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ABSTRACT. For the first time in the Russian Far East, , a temperature of, a giant landslide with a
volume of 24.5 million m® occurred in December 2018 at 32 °C. The landslide was accompanied by
a massive rock movements that collapsed directly into the Bureya Reservoir. It completely blocked
the access of water to the Bureya Hydroelectric Power Station and provoked a tsunami. According to
geomorphologists’ research, the Bureya landslide is one of the largest in the world in terms of tsunami
wave height and is a unique natural phenomenon in an ice-covered reservoir. To assess the ecological
and biogeochemical state of the Bureya Reservoir in winter and summer (2019-2022), comprehensive
studies of water composition in the landslide influence zone, using gas chromatography, spectrography
and microbiology, were carried out . The obtained results support the idea on complex biogeochemical
processes during cyclic thawing-freezing of rocks and explosive emission of methane accumulated in

the pore space.
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1. Introduction

Climate changes have large-scale effects on
our planet that can be associated with biogeochemi-
cal activity at the microscopic level (Zona, 2016). It is
assumed that under climate warming, carbon stocks in
permafrost will be subject to microbial decomposition,
causing further temperature rise (Schuur et al., 2021).
In recent years permafrost thawing has been accompa-
nied by dangerous geological phenomena (landslides,
sinkholes, floods, etc.), which pose a threat to the infra-
structure of many regions in the world (Andres and
Badoux, 2019; Patton et al., 2019) and are an import-
ant prerequisite for changes in the quality of surface
and groundwater. Behavior of frozen soils on steep
slopes is considered a risk factor in the construction of
roads, dams and operation of reservoirs (Zheng et al.,
2019). It is known that the occurrence and develop-
ment of landslides are facilitated by significant fluctua-
tions in water levels in reservoirs (20-40 m), which lead
to powerful groundwater outflows and destruction of
coastal shoals. Landslide processes can be accelerated
by sudden freezing of water in cracks and pore space of
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rocks (Buldovicz et al., 2018).

According to the calculations (Makhinov et al.,
2019), after the Bureya landslide and tsunami, the
area of destroyed soil cover was 120 hectares. In total,
about 6,000 tons of undecomposed organogenic-turf
and peat-organogenic substances and even more finely
dispersed organic material were washed away. Changes
in the composition of water during winter in the Bureya
reservoir were studied immediately after the landslide
and blasting operations to restore the hydrological
regime in front of the hydroelectric dam (Kondratyeva
et al., 2020).

The slope base destruction and rock input in
some reservoirs are associated with biogeochemical
processes accompanying repeated thawing and freezing
of pore water in rocks (Margesin and Collins, 2019). It
has been established that these processes result in the
formation of volatile organic compounds (VOC), many
of which are products of microbial metabolism,formed
as a result of methanogenesis and methanotrophy (Yu
et al., 2017). The intensity of methane production in
the presence of humic substances (HS) under oxygen
depletion is positively related to temperature (Tan et
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al., 2018). The authors associate this with the activity
of enzymes involved in methanogenesis, which have a
lower temperature sensitivity than enzymes involved in
microbial HS reduction. Therefore, the methanogenesis
is less sensitive to temperature compared to microbial
HS reduction (Miller et al., 2015). It is assumed that
the final products of organic matter (OM) fermenta-
tion can be used by complex communities, consisting
of methanogens and microorganisms involved in HS
transformation.

2. Materials and methods

Water samples from the Bureya Reservoir (BR)
were taken in the winter of 2018-2019 above and
below the landslide body near the left and right banks.
In the summer of 2020, water samples were collected
above and below the landslide body and near the bays
filled with wood. In summer 2022, a comparative anal-
ysis of changes in the OM content and the abundance of
ecological and physiological groups of microorganisms
in the surface and bottom layers of water was carried
out. The OM content in the water of the landslide area
was determined spectrophotometrically (Shimadzu
UV-3600). The spectral characteristics of water-soluble
OM fractions were determined at A = 254 nm and A =
275 nm. Volatile organic matter was analyzed by gas
chromatography with the HP-FFAP column (50 m; 0.320
mm; 0.50 pm) in the temperature range of 50-230°C.
The microbiological parameters were the numbers of
the main ecological and physiological groups of bacte-
rioplankton: CGB - cultivated heterotrophic bacteria;
AMB - ammonifying bacteria; NB — nitrifying bacteria;
FRB - phenol-resistant bacteria; SRB — sulfate-reducing
bacteria. Agar nutrient media were used for cultivation;
the abundance was expressed as colony-forming units
(CFU/mL).

3. Results and discussion

Water quality studies in the Bureya Reservoir
around the landslide with use of spectral and chromato-
graphic methods showed that before blasting opera-
tions above the landslide body, the portion of aromatic
compounds was higher near the left bank. Below the
landslide body, the content of aliphatic and aromatic
compounds was notably higher near both banks. The
diversity of VOC near the right bank, especially meth-
ylated benzene derivatives, was significant (Table 1).
In winter, restoration of the hydrological regime was
carried out with use of explosives (trinitrotoluene, hex-
ogen), which had a profound effect on the composi-
tion of water when it interacted with the crushed rocks.
Toxic volatile compounds (benzene, methanol, tolu-
ene and xylenes) were recorded in the water around
the landslide; they can be attributed to trinitrotoluene
derivatives and/or transformation products of methane
accumulated in the pore space of frozen rocks.

In summer 2020, the composition of water
around the landslide was affected by woody debris and
soil OM that entered the reservoir with surface runoff
after the tsunami. An important factor in the water
quality formation was microbiological transformation
of OM with various genesis. This is confirmed by high
abundance of various physiological groups of bacteria
in water samples (Table 2). Complex microbial consor-
tia (MC), capable of utilizing easily accessible and hard-
ly-mineralized OM (peptone, sodium humate, aromatic
compounds), were formed in stagnant zones above the
landslide body. Ammonifying and nitrifying bacteria
involved in the nitrogen cycle made a significant con-
tribution to the MC structure.

