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The distribution of biogenic elements in
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ABSTRACT. Chemical composition of organic-mineral sediments (sapropel) of Lake Kotokel (Eastern
Baikal region) based on 14.5 m and 16.5 m long drilling cores and distribution of the major biogenic
elements (TOC, H, TN, S) and TP along the depth of bottom sediments have been studied. . A reduction
type of diagenesis has been established, during which destruction of organic matter occurs. The major
role in diagenetic transformations of organic matter belongs to different physiological groups of micro-
organisms, primarily heterotrophic, ammonifying and sulfate-reducing bacteria. The lightening of the
isotopic composition of carbon confirms active microbial processes that change the initial composition
of organic matter as a result of its anaerobic decomposition. The weighting of the TN isotopic compo-
sition in the upper sediment intervals indicates a rather intense nitrogen cycle and its ‘high’ loss from
organic matter composition, which leads to the growth of §°N.
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1. Introduction

The direction and intensity of diagenetic trans-
formations of sediment and pore waters are determined
by the amount and composition of organic matter. In
deep bottom sediments with no oxygen, destruction of
organic matter occurs under anaerobic conditions, the
most important of which are: denitrification, decompo-
sition of amino acids, sulfate reduction and methane
formation.

Intensive studies of diagenetic processes of sedi-
ments from seas and oceans, carried out in the 70-90s
of the 20" century, and the results obtained made it
possible to significantly supplement the idea of a com-
plex group of physical, chemical and microbiological
processes that make up the essence of diagenesis. Two
types of diagenesis, ‘reductive’ and ‘oxidative’, were
identified (Geochemistry of diagenesis..., 1980).

Unlike seas and oceans,, the processes of early
diagenesis in the sediments of continental water bodies
are not actually studied with the exception of deep-wa-
ter lakes, Onega and Ladoga (Belkina, 2003) and Lake
Baikal (Granina, 2008). However, despite the fact that
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the patterns of early diagenesis of sediments of Lake
Baikal have been studied in detail (Namsaraev and
Zemskaya, 2000; Pogodaeva et al., 2007), the data
obtained are not, in general, applicable to most con-
tinental water reservoirs. This is explained by the fact
that deep-water Lake Baikal is a developed stage of oxi-
dative diagenesis, similar to that in the oceans (Granina,
2008), while organic-rich sediments of small lakes are
characterized by reductive diagenesis (Emerson, 1976;
Logvinenko, 1980; Kholodov, 2006; Yudovich and
Ketris, 2011).

The lake bottom sediments of long sedimenta-
tion age and relatively homogeneous material com-
position are suitable targets to study geochemical dia-
genesis (Leonova et al.,, 2019a; b). Lake Kotokel can
be regarded as such an object, being the largest lake
in the Baikal region. The lake attracts the attention of
Russian and foreign scientists as a reference sequence
of the Late Glacial period and Holocene in the south of
Eastern Siberia (Bezrukova et al., 2011; Kostrova et al.,
2012), since bottom sediments are of more than 16 m
thick. This makes Lake Kotokel a promising object to
study geochemistry of early diagenesis.
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The purpose of this work is to study distribu-
tion of the major biogenic elements and the processes
of transformation of organic matter in the stratified
sequence of Lake Kotokel during early ‘reductive’
diagenesis.

2. Materials and methods

Lake Kotokel occupies most of the Kotokel
depression, located 2 km from the southeastern coast of
Middle Baikal (Fig. 1). The length of the reservoir is 15
km, the average width is 4.6 km, the average depth is
4.0-4.5 m (maximum 14 m), the water area is 70 km?,
the water drainage area is 183 km?. Lake Kotokel is a
low-flow reservoir with slow water exchange; the Istok
River flows out from it. According to the low drainage
factor (2.6), the lake is qualified as an accumulative
water body (Pronin and Ubugunov, 2013).

Lake Kotokel belongs to the productive phy-
toplankton type of lake ecosystems (Pronin and
Ubugunov, 2013). The main producers of autochtho-
nous organic matter (OM) of the lake bottom sediments
are various groups of phytoplankton that form low-ash
sediments — sapropels of planktonic genesis (plank-
tonogenic sapropel). Lake Kotokel has a high level of
development of phytoplankton with predominance of
diatoms and cyanobacteria, typical for eutrophic reser-
voirs (Leonova et al., 2019a).

In September 2012, a well with the depth of 14.5
m was drilled from a pontoon in the central part of
Lake Kotokel (N 52.78898°, E 108.12807°). Also in May
2018, Dr. Bezrukova E.V. (Institute of Geochemistry,
Siberian Branch of the Russian Academy of Sciences,
Irkutsk) kindly provided a 16.5-meter drilling core for
dating and C, N isotope analysis.

Microbiological studies (determination of the
number and layer-by-layer distribution of the major
physiological groups of microorganisms) were car-
ried out at the Institute of Water and Environmental
Problems of the Far Eastern Branch of the Russian
Academy of Sciences and at the Limnological Institute
of the Siberian Branch of the Russian Academy of
Sciences. The standard procedure and its modified ver-
sions of sowing samples of bottom sediment suspensions
from cores on nutrient agar and counting colonies of
aerobic and anaerobic bacteria were used (Namsaraev
and Zemskaya, 2000).

