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Silica in sapropel sediments of small
lakes across different landscape zones in
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ABSTRACT. Using IR-spectroscopy, the ratio of biogenic to silicate (terrigenous) silica was determined
in small lakes of the Baraba Lowland, located in different landscape zones of the south of Western
Siberia. These lakes exhibit substantially differing hydrochemical water parameters and sapropel com-
position. It was established that in sapropel deposits across all landscape zones, regardless of sapropel
type, class, or genetic kind, the content of biogenic SiO, (SiO,bio) ranges from 12% to 29% of the total
silica content (siliceous sapropel: 12-29%; calcareous sapropel: 13-25%; mixed sapropel: 12-29%).
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1. Introduction

Analysis of the chemical composition of sapro-
pels and the mechanisms governing their property man-
ifestations, depending on interactions between organic
and mineral sediment components — including specific
behavior patterns of SiO, — holds significant scientific
and practical interest. These investigations are essen-
tial both for addressing paleolimnological questions
and developing rational environmental management
approaches.

Silicon, being the second most abundant element
in the Earth’s crust, exhibits limited mobility in aquatic
environments due to the low solubility of silicate min-
erals. In the hydrosphere, it occurs predominantly in
two forms: dissolved (various species of silicic acids)
and suspended (colloidal-sized solid particles compris-
ing silicate minerals and silica). Despite relatively low
concentrations in water, silicon plays a fundamental
role in aquatic ecosystem functioning as an essential
nutrient for numerous aquatic organisms.

The structure of aquatic communities and spe-
cies diversity can vary significantly even among
closely located lakes, owing to differential contribu-
tions of organism groups to organic matter formation
(Zarubina, 2013; 2019; Yermolaeva et al., 2016; Sharov,
2017). The highest productivity occurs in water bod-
ies of humid zones (taiga landscapes), where organic
accumulation processes dominate over decomposition
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(Zarubina, 2013; Yermolaeva et al., 2016). Bacteria,
phytoplankton, zooplankton, and phytobenthos con-
stitute primary contributors to sedimentary organic
matter (Zarubina, 2013; 2019; Yermolaeva et al., 2016;
Sharov, 2017; Smelyi et al., 2020). In Siberian lake sed-
iments, diatoms represent a significant phytoplankton
component, with their frustules containing biogenic sil-
ica. Submerged hydrophytes and emergent vegetation
serve as secondary sources of biogenic silica in bottom
sediments (Schoelynk et al.,, 2010; Zarubina, 2013;
Helmond et al., 2015; Yermolaeva et al., 2016).
Contemporary research utilizes the distribution
of diatom algae and biogenic silica concentrations in
lake sediments to reconstruct environmental changes
and date climatic stages (e.g., in Lakes Baikal, Onego,
and Ladoga) (Kuz’min et al., 2014; Nazarova et al.,
2020). The applied significance of studying biogenic
silica accumulation in organic-mineral sediments (sap-
ropels) lies in its role as a source of silicon compounds
when used as fertilizer. These compounds enhance
soil structure, increase fertility, and promote environ-
mentally sustainable agricultural production (Perry
and Keeling-Rucker, 2000; Goleva, 2004; Mitani and
Ma, 2005). Additionally, sapropel resources exhibit
high therapeutic efficacy as medicinal muds due to
their unique microbial composition and colloidal tex-
ture, making them promising for medical applications
(Avvakumova, 2002; Kholopov et al., 2003).
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The aim of the work is to identify the role of
interaction between organic and mineral phases SiO,
in the formation of the properties of sapropels, which
determine their value as paleoarchives for paleolimno-
logical reconstruction and the development of technol-
ogies for rational nature management (fertilizers, ther-
apeutic muds).

2. Objects, Materials and Methods

The object of the study is the bottom sediments
of small lakes in the south of Western Siberia.

The studied small lakes of the Baraba Lowland
(southern Western Siberia) span southern taiga, sub-
taiga, forest-steppe, and steppe landscapes. They
exhibit substantial variability in hydrochemical param-
eters and sapropel composition depending on origin,
even within single landscape units (Strakhovenko et
al.,, 2019; 2023; Taran et al., 2018). Based on biolog-
ical contribution to sapropel formation, organic/min-
eral content, and geochemical composition, 19 lakes
were selected as model objects from 96 candidate lakes
across landscape zones for detailed analysis of organ-
ic-mineral interactions in sediments. These lakes under-
went quantitative assessment of biogenic silica in the
core of sapropel deposits from depths of 0-5 cm, 10-15
cm, 20-25 cm using IR-spectroscopy (Table 1).

The selected lakes represent diverse biogenetic
formation types and classes of organic-mineral bottom
sediments. The classification by type is based on ash

content (%): organogenic (=30%), organic-mineral
(31-50%), and mineral-organogenic (51-70%). By Si/
Ca ratio, they are divided into three classes: siliceous
(Si>Ca), calcareous (Ca>Si), and mixed (Si~Ca).
Based on the dominant biomass group, sediments are
categorized as planktonic, macrophytic, and plankton-
ic-macrophytic (Table 1) (Strakhovenko et al., 2019).

According to data from our hydrobiologist col-
leagues N.I. Yermolaeva and E.Yu. Zarubina (Institute
for Water and Environmental Problems SB RAS), who
participated in joint expeditions to the studied lakes,
diatoms constitute a significant portion of phytoplank-
ton in Siberian lake sediments, with their frustules
containing biogenic silica. The secondary sources of
biogenic silica in bottom deposits are submerged hydro-
phytes and emergent vegetation, with the most produc-
tive communities being: for macrophytic vegetation -
Lakes Kachkulnya and Bol. Kurgan; for phytoplankton
- Lakes Barchin, Kajly, Bugristoe, and Minzelinskoe; for
zooplankton - Lakes Bol. Kurgan, Suetok, Bugristoe,
Kajly, and Kambala. The highest percentage of biotic
contribution to sapropel formation was observed in
Lakes Suetok, Bol. Kurgan, Kambala, Yargol, Bol. Kajly,
Yakovo, Sarbalyk, and Peschanoe. The flux of autoch-
thonous organic matter ranges from 3% to 42% of the
total sedimentation flux, with the remaining balance
components consisting of redeposited detritus from
previous years, along with mineral and organic mat-
ter inputs from the catchment area (Zarubina, 2013;
Yermolaeva et al., 2016).

Table 1. Lake geographic coordinates, sapropel sediment classification (type/class/genetic kind), and biogenic/total SiO,

content (%).

Lake Location Ash Type and |Sapropel| Si | SiO, | SiO, | SiO,bio/ | % of the biotic
Lat. N Lon. E co(rtl)/tot;nt g:;l:at;; 5(11’2;1 class |mg/L| bio | total Sl((g/f,tftal c(r)rr:::::;::; 1;11 :;c*h-
Kachkulnya |55.24736| 80.58445 17 0, (M) Si>Ca 12 3 12 25 n.d.
Yakovo 56.75718 84.77 16 0O, (P) Si>Ca 9 5 26 19 52
Yargol 55.60186| 78.36239 35 oM, (M) Si~Ca [ 119 5 17 29 29.7
Minzelinskoe|55.34390| 83.16070 45 oM, (M) Si~Ca 10 4 16 25 3.0
Bol. Kurgan |55.57335| 78.68706 44 oM, (PM) Si>Ca 5 5 29 17 21.2
Barchin [55.71126| 78.14488 40 oM, (PM) | Ca>Si | 123 ]| 3 11 27 12.7
Peschanoe |55.41133| 78.34677 40 OM, (PM) Ca>Si 4.9 2 15 13 45.7
Bol. Kajly [55.41619| 78.30154 48 oM, (PM) Si~Ca | 5.7 5 24 21 70.5
Tsybovo |55.30673| 77.58808 48 OM, (PM) Si>Ca 9 5 30 17 36.8
Sarbalyk [55.55642( 78.71511 49 oM, (PM) | Si>Ca | 2.1 4 32 13 62.6
Kajly 55.6234 | 78.27348 55 MO, (PM) Si~Ca 0.5 3 25 12 21.0
Shchuchye-K|56.53948( 76.459901 51 MO, (PM) Si~Ca 3.6 2 11 18 n.d.
Kambala [55.67543| 78.20223 56 MO, (PM) | Si>Ca | 4.2 6 34 18 30.8
Bergul 55.60488| 78.26114 65 MO, (PM) Si~Ca 0.2 5 30 17 35
Krugloe 56.75 84.7057 59 MO, (P) Si>Ca 4 6 40 15 28
Suetok 55.53868| 78.56039 59 MO, (PM) Si>Ca 5 6 46 13 42.0
Mostovoe |55.45831(78.204767 61 MO, (PM) Si~Ca | 10.1 6 22 27 39.0
Bilgen 55.55698| 78.62695 68 MO, (PM) | Si>Ca | 0.5 5 40 13 21.2
Shchuchye-L [56.40868| 76.6533 59 MO, (PM) Ca>Si 4.2 2 8 25 n.d.

