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ABSTRACT. To understand long-term climate variability and its connection with modern global warm-
ing, this study analyzed the composition of long-chain alkenones in the bottom sediments of Lake Shira
(North-Minusinsk valley) over the past 3000 years. In the ICE2023, Shira-I-21 and Shira-II-21 cores, gas
chromatography-mass spectrometry revealed methyl- and ethyl-alkenones, predominantly C,, and C,,,
with double bonds ranging from two to four. The vertical profiles show substantial fluctuations in total
concentration (1-355 ng/g), likely associated with changes in water level, salinity, and organic matter
preservation conditions. Alkenone peaks coincide with light (carbonate-rich) layers, reflecting phases
of lake level decline and increased salinity. Elevated alkenone concentrations in the clay-rich sections
of the core may indicate enhanced adsorption and preservation. The results confirm the potential of
long-chain alkenones as a proxy for paleo-salinity and, consequently, paleo-humidity in arid regions of

Siberia.
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1. Introduction

Understanding the relationship between modern
global warming and natural climate variability requires
knowledge of climate changes over the past millennia.
The study of climate change in Asia is a topical area of
palaeoclimate research. However, climate fluctuations
in Siberia remain insufficiently explored (Bezrukova et
al., 2010; Rudaya et al., 2020; Novenko et al., 2022).
The North-Minusinsk hollow is of particular interest for
paleoclimate research, as it is located within the steppe
zone of southern Siberia and is surrounded by mountain
ranges that block the inflow of moist air. As a result,
the hollow has developed a semi-arid microclimate that
is milder compared to the surrounding regions. In arid
and semi-arid regions, endorheic lakes are highly sen-
sitive to the balance between precipitation and evapo-
ration, which is reflected in fluctuations in water vol-
ume and salinity (Last and Ginn, 2005). Lake bottom
sediments serve as a valuable archive of information
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about the history of ecosystem. By reconstructing the
chronology of salinity based on bottom sediments from
such lakes, it is possible to obtain valuable information
about changes in overall humidity and hydrological
conditions in the past. To date, there are no univer-
sal and reliable indicators of salinity. Proposed proxies,
such as the content and isotopic composition of carbon-
ates in lake sediments, may be influenced by the input
of terrigenous material (Zhao et al., 2010). Ostracods
and diatoms assemblages (De Deckker and Forester,
1988) have the potential to reflect salinity fluctuations.
However, the application of this approach requires
good preservation of organic remains, which is often
hindered in mid-latitude Asian lakes due to unstable
hydrological conditions. Therefore, the development
of new salinity indicators with broader applicabil-
ity remains a pressing challenge in paleolimnological
research.

Currently, molecular approaches are gaining
increasing significance, offering the ability to analyze
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organic compounds that can be preserved in lake sed-
iments for thousands of years. Polyunsaturated long-
chain alkenones (C,-C,)), produced by haptophyte
algae of the order Isochrysidales, are among the most
promising emerging paleo-indicators sensitive to both
temperature and salinity, owing to their excellent long-
term preservation in sedimentary records (Zhao et al.,
2014; Longo et al., 2016; 2018; Bulkhin et al., 2023).
Originally, long-chain alkenones were established as a
reliable bioindicator for reconstructing past sea surface
temperatures (Brassell et al., 1986; Miiller et al., 1998).
However, similar temperature reconstructions in con-
tinental lakes have proven difficult due to the simul-
taneous presence of several species of haptophytes
exhibiting different responses to temperature (Araie et
al., 2018; Theroux et al., 2020). Nevertheless, ongoing
research focuses on developing alkenone-based prox-
ies for paleo-salinity in lacustrine environments (Chu
et al., 2005; Zhao et al., 2014; Song et al., 2016; He et
al., 2020). A study of surface sediments from 22 lakes
in the North-Minusinsk hollow demonstrated that the
relationship between total alkenone concentration and
salinity follows a unimodal pattern, which can serve
as a qualitative indicator of transitions across a critical
salinity threshold of 20 g ! (Bulkhin et al., 2023). This
pattern was also observed in sediment records from lake
Utichye-3, where a positive correlation between the
average chain length (ACL) of alkenones and salinity
was identified (Bulkhin et al., 2024). In 2021, research-
ers from the Vinogradov Institute of Geochemistry col-
lected several sediment cores from Lake Shira, each
approximately 1.5 meters long and deeper (Bezrukova
et al., 2024), enabling alkenone analysis in a core span-
ning approximately 3000 years.

Thus, the aim of this study is to analyze the
composition of long-chain alkenones in bottom sedi-
ments from lake Shira and to evaluate their potential as
paleo-salinity indicators for reconstructing past humid-
ity in the North-Minusinsk hollow region.

2. Methods

In 2021, researchers from the A.P. Vinogradov
Institute of Geochemistry collected two sediment cores
from Lake Shira: Shira-I-21 (159 c¢cm) using a corer sam-
pler UWITEC (Austria), and Shira-II-21 (244 cm) using
a drilling rig. This study focused on the lower part of
the second core (146 cm). Samples from Shira-I-21 were
taken at 5 cm intervals, while those from Shira-II-21
were selected based on visual indicators of abrupt
changes in the lake, such as distinct light and dark lay-
ers. In March 2023, an ICE2023 core (approximately
40 cm) was collected using a freeze corer developed
at the Institute of Biophysics of the Siberian Branch of
the Russian Academy of Sciences. Two vertical parallel
bars measuring approximately 3 X 3 cm were extracted
from the core and then sliced at 1 cm intervals using a
heated nichrome wire. One of these bars was used for
analysis of alkenone content.

Radiocarbon dating (**C) of a 146 cm-long sedi-
ment core from Lake Shira was conducted by researchers
at the Vinogradov Institute of Geochemistry (Bezrukova
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et al., 2024). Based on the presence of characteristic
colored layers, the obtained age model was correlated
with the Shira-I-21 and Shira-II-21 cores. The age of the
frozen core was determined using distinct white layers
previously identified in sediment cores from Lake Shira
(Zykov et al., 2012).