Elemental analysis of organic matter (total
organic carbon (TOC), H, total nitrogen (TN), S) was
carried out using an automatic CHNS analyzer at the
Institute of Organic Chemistry of the SB RAS. Sulfur
forms (total, sulfate and sulfide) in the samples of bottom
sediments were determined using a standard method
at the Institute of Catalysis, SB RAS. Concentrations of
total phosphorus (TP) were determined by ICP-AES, in
the Analytical Center for multi-elemental and isotope
research IGM SB RAS. In the study of micromorphol-
ogy and composition of sediments, we used scanning
electronic microscopy (SEM) applying various modes
of detecting. 8'C and 8N isotope variations in the
prepared samples were measured using the Delta V
Advantage mass spectrometer in a continuous helium
flow mode (high-purity grade 6.0).
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Fig.1. The location map of Lake Kotokel, drilling and
sampling sites.

3. Results and discussion

The upper 610-cm interval of sediments is a
low-ash sapropel (TOC — 27-32%) with a fine colloi-
dal structure, (Fig. 2) consisting of undecomposed and
semi-decomposed organic remains of cyanobacteria and
a large number of diatom valves. Below (610-810 cm)
there is a darker interlayer ~200 cm thick; it is a high-
ash (TOC — 11-19%) carbonate sapropel. According
to (Kostrova et al., 2012), plankton was a source of
autochthonous organic matter throughout the period of
sapropel sedimentation (0-810 cm), where cyanobac-
teria (Cyanobacteria) formed the basis of organic mat-
ter, and diatoms (Bacillariophyta) — biogenic silica of
the mineral part of sapropel. The 810-900-cm interval
is represented by organic-mineral sediments (TOC —
6-8%). Below (900-1450 cm), there are mineral depos-
its (TOC — 3-5%).

The distribution of the major biogenic elements
(TOC, H, TN, S) along the depth of bottom sediments
is given in Fig. 2. The interval of 200-400 cm is char-
acterized by higher contents of H, TN and lower S, TP.
The transition between low-ash and high-ash sapropel
(595-605 cm) is marked by a sharp increase in TP up
to 0.21%. It should be noted that the content of S is
rather high (1.87-2.78%) in sapropel, contrast to very
low sulfur concentrations in producers of organic mat-
ter (> 0.2%). The reason for high S values in sapropel
may be the enrichment of sediment with sulfur in the
composition of iron sulfides (primarily pyrite), as well
as the sulphuration of the organic component of the
sediment during diagenesis. According to SEM data,
pyrite (framboids and crystals) was detected through-
out the entire sediment section.

The reduced compounds begin to dominate with
depth: sulfur as the compound of iron sulfides FeS,,
FeS-nH,0), H,S etc. (Fig. 3). In the upper, less reduced
intervals of bottom sediments, where the processes of
bacterial sulfate reduction are less intense or less dura-
ble than in the deeper sections of the sediment, the
predominant form of sulfur is its oxidized compounds:
BaSO,, SO,*, SO.*, S,0.%, etc.
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Fig.2. Distribution of Eh, major biogenic elements, §!°C, 8'°N, and physiological groups of microorganisms along the section
of bottom sediments. OB — organotrophic bacteria, DNB — denitrifying bacteria, PMB — phosphate-mobilizing bacteria, SRB —
sulfate-reducing bacteria, Fe-OX — iron-oxidizing bacteria, Mn-OX — manganese-oxidizing bacteria, CFU — colony forming unit.
Stratigraphy: 1. low-ash sapropel; 2. high-ash carbonate sapropel; 3. organic-mineral deposits; 4. mineral sediment.

The ratio of organic carbon to organic nitrogen
(TOC/TN) along sediment sections indirectly (due to
the uncertainty of the degree of diagenetic transforma-
tion of organic matter) confirms the genetic relationship
of organic matter of sediments with the initial organic

material, either autochthonous — plankton (4.5-10) or The chemical forms of sulfur (%)
allochthonous — surface and semi-submerged vegeta- 0 20 40 60 8 100
tion (12-40) (Leonova et al., 2019a). Lake Kotokel is 2 - . '
characterized by low TOC/TN values (Fig. 2), which 20
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ropel from 7.4 to 9.3 (the average is 8.2), which falls 50
within the range of TOC/TN values for the Baikal phy- 100
toplankton (10) (Vykhristyuk, 1980).

As a result of studying of the layer-by-layer
distribution of various physiological groups of micro- 200
organisms (organotrophic, sulfate-reducing, phos-
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along the sections of lake deposits, it was found that 300
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teria (OB), using a wide range of organic compounds
as sources of energy and carbon, was found at the 500
lower intervals of the sediments. The maximum num-
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decomposition of protein and other organic nitrogen 700
compounds with the formation of ammonia, was also
found there. At the middle sapropel intervals (160-
345 cm), we observed a relatively high number of phos- 200
phate-mobilizing bacteria (PMB) which are involved
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in the mineralization of phosphorus being a part of
organic substances. Here, the amount of PMB is 5.3-45 1400
CFU'/g x 103, while the minimum amount of this group Fig.3. Distribution (%) of sulfur forms along the section
of microorganisms is observed in the uppermost and of bottom sediments.
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lowest intervals of bottom sediments — 0.05-0.9 and
0.3-0.6 CFU/gx 103, respectively. The character of
PMB distribution along the depth of the section seems
to depend on the redox conditions of the environment
and the degree of availability of mineral phosphorus
compounds.

In the distribution of sulfate-reducing bacteria
(SRB), there is an increase in their number with depth
(in the upper 100 cm of the core), which may indicate
an increase in the degree of decomposition of organic
matter with depth, since these microorganisms are able
to use only organic matter of low molecular weight
(Trudinger et al., 1972), which has undergone prelim-
inary degradation of complex organic molecules by
other groups of microorganisms (for example, organo-
trophs) (Ivanov and Karavayko, 2004). This means that
the input of poorly decomposed organic matter into
sediments, under anaerobic conditions, does not favor
the development of SRB, which requires deeper prelimi-
nary mineralization (decomposition) of organic matter.
All these determine a rather low number of SRB (with
the exception of the interval of 20-25 cm), and, as the
result, low intensity of bacterial sulfate reduction.

