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ABSTRACT. The systematization of organic-mineral bottom sediments of 38 small lakes in the south of
Western Siberia has been carried out, taking into account landscape and sapropelation zones. The study
covers the subtaiga, forest-steppe, steppe and subzones of ribbon forests, where 494 samples of bottom
sediments were taken. The analytical work was performed at the Analytical Center for multi-elemen-
tal and isotope research SB RAS (Novosibirsk) using a set of modern analytical methods: determina-
tion of ash content, elemental composition (AAS, ICP-AES, and X-ray fluorescence), mineralogy (X-ray
Diffraction, SEM). To systematize bottom sediments, the classification of bottom sediments developed
by the authors was applied based on ash content (types), Si/Ca ratio (classes) and the type of dominant
primary production (genetic species). The relationship between the distribution of bottom sediment
types and landscapes, as well as sapropelation zones, has been identified. Organic-mineral and miner-
al-organogenic types prevail in the subtaiga/forest-steppe (intensive zone of sapropelation). Mineralized
sapropels and mineral silts dominate the steppe/ribbon forests landscape (a zone of weak sapropel for-
mation). Organogenic bottom sediments are extremely rare in all landscapes and sapropelation zones.
The distribution of sediment classes among all the lakes considered is uneven, with the predominance of
lakes with a silicon sediment class. Planktonic-macrophytic and macrophytic-planktonic genetic species
are predominant regardless of the landscape and sapropelation zone. Local features of the geochemical
and mineral composition in nearby lakes have been established using the example of Lakes Peschanoe
and Chistoe (forest-steppe landscape), which is due to differences in the genetic species of sapropel. The
proposed systematization makes it possible to assess the resource potential of sapropels for agriculture
and reclamation, and serves as a basis for monitoring anthropogenic and climatic impacts. The unique
composition of the bottom sediments of each individual lake underscores the need for detailed geo-
chemical analysis when planning environmental management.
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1. Introduction are particularly sensitive to environmental changes due

to their small size (up to 10 km?), shallow water (3-5
m), and drainness (Savchenko, 1997). Each limnosys-
tem integrates material and energy components (water,
bottom sediments, suspension, biota, soils, catchment
rocks) and landscape factors (climate, relief) related
by spatial and functional interactions and developing
as an integral object (Savchenko, 2016 with additions

The southern part of Western Siberia is located
within the Ob-Irtysh river basin and is a region with
a diverse range of lake area percentage, varying from
basin to basin. This variation depends on factors such
as the degree of forest cover and swampiness, as
described by Kurakova (2023). According to Izmailova

and Korneenkova (2020), the average lake area per-
centage is approximately 2%.

Lake systems (limnosystems) in the south of
Western Siberia are open heterogeneous systems that
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by the author). These components serve as sources
and accumulators of allochthonous and autochthonous
substances, being in a state of continuous interaction
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through phase interfaces and physical and chemical
fields. The formation of organic-mineral bottom sedi-
ments in the small lakes of the region is the result of
the interaction of litho-, hydro-, atmo- and biospheres,
which determines their unique geochemical and min-
eral composition.

Organic matter is an essential component in
complex biogeochemical processes, including food
chains and chemical interactions. As a result of these
processes, various authigenic minerals are formed. The
features of the intra-aqueous medium determine the
rate and direction of decomposition of organic matter.
During anaerobic mineralization, end products such
as carbon dioxide, methane, and hydrogen sulfide are
formed, which, together with the physical and chemi-
cal characteristics of the environment, affect the forma-
tion or dissolution of authigenic minerals (Holmer and
Storkholm, 2001; Savvichev et al., 2010).

The balance between the production and
destruction of organic matter, along with other factors,
determines the characteristics of bottom sediments
(Zarubina, 2013; Yermolaeva et al., 2016; Taran et
al., 2018; Strakhovenko et al., 2019). The influence of
biogenic processes is manifested both in the geochem-
ical composition of organic-mineral bottom sediments
and in the mineral composition. This is particularly
pronounced for the bottom sediments of small lakes
in the south of Western Siberia in the accumulation
of Ca, Mg and Sr in the geochemical composition and
the formation of biochemogenic carbonates of various
Mg-content, from low-magnesian calcite to Ca-excess
dolomite on geochemical barriers (Ovdina et al., 2020;
2023). As well as in the accumulation of silicon, includ-
ing biogenic, the supplier of which is diatoms, which
dominate phytoplankton and possess silicon frustules.

Symbols:

) - taiga lakes
@ - forest-steppe
lakes
222) - steppe lakes

Despite the abundance of existing bottom sedi-
ments classifications (based on genesis, organic content,
and practical use) (Korde, 1969; Shtin, 2005; GOST R
54000-2010; Strakhovenko et al., 2019), the task of sys-
tematically studying bottom sediments in small lakes in
southern Western Siberia remains relevant. This is due
to the increasing interest to study small limnosystems,
both to expand the fundamental knowledge of sedimen-
togenesis processes and for practical reasons, such as
the use of sapropel materials in the national economy.

The aim of this work is to assess the distribution
of organomineral sediments in small lakes in the south
of Western Siberia through a comprehensive analysis of
abiotic and biotic factors, considering landscape zona-
tion and sapropelation zones.

2. Research objects, materials and
methods

The objects of the study are the organic-min-
eral bottom sediments of 38 small lakes in the south
of Western Siberia, located in intensive and weak sap-
ropelation zones in landscapes gradually changing
from north to south: subtaiga and southern taiga, for-
est-steppe, steppe, subzone of ribbon forests (Fig. 1).

Prior to selecting the testing point, we conducted
preliminary studies on the lake bottom relief using the
Garmin ECHOMAP Plus 62CM echo sounder. Bottom
sediment sampling (494 samples) was carried out in
the center of the lake from the PVC boat “Stormline
Adventure” (South Korea) using a cylindrical sampler
(@=82 mm, L=120 cm) with a vacuum seal (Taifun
RPA, Russia). Cylindrical sampler allowed us to collect
stratigraphic sediment cores and keep the water-bottom
sediment boundary undisturbed. The bottom sediment

Novosibirsk

Barnaul

Rubtsovsk

Fig.1. The map diagram of the considered small lakes in the south of Western Siberia.
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cores were tested in 5 cm thick layers. The 42 water
samples were taken in the center of the lake. Values of
the water pH were recorded in situ using an ANION-
7000 portable liquid analyzer (Biomer, Russia).

