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ABSTRACT. This study investigates phosphorus-bearing minerals in the bottom sediments of Lake
Onego and its proglacial precursor. The composition of phosphorus mineral phases differs in the Late
Neopleistocene glaciolacustrine and Holocene lacustrine deposits. The former are dominated by fluo-
rapatite, monazite, and xenotime, whereas the Holocene sediments,represented by fine-grained lacus-
trine muds,contain significant amounts of vivianite and Fe-Mn hydroxides. These differences revealed
changes in phosphorus sources and conditions of its accumulation, which is important for assessing the
trophic state of Lake Onega at all stages of its development under climatic and anthropogenic changes.
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1. Introduction

Phosphorus plays a key role in the biogeochemi-
cal cycles of aquatic ecosystems, regulating productiv-
ity and the degree of eutrophication in water bodies.
Bottom sediments function as a sink and a source of
phosphorus, particularly under changing redox con-
ditions that affect the release of iron and phosphorus
compounds. The mineral composition of sediments
strongly influences phosphorus adsorption and desorp-
tion processes, thereby determining its bioavailabil-
ity and participation in nutrient cycling (Hutchinson,
1957; Bostrom et al., 1982; Vasilieva, 1990; Ignatyeva,
2002; Belkina et al., 2006; Belkina, 2011; Belkina,
2015; Randall et al., 2017; Wu et al., 2021; Li et al.,
2021).

This study aims to identify phosphorus-bearing
minerals in the modern sediments of Lake Onego as
well as in deposits formed during its proglacial devel-
opment stage, in order to gain a better understanding
of the processes governing phosphorus cycling in north-
ern freshwater systems. The results obtained may serve
as a basis for predicting changes in the trophic status of
lake ecosystems under ongoing climatic and anthropo-
genic influences.
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2. Materials and Methods

Lake Onego is the second-largest freshwater lake
in Europe, surpassed only by Lake Ladoga. It is located
within the drainage basin of the Baltic Sea, spanning
the Republic of Karelia, as well as the Vologda and
Leningrad regions of Russia. The geographic center of
the lake lies at 62°42’ N latitude and 33°25’ E longi-
tude. The lake is situated at an elevation of 33.3 meters
above sea level. Its total area is 9970 km?, 9720 km?
of which is the water surface and 250 km? - over 1500
islands. The lake extends up to 248 km in the submerid-
ional direction and reaches a maximum width of 96 km.
The mean depth is 30 meters, with a maximum depth of
120 meters, and the total water volume is estimated at
295 km?®. The lake’s catchment area covers 53,100 km?,
and the shoreline stretches for approximately 1810
km. The mean water residence time is about 14 years
(Subetto et al., 2022).

The water of Lake Onego is characterized by low
mineralization (0.034-0.052 g/dm?®), low electrical
conductivity (average 54.85 pS/cm), high concentra-
tions of dissolved oxygen (10.3-12.0 mg/dm?) with sat-
uration ranging from 93.7% to 100.7%, and a slightly
alkaline pH (7.3-8.2). Total phosphorus concentrations
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in the surface and bottom water layers generally cor-
respond to oligotrophic and mesotrophic levels (0.01-
0.04 mg/dm?) (Sinyakova et al., 2023).

From a geological perspective, Lake Onego is
located at the junction of two major geotectonic struc-
tures—the Fennoscandian Shield and the Russian
Platform. The northern and central parts of the lake
lie within the Karelian Archean Craton, composed
predominantly of tonalite-trondhjemite gneisses,
granites, and metamorphic rocks of the Archean and
Paleoproterozoic age (up to 3.2 billion years old). The
southern part of the basin is underlain by younger
Vendian and Paleozoic sedimentary rocks, including
limestones, sandstones, and clays (Subetto et al., 2022).

According to Subetto et al. (2020), the sedimen-
tary sequence of Lake Onego consists of the following
units (from bottom to top): (1) glacial and fluvioglacial
deposits of the Late Pleistocene, composed of coarse
sands with pebbles, clays with boulders, and boul-
der-rich loams; (2) Late Pleistocene glaciolacustrine
deposits of the proglacial Lake Onego, represented
by varved clays that gradually transite into homoge-
neous clays, overlying; (3) modern Holocene sediments
(muds) of Lake Onego unconformably overlying these
deposits.

Formation of the modern Lake Onego basin is
associated with the retreat of the last glacial cover of
the Valdai Glaciation. Around 14,000 years ago, the
proglacial Lake Onego (PLO) emerged on the southern
margin of the decaying glacier affected by nivation.
This lake occupied a significantly larger area than the
present-day lake. During the existence of the progla-
cial lake, glaciolacustrine, seasonally rhythmic varved
clays,fluvioglacial sandy and gravel-pebble deposits
accumulated. Modern lacustrine stage of Lake Onego
began approximately 12,000-11,000 years ago and
continues up to the present time. This stage is marked
by humid sedimentation conditions, an increasing
contribution of biogenic material to the formation of
bottom sediments, and the predominance of autochtho-
nous over allochthonous components in the composi-
tion of organo-mineral muds (Subetto et al., 2022).

Sediment sampling was conducted throughout the
entire water area of Lake Onego from the R/V “Ecolog”
using a Limnos corer (upper 50-100 cm), a GOIN
TG-1 gravity tube (up to 1 m core length), and a 3 m
long percussion gravity corer. Samples were collected
from the following regions of Lake Onego: Povenetsky
Bay, Zaonezhsky Bay, Small Onego, Lizhemskaya Bay,
Unitskaya Bay, Kondopoga Bay, Petrozavodsk Bay,
Big Onego, Central Onego, and South Onego (Fig. 1).
The sediment cores were described and subsampled
onboard the R/V “Ecolog.” In addition, bottom sedi-
ment drilling was carried out in spring 2019 from lake
ice in the Petrozavodsk Bay (Subetto et al., 2022) using
a UWITEC percussion coring system (Austria). As a
result, a unique 10 m long sedimentary sequence was
obtained, encompassing the fluvioglacial, glaciolacus-
trine, and lacustrine development stages of Lake Onego
(Subetto et al., 2020; Subetto et al., 2022).

Laboratory analyses were carried out at the
Analytical Center for Multi-element and Isotopic
Research of the Siberian Branch of the Russian
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Academy of Sciences (SB RAS), (Novosibirsk, Russia).
Morphology, phase composition, and chemical com-
position of bottom sediment samples were studied
using a MIRA 3 TESCAN scanning electron microscope
(Tescan, Czech Republic) equipped with an Oxford
energy-dispersive spectrometer (Oxford Instruments,
UK). The major elemental composition of the sediments
(Na,0, MgO, AlL0O,, SiO,, P,O,, K,0, CaO, TiO,, MnO,
Fe,0,) was determined by X-ray fluorescence analysis
using an ARL-9900-XP spectrometer (Applied Research
Laboratories, USA). Loss on ignition (LOI) was deter-
mined by gravimetric analysis.

Statistical data processing was performed using
Microsoft Excel. Pearson’s method was applied to cal-
culate correlation coefficients between the major chem-
ical components. The statistical significance of the cor-
relations was assessed using the t-statistic, with critical
t-values determined for a two-tailed test at a signifi-
cance level of a = 0.05.

