Limnology and Freshwater Biology 2025 (4): 794-803 DOI:10.31951/2658-3518-2025-A-4-794 SI: “The VIII-th Vereshchagin Baikal Conference”

Short communication

Features of sulfate r_eductlon by I IMNOLOGY
groundwater microbial complexes FRESHHTWATER

BIOLOGY

M

Andreeva D.V.*, Kondratyeva L.M.

Institute of Water and Ecology Problems, Far Eastern Branch of the Russian Academy of Sciences, Dikopoltsev St., 56, Khabarovsk,
680000, Russia

ABSTRACT. Sulfate reduction is an important biogeochemical process in underground aquifers. The
presence of hydrogen sulfide in the environment is a marker of the destruction of organic matter in
anoxic conditions and the activation of microbiological processes. Research into the nature of interac-
tion between surface and groundwater is relevant for assessing the sanitary and hygienic indicators of
drinking water. The paper describes the results of determining the content of organic matter, hydrogen
sulfide and the abundance of sulfate-reducing bacteria in groundwater of the riverbank filtration zone.
It has been established that the activity of sulfate reduction processes in groundwater varies signifi-
cantly in space and time. The maximum number of sulfate-reducing bacteria was accompanied by active
formation of hydrogen sulfide in the aquifer after spring snowmelt at a depth of 45 m in wells located
at a distance of 1500 m from the riverbank. At a distance of 50 m from the riverbank, the quality of
groundwater changes significantly in the upper aquifer in the summer-autumn period, especially after
floods.
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1. Introduction (Kondratyeva and Andreeva, 2018). The formation of
water quality in the riverbank filtration zone (RBF) is
determined by many factors: hydrological, geological,
hydrochemical and hydrobiological. When pollutants
are transformed in the aquatic environment, a signif-
icant portion of organic impurities may be products of
microbial origin (Kondratyeva and Litvinenko, 2015).
Groundwater microorganisms exist in complexly struc-
tured consortia (Flemming and Wuertz, 2019). The
following biogeochemical processes occur in intercon-
nected manner in groundwater: aerobic oxidation of
organic matter (OM), denitrification, reduction of man-
ganese (IV) and iron (II), sulfate reduction (Miao et
al.,, 2012) and methanogenesis. Sulfate-reducing bac-
teria (SRB) and methanogens, occupying the same eco-
logical niches, often use the same nutrient substrates,
in particular acetate, formate and molecular hydrogen.
Therefore, a competitive struggle arises between them
for the possession of these substrates, the advantage in
which belongs to sulfate-reducing bacteria (Garkusha
et al., 2023). The important ecological significance of
SRB is associated with their participation in the process

In connection with global pollution of the hydro-
sphere and the prevention of environmental risks, there
is a tendency throughout the world to reorient drinking
water supply of the population from surface sources to
groundwater. Particular attention in optimizing water
resource management is paid to their protection, the
transport of pollutants and the response of groundwater
to stress. (Bakx et al., 2023). Therefore, research on cal-
culating the time of spread of pollutants when under-
ground aquifers mix with surface waters is becoming
relevant. (Lee et al., 2015). It is generally accepted
that high-velocity groundwater flows are often located
near the discharge zone of river basins. (Singh et al.,
2010). In the zone of interaction of river and ground-
water, a biogeochemical barrier is formed with special
physical and chemical conditions that depend on the
hydrological regime and the activity of biogeochemical
processes. Groundwater pollution is a major problem
when used at riverine water intakes.

A significant deterioration in the quality of
groundwater is observed during floods on large rivers
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of destruction of OM and the production of a chemi-
cally active substance - hydrogen sulfide.

In our studies, the number of SRB and the con-
tent of hydrogen sulfide (H,S), the accumulation of
which leads to a significant change in the organoleptic
properties of groundwater, were used as an indicator of
sulfate reduction activity. Hydrogen sulfide dissolved
in water is the total content of undissociated molecules
of gaseous H_S, hydrosulfide ions HS' and, very rarely,
sulfides S* (at pH>10). The ratio is determined mainly
by the pH value of the water, and to a lesser extent by
temperature and mineralization. It has been previously
shown that the concentration of hydrogen sulfide in
groundwater depends on the content and composition
of OM (Kondratyeva and Andreeva, 2018), as well as on
the presence of specialized ecological and physiological
groups of microorganisms, including SRB. The number
of SRB characterizes the oxidation-reduction situation,
the presence of sulfates and oxygen deficiency in the
aquatic environment. It is known that SRB act as a key
microbiological methylator of mercury in many aquatic
systems, which are capable of oxidizing various carbon
sources at a temperature of 0°C (Zhang et al., 2022).
Sulfate-reducing and iron-reducing bacteria are the
main microorganisms involved in mercury methylation
in rice paddy soils, sediments, oceans, lakes, and gla-
ciers. (Lin et al., 2021; Zhang et al., 2020).

The aim of our research was to assess the role
of the sulfate reduction process in the formation of
groundwater quality in the riverbank filtration zone
under different hydrological regimes.

2. Materials and methods

The territory of the Amur-Tunguska interfluve
is part of the province of iron-containing, manga-
nese-containing and silicon-containing fresh ground-
water with low concentrations of fluorine. The features
of the chemical composition formation of groundwater
in the Amur-Tunguska interfluve depend on the reduc-
ing environment in the cover of the Middle Amur arte-
sian basin (Kulakov and Andreeva, 2016). The Middle
Amur artesian basin, located in the middle reaches of
the Amur River on the territory of Russia, is part of
the single Sanjiang-Middle Amur artesian (sedimen-
tary) basin, the southwestern part of which is located
in China (Fig. 1).

Three well clusters located at different distances
(clusters 1 - 50, cluster 2 - 500, cluster 3 - 1500 m) from
the left bank of the Pemzenskaya channel were selected
for the study (Fig. 1). The tiered clusters consist of three
compactly located wells equipped with 2 m long filters
at different depths of the aquifer (Table 1). Water was
sampled with use of a GRUNDFOS submersible pump
after 15 minutes of pumping from different depths of
the aquifer. River water was sampled from a depth of
0.5 m from the surface, 50 m from the riverbank. The
depth at the place of river water collection is 4.5 m.
Samples were collected from 2013 to 2024 in spring
(March), summer (August) and autumn (November).