Note. Types: O — organogenic, OM — organic-mineral, MO — mineral-organogenic; Classes: Si>Ca - siliceous, Ca>Si — cal-
careous, Si~Ca — mixed; Genetic kinds (according to data from N.I. Ermolaeva and E.Yu. Zarubina): (P) — planktonic; (M) — mac-

rophytic; (PM) — planktonic-macrophytic; n.d. — no data.
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Analytical studies were carried out in the
Analytical Centre for Multi-Elemental and Isotope
Research of the SB RAS (IGM SB RAS, Novosibirsk). Si
in water were determined via atomic absorption using
a Solaar M6 instrument equipped with a Zeeman and
deuterium background corrector (Thermo Electron,
USA). A detailed study of the structural features, the
morphology at the level of individual mineral grains
of the bottom sediment was carried out using scanning
electron microscope (Mira 3 Tescan, Tescan, Czech
Republic). The specific modification of the equipment
used an Si(Li) energetic detector, enabling quantitative
chemical analysis to be carried out on micro volumes.
To determine the chemical composition of bottom sed-
iments (Na,O, MgO, Al,O,, SiO,, P,0O, K,0, Ca0, TiO,,
MnO, Fe,0,), X-ray fluorescence spectrometry was per-
formed using an ARL-9900-XP spectrometer (Applied
Research Laboratories, USA). X-ray diffraction (XRD)
analysis was conducted on an ARL X’TRA diffractome-
ter with Cu Ka radiation.

To ensure the required particle size for shooting
IR spectra, the analyzed samples and pure substances
for standard mixtures were thoroughly ground man-
ually in an agate mortar for 20 min. The time was
selected based on our own experiments and literature
data. Grinding was carried out in ethyl alcohol to avoid
profound changes in the structural state of the miner-
als. Then, weighed portions (3 mg) of the analyzed sed-
iments and standards were thoroughly mixed (without
grinding!) with potassium bromide (800 mg) for 7 min.
This time is sufficient to achieve maximum homogeni-
zation of the mixture, which is confirmed by the con-
stancy of the spectrophotometer readings when rotat-
ing the tablet with the sample by 90° in the radiation
beam. The tablets were prepared by pressing the homo-
geneous mixture in a vacuum press form and stored
in a desiccator over P,O.. The spectra were recorded
on a Specord 75 IR dual-beam spectrophotometer in
the range of 400-4000 cm?, with a pure KBr tablet in
the reference channel. The recording was carried out
in transmission. To obtain a digital image, the spectra
were recorded on a VERTEX spectrometer70 FTIR from
Brooker. To improve the accuracy of the analysis, the
spectrum in the region of analytical bands (600-900
cm!) was recorded with stretching along the abscissa
axis. For quantitative assessment of biogenic silica, we
exploited the distinct shape of its 800 cm™ absorption
band compared to the interfering quartz band. The lat-
ter exhibits a narrow profile with a sharply declining
high-frequency wing beyond 820 cm™. In contrast, the

3. Results and Discussion

The waters of the studied lakes are predomi-
nantly fresh, bicarbonate, with variations from cal-
cium to sodium, alkaline, with pH values from 7.1 (oz.
Yakovo) to 10 (Lake Peschanoe). The Eh index of water
in all the studied lakes is positive from 287 mV (Lake
Chistoe) to 375 mV (Lake Bergul). The content of oxy-
gen dissolved in water is 5-12 mg/dm3, the concentra-
tion of organic substances is 4.54 — 8.32 mg/dm3. The
lakes (Tsybovo, Chistoe) with values of total mineral-
ization from 1 to 3 g/1, they are brackish and one lake
is salty (Lake Peschanoe (3.3 g/1)) (Strakhovenko et al.,
2019; 2023). The source of dissolved silicon entering
the lake are silicate minerals (feldspars, micas) from
the loams of the drainage basin (Table 1).

Mineralogical analysis of the studied lake sedi-
ments using SEM and XRD established that alongside
detrital minerals (allothigenic component) with consis-
tent composition across lakes (quartz, feldspars, mus-
covite, illite (XRD diffractograms are mica), chlorite),
various authigenic minerals accumulate in order of
prevalence: pyrite (all lakes), carbonates (in calcareous
and mixed sapropel classes), barite (trace amounts in
all lakes), and gypsum (minor content in Lake Tsybovo)
(Strakhovenko et al., 2014; 2019; 2023). In calcare-
ous and mixed-class sapropel deposits of the studied
lakes, authigenic carbonates are represented by low-Mg
calcite or calcite. Among low-Mg calcite precipitates,
either ultrafine crystals (=2 pum) or phytomorphs—
pseudomorphs after plant residues, animal remains,
or fecal pellets—predominate. Calcite aggregates typ-
ically form large crystals (100 um) with rhombohedral
and scalenohedral habits (sometimes zoned), creating
clusters of 100-1000 pm. Aragonite overwhelmingly
dominates shell material frequently present in varying
amounts within lake sediments. Pyrite precipitates (up
to 5% of total mineral composition) were identified in
the uppermost sediment layers of all lakes as framboids
(=0.01 mm) and their aggregates, along with individ-
ual crystals of diverse habits (2-10 um).

XRD patterns of sapropels from all lakes exhibit
a prominent amorphous halo with maximum intensity
at approximately 20 Cu Ka. The intensity of this amor-
phous halo correlates with organic carbon content and/
or diatom frustule concentration (amorphous silica), as
shown in Figure 1.

biogenic silica band is broad, dome-shaped, and its
high-frequency wing decreases only toward 860 cm™,
remaining unobscured in the 820-860 cm™ region.
Spectra were digitized using a VERTEX 70 FT-IR spec-
trometer (Bruker). The band shape in this spectral
region (825-850 cm™) for pure biogenic silica allows
effective linear approximation. This enables determina-
tion of the band maximum position in sediment spec-
tra where it is not explicitly resolved, using reference
spectra of pure biogenic silica (SiO,bio). Through these
calculations, the implicit SiO,bio band maximum is
identified in sample spectra, and its concentration is
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According to hydrobiological data, sapropel com-
position across all studied lakes from different land-
scape zones of southern Western Siberia is determined
by species diversity and biota productivity. Sources of
autochthonous organic matter include primary pro-
ducers: either phytoplankton (planktonic species), or
macrophytes (macrophytic species), or both together
(planktonic-macrophytic species) (Table 1) (Zarubina,
2013; Yermolaeva et al., 2016). In all lakes, particu-
larly those with siliceous and mixed sapropel classes,
diatoms constitute a significant portion of phytoplank-
ton, their frustules containing biogenic silica (Fig. 2).
Taiga zone lakes (e.g., Yakovo, Krugloe, Shchuchye-K,
Shchuchye-L) show limited macrophyte development.
Forest-steppe “macrophyte lakes” exhibit dense veg-
etation coverage (30-90% of surface area) with float-
ing-mat, floating-swamp, or marginal reed types,
dominated by emergent vegetation with subordinate
submerged forms (Zarubina, 2013; 2019; Yermolaeva
et al., 2016). These hydrophytes, particularly emergent
vegetation, serve as secondary biogenic silica sources
to sediments (Zarubina, 2013; 2019; Yermolaeva et al.,
2016; Strakhovenko et al., 2019) through the formation
of biogenic silica phytomorphs after plant detritus—
the most common macrophyte fossilization pathway
(Fig. 2).

In his publications, academician G.A. Zavarzin
demonstrated that the transformation of organic mat-
ter occurs most actively in the aqueous and colloidal
fractions of sapropel deposits. Here, fermentation and
degradation processes take place depending on the
substances’ resistance to oxidation (Zavarzin, 2004;
Romankevich et al., 2009). Ultimately, these processes
determine the distinct composition of each lake’s sap-
ropel deposit. When processing sapropel into products,
knowledge of its fundamental characteristics is essen-
tial, necessitating detailed investigation for each spe-
cific lake. To identify factors influencing biogenic silica
accumulation and distribution in the studied sapropel
sediments, quantitative assessment was performed.
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Quantitative data on biogenic silica content in
the studied sapropel deposits of small lakes are pre-
sented in Table 1 and illustrated for Lake Mostovoe in
(Figure 3a) and Figure 3b shows a graph comparing the
concentration of Si in water and the content of biogenic
silica from the total mass of its gross composition in the
bottom sediment (%).