3. Results and Discussion

Study of the vertical distribution of P,Oy in the
bottom sediments of the Petrozavodsk Bay, Lake Onego,
revealed that phosphorus is unevenly distributed and
exhibits a pronounced increase upward from a depth of
175 cm, with a distinct peak at 55 cm (Fig. 2).
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Fig.1. Sampling map of bottom sediments in Lake Onego.
Legend: black circles — sediment cores collected from the
R/V “Ecolog”; red circle — sedimentary sequence obtained

by ice-based drilling in the Petrozavodsk Bay (Subetto et al.,
2022).
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Detailed investigation of the structure of bot-
tom sediments across the entire area of Lake Onego
has shown that P,O content in the glaciolacustrine
deposits of the proglacial Lake Onego (varved clays)
ranges from 0.04 wt% to 0.18 wt%, with an average
of 0.14 wt%, which is lower than the P,O content in
the Holocene sediments of Lake Onego. In the Holocene
deposits, P,O; concentrations range from 0.35 wt% to
2.9 wt%, with an average of 0.79 wt%. Notably, the
highest phosphorus concentrations are found in the
upper part of the Holocene sediments, where a mineral-
ized layer forms at the boundary between the oxidized
and reduced zones (Strakhovenko et al., 2023).

Phosphorus concentrations obtained for the
bottom sediments of Lake Onego significantly exceed
those reported on the sediments of Lake Baikal, where
the average phosphorus content is approximately 0.11
wt% (Callender and Granina, 1997), as well as the con-
centrations observed in the bottom sediments of Lake
Superior (USA), which range from 0.05 to 0.25 wt% (Li
et al., 2018).

To identify the factors, influencing accumulation
and distribution of phosphorus in the bottom sediments
of Lake Onego, and to assess possible geochemical asso-
ciations between elements, a correlation analysis was
made. All samples were divided into two groups: Upper
Pleistocene bottom sediments (n = 31) and Holocene
bottom sediments (n = 23). The results are presented
in Table 1.
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Fig.2. Vertical distribution of phosphorus in the bottom

sediments of Petrozavodsk Bay, Lake Onego.

Table 1. Matrices of pairwise correlation coefficients between major oxides in the Upper Pleistocene and Holocene bottom
sediments of Lake Onego. Statistically significant negative and positive correlations are highlighted in blue and red, respectively.

Upper Pleistocene bottom sediments of the proglacial Lake Onego

Sio, TiO, | ALO, | Fe,0, [ MnO | MgO CaO | Na,O K,0 PO, LOI

SiO, 1

TiO, | -0.95 1
ALO, -0.97 0.92 1
Fe,0, | -0.98 | 0.95 | 0.93 1

MnO -0.72 0.72 0.69 0.76 1

MgO -0.95 0.88 0.89 0.94 0.61 1

CaO -0.65 0.60 0.63 0.51 0.34 0.58 1

Na,O -0.81 0.73 0.88 0.68 0.47 0.69 0.79 1

K,0 -0.97 0.92 0.93 0.96 0.78 0.93 0.60 0.73 1

PO, -0.90 0.92 0.93 0.88 0.77 0.77 0.56 0.80 0.85 1

LOI -0.90 0.91 0.81 0.93 0.73 0.89 0.52 0.55 0.92 0.78 1

Holocene sediments of Lake Onego
Sio, TiO, | ALO, | Fe,0, | MnO | MgO CaO | Na,0 K,0 PO, LOI

SiO, 1

TiO, | 0.83 1
ALO, | 0.88 | 0.93 1
Fe,O, -0.90 | -0.81 -0.82 1

MnO -0.69 | -0.59 | -0.60 0.38 1

MgO 0.83 0.93 0.91 -0.81 -0.58 1

CaO 0.16 0.55 0.32 -0.21 -0.21 0.49 1

Na,O 0.61 0.80 0.65 -0.58 | -0.45 0.78 0.79 1

K,0 0.84 0.95 0.94 -0.80 | -0.57 0.96 0.52 0.82 1

PO, -0.90 | -0.85 | -0.80 0.93 0.52 -0.81 -0.31 -0.65 | -0.82 1

LOI -0.44 -0.38 -0.55 0.18 0.39 -0.42 0.03 -0.33 -0.52 0.16 1
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In the Upper Pleistocene deposits (varved clays),
strong positive correlations are observed between P,Oq
and all major elements, except silicon. The highest cor-
relation coefficients for phosphorus are recorded with
aluminum (0.93), titanium (0.92), iron (0.88), and
potassium (0.85). The strong negative correlation of
silicon with all other elements, including phosphorus,
reflects varying quartz content across different horizons
of the Upper Pleistocene deposits. At the same time,
the close association of phosphorus with aluminum
and potassium indicates a key role of clay minerals in
the sorption and retention of phosphorus within the
Upper Pleistocene varved clays. As demonstrated in
numerous studies, clay minerals have sorptive capac-
ity that allows for effective binding of phosphate ions
(White and Zelazny, 1988; Wieland and Stumm, 1992;
Colombo et al., 1994; Venema et al., 1998; Edzwald et
al., 1976; Coppin et al., 2002; Sokolova and Trofimov,
2013; Gérard, 2016; Gorbunova et al., 2021; Li et al.,
2021; Sosorova et al., 2023).

In contrast to the Upper Pleistocene deposits,
most of the correlations between P,O; and major ele-
ments in the Holocene sediments weaken or reverse
sign, becoming negative—except for a very strong pos-
itive correlation with Fe,O, (r = 0.93). This indicates
a key role of iron in retention of phosphorus under
modern sedimentary conditions. These findings are
consistent with the previous research. For example, the
role of iron hydroxides in phosphorus retention in the
bottom sediments of Lake Onego was noted by Belkina
(2015).

Scanning electron microscopy of the bottom
sediments allowed identification of the main phos-
phorus-bearing mineral phases. In the glaciolacustrine
deposits of the proglacial Lake Onego, principal phos-
phorus-bearing minerals are fluorapatite (Cag(PO,);F),
monazite ((Ce, La, Nd, Th)PO,), and xenotime (YPO,)
(Fig. 3). These minerals, along with other accessory
phases, such as rutile, apatite, ilmenite, magnetite,
titanite, zircon, monazite, xenotime, and hematite,
are unevenly distributed within the bottom sediments
of Lake Onego. Some accessory minerals are confined
to specific bays and regions of the lake. For example,

xenotime was identified only in Velikaya Guba (Kizhi
Archipelago). The likely source of xenotime is metaso-
matic rocks associated with uranium-vanadium depos-
its on the Zaonezhsky Peninsula (Padma, Kosmozero,
Velikaya Guba, and Rudnaya Gorka deposits).

Despite the presence of phosphorus-bearing min-
erals in the Upper Pleistocene deposits of the proglacial
Lake Onego, the results of correlation analysis, along
with the uneven and source-specific distribution of
phosphorus in discrete mineral phases, indicate that
the majority of phosphorus in these sediments is not
present as distinct mineral species, but rather occurs in
a dispersed form associated with clay minerals.