High abundance of humate-transforming bacte-
ria (HTB) confirms higher level of humification of nat-
ural waters above the landslide body., A decrease in the

Table 1. The content of organic matter in the Bureya Reservoir around the landslide in the winter-spring period of 2019

Sampling location

Content of OM

the canal (February 14,
2019 0.521 0.321

0.753 | 0,545

0.724 | 0.514

oM, | OM,,__ Composition of VOC
Before blasting, January 25, 2019

Above the LB 0.324 | 0.282 Acetaldehyde, acetone, methanol, benzene, toluene

landslide RB | 0.303 | 0.196 Acetaldehyde, acetone, methanol, toluene, m-xylene, isopropylbenzene

Below the LB 0.524 | 0.312 | Acetone, methanol, benzene, toluene, butyl acetate, ethylbenzene, xylenes,

landslide isopropylbenzene

RB | 0.587 | 0.324 Hexane, acetone, methanol, benzene, toluene, butyl acetate, o-, m-xylenes,
butanol, isopropylbenzene
After blasting

Water samples from 0.682 | 0.494 Acetaldehyde, acetone, methanol, toluene, o-xylene, isopropylbenzene

Acetaldehyde, acetone, toluene, o-, m-xylenes

Hexane, acetaldehyde, acetone, ethyl acetate, methanol, toluene, o-, m-xy-

Hexane, acetaldehyde, acetone, methanol, toluene, m-xylene,

lenes, isopropylbenzene

isopropylbenzene

Water samples from the| 0.385 | 0.211
canal (March 1, 2019)

Hexane, acetaldehyde, acetone, ethyl acetate, methanol, toluene, o-xylene,

isopropylbenzene
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Table 2. The abundance of different physiological groups of microorganisms (CFU/mL) in the water area of the Bureya

Reservoir in the zone of landslide influence (July, 2020)

No Sampling location CHB AMB NB HTB PRB SRB
1 Above the landslide 3019 256+31 277 £45 273+66 9+4 50+3
body
2 Below the landslide 82+37 98 +56 9+2 37x9 0 107 =11
body
3 Pervyi Bay* 584+ 36 814+1 680x18 497 +14 13+4 191 +15
4 Sredniy Sandar Bay* 71042 160061 693+12 1717 £109 550+6 510+22

Note: * — among floating wood; CHB - cultivated heterotrophic bacteria, AMB — ammonifying bacteria, NB - nitrifying bac-
teria, HTB — humate transforming bacteria, FRB — phenol-resistant bacteria, SRB — sulfate-reducing bacteria.

abundance of the main groups of microorganisms was
observed below the landslide body due to the increased
speed of water passing through the artificial channel.
The structure of MC in the water samples, taken in
Pervyy and Sredniy Sandar bays among floating wood,
was examined. The maximum abundance of HTB and
phenol-resistant bacteria (PRB), indicators of pheno-
lic pollution, was recorded in Sredniy Sandar Bay. It is
indicative of active biogeochemical processes of plant
residues transformations with accumulation of pheno-
lic compounds. The maximum abundance of sulfate-re-
ducing bacteria (SRB), which characterized the forma-
tion of anaerobic zones and probable hydrogen sulfide
release, was also observed.

It is known that wood is a multilayer porous
material containing specific polar hydroxyl and car-
boxyl groups (Mi et al., 2020). Wood cellulose and
hemicellulose contain a large number of polar reactive
groups that readily adsorb ions of many metals (Sun
et al., 2021). In fact, conditions for active leaching of
metal ions from rocks can be formed in bays among the
flooded wood. The presence of SRB is a prerequisite for
increasing the solubility of many elements, including
iron and mercury ions.

In summer 2022, significant changes of the total
OM content occurred in the landslide area, especially
in Pervyy and Sredniy Sandar bays, due to the water
level rise. This led to a decrease in the total OM con-
tent and its aromatic component in the surface water
layers above and below the landslide body (Table 3).
However, higher OM concentrations were found in
the bottom water layers above the landslide body at

a depth of 65 m due to the sedimentation of incoming
suspensions. Below the landslide body, after intensive
mixing of water passing through an artificial channel,
the OM content equalized in the surface and bottom
layers (35 m) of water.

The total OM content decrease in natural waters
was accompanied by a lower abundance of most eco-
logical and physiological groups. In the bottom water
layers above the landslide body, the abundance of all
groups of microorganisms was quite low despite the
higher content of aliphatic and aromatic OM compared
to other water samples. This is probably due to the
presence of persistent organic matter and slow metabo-
lism of MC. However, there was still an increased abun-
dance of some physiological groups of microorganisms
in the waters of the bays. Sulfate-reducing bacteria
(SRB) dominated the microbial complexes. The shallow
waters of Pervyy Bay were characterized by high abun-
dance of bacteria growing on a nutrient medium con-
taining sodium humate as a carbon source. In Sredniy
Sandar Bay, the abundance of HTB was comparable to
other water sampling sites around the landslide body,
including the bottom layers of water.

Microorganisms (62 strains) were isolated from
the water samples from different sections of the Bureya
Reservoir in the zone of landslide influence. All strains
were resistant to mercury salt Hg(N03)2 at a concentra-
tion of 10 mg/L. Among them, about 50% of the strains
grew on agar medium in the presence of 100 mg/L of
this salt. The maximum number of mercury-resistant
strains was isolated from the bottom water layers above
the landslide body at a depth of 65 m. Strains isolated

Table 3. The content of organic matter and number of various physiological groups of microorganisms in the Bureya
Reservoir in the landslide area (August, 2022)

Sampling location Content of OM Abundance of ecological and physiological groups of microor-
ganisms, CFU/mL

OM,,, oM, _ CHB AMB NB SRB HTB
Pervyy Bay 0.206 0.207 141+2 82+4 60x1 140+4 <500
Sredniy Sandar Bay 0.163 0.130 15112 82+4 82+3 282+ 4 49+3
ALB, SW 0.274 0.219 63+14 406 22+1 34+2 47 +2
ALB, BW-65 0.415 0.337 75*+4 361 28+1 80+3 42+3
BLB, SW 0.343 0.277 99+11 25+2 13+0,2 74+2 31+3
BLB, BW-35 0.297 0.239 85+3 28*1 29+0,2 66+3 25+2

Note: ALB - above the landslide body; BLB - below the landslide body; SW - surface water layer (0.5 m) and BW - bottom
water layers at a depth of 65 m (ALB) and 35 m (BLB).
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from the water of Pervyy and Sredniy Sandar bays,
which contained submerged wood, were resistant to
high concentrations of mercury salt.

It is known that methylmercury is the most toxic
form of mercuryated, which tends to accumulate in the
fatty tissue of aquatic organisms and its effect is ampli-
fied across the food chain with increasing trophic levels
(Zhao et al., 2018). As a result of experimental stud-
ies of mercury pollution of the Three Gorges Reservoir
(China), it was found that sulfate-reducing bacteria
play an important role in mercury methylation (Cao et
al., 2021).