According to analytical data, the concentration
of Si in water varies widely from 0.2 to 12.3 mg/l,
and biogenic silica content in the sapropel deposits of
the studied lakes ranges from 2% to 6% of the total
non-hydrolyzable sediment fraction. Across sapro-
pel types, total SiO, content naturally increases with
higher ash content from organogenic to mineral-or-
ganogenic types, varying as follows: organogenic -
7-26% of mineral sediment fraction; organic-mineral
— 11-32%; mineral-organogenic — 8-46%. Meanwhile,
biogenic silica consistently constitutes 2-6% of the
non-hydrolyzable fraction regardless of sapropel type.
As expected, maximum total SiO, content (46% of min-
eral fraction) occurs in siliceous-class sapropel (Lake
Suetok), where biogenic silica reaches 6%. Minimum
values (8% total SiO,) characterize calcareous-class
deposits (Lake Shchuchye-L), with biogenic silica at
2%. For different genetic kinds, biogenic silica con-
centrations vary within identical ranges (Table 1).
An increase in the amount of silicon concentration in
water correlates with an increase in the proportion of
biogenic silica (SiO, . ) of the total silica content in
the bottom sediment (Fig. 3b). At the same time, our
research revealed a key pattern: in sapropel deposits
of southern Western Siberian lakes, the proportion of
biogenic silica (SiO,bio) demonstrates remarkable sta-
bility, constituting 12-29% of total silica content. This
feature persists regardless of the lake’s landscape zone,
sapropel type, class, or genetic kind, despite significant
fluctuations in total silica within the mineral sediment
fraction. The presence of diatom frustules and macro-
phyte remnants in modern sediments indicates the pres-
ervation of their unique properties as natural sorbents,
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Fig.2. X-ray diffractogram of bottom sediments in Lake Kambala.
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40pm

Fig.3. (a) BSE-SEM image (SEM Mira 3 Tescan) and (b) SEM quantitative chemical analysis spectrum of bottom sediments
from Lake Bol. Kurgan (organic-mineral; siliceous; planktonic-macrophytic sapropel). Mineral grains of terrigenous fraction: 1
— angular quartz grain; 2 — elongated andesine grain; 3 — diatom frustules (mSiO,*nH,0); 4 — phytomorphic biogenic silica after

macrophytes (mSiO,-nH,0).

along with abundant colloids and fine particles within
the studied sapropel deposits. Possessing high mois-
ture capacity and adsorption capacity, such bottom
sediments are the basis for the production of sorbents,
which are in demand in various fields, including water
treatment, agriculture and the production of building
materials (Skubiszewska-Zieba et al., 2012; Anil et al.,
2014). For example, sapropel lake Peschanoe is actively
mined and used for the production of organic drainage
complex, bioadditives in the cattle farming.
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4. Conclusions

It has been established that in sapropel depos-
its across all landscape zones, regardless of sapropel
type, class, or genetic kind, SiO,bio content constitutes
12-29% of total silica (siliceous: 12-29%; calcareous:
13-25%; mixed: 12-29%). This consistency stems from
significant contributions of either diatom frustules and/
or SiO, pseudomorphs after macrophyte mortmass,
which supplement detrital quartz, feldspars, and micas
in all lakes.
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Fig.4. (a) IR-spectrum of sapropel from Lake Mostovoe showing the diagnostic band at ~800 cm™ and calibration curve
for quantitative determination of pure biogenic silica; (b) - graph of the ratio of Si concentrations in water and the content of
biogenic silica from the total mass of its gross composition in the bottom sediment.
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Such stability in SiO,bio proportions indicates
fundamental biogeochemical consistency throughout
the region, reflecting a self-regulating equilibrium in
biogenic silica accumulation mechanisms and func-
tional autonomy of the biological silicon cycle from
mineral sources.
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KpemHe3ém B canponeneBbiX OTAOXKeHHUAX
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AHHOTAIIAA. C wucnosnb3oBaHueM MWK-crekTpockonuy B MaJlbIX 03epax,

pacCnojIoXXK€HHbIX B

BapabuHckoli HU3MeHHOCTH Ha fore 3amnagHoii CuOupu B pas3HBIX JIaHAMA(THHIX 30HAX, UMEMUUX
CyILIeCTBEHHO OTJIMYAONINecsa rMApOXUMHUYeCcKUX IlapaMeTphl BOA U BellleCTBeHHBIN COCTaB caIpoleis,
oIpefieIeHO COOTHOIIeHre OMOreHHOIO M CUJIMKATHOIO (TeppUreHHOro) KpeMHe3éMma. Y CTaHOBJIEHO,
YTO JJIA CampoIlesieBhIX 3ajiexell BO BcexX JIaHAmA(THHIX 30HaX, BHE 3aBUCUMOCTH OT THIIA, KJlacca,
reHeTUYeCcKoro Byja camnporess cofepxaHusa Si0O2610 cocTaBiissioT oT 12 1o 29 % oT BaJIoBOro KpeM-
He3éMa (kpemMHMeBBIN 12 -29%; kayibnueBbiid 13-25%; cMemeHHbIH 12- 29%).

Kitioueauie csto8a: 61ioreHHBIN U CUIMKATHBIN (TEpPUTeHHEBIN) KpeMHe3éM, calpoliesieBble OTI0XeHNs,

MaJible o3epa, 3anagHasa Cubups

Ja qutupoBanusa: CrpaxoseHko B.Jl[., Opauna E.A., Masos I''U., Manos B.H., lanunenko U.B. KpemMHe3éM B canponesieBbIX
OTJIOXKEHUSX MaJIbIX 03€P, PACHOJIOKEHHBIX B PA3HBIX JJaHAMAbTHRIX 30HaX Iora 3anagHoi Cubupu // Limnology and Freshwater
Biology. 2025. - No 4. - C. 622-634. DOI: 10.31951/2658-3518-2025-A-4-622

1. BBeaenue

AHanu3 XUMHYEeCKOTO COCTaBa campolesieil u
MeXaHU3MOB IPOSBJIEHUS] UX CBOMCTB B 3aBUCHMOCTU
OT B3aUMOJENCTBUS OPraHMYecKol M MUHepaJIbHON
COCTABJIAIOMINX OC3JIKa, BKJIIOYAsT OCOOEHHOCTH IIOBe-
nenusa SiO,, NpeacTaBjifeT 3HAUUTEJIBHBIN Hay4YHBIN
Y IpaKTHUYecKuil MHTepec. DTU KCCJIe[JOBAaHUS Ba’XKHBI
KaK Ui pelleHus BOIPOCOB MaJIe0JIMMHOJIOTHH,
TaKk U Ui pa3paboTKU MOOXOAOB K PaliOHAJIBHOMY
MIPUPOJIOTI0JIb30BAHUIO.

KpemHuii, 3aHUMasi BTOPOe MeCTO IO pacipo-
CTPAaHEHHOCTU B 3€MHOH KOpe, OTJIMYaeTcs OrpaHu-
YeHHOU MUTPAIIMOHHOM CIIOCOOHOCTHIO B BOJHOU cpe/ie
13-32 HU3KOH pacTBOPUMOCTHU CHJINKATHBIX MIHEPAJIOB.
B rumpocdepe oH MPUCYTCTBYET MpPENMYIECTBEHHO B
IByX ¢dopMax: pacTBOpeHHas (pa3Hble BUIH KpeMHUe-
BHIX KHCJIOT) U B3BellleHHas (TBepble YacTHUIBl KOJLJIO-
WUIHON pa3MepHOCTH, IpeJCTaBIeHHbIe CHIMKATHRIMU
MUHepajaMU U KpeMHe3éMmoM). HecMoTpsi Ha OTHOCH-
TeJIbHO HEBBICOKYI0 KOHI[EHTPAIMI0 B BOAE, KPeMHUI
WUrpaeT KJIIYEBYIO POJIb B GYHKIMOHUPOBAHUY BOOHBIX
3KOCHUCTEM, fBJISASCH BAXHEHIINM OUOTeHHBIM 3JIeMeH-
TOM JJI1 MHOTUX TUIPOOHIOHTOB.