Bottom sediment samples preparation included
weighing after collection, followed by drying the sam-
ples during the fieldwork to an air-dry state. Then fur-
ther drying was either in the laboratory under room
temperature conditions for Hg content determination
or in a drying cabinet (LOIP LF 240,/300-VS1, Russia,
with the TS87B basic control module) set to 50°C. The
samples were thoroughly mixed and reweighed, and
then ground for analysis from a standardized volume
sample.

Analytical studies of the lake components were
conducted in the Analytical Center for multi-elemental
and isotope research SB RAS, Novosibirsk, Russia. The
ash content (A, %) of bottom sediments was studied by
calcining 50 g of the sample at 550°C. Ash content is the
mass of solid inorganic residue formed after complete
combustion of a combustible substance under certain
conditions. The ash content allows a qualitative assess-
ment of the organic and mineral matter content in the
sample. Major and trace elements were determined
via atomic absorption using a Solaar M6 instrument
equipped with a Zeeman and deuterium background
corrector (Thermo Electron, USA) and inductively cou-
pled plasma atomic emission spectrometry (ICP-AES)
using iCAP Pro XP Duo (Thermo Scientific, USA). The
major element composition was determined by X-ray
fluorescence analysis (ARL-9900-XP, Applied Research
Laboratories, USA). The total Hg content in the sedi-
ments and soil samples was determined according to
the accredited methodology M 03-09-2013 using the
RA-915M analyzer with RP-91S attachment (Lumex,
Russia).

The sample morphology and elemental composi-
tion were determined using a scanning electron micros-
copy (SEM) (Mira 3 Tescan, Tescan, Czech Republic).
The INCA Energy 300 program (Labspec 5) was used
for quantitative chemical analysis with reference stan-
dards. The bottom sediments were analyzed using a
“shashka”-type tablets, made of epoxy resin (@ =2 cm,
H=0.5 cm) via method, developed by (Malikov, 1986).
The process involves filling a sample of sediment with
epoxy resin to form compact tablets, followed by pol-
ishing with diamond pastes to achieve a perfectly flat
surface.

X-Ray Powder Diffraction was used to deter-
mine mineral composition (ARLX'TRA, Thermo Fisher
Scientific (Ecublens) SARL, USA) (emission CuKa). A
detailed description of the calcite-dolomite series car-
bonates determination is given in (Solotchina et al.,
2021; Ovdina et al., 2023). The identification of the
main cations and anions of water composition was
carried out using liquid ion chromatography (HPLC-
10AVp, Shimadzu, Japan).

3. Results and Discussion

The composition of lake waters in the south of
Western Siberia varies naturally by landscape zones:
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in the subtaiga, bicarbonate calcium-magnesium/sodi-
um-calcium waters predominate; in the forest-steppe,
SO,* is added to HCO,, and the cationic composition is
replaced by sodium-magnesium; in the steppe, CI-Na’'
brines dominate. This meridional trend of mineral-
ization growth from north to south is complicated by
the widespread occurrence of small lakes with sodium
bicarbonate (soda) type waters (Strakhovenko et al.,
2019; Ovdina et al., 2020). This aspect is related to
the hills and hollows relief of the Baraba lowland and
Kulunda plain where moisture and salts redistribute
and also with the composition of the soil-forming sub-
strates - loess-like loams (Ilyin and Syso, 2001). Soda
waters in all areas stimulate the development of biota
(algobacterial mats, macrophytes, algae) (Zavarzin,
1993; Strakhov, 1993), which, in turn, enhances the
concentration of substances and local environmental
changes (Kuznetsov, 2003).

Based on the analysis of more than 38 deposits
of organic-mineral bottom sediments from small lakes
located in various landscapes of southern Western
Siberia, a classification has been proposed that builds
upon the approach of N.V. Korde (1969). The sedi-
ments are classified based on their ash content into five
groups: organogenic (less than 30% ash), organic-min-
eral (30-50%), mineral-organogenic (50-70%), miner-
alized (70-85%) and mineral silts (>85%). According
to the silicon-calcium ratio, the sediments are further
divided into three classes: silicon (Si>Ca), calcium
(Ca>Si) and mixed (Si = Ca).

Organogenic bottom sediments are extremely
rare; organic-mineral and mineral-organogenic are
the most common; mineralized bottom sediments are
characterized by the predominance of the terrigenous
component and the authigenic phases (bio-/chemo-/
biochemogenic component). The zone of intensive
accumulation of sapropel can be traced in the subtaiga
(Vasyugan plain) and forest-steppe landscapes (Baraba
lowland). Brackish sapropel and mineral silt are the
most common types of bottom sediments on the terri-
tory of the Kulunda plain (steppe landscape and ribbon
forest subzone) (Fig. 2).

At the same time, the distribution of sapro-
pel classes among all the lakes under consideration is
uneven, with the predominance of lakes with a silicon
class of sediments. Silicon enters the sediments with
both terrigenous deposition and biogenic pathways
(mSiO,'nH,0). The calcium class is characterized by
the accumulation of authigenic carbonates of varying
degrees of Mg-content and/or aragonite in the bottom
sediments.

Maximum productivity is typical for reservoirs
in the intensive zone of sapropelation, where the accu-
mulation of organic matter dominates its decomposi-
tion (Zarubina, 2013; Yermolaeva et al., 2016). Based
on many years of detailed field and analytical com-
plex studies, it has been established that the genesis of
sapropels is determined by the type of bioproduction
(Taran et al., 2018, Strakhovenko et al., 2019): mac-
rophytogenic bottom sediments are rich in lignin and
humic substances, planktonogenic ones are rich in pro-
teins and lipids. That is why one of the most important
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Fig.2. Distribution of types of bottom sediments depending on the landscape and sapropelation zone.

criteria for the systematization of bottom sediments in
the south of Western Siberia is the type of dominant
primary production: planktonogenic, macrophytogenic,
planktonic-macrophytic, macrophytic-planktonic.