In the Holocene sediments of Lake Onego, the
main phosphorus-bearing phases are identified as viv-
ianite (Fe,;(PO,),8H,0) and Fe and Mn hydroxides.
These findings are fully consistent with the results of
the correlation analysis.

In Fe and Mn hydroxides, phosphorus is present
in an adsorbed form (Fig. 4). These hydroxides pos-
sess a high specific surface area and active hydroxyl
groups (OH"), making them effective sorbents for phos-
phate. Sorption occurs through both ion exchange and
the formation of inner- and outer-sphere complexes,
as described in detail by Parfitt, Atkinson (1976) and
Dzombak, Morel (1990). These processes play a key
role in the retention of phosphorus in bottom sediments
under oxic conditions.

Fe(Ill) hydroxides adsorb phosphate released
during the mineralization of organic matter and, as
sediments are progressively buried, undergo microbial
and chemical reduction in the bottom sediments. In this
way, they serve as a source of FeZand orthophosphate
required for the formation of vivianite (Fe,(PO,),8H,0)
(Melton et al., 2014).

In the bottom sediments of Lake Onego, vivianite
occurs as discrete layers and nodules that are unevenly
and irregularly distributed both within individual cores
and between different cores (Fig. 5A).

The formation of vivianite in marine and lacus-
trine sediments as a stable mineral phase of phosphorus
isa universal process observed across a variety of aquatic
systems, including Lake Baikal, Lake Ladoga, Lake

20pm

40pm

Fig.3. Phosphate minerals in the Upper Pleistocene bottom sediments of Lake Onego. (A) Apatite in the sediments of
Maloje Onego; (B) Xenotime in the sediments of Velikaya Guba. Mineral abbreviations: Xtm — xenotime; Mag — magnetite; Kfs —

K-feldspar; Ap — apatite.
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Fig.4. (A) Curdy precipitates of iron hydroxides; (B) EDS spectrum of iron hydroxides; (C) Elemental composition of iron

hydroxides.

Superior (USA), the Baltic Sea, and others. Regardless
of the trophic status of the water body, vivianite forms
in sediment layers where reducing conditions prevail,
and where sufficient concentrations of ferrous iron
(Fe*) and orthophosphate are present, alongside lim-
ited sulfate availability, as sulfate competes with phos-
phate for iron binding (Rothe et al., 2015; Liu et al.,
2018; Barhdadi et al., 2024). In Lake Baikal, vivianite
is found primarily in deep-water sediment zones with
low sedimentation rates and low oxygen concentra-
tions, where it plays a key role in phosphorus burial
and stabilization of its sedimentary pool (Callender and
Granina, 1997). In Lake Superior, despite higher oxy-
gen concentrations in bottom sediments, vivianite can
still form locally within microzones enriched in organic
matter, where anaerobic conditions promote the reduc-
tion of Fe(IIl) and subsequent precipitation of Fe(II)-
phosphates (Li et al., 2018).

Traces of fluorapatite, monazite, and xenotime
were also identified (Fig. 5B), and—as in the Upper
Pleistocene deposits—their occurrence is spatially lim-
ited and localized.

4. Conclusions

Phosphorus-bearing mineral forms in the bottom
sediments of Lake Onego differ markedly between the
Upper Pleistocene varved clays and the Holocene muds,
reflecting a shift in the geochemical conditions of sed-
iment accumulation and transformation. In the Upper
Pleistocene glaciolacustrine deposits, phosphorus is pri-
marily associated with stable accessory minerals such
as fluorapatite, monazite, and xenotime, the presence
of which is linked to external terrigenous input and
local source rocks. However, the bulk of phosphorus
occurs in a dispersed form adsorbed onto clay minerals
as indicated by the results of the correlation analysis.

In the Holocene sediments, phosphorus is pre-
dominantly associated with iron-bearing compounds—
primarily iron hydroxides and vivianite.

The observed differences in the mineral forms of
phosphorus reflect significant shifts in sedimentation
conditions, including changes in the redox regime, bal-
ance of terrigenous input, and intensity of biogeochem-
ical processes.
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Fig.5. (A) Photograph of a core section from Holocene bottom sediments (muds) of Lake Onego; (B) Photograph of vivianite
and monazite crystals.
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AHHOTAIIUAA. HccieqoBaHue NOCBAMEHO naeHTUUKanuu ¢ocdopcoepxammux MUHEPATIOB B JOH-
HBIX OTJIOXeHUAX OHexckoro ozepa u OHEXCKOro NPUJIEJHHUKOBOTO O3epa. Y CTaHOBJIEHO, YTO HAabOp
MUuHepaJIbHBIX a3 docdopa pazauyaroTcs MexAy [N03AHEHEeOIIelCTOIIEHOBEIMY 03epHO-Jie JHUKO-
BBIMU UM T'OJIOLIEHOBBIMU O3€PHBIMM OTJIOXKEHUAMU. B 03€pHO-JIeTHUKOBBIX OTJIOKEHUAX MPeobJIafaroT
dTOopamaTUT, MOHOLUT 1 KCEHOTHUM, TOr[a KaK B IOJIOIIEHOBBIX 03€pHBIX Ocajikax (1jiax) 3HaUUTEJIbHYI0
pOJIb WTpal0T BUBUAHUT U T'MAPOKCHJBI Xejle3a 1 MapraHia. BhIABIEHHBIE pa3jidydsa yKasblBalOT Ha
HM3MeHeHre NCTOYHUKOB docdopa U yCJIOBUM ero HaKOIJIEHNs, YTO BaXHO [JIS OLIEHKU TPOhHUYeCKOoro
cocTossHNA OHEXCKOro 03epa Ha BCeX dTallaX ero pa3BUTHA B YCJIOBUAX KJIMMaTUYECKUX U aHTPOIIOT€H-

HBIX U3MEHEHUMH.
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1. BBeaenue

®ocdop urpaet KJIIOUEBYI0 POJib B OMOT€OXUMU-
YeCKUX ILUKJIaX BOJIHBIX JKOCHCTEM, OIpeJess IMpo-
OYKTUBHOCTh U CTeMeHb 3BTPOdUKAIUM BOIOEMOB.
JIOHHBIE OTJIOXKEHUs CJIyXaT KakK HakonurteyjaeM (oc-
dopa, Tak U ero UCTOYHUKOM, OCOOEHHO MHpU H3Me-
HEHUSIX OKUCJIUTEJIbHO-BOCCTAHOBUTEJIBHBIX YCJIOBUI,
BJIMSAIOIINX Ha BBICBOOOX/IEHME COEIUHEHUN XXejie3a
u ¢docdhopa. MuHepasbHBINI COCTaB OCAAKOB Cylie-
CTBEHHO BJIMsAET Ha MPOLecCH afcopOIuu U Jecoporumn
docdopa, uTto onpenesAgeT ero 6MOAOCTYIHOCTh U yUa-
ctue B kpyroeopote (Hutchinson, 1957; Bostrom et al.,
1982; BacuibeBa, 1990; UrnaTtbeBa, 2002; bejkuHa u
ap., 2006; Benkuua, 2011; Beakuna, 2015; Randall et
al., 2017 Wu et al., 2021; Li et al., 2021).