The mass concentration of hydrogen sulfide
was determined by the photometric method with
N,N-dimethyl-n-phenylenediamine on a SHIMADZU
UV-3600 spectrophotometer at A 667 nm (GD
52.24.450-2010). The abundance of cultured heterotro-
phic bacteria (CHB) in water samples was determined
by the limiting dilution method on fish-peptone agar
(FPA) diluted 10 times (FPA:10). Ammonifying bacte-
ria (AMB) involved in the process of ammonification of
organic matter were grown on FPA. For SRB, Postgate C
medium was used (Postgate, 1984). The abundance was
expressed in colony-forming units (CFU/mL). The total
content of dissolved organic matter was determined at
A = 254 nm and expressed as the spectral absorption
coefficient (SAC,_,, abs. units) (Kumar, 2006).

254
3. Results and discussion

Hydrogen sulfide in natural waters is a product of
reduction processes occurring during the biochemical
decomposition of toxic substances, both of natural ori-
gin and those entering with wastewater from the chem-
ical, pulp and paper and food industries, and domestic
wastewater. These processes occur most intensively in
groundwater and bottom layers of surface water bod-
ies, characterized by weak mixing under conditions of
oxygen deficiency.

To assess the role of the sulfate reduction process
in groundwater in the RBF zone, in addition to deter-
mining the concentration of hydrogen sulfide, studies
were conducted on the number of SRBs involved in the
biogeochemical cycle of sulfur.

The formation features of the chemical com-
position of the groundwater of the Tunguska deposit
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Fig.1. Layout of the research area: 1 — Middle Amur artesian basin; 2 — Amur-Tunguska interfluve; 3 — state border; 4 — well
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depend on the reducing environment, which leads to
the accumulation of increased concentrations of iron
and manganese. Groundwater in the studied wells is
hydrocarbonate with a mixed cationic composition.
The hydrogen index (pH) varies from 6.0 to 6.8. The
concentration of sulfates in the upper aquifer varies
from 5.5 to 7.8 mg/dm?®. There is no dissolved oxy-
gen in groundwater. The oxidation-reduction poten-
tial of groundwater is in the range from minus 100 to
plus 100 mV. The content of dissolved organic carbon
(DOCQ) varies from 0.2 to 2.1 mg/dm?. However, during
the flood period (August-September 2013), the concen-
tration of DOC in the groundwater of the upper aquifer
located in the Pemzenskaya channel zone increased to
7.5 mg/dm3.

Hydrogen sulfide and sulfate-reducing bacteria
were detected in all studied wells. The accumulation of
H,S in groundwater is prevented not only by the over-
all low content of sulfate ion, but also by the constant
presence of iron oxide in the solution, which binds it.
The content of this gas in well water varied over a wide
range: from 0.005 to 0.072 mg/dm? (Fig. 2). Elevated
concentrations of H,S were recorded in the summer-au-
tumn period of 2013 and 2019 in the middle and lower
layers of the aquifer in groundwater in the RBF zone.
The minimum values of H,S concentrations in water
were determined in the upper layers of the aquifer. It
was found that in all wells there is a regular increase in
the H,S concentration with depth.

“““ upper aquifer

0,15

= middle aquifer

In September 2013, during the flood on the
Amur River, there was a decrease in the concentration
of H,S and an increase in the number of sulfate-reduc-
ing bacteria, which is probably due to the flow of sur-
face water into the aquifer, since the floodplain where
the wells were located was flooded to a depth of 3 m.

The content of organic matter, hydrogen sulfide
and the number of SRB (Table 1) in groundwater in
the coastal zone varies both during the seasons and by
the location of the wells. The maximum diversity of
components (PACs, phenols and low molecular weight
alkanes) and high OM content were observed after
spring snowmelt and especially after the flood, in wells
located close to the riverbank. A high similarity with
river water in terms of total OM content, determined
spectrophotometrically with use of SAC,,,, was charac-
teristic of groundwater sampled at a distance of 50 m
from the riverbank.

In August 2013 and 2019, during the period of
high water levels on the Amur River, the maximum
abundance of SRB was recorded in all the studied wells
and the Pemzenskaya channel. It should be emphasized
that the number of SRB in wells 1001-1 and 1003-3
was comparable in high (~ 500 CFU/ml). During
this period, the maximum number of sulfate reducers
(725 CFU/ml) was observed in the surface layer of the
aquifer in well 1002-1, located outside the water intake
area near summer cottages.
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Fig.2. Long-term dynamics of hydrogen sulfide content (mg/dm?) in groundwater.
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Table 1. Seasonal dynamics of the abundance of sulfate-reducing bacteria in groundwater and river water (RW), CFU/ml

Water | Aquifer. 2013 2019 2024
smples[epthns March August | November March August | November March August | November
RW 45 79.6+7.2 |435.2+26.5|236.2+22.3[127.6+13.2| 456+11 | 84.3+52 | 63.8+4.4 | 88.4+7.9 | 454+52
10011 Ulpé";r' 85.3+8.3 [503.5+20.7[123.8+12.1] <10 500 24.0+2.0 | 72.426.1 | 85.2+7.5 |312.7+19.3
1001-2 M;‘éd;e' 114.2+10.5(512.7+30.5|257.4+24.3] <10 96+9 | 78.4+3.1 ; ; ;
1001-3 Lg‘é"‘;r' 124.7 +11.4|534.6 £32.8|282.0+26.3] <10 124+10 | 32.0+23 | 89.1+7.8 | 73.9+6.6 | 86.5+8.3
Upper.
10021 | “PPO" | 97.3+8.9 |725.4+43.6/216.2+18.4|115.3+10.4| 725+34 | 56.3+2.8 ; ; ;
1002-2 M;‘;d;e' 135.2+13.7|446.3+27.2|245.3+23.7| 98.2+83 | 56+6 | 486+25 | 62.5+38 | 65.3+6.2 [524.3+24.7
Lower.
1002-3 | 900" |247.4+24.6|468.7+28.3(278.7+25.2| <10 245+21 | 26.4+2.2 ; ; ;
1003-1 Ung‘g' 54.6+3.2 [427.3+24.4[136.5+146] <10 48+4 32.6+2.4 | 49.7+4.3 | 32.7+1.8 |548.4+25.3
1003-2 M;‘édée' 82.2+58 [459.5+27.8(232.7+21.4] <10 235+19 | 46.4+25 | 755+7.2 | 56.5+5.9 |728.2+31.5
1003-3 Lg“""zr' 123.4+11.3[497.8+29.2|203.4+26.8] <10 456+22 | 98.2+6.5 | 92.8+7.9 | 72.6+6.4 |473.8+23.5