An interesting fact is that the aquatic ecosystems
of neighboring lakes often show noticeable differences
in the species composition and organization of com-
munities, which is associated with the unequal partic-
ipation of biological groups in the synthesis of organic
matter (Zarubina, 2013; Yermolaeva et al., 2016). For
example, the lakes Peschanoe and Chistoe, located in
the forest-steppe zone. Despite the fact that the lakes
are located 377 m from each other, the bottom sed-
iments belong to different types, classes and genetic
species (Table 1).

The graph (Fig. 3) clearly demonstrates the dif-
ference in geochemical conditions in neighboring lakes.
Accumulation of Ca and Sr in the calcium sapropel of
Lake Peschanoe is traced, which is associated with
the development of Ca-accumulating biota that stimu-
lates the formation of calcite-dolomite carbonates. The
silicon sapropel of Lake Chistoe contains a higher Si
content than the neighboring lake, which is associated
with a more extensive development of diatoms and a
greater proportion of terrigenous material in the bot-
tom sediment.

4. Conclusion

A comparison of the prevalence of the types and
classes of the considered bottom sediments with sapro-
pelation zones and landscapes of the south of Western
Siberia showed that the zone of intensive accumulation
of sapropel correlates with subtaiga and forest-steppe
landscapes. All types and classes of sapropels are found
in the lakes of the forest-steppe landscape. In the steppe
zone and the ribbon forest subzone, the most common
type of bottom sediments is mineral-organogenic and
mineralized sapropel, as well as mineral silt. Regardless
of the sapropelation zone and landscape, the type and
class of bottom sediments, planktonic-macrophytic and
macrophytic-planktonic species are the most common.

The proposed classification (by ash content, Si/
Ca ratio, and genetic species) makes it possible to pre-
dict the resource potential of sapropels for agriculture
and reclamation, and also serves as a basis for monitor-
ing changes in conditions of anthropogenic impact and
climatic shifts. The uniqueness of the material compo-
sition of the bottom sediments of each individual lake
requires detailed geochemical analysis when planning
rational use of natural resources.

Table 1. Classification by types, classes and genetic species of two neighboring lakes (Peschanoe and Chistoe) located in the

forest-steppe zone.

Lake

Peschanoe

Chistoe

type
ash content (%)
class

genetic species

organic-mineral
49
Ca

planktonic-macrophytic

mineral-organogenic
68
Si

macrophytic-planktonic
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Fig.3. The multi-element distribution spectrum of the studied elements for the bottom sediments of two neighboring lakes

(Peschanoe and Chistoe) located in the forest-steppe zone.
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Cucremarusauua opraHoMHUHEepanbHbIX
AOHHbBIX OTAO)X€HMHM MaAbIX 03ep

jora 3anapHou CHOMpPHU B KOHTEKCTe
AAHAIWIAPTHON 30HANABHOCTH

OBaouHa E.A.*, CtpaxoBenko B.Jl.", Masos I''"1.", Majios B.H.

Hrcmumym ceostoeuu u muHepatoeuu um. B.C. Cobosteda CO PAH, np-m Akademuka Konmioea, 3, Hogocubupck, 630090, Poccus

AHHOTAIIUA. [IpoBeneHa cucreMaTusaldsi OpraHOMHHEDPAJIbHBIX AOHHBIX OTJIOXKEeHUH 38 MaJibix
03€p rora 3anagHoii Cubupu c y4éToM JiaHAMA(PTHON 30HAJIBHOCTU U 30H campolieaeobpa3oBaHUsA.
HcciienoBaHue oxBaThiBaeT JIaHAMA(MTH MOATANIY, JeCOCTENY, CTeNN U IOA30HBI JICHTOYHBEIX OOpPOB,
rae oTobpaHo 494 mpoObl OHHBIX OTJIOXKEHUM. AHajuTU4ecKas paboTa BeinoJyiHeHa B [[KIT MHOrO3J1€-
MEHTHBIX U U30TONHbIX Hccyieqosanuii CO PAH (HoBocu6upck) ¢ mpuMeHeHreM KOMILJIeKca COBpeMeH-
HBIX aHAJIMTUYECKUX METOJIOB: OIpefeJieHre 30JbHOCTH, 3yieMeHTHbIN cocTaB (AAC, UCII-ASC, POA),
muHepasioruss (P®A, COM). lnA cucTteMaTtusalii JOHHBIX OTJIOKEHHUI IpHMeHeHa pa3paboTaHHas
aBTOpaMH KJlaccu@ukanusa [OHHBIX OTJIOXEHHU Ha OCHOBE 30JIbHOCTU (Turbl), cooTHouleHus Si/Ca
(kaccel) 1 BUAa JOMUHMPYOIE NEePBUYHOM NPOAYKIUU (reHeTrdeckue BUABI). OOHUM U3 BaKHEH-
X KpUTepUeB cUcTeMaTu3aluy JOHHBIX OTJIOKEHWI Masibix o3ep lora 3anagHoii Cubupu ABjsAeTcs
BUJ| IOMUHUPYIOIIEN NeEpBUYHON MPOAYKIUN: IJIaHKTOHOTeHHBIN, MaKpO(QUTOreHHBIH, IJIAHKTOHO-Ma-
KpPOQUTHEIM, Makpo®UTO-IUIaHKTOHHBIN. BriABIeHa cBA3b paclpefejieHHs TUIOB AOHHBIX OTJIOXe-
HUM c JaHamadTaMu 1 30HaMu canporneneobpa3oBaHus. B noaTaiire/jecocreny (MHTEHCUBHAasA 30HA
camnporneseoOpa3oBaHus) NpeobafaT opraHOMHUHepaJibHble U MUHepaJIbHO-OpraHOreHHble TUMLL. B
CTemnu/JIEHTOYHBIX Oopax (30Ha cjaboro camporneneodpa3oBaHus) AJOMUHHPYIOT MUHEpaIN30BaHHbIE
camporeau W MUHepajbHble Hibl. OpraHoreHHble JOHHBIE OTJIOXKEHHs KpaliHe pedKU BO BCeX JIaHM-
madTax M 30HaxX campornesieoOpa3oBaHUs. PacnpenesieHue mo KjaccaM AOHHBIX OTJIOXKEHHH cpeau
BCEX pacCMOTPEHHBIX 03ep MPOMCXOAUT HepaBHOMEPHO, € IpeobjajaHneM 03€p ¢ KpeMHHEeBhIM Kilac-
COM OTJIOXKeHHH. [ITaHKTOHO-MaKpOPUTHHIN U Makpo®UTO-IUIAHKTOHHBIN IeHeThYecKre BUABI ABJIA-
I0TCA MpeobIajanmuMy He3aBUCUMO OT JlaHAmadgTa 1 30HBI canponesieoOpa3oBaHuA. Y CTaHOBJIEHBI
JIOKaJIbHble 0COOEHHOCTH re0XUMHUYECKOro COCTaBa B OJIN3KOPACIOJIOXKEHHBIX 03epax Ha IIpuMepe 03€p
[Tecyanoe u Yucroe (JiecocrTemnb), YTO OOYCJIOBJIEHO Pa3jMUUsAMM B T€HETHMYECKOM BHUJIE CANpOMeJis,
00ycJIaBJIMBAOIUM T€OXUMUYECKUH M MHHepPaJIbHBI COCTaBbl JOHHBIX OTJIOXeHui. [IpensioxeHHas
crucTeMaTH3alys MO03BOJAET OLEHUTh PeCypCHBIN MOTEHLHAasl calpolesieil O CeJbCKOT0 XO03AKHCTBa
1 peKyJIbTUBAIMY, a TaKXe CJIy>XXUT OCHOBOM [JIi MOHHUTOPHHIA aHTPOIOTe€HHBIX U KJIMMAaTHYeCKUX
BO3/eCTBUI. YHUKAJIbHOCTh COCTaBa JOHHBIX OTJIOXKEHUM KaXXJI0r0 OT/IeJIbHOTO 03epa MOAYEpPKUBaET
Heo0XOAMMOCTD [JeTaJIbHOT0 FeOXMMUYECKOro aHaIn3a IIpyU IJIaHNPOBaHUU IPUPOAOIOJIb30BaHUA.