Prior to analysis, all the sediment samples were
freeze-dried using an AK 4-50 lyophilizer (ProfLab) at
a pressure of 0.2 mbar and a heating temperature of
40 °C. The freeze-drying process lasted for approxi-
mately 12 hours.

In the analytical laboratory of the Institute of
Biophysics SB RAS, dried samples weighing approxi-
mately 0.4-0.5 g from the frozen ICE2023 core (40.5
cm), 0.4-1 g from the Shira-I-21 core (159 c¢cm, 33 sam-
ples), and 1-2 g from the Shira-II-21 core (146 cm, 67
samples) were extracted for 24 hours at room tempera-
ture using a chloroform-methanol mixture (7:3, v/v)
with the addition of 50 uL of hexatriacontane (C,,) as
an internal standard. After extraction, the samples were
filtered, evaporated, and saponified for 1 hour at 90 °C
using 5 mL of 6% KOH. Subsequently, 10 mL of distilled
water and 5 mL of hexane were added to the flasks
and thoroughly mixed. The combined hexane extracts
were washed three times with water, passed through a
sodium sulfate, and then evaporated.

The unsaponifiable fractions were separated using
a GC-MS 7890/5975C system (Agilent Technologies,
USA) equipped with a VF-200MS capillary column (60
m X 250 pum X 0.10 um). Helium was used as the
carrier gas at a flow rate of 1.2 ml min. Samples were
injected in split mode, with the injector temperature set
to 260 °C. The interface temperature was 230 °C, the
ion source temperature was 150 °C, and the ionization
energy was 70 eV. Mass fragments were scanned over
a range of 30-700 amu at a rate of 0.5 s scanl. The
initial oven temperature was 60 °C, followed by a ramp
of 20 °C min™ to 255 °C, then 5 °C min! to 285 °C, and
finally 2 °C min! to 320 °C, which was held isothermal
for 10 minutes.

The alkenone peaks were identified based on the
known molecular masses of the compounds, the mass-
to-charge ratio (m/z) of the base peak, and characteris-
tic fragment ions, as well as by comparing the obtained
mass spectra with previously published reference data
(de Leeuw et al., 1980; Marlowe et al., 1984; Rontani
et al., 2006).

3. Results and discussion

Long-chain alkenones C,,-C,, with 2 to 4 double
bonds were detected in all sediment cores from Lake
Shira (ICE2023, Shira-I-21, Shira-1I-21). Alkenones C,,
and C,, were identified as methyl ketones, while C,,
and C,, were ethyl ketones. The alkenone composition
in the cores was dominated by C,, and C,;, compounds,
whereas C,, and C,, were present in lower concentra-
tions. The relative distribution of alkenones in the sed-
iment cores generally showed a predominance of C,,
compounds. Typically, C,, alkenones were detected
together with C, alkenones, in a total of 38 samples
and most commonly with three and two double bonds.
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This alkenone composition is typical for saline lakes in
temperate latitudes (Fig. 1) (Plancq et al., 2018; He et
al., 2020).

The vertical profiles of alkenones in the analyzed
sediment cores reveal substantial variations in the con-
centrations of long-chain alkenones across different
depositional periods. These fluctuations likely reflect
the response of haptophyte algae to changing environ-
mental conditions during alkenone burial, influenced
by factors such as water column circulation, tempera-
ture, and chemical composition (Toney et al., 2010;
Plancq et al., 2018) (Fig. 2). Total alkenone concentra-
tions in the cores varied widely, ranging from 1 pg/g
to 355 pg/g (Fig. 2). Some discrepancies in alkenone
concentrations among samples from the analyzed cores
may be attributed to differences in sample preparation
protocols. Specifically, a smaller sample mass was used
during the preparation of the Shira-I-21 core (159 cm).
Additionally, the sampling location may have influ-
enced the results. The Shira-I-21 core could have been
collected from an area of sediment accumulation, and
since alkenone producers represent only one group of
microorganisms in the lake, an increase in total organic
matter content could lead to a relative decrease in alke-
none concentration when calculated per dry weight
and LOIL_ . However, the general trends of increasing
and decreasing total alkenone content were preserved
across the cores (102-160 cm, Fig. 2B). In the upper
section of the ICE2023 core, elevated alkenone concen-
trations of approximately 190 pg/g were observed at
depths of 7-8 to 10-11 cm, corresponding to the last
100-150 years. A similar pattern was also observed in
the Shira-I-21 core (Fig. 2). Such variations may indi-
cate that changes in sedimentation occurred during
this period, affecting both the production and pres-
ervation of alkenones. It is well documented that the
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lake has experienced significant fluctuations in water
level throughout its history. For instance, between the
1910s and 1930s, corresponding approximately to the
7-10 cm depth interval (Fig. 2A), all endorheic lakes in
the North-Minusinsk hollow underwent a drying phase
reaching minimum levels, followed by a rapid rise to
near-modern levels (Rogozin et al., 2010; Rogozin et
al., 2018). Increased water inflow likely enhanced
meromixis, which could have a beneficial effect on the
preservation of alkenones and explain the similar dis-
tribution of the total alkenone content. Also, a light-col-
ored layer (carbonate layer) is visible in this section of
the core (Fig. 2B), which likely formed due to a drop
in lake level. Consequently, the resulting increase in
salinity and/or a shift in the community composition of
alkenone-producing organisms could also explain the
elevated concentrations of long-chain alkenones.
Similar pronounced peaks were also recorded
at a depth of 34-39 cm in the core, corresponding to
approximately 650-820 years ago. These peaks were
also detected in the upper part of core Shira-I-21
(Fig. 2B) and also corresponded to the light layers of
the core. Comparable patterns were observed further
downcore at depths of 94-102 cm, where the maxi-
mum total alkenone concentration of up to 355 ug/g
was detected (approximately 2000 years ago), as well
as at 138-148 cm and 178-189 cm. It is important to
note that increases in total alkenone concentrations
were accompanied by the appearance of longer-chain
alkenones, up to C,,. Additionally, in the lower part of
core Shira-II-21, within the 220-230 cm interval, ele-
vated alkenone concentrations were observed, reaching
up to 256 pg/g (Fig. 2B). This may be preliminarily
attributed to the accumulation of massive clay depos-
its starting from 220 cm (approximately 4750 years
ago) and continued until the end of the core. It is well
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Fig.2. Vertical distribution of total alkenone concentrations. A — quantitative distribution of alkenones in the frozen core
ICE2023 (40.5 cm). B —quantitative distribution of alkenones in the spliced cores Shira-I-21 and Shira-1I-21.