A group of iron-oxidizing (Fe-OX) and manga-
nese-oxidizing (Mn-OX) bacteria in freshwater reser-
voirs is involved in the oxidation of Fe (II) to Fe (III)
and Mn (II) to Mn (IV) with the participation of oxy-
gen (Granina, 2008; Yudovich and Ketris, 2014). Iron-
oxidizing and manganese-oxidizing microorganisms
actively develop only in the uppermost intervals of bot-
tom sediments, where their maximum number is up to
14825 and 1320 CFU/g of sediment, respectively. The
main factors affecting the abundance and distribution
of Fe-OX and Mn-OX bacteria are, first of all, the redox
conditions of the environment, as well as the content of
organic matter and the presence of dissolved forms of
Fe and Mn in pore waters.

Changes in the isotopic composition of carbon
and nitrogen (Fig. 2) indicate the degree of transforma-
tion of organic matter of the sediment by microorgan-
isms during diagenesis. We found the lightening of 8'*C
from —22.15%o0 to —28.77%o0 along the depth of the sec-
tion of bottom sediments. The lightening of the isoto-
pic composition of carbon is a consequence of isotopic
fractionation that results from the action of sulfate-re-
ducing microorganisms (Yudovich and Ketris, 2010),
with their main waste products being carbon dioxide
and methane with light §'3C. Therefore, the lightening
of the isotopic composition of carbon confirms active
microbial processes in bottom sediments changing the
original composition of organic matter due to its anaer-
obic decomposition. The weighting of the total nitro-
gen isotopic composition in the upper sediment inter-
vals indicates a rather intense nitrogen cycle and its
‘high’ loss from organic matter composition (Robinson,
2001), which leads to the growth of 3!°N.

Thus, a comparison of the number of different
groups of microorganisms and characteristicsof change
in the isotopic composition of 8°C and &N revealed
the following: the processes of nitrogen circulation, as
well as carbon in bottom sediments of Lake Kotokel are
more active than those of sulfur, generally typical for
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most freshwater reservoirs (Granina, 2008; Yudovich
and Ketris, 2011).

4. Conclusion

The upper 8 m of the sedimentary sequence in
Lake Kotokel consists of planktonogenic sapropel, char-
acterized by low TOC/TN ratios (7.4-9.3), indicative
of a predominantly autochthonous origin of organic
matter. Cyanobacteria and Bacillariophyta were iden-
tified as the primary sources of autochthonous organic
matter throughout the entire period of sapropel for-
mation (0-810 c¢m). An increase in reduced sulfur spe-
cies S (I) was observed with depth in the sediment
core. The abundance of various physiological groups
of microorganisms also increased with depth, where
microbial activity facilitates the degradation of labile
organic matter components. The elevated abundance
of sulfate-reducing bacteria (SRB) within the 25-105
cm interval suggests enhanced organic matter degra-
dation at greater depths, as these microorganisms uti-
lize only low-molecular-weight organic compounds
derived from the preliminary breakdown of complex
organic molecules. Shifts in isotopic composition, spe-
cifically, the depletion of 8'*C and enrichment of 5!°N,
confirm active microbial processes that alter the orig-
inal organic matter through anaerobic decomposition
during early diagenesis. These findings collectively
highlight the critical role of microbial activity in trans-
forming organic matter under anaerobic conditions
within the sedimentary environment of Lake Kotokel.
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AHHOTALIUA. U3yuyeH XUMUYECKUN COCTaB OpraHOMMHEpPAaJIbHBIX AOHHBIX OTJIOXEHHI (camponesis)
03. Kotokesnp (BocrouHoe Ilpubatikanbe) IO HaHHBIM [AJIMHHBIX KepHOB OypeHusa 14.5 u 16.5 M.
HccnemoBaHo pacipe/iesieHre OCHOBHBIX 6roreHHbIX 3j1eMeHTOB (C, H, N, S) u P no riy6uHe JOHHBIX
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1. Beeaenue

HamnpaBiieHre M WHTEHCHUBHOCTb AUareHeTHye-
CKUX Ipeobpa3oBaHUIl OCAAKOB U MOPOBHIX BOJ OIpe-
JeJIAITCA KOJINYeCTBOM UM COCTaBOM OPraHMYecKoro
BemlecTBa. [lo riayOuHe AOHHBIX OTJIOXEHUN B IPO-
llecce JuareHe3a B aHa3POOHBIX YCJIOBHUAX MPOTEKAIOT
npolfecchl JeCTPYKINK OpraHuYecKoro BellecTBa, BaX-
HEHNIMMU U3 KOTOPBHIX fABJIAIOTCA: AeHUTpUdUKaIus,
pasJioxeHre aMUHOKUCTIOT, cyabdaTpeayKius U obpa-
30BaHUE MeTaHa.

WHTeHCHBHBIE HMCCIeqOBaHUA AUareHeTUYeCcKUX
MpoI[ecCOB 0CAKOB MOpPel U OKeaHOB, ITPOBe/IeHHEIE B
70-90 rr. XX B., ¥ NOJIyYEeHHbIE IPX 3TOM Pe3yJIbTaThl
MO3BOJIUIN CYIIEeCTBEHHO [OIMOJIHUTh NpeCTaBJIeHNs
O CJIO)KHOM KOMIUlekce (pU3UUecKUX, XUMUYEeCKUX U
MHKPOOUOJIOTUYECKUX  IPOIEeCCOB, COCTAaBJIAIOLINX
CyIIHOCTh [uareHe3a. bjarofjaps STUM HCCJIe[lOBa-
HUSAM YCTaHOBJIEHO [iBa TUINa JUareHe3a: BOCCTAHOBU-
TeJIbHBIM U OKMcauTenbHbN ([eoxuMusa auareHesa...,
1980).