JlanHas pabora HampaBjieHa Ha UAeHTH(UKa-
uuio pochopcoaepxkanx MUHEPATIOB B COBPEMEHHBIX
ocagkax OHEXCKOro 03epa, a TakKXe B OTJIOXKEHUSX
MPUJIETHUKOBOT'O 3Tarna Pa3BUTHA 03epa, C IeJIbI0 JTyd-
ero MOHMMAaHUsA MPOILECCOB, BJIUAIONINX Ha KPYTOBO-
poT docdopa B ceBepHbIX BofgoeéMax. [TosTyueHHbIe JaH-
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Hble MOTYT CTaTh OCHOBOM [JI NPOTrHO3a M3MeHeHUN
TPO(PHIECKOr0 COCTOAHUA 03€PHBIX DKOCUCTEM B YCJIO-
BUSAX KJIMMAaTHYeCKUX U aHTPOIOT'€HHBIX BO3JeICTBUMN.

2. 06beKT, MmaTepHanbl U METOAbDI
MCCAEAOBAHMA

OObeKTOM HCCJIeIOBAHUA SABJIAIOTCA JOHHBIE
oTJioxkeHns OHEXCKOro o3epa.

OHexCcKoe 03epo BTOPOIl 1O BeJIMYHHE
[IpECHOBOAHBIN BOAOEM EBpombl, ycTymarommui JIMIIb
JlagoxckoMy o3epy. OHO pacrnoJjioxkeHo B IIpefe-
Jlax BojocbopHoro GacceiiHa basTuiickoro mops, Ha
tepputopuu Pecnybsimkm Kapenus, Bosiorojckoit u
Jlenunrpajckoii o6racreii. I'eorpaduueckuil ILeHTP
o3epa HaxoJWUTCA Ha mupoTe 62°42’ c.l. U OOJTOTe
33°25” B.A. O3epo pacmosioxeHo Ha BeicoTe 33,3 M
Haj YypoBHeM Mops. Iliomans o3epa cocTaBisAeT
9970 kM? wu3 KOTOpHIX 9720 KM> HPUXOJUTCA Ha
akBaropmio, a 250 km?> — Ha Gosiee yem 1500 octpo-
BOB. IIpOTsX€HHOCTh O3epa B CyOMepHUIMOHAJIbHOM

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.
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HamnpasJieHuu gocturaet 248 KM, UprHa — 00 96 KM.
CpenHsas riyomHa — 30 M, MakcuMasibHass — 120 M,
06bEM BOAHOM Maccel — 295 km>. BomocGopHbIil Gac-
celiH 3aHnMaet Teppurtopuio 53 100 km?, a qynHa Gepe-
roBoi siuHum Aocturaetr 1810 kM. [lepuosn ycioBHOrO
Bojioo6MeHa — okoJio 14 set (CyberTto u ap., 2022).

Boma Onexckoro osepa xapakrepusyercsa cJja-
6ot muHepaynmzanueir (0.034-0.052 r/am>), HU3KOK
3JIeKTPONpOBOAHOCThIO (B cpenHeM 54.85 MkCMm/cM),
BBICOKMM COJlepXkKaHHeM PacTBOPEHHOIO KHCJIOpOAa
(10.3-12.0 mr/am®) ¢ Hacweimenuvem 937-100.7 %,
u cjiaboilesouyHoON peaknueil cpeasl (pH 7.3-8.2).
Konnenrpauuu obmero ¢gocdopa B NOBEPXHOCTHBIX U
MIPUJIOHHBIX CJIOAX BOJBI B 11€JIOM COOTBETCTBYIOT OJIM-
rorpodHOMy 1 Me3oTpodhHOMY ypoBHI0 (0.01-0.04 mr/
am®) (CunskoBa u ap., 2023).

C Touku 3peHus reojoruu OHeXXCKoe 03epo pac-
IIOJIO’KEHO Ha CThIKe JIByX F€0TeKTOHNYeCKUX CTPYKTYP
— DeHHOCKaHIMHABCKOr'0 KPUCTAJJINUYECKOro LIUTa U
Pycckoii miatdopmsl. CeBepHas U LIeHTpaJbHAA 4acTU
o3epa JiexxaT B IIpefleslax Kapesbckoro apxerckoro
KpaTOHa, CJIO)KEHHOIO0 TOHaJIUT-TPOHAbEMUTOBEIMU
rHelicaMy, I'paHUTaMHU U MeTaMOp(PUUYEeCKHMH IIOpo-
JaM{ apXelCcKoro u MajeornpoTepo30HCKOro Bo3pacTa
(mo 3.2 mupp net). HOxHasA yacTb KOTJIOBUHBI Mpen-
cTaBjieHa 0OoJiee MOJIOABIMU OCAOYHBIMU IOPOJaMU
BeHAa U naseo3os (M3BeCTHAKU, I€CUYaHUKY, IJIMHBI)
(CyberTo u mp., 2022).

B cooTBeTcTBUU C UcciieoBaHueM (Subetto et al.,
2020) nHo OHexckoro o3epa cjaraioT (CHuU3y BBepx): 1)
JleAHUKOBBIE U (PJII0BUOTJIALMATIbHBIE OTJIOXKEHHUA BepX-
Hero ItelicTolieHa. OHU COCTOAT U3 KPYIIHOTO Iecka C
raJjibKod, TJIMH C BaJI[yHaMU U BaJIyHHBIX CYIJIMHKOB; 2)
BhIIlIe HaXOAATCA BepXHEIIEHCTOLleHOBbIe JIMMHOIJIA-
[yajabHble OTJIOXKeHuA OHEeXCKOro IpujieJHHUKOBOIO
o3epa, IpeAcTaBJIeHHble JIEHTOYHBIMHU IJIMHAMU, KOTO-
pble MOCTeNleHHO NepeXxoAaT B FOMOreHHbIe I'JIMHBL 3)
BhIIIIe C HecoIJlacueM 3aJjleraloT COBpeMeHHBIe IroJiole-
HOBBIe 0TJI0keHuA (1ab) OHeXCKoro o3epa.

dopMupoBaHHUe  COBPEMEHHOH  KOTJIOBHHBI
OHexckoro oszepa CBA3aHO C Jerpajaunueil nocjef-
Hero JIeJHMKOBOI'0 [IOKPOBa BaJIAaliCKOro oJiefleHeHNA.
[TpumepHo 14 000 et Ha3ag BO3HUKJIO OHEXCKOe IIpU-
nepHukoBoe o3epo (OITO). O3epo chopmupoBasocs Ha
I0XKHOH Iepudepuu gerpaaupyollero jeqHukKa B ycJio-
BUAX HUBAJIBHOI'O KJIMMAaTa M 3aHUMAaJIO 3HAYUTEJIbHO
64JIpIIYI0 TUIOIIA/Ib, YeM COBpeMeHHOe 03epo. B ycio-
BUAX IpuyegHukoBoro osepa (OIIO) mnpoucxoaunsio
HaKoIJIeHHe JINMHOTJIANMAIbHBIX Ce30HHO-PUTMHUYHBIX
JIEHTOYHBIX TJIMH U (JIIOBUOIJIANMAJIBHBIX IeCYaHbIX U
rpaBUIHO-TaJIeuHbIX OTJIoXkeHuN. CoBpeMeHHBIN 03ep-
HBIM 3Tan pa3BuTHA OHEXCKOro osepa OepeT Haydayio
¢ 12000-11000 netr ToMy Hasag U MpOAOJIKaeTcA IO
HacTosllee BpeMsA. DTOT 3Tall XapaKTepusyeTcsa I'yMU/-
HBIMHU YCJIOBUAMU OCAJKOHAKOIUIEHUs, BO3pacTaHueM
poJiu OMOTreHHOro BelllecTBa B (POPMHPOBAaHUU AOHHBIX
OTJIOKEHUI U INpeobjajaHueM aBTOXTOHHOIO Bellle-
CTBa HaJ aJUTOXTOHHBIM B (pOpMHPOBaHUM OpPraHOTeH-
HO-MUHepasbHbIX UioB (CyberTo u fip., 2022).