established that organic compounds adsorbed onto clay
surfaces in aquatic environments are less susceptible to
degradation. In a stratified saline lake, where bottom
waters may become anoxic, the combination of binding
clays and low oxygen concentrations can significantly
enhance the preservation of alkenones. Thus, it becomes
possible to suggest that elevated alkenone concentra-
tions in sediment cores from saline lakes experiencing
abrupt water-level fluctuations may reflect changes in
salinity and, consequently, serve as a paleo-humidity
proxy for the surrounding region.

4. Conclusions

Long-chain alkenones C,-C, were reliably
detected in the bottom sediments of Lake Shira (cores
ICE2023, Shira-I-21, Shira-II-21). Total alkenone con-
centrations varied widely (1-355pg/g), exhibiting
distinct peaks in the light-colored carbonate and clay-
rich layers. These peaks correspond to intervals of low-
ered lake levels (1910s-1930s) and to older clay-rich
deposits (~2000 and ~4750 years ago). The compar-
ison of alkenone profiles with sediment lithology sug-
gests that alkenone accumulation is maximized during
drought periods and increasing lake salinity, possibly
when inflow events enhance anoxic conditions in bot-
tom waters and promote the preservation of organic
compounds. Additionally, clay-rich deposits may have
contributed to the effective preservation of alkenones.
The observed patterns in alkenone concentration, in
conjunction with lithological changes, confirm their
potential as a qualitative proxy for paleo-salinity. Thus,
the profile of long-chain alkenones in the sediment core
from Lake Shira can be used to assess paleo-humidity in
the North-Minusinsk hollow.
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AHHOTAILIUS. /i noHMMaHuA JOJITOCPOYHBIX KJIMMaTUYeCKUX M3MEeHeHUN U UX CBA3U C COBPeMeH-
HBIM TJIOOAJIBHBIM TOTEIJIEHHEM B JaHHOM paboTe ObLI NMpOAaHAJIM3MPOBAH COCTaB AJIMHHOIENOYeY-
HBIX aJIKEHOHOB B JJOHHBIX OTJIOXeHuAX o3epa Illupa (CeBepo-MuHycHHCKas KOTJIOBMHA) 3a OCTIeJHUE
3000 stet. B xepHax ICE2023, Shira-I-21 u Shira-II-21 MeTO/10M ra30BOM XpOMATO-MaCC-CIIEKTPOMETPUU
BBISIBJIEHBI METWJI- U 3TUJI-AJIKEHOHBI, peumyiecTBeHHo C,, u C,,, ¢ ABOMHBIMM CBA3AMU OT ABYX 10
4yeThIpEX. BepTukaibHble Npoduan AeMOHCTPUPYIOT 3HaUUTe IbHbIe KoyieOaHuA olIeli KOHIeHTpauu
(1-355 MKr/T), BEpOATHO CBsA3aHHBIE C M3MEHEHNEeM YPOBHA BOJBI, COJIEHOCTH U YCJIOBUM COXPAaHHOCTHU
opra’uku. IIMKy aJKeHOHOB COBNAAAIOT CO CBETJIBIMU (KapOOHATHHEIMU) CJIOAMH, OTPaXaromMu Gasel
[aJieHusA YPOBHSA U MOBBIIIEHUS COJIEHOCTU. BhICOKME KOHIIEeHTpalUy ajIKeHOHOB B IJIMHUCTBIX 4acTAX
KepHa MOIYT yKa3bplBaTb Ha HX JIyYllyl0 aAcopOLMI0 M KOHCepBalMio. Pe3ysbTaTel MOATBEpXAAOT
IOTEeHI[1aJl AJMHHOLEIIOYeYHBbIX aJIKEHOHOB B KayecTBe IIPOKCHU IaJIe0-COJIEHOCTU U, CJIeJOBaTesIbHO,
I1ajieo-BJIaXHOCTU B apyUaHBIX pernoHax Cubupu.

Kitiouegsie cjro8a: MjIMHHOIETIOYEYHBIE aJIKEHOHBI, UHAUKATOP COJIEHOCTHU, JOHHBIE OTJIOXKEHUS, TanTOOUTOBEIE
Bogopociy, FOxxuaa Cubups, ajieoKJIMMaToI0T s

Jiia mutupoBanusa: BynbxuH A.O., 3bpikoB B.B., Porosun [1.10., bespykosa E.B. [TosnHeHacHI[eHHbIE AJIMHHOL[ETIOYeYHbIEe ajIKe-
HOHBI B JIOHHBIX OTJIOXEHUIX MepOMUKTHYeckoro o3epa Ilupa (FOr Cubupu) kak majaeo-uHANKATOP KIMMaTUYeCKUX N3MeHEeHUN
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1. Beepenue KOTOpHIY fABJIAeTcA Oojiee MATKMM IIO CPaBHEHUIO C

OKpyXaiolleil Tepputopueil. B 3acynuiuBeiX U MOJIY-
3aCylLUINBBIX perruoHax OecCTOYHBIE O3epa YyBCTBU-
TeJIPHBL K 0ajlaHCy OCA[KOB U KCIIApeHUs, YTO OTpa-