CTpyKTypa BOAHBIX COOOIIECTB 1 OH0JIOTHYecKoe
pa3Hoobpasue MOIYT CYI[eCTBEHHO Pa3/INYaThCs Adaxe

* ABTOP [JIsl IEPEIUCKHY.
Anpec e-mail: strahova@igm.nsc.ru (V.D. Strakhovenko)

INocmynwna: 24 vionsa 2025; IIpunama: 06 asrycra 2025;
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B OJIM3KO pAacCIOJIOKEHHBIX 03€pax, 4TO OOyCJIOBJIEHO
BKJIAJIOM Pa3/IMYHBIX I'PYIII OPraHU3MOB B (HOPMUPOBA-
HHe opraHuyeckoro BeiectBa (3apybuna, 2013; 2019;
Yermolaeva et al., 2016; IIapos, 2017). HauGoJibmas
MPOAYKTUBHOCTh OTMEYAETCA B BOJOEMAX T'YMUIHBIX
30H (TaéxHble JaHAMadTe), rAe Mpolecchl HaKoILIe-
HHUA OpraHUKM mnpeoOJiaflaloT HaJZ eé [gecTpyKIuel
(Bapy0OuHa, 2013; Yermolaeva et al., 2016). OcHOBHO#H
BKJag B (OPMUPOBAHUA OPraHUYECKOro BellecTBa
JIOHHBIX OTJIOXEHUI BHOCAT OakTepuu, GUTOMIAHKTOH,
300ILIaHKTOH, a Takxe ¢urobeHtoc (3apybuHa, 2013;
2019; Yermolaeva et al., 2016; Illapos, 2017; Smelyi
et al.,, 2020). B mOHHBIX OTJIOXeHUsAX 03ep Cubupu
3HAYMTEJIBHYIO JOJII0 B (DUTOIUIAHKTOHE COCTABJIAIOT
JMaTOMOBBIE BOIOPOCJIA, CTBOPKH KOTOPHIX COJEp-
XKaT KpeMHe3éM. BTOPHIM MOCTABIIMKOM OHOTEHHOTO
KpeMHe3éMa B JOHHBIN OCAJIOK SBJIAIOTCS MOTPYXKeEH-
Hble TUAPOMPUTHL, BO3AYLUIHO-BOAHAS PACTUTEBHOCTD
(Schoelynk et al., 2010; 3apy6una, 2013; Helmond et
al., 2015; Yermolaeva et al., 2016).

B coBpeMeHHBIX HAyYHBIX HCCJIEJOBAHUAX H3Y-
YeHUEe pachipeeseHdss JUAaTOMOBBIX BOJOPOCJIEH,
KOHIIEHTpaliii OMOTreHHOro KpeMHe3eMa B JOHHBIX
OTJIOKEHUSX O3€p WCIOJIB3YIOTCA [JIA PEKOHCTPYK-
UM Bapuauuil HU3MeHeHUs NPUPOAHON cpenbl, AJIA
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Commons Attribution-NonCommercial 4.0.
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OLIeHKM BO3PAacTHBIX ITapaMeTpOB KJIMMaTH4YeCKUX dTa-
noB u crafguil (Ha mpumepe o3ep batikan, OHeXCKOro
u Jlagoxckoro o3ep u np.) (Kuz’'min et al., 2014;
Nazarova et al., 2020). [IpukyiagHOe 3HAYEHUS U3Y-
4yeHHs HaKoIUIeHHsA OMOreHHOro KpeMHe3éMma B opra-
HOMMHepaJIbHBIX JOHHBIX OTJIOXKEHHAX o3ep (campo-
[leJIAX) COCTOUT B TOM, 4TO OMOTreHHBIN KpeMHe3EM B
carnpornessax CIyXKUT UCTOYHNKOM KpeMHHUEBBIX COellU-
HEHUM MPU MCIIOJIb30BAHUU UX B KauecTBe yO0OpeHuUil.
OTU COeAVHEHMA YJIyullaloT IIOYBEHHYIO CTPYKTYpY,
MOBBINIAIOT IJIOAOPOJKE U CIIOCOOCTBYIOT IOJIyYEHUIO
5KOJIOTMYeCKH YMCTOH CeIbCKOX03ANCTBEeHHON TPOAYK-
uuu (Perry and Keeling-Rucker, 2000; T'osibeBa, 2004;
Mitani and Ma, 2005). JpyruM napaMeTpoM HCIOJIb-
30BaHUsA CaNpONesIeBOrO ChHIPbA ABJIAETCA MX BBICOKAA
TepaneBTHYecKas aKTUBHOCTb KaK JiedyeOHBIX Ips3el,
CBA3aHHaA C HaJIWYKUeM crennudruieckoil MUKpoQdJIOpH
Y KOJUIOUAHOM TEeKCTYPHl, YTO JiejiaeT UX MepCleKTUB-
HBIMU [Jj1A NpUMeHeHusA B MeAuluHe (ABBaKyMOBa,
2002; Xononos u ap., 2003).

Llenp paGoOTHI- BBIABUTH POJIb B3aUMOJENCTBUA
OpraHuveckoi U MuHepasibHOU ¢a3 SiO, B dhopmupo-
BaHUU CBOMICTB carmporieseii, o0ycJIaBIUBAOINX HUX:
I[eHHOCTb KaK I1aJIe0apXUBOB [JIA NajIe0JIMMHOJIOTAYe-
CKOH PEKOHCTPYKLNU U pa3pabOTKU TeXHOJIOTU paly-
OHaJIBHOI'O NPHUPOAONOJIb30BaHUA (ynobpeHus, jieuebd-
Hble TpsA3N).

2. 06beKTbI, MaTepuanbl U METOAbDI
MCCAEAOBAHUA

OOBbeKTOM HcC/Ie/IoOBaHUs ABJIAIOTCA OOHHBIE
OTJIOXKEHUsI MaJibix o3ep lora 3amafgHoii Cubupu.
W3yueHHBle MaJible 03epa, pacloJIOXeHHble B
BapabuHckoit HU3MeHHOCTH Ha 1ore 3anaaHoii Cubupu
B JiaHAmadTax I0KHOU TaWru, MOATAMIU, JIeCOCTenu
U CTemy, WMEIT CyIL[eCTBeHHYI0 BapuabesbHOCTb
TUIPOXUMMYECKUX MapaMeTpoOB BOJ U BellleCcTBeH-
HOTr'0 COCTaBa campornesieil B 3aBUCMOCTU OT UX IPO-
UCXOXJEeH!Us Aaxe B Mpefesiax OOHOro JiaHAmadTa
(Strakhovenko et al., 2019; 2023, Taran et al., 2018 u
ap.).

Ha ocHoBe 6uosoruueckoro Bkjaga B GoOpMU-
poBaHue carmporesiel, cofepXaHUsA OpPraHU4YecKoro
U MUHEPaJbHOTO Bel[ecTBa, HX TIeO0XUMHYECKOT0
cocraBa, u3 96 o3ep, pacroJioXeHHBIX B Ipefeiax
BapabuHckoii HU3BMEHHOCTHU U3 Pa3HbIX JaHAMmA(THBIX
30H, IJIA AeTaJIbHOTO HCCJIeJOBAHUA B3aMMOOTHOIIE-
HUI OpraHuYecKoyl U MUHepaJbHOU yacTel ocajka,
onpefiesieHbl MojiesibHble 00bekTH (19 o3ep) (Puc. 1 u
Tabmuna 1). B aTux o3epax npoBeeHa KOJIMYeCTBEH-
Has oljeHKa OMOoTreHHOro KpeMHe3éMa B KepHe carpore-
JeBbIX 3ajiexax c riyouH 0-5cm, 10-15 cMm, 20-25 cMm ¢
ucnosbs3oBanueM UK-cnekrpockonuu (Tabauna 1).