OT60p 06pa3noB JOHHBIX OTJIOXEHUIN IPOU3BO-
Ausicsa Ha Bcel akBatopuu OHeXxcKoro osepa c 6opra
HUC «3konor» ¢ nomoipio npo6ooTdbopHKa «Limnos»
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(Bepxuue 50-100 cwm), Tpy6ku «['OWH TIr-1» (1 ™
KepHa) U yJapHON T'PYHTOBOM TPYOKU AJUHON 3 M.
OT60p mpob ocylIecTBJIAJICA B CJAeQyIOUUX palioHax
Onexckoro osepa: [ToBeHelkull 3ayuB, 3aOHEXCKUI
3aymB, Mamnoe OHero, JInxeMckas ryba, YHuIkas ryoa,
Konpomnoxckas ry0a, Ilerpo3aBofckas ryba, bosbioe
Ownero, LlenTpanbHoe OHero, IOxHoe OHero (Puc. 1).
OToOpaHHbIe KepHbI JOHHBIX OTJIOXKEHUI ONMCHIBAJINChH
1 pasbupainuch Ha npoObl HenmocpencTBeHHo Ha HUC
«QkoJior». [TomyuMo JjieTHUX paboT, OBLJIO BBIIIOJIHEHO
OypeHUe OOHHBIX OTJIOXKeHHI OHeXCKOro osepa Bec-
Hoii 2019 r. co spaa B IleTpo3aBopackoii rybe (CybeTrTo
u 1p., 2022) c noMoupio yiapHO-KaHAaTHOM CHCTEeMBI
UWITEC (ABcTpus). B pesysibrare ObLI NOJIydyeH YHU-
KaJIbHBIM paspe3 okoyio 10 M [JOHHBIX OTJIOXKEHUH,
OXBaTHIBAIOMUI (DJIIOBUOTJIANMAJIBHEIN, JMMHOTJIALN-
JIBHBIN U JIMMHUYECKUH 3Tanbl pa3BUTHA OHEXCKOTo
o3epa (Subetto et al.,, 2020; Cyberto u np., 2022).
JlaGopaTopHble pabOoTHI BEIIIOJIHEHH B AHAJIMTAYECKOM
I[EHTpe MHOr03JIeMEHTHBIX U M30TOIHBIX MCCIIeNo-
BaHuii CO PAH, Hoocubupck, Poccus. [lnsa uccie-
JoBaHuA Mopdosorny, (Ha3oBoro M XUMHUYECKOro
COCTaBOB 00pasl|0B AOHHBIX OTJIOKEHWUH MPUMEHACA
CKaHUPYIOMMN 3JIEKTPOHHBI MuKpockon «MIRA 3
TESCAN» (Tescan, Yexus), ocHalleHHBII 3HepreTuye-
ckuM crekrpoMmeTpoMm «Oxford» (Oxford Instruments,
Benukobpuranus). A onpefesieHUA XUMHUYECKOTO
coctaBa NOHHBIX oTyoxenuid (Na,O, MgO, AL O, SiO,,
P,0,, K,0, CaO, TiO,, MnO, Fe,0,) 1croib30BajiCcs peHT-
reHOCHeKTpayIbHBIN (JIyopeclieHTHBIN aHalIu3 Ha Ipu-
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Puc.1. Cxema ot6opa mpo6 [OHHBIX OTJIOXEHUH
OHexcKoro o3zepa. YcjIoBHBIe 0003HAUEeHUsA: YepPHBIH KPYXKOK
— KepHHI, oTo6paHHble ¢ 6opTa HUC «JK0JI0T>»; KPaCHBIN Kpy-
XKOK — pa3pe3 JIOHHBIX OTJIOXKEHUM, MOJIyuYeHHBIN GypeHueMm
co spza B Ilerpo3aBojckoii ry6e (Cyberto u ap., 2022).
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6ope «ARL-9900-XP» (Applied Research Laboratories,
CIIA). IIIIT (noTepu npu NpoKaJIMBaHNUU) MOJTy4YeHHI C
IIOMOILbI0 I'PaBUMeTPHYECKOro MeToJa oIpefesieHNA.

CraTucTtuyeckas oopaboTka JaHHBIX BBHIIOJHEHA
B mporpamMMHo# cpefie Microsoft Excel. KoadpdunmeHTh
KOppeJIALUN MeXAy OCHOBHBIMU XUMHUYECKUMU KOMIIO-
HeHTaMM ObLJIM paccuuTaHbl 1o Metoay ITupcona. [na
OLIeHKM CTaTUCTUYEeCKON 3HAUYMMOCTH KOppesiauui
HCINOJIb30Bajlach t-cTaTUCTHKA, KpuTuueckue 3Haue-
HUA t ONpelesAINCh AJIA JBYCTOPOHHEro KpUTepusd
npu ypoBHe 3Haunmoctu o = 0.05.

3. Pe3ynabTatbl M 06Ccy)xpeHue

H3yyeHre  BepTUKAJIbHOIO  paclpefeseHus
P205 B pgoHHBIX OTOXeHUAX IleTpo3aBOACKOil ryObl
OHeXCKOro o3epa I03BOJIMJIO yCTaHOBUTD, UTO docdop
pacnpeziesIEH HepaBHOMEPHO U Pe3KO YBEJIMUUBAETCA B
Bepx M0 paspe3y C IJIyOuHBl 175 cM C ApPKO BBIpaXKeH-
HBIM IUKOM Ha riybuse 55 cm (Puc. 2).

