUYHOrO IlepeHoca B

BBICOKOIIIMPOTHBIE PETMOHBI TaKue coefuHeHUs, 06Jia-
JTafolie YCTONYMBOCTHIO K Pa3JIOKEHUI0 U CIIOCOGHO-
CTBIO K OMOAKKyMYJIAINM, MOTYT HaKaILJIUBaThCA B KO-

B mocienHee BpeMsa TeXHOTeHHas Harpyska Ha
Apxtuky n Cy0apKTHKy IOCTOSIHHO BO3pacTaeT: pac-

mupsiercs HedTe- 1 razofo6siua Ha mmesibde CeBepHOTO
JlemoBUTOrO OKeaHa, aKTUBU3UPYETCSA TPAHCIOPTHHIN
noTok 1mo CeBepHOMY MOPCKOMY IyTH U T.HO. B aToi
CBA3U 3HAYMUTEJIbHOE BHUMaHUE HeOOXOOUMO Y[IeJIATh
npobsieMe 3arpsA3HeHHsA HUX JKOCUCTEM, B T.4. CTOH-
KHMMH OpraHuyeckumu sarpasHutesasmu (CO3), mocrty-
MallMU He TOJIBKO B pe3yJibTaTe MepeHoca OT yAa-
JIEHHBIX AHTPOIIOT€HHBIX/TEXHOTE€HHBIX KCTOYHUKOB,
HO U OT JIOKAJIbHBIX HCTOYHUKOB UX 3MUICCUHU B OKPY-

JKAIOLIYI0 Cpeny.
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crucTeMax CyIId, B CHEXXHOM IIOKpOBe, TOJIIe JibAa U
XUBBIX OpraHu3Max. B ycJIOBUAX XOJIOQHOTO KJIMMaTa
CeBEepHBIX TEPPUTOPUIN IPOUCXOAUT KOHCepBalUUA U
6uoycunenue Bosaelictsusa CO3. [Ipu nocTyjieHUU B
BOZI0EM 3arpsA3HUTEJIN CIIOCOOHBI aKKyMyJIMPOBaThCs B
rupoOUOHTax U IlepedaBaThCs 10 NUIeBOi Lieny, yBe-
JINYMBasi CBOK KOHI[EHTpalMI0 B KaXJOM IOCJedylo-
IleM 3BeHe, a TaKke MOIJIOMAThCsA YacTUIlaMU OpraHu-
YeCcKOTo BellleCcTBa U IoMaJaTh B JIOHHbIE OTJIOXKEHUS.

© ABrop(s1) 2024. DTa paboTa pacnpocTpaHsi-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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2. MaTepuanbl M METOADI

B nmanHO!I paboTe mnpuBedeHb pe3yJIbTATHI
yccjiefoBaHus o3epa MorujapHoe, pacHoJIOXKeH-
HOTO B IOr0-BOCTOYHOM OKOHEYHOCTH 0. KuiabauH,
B BapeHuneBom Mope BOJM3u mnoGepexbs Kosbckoro
[I0JIyOCTpOBa. JTO apKTHYeckoe Majioe 03epo ABJIA-
eTCcs OCTaTKOM 3aJIMBa, OTAEJIMBIIErocs OT MOPs OKOJIO
MOJIyTOpa THICSY JIeT Ha3aJ KAMeHHCTON IepeMBIYKOT,
HO JI0 CUX IIOp COXpaHsAeT IOJ3eMHYI0 CBA3b C MOpeM
(Strelkov et al., 2019). [das 03. MoOrujipbHOr0 Xapak-
TepHa MepOMUKTHUYecKas CTPYKTypa BOJHOI TOJIIU
— BEpPXHUM IpPEeCcHBIN CJIOHM, COJIEHBII MOPCKOW CJIOH
rnocepeiHe W NPUJOHHBIA 3apaXeHHBIH TOKCUYHBIM
CEPOBOJIOPOIOM CJIOH. «B TPOTHUBOIMOJIOXKHOCTH MOP-
CKUM 3aJiiBaM M IPecHBIM oO3epaM, MepOMHUKTHYe-
CKOe 03ep0 HUKOrja He IepeMelINBaeTCA I[eJIMKOM.
BeTpoBoe mepemelnBaHue OXBAaTBIBA€T JIUIIL CAMBIN
TOBEPXHOCTHBIN CJION BOABI, U OH OmpecHeH. ['yGxe
BoJa cosieHas. OTCyTCTBHe IllepeMelllBaHUsA, OCBeXa-
Iollero NpUAOHHYIO 30HY, IPHUBEJIO K 3aCTOMHBIM sBJe-
HUAM, B pe3yJjibTaTe 4ero akTUBU3WPOBAJICA Ipoliecc
GakTepuaJibHOM cyab(aTpedyKIU1 — BOCCTAHOBJIEHUA
ceprl, KoTopas cojAepXurcsi B cyiabdaTax MOPCKOH
BOJIbI, 10 cepoBojopoma» (Strelkov et al., 2019). B
o3epe ObUIM 3aUKCUPOBAHBI BBICOKUE KOHI|EHTpaluu
cepoBojiopoza (6ostee 200 mr/ut) (Jlociok u nip., 2019).