BribpaHHble 03epa IpUHALJIeXaT K pa3jIMYHbIM
TUnaM OuoreHeTudeckoro (GpopMHpoBaHUA U Kijacca
OpPraHOMMHEepPAJIbHBIX JOHHBIX OTJIOXKEHUI: TUI—
OpraHOTeHHHBIN ¢ 30J1bHOCTBIO 0 30 %; opraHoMuHe-
panpHbll — 31—50 %; MuUHEpabHO-OpraHOTeHHBIN
— 51—70 %; no cooTtHoueHuto Si/Ca noapasaesieHsl
Ha TpuU KkJjacca: kpeMHUeBHI (Si>Ca); KaabI[HeBBIi
(Ca>Si), cmemannsii (Si~Ca); Ha OCHOBe IJOMUHM-

pyiolleil o 6vomacce rpynmnbl OpraHU3MOB Ha ILIaH-
KTOHHBIE, MakKpOoQUTHbIE U ILJIAHKTOHOMaKpOQUTHbIE
(Tab6aumna 1) (Strakhovenko et al., 2019).

CorjlacHO [JaHHBIM, TIOJIyYeHHBIM HaIIUMU
KoJUleramMu ruapobuosioramu EpmonaeBoit H.U. u
3apybunoii E.}O. (MB3II CO PAH), pabotaiue c
HaMM B eJUHBIX SKCHeJUINAX M0 U3y4yaeMbIM 03epaMm,
B JIOHHBIX OTJIOXKeHUsAX o3ep CuOHpU 3HAUYUTEJIBHYIO
Joyi0 B (UTONJIAHKTOHE COCTABJIAIOT JUATOMOBBIE
BOJIOPOCJIA, CTBOPKU KOTOPBIX COAepXaT KpeMHe3EM.
BTopeiM mnocTaBI[UKOM OHOTEHHOTO KpeMHe3éMa B
JIOHHBII 0CaJIOK fABJIAIOTCS MOTPYXKEeHHble TUAPODUTHI,
BO3IYyIIHO-BOAHAsA PACTUTEIbHOCTD, IpeJicTaBJIeHHAasA
coobiiecTBaMu, HauboJiee MPOAYKTUBHBIMU SBJIAIOTCA
IO BBICIIEN BOJHOM pacTUTEJIbHOCTU o3epa KaukyibHs,
Bon. Kypran; no duronsankToHy - Bapuun, Kaiisl,
Byrpucroe, MuH3eIMHCKOE; IO 300IJIAHKTOHY
Bon. KypraH, Cyetok, Byrpucroe, Kaiine, Kambana.
Haubonpmuii npoieHT GMOTUYeCcKOro BKJaJa B IMpo-
eccel (GOpMHpOBaHUsA camporeyisi Habiogaercs B
o3epax Cyetok, Bon. KypraHn, Kam6ana, fpross, bos.
Kaitnel, fAxoBo, Capbanbik, [lecuanoe. IloTok aBTOX-
TOHHOT'O OPTaHUYeCKOr'o BellecTBa COCTaBJIAET OT 3 A0
42 % ot o06Iell Macchl ceJMMEHTAIMOHHOIO IIOTOKA.
OcrasipHble cOCTaBjAIIMe OajsaHca - Iepe3axopoHe-
HHUe JeTpuTa NpOIUIbIX JeT, MUHepajbHasA U OpraHu-
yeckas COCTaBJIAKOI[As, MOCTymawmas ¢ Bogocbopa
(Bapy0OuHa, 2013; Yermolaeva et al., 2016).

AnanuTuyeckre HCCIeOBaHUS IpPOBeAeHbl B
LIKIT MHOrosjieMeHTHBIX 1 M30TOIHBIX HCCJIeI0BaHUMI
CO PAH (MI'M CO PAH, HoBocubupck). OnpepesieHue
Si B BoZje mpoBOAWIIM METOAOM aTOMHO-abCOpOLMOH-
HOU CIIEKTpOMeTpUU Ha mpubope Solaar M6, ocHaméH-
HOM CHab>XeHHBII1 3eeMaHOBCKUM U JlefiTepreBbIM KOp-
pekropoMm ¢onHa (Thermo Electron, CIIIA).

JeTtaspHOe HccejoBaHUe CTPYKTYPHBIX 0COOeH-
HocTell 1 MOpPQOJIOTUU Ha yPOBHE OTJIeJIbHBIX MUHe-
pajibHBIX 3€peH OOHHBIX OTJIOKEHUN BBHINOJIHSIN C
MIOMOIIbI0 CKaHUPYIOLIEro 3JIEKTPOHHOTO MHKPOCKOMA
Mira 3 Tescan (Tescan, Yexus). Crenuduieckas MOAU-
¢ukanusa obopynoBaHUA BKJIIOYaJa SHEProJucnep-
cuoHHBIN netekTop Si(Li), MO3BOJIAIOMNI TPOBOAUTH
KOJINYeCTBEHHBII XUMUYECKUI aHaanu3 B MHUKPOOOB-
eme. [lyia omnpeneneHUs XUMUYECKOTO COCTaBa MJOH-
Hpix oryoxenuit (N0, MgO, AlLO,, SiO,, P,O,, K0,
CaO, TiO,, MnO, Fe,0,) I/ICl'IOJ'IbBOBaJ'ICH peHTreHo-
CIIeKTpasIbHbIN (QJIyopeclieHTHBI aHalau3 Ha npubope
«ARL-9900-XP» (Applied Research Laboratories, CIIIA).

‘j o3epa

ropoga

L1 |

® I3ydaeMble 03epa

KPYMHbIE peKm
nPUTOKU

a/lMUHUCTPATMBHBIC
rpaHuLbl
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Ta6suna 1. I'eorpaduueckrie KOOpAUHATHL 03ep, KylaccuduKkalys camnpornesieBbIX OTJIOXEHUH B O3epe IO THUIly, KJlaccy,
TeHETUYECKOMY Bufy U cojepxanue (%) GnoreHHoro u Bajaosoro SiO,.

03epo KOOPAMHATEI 3oabHOCTE| THHI UM Knace Si |siO,. | SiO, | SiO,. | % Guoruue-
Ces. Bocr. reHeTve- | canpo-| Mr/ia Bajyio- | / SiO, |ckoit cocras-
wnpors. | gosrors S | nea e |raronoe) smomei
IIU-OHHOT'O
MOoTOoKa*
KaukynpHA 55,24736 | 80,58445 17 0, (M) Si>Ca 12 3 7 25 H.J.
AxoBo 56,75718 84,77 16 0, (ID Si>Ca 9 5 26 19 52
Aproms 55,60186 | 78,36239 35 oM, (M) | Si~Ca | 11,9 5 17 29 29,7
MuH3senuHckoe | 55,34390 | 83,16070 45 oM, (M) | Si~Ca 10 4 16 25 53,0
bos. Kypran | 55,57335 | 78,68706 44 oM, (IIM) | Si>Ca 5 5 29 17 21,2
bapuun 55,71126 | 78,14488 40 oM, (IIM) | Ca>Si| 12,3 3 11 27 12,7
[Tecuanoe 55,41133 | 78,34677 40 oM, (IIM) | Ca>Si 4,9 2 15 13 45,7
B,Kaiinsl 55,41619 | 78,30154 48 oM, (IIM) | Si~Ca 5,7 5 24 21 70,5
[{s160B0 55,30673 | 77,58808 48 oM, (IIM) | Si>Ca 9 5 30 17 36,8
Capb6aJibik 55,55642 | 78,71511 49 oM, (IIM) | Si>Ca 2,1 4 32 13 62,6
Kaiinst 55,6234 | 78,27348 55 MO, (ITM) | Si~Ca 0,5 3 25 12 21,0
[lyuse K 56,53948 |76,459901 51 MO, (ITM) | Si~Ca 3,6 2 11 18 H.J.
Kambana 55,67543 | 78,20223 56 MO, (IIM) |Si>Ca| 4,2 6 34 18 30,8
bepryJib 55,60488 | 78,26114 65 MO, (ITM) | Si~Ca 0,2 5 30 17 35
Kpyrioe 56,75 84,7057 59 MO, (ID) Si>Ca 4 6 40 15 28
CyeTtok 55,53868 | 78,56039 59 MO, (IIM) | Si>Ca 5 6 46 13 42,0
MoctoBoe  |55,458317|78,204767 61 MO, (IIM) | Si~Ca | 10,1 6 22 27 39,0
BusibreHn 55,55698 | 78,62695 68 MO, (IIM) | Si>Ca 0,5 5 40 13 21,2
[yube JI 56,40868 | 76,6533 59 MO, (IIM) | Ca>Si 4,2 2 8 25 H.[.