B oTiuunve oT Mopeil 1 OKeaHOB B KOHTHHEH-
TaJIbHBIX BOJOeMax IIpoIlecchl paHHero JuareHesa
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0CaJIKOB MpaKTUYeCKU He M3yuYeHHl, 3a HCKJII0YeHUEM
rJiybokoBOOHBIX o03ep OHexckoro u Jlagoxckoro
(benxuna, 2003), batikana (I'pannna, 2008). OgHako
HEeCMOTps Ha TO, YTO 3aKOHOMEPHOCTH paHHero aua-
reHe3za ocagkoB 03. bailikasn uccieqoBaHBl JeTaJIbHO
(Hamcapaes u 3emckas, 2000; [Toromaesa u ap., 2007),
MoJIy4eHHbIe JaHHBIE B 11eJIOM He IIPUMEHUMBI K 60JIb-
IMIMHCTBY KOHTHHEHTAJIbHBIX BOJOEMOB. JTO OOBACHSA-
eTrcsi TeM, 4YTO OCOOEHHOCTBI0 I'TyOOKOBOAHOTO O3epa
bBatikan sBiseTcsa pa3BUTas CTaAUsA OKUCIUTEJILHOTO
JuareHe3a, cXOfHasA C TaKoBOIl B okeaHax (I'paHuHa,
2008), a fJ1a 6oraThIXx OpraHUYeCKHUM BeIlecTBOM Ocal-
KOB MaJIbIX 03ep XapaKTepeH BOCCTaHOBUTEJIbHBIN i1a-
rexe3 (JlorsuHenko, 1980; Xosionos, 2006; I0goBuyY u
Kerpuc, 2011; Emerson, 1976).

IMoaxoaAmuMyu 00beKTaMM OJIS1 T€OXUMUYECKUX
HccjleJOBaHUM paHHero JuareHes3a sABJIAIOTCA OHHBIE
OTJIOXKEHUs 03ep, uMerolre 60JIbliIre MOITHOCTH, JJIH-
TeJIbHBIM BO3pacT 0CaAKOHAKOIJIEHUA U OTHOCUTEJIBHO
OOHOPOIHBIN BelllecTBeHHHBIN cocTaB (JleoHoBa u Ap.,
2019; Leonova et al., 2019). TakuM 0OBEKTOM ABJIA-
erca 03. KoTokesap — OAHO M3 KPyNHENMMX IO IJIO-
manu osepo B [Ipubaiikanbe. Bomoem mnpuBiekaeT
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BHMMaHUE POCCUIMCKHX U HMHOCTPAHHBIX Y4YeHBIX, KaK
OTOpHBIN pa3pe3 MO3AHEJIEAHUKOBbA U rojiolleHa ora
Boctounoit Cubupu (bespykosa u ap., 2011; Kostrova
et al., 2012), T.K. ero JJOHHbIE OTJIOKEHUA MMEIOT MOIII-
HOCTB Oosiee 16 M. D10 fesaetr 03. Kotokesb nmepcnek-
TUBHBIM OOBEKTOM J[JIA U3y4YeHHUsA I'eOXMMUM paHHero
JuareHesa.

Llenbio naHHOM paboTH ABJIAETCA U3ydYeHue pac-
npejieJieHnsA OCHOBHBIX OMOreHHBIX 3JIEeMEHTOB U IpO-
IleccoB TpaHcopMaliy OpraHUYecKoro BellecTBa B
cTpaTuGUIMPOBaHHOM paspe3e 03. KoTokesb B paH-
HeM BOCCTaHOBUTEJIbHOM JareHese.

2. MaTepuanbl U MeTOADI

O3. Kotokenp 3aHuUMaeT OOJIBIIYIO YacThb
KoTokesnbckoii BIIaJAUHEBI, PACIOJIOXEeHHOH Ha 10r0-BOC-
TOyHOM nobepexbe balikama B 2 kM ot Hero (Puc. 1).
JlnmrHa Bogoema cocrasiiseT 15 KM, cpeAHAA UpUHA —
4.6 xM, cpenHsas rioyouHa — 4.0-4.5 m (MakcumMaspHas
14 M), miomaap akBaTopuu — 70 KM2, TToma b BOAOC-
6opa — 183 km2. O3. KoTokeJib ABJIsAETCA C1a00MpPOTOY-
HBIM BOJOEMOM C 3aMeJJIeHHBIM BOJOOOMEHHOM, U3
Hero BbITeKaeT peka Mcrok. ITo HHM3KOMY IoKasaTesIio
yJaenbHOro sogocbopa (2.6) o3. Kotokesbp oTHOCUTCSA K
aKKyMyJIATUBHBIM o3epam (O3zepo..., 2013).

CoracHo (O3epo..., 2013), 03. KoTokenb oTHO-
CUTCA K IPOAYKIMOHHO-QUTOILIAHKTOHHOMY THUILY
03epHbIX dKocucTeM. OCHOBHBIM NPOAYLIEHTOM aBTOX-
TOHHOI'O OpraHWYecKOoro BelllecTBa JOHHBIX OTJIOXe-
HUI o3epa ABJIAIOTCA pasjMyHble I'pynnsl GUTOILIAH-
KTOHa, KOTOphEle (OpMHPYIOT HM3KO30JIbHblE OCAaAKU
— camnpolnejy IUIaHKTOHHOrO reHesnca (IJIaHKTOHO-
reHHell camnpornens). O3. KoTokesnp uMeeT BBICOKHIT
YPOBeHb pa3BUTHA QUTOIJIAHKTOHA C NpeobsagaHueM
JA1aTOMOBO-I[HaHOOAKTEepHUAaIbHOTO KOMILIeKca BOMO-
pocyeli, XapakKTepHOro AjiAd BOHOEMOB 3BTPOGHOrO
tuna (Jleonosa u ap., 2019).