The conducted studies on the Bureya Reservoir
showed that the limits of MC resistance to mercury
pollution depend on their habitat. Areas with active
sedimentation of suspended material in bottom waters,
bays filled with plant materials and coastal areas with
surface runoff of destroyed soil cover are important.
Sulfate-reducing bacteria from the bays showed max-
imum resistance to mercury salt. Growing abundance
of sulfate-reducing bacteria in the natural waters of the
Bureya Reservoir in the landslide influence zone poses
a threat to the environment by the formation of toxic
methylated mercury.

4. Conclusions

Our studies showed that a biogeochemical bar-
rier with a special structure of microbial complexes
capable of using stable organic substances as food
sources was formed in the landslide area of the sur-
face waters in the Bureya Reservoir when it received
an influx of crushed rocks and plant remains. In winter,
natural and anthropogenic OM entered the water body
after blasting operations. Among the OM of natural
genesis, there were organic compounds from the pore
space of crushed rocks and terrigenous material. Winter
environmental risks for the Bureya Reservoir were asso-
ciated with a large volume of detonation products and
water-soluble methyl-containing aromatic compounds,
including methanol.

Organic matter related to transformation of
plant substrates, including humic substances, were
of great importance. The source of natural OM were
bays filled with crushed wood. Decomposition of plant
residues was accompanied by an increase in the color
of water due to its humification with the contribution
of various groups of heterotrophic microorganisms.
Biogeochemical transformation of OM of plant origin
is the reason for an increase in the content of soluble
methylated derivatives of benzene, capable of causing
long-term toxicological effects in aquatic organisms
around the landslide. In addition, microbial complexes
involved in mercury methylation are formed in the
influence zone of of a large landslide on the Bureya
Reservoir. Sulfate-reducing bacteria can play a domi-
nant role in this process.
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Akonornueckue U 6UoreoxummnueckKue
uccneposaHuna B Byperckom
BOAOXPaHUAHLUE B 30HE TMraHTCKOro
OMOA3HA

Konapartbeesa JI.M., JlutBunenko 3.H.*, Auapeena /I.B.

HHecmumym 800HbIX U 3K0sT02UdecKUX npobsiem, JatbHedocmoytoeo omdesieHus Poccutickoli Axademuu Hayk, Xabapodckoeo
¢edepabHozo uccsre008amestbckozo yeHmpa, JJukonossyeda, 56, e. Xabapoack, 680000 Poccus

AHHOTAIIHUS. Bnepsoie Ha JanpHeM Boctoke Poccuu B aexabpe 2018 r. mpu temmnepaTtype —32°C
MIPOM30IIIe]T TUTAHTCKUI OTOJI3eHb 06beMoM 24,5 MutH M°. OToJI3eHb COTPOBOXIAJICSA MepeMelleHueM
60J1pIIOT0 OOBEMa TOPHBIX MOPOJ U OOPYIIMJICS HeloCpeCTBeHHO B Bypelickoe Bomoxpanuuiie. OH
MOJIHOCTBIO MlepeKphUI JOCTyn Boabl K bypeiickoit I'OC u cipoBouupoBas IfyHamu. CorjiacHO UCCIIeo-
BaHUAM reoMopd0sI0roB Bypelickuii OI10JI3eHb 10 BEICOTE BOJIHBI IlyHaMU ABJIAETCS OOHUM U3 KpyIHeHn-
X B MUpe U NpefcTaBjAeT co00i YHUKaJIbHOe NPUPOAHOE fABJIEHHE B BOJOEMe, IOKPHITOM JIbOM.
JU1s 3KOJI0T0-01Ore0XMMUYECKOM OIIEHKU COCTOSIHUA Bypelickoro BOAOXpaHWJIUIA B 3UMHUU U JIEeT-
Huil nepuoasl (2019-2022 rr.) 6bUTM IPOBEeHBl KOMILJIEKCHBIE HCCJIENOBAHUSA COCTaBa BOABL B 30HE
BJINSIHUA OIOJI3HA ra3oxpoMarorpadruieckuMy, ClieKTpajbHbBIMU ¥ MUKPOOHOJIOTMYeCKMMU MeTOAaMU.
[NosryueHHBIE pe3yJsbTaThl MCCIeOBAHUN, IOATBEPXAAI0T TUIOTE3y O IPOUCXOAAMNX CJIOXHBIX Ouore-
OXMMHYECKHUX Ipolieccax IIpU IepuoANYecKOM OTTalBaHWY,/ 3aMep3aHWUU FOPHBIX [TOPOJ X B3PHIBHOM
SMHCCUM MeTaHa, HaKOIMBIIErocs B IOPOBOM IIPOCTPAHCTBe.

Kimioueauie cytoga: onosseHb, BOJOXPAHWINIIE, MUKPOOHBIE KOMILIEKCH, JeTy4ne coeuHeHus, TpaHchopManus
T'YMIHOBBIX BEIl[eCTB

Jia nutupoBanusa: Kongpateesa JI.M., JlutBuHeHko 3.H., Auapeesa [[.B. Dxosoruueckue 1 6MOreoXuMu4eckue nccaeoBaHusA
B BypelickoM BOOXpaHIINIIE B 30HE TMTAHTCKOro onoJji3HsA // Limnology and Freshwater Biology. 2025. - Ne 4. - C. 428-436.
DOI: 10.31951/2658-3518-2025-A-4-428