IIpumeuanme: O - opraHoreHHsil; OM - opraHomuHepasbpHbIH; MO -MIHepaIbHO-OpraHoreHHbIlN; Si>Ca - KpeMHUeBHIH;

Ca>Si - kanbifueBsll, Si~Ca - cMmemanHsii; (I1) - niankToHHbIe, (M) - MakpodutHsle u (IIM) —1aHKTOHOMaKpOoGUTHBIE; H.[.
— HeT AaHHBIX; * - o AaHHHIM EpMmosaeBoii H.M. u 3apy6unoii E.1O.

PentreHosckue uccienosanusa (XRD) nposoau-
nuchk Ha gudpaktoMmeTpe ARL X'TRA (uznydenue Cu
Ka).

Jna obecniedeHnsaA HeoOXOAMMOIO pasMepa
yacTull [Uia cbeMku MK crnekTpoB aHaIusupyemble
poObl M YMCThbIE BelllecTBa [JIA CTaHAAPTHBIX cMecei
TIATeJIbHO pacTUPAJIMCh BPYUHYIO B araToBOM CTyIIKe
B TeyeHue 20 MuH. BbIOOp BpeMeHM cfejlaH Ha OCHO-
BaHUU COOCTBEHHBIX OKCIIEPUMEHTOB M JIMTepaTyp-
HBIX AaHHBIX. V3MesibueHue IPOBOAWJIOCH B 3THJIO-
BOM CIIUpTe, YTOOBI M30exaTh IIyOOKOro HM3MeHeHHA
CTPYKTYPHOI'O COCTOSIHHS MUHepasoB. Jlajee HaBeCKHU
(3 Mr) aHajmM3upyeMBIX OCagKOB U CTaHAApTOB TIIa-
TeJbHO pa3MemnBaauch (6e3 pactupaHusa!) c 6po-
MHCTHIM KasieM (800 mr) B TeueHue 7 MUH. DTOTO
BpeMeHH AOCTaTOYHO I JOCTHXEHHsA MaKCHUMaJlb-
HOM TIOMOreHH3allud CMecCH, 4YTO IOATBepXAaercs
HEeM3MeHHOCTBbI0 IIOKa3aHWH cleKTpodoToMeTpa IpHU
BpaieHnu TabeTku ¢ obpasioM Ha 90° B myuke U3JIy-
yeHUs. TabjeTKu rOTOBUJIMNCh METOAOM IIPeCCOBaHUA
TOMOreHHOU CMeCcH B BaKyyMHOH IpeccdopMe U xpa-
HWIKCh B 9Kcukatope Haj P,O.. CrmexkTpsl 3amuchbiBa-
JIUCh Ha ABYXJIyueBoM criekTpodoTometpe Specord 75
IR B o6sactu 400-4000 cMm-1, ¢ TabseTkoi urictoro KBr
B KaHaJle CpaBHEHU:A. 3allch Bejach B IIPOIYCKAaHUU.
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JnA nosydyeHusa IMGpOBOro pUCyHKa CHEKTPHI 3alu-
ceiBasvch Ha crnekrpoMeTrpe VERTEX 70 FT IR ¢upmbl
Bpykep. [[71A NOBBILIEHUA TOYHOCTH aHaJu3a CIEKTP
B oOslactu a”Haymutuueckux mnoJioc (600-900 cm-1)
3alMChIBAJICA € pacTspkeHHeM Io ocu abcuuce. A
KOJINYEeCTBEHHO! OIleHKH OMOreHHOro KpeMHe3éMa MBI
BOCIOJIb30BAJINCh 3HAYUTEJIBHBIM OTJIN4YHeM (OPMEI
ero nosockl norsyomenusa 800 cm-1 ot popMm Memar-
mel mosiockl kBapua. IlocienHsasa ABjAeTcA y3KOH, €
pes3ko crnagarmuM yxe K 820 ¢cM-1 BEICOKOYaCTOTHEIM
kpeuIoM. [Tosioca 6GuoreHHOro KpeMHe3éMa, HallpoOTUB,
JIOBOJIPHO IIMPOKasA, UMeeT KylosooOpasHyo ¢opMmy,
1A ee BBICOKOYACTOTHOE KPBUIO cliafaeT Jjuib K 860
cM-1, octaBasich cBOOOAHBIM B UHTepBaJsie yactoT 820-
860 cMm-1. ®opma moJsiockl B 00JIaCTU 3TOr0 Kphbljla B
CIeKTpe YMCTOro OMOreHHOro KpeMHe3éMa Ha ydacTke
825-850 cm-1 pomyckaeT XOpOILIyH anmnpoKCUMalUIo
IpsAMOY JIMHKEeH. DTO N03BOJIAET, UCIOJIb3ys pacyeTHl,
CHATHIE C CrieKTpa vucroro SiO, ., onpeiesATh moJio-
JXKeHue MaKCHMMyMa 3TOH IOJIOCH B CIIeKTpax aHaJIu-
3UpYeMBIX OCaJIKOB, /le OHA B ABHOM BH/Jie He IPOsB-
JseTcA. PacueThl MO3BOJIAIOT B CHEKTpe H3y4aeMoro
obpasIja onpeiesIATh TOUKY, COOTBETCTBYIOIIYI0O MaKCH-
MyMy HEABHOK mosiockl SiO,, =~ ¥ MO KaJuGpOBOYHOMY
rpauKy OLIeHUTb ero KOHI[eHTpaLuIio.
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3. Pe3yAabTaTtbl M 06Ccy)xpeHue

Bonpl uccieJoBaHHBIX O3€p MPeuMYIIeCTBEHHO
rpecHble TUAPOKapOOHATHBIE C BapUallUAMU OT KaJib-
LIUEeBHIX /0 HATPUEBHIX, IIeJI0UHbIE, CO 3HaYeHUAMU pH
ot 7.1 (03. AxoBo) mo 10 (03. Ilecuanoe). ITokasaresyb
Eh Bombl BO BceX M3yYeHHBIX O3epax MOJIOKUATEIbHBIN
ot 287 mB (03. Yuctroe) no 375 MB (03. Bepryiib).
CopepxxaHus pacTBOPEHHOIO B BoJe Kucjaopoaa 5-12
Mr/am3, KOHLIEeHTpaluy OpraHu4ecKux BemecTs 4,54 —
8,32 mrO/nm3. Bozawt o3ep (Lisi6oBo, Uncroe, XKuoe)
€O 3HaUYeHUsAMHU 001Iel MuHepaam3anuu ot 1 1o 3 r/n
SIBJIAIIOTCSA COJIOHOBATBIMHU U OJHO 03epo coJjieHoe (03.
ITecuanoe (3.3 r/m)) (Strakhovenko et al., 2019; 2023).
HCTOYHMKOM TMOCTYIUIEHUSI B 03€pPO PacTBOPEHHOIO
KpPeMHUs ABJIAIOTCS CUJIMKaTHBIE MUHepaJsibl (TI0JieBbie
LINaThl, CJIOABI) CYTJIMHKOB BOJIOCOOpHOTO GacceiiHa
(Tabsmna 1).

W3yvyeHre MUHepaJIbHOU 4YacTA AOHHBIX OTJIO-
JKeHUil uccienyemblx ozep (¢ ucnonbzoBaHueM COM,
XRD) 1o3BoJIMJIO YCTaHOBUTh, YTO HapAAy C MUHepa-
JaMu o6JioMouyHOU (dpakunu (ajuIOTUTeHHas COCTaB-
JIAoIasg), COCTaB KOTOPHIX OT 03epa K 03epy IMOCTOs-
HeH (KBapil, MOJIeBbIe IIMAThl, MyCKOBUT, WitnuT (XRD
audpakTorpaMmax - CJI0fa), XJIOPUT) HAKATJIMBAIOTCSA
pa3JIM4Hble ayTUTEHHbIE MUHEpaJIbl: (TlepeurcieHsl 0
CTeleHU BCTpeyaeMOoCTH) MUPUT (BO Bcex o3epax), Kap-
6oHaTHI (KaJIbLIEBHII 1 CMeIIeHHBIH KJIacC Calpornesis),
G6aput (cJiefoBBle KOJIMYECTBa BO BCEX O3epax), T'UIIC
(HeBBICOKOE comepxaHue B 03. I[pi60B0) (Strakhovenko
et al., 2014; 2019; 2023 u ap.). B uU3y4eHHHIX O3€-
pax B campomesieBhIX 3ajiexax KaJIbI[MeBOr0 U CMe-
MIAHHOTO KJIacca ayTUreHHble KapOOHATHI IpeJCcTaB-
JIeHbl HU3KO-Mg KaJIbIMTOM WM KajbiuToMm. Cpenu
BBIfleJIEHUI HU3Ko-Mg Kasibpiura npeobsafamT Jmbo
MeJibyapmue (10 2 MKM) KPHUCTaJUIUKU, Jubo uro-
MOp(}O3Hl - IceBAOMOPGO3bI IO OCTAaTKaM PaCTUTEJIb-
HOCTH, KUBOTHBIX WJIU TejjieTaM. ArperaThl KaJbIUTa
yaie BCero INnpejicTaBJIeHbl KPYHMHBIMU KpPHCTaJLJIAMU
(100 MxM) poMOO3PUYECKOTO U CKAJIEHO3JPUYECKOTO

I nmvm./cek.