River water in the late autumn period was char-
acterized by a high number of all groups of heterotro-
phic microorganisms. This is due to the high content of
organic matter of plant origin coming from surface run-
off, as well as low water content. In wells located close
to the riverbank (50-500 m), the high concentration of
hydrogen sulfide (from 0.035 to 0.054 mg/dm?) was
recorded in the lower aquifer in August 2013. During
the catastrophic flood of 2013 on the Amur River (July,
August), there was a decrease in the concentration of
hydrogen sulfide and an increase in the abundance of
SRB (Kulakov and Andreeva, 2016). In addition, the
increase in the number of SRB in surface waters in the
Khabarovsk region during the 2013 flood was associ-
ated with changes in oxidation-reduction conditions. At
low water levels in June 2023, the maximum hydrogen
sulfide content (0.062 mg/dm?®) was recorded in the
lower layer of the aquifer in a well located close to the
riverbank, compared to river water (0.021 mg/dm?).

The minimum abundance of sulfate reducers was
found in all studied wells in March 2019, despite the suf-
ficient amount of dissolved organic matter and sulfates
in groundwater. The autumn period of 2019 character-
ized by a decrease in the number of SRB in all studied
wells to 98 CFU/mL against the background of a high
concentration of sulfates (from 10.0 to 27.0 mg/dm?).
In November 2019, the number of SRB in the
Pemzenskaya channel decreased by approximately 5
times compared to the summer period.

4. Conclusions

The conducted studies of the seasonal dynamics
of the hydrogen sulfide content and organic matter, as
well as the number of different groups of microorgan-
isms in groundwater indicate their significant differ-
ences depending on the location of the well and the
depth of water sampling. Changes in the qualitative
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composition of groundwater at natural biogeochemical
barriers depend on the activity of sulfate reduction in
the layers of the aquifer, microbiological processes of
transformation of OM entering with river filtrate, as
well as on the hydrological regime of surface waters.
According to long-term studies of the composition of
groundwater based on chemical and microbiological
indicators, it has been established that in order to pre-
dict and ensure sustainable quality of drinking water,
it is necessary to take into account the multifactorial
nature of the interaction of river and groundwater,
including seasonal changes in the hydrological regime
and the nature of the distribution of OM across the
aquifer.

The main biogeochemical factors influencing the
dynamics of sulfate reduction in groundwater include:
anaerobic conditions, the presence of organic matter,
the presence of sulfates and sulfate-reducing bacteria.
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Oco6eHHOCTH cyanbdpaTpeAYKUMH LIMNOLOGY
MMKPOOHBLIMM KOMNAEKCaMH NOA3EMHbIX FRESEHTWATER
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AHHOTAILHA. CynbbaTpeayKnusa sABISAETCA BAXKHBIM OMOr€OXWMMUYECKHM IIPOLIeCCOM B MOA3EMHBIX
BOJIOHOCHBIX FTOPU30HTaX. [IpucyTCTBUE CEPOBOAOPOAA B Cpelie ABJIAETCA MapKepoM pa3pylleHus opra-
HUYECKUX BEIeCTB B OECKUCIIOPOAHBIX YCJIOBHAX M aKTUBU3ALMU MHUKPOOMOJIOTMYECKUX IIPOLIECCOB.
HcciienoBaHusa xapakTepa B3alMOMEMNCTBUA NOBEPXHOCTHHIX U IOA3€MHBIX BOJ ABJIAIOTCA aKTyasib-
HBIMU ISl OLIEHKU CaHWTapHO-TUTHMEHWYeCcKHX IoKa3aTeJsiell NUTheBOM BoAbl. B pabore paccmarpu-
BAIOTCA pe3yJIbTaThl ONpeAesIeHUsA COAepXaHWUsA OpPraHMYeCKUX BEIeCTB, CEPOBOAOPOJA U YMCJIEHHO-
ctu cyabdaTrpeaynupyonmx 6akTepruil B IOA3EMHBIX BOAAaX B 30HE PEYHOU GeperoBor (UIIbTPAIUU.
YCTaHOBJIEHO, YTO aKTUBHOCTH MPOLIECCOB Cyab(aTpeAyKIMH B IOA3EMHBIX BOAAX CYL[ECTBEHHO H3Me-
HAETCA B MIPOCTPAHCTBE U BO BpeMeHU. MakcuMaibHasA YMCJIEHHOCTh CyJibdaTpeaylupyomux 0aKre-
pHii conpoBoXaajiach akTHBHEIM 00pa3oBaHUEM CEPOBOJOPO/IA B BOJOHOCHOM I'OPU30HTeE [OCJIe BeceH-
HEro CHeroTasHus Ha ITyOuHe 45 M B CKBa)KMHAaX, PacClOJIOXKEHHBIX Ha paccTtosHuu 1500 m ot Gepera.
Ha paccrosnnm 50 M OoT Gepera Ka4ecTBO MOJA3E€MHBIX BOJ CYI[eCTBEHHO M3MEHSETCs B BepXHEM BOJIO-
HOCHOM IOpPU30HTe B JIeTHe-OCEeHHUI Iepuo/i, 0COOEHHO IT0cjle HAaBOAHEHU.