JleTasibHOEe M3y4e€HUE CTPOEHUs OHHBIX OTJIO-
J)KeHUI Mo Bcell akBaTopuu OHEXCKOro o3epa I03BO-
JILJIO yCTAHOBUTH, YTO cojepxkanue P,O, B JIUMHOIJIA-
LAAJIbHBIX OTJIOXKEHUAX OHEeXCKOro IpujieJHUKOBOI'O
o3epa (JIeHTOYHBIE TJIMHBI) BapbUpyeT B AUala3oHe OT
0.04 macc. %, no 0.18 macc. %, co cpeaHUM 3HaYeHUEM
0.14 macc. %, 4TO HMDXe 3HaUeHUi copepxanue P,0O,

B TOJIOIIEHOBHIX OTJIOXeHUsx OHexcKoro osepa. s
T'OJIOIIEHOBHIX OTJIOXKEHUH ollpefiesieH IUana3oH 3Have-
HUI KOHI[eHTpaluun P,O, ot 0.35 macc. %, no 2.9 macc.
%, co cpennum 3HaueHuem 0.79 macc. %. Crenpyert
OTMETUTh, YTO MaKCHUMaJIbHble 3HAaUeHUs KOHIIeHTpa-
nui docdopa xapakTepHsl [ BepXHell 4acTy roJiole-
HOBBIX OTJIOXEHUM, B KOTOPBIX HaOJI0aeTcsA pYAHBIN
cyoll, GOpMUPYIOMIMIICSA Ha IPaHUIlE OKUCIEHHOTO U
BoccTaHoBJIeHHOro ciioeB (Strakhovenko et al., 2023).

[MosryyeHHBle 3HaYeHUA KOHIeHTpauui pocdopa
B JIOHHBIX OTJIOXKeHUX OHEXCKOro 03epa CyIeCTBEHHO
IpeBhIIAeT aHAJIOTUYHBIE 3HAYeHU 111 JOHHBIX OTJIO-
XeHUH o3epa Baiikay, rae cpefHee comepxaHue doc-
dopa cocraysieT okosio 0.11 mac. % (Callender and
Granina, 1997), unu koHueHTpauuii docdopa B AOH-
HBIX OTJIOXKeHUsXx o3epa Bepxnee (CIIIA) (0.05-0.25
macc. %) (Li et al., 2018).

151 BeIsABJIeHUS (DAKTOPOB, BJIMAKIMINX HA HAKO-
IJIeHue U pacnpefesieHre pochopa B JOHHBIX OTIOXe-
HUsIX OHEXCKOro 03epa, a Takxke I OIleHKHU BO3MOX-
HBIX TeOXMMUYECKUX acCOUMAIMI MeXy dJIeMeHTaMH,
OblsIa TpoBefleHa KoppeJAlUOoHHass o0paboTka MoJiy-
YeHHBIX JaHHBIX. Bce maHHBIE 6L pa3/ieieHbl Ha JBe
IPYIIBL BepXHeIUIeHCTOLleHOBEe JOHHbBIE OTJIOXEeHUA
(konmyecTBO MpPO6 31) u roJIoIeHOBBIE [JOHHBIE
OTJIOXKeHUsl (KOJIMYecTBO NPoO 23). INonyueHHbIE
pe3yJIbTaTh IpejcrasyeHsl B Tabiune 1.

Ta6smna 1. Matpuibl mapHeIX K03)OUIMEHTOB KOPPEeJIANUY MeXJy OCHOBHBIMU OKCHJIJAMH B BEepXHEIIJIeHICTOLIEHOBBIX U
r'OJIOIIEHOBBIX JIOHHBIX OTJIOXKeHUAX OHexcKoro o3epa. CUHMM 1 KpaCHBIM IIBETOM BblJIeJIeHbI CTAaTUCTUYECKN 3HauKMBble OTpUIIa-
TeJIbHbIE U NOJIOXUTesIbHble K03hdUINEeHTH KOppesiAliY COOTBETCTBEHHO.

BepxHeILTeicTOIIeHOBbIe JOHHBIE OTI0XKeHHsT OHEXCKOTo MPUJIeJHUKOBOTO 03epa

sio, | TiO, | ALO, | Fe,0, | MnO | MgO | CaO | Na,0 | K,0 [ P,0, | LOI
Sio, 1
TiO, | -0.95 1
ALO, | -0.97 [ 0.92 1
Fe,0, | -0.98 | 0.95 | 0.93 1
MnO | -0.72 [ 072 | 0.69 [ 0.76 1
Mgo | -0.95 [ 0.88 | 0.89 [ 0.94 | o0.61 1
caO | -0.65 [ 0.60 | 0.63 [ 0.51 | 034 | 0.58 1
Na,0 | -0.81 | 073 | 0.88 | 0.68 [ 0.47 [ 0.69 [ 0.79 1
KO | -097 | 092 | 093 | 096 [ 078 | 0.93 [ 0.60 | 0.73 1
PO, | 090 | 092 | 093 | 088 | 0.77 | 0.77 | 056 | 0.80 | 0.85 1
ol | -0.90 [ 091 [ 0.81 [ 0.93 [ 073 [ 0.89 [ 052 | 055 | 0.92 | 0.78 1
Tl'ononieHOBBIE OTJIOXEHUA OHEXCKOTO o3epa
sio, | TiO, | ALO, | Fe,0, | MnO | MgO | CaO | Na,0 | K,0 | P,0, | LOI
Sio, 1
TiO, | 0.83 1
ALO, | 0.88 | 0.93 1
Fe,0, | -0.90 | -0.81 | -0.82 1
MnO | -0.69 | -0.59 | -0.60 | 0.38 1
Mgo | 0.83 | 0.93 | 0.91 | -0.81 | -0.58 1
ca0O | 016 [ 055 [ 032 [ -021 | -021 | 0.49 1
Na,0 | 061 | 080 | 065 | -0.58 [ -0.45 [ 0.78 [ 0.79 1
KO | 084 | 095 | 094 | 080 [ -0.57 | 0.96 [ 0.52 | 0.82 1
PO, | 09 | 085 | 080 | 093 | 052 | -0.81 | -0.31 | -0.65 | -0.82 1
ol | -0.44 | 038 | -0.55 | 018 [ 039 [ -0.42 [ 0.03 | -0.33 | -0.52 | 0.16 1
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B BepxHenjeHCTOIeHOBBIX OTJIOXeHUAX (JIeH-
TOYHBIE TJIMHBI) HAGJIIOAIOTCA CUJIBHBIE IOJIOXUTETIh-
Hble koppesanuu P,O5 co BceMu ajieMeHTamMu, KpoMme
kpemHusA. HawnbGosipmue 3HaueHus KoabdunueHTa
koppessiu  pocdopa HAGIIONAIOTCA C ATIOMUHUEM
(0.93), turanom (0.92), xenesom (0.88) m kamuem
(0.85). CunpHas oTpulLlaTesbHAsA KOPpesALNU KpeM-
HUS CO BCEMU JIPYTUMU dJIeMeHTaMU, B TOM 4HCJIe U
¢ docdopom, fABIIAETCA OTpakeHUeM BapHaluy KoJid-
YyecTBa KBaplia B pa3sHBIX TOPU30HTAX BepXHeIIelCTo-
I[EHOBBIX OTJIOXKeHUH. B To xe BpeMms, TecHas CBA3b
docdopa ¢ aymoOMUHNEM U KaJIeM YKasbIBaeT Ha KJIIO-
YeBYyI0 pOJIb IJIMHUCTHIX MHHEpaJIOB B MeXaHH3Max
copbunu u yaepxanus ¢ocdopa B BepxHerielcrolle-
HOBBIX JIEHTOUYHBIX I'IMHax. Kak 1mokasaHo BO MHOT'HX
HCCIIeJOBAaHUAX, IJIMHUCTBIE MUHepasibl 006J1aiaoT
COpPOLIMOHHON CIOCOOHOCTBIO, YTO MO3BoJisieT 3¢ dek-
TUBHO cBsA3bBaTh (ocdar-monsl (White and Zelazny,
1988; Wieland and Stumm, 1992; Colombo et al., 1994;
Venema et al., 1998; Edzwald et al., 1976; Coppin et
al., 2002; CokoJioBa u Tpodbumos, 2013; Gérard, 2016;
Gorbunova et al., 2021; Li et al., 2021; Sosorova et al.,
2023).