B mrone 2019 ropa coTpyaHuKU JjabopaTopuu
sKoaHanuTu4eckux uccaegosanuii ®I'BYH OUIKUA
YpO PAH npuHuMaIy y4acTre B SKCIIe AUIIOHHBIX KOM-
IJIEKCHBIX paboTax Ha 3TOM BogoeMe o npoekty PI'O
«KospibesibHasA TpeckoBoro oszepa. JJokyMeHTaIs 5Ko-
cucteMsl o3epa MoruibHoro (o. Kunpaus, BapeHIieBo
Mope)» (Strelkov et al., 2019). [na ucciiemoBaHUA
OB OTOOpaHHI JIOHHBIE OCAJKU HA TPeX rIyOOKOBO-
JHBIX CTAHIUAX; AJIMHA OCAJOYHBIX KEPHOB JOCTUraja
25 cM, uHTepBaaI oToopa Mpobd COCTABJIAN 5 CM.

W3ByieyeHne WHOAUBUAYaJIbHBIX XJIOpOpraHUye-
ckux coeauHeHun (XOC), B T.4. COeqUHEHHM U3 CIH-
cka CO3, 13 BO3QYIIHO-CyXUX NPOO JOHHBIX OCAJKOB
MPOBOJIWJIA METOAOM YCKOPDEHHOM XUAKOCTHOM Ipo-
TOYHOU 3KCTPAKUUU Tropsiyeil CMeCchi0 OpraHUYecKUxX
pacTtBopuresieil (rekcaH:aneToH) IlosyuyeHHBIN 3KC-
TpakT obpabaTeiBajii paCTBOPOM THMAPOKCHAA HATpUA
Ul pasfiesieHus KHUCJBIX U HeWTpasbHBIX COeAuHe-
Huii. OO11ee coflepXaHue CoeJHEeHUI KUCJIOTO Xapak-
Tepa (xs0pdeHObHbIX coeauHeHuti, X®C) ompene-
JIATIA CyMMUPOBaHUEM UX KOHI[eHTpaluil B JIeTKO- U
TPyAHOSKCTparupyemou ¢paknuax. BoigeseHHble u3
kaxaoi gpakuuu XOC aepuBaTU3UPOBAIN YKCYCHBIM
aHruApyuoM B cJ1abollesIOYHON cpede [JiA IOJIyde-
HUA aleTWIbHBIX I[POM3BOAHBIX B COOTBETCTBUM CO
crangapTom ISO 14154:2005. Opranuueckywo ¢dasy,
coepxallylo coeqUHeHHsA HeHUTpaIbHOIO XapakTepa
(BkyTIOUAsA rekca- U MEeHTAXJIOPOEH30JIbl) OYUIIATN OT
CONYTCTBYIOIIMX OpraHUYeCcKuX IpuMecell COrjacHO
PJ] 52.24.417-2011. KonuvecTBeHHOE OllpefiesieHue U
naeatudukanuo XOC npoBOAWIU METOAOM Kamuii-
JIAPHOU Tra30BOM XpoMaTrorpaduu ¢ 3J1eKTPOHO3aXBaT-
HBIM JerekTupoBaHueMm (“Kpucramn 5000.17, CKB
“Xpomartak”; Poccusi) mpu nporpaMMUpPOBaHUN TeMIIe-
paTyp TepMOCTaToB KOJIOHOK. HrxHui npenen obHa-
pyxenus naausuayanbHbeix XOC — 0.0001 Mkr/T B.C.B.
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3. Pe3yAabTatbl M 06Ccy)xpeHue