1000

Ksapig

800

Ksapu

Naruoknas
[Tnarnoknas
[Mnaruoknas

g’nopm

I

[naruoknas
I[naruoknas

Mg-kanbuut

S10,,;, + perrrenoamopdHa
KOMIIOHEHTA

AMpUT

raburyca (MHorJa 30HaJIbHbIE), OOpa3ymllre CKOILIe-
HuA o 100—1000 MxM. B coctaBe pakoBHH, KOTOpHIE
4acTo IMPHUCYTCTBYIOT B JOHHBIX OTJIOXEHUAX 03ep B
Pa3HBIX KOJIMYeCTBaX, pe3Ko NpeobjajaeT aparoHWUT.
Brimenenus nuputa (uHornma o 5% oT obieil Macchl
MHHEepaJIbHOI'0 COCTaBa) yCTaHOBJIEHHI B CaMOI BepX-
Hel YacTy JJOHHOTO OcaJKa BO BCeX M3yUYeHHBIX O3epax:
dppamboupsl (pasmepom He 6osiee 0,01 MM) U UX CKO-
IJIeHUsA, a TakXe OTJeJIbHble KPHCTaJUIBl pa3jInuHOIo
raburyca, paaMepom oT 2 A0 10 MKM.
JdudpakTtorpaMMsl 1A campolesieil Bcex o3ep
HMeIOT APKO BhIpakeHHOe OO0JIbIIOoe Trajio ¢ MaKCUuMy-
MoM B obactu 200CuKa. MHTEeHCUBHOCTh aMOpHOTro
rajo KoppejupyeT C cojepXaHHeM OpraHHYecKoro
yrjepoja W/Win KOHIleHTpaluell ANaTOMOBBIX CTBO-
pok (amopdHoro kpemHesema) (Puc. 2). CorsacHo
JaHHBIM T'MAPOOMOJIOTOB BO BCEX M3Y4YEHHBIX O3epax
13 pasHbIX JIaHAMa(THRIX 30H 1ora 3anaaHoil Cubupu
BBIABJIEHO, YTO COCTAaB CaIpoIleJiA olpeesiseTcs BUIO-
BBIM COCTaBOM M CTeNeHbI0 NPOAYKTUBHOCTH OHOTHL.
HcroyHuKkaMy aBTOXTOHHOI'O OPraHMYecKoro Belle-
CTBa B HCCJIEOBAHHBIX MOJEJIbHBIX O3epax ABJIAITCA
[epBHUYHBIEe ITPOAYIEHTHL: JIN0OO0 GUTOILIAHKTOH (IIJIaH-
KTOHHBI BHUJ), MO0 Makpopurtsl (MaKpOPUTHBIN
BU) Wid U ob6a BMecTe (IJIJaHKTOHO-MaKpO(PUTHBIN
Bupa) (Tabauma 1) (3apy6bmua, 2013; Yermolaeva et
al., 2016). Bo Bcex M3yuYeHHBIX 03épax B calpoIiesie-
BBIX OTJIOXKEHMAX, HO 0COOEHHO ¢ KpeMHMEBHIM U CMe-
IIeHHBIM KJIaccaMU canpolesis, 3Ha4UTeJIbHYI0 JI0JI0 B
(uTONIAHKTOHE COCTABJIAIOT AUATOMOBbIE BOAOPOCIIH,
CTBOPKU KOTOPHIX cofepxar kpemHe3éM (Puc. 2). [lia
TaeXXHOI 30HBI XapakTepHO cjiaboe pa3BUTHE MakKpo-
¢uros (03. koo, Kpyrinoe, lyuse-K u Illyuse-JI). s
«MaKpOoQUTHBIX» 03ep JIECOCTEIIHOM 30HBI XapaKTepeH
MacCCHUBHO-3apOCJIeBbIH, 3aiIMUILHBIN WU CIJIaBUHHBIN
TUII 3apacTaHus, IUIomaab 3apacTaHusa o3dep oT 30 go
90%. W nomuHUpPYyeT, B OCHOBHOM, IMOJIyIOTpYyXeH-
HasA pacTUTEJIbHOCTb, IPU INOJYMHEHHOM KOJINYecTBe
norpyxeHHou (3apybuna, 2013; 2019; Yermolaeva et

Ksapig

cniopa -
Kpapig
nupuT
Ksapu
Mg-kanbuut
Ksapn

Mg-Kkanbunt

cnoga
nnpuT

4 6 8

RS IR A L I R R L I U IS L I LD I I I L S L R

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60 62 64

26°CuK o

Puc.2. fludpakrorpamMma JOHHBIX OTJIOXKeHU! o3epa Kambasna.
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al., 2016). 3ty rugpodUTHI, BO3AYLUIHO-BOAHAS PACTH-
TeJIbHOCTb U ABJIAIOTCA BTOPHIM IIOCTaBIIMKOM OHOT€H-
HOro kpeMHe3éMa B JJOHHBIN ocafok (3apybuna, 2013;
2019; Yermolaeva et al., 2016; Strakhovenko et al.,
2019) 3a cuet popMupoBaHus arperatos GuroMopdos
10 pacTUTEJIbBHOMY AeTPUTY OMOreHHBIM KpeMHe3EMOM
(HauboJiee pacpocTpaHeHHBIH ciTy4yall poccUIn3anumn
makpodutos) (Puc. 3).

B cBoux craTthax akageMuk I'.A. 3aBap3uH noka-
3aJI, 4TO NpeoOpa3oBaHHe OpPraHUYECKOr'o BellecTBa
0COOEHHO aKTUBHO IIPOMCXOAUT B XXUJKOHU U KOJIJIOUA-
HOM 4YacTW callpollesieBBIX OTJIOXKEeHUH. 3[1ech NpOUC-
XOJAT Mpoliecchl OpoXxeHUs U Aerpajaliyd pasjIdyHbIX
Bell[eCTB B 3aBUCUMOCTH OT UX YCTOMYMBOCTHU K OKHC-
nenuto (3aBap3uH, 2004; Romankevich et al., 2009). B
UTOre, BCe 3TU MPOLeCCH U ONpeAesAlT NHANBUAYalb-
HBIM COCTaB canpoliesieBoil 3ajiexu o3epa. Ilpu mouty-
YeHUU NPOAYKIHUU U3 calpoliessi HeoOXOAUMO 3HaThb
€ro OCHOBHBIE XapaKTepUCTUKH, a 3TO TpebyeT JeTalb-
HBIX HCCJIEJOBAaHUI B KaXOM KOHKPEeTHOM o3epe. 74
BBIABJIEHUA (AKTOPOB, BIMAIIINX Ha HaKOIUJIeHHe U
pacrpefiejieHre OMOreHHOro KpeMHe3éMa B campole-
JIEBBIX OTJIOKEHHAX H3Y4YeHHBIX O3ep IIpoBedeHa ero
KOJIM4eCcTBeHHas OLleHKa.

[losiyyeHHbBle [OaHHBIe IO KOJWYECTBY Ouo-
FeHHOTO0 KpeMHe3éMa B W3yYeHHBIX CcalpolleJieBbIX
OTJIOXKEHUAX MaJIblX 03ep IpuBeleHHl B Tabsune 1 u
IoKa3aHbl Ha puUCyHKe 3 Ha IpuMepe 03. MocToBoe
(Puc. 4a), a Takxe npusefieH rpa@uk colnoCTaBjeHUsS
KOHIIeHTpaluu Si B Bofe U cojepxaHUsA OHOreHHOIo
KpeMHe3éMa OT o0Ieil Maccsl ero BaJIoBOro COCTaBa B
JIOHHOM Ocajike Ha PUCYHKe 40.