Kitioueavie citoga: cyibdaTpeayKiys, opraHnuecKye BellecTBa, MoA3eMHbIe BOJIbI, peuHas GeperoBas GpuiabTpanus

Jlna nutupoBaHuAa: AHnpeesa [1.B., KouapateeBa JI.M. OcobeHHOCTH cyabdaTpeAyKIIMd MUKPOOHBIMHU KOMIIJIEKCAaMU TOA3€M-
HBIX BoA // Limnology and Freshwater Biology. 2025. - Ne 4. - C. 794-803. DOI: 10.31951/2658-3518-2025-A-4-794

1. Beepenne npo6sieMoll IpU UX MCIOJIb30BAaHUM HA IPUPEYHBIX

BOJi03abopax.

3HauuTesIbHOE YXy[lleHHe KauecTBa IO3eM-
HBIX BOJ HabOiofaeTcA BO BpeMs HaBOJHEHUIN Ha
kpynHeix pekax (KongpatbeBa m Anppeesa, 2018).
dopMupoBaHue KadyecTBa BOABI B 30He PeYyHON Oepe-
ropoii ¢uinbptpanuu (Pb®d) omnpepesnseTrcs MHOTUMU
(dakTopamu: THIOPOJIOTUYECKHMH, TI'€0JIOTHYECKHIMH,
FUPOXMMHUYECKUMH U TuApobuosiornieckumu. Ilpu
TpaHchopMalUy 3arpsA3HAIIINX BeLeCTB B BOAHON
cpelle 3HAYMUTEJIBHYIO [IOJII0 OpraHuYecKux IpuMe-
ceil MOTYT COCTaBJIATh MPOAYKTHL MHUKPOOHOTrO IMpO-
ucxoxnaenusa (Kondratyeva and Litvinenko, 2015).
MuUKpOOpraHu3Mbl IOL3EMHBIX BOJ CYIIECTBYIOT B
BUJIE  CJIOXHO-CTPYKTYPUPOBAaHHBIX  KOHCOPIYMOB
(Flemming and Wuertz, 2019). B mom3eMHBIX BOJax
B3aMMOCBA3aHO MPOUCXOJAT cJleAyIoliie OLOreoXuMU-
YyecKue Mpolecchl: a3poOHOe OKHCJIeHHe OpraHuYecKux
BemectB (OB), peHuTpuduKanus, BOCCTAaHOBJIEHNE
maprasna (IV) u xenesza (III), cynpdarpenykuusa (Miao
et al., 2012) u mertaHoreHe3. CyjbpdaTpeayupyoire
6akrepun (CPB) 1 MeTaHOTeHBI, 3aHUMAasA OAHU U Te Xe
3KOJIOTHYecKHe HUIIM, HepeJKO MCIIOJIb3yIT OAWHa-

B cBsA3u ¢ ri1o6abHBIM 3arpsA3HEHUEM THIAPOC-
depsl 1 pegOTBpaIleHNEM JKOJIOTMYECKHUX PHUCKOB BO
BCEM MUpe IPOCIIeXUBAETCA TeHAEHIUA epeopreHTa-
LU TTUTHEBOTO BOJIOCHAOKEHUA HAaCeJIEHUs C TIOBEPX-
HOCTHBIX KCTOYHMKOB Ha IO[3eMHble Boabl. Ocoboe
BHMMAaHUE TIPU ONTHMH3ALMU YNPABJIEHUS BOJHBIMU
pecypcaMy yAEJAIT WX 3allUI[eHHOCTU, MepeHOCY
3arpA3HAINIMX BEI[eCTB U Peakluy MOA3EMHBIX BOJ
Ha crtpecc (Bakx et al.,, 2023). ITosToMy akTyasb-
HOCTb TPUOOPETAIOT HCCIIEJOBAHUA IO pacyeTy Bpe-
MEHHU PaclpoCTPAaHEHHUs 3arpA3HANIINX BEIIECTB MpU
CMEMIMBAHNU TO3€MHBIX BOJOHOCHBIX TOPHU3OHTOB C
MoBepXHOCTHHIMU BoAamu (Lee et al., 2015). [TpuHATO
CUUTATh, YTO BBICOKOCKOPOCTHBIE TMOTOKH IO3E€MHBIX
BOJ] YaCTO PACIIOJIOKEHHBI BOJIM3U 30HBI pa3rpy3ku Gac-
ceriHOB pek (Singh et al., 2010). B 30He B3aumojein-
CTBUS PEYHBIX U MIOJI3€MHBIX BOJl GOpMUpYyeTCsA Groreo-
XUMUYECKHUH 6apbep ¢ 0COOBIMU HUBNKO-XUMUAYECKUMU
YCJIOBUAMHM, KOTOPHIE 3aBHUCAT OT TUOPOJIOTHYECKOTO
peXuMa W aKTUBHOCTU OHOTreOXUMHUYECKUX IPOIlec-
COB. 3arpsi3HeHUeE IMOJ3EMHBIX BOJ ABJIAETCS BaXHOM
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KOBBIe IIUTaTeJIbHble CyOCTpaThl, B YaCTHOCTU aleTar,
dopMuat u MoJieKyJIApHBEIN Bogopod. IloaTomy mMexay
HUMH 3a o0JlaflaHue 3TUMU cyOcTpaTaMH BO3HHKaeT
KOHKypeHTHas1 0Oopb0ba, NpenMyILIecTBO B KOTOPOH
NpUHAAJIEXUT cyJb(aTpeAynupylomuM 6OakTepusaMm
(T'appkyma u ap., 2023). BaxxHoe 3K0J0rUUecKoe 3Ha-
yeHue CPb cBA3aHO ¢ uX yyacTueM B IIporecce JeCTpyK-
uuu OB m nmpoAyLMpoOBaHUN XUMHUYECKU aKTUBHOI'O
BEILleCTBA — CEPOBOIOPOLA.