1. Beepenne OTOJI3HEN CIIOCOOCTBYIOT 3HAUYUTEJIbHBIE KoJebaHusA

yPOBHel BOJbl B BogoxpaHummax (20-40 m), KoTopbie

B ycioBuAx u3aMeHeHUs KJIMMAaTa KpPyHTHOMAC-
mrtabHbIe MTOCJIEICTBUS HA Halllel IJIaHeTe MOTYT OBITh
CBsI3aHBI ¢ OOTeOXMUYECKON aKTUBHOCTBIO HA MUKPO-
CKOMMYecKkoM ypoBHe (Zona, 2016). Ilpeamnosaraiwor,
YTO NPU TMOTEIJIEHWM KJIMMAaTa 3amachkl yrjiepojia B
MHOTo0JIeTHell Mep3JioTe 6yAyT MoABepraTbcs MUKPOO-
HOMY pa3sJIOXKeHHI0, T'eHepupys [HajbHeWIui pocT
Temmepartypsl (Schuur et al.,, 2021). TasHue MHOroO-
JIETHEN MepP3JIOTHl B TIOCJIE/THUE OBl COIPOBOXAeTCs
ONACHBIMM T'€0JIOTUYECKUMHU SIBJIEHUSAMU (OTOJI3HAMU,
MpoBaJjlaMy, HABOJHEHUSMHU U [Ap.), KOTOpHIE IpeS-
CTaBJIAIOT YIPo3y A1 MHOPACTPYKTYPHl MHOTUX PETH-
oHoB B Mupe (Andres and Badoux, 2019; Patton et al.,
2019) u ABIAIOTCA BaXHOU TMPEANOCHUIKON IJIs U3Me-
HEHUS KauyeCTBa MMOBEPXHOCTHBIX U MOA3EMHBIX BOJ.
[ToBeieHWe Mep3JIbIX TPYHTOB HA KPYTHIX CKJIOHAX,
CYMTAOT (PAaKTOPOM PUCKA MPU CTPOUTEJIHCTBE JIOPOT,
mamb u akcrutyatanuu Bogoxpanwmi (Zheng et al.,
2019). HU3BecTHO, YTO BO3HUKHOBEHUI0) U PA3BUTHUIO
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IPUBOAT K MOIIHBIM BEIXOAAM ITOA3€MHBIX BOJ U pas-
pyLIeHuI0 6eperoBbIx OTMeJNeN. YCKOPATh ONOJI3HEBBIE
IIPOIIECCH MOXET pPe3Koe 3aMep3aHue BOAB B TPEIINHAX
Y TIOPOBOM MPOCTPAHCTBE TOpHBIX mopoy (Buldovicz et
al., 2018).

CorytacHO mpoBeeHHBIM pacderaMm (Makhinov
et al., 2019), nmox BnusHHUeM BypelcKoro OmoJ3HA U
IIyHaMH IUIOMA/lb Pa3pyLUIEHHOr'0 TOYBEHHOT'O IOKPOBA
cocrasuia 120 ra. Becero ¢ Hee O6b10 CMBITO 0K0J10 6000
T HEPAZJIOXKUBIIKXCS] OPraHOT'eHHO-IePHOBBIX U TOPGs-
HHCTO-OPraHOTeHHHIX BellecTB U ele 0OoJIblIe TOHKO-
JUCIIEPCHOTO OPraHNYecKoro Marepuasa. M3MmeHeHue
cocTaBa BOJBI B 3UMHUH niepuo] B bypelickoM BoJioxpa-
HmIe OBJI0 UCCIIENOBAHO HENOCPEACTBEHHO IOCTIe
CXO/a OMOJI3HS U NPOBEIEeHUs B3PHIBHBIX paboT AJist
BOCCTAHOBJIEHUSI THIPOJIOTUYECKOTO peXUMa Iepexn
mwrotuHoi I'DC (Kondratyeva et al., 2020).

[Iponecc paspylieHUs OCHOBAaHUA CKJIOHA U
HOCTYIUIEHUS] TOPHBIX MOPOJ B HEKOTOPHIX BOLOXpa-
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HWINIIAX CBA3BIBAIOT C OMOreOXUMUYECKUMU Ipoliec-
camu, TPOUCXOAMNMU MIPU EPUOINIECKOM OTTanBa-
HHMU/3aMep3aHUU TOPHBIX MOPOJ, HACHIIIEHHBIX BOJIOM
(Margesin and Collins, 2019). YcTaHOBJIeHO, YTO B
pe3yJibTaTe 3THX IPOIECCOB 00pa3ylTcs JIeTyune opra-
Huveckue BemectBa (OB), MHOrMe 13 HUX OTHOCATCA K
MpoAyKTaM MUKPOOHOro MeTaboJiriamMa 1 06pasyroTcs B
pe3yJibTaTe MeTaHOTreHe3a U MeTaHoTpodum (Yu et al.,
2017). UHTeHCUBHOCTb 0Opa3oBaHUA MeTaHa B IPUCYT-
CTBUHU I'YMUHOBBIX BellecTB (I'B) mpu oTcyTCTBUM KUC-
JI0po/ia TOJIOXKUTEIFHO CBs3aHa ¢ TeMmnepartypoii (Tan
et al., 2018). ABTOpPHI 3TO CBA3BIBAIOT C aKTUBHOCTHIO
(pepMeHTOB, y4aCTBYIOIIUX B MeTaHOreHe3e, KOTOphIE
uMeloT 6oJiee HU3KYI0 TeMIlIepaTypHYI 4yBCTBUTEJIb-
HOCTh, YeM (epMeHTHl, yYacTBYyIOIlle B MHKPOOHOM
BoccraHossieHuu I'B. [ToaToMy, nporjecc MeTaHOreHesa
MeHee BOCIPUMMYUB K TeMIEepaTypHOMY PeXumy Io
CpaBHEHMIO C IPOLIeCCOM MUKPOOHOT0 BOCCTaHOBJIEHNA
I'B (Miller et al., 2015). [TpeAmnoJiaraioT, YTO KOHEYHbIE
npoAyKTel (pepmeHTanuu OB MOryT HCIOJIb30BaThCs
CJIOXKHBIMH COOOITIeCTBaMU, COCTOSIIMMU M3 MeTaHore-
HOB Y MUKPOOPTaHHU3MOB, y4acTBYIOIIUX B TpaHchop-
Mmanuu I'B.