CorsjlacHO MOJIyYeHHBIM aHaJIUTUYeCKUM MAaH-
HBIM KOHIIeHTpaluu Si B BoAe U3MeHsAeTCs B IKNPOKUX
npepesnax ot 0,2 go 12,3 Mmr/n, a coaepxaHus 610reH-

Puc.3. ®ortorpadpus COM Mira 3 Tescan, BSE (a) u cuekTp cb€MKU KOJIMUeCTBEHHOT0 XUMUyeckoro aHaiansa COM (6) moH-
Horo ocazka o3. bos. Kypran (opraHoMuHepasbHBIN; KPEMHUEBBIN; IJIaHKTOHOMaKpOGUTHBIN canponesib). 3epHa MUHepaIoB
TeppureHHoH ppakuum: 1 ~HeokaTaHHOe 3epPHO KBaplia; 2 — yAJMHEHHOe 3epHO aH/e3uHa; 3 - cTBopku AuartoMeii (mSiO2-nH20);
4 - putomopdo3a *GroreHHOro KpeMHe3éma mo Makpodury (mSiO2-nH20).

HOro KpeMHe3€Ma B calpollesieBhIX 3ajieXax U3yueHHBIX
o3ep BappupyeT oT 2 A0 6 % OT oOIeil Macchl Heru-
JApoJsn3yeMoOl 4YacTh ocafka. B campomensax pasHOro
THUNA C yBeJW4YeHHeM 30JIbHOCTU OT OpraHOIe€HHOI'O
J0 MUHepaJbHO-OPraHOTeHHOI'0 KOHEYHO XXe Bo3pac-
TaeT KOJIMYECTBO BaJIOBOro cofepxanus SiO,, KoTopsie
BapbUPYIOT B IIpefiejiaX: OpraHOreHHoOM — OT 7 110 26 %
OT MHUHepaJIbHOHI 4acTH OCaAKa, OPraHOMUHepaIbHOM
ot 11 go 32 %; MuHepasIbHO-OpraHOreHHoOM OT 8 10 46
%. IIpu 3TOM [J1A BCeX THUIIOB Calpolleisa cofepXaHue
OMOreHHOro KpeMHe3éMa B M3yuYeHHBIX 03epax Bapbu-
pyet oT 2 1o 6 % oT 006111eii Macchl HETMAPOJIU3yeMOi
yacTH JOHHOIO ocajka. B 3aBucumocTu OT Kjacca
campormness, Kak U cjaefyeT OXHAaTh, MaKCUMaJbHbIe
coziepxanus BasioBoro SiO, BBIABJIEHBI [/ KPEMHMeE-
Boro 46 % oT MuHepaspHOU yacTu ocajka (03. CyeTok)
IpU coJilepXaHuu OUWOTreHHOTro KpeMHe3éMa 6 %, a
MHHUMaJIbHBle AJ1A KajbiueBoro 8 % (o3. llyuse-JI)
Ipu coflepXaHuu O6UoreHHOro kpeMHe3éMa 2 %. [ia
campornesiell pasHOro IeHeTUYeCKoro BHJA Ccofepxka-
HUA OMOTeHHOro KpeMHe3éMa BapbUpYIOT B OJHUX U
Tex xe mnpenenax (Tabnuma 1). YBenuueHue KoJjmye-
CTBa KOHIIEHTpallly KpeMHUA B BoJAe KOppesupyeT C
yBeJIMYEHUEM [10JI1 GUOTeHHOro KpeMHeséMa (SiO,, )
OT o0Iero cofiepXxaHus KpeMHe3éMa B JOHHOM Ocajike
(Puc. 4 6). IIpu 3TOM IIpOBeIEHHEIE NCCIIeTOBAHUA BbIs-
BUJIM BaXHYI0 3aKOHOMEPHOCTb: B CaIlpoIesieBhIX OTJIO-
XKeHUAX 03ép rora 3anagHoii Cubupu [0Jisi 61OreHHOro
kpemHeséma (SiO,,, ) NEMOHCTPUPYET YAUBUTEJIBHYIO
cTabuJIbHOCTB, cocTaBsisaA 12-29% oT obIero cogepxa-
HuA SiO,. He3aBUCUMO OT JaHAMAadTHON 30HBI paclo-
JIOXKeHHuA o3epa, BHe 3aBUCUMOCTH OT THIA, KJjacca U
reHeTU4ecKoll pa3HOBUAHOCTU campolesieii, Ipu 3Ha-
YUTEJIbHBIX KojebaHUAX o0Iliero cojepXaHUs KpeM-
He3éMa B MHUHepaJIbHOM 4acTU OcajKa.

Cnextp 46

Cnexrp 49
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Puc.4. (a) UK-cnekTp canpormness o3. MocToBoe ¢ aHajmuTudeckod nosiocoii (~800 cM-1) u kannuOpoBOUHBIN rpaduk i
onpeiesIeHHsI KOJIMYeCcTBa YHUCTOro GHOreHHOro KpeMHeseMa; (6) - rpadrk COOTHOLIEHU KOHIIeHTpalui Si B BojJie U coiepxa-
HUs GHOreHHOro KpeMHe3éMa oT o0IIeli MacChl ero BaJIoBOTO COCTaBa B JJOHHOM OCaJIKe.

[IpucyTcTBUE B COBPEMEHHBIX HJIAX MaHIUpen
JVAaTOMOBBIX M OCTaTKOB MaKpOGUTOB YyKa3bIBaeT Ha
COXPaHHOCTb YHHWKAJIbHBIX WX CBOMCTB— IPHUPOJHBIX
COpOEHTOB, a TakXe O HaJIUYUU OOWIHNA KOJUJIOMJOB
1 MeJIKOJUCIIEPCHBIX YacTHUlLl, B U3yYeHHBIX campole-
JIeBbIX 3asiexxax. O6yazas BBICOKOM BJIAaro€MKOCTHIO U
aJicopOLOHHON CITIOCOOHOCTHIO, TAKKE JOHHbBIE OCAIKU
SABJIAIOTCA OCHOBOU [JIA W3rOTOBJIEHUS COPOEHTOB,
KOTOpBIe BOCTpeOOBaHbl B PA3JIMYHBIX 00JIACTSAX, BKJIIIO-
yasgd BOJOOYMCTKY, CEJIbCKOe XO3SMCTBO M IPOU3BOL-
CTBO cTpouTesibHBIX MaTepuayioB (Skubiszewska-Zieba
et al., 2012; Anil et al., 2014). Hanpumep, canponesb
03. [lecuaHoe aKTMBHO OOOBIBAETCA U WCIIOJIB3yeTCs
JJIs1 IPOU3BOJICTBA OPraHUYECKOro APEHaXHOro KOM-
iekca, 61o04006aBOK B )KMBOTHOBOIUECKOM KOMILJIEKCE.

4. 3aknioueHue

YcTaHOBJIEHO, YTO [JIA CalpoIlesieBhX 3ajiexen
BO BceX JIaHAWA(QTHHIX 30HAaX, B HE3aBUCHMOCTU OT
TUMA, KJlacca, FeHeTUYeCKOoro BUAa canponess cofep-
KaHUA SiOZl,m0 cocTaBJiAloT OoT 12 10 29 % oT BajIoBOTO
kpeMHe3éMa (kpeMHUeBBII 12 -29%; KaabI[UeBBI
13-25%; cmemenHblii 12- 29%). DTo ompefessercs
NIPUCYTCTBAEM B 3HAUYUTEJIbHBIX KOJIMYeCTBaxX AUATO-
MOBBIX CTBOPOK M/UJH IceBaomopdos SiO, mo Moprt-
Macce MakpopHUTOB, KOTOpble BO Bcex o3epax Jobas-
JIAI0TCA K 00JIOMOYHOMY KBaplly, IOJIEBBIM IINIaTaM U
CIIIOAaM.

Takasd yCTOHYMBOCTb MPOLIEHTHOTO COOTHOILE-
Hus SiO,  —~CBUIETENbCTBYeT 00 YHUBEPCAJIIBHOCTH
OMOreoXNMHUYECKHUX MPOLECCOB B pervoHe, cbagaHcu-
POBaHHOCTY MEXaHU3MOB HaKOIlJIeHUsA OHOreHHOro
KpeMHe3éMa U OIpeAesIéHHON aBTOHOMHOCTU OHOJIO-
TUYEeCKOT0 KPyroBOpoTa KpeMHHUs OT MHHepaJbHBIX
HWCTOYHUKOB.
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