B centrsa6pe 2012 r. B HeHTpaJIbHOU 4YacTU O3.
Kotokens (52°79’50” c. m., 108°13’39” B. A.) c IOH-
TOHHON YCTaHOBKU MpoOypeHa CKBaXuHa TJIyOMHO
14.5 m. Takxke B mae 2018 r. a.r.H. Beapykosoii E.B.
(Mucturyt reoxumun CO PAH, MpkyTck) HaMm Jilo60e3HO
OpL1 nepefad 16.5-MeTpoBHII KepH OypeHUs AJIA MPO-
BeJleHUA AaTHpPOBaHUA U U30TonHOoro a"anusa C, N.

MuxkpoOuoJsiornueckue ucciaefoBaHusa (omnpefe-
JleHVe YMCJIEHHOCTU U IOCJIOMHOe pacipefesieHue II0
pas3pe3aM OCHOBHBIX (PU3HMOJIOTMYECKUX TPyl MHUKPO-
OpraHu3MoB) NpoBeJeHb B MHCTUTyTe BOAHBIX U KO-
norudeckux npo6siem IBO PAH u B JIuMHOJIOTMYeCKOM
nHetutyte CO PAH. Hcenosnb3oBaHa cTaHAapTHaA
MeToAuKa U ee MoAUGMUIMIPOBaHHBIE BepcHUM IOCeBa
npo0 CycleH3Wl AOHHBIX OTJIOKEHWH M3 KepHOB Ha
arapu3oBaHHBIe NIMTaTeJbHbBIE CPedbl U IMOJCYeT KOJIO-
HUI a3poOHBIX U aHadpoOHBIX GakTepuil (Hamcapaes u
3emckas, 2000).

DJIeMeHTHBINI aHaJu3 OpraHUYecKOoro BellecTBa
(C, H, N, S) BmimosiHeH Ha aBTOMartuueckoM CHNS-
aHanusatope B MHcTuTyTe opraHudyeckoil xumum CO
PAH. ®opmsbl cephl (obmias, cysbdaTtHas U cyabpu-
Hasg) B oOpaslax JOHHBIX OTJIOKeHUN olpelesieHbl B
HNuctutyTe katanusza CO PAH. CkaHUpyOL[yl0 3JieK-
TPOHHYI0 MuKpockonuio (COM) NpuUMeHAIN OJIA U3y-

54°§

53°F

52° b
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102° 104° 106° 108° 110°
Puc.1. Kapra-cxema pacnosioxeHus o3. Kotokesb, Touka
6ypenus u or6opa mnpob.

4eHus MHUKPOMOP(OJIOTUHN U BellleCTBEHHOI'0 coCTaBa
0CaJKOB C UCIOJIb30BaHUEM CKaHHUPYIOLIEro 3JIEKTPOH-
Horo mukpockorna TESCAN MIRA 3 LMU B LIKIT MU
CO PAH, ncnosnb3ysa pas3jadyHble PEXUMBl JeTEeKTHUPO-
BaHUA. V3MmepeHue Bapuanuii u3otomnoB §°C u §'°N B
IIOATOTOBJIEHHBIX O0pa3liaX BBHIIOJIHAJIN Ha Macc-CIieK-
TpoMetpe Delta V Advantage B pexuiMe HeIPepEIBHOTO
MOTOKA resius (BBICOKOM YUCTOTH Mapku 6.0).

3. Pe3yAbTatbl M 06Cy)XACHMUA

Bepxuuii 610-cM MHTEpBaa JOHHBIX OTJI0XEHUN
npeficraBjisieT €060l TOHKOCTPYKTYPHBI KOJLIOU-
JaJIbHBIN, HU3KO30JIbHBIN (COpr — 27-32%) camporenb
(Puc. 2), BemecTBO KOTOPOI'0 COCTOUT U3 Hepa3JIoKUB-
MUXCA U TNOJIypasJIOKUBIINXCA OPraHUYeCKUX OCTaT-
koB 1maHoOakTepuii (Cyanobacteria) u 6o0JibIIOrO
KoJIM4ecTBa CTBOPOK JMATOMOBBIX Bogopociel. Huke
(610-810 cMm) 3aneraet Gojiee TEMHBIN MTPOCIION MOII-
HOCcThI0 ~200 cM, KOTOpPBII IIpeficTaBJisieT cOO0i BHICO-
KO30JIbHBIH (COpr — 11-19%) xapboHaTHBII canpoIieb.
Cornacuo (Kostrova et al., 2012) mIaHKTOH ABJIAJICA
HCTOYHUKOM aBTOXTOHHOI'O OPraHHYecKoro BelllecTBa
Ha IPOTsPKeHNU Bcero nepuoAa GopMUpOBaHuUsA canpo-
nejieBeIx oTa0XxeHHUM (0-810 cm), rme muaHoOakKTe-
pun (Cyanobacteria) co3gamT OCHOBY OpraHUYeCKOIo
BeIeCTBA, a UAaTOMOBEIE Bojjopocsn (Bacillariophyta)
— OUOreHHBIN KpeMHe3eM MUHepaJsIbHOL YacTy calpo-
nend. MaTepBan 810-900 cMm npencTaBjieH OpraHOMU-
HepaJIbHBIMU 0CaJKaMU (Copr — 6-8%), a Huxe (900—
1450 cm) 3aneraloT MUHepasibHbIE OTJIOXEHUs (COp
— 3-5%).