2. MaTepuanbl U MEeTOADI

[Ipo6s1 Bomel U3 bBypelickoro BOAOXpaHUJINILA
(BBX) 6p11u oTOOpaHsl B 3uMHUI nepuof 2018-2019
I. BBIle M HIDKe TeJjia OINOJI3HA Y JIEBOrO M IIPaBOro
6eperos. B sieTHuii nepuon 2020 r. npoOsl BOALL OTOU-
paJiu BhIIlle, HIXKe TeJia OMOJI3HA U U3 PAIOM pacloJio-
JKEHHBIX 3aJIMBOB, 3alOJIHEHHBIX ApeBeCcHHOH. JleToM
2022 r. npoBefeH CpaBHUTEJILHBIN aHAJIU3 U3MeHeHNA
cogepxaHusa OB M 4YMCIEHHOCTH 3KOJIOr0-GH3NO0JIO0-
TUYecKUX I'pyln MUKPOOPIaHM3MOB B IIOBEPXHOCTHBIX
Y NpUAOHHBIX cjioAx BoAwl. Comepxanue OB B Bode B
paiioHe OIOJI3HA OIpefesisUIM clieKTpodoToMeTpuye-
ckum MetoAoM (Shimadzu UV-3600). CrnekTpasibHBIE
XapaKTepUCTUKU BOJOPaCTBOPUMBIX dpakunii

OB ompepensanu npu A = 254 HM U A = 275 HM.
Jleryune OB ompepnesnisajy MeTOAOM ra3oBOM XpoMa-
Torpaduu c ucrnosib3oBaHuem kosoHku HP-FFAP (50
M; 0.320MmM; 0.50 MKH) Ipu UHTepBajle TeMIlepaTyp
50-230 °C. B kauecTBe MHUKpPOOMOJIOTMYECKUX IOKa-
3aTeJiell KUCMOJIb30BAJIM YHMCJIEHHOCTh OCHOBHBIX 3KO-
JIoro-GU3HNOJIOTNYEeCKUX TIpynn OaKTepHONJIaHKTOHA:
KI'b - kynbTuBHpyeMble reTepoTpodHBIe OakTepuy;
AMB - ammonudunupywoie 6akrepuu; Hb — HuTpu-
unupyromue 6akrepun; ®Pb — ¢deHope3ncTeHTHEIE
6axtepun; CPB — cynbdarpenynupylomue O6akTepun.
JJ1a KyJIbTUBUPOBAHUA UCIOJIb30BaJIU arapu30BaHHbIE
nUTaTesbHbIE CPeAbl, YMCIIEHHOCTh BhIpaXxaju B KOJIO-
Hueob6pasywuux equHunax (KOE/mir).

3. Pe3yAabTathbl M 06Ccy)xpeHue

HccrenoBaHusa kadecTBa BoAbl B DBypelickoM
BojioxpaHuuie (BBX) BOKpyr OMOJI3HA C HCIOJIb30-
BaHNEM CIIeKTPaJIbHBIX U XpoMaTorpaduieckux MeTo-
JIOB TIOKa3aJid, YTO [0 B3PHIBHBIX paboT BhIlIe Teja
ONOJI3HA [J0JIA apoMaTH4YeCKUX COoeAuHeHUH Obuia
BHIIIle y JieBoro GOepera. Huke Tesna omosi3HA codep-
XKaHue anudaTHyecKUX W apoMaTHYeCKUX CcoeauHe-
HHUII 0Ka3aJIoCh CyIIeCTBEHHO BhIllle ¥ 000ux Geperos.
[TokasaTesJbHBIM ABJIAETCA yBeJMueHHe pa3HooOpasus
Jeryuux OB y mpaBoro Gepera, ocoOG€HHO MeTUJINPO-
BaHHBIX Npou3BoAHBIX OeH3ona (Tabsnuna 1). B 3um-
HUI Nepuoj AJA BOCCTAHOBJIEHUA TUJPOJIOTHYECKOro
pexuMa OblId IpoBeAeHBl paboThl € NpUMeHeHHeM
B3PBIBYATBIX BeeCTB (TPUHUTPOTOJIYOJI, TeKCOreH),
KOTOphble OKa3aju CYIeCTBeHHOe BJIMAHME Ha COCTaB
BOABl IIPU ee B3auMOJENCTBUU C pa3MesibYeHHbIMU
FOpHBEIMU IOpoJaMu. B Boje BOKpYT ONOJI3HA OBLIN
ompejiesieHbl TOKCHYHBIE JieTyudhe coeduHeHU:s (OeH-
30JI, METaHOJI, TOJIYOJI XU KCHUJIOJIBI), KOTOPBle MOXHO
OTHeCTH K IIPOM3BOJHBIM TPHUHUTPOTOJIyoJa W/WIU
IIpoAyKTaM TpaHchopManuu MeTaHa, HaKOMNMBIIErocs
B [IOPOBOM IIPOCTPAHCTBE MEep3JIbIX IOPOJ.

Ta6smna 1. Conepxxanue OB B BypelickoM BoJJoXpaHUJIMIIE BOKPYT OIOJI3HA B 3UMHe-BeceHHUN nepuoy 2019 r.

MecTto oT60pa nnpob

Conepxxanue OB

OB, | OB

254 275

Cocras Jietyuux OB

Jo B3peIBHBIX pabot, 25.01.2019

Berimmie omosi3usa | JIB 0,324 | 0,282
e | 0,303 | 0,196

Aneranperus, alieToH, MeTaHoJI, GEH30J1, TOJIyOJI

Aneranperu, arieToH, METAaHOJI, TOJIYOJI, M-KCUJIO0JI, U30MPONIIIOEH30JT

Huxe onoszusa | JIB 0,524 | 0,312

s | 0,587 | 0,324

AreToH, MeTaHoJ1, 6€H30J1, TOJIyOJ1, OyTuianeTaT, STUI0eH30J1, KCUJIOJIBL,

l'excaH, aneToH, MeTaHoJ1, 6eH30JI, TOJIyOJI, OyTHUjianerar, 0-, M-KCUJIOJIBL,

HU30IpONuIOEeH301

OyTaHoJ1, N30IPONMIOEH301

[Tocsie B3pBIBHBIX PabOT

[Tpo6sl Boge! u3 kanana| 0,682 | 0,494
(14.02.2019)