B Hamux vccie0BaHUAX B KaUeCTBe [ToKasaTesis
aKTUBHOCTU cyJbdaTpeqyKUUN ObLIM MCIIOJIb30BAHBI
yrciaeHHocTs CPb u comepxaHue cepoBoopoaa (HZS),
HaKOIUIEHWEe KOTOPOro IPUBOJUT K CYLIeCTBEHHOMY
W3MEeHEeHHI0 OpraHOJIENTUYeCKUX CBOMCTB IOJ3€MHBIX
BoJ. PacTBOpeHHEI! B BOJie CEpOBOAOPOL — 3TO CyMMap-
HOe coflepXaHNe HeJUCCOLIMMPOBAaHHBIX MOJIEKYJI ra3o-
obGpasHoro H,S, noHos rugpocyibouna HS u, Becbma
penko, cyiabdumoB S (mpu pH>10). CooTHOIIEHUE
onpejesiseTcs IJ1aBHEIM 00pa3oM BenynuHON pH Bofw,
B MeHbllIell CTeleHU BJIUAKT TeMIlepaTypa U MUHe-
paym3anuA. Panee ObUIO MOKa3aHO, YTO KOHIIEHTpa-
L1 CepoBOJIOPOAA B MOA3EMHBIX BOJAaX 3aBUCUT OT
comepxaHusa u cocrtaBa OB (KongpatseBa 1 AHJipeeBa,
2018), a TakXe OT IPUCYTCTBUA CIEMaTU3NPOBAHHBIX
3KO0JIOT0-GU3HNOJIOTUUECKUX TPy MHUKPOOPraHNU3MOB,
Bruitoyas CPB. UucnenHocTs CPB xapakTepusyeT OKHUC-
JINTEJIbHO-BOCCTAHOBUTEJIBHYI0 00OCTaHOBKY, Hajluue
cyabdaroB U AeUIUT KUCJIOpoda B BOAHOU cpefe.
H3BecTHO, 4TO B KayecTBe KJII0Y€BOI'0 MUKPOOUOJIOTH-
YeCKOro MeTWJIATOpa pTyTU BO MHOTUX BOAHBIX CUCTe-
Max BeicTynaioT CPB, koTopble CIOCOOHBI OKMCJIATH
pasHble WCTOYHMKHU yrjepoAa mnpu Ttemmnepatrype 0°C
(Zhang et al., 2022). CynbdaTpeayuupymoiye 1 xeJe-
3opefynupylomye OaKTepuy SABJIAIOTCA OCHOBHBIMU
MHKPOOpraHmu3sMaMy, KOTOphle y4acCTBYIOT B METUJIU-
pOBaHUU PTYTU B PUCOBBIX IOYBAX, JMOHHBIX OTJIOXe-
HUSAX, OKeaHaX, o3epax, JegHukax (Lin et al., 2021;
Zhang et al., 2020).

Llenp HamMMX McCCIeJOBAaHUI COCTOsJIa B OLleHKe
posu mpoljecca cyiabdarpeqyKiuu B GOpMUPOBAHUN
KayecTBa MOJ3eMHBIX BOJ B 30He peyHOI OeperoBoi
¢unbTpanu B YCJIOBUAX Pa3jIMYHOrO I'MAPOJIOrUYe-
CKOT'0 pexumMa.

2. MaTepuanbl U MeTOADI

Tepputopus Amypo-TyHI'YCCKOTO MeXOYypeubs
BXOAWT B MPOBUHIUIO JXeJe30CoAepXKaluX, Mapra-

HellcoAepXalliX M KpeMHUicoJepXallX IIPecHBIX
NOA3eMHBIX BOJ C HU3KMMM KOHILIeHTpanuamu ¢ropa.
OcobeHHocTH (GOPMUPOBAHUA XWMHUYECKOIO COCTaBa
OoA3eMHBIX BoA AMypo-TyHIycckoro MexXAypeubs
3aBHUCAT OT BOCCTAaHOBUTEJIbHOM OOCTaHOBKM B dexJjie
CpenmHeaMypckoro apre3uaHckoro 6acceiiHa (Kysakos
u Anjppeena, 2016). CpenHeaMypCcKUil apTe3MaHCKUN
GacceiiH, pacIioJIoXKeHHbIN B CpeJHEM TeUeHUU p. AMyp
Ha Tepputopuu Poccuy, BXOAUT B COCTaB €qUHOIO
CanbI3saH-CpefHeaMypCcKoro apTe3uaHckoro (ocamoy-
Horo) OacceliHa, I0ro-3amnajHas 4acTb KOTOpOIo pacro-
joxeHa B Kurtae (Puc. 1).

JnA uccnegoBaHusa ObLIM BBIOpaHBI TPU KycTa
CKBaXXWH, PacIoJIOKEeHHBIX Ha pasHOM yAajieHuu (KycT
1 - 50, kyct 2 — 500, kyct 3 — 1500 M) oT JieBoro
6epera [lem3eHckoii mpoToku (Puc. 1). fpycHble KyCThI
COCTOAT U3 3-X KOMIIAKTHO PaCIOJIOXKEHHBIX CKBaXWH,
o60pyOBaHHBIX GUIBTPaMM AJIUHON 2 M Ha pa3HOU
ryiybuHe BoJoHOCHOro ropusoHra (Tabmuma 1). Boxgy
oTOUpasy ¢ pasHOH IJIyOHMHEI BOOOHOCHOI'O TOPU30HTa
¢ oMol norpyxHoro Hacoca GRUNDFOS nocne 15
MHHYTHOH NpoKadyku. PeuHyio BoJay oTOMpaau C IJIy-
6unsl 0.5 M oT noBepxHOCTU B 50 M OT Gepera. I'mybuHa
B MecTe 0TOOpa peuHol BoAbI cocTasJiisgeT 4,5 M. [TpoGul
oT6upanu B nepuof ¢ 2013 mo 2024 rr. BecHo! (MapT),
JeToM (@Brycrt) 1 oceHblo (HOAODB).