Jiia nmoHuMaHWA B3aMMOCBA3M MeXJy COBpe-
MEHHBIM TIJI006aJIbHBIM [OTeIlJIeHueM U eCTeCTBeH-

HBIMUA KoJIeOaHUAMU KJIMMaTta HeoOXOOWMO 3HAaTh,
KakK [MPOMCXOAWJIN U3MeHeHUs KJIMaTa 3a IocjefHue
ThICAYesieTHA. M3yueHue KJIMMaTU4ecKUX H3MeHeHUN
A3y - akTyaJibHOe HampaBjleHue NajieoKJiMaTuye-
CKUX ucciefoBaHuil. OAHAKO HeJOCTAaTOYHO H3Yy4eHBI
knuMarnyeckue duykryauuu B Cubupu (Bezrukova et
al., 2010; Rudaya et al., 2020; Novenko et al., 2022).
MuHycuHCKas KOTJIOBHMHA BHI3bIBaeT OCOOBIN MHTepec
JUI MccileJOBaHUA NajleoKIMMara, Tak Kak, pacroJio-
’KeHa B yCJIOBUAX CTeNHO 30HHI lora Cubupu U OKpy-
XKeHa TOpHbIMHU XpeOTaMM, KOTOphle INPenAaTCTBYIOT
[IPOHMKHOBEHUIO BJIAXXHOTO BO3[yXa Ojarofmaps ueMmy
Ha Hell cHOpMHUPOBAJICA MOJIyapUIHBIN MUKPOKJINMAT,
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’)KaeTcsA B U3MeHeHnn oO0beMa BOIbl U coJjieHocTH (Last
and Ginn, 2005). [IoHHbIe OTJIOXKEHUS BOJIOEMOB SIBJISI-
I0TCA [EHHBIM MCTOYHUKOM HHMOpMAIMU O MPOILIOM
dKOocHCTeM. PeKOHCTPYHUpYs XPOHOJIOTHIO COJIEHOCTHU
MO0 JOHHBIM OTJIOXKEHUSM TaKUX O3ep MOXHO IOJTy-
YUTh 3HAUMMYI0 MHGOpMaIUi0 00 M3MeHeHUsAX ooImlen
BJIQXXHOCTU Y THAPOJIOTHYECKUX YCJIOBUI B MPOILIOM.
Ha cerogHAmHMI IeHb He CyIeCTBYeT YHHUBEPCATbHBIX
Y HaJIeXXHBIX UHAUKATOPOB coJieHoCTU. [Ipefjiaraemsie
MIPOKCH, TaKWe KaK COepKaHue W M3OTOIHBIM COCTaB
KapOOHATOB B O3€PHBIX OTJIOXKEHUSX, MOTYT TMOABEp-
ratbcs BJIUSHUIO TEppUreHHoro martepuasia (Zhao et
al., 2010). CocraBsl ocTpakon u quatomei (De Deckker

© Asrop(s1) 2025. DTa pabora pacnpocTpaHs-
eTcs o MexIyHapoJHo! jiutieH3uel Creative
Commons Attribution-NonCommercial 4.0.


https://www.doi.org/10.31951/2658-3518-2025-A-4-824
https://orcid.org/0000-0002-8537-0945
mailto:bulkhinlive@yandex.ru

BynbxuH A.O. u dp. / Limnology and Freshwater Biology 2025 (4): 824-833

Cneu. sbinyck: «VIII-s5 MexdyHapooHasi
BepewazuHckas balikanbckasi KoHgbepeHyusi»

and Forester, 1988) noTeHIMaJIbHO OTpaXalT KoJjieba-
HUsI COJIEHOCTH, HO HCITOJIb30BaHHE AAaHHOTO MOAX0j1a
TpebyeT XOpollell COXPaHHOCTH OPraHHUYeCKHUX OCTaT-
KOB, YTO 3aTpPygHEHO B 03epax YMEpPEHHBIX MHPOT
A3un u3-3a HecTaOWJIBHON TUAPOJIOTUYECKON obcTa-
HOBKHU. [loaTOMy pa3paboTka HOBBHIX WHAUKATOPOB
COJIEHOCTH ¢ 6oJjiee MMPOKUM CIIEKTPOM NMPUMEHEHUS
SABJIAETCSA aKTyaJIbHOM 3ajZjauell MaJieoJIMMHOJIOTHYe-
CKHUX MCCJIeJOBaHMI.