Kiioueawie cioga: camnpornesib, KJlaccubuKanys, reHe3nc, JOMUHUPYIOIasn NepBUvHasA NpOAYKLIMsA, MaJjlble 03epa,
1or 3anagHor Cubupu
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1. Beepenne 3abosouenHoctu (KypaxoBa, 2023), a cpeaHsAs BeJu-

YiHAa 3a03€pEeHHOCTU TEPPUTOpPUM cocTaBisAeT ~2%
(M3maiinosa u KopHeenkosa, 2020).

O3zépHble  cucTeMbl (JIMMHOCHUCTEMBI) Iora
3amagHoit Cubupu OTKDBITBIE TeTeporeHHbIe
CHUCTEMBI, 0CO00 YyBCTBUTEJIbHBIE K N3MEHEHUAM OKpY-
X)arolei cpefbl BBUAY Majbix pasmepoB (1o 10 km?),

Or 3anapgnoii Cubupu OTHOCUTCA K TeppU-
Topun OOb-MpTHILICKOIO MeXAypeubsd W ABJAETCA
O3epHBIM PEerruoHOM, MMeIUIMM IHPOKUI Auanas3oH
W3MeHeHHA CTelleHW 3a03épeHHOCTH OT OacceilHa K
6acceliHy B 3aBUCMMOCTHU OT CTeleHU 3aJIeCEHHOCTU U
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MesikoBogHocTH (3-5 M) u 6eccrouHocTu (CaBYEHKO,
1997). Kaxpgasa JuMMHOCHCTEMa WHTErpupyeT Bellle-
CTBEHHO-3HepreTruyeckrue KOMIIOHEHTH (BoAa, JOHHBIE
ocagky, B3Becb, OMOTa, IMIOYBHI, IOPOABI BogocOopa)
u nagamadTHeie ¢akTopsl (KJuMaT, peiibed), CBA-
3aHHble TPOCTPAaHCTBEHHO-(PYHKIMOHAJIBHBIMUA B3a-
MMOJAENCTBUAMU U pasBUBaIoluecs KaK IeJIOCTHBIN
o6bekT (CaBueHko, 2016 c AOMOJIHEHUsAMHU aBTOPA).
OTH KOMIIOHEHTHl CJIy’KaT MCTOYHMKAMU U aKKyMy-
JIATOpaMU aJIJIOXTOHHOTO M aBTOXTOHHOI'O BellleCTBa,
HaXOAACh B COCTOSIHUM HellpepPBIBHOI'O B3alMOBJIMAHNA
yepe3 rpaHullpl pasfena ¢a3 u QU3MKO-XUMHYecKue
nosiA. dopmupoBaHUe OPraHOMHHEpPAJIbHBIX AOHHBIX
OTJIOKEHHWI B MaJIbIX 03€pax peruoHa — pesyJbTaT
B3aUMOAENCTBUA JIUTO-, THAPO-, aTMO- U Ouocdep,
OnpefieIAIero UX YHHUKAJIbHBII Ie€OXMMHUYECKU! Hu
MMHepaJIbHBIN COCTaB.

OpraHudeckoe BeIleCTBO BBICTYNAET BaXHeM-
MM KOMIIOHEHTOM B CJIOKHBIX OMOIreOoXMMHYeCKuX
mpolrieccax, BKJII0Yas MHUINEeBble LeNu U XUMHYecKkue
B3auMOAeNCcTBUA. B pesynprare 3THX MpPOILECCOB
dopMupyloTca pasjnyHbBle ayTUTeHHBle MUHepaJbl.
Oco6eHHOCTH BHYTPHUBOLOEMHON CpeAbl OIpeAesAloT
CKOpOCTh 1 HallpaBjieHHe pa3JjoXeHUs OpPraHu4ecKoro
BemlecTBa. [Ipu aHa’poOHOII MUHepaiu3anuu obpasy-
I0TCA TaKye KOHeuHble TPOAYKTHI, KaK yIJIeKUCIIBIH ras,
MeTaH U CepoBOJOPOJ, KOTOpble COBMECTHO ¢ (pusm-
KO-XMMHUYEeCKHMH XapaKTepUCTUKaMU Cpelbl, BIUAIOT
Ha npoljeccsl GOpMUPOBAHUA UIN PaCTBOPEHU: ayTH-
reHHbix MuHepasoB (Holmer and Storkholm, 2001;
CasBuues u Jip., 2010).