MaccoByio ~ KOHI[EHTpallUI0  CEepOBOAOPOJA
onpenensanu ¢oToMeTpudeckuM MetogomM ¢ N,N-

JUMeTWI-n-peHnIeHAuaMUHOM Ha  CcieKTpodoTo-
metrpe SHIMADZU UV-3600 mpu A = 667 um (P
52.24.450-2010). UucJeHHOCTb  KYyJbTUBUPYEMBIX

reTepoTpodHbIX 6akTepuil B Mpobax BOABI ONpeeIsaiu
MeTOAOM IIpefieJIbHbIX pa3BelleHull Ha pbIOO-NeNTOH-
HoMm arape (PIIA), pazbaBieHHoMm B 10 pa3z (PITA:10).
AmMonupuuupymomux 6axkrepuit (AMB), yuacTBylo-
mux B mpoljecce amMmMoHuGukanuu OB, BelpamuBamu
Ha PITIA. [Ina CPB ucnonw3oBanu cpeny Iloctreiita C
(Postgate, 1984). UnicyieHHOCTb BhIpaxkajii B KOJIOHUe-
obpazyromux equnauiax (KOE/mn). CymmapHoe coaep-
’)kaHue pacTBopeHHBIX OB onpemensanu npu A = 254
HM U BBIPaXXaJIu B BUJle CIIEKTPaJIbHOr0 KoaphunreHTa
abcopbuuu (SAC,_,, en. ade.) (Kumar, 2006).

2547
3. Pe3yAabTathbl M 06Ccy)xpeHue

CepOBonopo;[ B NPUPOAHBIX BOAAX ABJIAETCA
IMPOAYKTOM BOCCTAHOBUTEJIbHBIX IIPOLECCOB, IIPOTE-
Kaomux Ipu OMOXUMUYECKOM Pa3JIOKEHUN OB, Kak

Poccus

025 50 100

= s ¢

o S

Komcomonbck Ha Amype

Puc.1. Cxema pacnoJioxeHus yuyacTka uccjieopanuil: 1 — CpefHeaMypcKuil apTe3uaHckuii 6accelis; 2 — AMypo-TyHrycckoe
MexAaypeube; 3 — rocyqapCcTBeHHas rpanuna; 4 — Kkycr 1; 5 — kyct 2; 6 — Kycr 3.
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€CTeCTBEHHOI'0 MPOMCXOXAEHNsA, TaK U MOCTyHaloMnX
CO CTOYHBIMU BOJAMU XUMUYECKOH, I1eJLII0JIO3HO-0Y-
MaXHON U MUILEBOM MPOMBINLJIEHHOCTH, XO3AHCTBEH-
HO-OBITOBRIMH cTOKamMu. Hawnbojiee MHTEHCHUBHO 3THU
npolfecchl MpOoTeKalT B MOJ3eMHBIX BOJaX U MPUIOH-
HBIX CJIOSIX MMOBEPXHOCTHBIX BOAHBIX OOBEKTOB, Xapak-
TepU3YIOLUXCA cJ1abbIM MepeMenIiBaHueM B YCIJIOBUAX
nedurura Kucaopoja.

Jia olfeHKU poJjiu mpoliecca cyabdaTpeayKIuu
B IIOA3EMHBIX BoAax B 30He PB®, kpome ompenese-
HMA KOHLIEHTpaluU CepoBOAOPOJia, ObLIN NpPOBeAeHbI
ucciaefiopaHuss uucieHHoctu CPDB, yuactBymomux B
61Ore0XMHUYECKOM LIUKJIE CepHI.

OcobenHocTu  (POpPMUPOBAaHUA XUMUYECKOTO
cocTaBa MMOA3eMHBIX BoJA TyHrycckoro mectopoxpje-
HUA 3aBUCAT OT BOCCTAaHOBUTEJIBHON OOCTAHOBKHU, UTO
MPUBOAUT K HAKOILJIEHUIO TIOBBIIIIEHHBIX KOHIIEHTPAIUi1
kejieza M MapraHua. [logzeMHble BOABI B Hcclieye-
MBIX CKBaXUHaxX TUApPOKapOOHATHEIE CO CMeNIaHHBIM
KaTHUOHHBIM CcOCTaBOM. BomopoaHsiil nokasaTenb (pH)
usMeHseTca B Inpefesnax ot 6,0 go 6,8. KoHleHTpanua
cynpdaToB B BepxXxHEM BOJAOHOCHOM T'OPU30HTE H3Me-
HseTcsa oT 5,5 Ao 7,8 mr/mm3. PacTBOpPEHHBIN KHCJIO-
POX B MOJI3€MHBIX BoJiaX OTCYTCTBYyeT. OKUCIUTEIBHO-
BOCCTAHOBUTEJbHBIN MOTEHLMAJI MOA3€MHBIX BOJI
HaxoguTcA B mpefesiax oT muHyc 100 mo mmoc 100
MB. CoepxaHue pacTBOPEHHOI'O OpraHNU4ecKoro yrie-
pozna (Cp) nsmensercs ot 0,2 no 2,1 mr/am3. OgHako,

B Iepuoj MpOXOXJeHUs MaBoAKa (aBrycT—CceHTAOpb
2013) xoHI[eHTpauus Cp B IIO[I3€MHBIX BOJIaX BepXHero
BOJAOHOCHOTO TOPHM30HTa, PACHOJIOKEHHOIO B 30HE
[TeM3eHCKOI MPOTOKHU, YBEJIMYUBaJach A0 7,5 mr/ome.