B oTyinune OoT BepXHeIUIeHCTOIIEHOBBIX OTJIOXe-
HUM, B TOJIOLEHOBBIX OCAAKax OOJIBIIMHCTBO KOppe-
JIANUOHHHIX cBs3ell P,O; ¢ OCHOBHBEIMU 3JieMeHTaMU
ocy1abeBalOT WM MEHSIOT 3HaK Ha OTPUIATEJIbHHIH, 3a
HCKJIIOYeHNEM OYeHb CHJIBHOM MOJIOKUTEIBHOI Koppe-
nauuu ¢ Fe,O; (r = 0.93). 3To yKa3bBaeT Ha KJjloue-
BYIO pOJIb XeJie3a B yAepxaHuu docdopa B yCIOBUAX
COBpEeMEeHHBIX JOHHBIX 0CaJKOB. IIoJIyueHHBIE Pe3yJib-
TaThl COIJIACYIOTCA C JAHHBIMU, [TOJIyYeHHBEIMU paHee.
Hanpumep, o pojii rUAPOKCUIOB B yAepxaHuu ¢oc-
dopa B JOHHBIX OTJIOXeHUAX OHEXCKOro o3epa oTMe-
yasioch B pabote Besnkunoit H.A. (2015).

W3yueHue o0pa3noB JOHHBIX OTJIOXKEHUH Ha
CKaHUPYIOLIeM 3JIeKTPOHHOM MUKPOCKOIIe IT03BOJINJIO
onpeneauTb OCHOBHBIE (docdopcoaepxaire ¢asbl.
Jns IMMHOIJIANUAJIBHBIX OTJ0XeHUEH OHeXCKOro Mpu-
JIe[IHUKOBOI'O O3epa OCHOBHBIMU MuHepanamu doc-
¢dopa ssisawTea ¢ropanarur (Ca (PO,),F), MoHOUUT
((Ce, La, Nd, Th)PO,) u xcenotum (Y(PO,)) (Puc. 3).
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0.00 1.00
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Puc.2. BeprukasnbHoe pacnpefeseHue ¢ocdopa B JOH-
HBIX OTJIOXKeHUAX IleTpo3aBofckoii ryosl OHeXCKOro o3epa.

JlaHHBIe MUHepaJibl, KaKk 1 JIpyTHe aklleCCOpHble MIHe-
payibl (pyTW, amaTuT, WJIbMEHWUT, MarHeTWT, TUTa-
HUT, IMPKOH, MOHAIUT, KCEHOTUM M reMaTHuT) pac-
npefiejieHbl HepaBHOMEPHO B JOHHBIX OTJIOKEHHAX
Onexckoro o3sepa. HekoTopble akieccOpHble MHHe-
paJibl BCTpevalTcsA TOJIBKO B ONpeJesIeHHBIX 3ajliBax
u parioHax OHexckoro osepa. Hampumep, KceHOTUM
OBLI OIpeJieJsieH JiUilb B rybe Benukas (Kukckuii apxu-
nesar). IcTOYHUKOM KCEHOTHMA, 10 BCell BUAUMOCTH,
MOTYT SABJIAIOTCA MeTacoOMaTHUTH ypaH-BaHaJUEeBBIX
MeCTOpOXJeHUIN 3a0HEeXCKOro IOoJIyocTpoBa (MecTo-
poxnaenus [Tagma, Kocmozepo, Benukas ryba, Pynnas
T'opka).

Puc.3. MuHepainsl pocdopa B BepxXHeIJIeHCTOLIEHOBBIX JIOHHBIX OTJIOXKeHUAX OHeXCKOro o3epa. A) anaTuT B JOHHBIX OTJIO-
xxeHuAx Masioro OHero. B) KCeHOTUM B IOHHBIX OTJIOXKEHUAX TyObl BennkasA. YcyioBHbIe 0003HaueHNs MUHepasoB: Xtm — KCeHO-

tuM; Mag —marHetut; Kfs— K-mosieBoii mmat; Ap —anaTur.
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Total Si Al Fe
65.36 5.59 147 25.92 0.65
Ca K P S @]

098 023 076 012 297

B

Puc.4. A) TBOPOXWCTBIE BBIAECJICHUA THAPOKCHAOB XeJie3a, B) CIIEKTPp XMMHNYECKOIr'o cocTaBa rUIpPOKCHUAOB XeJIe3a, B) XUMHU-

YeCKUil COCTaB TMAPOKCHU/IOB XKeJie3a.

HecmoTpsa Ha mnpucytcTBue ¢ocdopcoaepxa-
IUX MHHepaJioB B BepXHEIJIelICTOI[eHOBHIX OTJIOXe-
HUAX OHEXCKOro NMpUIeJHUKOBOrO 03€epa, JaHHBIE IO
KOPpPEJIALIMOHHOMY aHajn3y, a TakXe HepaBHOMep-
HOE W IPUYyPOYEHHOEe K KOHKPETHBIM TIe0JIOTUYeCKHUM
WCTOYHMKAM JIOKaJIbHOE paclpefesieHrne CaMOCTOs-
TEeJIbHBIX MHHepaJibHBIX da3 docdopa ykas3wplBalOT Ha
TO, YTO OCHOBHAsA 4acTh pochopa B 3THUX OTJIOKEHUAX
HaxOoJIUTCA He B BHUJE CaMOCTOATEJIbHBIX MHHEPAJIOB,
a B pacceaHHON ¢opme, CBA3aHHON C TJIMHUCTBIMU
MUHepaJlaMH.

Jl714 roJio11eHOBBIX OTJIoKeHUE OHeXCKOro o3epa
YCTaHOBJIEHO, YTO OCHOBHBIMU (azamu dpocdopa ABJA-
torca BuBuanut (Fe,(PO,),8H,0), a Takke I'MIpOK-
cunpl Fe u Mn. [losy4yeHHble pe3yJibTaThl B IIOJIHOM
Mepe COTJIACYIOTCA C pe3yJibTaTaMM KOPPeJIANUOHHOIO
aHaim3a.