Pananc wmexnay mpoAykKuueld W JecTpyKIueil
OpraHn4ecKkoro Bell[ecTBa, HapAAy C APYrMMH (akTo-
paMmu, ompejesiseT XapaKTepUCTHUKU JOHHBIX OTJIOXe-
Huli (3apybuHa, 2013; EpmonaeBa u ap., 2016; Tapan
u 1p., 2018; CrpaxoBeHko u fip., 2019). BiausHue 6uo-
TeHHBIX IPOIeCCOB NMPOABJIAETCA KaK B FeOXUMUYECKOM
cocTaBe OpraHOMUHEpPAJIbHBIX [IOHHBIX OTJIOXXEHUH,
Tak U B MHHepaJbHOM cocTase. Oco00 ApKO AJiA JOH-
HBIX OTJIOXEHUM MaJjibix o3ep lora 3amagHon Cubupu
3TO BBIpaXkaeTcs B akKymyJianuu Ca, Mg u Sr B reo-
XMMHUYECKOM cocTaBe U (HOpMUPOBAHUN OHOXeMOIeH-
HBIX KapOOHAaTOB pa3/JMYHON MarHe3WajJbHOCTU — OT
HHU3KOMAarHe3uajbHOro Kaabuura Ao Ca-u30BITOYHOIO
J0oJIOMUTa Ha reoxuMuyeckux 6aprepax (Ovdina et al.,
2020; 2023). A Takxke B HaKOILJIEHUH KPEMHUS, B TOM
ynicjie OMOTeHHOTr 0, IOCTaBIMKOM KOTOPOTO ABJIAIOTCA
JAuaToOMOBble BOJOPOCJIY, JOMUHHpYyoImue B GUTO-
IJIAaHKTOHe ¥ o0J1afjaioliiie KpeMHUEeBbIMY NaHI[UPAMU.

HecMmoTpsa Ha oOuine CymecTBYIOIHAX KJIacCu-
$ukanuil JOHHBIX OTJIOXKeHUH (10 reHe3ucy, coaepxa-
HUIO OpraHUKY, IIpaKkTuieckoMy HasHaueHU10) (Kopao,
1969; IlItun, 2005; I'OCT P 54000-2010; CTpaxoBeHKO
u 1p., 2019), 3amava cucreMaTusaliu JOHHBIX OTJIO-
’KeHUN MaJjibix o3ep tora 3amagHoil Cubupu c yu4étom
pervoHa’sibHOU criennduKu 6MOTUYEeCKUX U abuoTuye-
cKkUX (paKTOpOB OCTAETCA aKTyaJIbHON BBUIY Bce 00JIb-
1lero UHTepeca K M3y4eHHUI0 MaJIblX JINMHOCUCTEM KaK
JU1A pacmupeHus pyHaaMeHTaJIbHOrO 3HaHHUA IIpoliec-
COB KOHTHMHEHTAJIbHOI'O CeJVMeHTOreHe3a, Tak U AJiA
[IPaKTUYeCcKOro HasHaueHWs — KCIOJIb30BaHUA Calpo-
eJis B HApOJHOM XO3AHCTBe.
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Llenpio paboThl ABJIAETCA OLlEHKA paclpocTpa-
HEHHOCTH OpPraHOMMHEepaJIbHBIX OTJIOKEHUH MaJlbIX
03€p 1ora 3anagHoii Cub1pU Ha OCHOBE KOMILJIEKCHOTO
aHasu3a BIWAHNSA abUOTHYeCKUX U OMOoTHUYecKux (ak-
TOPOB B KOHTEKCTe JlaHAmadTHOH 30HaJIbHOCTU U 30H
carnpornejaeo0pa3oBaHUA.

2. 06beKTbI HCCAEAOBAHUA, MaTEepPHaAbl U
MeToAbI

OObexkTaMM HCCJIeJOBAaHUA SABJIAIOTCA OpraHo-
MHHepaJibHble JOHHBIE OTJIOXEHNA 38 MaJIbIX 03ep fora
3amagHoit Cubupu, pacrosio)keHHble B MTHTEHCUBHOU U
cyaboil 30HaX campoliejieo0pa3oBaHus B NOCTENEHHO
CMEeHAIIUX JPYT Apyra C ceBepa Ha Ior jaHgmadTax:
noATalra 1 IkHas Taiira, JiecocTelb, CTellb, II030Ha
JIeHTOuYHBIX 60poB (Puc. 1).

[Ipexxne yeM BHIOpaTh TOUKY ONpOOOBAaHUA, MBI
[IpoBeJiM IpeJBapuUTesibHble MCCaefoBaHUA pesbeda
JTHa o3epa ¢ noMolIrbio 3xos10ta Garmin ECHOMAP Plus
62CM. OT60p npo6 AOHHBIX OTJioXeHuH (494 npoOkl)
mpoBoawJIcs B IieHTpe o3epa ¢ IIBX-moaku Stormline
Adventure ¢ yucrnosp30BaHNEM IUJIMHPHUYECKOTO IIPO-
6oot6opHuka (@=82 MM, L=120 cm) ¢ BaKyyMHBIM
sarBopoM (HIIO «Taiihyn», Poccus). unuaapudyeckuit
Mpo600TOOPHUK MO3BOJIMJI HaM oTobpaTh 39 cTpartu-
rpauueckrux KepHOB OTJIOXKEHUII W COXpaHUThb Ipa-
HUILY BoJia-JOHHBIE OTJIOXKEHNA HeHapyleHHO!H. IIpoOsl
JIOHHBIX OTJIOKEHU OTOOpaHbl C UHTEPBAJIOM S CM.

B nenTpe o3ep 610 0TOOpaHO 42 MpPOGH BOIBL.
3HaueHus pH BOAbI perucTprUpoOBaInCh in Situ ¢ IOMO-
b0 MOPTAaTUBHOrO aHaau3atopa xugkoctu «xAHUOH-
7000» (Biomer, Poccus).