B HacTosIee BpeMs Bce 60JIblllee 3HaYEHUE MTPU-
00peTarT MOJIEKYJIAPHbIE IOXObI, MO3BOJIAIOIINE
KICCJIEJOBATh OPraHNYecKre coeJUHEHN A, KOTOPBIE CIIO-
COGHBI COXPaHATHCSA B IOHHBIX 0CAIKaX HA MPOTKEHUHU
MHOTHUX CTOJIETHI. B KauecTBe HOBBIX U MEPCIIEKTUBHBIX
TEPMO- M COJIEYYBCTBUTEJIBHBIX TMaJle0-UHAUKATOPOB
MOTYT CJIYXUTb MMOJIMHEHACHIIIEHHbIE JJIMHHOLENOYeY-
Hple ajnkeHoHbl (C,,-C,,), KOTOpble XODOIIO COXpaHs-
I0TCA B JOHHBIX OTJIOKEHUSAX Ha MPOTSKEHUM THICAYE-
JIETUH U SBJIAIOTCA MPOAYKTAMH KU3HEAeATEJIbHOCTU
MpeJICTaBUTEJIEH ranTOPUTOBBIX BOIOPOCJIEH MOpAAKA
Isochrysidales (Zhao et al., 2014; Longo et al., 2016;
2018; Bulkhin et al., 2023). M3Ha4aJibHO, JJIMHHOI[EINO-
YeyHbIe aJIKEHOHBI 3aPEKOMEH/I0BAIN ce0s KakK HaexX-
HBII OMOMHAUKATOD [JI1 PEKOHCTPYKIUI Majeo-TeM-
mepaTrypsl MOBEPXHOCTU MHPOBOro okeaHa (Brassell
et al., 1986; Miiller et al., 1998), ogqHako IOgOOHEIE
TeMnepaTypHble PEKOHCTPYKIUU IJiA KOHTHHEHTAJIb-
HBIX O3€p OKA3aJIMCh 3aTPyAHEHHI M3-3a OJJHOBPEMEH-
HOT'O TPUCYTCTBUA HECKOJIBKUX BHUAOB ramTO(UTOBBIX
BOJIOPOCJIEH € Pa3IMYaIIUMCA OTKJIMKOM Ha BHEI-
HIoI0 TeMrepaTypy (Araie et al., 2018; Theroux et al.,
2020). Tem He MeHee, B HacToslllee BpeMs BeIyTCA
HICCJIE[JOBAHUSA 110 TIOVCKY MPOKCH MajIe0-COJIEHOCTH Ha
OCHOBE aJTKEHOHOB B 03epHBIX cpefiax (Chu et al., 2005;
Zhao et al., 2014; Song et al., 2016; He et al., 2020).
B m3yueHUM BEpXHUX OCAJIKOB 22 03ep Ha TeppPUTOPUU
CeBepo-MUHYCHHCKON KOTJIOBUHBI OBLIO TIOKAa3aHO,
YTO 3aBHUCHUMOCTD O0IIeN KOHIIEHTPaI[U aJIKEHOHOB OT
COJIEHOCTH UMeEET YHUMOJAIBHYI0 (POpMY, YTO MOXET
OBITh HCITOJTb30BAHO B KAUeCcTBe KAvYeCTBEHHOTO Map-
Kepa IMepexoJIoB Yepe3 KPUTUYECKOe 3HAYeHHe coJie-
"Hoctu 20 1 ! (Bulkhin et al., 2023), Taxkxe maHHas
3aKOHOMEPHOCTD MPOCJIEXUBAJIACh U B UCCJIEAOBAHUAX
JIOHHBIX OTJIOKEHUH 03epa Y Thuube-3, ¢ MOJI0XKUTEJIbHOM
KoppeJsisuei cpefiHel AJIMHB enu ankeHoHoB (CLD)
¢ conenoctsio (Bulkhin et al., 2024). B 2021 r cotpya-
HUKamMu WHCTUTYTa reOXMMUY UM. BUHOrpazoBa 611H
B3ATH HECKOJIBKO KepHOB ¢ 03. Illupa AJMHOI OKO0JIO0
1.5 M u rmy6xke (Bezrukova et al., 2024), yTo mo3Bo-
JISieT POBECTU aHAJIU3 aJJKEHOHOB B KEPHE BO3PacTOM
OKOJIO 3 TBIC. JIET.

TakuMm o6pa3oM 1Lenbpl0 HacToslell paboTh
CTAJI0O TMPOAHAJU3UPOBATh COCTaB JJIMHHOIENIOYEY-
HBIX aJIKEHOHOB B JOHHBIX OTJIOXeHUsX o3epa Illupa,
a TaKXke JaTh OIEHKY BO3MOXHOCTH WCIIOJIb30BaHUA
JJIMHHOIIEITOYEeYHBIX aJIKEHOHOB B KaueCcTBe MHIUKATO-
POB TAJIEO-COJIEHOCTU C LIEJIbI0 PEKOHCTPYKIMU BJIaX-
HocTU B pervoHe CeBepo-MUHYCUHCKON KOTJIOBUHBIL.

2. MeTtopabl

Corpymuuku HWHctuTyTa reoxumun um. A.IL
Bunorpagmosa B 2021 roay orobpasu aBa KepHa U3

830

o3epa Ilwupa: Shira-I-21 (159 cm) c HUCMOJIB30OBAaHUEM
npo6ootbopHuka Uwitec (ABctpus) u Shira-11-21 (244
CM) c oMol1Ibio OYpoBOI1 ycTaHOBKU. B qaHHOI pabdoTe
HCII0JIb30BaHa HUXXHSAA YacTh BTOPOro kepHa (146 cm).
O6pa3sisl u3 Shira-1-21 orbupanuch ¢ marom 5 cMm, a
u3 Shira-I1-21 or6upasuch BHIOOPOYHO, C MPU3HAKAMU
pe3kux u3MeHeHUU B o3epe (Oesible U UepHBIE CJIOW).
B mapre 2023 roga 6su1 oTo6paH kepH ICE2023 (npu-
MepHO 40 cMm) ¢ momoipio Tpo60OTOOPHUKA-HaMOpa-
XKuBares, pa3paboraHHoro B MHcTuTyTe 6MOMU3NKU
CO PAH. U3 kepHa BBINWJIMJIM [Ba BepPTUKAJIbHBIX
napajuleJibHBIX Opycka pa3MepoM OKoJIo 3X3 cwm,
KOTOpBIE 3aTeM paspe3aii Mo IVIyOuHe ¢ MHTepBaJoM
1 cM mpu nmoMoIIY, pacKaja€HHON HUXPOMOBOM HUTHU.
OauH u3 OpyCcKOB HCHOJIb30Bajly AJA OIpefesieHUu:s
cojiep>aHUs aJKeHOHOB.

CoTrpyaHukaMu HWHCTUTyTa TeOXMMHH UM
Bunorpazosa mertonoM “C Gpl1a ocyllecTBJIeHa JaTU-
POBKa KepHa AOHHBIX OTJIOXeHUH o3epa [llupa aimuHoM
146 cm (Bezrukova et al., 2024). ITo xapakTepHBIM
I[BEeTHBIM CJIOSM AaTHPOBKa JaHHOTO KepHa Oblia pac-
mpocTpaHeHa Ha kKepHbl Shira-I-21 u Shira-1I-21. Ona
oImpejiesieHHs Bo3pacTa jefOBOro KepHa ObLIM MCIOJIb-
30BaHBbl XapaKTepHbIe OeJsible CJIOU y paHee N3yUYeHHBIX
KepHOB JIOHHBIX OTJI0XeHui o3epa Illupa (3b1K0B U Ap.,
2012).