[lo pesysabraTaMm wuccjiefoBaHUA MaJioro 03.
MorunbHoe rekcaxjopberson (['XB), meHTaxmopbeH-
301 (ITeXB) u nmenTaxiaopdenos (IIXD) obGHapyKeHBI BO
BCeX JIOHHBIX OcajiKkaX, OTOOpaHHBIX B Pa3HBIX YaCTAX
akBatopuu o3epa. Konnentpauuu I'XB B ocagkax
coctasysu ot 30,8 go 346,5 uHr/T, [1eXb — ot 2,2 10
39,6 Hr/T, [IX® - ot 3 1o 89,7 Hr/T. BelsiBJIeHHBIE KOH-
[[EHTpallui CTOMKUX XJIOPOpPraHWYeCKUX 3arpsA3HHTe-
Jiell MOXXHO OTHECTU K oueHb BeICOKMM. Hapsanay c [IXD
B ocajnikax HavgeHs! fapyrue X®C. Cpeau XOC noMuHM-
poBasi coeAuHeHMsA, oOpasylolrecs U NOCTynallre
OT MCTOYHMKOB, CBA3AHHBIX C NpOIieccaMy CXXUTaHUA/
ropeHus pasjIMuHOIO OPraHWYecKOI'o ChIpbs U MaTepu-
anos (I1X®, 2,3,4,6-TeX®, 2,4,6-TXD, 2,4-[IXD, 4-XD)
(Briois et al., 2006). BMecTe ¢ TeM B O3€pHBIX OCa/l-
KaxX NOpPHUCYTCTBOBAIU XJIOP(PEHOJIbHBIE MeTabOJIUTEI
(MmoHO- u pguxiopdeHosbl), OOpa3oBaHHE KOTOPHIX
00yCJIOBJIEHO eCTeCTBEHHbIMH 3H3UMaTU4eCKUMU MIPo-
1eccaMu, XOTs JoJig ux B coctaBe X®C 3HAUUTEJILHO
HUXe 0 CPaBHEHUIO C COeJUHEHUAMHU TeXHOTeHHOI'O
IIPOUCXOXKIEHHU .

4. 3aKknloueHue

Takum oOpa3oM, ¢QopmMupoBaHHE COCTaBa U
ypOBHel cojepxaHUsA HHAUBHAYyaslbHBIX XOC ABJIA-
eTcs cje[ICTBMEeM HU3KOM MHTEHCHBHOCTH IIPOLIECCOB
Jerpajjaliuy, IIPOTEKAUIMX B KOMIIOHEHTax 3KOCH-
CTEMBI MEPOMHUKTUYECKOro o3. MoruiabHoe. Bricokoe
cojepXaHue cepoBOAOpoAa B BOJHOM ToJille o3epa
1 HHU3KHe TeMIlepaTyphl TOPMO3AT IIpollecchl BOcCCTa-
HOBUTEJBHOro AexsjopupoBanus XOC, 4TO NpUBOAUT
K HaKOIUIEHWIO UX B ocagkaxXx. KOMIOHEHTHBIN COCTaB
XOC Hapsgy ¢ BbIABJICHHBIMU YPOBHSAMM COJepXka-
HUA B O3€pHBIX OCajJKaX, BeposiTHee BcCero, 00yCJIOB-
JIeHBI [IOCTYIJIEeHNEM 3THX COeAUHEHUN OT pa3jIMyHbIX
AHTPOIIOTeHHBIX/TEXHOTeHHBIX HCTOYHUKOB JIOKaJIb-
HOI'O YPOBHS, a TakXe IIepeHOCOM W3 HU3KHUX/yMepeH-
HBIX MHMPOT U OJiM3jexarux peruoHoB. HarijeHHBIN
npodusip nHauBUAyabHbEX XDC (ITXD, 2,3,4,6-TeXD,
2,4,6-TX®D, 2,4-IXD, 4-XD) ykaspBaj Ha JOMUHUPO-
BaHUe cpeJy NMCTOYHMKOB IIPOLIECCOB CXKUTaHUsA/TOpe-
HUA pa3jIMyHOr0 OpraHUu4eckKoro Chpbs U MaTepHaJioB.
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