[MoaroroBka oOpas3noB MAOHHBIX OTJIOXKEHUN
BKJII0OYAJIa B3BelllMBaHUe IocJie cOopa ¢ mocjeqymomei
CYILIKOI 00pa3LoB BO BpeMs NI0JIeBBIX paboT 10 BO3AYII-
HO-CYXOI'O COCTOSIHMA. 3aTeM IIPOBOAWJIACh AajibHeM-
mas cymuika Jubo B JabopaTopyuul Ipu KOMHATHOM TeM-
nepartype [JiA onpefesieHUs cOAepXaHus pTyTH, b0
B cymmibHoM mikady (LOIP LF 240/300-VS1, Poccus,
¢ 6a3oBeIM MofyJieM yrpasiieHus TS87B), HacTpoeH-
HoM Ha Temnepartypy 50°C. O6pa3zusl 66T TIIATEIBHO
nepeMelllaHbl ¥ IOBTOPHO B3BeIlleHHl, a 3aTeM U3MeJlb-
YeHHl JJI1 aHajIn3a U3 oOpasia cTaHgapTHOro oobema.

AHanmuTUYeckue  HCCIeJOBaHUA  KOMIIOHEeH-
TOB 03ep npoBoauuck B LIKII MHOrossieMeHTHBIX U
nsoronHeix ucciefgosanuit CO PAH, Hosocubupck,
Poccus. 3onbHOCTh (A, %) AOHHBIX OTJIOXEHUM U3Y-
Yyajgyd nyTeM INpokanuBaHua 50 r obpasna npu TeM-
nepatype 550°C. 30/1bHOCTb NO3BOJIAET KayeCTBEHHO
OLIEHUTh CcofiepXaHKe OPraHWYecKWX U MHUHepasbHBIX
BelllecTB B oOpaslie. Makpo- 1 MUKPO3JIEMeHTHl OIpe-
JleJIsIM MeTO0OM aTOMHOI abcopOIiuu ¢ UCIOJIb30Ba-
HHeM mpubopa Solaar M6, ocHaleHHOr0 3eeMaHCKUM
u felitepueBeIM KoppekTopoM ¢doHa (Thermo Electron,
CIIIA) u aTOMHO-3MHCCHUOHHOHN CIIEKTPOMETpUU C
WHOYKTUBHO-cBA3aHHOU mi1a3moit (MCII-ADC) ¢ npu-
meHeHneM iCAP Pro XP Duo (Thermo Scientific, CIIIA).
MakpoaJjieMeHTHBII COCTaB OIpeAesAJd C [TOMOIIbI0
pentreHodyopecueHTHoro aHainu3a (ARL-9900-XP,
Applied Research Laboratories, CIIIA). O6iiee cofmep-
XaHWe PTYTU B oOpasliax AOHHBIX OTJIOXKEHHUI ollpe-
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VeiosHble 0003HAYEHHS

- TACHKHBIC 03Cpa

@

- IECOCTEMHbIC
o3epa

- CTCIIHEBIE 03€pa

Tomek

HoBocubupck

Bapnrayu

Pybnosek

Puc.1. Kapra-cxema pacIioyioxkeHHs1 PAaCCMOTPEHHBIX MaJIbIX 03ep fora 3anafgHoi Cubupu.

JleJIyId B COOTBETCTBUU C aKKpeAUTOBAaHHOI MeTo[u-
kol M 03-09-2013 c¢ ucnosib30BaHHEM aHaIU3aTopa
RA-915M c npucraskoii RP-91S (Lumex, Poccus).

Mopdosioruio 1 3JieMeHTHBIH COCTaB 0Opa3lioB
omnpefesiAii C IOMOIIbI0 CKaHUPYIOIEH 3JIeKTPOH-
HoM muKkpockommu (COM) (Mira 3 Tescan, Tescan,
Yexus). Jjia KOJUYECTBEHHOTO XWMUYECKOTO aHa-
au3a ucnosb3osanu nporpamMmy INCA Energy 300
(Labspec 5) ¢ ucmosip3oBaHMEM CTAaHAAPTHHIX 06pas-
1[0B. JIOHHBIE OTJIOXEHUA aHaJU3UpPOBaJI C IIOMO-
IbI0 MPENapaToOB THUIA «IMallKa», W3TOTOBJIEHHBIX W3
anokcuHON cMmoubl (@ =2 cm, H=0,5 cm) mo meTony,
paspaboranHoMy (Masuikos, 1986). [l onpefesienus
MHHEepaJIbHOI'0 COCTaBa HCIIOJIb30BaJId PEHTI€HOB-
cKywo nopomkoByw audpaknuio (ARLX-TRA, Thermo
Fisher Scientific (Ecublens) SARL, CIIIA) (3MKCCHOH-
Hel1 CuKa). IlTogpoGHoe onmcaHue onmpefesieHUs Kap-
OOHATOB KaJIBLIUT-OJIOMHUTOBOIO psa NpUBELEHO
B pabortax (ConotumHa u jap., 2021; Ovdina et al.,
2023). OmpenesieHre OCHOBHBIX KaTWOHOB U aHHMOHOB
B cOCTaBe BOJbI IPOBOAMJIIN C IIOMOIIBIO XXUJIKOCTHO-H-
oHHort xpomatorpabum (BOXX-10AVp, Shimadzu,
AnoHus).