[lepen aHanm3aMu Bce 0Opaslibl JOHHBIX OTJIO-
XeHUN ObLIM BBICYIIEHBl C IOMOIIbI0 JIMODUIIBHOM
cymunku AK 4-50 («I[IpodJlab») npu pasiaenuu 0.2
mbap u TemrnepaTypoii nogorpesa 40 °C. [Ipouecc jsuo-
puBbHONI CyMIKU MPOIoJIKaIcsa MpUuMepHO 12 Jacos.

B ananuTtuueckoil sabopatopuu HHcTUTyTa
buoduzuku CO PAH BricymieHHble 00Opaslibl Maccoil
okosio 0.4-0.5 r u3 3amopoxeHHoro kepHa ICE2023
(40.5 cm), 0.4-1 r u3 kepHa Shira-1-21 gamHo# 159 cm
(833 mwit.), 1-2 r u3 kepHa Shira-1I-21 gyuHOM 146 cMm (67
IIT) dKCTparupoBajav 24 yaca Ipy KOMHATHOHN TeMIle-
parype cMechbio xjiopodopma U MeTtaHosa (7:3, v/v) ¢
nobasieHreM 50 MKJI rekcaTprUaKOHTaHa (C36) B Kaue-
CTBe BHyTpeHHero craHpapra. [Tocyie npo6s! PuiIbTpo-
BaJIM, UCHAapsAJd U NojBeprajii 1 4 OMBUJIEHUIO IIpU
temmepatype 90 °C (5 ma 6% KOH). 3arem B KOJIOBI
nob6asisim 10 MJI AMCTUJUIMPOBAHHOM BOABL U 5 MJI
rekcaHa U TIaTeJibHO IepeMemrBaai. OO0beJUHEHHbIE
reKcaHOBBIe SKCTPaKTHl TPYPKABI IPOMBIBAIA BOAOU U
IIpoIlyCKaJIu Yepe3 0e3BOAHBIN CepHOKUCIIBIN HAaTPUH U
3aTeM BBHIIapHBaJId.

HeoMblyisseMble KOMITIOHEHTHI feauan Ha I'X-MC
7890/5975C (Agilent Technologies, CIIIA) c kamwi-
JaspHOU KosioHKou VF-200MS (60 m X 250 MKM X
0.10 mxM). Pacxon renus, UCnojb3yeMoOro B KauecTBe
raza-HocUuTess, cocTasysin 1.2 Mn MuH?, BBOA NpOGEH!
MIPOU3BOIUJICA B pEXUMeE JleJieHusA moToka (Split), Tem-
nepatypa urxektopa 260 °C. TemmepaTypa uHTep-
(detica cocraBasna 230 °C, TemmnepaTypa HCTOYHUKA
noHoB 150 °C, sHeprus noHuzanuu gerexkropa — 70 3B,
CKaHMpOBaHUe pparMeHTOB aTOMHOUI Macchl oT 30 Ao
700 am mpu 0.5 ¢ ckan!l. HavanbHasa temmepatypa 60
°C ¢ mogpemom 20 °C mun! mo 255 °C, 3aTeM mocieny-
olllee MOBHIIeHNe TeMnepatypbl Ao 285 °C co ckopo-
cteio 5 °C MuHl, 3aTeM noabeM Temriepatrypsl 1o 320
°C co ckopocThio HarpeBa 2 °C MuH! 1 10 MUHYT B U30-
TepMaJIbHOM pexume.
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[luky aJKeHOHOB WOeHTUGUIMPOBAIIUCH HA
OCHOBE U3BECTHBIX MOJIEKYJIAPHBIX MAacC COeJUHEHUI,
COOTHOILIEHUS MacCHI K 3apsAAy 6a30BOro nuka 1 xapak-
TEpHBIX MOHOB, a TaKXe MyTEéM COMOCTABJIEHUA IOJIYy-
YEeHHBIX MacC-CIEeKTPOB C OMyOJIMKOBAaHHBIMU JIUTEpa-
TypHBIMH AaHHBIMU (de Leeuw et al., 1980; Marlowe et
al., 1984; Rontani et al., 2006).

3. Pe3ynabTaTtbl M 06Ccy)xpeHue

Bo Bcex oToOpaHHBIX KepHaX AOHHBIX OTJIOXe-
Huil o3epa IlMupa (ICE2023, Shira-I-21, Shira-1I-21)
OBLIU JeTeKTUPOBaHbl AJMHHOIENIOUevHble aJKeHOHBI
C,,-C,, C KOJIM4eCTBOM IBOMHBIX CBA3€H OT 2-X IO 4-X.
AgkeHonsl C,, u C,y GbUIM MPECTABIEHBI METUJI-KETO-
Hamu, a C,, u C,) — sTui-keToHamu. OCHOBHOM COCTaB
aJIKEHOHOB B KepHax Obu1 npefcrasieH C,, u C,, anke-
HOHamH, B TO BpeMs Kak C,, 1 C,  BCTpeyasnch B MEHb-
mux KojmdectBaXx. OTHOCHUTe/bHOE pacrpefesieHue
aJIKEHOHOB B KepHaX KaK MPaBUJIO JIeMOHCTPUPOBAJIO
npeobnaganue C,,. OGbIYHO, TaM, Iie AeTEKTUPYIOTCA
ankeHoHB! C,, — NETEeKTHPOBAJIMCh W ajKeHOHH C, ,
Bcero B 38 oOpasijax u yaie ¢ 3-Ms U 2-Ms ABONHBIMU
cBsa3AMU. CocTaB aJIKEHOHOB ABJISAETCSA TUIUYHBIM IJIA
COJIEHBIX 03ep yMepeHHbIX mupoT (Puc. 1) (Plancq et
al., 2018; He et al., 2020).