Bo Bcex uccienyeMblx CKBaXxuHax ObLJT OOHa-
pyXeH cepoBofopoAd U cyJbdarpegyuupymoiye Oax-
Tepuu. Hakomnenuto H,S B moisemMHBIX BOJax Ipe-
MATCTBYeT He TOJIbKO 0Olllee HU3KOe cojiepkaHue
cys1bGaTHOTO HMOHA, HO U MOCTOAHHOE MPUCYTCTBUE
B pacTBOpe 3aKUCU XeJie3a, KOoTopas CBA3BIBAeT ero.
CopmepxaHue 3TOro rasa B BoJe CKBaXWH HM3MEHAJIOCh
B mupokoMm pauamasoHe: ot 0,005 mo 0,072 mr/mm®
(Puc. 2). INoBsillleHHBIE KOHIIEHTPAI[UN HZS 3adukcu-
poBaHbl B JjieTHe-oceHHHUI nepuon 2013 u 2019 r. B
cpegHeM U HUXXHEM CJIOIX BOAOHOCHOTO TOPU30OHTa B
noA3eMHBIX BoJax B 30He Pb®d. MuHuMasbHbIe 3Haye-
HUA KOHIeHTpanuii H,S B Bozie onpeesisiv B BEPXHUX
CJIOSIX BOJJOHOCHOI'O FOPU30HTA. Y CTaHOBJIEHO, YTO BO
BCeX CKBaXMHaX IIPOMCXOOUT 3aKOHOMeEpHOe yBejnue-
HUe KOHIeHTpaiuu H,S ¢ riy6uHOi.

B cenTsabpe 2013 roga Bo BpeMs IaBojKa Ha p.
AMyp NpOMCXOJUJIO CHIKEHVE KOHIeHTpauuu H,S u
POCT YHCJIEHHOCTU cyab(aTpeyLUPYIOIINX OaKTepuii,
YTO, BEPOATHO, CBA3aHO C MOCTYIJICHHEM MOBEPXHOCT-
HBIX BOJ B BOJIOHOCHBI TOPM30HT, TaK KakK IOiiMa C
MeCTOM pacHoJIOKeHUs CKBaXXUH Obljla 3aTOIlJIeHa Ha
rJIyouHy 3 M.

P o= o= el Bo3oHoCHER rOPHIONT
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Ta6suna 1. Ce3oHHas JUHAMMKA YMCJIEHHOCTH cyJibdaTpe ynupyomux 6akTepril B IoA3eMHBIX Bofax U peuHoii Boje (PB),

KOE/mi1.

ITpo6s! | BonoHOCHBIH 2013 2019 2024

BOABI FOPHBOHT,

P ——— MapT aBrycr HOAGPD MapT aBrycr HOs6PB MapT aBrycr HOs6pPB
PB 45 79,6+7,2 |4352+26,5/236,2+22,3[127,6 +13,2| 456+11 | 84,3+5,2 | 63,8+4,4 | 88,4+7,9 | 45,4+52

Bepxuuii,

1001-1 Ty 85,3+8,3 |503,5+29,7|123,8+12,1| <10 500 240+2,0 | 72,4+6,1 | 852+7,5 [312,7+19,3

1001-2 Cpg“s‘*;‘“’ 114,2+10,5/512,7+30,5(257,4+24,3] <10 96+9 | 78,4+3,1 - - -
HuoxHui,

1001-3 357 124,7+11,4|534,6 +32,8(282,0+26,3] <10 124+10 | 32,0+2,3 | 89,1+7,8 | 73,9+6,6 | 86,5+8,3

1002-1 Belﬁ‘*;‘“’ 97,3+8,9 |725,4+43,6(216,2+18,4|115,3+10,4| 725+34 | 56,3+2,8 ; ; .
CpenHup,

1002-2 i 135,2+13,7|446,3+27,2(245,3+23,7| 98,2+83 | 56+6 | 48,6+25 | 62,5+3,8 | 653+6,2 [524,3+24,7

1002-3 H“:,:‘;H;‘“’ 247,4+24,6(468,7 +28,3[278,7+252] <10 245+21 | 26,4+2,2 . ; .
BepxHuii,

1003-1 0.8 54,6+3,2 |427,3+24,4|136,5+14,6] <10 48+4 | 32,6+2,4 | 49,7+4,3 | 32,7+1,8 [548,4+253
Cpennuti,

1003-2 o8 82,2+58 |459,5+27,8/232,7+21,4] <10 235+19 | 46,4+25 | 755+7,2 | 56,5+5,9 [728,2+31,5
HuxHui,

1003-3 o 123,4+11,3[497,8+29,2[293,4+26,8] <10 456+22 | 98,2+6,5 | 92,8+7,9 | 72,6+6,4 |473,8+235

Copmepxanune OB, cepoBogopofa U YUCIJIEHHOCTh
CPB (Tabnuua 1) B mof3eMHBIX BoJaxX B MPUOpeXHON
30He M3MeHseTcA KaK B TeyeHHe Ce30HOB, Tak U MO0
MECTOIOJIOXKEHUI0 CKBaXWH. MakcuMasibHOe pa3HOO-
6pasue koMmoHeHTOB (ITAY, deHOIBI 1 HU3KOMOJIEKY-
JIIpHBIE aJIKaHbI) U BBICOKOe cojepxaHue OB Habuo-
Jlajiy 1ocJie BeCeHHero CHeroTasHuA U 0cCoOO0eHHO 1ocIe
NaBoJiKa, B CKBaXWHAaX, PpaclOJIOXKEHHBIX OJIN3KO K
6epery. BoJibiioe cXoACTBO C peYHOI BOAOI O 061[eMy
comepxanuto OB, omnpepnesseMoMy crnekTpodoTome-
Tpudecku mo SAC,,, GbLIIO XapaKTEPHO AJIsA MOA3EMHBIX
BOJI, 0TOOpaHHEBIX Ha paccTosHuU S0 M oT Oepera.

B asrycte 2013 un 2019 roga, B nepuop IOBEI-
IIeHHON BOAHOCTHM Ha p. AMyp, 3aperucTpupoBaHa
MakcuMaJibHasA yucjieHHocTb CPB Bo Bcex uccienye-
MBIX cKBaxXuHax U IlemseHckoll mpoTtoke (Tabiuma 1).
CiieqyeT NOoAYEpKHYTh, 4TO uncjaeHHOCTh CPb B ckBa-
s)kuHax 1001-1 u 1003-3 6bL1a CONOCTaBUMO-BBICOKOM
(~ 500 KOE/wmi). B aTOT Iepuo MaKCUMaJIbHYIO 4KC-
JeHHocTh cyabdaTpeaykropos (725 KOE/mn) Habsro-
Jajy B IIOBEPXHOCTHOM CJIO€ BOJOHOCHOI'O FOPHU30HTA
B ckBaxkuHe 1002-1, pacnoyioxkeHHOH 3a TeppuTopueil
BoJ03abopa y AaYHBIX yYaCTKOB.