3. Pe3ynbTaTthbl M 06Cy)kaeHHe

CocraB O03EpHBIX BOJ Iora 3amagHoii Cubupu
3aKOHOMEPHO M3MeHseTcA 0 JIaHAmWA(GTHEM 30HaM:
B TmoATaire mpeobsamalT rUApoKapOOHATHBIE Kalb-
[[IeBO-MarHyeBble/HaTpHUeBO-KaJbliieBble  BOJBl; B
necocren kK HCO, moGasmsiercss SO,%*, a KaTHOHHBIH
COCTaB CMeHseTCs HaTpueBO-MarHueBbIM; B CTelu
movuHupyT Cl-Na’ paccosbl. DTOT MepUIUOHAJIbHBIN
TpeHJ pocTa MUHepaIu3aly C ceBepa Ha 0T OCJIOX-
HAeTCA MUPOKUM paclpocTpaHeHHeM MaJbiX 03€p C
ruIpoKapOOHATHO-HATPUEBHIM (COZIOBBIM) THIIOM BOJ
(CtrpaxoBeHko u np., 2019; Ovdina et al., 2020), uto
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CBsI3aHO C TPUBHBIM pesnbedpom BapabuHCKON HU3MEH-
Hoctu U KyJyHIOUHCKOV paBHUHBL, Iepepaclipejiesis-
IOIIMM BJIary U COJIU, U COCTABOM IOYBOOOPa3yOIUX
cyberpaTtoB (JteccoBugHbie cyramaky) (MnsuH u Crico,
2001). CozoBble BOABI BO BCEX 30HAX CTUMYJIMPYIOT
pasButue 6uoTH (aprodakTepuaIbHbie MAThl, MAaKpPO-
durts, Bogopocan) (3aBap3ud, 1993; Crpaxos, 1993),
YTO, B CBOI0 Ouepe]lb, YCUJIMBAET KOHIIEHTPUPOBAHNE
BeIlleCTB U JIOKaJIbHble n3MeHeHUs cpensl (Ky3Henos,
2003).

Ha ocnoBe ananusa 6oJiee 35 3ajiexeli opraHo-
MUHEPAJIbHBIX JIOHHBIE OTJIOXEHUI MaJlbiX O3ep, pac-
[IOJIOKEHHBIX B pasHbIX JaHAmadTax iora 3amnagHoin
Cubupu (monraiira, JIECOCTEIb, CTelb, JIEHTOYHBIE
Oopshl), TpemJioXeHa Kiaccudukanusa, pa3BUBAIOIIAA
nmoxxo1 H.B. Kopp (1969). [loHHbBIE OTJIOXKEHUS TPYII-
MUPYIOTCA 10 3HAYEHUTO 30JIbHOCTU HA: OpraHOreHHBIE
(<30%), opranomunepaibHble (30-50%), MuHepaJsib-
Ho-opraHoreHHsle (50-70%), MuHepau3oBaHHbIe (70—
85%) u muHepaJsibHbIe WH (> 85%). ITo COOTHOIIEHUTO
Si/Ca Tumbl JOHHBIX OTJIOXEHUU IMOJPA3IesIAITCA Ha
KJIacchl: kKpemHueBbiii (Si> Ca), xanbiuensiil (Ca > Si),
cmemaHHbBIN (Si= Ca).

OpraHoreHHble [OHHBIE OTJIOXKEHUS KpaiiHe
penxu; HauboJiee pacIpoCTPaHEHbl OPraHOMIHEPAJIb-
HBle ¥ MUHEpPaJIbHO-OPTraHOTeHHEIE; JIJIsI MUHEPaJIN30-
BAHHBIX JIOHHBIX OTJIOXEHUM XapaKTepHO Mpeobsaaa-
HHE TePPUTEHHOU COCTaBJIAKINEN M ayTUTeHHbIX (a3
(6uo-/xeMo-/061oXeMOreHHasA COCTaBJIAIas). 30Ha
WHTEHCUBHOT0 HAKOIUIEHUs CalpoIiesisi MPOCIIeXNBa-
ercsi B moATaexHbx (BacioraHnckas paBHMHA) U Jieco-
crenHbeix JaHgmadrax (BapabuHckas HU3MEHHOCTH).
Ha rtepputopum KyayHAWHCKON paBHUHBI (CTEMHOMN
ganamadT U MOA30HA JIEHTOYHBIX OOpoB) Haubosiee
pacnpocTpaHeHHBIM TUIOM JOHHBIX OTJIOXEHUH SBJIA-
I0TCSI COJIOHOBATHIM Carponeyib U MHUHEPAJIbHBIA HJI
(Puc. 2).
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Puc.2. Pacnpe;[eneﬂﬂe THUIIOB JOHHBIX OTJIOXKEHHI B 3aBUCUMOCTH OT J'IaH,E[H.Ia(I)Ta 1 30HBI canponeneo6pa3OBaH1/Iﬂ.

[Ipu sTOM pacnpefesieHre IO KJjlaccaM campo-
IeJjisi cpey BCeX PACCMOTPEHHBIX 03ep INPOUCXOAUT
HepaBHOMEPHO, ¢ IpeolJiajaHreM 03€p C KpeMHHEBbIM
KJIacCOM OTJIOKeHu. KpeMHMII mocTynaetr B JOHHBIE
OTJIOKEHU KaK C TepPUT'€HHBIM CHOCOM, TakK U O1oreH-
HeM nyTem (mSiO,»nH,0). KasblyeBbiil Kacce xapak-
TepusyeTcsA akKyMyJiAldel B MOHHBIX OTJIOXEHUAX
ayTUreHHbIX KapOOHATOB pa3HOU CTelleH! MarHe3uasib-
HOCTU 1/WJIA aparoHUTa.

MakcumasibHasg HPOAYKTUBHOCTh XapakKTepHa
O BOAOEMOB WHTEHCHUBHOW 30HHI carporeieodpa-
30BaHusA, I'le aKKyMyJIALKA OpraHWYecKoro BelllecTBa
JOMMHUpYeT HaJl ero pasJjioxeHueM (3apybuHa, 2013;
EpmosiaeBa u gp., 2016). Ha ocHOBe MHOroJieTHUX
JleTaJIbHbIX IIOJIEBBIX U aHAJIUTUYECKUX KOMILJIEKCHBIX
HccjleloOBaHUl yCTaHOBJIEHO, YTO TeHe3lC calpole-
nen ompepesisierca tunom Ouonpoxykumu (TapaH u
ap., 2018, CrpaxoBenko u fip., 2019): makpoduToreH-
Hble JOHHBIE OTJIOXKeHUA Oorarbl JIMTHUHOM U T'yMHU-
HOBBIMU BelllecTBaMU, IIJTAHKTOHOTeHHBble — OeKamu
U junugamu. MMeHHO MO3TOMy OAHUM W3 BaXKHeM-
IUX KpUTepueB cucTeMaTu3alu{d JOHHBIX OTJIOXe-
Hu tora 3amagHon Cubupu sABJAETCA BUI AOMUHU-
pyIoIlell TepBUYHOM NPOAYKIMU: ILJIAaHKTOHOTEeHHBIM,
MaKpohUTOTeHHBIH, IJITAHKTOHO-MaKpO(MUTHBIN,
MaKpodUTO-TUIAHKTOHHBIN.