0,521 | 0,321
0,753 | 0,545
0,724 | 0,514

Aunetasipfierui, areToH, MeTaHOJI, TOJIYO0JI,0-KCUJIOJ, N30TIPONIOEeH301
Anetasnperu, alieToH, TOIYOJI, O-, M-KCHJIOJIBI

lexcaH, anerasypferuf], alleToH, 3TUaleTaT, MeTaHoJI, TOJIYOJI, 0-, M-KCH-

T'ekcaH, aljeTajabAeru, aleToH, METaHOJI, TOJIYOJI, M-KCHJTOJI,

JIOJIBI, N30TMPONJIOEH30J1

I/ISOHPOHI/IJ'I6BH30JI

[Tpo6Grl Boge! u3 ka"ana| 0,385 | 0,211
(01.03.2019)

l'ekcan, aneranpaerus, alueToH, STUJIalleTaT, METaHOJI, TOJIyOJI, O-KCHUJIOJI,

I/ISOHpOHI/IJ'I6EH30JI
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B nernuii nepuon 2020 r. Ha U3MeHeHHe COCTaBa
BOJbl BOKPYT OIOJI3HA OKa3aii BJWsAHHE ApeBecHbIe
octaTku U OB 1ouB, MOCTYNUBIINX C TOBEPXHOCTHHIM
CTOKOM B BOJOXpaHWJIWIIE Iocje IyHamMu. BaxHbIM
daxTopom popMupoBaHUSA KauecTBa BOJBI BHICTYNAIN
MUKpobuoJiorudyeckye mpoueccsl TpaHcopmanuu OB
Pa3JIMYHOro reHesnca. JTO MOATBEpXKAAeTCs BBICOKOM
YNCJIEHHOCTBI0 PAa3JMYHBIX (U3NOJIOTUYECKUX TPyl
b6akrepuii B mpob6ax Bonbl (Tabnura 2). Beime Tena
OIMOJI3HA B 3aCTOMHBIX 30HaxX (POpMHPOBAJIUCH CJIOXK-
Hbele MUKpoOHble komiuiekchl (MK), cnocoGHble yTu-
JIM3UPOBaTh JIETKOAOCTYIIHbIE U TPYyOHO MHUHepasu-
3yeMmble OB (menToH, rymaT HaTpusA, apoMaThyecKue
coeauHeHus). CyllecTBeHHBIH Bkjag B cTpyKTypy MK
BHOCWJIM aMMOHUGUIINPYIOLMe U HUTpUPULHPYIOLe
6axTepuu, yuyacTBYIOIIMe B I[UKJIe a30Ta.

[ToBbIIEHHBIN ypOBeHb ryMUGUKalUU IPUPOJI-
HBIX BOJI BBHIIIE TeJia OINOJI3HA MOATBepXAaeTcs BHICO-
KOH 4MCJIEHHOCTBI0 ryMaTTpaHcHOpMUpYIOMUX GakTe-
puii (I'TB). Huxe Tena omoJsi3HA 3a CUeT MOBBIIIEHHOM
CKOPOCTH BOABI, IPOXOAsllell uYepe3 HCKYCCTBEHHBIN
KaHaJ1, Hab/oAany CHIDKeHNe YHUCJIEHHOCTH OCHOBHBIX
IpyII MHUKPOOPraHusMoB. IlokasaTesibHOI ABJAETCA
cTtpykrypa MK B nmpo6ax BoApl, 0OTOOpaHHBIX B 3aJIMBax
[epsoiit u Cpeguuii CaHzap cpequ Miasalollell apese-
cuHbl. MakcumansHas yucjieHHocTh I'TB u ¢eHospe-
3ucTeHTHBIX Oakrepuii (®PB), nunaukatopoB ¢GpeHOIb-
HOro 3arps3HeHus, Obla 3aperucTpupoBaHa B 3ajilBe
Cpemuuii Cangap. OTO CBUJIETEJIbCTBYET 00 aKTUBHBIX
6roreoXMH4ecKHUx Ipoleccax TpaHchopMmaluu pac-
TUTEJIbBHBIX OCTaTKOB C HaKoIlJIeHreM (peHOJIbHBIX coe-
JVHEeHUH. 3[iech )Xe yCTaHOBJIeHa MaKCHUMaJslbHas YKc-
JIeHHOCTh cyJibdarpenyuupymouux Oaktepuil (CPB),
XapakTepusylomas ¢GopMHUpOBaHNe aHA3pOOHBIX 30H U
BEpOATHOCTH BBIAIeJIEHUA CepoBOAOPOAA.

HM3BecTHO, YTO JpeBecrHa IpejcTaBJigeT coO0M
MHOT'OCJIOMHBIN TOPUCTBHI MaTepuajl, CoJepXauuil
cnenuduyeckye MoJIApHBIE IPYIIE ATOMOB, TaKKe KaK
TUAPOKCUIIbHBIE U KapOokcuiibHble rpynnsl (Mi et al.,
2020). Bxopsmue B cocTaB ApeBeCUHHl LeJUII0JIO3a
U TeMHUIeJUII0JIo3a cofepxaT OoJibllioe KOJIMYeCTBO
MOJIAPHBIX PEeaKIMOHHOCIOCOOHBIX TpyMNl, KOTOpEIe
XOpOIlO acopOMpYyI0OT MOHBI MHOTHMX MeTaslsioB (Sun
et al., 2021). ®akTUYeCKU B 3aJIMBAX CpeIU 3aTOILIEH-
HOH JipeBeCHHBl MOT'YyT (pOpMUPOBATbCA YCJIOBUA OJIA
aKTHBHOIO BHIIIeJIaYMBAaHNA MOHOB MeTaJlJIOB U3 Iop-
Heix nopof. [IpucyrcrBue CPB sABisdeTcsa mpeAnocChbuI-
KOH K IIOBBIIIEHUI0O PacCTBOPHUMOCTH MHOTUX 3JIeMeH-
TOB, BKJII0YAs MOHHI Xeje3a U pTyTH.

B nernuii mepuopn 2022 r. mpousonuIud cyle-
CTBeHHbIe M3MeHeHusd B o01eM cofepxanuu OB B pail-
OHe OII0JI3Hs, 0cO0eHHO B 3asiuBax IlepBoiii 1 CpeHUN
CaHpap, 3a cueT MOBBIIIEHNUA B HUX YPOBHSA BOJBL. JTO
IIPMBEJIO K CHIDKEHUIO obIero comgepxanus OB u ero
apoMaTHU4ecKOl COCTaBJIAlIell B IOBEPXHOCTHBIX
CJIOAX BOJBI BHIIIIE M HIKe Tejia onoJsi3Ha (Tabsmma 3).
OpnHako ObUIM yCTaHOBJIEHHI NTOBBHIIIIEHHBIE KOHI[EHTpa-
1y OB B IPpHUIOHHBIX CJI0SAX BOJBI BhIIIE TeJia ONOJI3HA
Ha riyOnHe 65 M 3a cueT ceJUMeHTal[Y [TOCTYNA0MIX
B3Becell. Huke Tesla OMOJI3HA MOCJe WHTEHCUBHOTO
nepeMellIMBaHusA BOABI, IPOXOAAIIEl dYepe3 MCKYC-
CTBEHHBIN KaHaJ, coAepxxaHue OB BbpaBHHUBAJIOCh B
[IOBEPXHOCTHBIX M IPUAOHHBIX CJI0AX (35 M) BOAHL.