Peunas Boja B MO3AHEOCEHHUI NepUOJ Xapak-
Tepu30BajlaCh BBICOKOM YHCJIEHHOCTBIO BCEX TpyMNll
reTepoTPOPHEIX MUKPOOPraHU3MOB. OTO 00YCJIOBJIEHO
BBICOKHM cofiepxaHueM OB pacTUTesIbHOrO IIPOUCXOXK-
JleHNs, NOCTYyNaKIIUX C IOBEPXHOCTHBIM CTOKOM, a
TakXke HU3KOM BOAHOCTBIO. B ckBaxuHax OJM3KO pac-
NoJIOXeHHHIX K 6epery (50-500 M) BbicOKas KOHI[eHTpa-
us cepoBogopona (ot 0,035 go 0,054 mr/om®) 3aperu-
CTpHpOBaHa B HIXXHUX CJIOSIX BOAOHOCHOTO TOPU30HTa
B asrycre 2013 roma. Bo BpeMsa kaTacTpo¢puyeckoro
HaBogHeHus 2013 r. Ha p. AMyp (Ui0/b, aBTyCT) NPO-
HWCXOAWJIO CHUXEeHHEe KOHLIeHTpalluy CepoBOAOpoJa U
poct uncyienHoctu CPB (KynakoB u Angpeesa, 2016).
YBesimueHue uucsieHHOCT CPB B 1NOBepXHOCTHBIX
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BOoJlax B paiioHe r. XabapoBcka B Nepuoj HaBOAHEHUA
2013 r. OBLJIO CBsAI3aHO C M3MeHEeHHEM OKMCJIUTEIb-
HO-BOCCTaHOBUTEJIbHBIX yCJIOBUH. [Ipy HU3KOM ypOBHe
BoAnl B umoHe 2023 r. MakcuUMaJIbHOE COepKaHue
cepoBogopofia (0,062 mr/am®) 3aperucTpupoBaHO B
HIDKHEM CJIO€ BOJOHOCHOTO TOPM30HTA B CKBaXUHe,
pacnoyioxxeHHON 6M3k0 K Oepery, Mo CpaBHEHUIO C
peunotii Bogot#i (0,021 mr/mm3).

MuHuManpHasA 4YMCJIEHHOCTb cyiabdaTpedyKTo-
poB oOHapyXeHa BO BCeX MCCJIeAyeMBIX CKBaXXHWHax B
mapte 2019 roma, He CMOTpsA Ha AOCTAaTOYHOE KOJIU-
4ecTBO pacTBopeHHBIX OB u cysibdaToB B MOA3EMHBIX
BoAax. J{yia ocenHero nepuoga 2019 roga xapakTepHO
cHxeHne yucieHHocTu CPb BO Bcex ucciieyembix
ckBaxxnHax o 98 KOE/mu Ha ¢oHe BBICOKOU KOHIIeH-
Tpauuu cyisdaTos (ot 10,0 go 27,0 mr/am3). B HoAGpe
2019 ropa B [TeM3eHCKOI TPOTOKe MIPOM3OIILIIO CHUXe-
Hue yncjeHHocTu CPb npumepHo B 5 pa3 1o cpasHe-
HUIO C JIETHUM NIePUOJOM.

4. BoiBOADI

[IpoBeieHHBIe HCCIIEJOBAaHUA CE30HHOHN AMHA-
MHKM cojepxaHus cepoBogopoma u OB, a Takxe
YUCJEHHOCTA Ppa3JIMYHBIX TIPyNNI MHUKPOOPraHHU3MOB
B INOA3EMHBIX BOJAaX CBUJETEJIbCTBYIOT 00 WX cCylie-
CTBEHHOM pa3jIMyiy B 3aBUCHMOCTH OT MecTa paclio-
JIOXKEeHHUsA CKBaXWHBl M IJIyOMHBI BOJOHOCHOI'O TOPH-
30HTa. VMi3MeHeHusA KaueCTBEHHOI'0 COCTaBa II0A3€MHBIX
BOJl Ha €CTeCTBEHHBIX OHMOreoXMMMYECKHX Oapbepax
3aBUCAT OT aKTUBHOCTU CyJib(aTpedyKIUU MO CJI0AM
BOJOHOCHOI'O TOPM30HTa, MHUKPOOHOJIOTUYECKUX IPO-
reccoB TpaHcopmaruu OB, mocTynawnyx ¢ peuHbsIM
duibTpaToM, a Takke OT T'MAPOJIOTUYECKOro pexuma
[IOBEPXHOCTHHIX BoA. CorJlacHO MHOIOJIETHHUM HCCJIe-
JIOBaHUAM COCTaBa MOJ3€MHBIX BOJA II0 XHMHYECKUM
1 MUKpPOOHOJIOTMYECKHMM II0Ka3aTessM YCTaHOBJIEHO,
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YTO JJIA IPOTHO3UPOBAHUS U YCTOMYMBOrO KayecTBa
MUThEBBIX BOJ HEOOXOJVMO YUUTHIBATH MHOroGaKkTop-
HOCTh B3aMMOZEHNCTBUA PEYHBIX U INOA3eMHBIX BOJ,
BKJIIOYasg CEe30HHOe H3MeHeHHe TIUAPOJIOrHYecKoro
pexrMa U xapakrep pacnpefesieHus OB mo BomgoHoc-
HOMY T'OPU30HTY.

K ocHOBHBIM 6uoreoxuMuyeckum (akxropawm,
BJIMSIIONINM Ha AUHAMUKY CyJIbdaTpeIyKI1H B IOJ3eM-
HBIX BOJaX, OTHOCSTCS: aHA3POOHbIe yCJIOBUSA, HAINyle
OpraHHUYecKUX BellecTB, IPHUCYTCTBUEe CyJb)aToB U
cynpdaTpeyHUpYIONIX 6aKTepUil.
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