PacnipeniesieHrie OCHOBHBIX OHOreHHBIX 3Jle-
meHTOB (C, H, N, S) no riiy6riHe [OHHBIX OTJIOXKEHUI
npepacrasiieHo Ha Puc. 2. UaTepBan 200-400 cMm xapak-
TepusyeTcs 6oJiee BeICOKMMU cofepxanuavu H, N u
6oJiee HU3kUMHU S, P. YyacTok Iepexofga MexAy HU3-
KO30JIbHBIM U BBICOKO30JIBHBIM cariporneiieM (595-605
cM) MapkupyeTrcs pe3kuM yBenuudeHueM P o 0.21%.
CTOUT OTMETUThH [IOBOJIBHO BBICOKHE cOAepXaHus S
(1.87-2.78%) B campomnejie Ha (oHe OYeHb HU3KUX
KOHI[eHTpauuil cepbl B mpofgyneHtax OB (> 0.2%).
[IpyunHOI BBICOKHUX KOHIIEHTpalMK S B campornese

T
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Puc.2. Pacnpefesnenue no pa3pe3y Eh, ocHOBHBIX GHOreHHBIX 371eMeHTOB, §'°C, 8N 1 pa3an4HbIX GU3NO0JIOTMYECKUX IPYIIT
MUKpooprannaMoB. OM — opraHoTpodHsie MukpoopranusMel, CPb — cynbdaTrpeaynupyromue 6akrepun, Fe-OX — xese300-

MOXeT OBITh OOorarieHue Cepol O0cajika B COCTaBe
cynpduoB xeje3a (Mpexie BCEro MUPUTA), a TaKxXe
OCepHeHNEe OPraHUYeCcKON KOMITIOHEHTHI Ocajika B JUa-
renese. [To mauasiM COM mupurt (B Buie dpambonioB
U OTJEeJIbHBIX KPUCTAJIJIOB) ObLI OOHApyXXeH MO BCEMY
pa3pe3y JOHHBIX OTJIOXKEHUMN.

C rinyOuHOI HayMHAKT JOMUHHPOBATh BOCCTa-
HOBJIEHHBle COeqUHEHMsA Cephl: B cocTaBe CyJibGUI0B
xenesa FeS,, FeS-nH,0), H,S u 1.4. (Puc. 3). B BepxHux,
MeHee BOCCTaHOBJIEHHBIX MHTEPBaJIaX JOHHBIX OTJIOXe-
HUI, TaM, e Iporecchl OakTepuasibHOH cyJibdaTpe-
OYKIMA MeHee WHTEeHCUBHBI W MeHee IIPOJOJIKU-
TeJIbHHI 110 BpeMeHH, 4eM B OoJiee ITyOOKUX ydacTKax
ocajika, npeobiagatomneil GopMoN cephl ABJIAIOTCA ee
okucJieHHble popmer: BaSO,, SO,*, SO,*, S,0,* u T.A.

OTHoOIIIEHNEe OPraHUYECKOTO YrJiepoia K OpraHu-
yeckomy azoty (C/N) mo pa3pe3y AOHHBIX OTJIOXKEHUM
KOCBEHHO (13-3a Heollpe/IeJIEHHOCTH CTelleH! quareHe-
Tudeckoil TpaHchopmanuu OB) moATBepXKaaeT reHeTu-
yecKyio cBs3b OB 0CaiKOB ¢ UCXOMHBIM OPTraHUYECKHUM
MaTepuajoM JMOO ABTOXTOHHBIM — ILUIAHKTOHOM
(4.5-10), b0 aNTOXTOHHBIM — HA3eMHOM U TOJIy-
MOTPY>XEHHOH pacTtuTesibHOCThI0 (12-40) (JIeoHOBa 1
ap., 2019). O3. KoTokesyib XxapakTepusyeTcsa HU3KUMU
3HaveHusMu otHomeHus C/N (Puc. 2), koTopbie n3me-
HAIOTCA MO0 8-MEeTPOBOMY pa3pe3y ILIaHKTOHOI'€HHOI'O
camporess ot 7.4 no 9.3 (cpenHee mo paspesy — 8.2),
4TO IonajaeT B MHTepBaJs 3HaueHul C/N a4 6atikasib-
ckoro urorutankToHa (10) (Bexpuctiok, 1980).

B pesysipTaTe usyueHus MOCJIOHHOIO paclpeje-
JIEHUs1 Pa3JIUYHBIX (U3NOJIOTUYECKUX TPyHI MHUKPO-
opranusMoB (opraHoTpodHHIX, cyJibdaTpeayHupyo-
mux, ¢GochaTMOOUINIYIINX, AeHUTPUPUITUPYIOUINX,
JKeJie30- U MapraHellOKHMCJIAIIINX) 10 pa3pe3aM 03ep-
HBIX OTJIOXEHUH YCTAHOBJIEHO, YTO WX YHCJIEHHOCTH
Bo3pacTaer mo IIyOWHE OCAaAKOB, TAe MPU y4acTUU
MHUKPOOPTaHM3MOB IPOUCXOAUT OeCTPYKIUA JIabWJIb-
HBIX KOMIIOHEHTOB OpraHnyeckoro Bemjectsa (Puc. 2).