CHumxeHue obmiero copepxanus OB B npupof-
HBIX BOAAX COIIPOBOXAAJIOCh CHIXXeHNEM 4HCJIEHHOCTU
OOJIBIIMHCTBA 35KO0JIOr0o-QU3NOJIOrMYecKux rpynn. B
IIPUJOHHBIX CJIOSAX BOJBI BHIIIE TeJa ONOJI3HA, HECMO-
TPsA Ha IOBHIIIEHHOE cojepxaHue anndaTrudeckux u
apomatudeckux OB, YKCJIEeHHOCTh BCeX I'PYIII MUKPO-
OpraHu3MoOB OKa3ajach AOBOJIBHO HU3KOH. BeposTHO,
3TO CBA3aHO C NPUCYTCTBHEM CTOMKUX OpraHWYeCKUX
BellleCcTB U MeAJleHHBIM MeTabosm3MmoM MK. OgHako B
BOJIaX 3aJIMBOB IO-IIpeXXHeMY Obljla MOBBIIIEHHAsA 4KC-
JIEHHOCTh HEKOTOPHIX (GPU3MO0JIOTMYECKUX I'PYII MUKPO-
Opra’usmoB. JJoMHUHUpYIolllee II0JI0XKeHNe B CTPYKType
MHKPOOHOTr'0 KOMILJIeKca 3aHUMaJIu cyJibdaTpeaynupy-
omue 6akrepun (CPB). Oco6eHHOCTHI0 MEJIKOBOJHOT'O
3anuBa IlepBbill Obl1a BHICOKAaA YMCJIEHHOCTb Oakre-
puli, pacTyuux Ha NUTaTeJIbHOU cpefie, cofiepXxalieil B
KayecTBe UCTOYHUKA yIjlepoja ryMmart Hatpus. B 3anuse
Cpemuuii Cangap uucieHHocTs I'Th 6p1a conocraBu-
MO C JpyrMMH MecTaM{ OoTOopa npoO BOABI BOKPYT
TeJia OINOJI3HA, BKJII0Yas IPUJOHHBIE CJIOH BOJBIL.

W3 mpob6 BoAwl ¢ pa3HbBIX yyacTkoB BBX B 30He
BJINAHUA OIOJI3HA BBIJEJIeHO 62 mTaMma MHUKPOOpra-
HM3MOB. Bce mTaMMBbl 0OKa3ajiuch yCTONYUBBIMU K COJIN
prytu Hg(NO,), B koHueHTpanuu 10 mr/i1. Cpean HUX
0k0J10 50% mTaMMOB POCJIM Ha arapu30BaHHBIX cpeax
B mpucyrtcrBuu 100 mr/n 3Toi conu. MakcumasipsHoe
KOJIN4EeCTBO PTYyTbPE3UCTEHTHHIX LITAMMOB BBIJIeJIEHO
13 MPUJOHHBIX CJIOEB BOJBI BBIIE Teja ONOJI3HA Ha
riayouHe 65 M. OTJIMYaIMCh YCTOMYMBOCTBIO K BBHICO-
KUM KOHIIEeHTpalUAM COJIM PTYTU IITaMMEI, BblieJIeH-
Hble 13 BoAwl 3ay1uBoB IlepBriii 1 Cpeguuil CaHpap, B
KOTOpPBIX IPUCYTCTBOBAJIa 3aTOIJIEHHAsA JpeBecrHa.

Hs3BecTHO, 4TO HauboJiee BBICOKOU TOKCHY-
HOCTBI0 XapakTepusyeTcs MeTWIMpOBaHHasA ¢opma
PTyTH, KOTOpas HMeeT TeHIEeHINI0 HaKallJInBaThCA

Ta6uuna 2. YncjaeHHOCTh PasIMYHbIX (GU3UOJIOTMYEeCKUX Ipymn MukpoopranuamMos (KOE/mu) B akBatopum Bypetickoro
BOJIOXPAHUJIUIIA B 30HE BJIMAHUA OMOJI3HA (10Jib, 2020 T.)

No MecTo oT6opa KI'b AMB HB I'Tb dPb CPb
n/n
1 Briliie Testa OmoJi3HA 301+9 256 +31 277 £45 27366 9+4 50+3
2 Huxe Tesia onosi3HA 82+37 98 +56 9+2 37+9 0 107 =11
3 3amnus IlepBbIit* 584+36 8141 680+18 497 +14 13+4 19115
4 3anuB CpegHuii 710x42 160061 693+12 1717 =109 550+6 51022
Canpgap*

IIpumeuanme: * — cpenu miasamoiel npeBecunsl; KI'b — kysipTuBupyemsle rereporpodnsie 6akrepun, AMB — ammonuduiu-
pymotue 6akrepuu, Hb — Hurpudunupyromue 6akrepun, I'Tb — rymar Tpanchopmupytomue 6akrepun, ®PB — peHoIpe3ucTeHT-

Hele 6aktepun, CPB — cynbbaTpenyuupyiomye 6aKTepun.
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Ta6suna 3. Conepxanue OB 1 uKCJIEeHHOCTh Pa3jIMYHbIX (PU3MOIOrHYecKuX Ipyni MUKPOOpraHu3MoB B BypelickoM Boo-

XpaHWIulle B parioHe onoJj3HA (aBryct, 2022 r.)

Mecro oT60opa Conepxxanue OB YUCIJIEHHOCTh 3K0JIOr0-(p1310JI0rn4ecKux rpynin MUKPOOPraHu3-
npo6 MmoB, KOE/Mu
OB, OB, KI'B AMB HB CPB I'TB
3asus IlepBriit 0,206 0,207 141+2 82+4 60+1 140+4 <500
3anuB 0,163 0,130 151+12 82+4 82+3 282+4 49+3
Cp. Canpap
BTO, I1B 0,274 0,219 63+14 40x6 22+1 342 472
BTO, 1B-65 0,415 0,337 75x4 361 28=1 80%3 42+3
HTO, IIB 0,343 0,277 99x11 25%2 13+0,2 74%x2 313
HTO, [IB-35 0,297 0,239 853 281 29+0,2 66+ 3 25+2

ITpumeuanue: BTO - Boie Tesra onosi3HA; HTO — Huxe Tesia onosi3HsA; [1B — moBepxHOCTHBIN cj1o8 Bogs! (0,5 M) u 1B — npu-

JOHHBIE CJIOU BOJIbI Ha Ty1ybuHe 65 M (BTO) u 35 m (HTO).