HuTepecHbIM pakTOM ABJISAETCA TO, YTO BOLHEIE
SKOCHCTEMBI COCEeJHHX O03€p 4YacTo JIeMOHCTPUPYIOT

3aMeTHBle pa3jIMuKsA B BHJIOBOM COCTaBe U OpraHu3a-
I COOOIecTB, YTO CBA3aHO C HEOJWHAKOBHIM yda-
cTheM OHOJIOTHYECKUX IPYIIN B CHHTe3e OpraHuKHU
(Bapy6uHa, 2013; EpmosiaeBa u fip., 2016).

Hanpumep, osepa IlecuaHoe u Yucroe, pacro-
JIOXKeHHBIe B JIecOCTeNHoH 30He. HecmoTps Ha To, 4TO
o3epa pacnoJiararrca B 377M APYTr OT APYra, JOHHBIE
OTJIOXKEHUSI OTHOCATCA K pa3HBIM THIIAM, KjlaccaM U
redHerudyecknM BugaM (Tab6uura 1).

I'padux (Puc. 3) HariAgHO IeMOHCTpUpPYyeT pas-
Jinyrie reoXMMUYeCKUX YCJIOBHUI B COCEJHUX O3€pax.
[TpocnexuBaercsa akkymyJiAnua Ca U St B KaJIbI[IEBOM
carpornesne o3. [lecuaHoe, 4TO CBA3aHO C pa3BUTUEM
Ca-akkyMyJupyiomell 61oTH, cTUMYyaupyomeil dop-
MHpOBaHUe KapOOHATOB KaJIbLIUT-J0JIOMUTOBOIO PAAaA.
B xpemHueBOM caripornesie 03. YUucToe nIpocIexXuBaeTcs
6oJiee BBICOKOE, [0 CPaBHEHUIO C COCEAHUM O3epoM,
cogepxaHue Si, 4TO cBfA3aHO ¢ OoJiee OOIIKMPHBIM pas-
BUTHEM AMATOMOBBIX BOJIOpPOCJIEN M OOJIbIIeN AOJIen
TeppUreHHOTO MaTeprajia B JOHHOM OcCajiKe.

4. 3aknioueHue

ComnocraBjieHre PpacHpOCTPAaHEHHOCTU TUIIOB
1 KJIacCOB pacCMOTPEHHBIX MOHHBIX OTJIOXKEHuN ¢
30HaMHM camnponejieodpa3oBaHua U JaHamadTamMu ora
3anagHoit Cubupu mnokasaso, YTO 30Ha MHTEHCUBHOTO
HaKOIJIEHUA callpoliesisa KoppeupyeT ¢ NOATaeXHBIMU

Ta6suna 1. Kiaccudukaiysa mo Tumam, Kjaccam U BUAaM ABYX cocenuux o3ep (IlecuaHoe u YncToe), pacHoIOKEHHBIX B

JIeCOCTENTHO! 30He.

reHeTUYeCKU BU

O3epo ITecuaHoe Yucroe
TAI OpraHo-MUHepaJIbHBII MUHepaIbHO-OPraHOTeHHBIN
30JIbHOCTH (%) 49 68
KJacc KaJIbLeBBIN KpeMHUEeBbIH

IJIaHKTOHO-MaKOGUTHBIIN

MaKpOHUTO-IIJIAHKTOHHBIH
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k/BKK*

JIOHHBIN 0cajio

0 1

Li Be NaMg Al Si K Ca Ti V Cr Mn Fe Co Ni Cu Zn Sr Cd Sb Ba Hg Pb Th U

Puc.3. MybTU3/IeMEHTHBIN CIIEKTDP paclpejiesIeHUs U3yYeHHBIX 3JIeMEeHTOB [JIA JOHHBIX OTJIOXKEHUH JBYX COCeNHUX 03ep

(ITecuanoe u Yncroe), pacloIOKeHHBIX B JIECOCTEITHOU 30HE.

U JiecoCTelHbBIMU JlaHamadTamu. B o3epax Jyiecocremnu
BCTPEvalnTCsA BCe TUIIBI M KJIACCHl calporiesieil. B 30He
CTend M TOA30HEe JIEHTOYHHIX G60poB HauboJiee pac-
MPOCTPAHEHHBIM TUIIOM JOHHBIX OTJIOXKEHUU SBJIAETCS
MHUHEpPaJIbHO-OPTaHOTE€HHB ¥ MHUHEPAJIM30BaHHBIA
camporiesib, a TakXe MHUHEpaJbHBIA Wi. BHe 3aBucH-
MOCTHU OT 30HHI camporiesieo0pa3oBaHus U JaHAmadTa,
THIIA U KJjlacca JIOHHBIX OTJIOXKeHWH, HauboJjiee pac-
MPOCTPAHEHHB! TJIAHKTOHO-MaKPOMUTHBIA ¥ MaKpodu-
TO-TIJTAHKTOHHBIN BUIBL.

[TpensoxenHas kiaccudukanys (Mo 30JbHOCTH,
cooTHomeHuo Si/Ca 1 Ty 6MONPOAYKIINN) TO3BOJIAET
MPOrHO3UPOBATh PECYpPCHBI MOTEHIUaJl campornesei
OJIA CeJIbCKOTO XO3[HCTBa M PEKyJIbTUBALMM, a TaKXkKe
CJIY)XUT OCHOBOM [JIA MOHMTOPUHra H3MeHeHU! B
YCJIOBUAX aHTPOMOTEHHOT'0 BO3AEUCTBUSA U KJIMMAaTHYe-
CKHUX CIBUTOB. YHHKAJIBHOCTD BEIECTBEHHOI'0 COCTaBa
JOHHBIX OTJIOXKEeHUI KaXXJOro OTIeJIbHOro o3epa Tpe-
OyeT AeTaJbHOr0 I'eOXMMUYECKOro aHajii3a Ipu IUIa-
HHPOBAHUM PalIOHAJIBHOTO MPUPOAOIOJIb30BaHUS.
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