Camas BBICOKas YHMCJIEHHOCTb OpPraHOTPOGHBIX
6akrepuii (OB), MCHOJJB3YIOMNX B KAaUeCTBE MCTOYHMU-
KOB 3HEpruu u yrijepoja IUPOKUIN CIeKTp opraHuye-
CKUX COeJUHEeHNI, OTMeYeHa B HIXHUX HUHTepBajax
JOHHBIX OTJIOXKEHHUI. 3[ech e yCTaHOBJIEHa MaKCH-
MaJIbHasA YWCJIEHHOCTb NeHUTpUPUIUpYyMmuX OakTe-
puii (AHDB), y4acTByoLuX B IpoIieccax pazJyoXeHusd

Mopmbl cepbl, %
100

20
50
100
150

200

Fny6uHa, cm

450
500
600
700
800
900

1220

1400
Puc.3. Pacnpepesnenue ¢opm cepsl (%) o paspe3y OOH-
HBIX OTJIOXXEHUM.
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Oenka M JpPYruxX OpraHUYecKHUX COeAVHEHUI! asoTa
c obpa3oBaHHMeM aMMHaka. B cpegHux HHTepBajax
canporensa (160-345 cMm) oTMeuaeTcss OTHOCUTEJIBHO
BBICOKasA YMCJIEHHOCTDh (pochaTMOOUIN3NPYIOMNX OaK-
tepuii (®MB), koTOpBIle y4acTBYIOT B MHHepaU3aluu
docdopa, BXxoaAIIero B COCTaB OPraHN4YecKrX BelecTs.
3xechk umciaeHHocth ®MB cocrasiser 5.3-45 KOE!/
r X 103, MUHUMAaIbHAA Xe YMCIeHHOCTD JaHHOH I'PYIIIEL
MHKpPOOPraHu3MoB HabJIojaeTcsA B CaMbIX BEpXHUX U
HIXKHUX MHTepBajax AOHHBIX OoTJjIoxeHUH — 0.05-0.9
u 0.3-0.6 KOE/r X 10° cooTBeTCcTBeHHO. [10-BUIUMOMY,
xapakTtep pacnpenesieHua ®MbB no riybuHe paspesa
3aBUCUT OT OKHUCJIUTEJIbHO-BOCCTAHOBUTEJIBHBIX YCJIO-
BUII cpefibl U CTelleH! AOCTYIHOCTH MUHepPaJIbHBIX coe-
auHeHU# pocdopa.

MaxkcumasibHad uyucjeHHocTh (5.7-25.3 KOE/
rx10% cynedarpenyuupymomux Oakrepuii  (CPB)
HabofaeTcsA B uHTepBasie 25-105 cM, 4TO MOXeT CBU-
JeTeJIbCTBOBaTh 00 yBeJIMYeHUHU CTeleHU AeCTPYKIUU
OB c riybuHoi, Tak kak CPB cniocoOHbI KCOJIb30BaTh
TOJIBKO HU3KOMOJIEKYJIIPHOE OpraHUYecKoe BellecTBO
(Trudinger et al., 1972), mpomefiiee npeaBapUTesIb-
HyI0 Jerpajalyio CJIOXKHBIX OpraHM4ecKuX MOJIeKYJI
APYTUMH TpyNIliaMHd MHKPOOPraHW3MOB, HallpuMep,
opraHotpodHeiMu 6aktepusamu (MBaHos u Kapasatiko,
2004). OTo o3HauaeT, uTO cjlabo paszyoxeHHoe OB B
BepxHUX 20-cM ocajka He 0JIaronpUATCTBYeT pa3BH-
tuto CPB, koTophle TpebOyioT HoJiee riTybOKOI IMpeBa-
puTesibHON MUHepaausauuu (JecTpyKLUUN) opraHuye-
CKOro BelllecTBa. B IiesioM, 1A campornesisa xapakTepHa
JOBOJIBHO HU3KasA umucieHHocTb CPB, u, kak cien-
CTBHe, HEeBBICOKasg WHTEHCHUBHOCTh OaKTepHaIbHOM
cyabdaTpeAyKIUN.

I'pynna xesne3ookucsismonux (Fe-OX) u mapra-
Herokucssaomux 6akrepuil (Mn-OX) B IpecHOBOAHBIX
BOJIOEMAax yuyacTByeT B Ipoljeccax okuciyieHuu Fe (II)
no Fe (III) u Mn (II) go Mn (IV) nmpu y4yactTum Kuc-
nopona (T'panuna, 2008; HOpgoBuu u Kerpuc, 2014).
XKese3ookucAwomye 1 MapraHel[OKUCIIAIe MUAKPO-
OpraHu3Mbl aKTHMBHO pa3BUBAIOTCA TOJIBKO B CaMBIX
BEpXHUX UHTepBaJiax JOHHBIX OTJIOXKEHUH, Ile UX MaK-
crUMaJibHas 4YMCJIeHHOCTD cocTaBjisieT 0 14825 u 1320
KOE/r ocagka cootrBeTcTBeHHO. OCHOBHEIMU (aKTO-
paMu, BJIMAIINMU Ha YUCJI€HHOCTD U paclipefiesieHne
Fe-OX u Mn-OX 6akTtepuil, ABJIAIOTCA, Ipexae BCero,
OKHCJINTEJIbHO-BOCCTAHOBUTEJIbHEIE YCJIOBUA Cpefbl, a
TakXe cofiepkaHue OpraHnu4eckoro BelllecTBa U HaJIu-
ynie pacTBopeHHHBIX (popM Fe u Mn B OpOBHIX BoAax.