AnHanu3 BepTUKAJIBHOrO NMPO(uiisi ajikeHOHOB B
Hccie/IoBaHHBIX KeEpHaX TOKa3bIBAeT 3aMeTHEhIE 3MeHe-
HMA B KOHI[EHTPAIUAX AJIUHHOIEIIOUeYHbIX aJIKEHOHOB
3a pasHble nepuoAsl GOpMUPOBaHUs AOHHBIX OTJIOXe-
HUI, YTO MOXET TOBOPUTh 006 OTKJIMKE ranTo(UTOBBIX
BOJIOpOCJIell Ha HW3MeHAI[Uecs BHeNIHHe YCJIOBUs
MpU KOTOPBHIX IIPOUCXOJIUJIO 3aXOpOHEHNe aJIKeHOHOB
B BOJIOEMe, CBA3aHHBIX KaK C PeXUMOM LUPKYJIALNU,
TaK U ¢ TeEMIEpPaTypol U XUMUUYECKUM COCTaBOM BO/IbI

A 0Cj7.4 0C37.3 BCs7.2 DC3g:4 BC3:3 BCig:y BC.4 BC 0.3 BC 39 BC 49,4 BC 493 BC 4y
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(Toney et al., 2010; Plancq et al., 2018) (Puc. 2).
OOmiee comepxaHue ajJKeHOHOB B KepHaX BapbUpO-
BaJIO B IIMPOKUX Npefnesiax oT 1 MKr/r Ao 355 MKI/T
(Puc. 2). HexoTopoe HecoBIajeHUe KOHI[eHTpaLUi
aJIKEHOHOB B 00pasliax uccjaeJOBaHHBIX KEPHOB, MOXeT
OBITh OOBACHEHO pa3HBIMU YCJIOBUAMU Ha 3Tare Ipodo-
nmoAroToBku. [Ipu mpoGomoaroroBke kepHa Shira-1-21
(159 cm) ucnosbp3oBasoch MeHblIee IO Macce KOJIU-
gecTBO oOpasua. Tak xe 3[ech MOXeT BJIUATh pakTop
MecTta npoboor6opa. KepH Shira-I-21 mor 6bITH OTO-
OpaH B MecTe CKOIUJIEHUA OcaXJaeMoro Marepuasa, a
TaK KaK aJIKeHOH-NPOAYLIEHTH ABJIAIOTCA TOJIbKO OOHOMN
13 TpyNnn MUKPOOPraHM3MOB O3epa IIpU BO3pacTaHUU
cojiepkaHUsA OpraHUYecKoro BelllecTBa MX KOHI[eHTpa-
1Ys B pacueTe Ha cyxou Bec u LOI GyeT CHUXaTbCA.
OaHako B KepHax COXpaHWJIWCh oOlue TeHAeHIUHU
Ha IOBHIIIEHWEe M IIOHMXeHHe OOIlero cofepkaHusd
ankeHoHOB (102-160 cMm, Puc. 2 B). B BepxHell yacTu
kepHa ICE2023 wHa6Gmiofasioch MOBHIIEHHOE CcOfep-
XKaHUe aJKeHOHOB okoJio 190 MKr/r Ha riybuHax oT
7-8 no 10-11 cMm, cooTBeTcTByOIMeM mnocjequuMm 100-
150 ropgam. IlogoOHas 3aKOHOMEPHOCTh IIpOCJieXUBa-
Jach 1 B KepHe Shira-I-21 (Puc. 2). Takvue Bapuauu
MOTYT CBHUJETEJIbCTBOBATh O TOM, 4TO B 3TOT NepUoa
IIPOUCXOAWJIY U3MeHeHUA B 0caAKoo0pa3oBaHUM, BJIU-
AOI[Me Ha IPOAYKLUHUI0O W COXPaHHOCTh AaJIKeHOHOB.
HM3BecTHO, YTO B CBOEU MCTOPUM 03epO AEMOHCTPUPO-
BaJIO CyllecTBeHHble KoJjieOaHUA ypoBHA BoAbl. Tak, B
nepuof ¢ 1910-x go 1930-x rogoB, COOTBETCTBYIOLIUM
npumepHo 7-10 cm (Puc. 2 A), Bce H6eccTouHble 03€pa
CeBepo-MUHYCHHCKOHM KOTJIOBUHBI NepeXxuBaau (asy
yCBIXaHUA [0 MHUHHMAaJIbHBIX 3HAuYeHUH, 3a KOTOPOU
nocjiefjoBajl pe3KUi MOABEM IOYTU AO COBPEMEHHOIO
ypoBHA (Rogozin et al.,, 2010; Rogozin et al., 2018).
[TpuToK BOABI yCHJIMBAJI MEPOMUKCHIO, YTO MOTJIO OJia-
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Puc.2. BeprukasabHOe pacnpefesieHre obmero KojJuyecTsa ajJKeHOHOB. A — KOJIM4eCTBEeHHOe paclpe/iesieHre aJIKEHOHOB B
3amopoxeHHOM kepHe ICE2023 (40.5 cm). B — kosin4uecTBEHHOE pacmpe/esieHre aJIKeHOHOB B COCTHIKOBAHHBIX KepHax Shira-1-21

u Shira II-21.