B ruppokcupmax Fe u Mn docdop Haxonurcsa B

copbupoBanHoM Bujie (Puc. 4). 3tu rugpoxkcuast obJia-
JaloT BBICOKOU Y/IeJIbHOU MOBEPXHOCTHIO Y aKTUBHBIMU
rufpokcibHeiMu rpynnamu (OHY), uyro pgesaer ux
3¢ dexTuBHBIMU copbeHTaMu dpocdaTos. CopOuusA Mpo-
UCXOOUT KaK 3a CUET MOHHOrO 0OOMeHa, TaKk U Mocpe.-
CTBOM 00pa3oBaHWsA BHYTpEHHe- U BHeIIHeC(hepHBIX
KOMILJIEKCOB, KaK 3TO NOAPOOHO ommcaHo B paboTax
Parfitt, Atkinson (1976) u Dzombak, Morel (1990).
OTU Ipollecchl UrpaloT KJIIYeBYI0 POJib B yAepKaHUU
docdopa B JOHHBIX OTJIOKEHUAX B OKHUCJIUTEIHBHOU
obcTaHOBKe.

T'uppokcunst Fe (III) copbupyioT BHICBOOOXAA-
fomyecs B Ipollecce MUHepaIu3alii OpraHhYecKoro
BemecTBa docdarsl, 1 10 Mepe 3aXOpPOHEHUA 0CalKa,
noABeprasich MUKPOOHOMY U XHUMHYeCKOMY BOCCTaHOB-
JIEHUI0 B JOHHBIX OTJIOXEHHUAX, CJIy’XKaT HMCTOYHUKOM
Fe?* u oprodocdara, HeoOXOOUMBIX J11 POPMUPOBa-
nusA suBuanura Fe,(PO,),-8H,0 (Melton et al., 2014).
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BuBuMaHUT B OOHHBIX OTJIOXeHUAX OHEXCKOTO
o3epa BCTpedaeTcs B BUJle 000COOJIEHHBIX IIPOCJIOEB U
CTsXeHUI, HepaBHOMEPHO 1 He3aKOHOMEPHO pacIpe-
JeJIeHHBIX KaK 10 KepHy, TaK U MeXIy OTAeJIbHBIMU
kepHamu (Puc. 5 A).

dopMmupoBaHUe BHBHUAHUTA B MOPCKUX U 03ep-
HBIX OTJIOXEHMsAX, KaK YCTONYMBOU MUHepasbHOUI
dopmel pocdhopa, — 3TO yHHUBeEpCabHBII Ipoliecc,
HabJTI0jaeMblii B pa3JIMYHBIX BOAHBIX CUCTEMaXx, BKJIIO-
yas o3. batikasn, JIJagoxckoe o3epo, 03. Bepxuee (CIIIA),
Banrutickoe mope u fp. HezaBrucumMo oT Tpodurieckoro
craTyca BOOoéMa, BUBMAHUT GOPMUPYETCA B TE€X CJIOSIX
JOHHBIX OTJIOXKEHUM, I'je MPUCYTCTBYIOT BOCCTAHOBU-
TeJIbHBIE YCJIOBUs, JJOCTaTOYHas KOHI[eHTpalus ABYX-
BasienTHOro xeyesa (Fe*) u oprodocdara, a Takxke
OrpaHUYeHO TMOCTyIJIeHHe cyiab}aToB, KOHKYPUPYIO-
X ¢ docharamu 3a noHkI kese3a (Rothe et al., 2015;
Liu et al., 2018; Barhdadi et al., 2024). B 03. baiikan
BUBUAHUT OOHAPYXKUBAETCA B JIOHHBIX OTJIOXKEHUAX U3
MpenuMYIIeCTBEHHO T'JTyOOKOBOOHBIX PAliOHOB 0O3epa C
HU3KUMU CKOPOCTAMU CeJUMeHTalUuu U HU3KUMU KOH-
LIeHTpauusAMHU KUCJIOPOAa, Ile BUBUAHUT UrpaeT KJIo-
4eBYyI0 POJIb B 3axopoHeHnHU ¢gocdopa u crabunuzanuu
ero 3amacoB B ocajgkax (Callender and Granina, 1997).
B 03. BepxHee, HecMOTps Ha 0oJjiee BbICOKHE KOHIIEH-
Tpaluu KUCJIOpPoJa B JIOHHBIX OTJIOKEHMAX, BUBUAHUT
MoOXeT 0o0pa30BBIBAThCS JIOKAJIbBHO B MUKPO30HaxX C
HaKoOIJIEHHeM OpraHUKH, TJle CO3Ja0TCs aHa3pOOHBIe
ycJioBus, crnocobcTBylomue BoccraHoBaeHuo Fe(Ill) u
nocaenywomemy ocaxaenuto Fe(ID-docdaTos (Li et al.,
2018).

B ciieqoBBIX KOJIMYecTBax BCTpeuyeHHl ¢roparmna-
TUT, MOHOIUT, kceHOTUM (Puic. 5B), KOTOpHIII Tak Xe,
KaK U B BepXHEIUIEHCTOI[eHOBBIX OTJIOXKEHUAX, UMEeIT
JIOKaJIBbHBIN XapaKTep HaXOAOK.

4. BoiBOADI

MunepasnbHble GopMbl pocdopa B JOHHBIX OTJIO-
keHUsax OHeXCKOro o3epa 3HaYMTeJIbHO pa3JifnyaloTcA
MeXJy BepXHeIUJIEHICTOLIEHOBBIMU JICHTOYHBIMHU IJIH-
HaMH{ Y TOJIOLIEHOBBIMU WJIaMU{, 9TO OTpakaeT CMeHY
reoXy¥MHYeCcKUX yCJIOBUI HaKOIUIeHuA U TpaHcdopMa-
MY OCaAKOB. B BepxXHeIIeHCTOLIeHOBBIX JIMMHOIJIA-
LUaJIbHBIX OTJIOXKEeHUAX ¢ocdop NpenMyliecTBeHHO
acconuMpoBaH C YCTOMYMBBIMU aKIeCCOPHBIMU MUHe-
pajlaMy, TakUMHU Kak (ropanaTHUT, MOHOLUT U Kce-
HOTHUM, NPHUCYTCTBHE KOTOPBIX CBA3aHO C BHEIIHUM
TeppUreHHBIM NIOCTYIJIEHHEM U JIOKAJIbHBIMU NCTOYHU-
kamu. IIpu aToM ocHOBHasA mMacca ¢pochopa HaXOAUTCA
B paccesHHOU (opme, cOpOMPOBAHHON HA TJIMHUCTHIX
MMHepaJiaX, Ha 4YTO yKa3blBalOT JaHHBIE 10 KOPPeJIALN-
OHHOMY aHaJIu3y.

B roJioneHOBHIX OTJIOXeHUAX ¢ocdop B 3HAUU-
TeJIbHOU CTelleHM CBA3aH C Xeje30CoAeprKalluMU coe-
JUHEHUAMU — B IEepByl0 ouyepefb C TMOpPOKCHOaMU
JKejie3a U BUBUAQHUTOM.

VYcTaHOBJIeHHBle pas3jdyuA B MHHepaJbHBIX
dopmax docdopa AEMOHCTPUPYIOT BaKHbIE CABUTU B
YCJIOBUAX OCAJKOHAKOIUJIEHWA, BKJIIOYasA H3MeHeHUe
KHCJIOPOJHOIO pexruMa, 6ajiaHca MOCTYIJIeHUsA Teppu-
reHHOIo MaTepuaja U MHTEeHCUBHOCTU OHoreoxumuye-
CKUX IIPOLIECCOB.
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