O cremenu npeo0Opa3oBaHHA OpPraHUYECKOIo
BelllecTBa OcCaJKa MHKpOOpraHW3MaM{ B IIpoliecce
JuareHe3a CBHJETEJIbCTBYeT H3MeHeHHe H30TONHOIO
cocraBa yrjepoja u asora (Puc. 2). YcraHOBJIEHO
obusieryenue 8°C mo riiybuHe paspe3a AOHHBIX OTJIO-
xKkeHU ¢ —22.15%o0 1o —28.77%o0. Ob6jieryeHrie M30TOI-
HOI'O COCTaBa yrjiepoja fIBJIAeTCA CJIeACTBHEM H30TOIl-
HOro GpakiMOHUPOBaHUA B pe3yJibTaTe [eATeJIbHOCTU
MHKpoopranusmoB-peynenTos (FOmosuu u Ketpuc,
2010), OCHOBHBIMUM MPOAYKTaMU XKU3HeeATeIbHOCTU
KOTOpHIX ABJIAETCH YIJIEKUCJBIN ra3 U MeTaH C Jier-
kM 6!3C. CreoBaTesibHO, OOJIeryeHue WN30TOIHOTO
cocTaBa yrjepoja IHOATBepXAaeT aKTUBHblE MHKPOO-

1 KosoHueob6pasyoomasa equHUIA
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HBIE TIPOIECCHl B JIOHHBIX OTJIOKEHUAX, N3MEHSIOIHEe
HCXOJTHBIF COCTAaB OPraHUYECKOTr'O BEI[EeCTBA B Pe3yJib-
TaTe ero aHadpoOHOTO PA3JIOKEHUA. Y TKeJIEHUE U30-
TOIHOI'O cocTaBa a3o0Ta, corjiacHo (Robinson, 2001),
BEPXHUX WHTEPBAJIOB JOHHBIX OTJIOKEHUH CBUIETEIh-
CTBYET O JIOBOJIbHO MHTEHCHUBHOM KPYrOBOPOTE a30Ta
U ero «BbICOKOH» MoTepu U3 coctaBa OB, 4TO IpUBOAUT
K pocty &'°N.

TakuMm o6pa3oM, CpaBHEHHUE YHCJIEHHOCTH pas-
JIMYHBIX TPYII MUKPOOPTaHU3MOB U XapaKTepa H3Me-
HeHUs1 U30TOmHOro cocraBa &8C u 8N BBIABWIU
cJleqiyrolee: TpOoIecChl KPyroBopoTa a3oTa, a Takke
yIJIepoJia, B JOHHBIX OTJIOXKeHUAX 03. KoTokessb mpo-
xXo[AT 60Jiee aKTUBHO, YEM CEPBI, YTO B IIEJIOM Xapak-
TepHO Ui OOJIBIIMHCTBA IMPECHOBOJHBIX BOJOEMOB
(I'panuna, 2008; I0goBuy u Kerpuc, 2011).

4. 3aKknloueHue

BepxHue 8 M ocamouHoll Tonmu o3. KoTokesb
Ipe/icTaBJIeHbl IJIAHTOHOTEHHBIM cariporesieM, KOTO-
pPBHIII  XapakTepusyeTcsi HeOOJIBIINMHM 3Ha4eHUsAMU
otHomeHusA C/N (7.4-9.3), uTo MapKkupyeT aBTOXTOH-
HyI0 KOMIIOHEHTy B COCTaBe OpraHMYecKoro Bellle-
ctBa (duroriaHkToH, Oakrepum). Cyanobacteria u
Bacillariophyta ABJAIOTCA OCHOBHBIM HMCTOYHUKOM
aBTOXTOHHOI'0 OpPraHMYECKOI'o BellecTBa Ha IPOTsXe-
HUM Bcero mnepuoja ¢GOpMHUPOBAHUS CaANpOIEJIEBBIX
otyioxeHuii (0-810 cm). OTMeyaeTcsi pOCT BOCCTAHOB-
JneHHbIX GopM cepsl S (II) mo riybuHe MOHHBIX OTJIO-
XeHUH. YMCIeHHOCTb Pa3JIMYHBIX (PU3NOJIOTUYECKUX
IPYIIl MUKPOOPTaHM3MOB TaKXe BO3PacCTaeT ¢ IIyOu-
HOH, IJle IpU HX Y4YaCTHUU IPOUCXOAUT AEeCTPYKIHA
JIaOMJIBHBIX KOMIIOHeHTOB OB. YBesuueHue 4mcieH-
HOCTH cyJjbdaTpedyLupyomux OakTepuil B HHTEp-
Basie 25-105 cM cBUAETEJNIbCTBYeT O POCTe CTeleHU
JIeCTPYKLIUYU OpPraHU4Yeckoro BellecTBa, T.K. JaHHBE
MHKPOOPTaHU3Mbl CIIOCOOHBI KCIIOJIb30BaTh TOJIBKO
HU3KOMOJIEKyJIsipHoe OB, mporefiiee rnpeaBapuTesib-
HYI0 Jerpajalyio CJIOXKHBIX OpPraHMYeCKUX MOJIEKYJL.
HsmeHeHNe M30TONHOro cocrasa 6'°C (obsieruenuvie) u
8N (yTsxesieHHE) TIOATBEPXKIAET aKTUBHbIE MUKPOO-
Hble MpolleccHl, N3MeHAINe NCXOOHBI cocTaB opra-
HUYECKOTO BelllecTBA B pe3yJIbTaTe ero aHa’poOHOro
pasjoXeHUs B IIpoliecce paHHero JuareHesa.

BaaropapHocTH

HccnenoBaHre BHINOJIHEHO IIpA  (PUHAHCO-
Boll moadepxke POOM B pamMkax HayudHBIX IpOEK-
ToB No 11-05-00655 A m Ne 18-35-00072 wmoJi_a.
PaGora BBINIOJIHEHA 110 TOCYAAapCTBEHHOMY 3aJaHUI0
HHcTuTyTa reosorun u MuHepasoruu CO PAH (mpo-
ekT No 122041400193-7) B LIKIT MHOrosjieMeHTHBIX U
M30TOIHBIX HccienoBanuii CO PAH.
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