B XMPOBOIN TKaHU BOJHBIX OPraHU3MOB, U dp(deKT ee
BO3/JIe1ICTBUA YCUJIMBAETCA M0 NUIIEBOH Ifenu Ao Oosiee
BHICOKUX Tpoduueckux ypoBHel (Zhao et al., 2018). B
pe3yJbTaTe 3KCIepUMeHTaJIbHBIX MCCIeJOBAaHUN PTYT-
HOrO 3arpsA3HeHus BoAoXpaHwWauma «Tpu yIienbsa»
(KHP) ycTaHOBJIEHO, YTO BaXXHYIO POJib B MEeTUJINPOBA-
HUU PTYTU UTparoT cysbdaTpeaynupylomue 6akTepun
(Cao et al., 2021).

[TpoBemeHHble HccaeoBaHWA Ha Bypeiickom
BOJIOXpaHWINIe IOKa3ajad, 4TO Ipefesibl yCTONYu-
BocTu MK K pTYyTHOMY 3arps3HEHUI0 3aBHCAT OT HUX
MeCTOOOUTaHUA. BaxHyl poJib UIpalT Y4YacTKU C
aKTUBHOU ceUMEHTAaIel B3BelIeHHOr0 Marepuasa B
NPUAOHHBIX BOJAX, 3aJIUBhI, 3all0JJHEHHBIE pacTUTEJIb-
HBIMM MaTepuajaMy 1 MprOpexXHble y9acTKH C IOBEepX-
HOCTHBIM CTOKOM pa3pylIeHHOI'0 TIOYBEHHOT0 IOKPOBa.
MaxkcuMasibHOM pe3rCTEeHTHOCTBIO K COJIM PTYyTH OTJIU-
yaauch cyabdaTpenynupykomue O6akTepuu H3 3aju-
BoB. COIJIaCHO pOCTy YMCJIEHHOCTU CyJibdaTpenyru-
pylomux O6akTepuii, B IPUPOAHBIX Bojdax Byperlickoro
BOJIOXPaHWJININA B 30HE BJIUAHUA OINOJI3HA CYyILIEeCTByeT
3KOJIOTMYECKUN PUCK 00pa3oBaHUA TOKCUYHON MeTHU-
JIMPOBAHHOU PTYTH.

4. BbiBOADbI

[IpoBegeHHble HCCIENOBAHUA TOKa3ajad, YTO
B aKBaTOpUU ONOJI3HA B IMOBEPXHOCTHHIX Bodax BBX
MpU MOCTYIUIEHUU pa3MeJIbu€HHBIX TOPHBIX MOPOA U
pacTUTEJBbHBIX OCTATKOB IMpou3onuio GopmMupoBaHUe
6uoreoxrumuyeckoro 6apbepa ¢ 0COOOUN CTPYKTYpOH
MHUKPOOHBIX KOMILJIEKCOB, CIIOCOOHBIX MCIIOJIb30BaTh
B KayecTBe MCTOYHUKOB NMUTAHUA CTOLKHE OpraHude-
CKue BelllecTBa. B 3uMHUI Ilepuof IMocJjie IpoBefeHUs
B3PBIBHBIX paboOT B BOAY MNOCTYyNWJIA NPUPOAHBIE U
anTponorenHsle OB. Cpeau OB npupoAHOro reHesuca
MPUCYTCTBOBAJI OpraHUYecKre CoeqUHEeHHUs U3 MOpo-
BOTO IMPOCTPaHCTBa pa3MeJIbUYeHHBIX TOPHBIX MOPOA U
TEeppPUreHHBIN MaTtepuas. B 3uMHMI mepuof 5KO0JIOTU-
YyecKue PUCKU U3MeHeHHUs cocTaBa BoAwsl B BBX Owuin
CBAI3aHBI C MOCTYIUIEHHEM OO0JIbIIOro o0beMa HPOAYyK-
TOB JIeTOHAI[UM B3PHIBUATHIX BelleCTB M BOAOPAaCTBOPU-
MBIX METHJICOAEPXKaI[UX apoOMaTUYEeCKUX COeNHEeHUN
MHUKPOOHOTO MeTaboJi13Ma, BKJI0Yas MeTaHOJI.
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BaxHoe MecTo B jJieTHUI nepuo 3aHuMaiu OB,
OTHOCAIMKecA K NpoAyKTaMm TpaHchopManuu pacTu-
TeJIbHBIX CyOCTpaToB, BKJII0Yasg TYMHUHOBEHIE BelllecTBa.
HcTOouyHMKOM ImOCTyIUIEHUsA MNpUpoAHBIX OB BBICTY-
NajJi 3aJIMBHI, 3allOJIHEHHBIE pa3po0JIeHHOUN JpeBe-
CUHOU. PassioxeHne pacTUTEJIbHBIX OCTATKOB COIpPO-
BOX/JAJIOCh yBeJWYeHNEeM I[BeTHOCTH BOZBI 3a CUET ee
ryMubuKanuy Mpyu y4acTUU PasJNYHBIX TPYNI reTe-
POTPOdHBIX MHUKpPOOPraHM3MOB. buoreoxumuuyeckas
Tpanchopmaliusas OB pacTUTEBHOTO MPOUCXOXAEHU
ABJIAETCA TPUYMHON yBeJWYEeHUSA CcOoJepXaHus pac-
TBOPUMBIX METWJIMPOBAHHBIX ITPOM3BOAHBIX OEH30Ia,
CIIOCOOHBIX BBI3BIBATh IIPOAOJIKUATEJIbHBIE TOKCHUKOJIO-
rudeckre 3¢@eKTsl y THAPOOMOHTOB BOKPYT OIOJI3HSA.
Kpome TOro, B 30He BJIMAHUA KPYIHOTO OMNOJI3HA HAa
BypetickoMm BogoxpaHuiuile (GopMUPYIOTCA MHUKPOO-
Hble KOMILJIEKCHI, CIOCOOHBIE y9acTBOBATh B METUJINPO-
BaHUM PTYTU. JJOMUHUPYIOIIYIO POJIb B 3TOM IIpoljecce
MOTYT UrpaTth cyjabdarpeaynupymoime 6akTepun.
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