TONPUATHO CKa3aTbCA HAa COXPAHHOCTU AJIKEHOHOB U
00BACHUTL NOJOOHOE paclpefeseHre oblLero cogep-
J)KaHUA aJKeHOHOB. Takke Ha JaHHOM y4acTKe KepHa,
3aMeTeH CBeTJIBIN cJioli (kapOoHaTHble ciou) (Puc. 2
B), chopmupoBasieiica u3-3a nafgeHWs YPOBHsA BOJBI
Y, CJIeICTBEHHO, NIOBHIIIEHNE COJIEHOCTH BOAHOM Cpe/ibl
1/Wd U3MeHeHHe BUAOBOr0 COCTaBa aJIKeHOH-IIPOAy-
LIEHTOB Takke MOIJIO AaTh OObsACHEHNE IOBBIIIEHHBIM
KOHIIeHTpalyaM JJIMHHOLENOYeYHBIX aJIKeHOHOB.
[Togo6HBle KOHTpAacTHBIE NUKU ObUIM 3aduk-
CHpOBaHH U Ha riybuHe kepHa 34-39 cMm okoso 650-
820 ner Hazaja, KOTopble OBUIM MOBTOPHO IeTEeKTU-
POBaHBI U B BepxHel 4acTu KepHa Shira-I1-21 (Puc. 2
B) u ToXe cOOTBETCTBOBAJIM CBETJIBLIM CJIOAM KepHa.
Cxoxue cuTyaluy IPOCJIeXUBAJIMCh U Jajiee Ha IJIy-
6uHe 94-102 cm, rae ObUT OOHapyXeH MaKCUMyM
ob1iero cofepxaHus aJKeHOHOB A0 355 MKI/T (0KOJIO
2000 net Hazan), Ha 138-148 cm u 178-189 cMm. BaxHo
OTMETUTb, YTO C IMOBBHIIIEHHEM O00Iell KOHIeHTpaluu
aJIKEHOHOB B oOpasnax HabJjiofasicsa pocT Lelu ajike-
HOHOB 10 C,. JIOTIOJTHUTESIbHO, B HYKHEN 4aCTU KepHa
Shira-II-21 Ha yyacTtke 220-230 cM HabI0Aa1I0TCA 60JIB-
1IMe KOHLIeHTpaluu ajJKeHOHOB A0 256 Mkr/r (Puc. 2
B). IlpenBapuTesibHO, 3TO MOXHO OOBACHUTDH CKOILIe-
HMEeM MAaCCUBHBIX I'JIUH HauuHas ¢ 220 cM (mpuMepHO
4750 syet Ha3aja) U OO caMoro Husa KepHa. V3BecTHo,
YTO OpraHuyecKue BellecTBa, aJcOpOMpOBaHHBIE Ha
IJIMHUCTBIX [TOBEPXHOCTAX B BOAOEMax MeHee IOABEp-
JKeHBI pa3JIokeHU0. B cTrpatudunypoBaHHOM COJIEHOM
o3epe, re NPUAOHHBIE BOAB MOIYT CTaThb OECKHCJIIO-
POAHBIMY, COYeTaHWe CBA3YIOIIeH TIJIMHBI U HU3KOIO
coiepXaHUA KUCJIOpoAda MOTYT 3HA4MTEeJIbHO CIOC00-
CTBOBAaTh COXpAaHEHHUIO0 aJIkeHOHOB. CiiefoBaTesIbHO,
MOABJIAETCA BO3MOXHOCTb IpeAnosaraTtb, YTO IOBBI-
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IIEHHOE COAEpXaHUe aJIKeHOHOB B KEPHAX COJIEHBIX
03€p, UCTIBITHIBAIOLINX Pe3KUe KoeGaHusA YPOBH:A BOJBI
MOXET YKa3bIBaTh HA U3MEHEHUS COJIEHOCTH U, CJIEMI0-
BaTeJIbHO, ABJIATHCA MaJIEO-UHAUKATOPOM BJIAQXHOCTH
KJIIMaTa MPUJIETAIONINX TEPPUTOPHIL.

4. BoiBOADI

B moHHBIX oTj0XeHuAx ozepa Illupa (kepHBI
ICE2023, Shira-I-21, Shira-II-21) qocTOBepHO JEeTEKTU-
POBaHHI [UTHHHOLIENOYeYHble ajikeHOHbI C, -C, . Obmasn
KOHI[eHTpalusA aJIkeHOHOB BapbHpoOBajla B WIMPOKUX
npenenax (1-355 MKr/r), [eMOHCTpUPYS YETKO BhIpa-
XeHHble NMUKU B «CBETJIBIX» KapOOHATHHIX U TJIMHU-
CThIX CJI0sIX. JlaHHBIe NMKH COOTBETCTBOBAJIM HHTEp-
BajlaM NOHWXeHUsA ypoBHA Boabl (1910-1930-e rr.) u
6ojiee OpeBHUM TJIMHUCTBIM OTJoXeHusaM (~2000 u
~4750 sier Hazapn). ComocTaBjieHre Hpoduseil ajiake-
HOHOB C JIMTOJIOTHE! CBUAETeJbCTBYET O TOM, YTO UX
HaKoIJIeHHWe MaKCHUMH3UpyeTcsi B IepUuoAbl 3acyXxu
U pocTa COJIEHOCTH 03epa, BO3MOXHO, KOrja Iocjie
MpUTOKA BOABl YCHJIMBAIOTCA aHa’pOOHBIE YCJIOBUA
MPUJOHHBIX BOJ U IOBHIIIAETCS COXPAHHOCTh OpraHU-
yeckux coeauHeHuil. Takxe, Xopollell KOHCepBaLUU
aJIKEHOHOB MOTJIM CIIOCOOCTBOBAaTh TJIMHMCTBIE OTJIO-
xeHUsA. ObHapyXeHHble 3aKOHOMEPHOCTU B paclpefe-
JIEHUM KOHI[eHTpalui aJIKEHOHOB B CBA3KE C JIMTOJIOTU-
YeCKUMM U3MeHEHUsIMU NMOATBEPXKAAI0T UX NOTeHLUa
B KauecTBe KaueCTBEHHOr0 MapKepa [1ajie0-COJIEHOCTU.
Takum o6pa3zom OBLIO MOKa3aHO, 4TO NPOQUIb JJINH-
HOlLleNIOYeyHbIX aJIKeHOHOB B KepHe o3epa Illupa Bo3-
MOXHO MCIIOJIb30BaTh JJISl OIIeHKHU I1aJie0-BJIaXXHOCTU
Ha Tepputopuu CeBepo-MUHYCUHCKOMN KOTJIOBUHBI.
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