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AHHOTAIIA

Jleco3aroToBKM B HACTOSILEE BPEMs SIBJISIIOTCS OJHOM M3 OCHOBHBIX NPUYMH HAapYIIEHUs €CTECTBEHHOTO LIMKIIA
yrilepoia B JIECHBIX dKocucreMax. OLeHKa CBSI3aHHBIX C 9TUM HM3MeHeHHH 1oTOkoB CO; MOXET ObITH OCIOKHEHa
TeTepOreHHOCTBIO PACTUTENBHOCTH Ha €CTECTBEHHO BO30OHOBIIAIOIIMXCS BhIpyOKax. B manHo# pabore mpencraBiieHb
Pe3yabTaThl SKCIEPUMEHTAILHBIX M3MepeHnii moTokoB CO, Ha BbIpyOKe Ha 1oro-zamnaje Bangalickoii BO3BBIIEHHOCTH
(eBpomeiickast yacTh Poccum) ¢ TpaBSHUCTON PACTUTENHHOCTBIO U OYaroBBIM BO30OHOBJIEHHEM OCHHBI, OKPYKEHHON
eNoBO-0epE&30B0-OCHHOBBIM  JilecoM. M3mepenust razooomena CO, TOUYBBI € TPaBSIHUCTOM PaCTHTEIBHOCTHIO
NPOBOJMJIMCH C TIOMOLIBIO CTaTHYECKOW KaMmephl. Pe3ynbTaThl KaMepHBIX H3MEPEHHi COIOCTaBIISUIUCH C OOLIMM
9KOCHCTEMHBIM JbIXaHUEM, MOIYYCHHBIM METOJOM TYpOYJIEHTHBIX IMyJbCcalMii Ha TOH ke BbIpyOke. IlapannenbHbie
M3MEpEHHs TIPOBOIMINCH B PA3JIMYHBIX PACTHTEIBHBIX COOOIIECTBAX BHIPYOKH, a TAKXKE B IPHIICTAIOIIEM K HEl JIECHOM
MacCHBE, aHAJIOTUYHOM BBIpyONeHHoMY. [Tokazano, uro smuccus CO, Ha BeIpyOKe Obmia mocrosepro (p = 0,001)
BBIIIIE, YeM B IpuleratomieM Jjiecy. Hampumep, cpennsis queBHas smuccust CO, U3 MOYBHI B CepeiMHE JIeTa COCTaBHIIa
8,3 1 10,7 MrMoIb M2 B Jiecy U Ha BBIpYOKE COOTBETCTBEHHO. 3a TpH rofa Habmoaenuii smuccus CO, U3 MOYBHI HA
BHIPYOKE yBETHUMBANACH M3 TOXA B rox ¢ 6,9 10 12,3 mxmonb-m ¢, Dmuccus CO, Ha BHIPYOKE CTATHCTHUYECKH
3HAYMMO BBIIIE HA Y4YacTKax C JIyTOBOH PACTUTENBHOCTBIO IO CPABHEHHUIO C y4YaCTKAMH, 3apOCIIMMH APEBECHOU
PaCTUTENBHOCTBIO, ¢ MEAMAaHHBIMU 3HAYEHMSIMH 3a mocienuuid rox 11,5 m 7,5 MKMOJIb'M ¢ COOTBETCTBEHHO.
Hab6mroganace nunelinas 3aBucuMocThb dMuccH CO, U3 MOYBEI ¢ OOIIMM dKOCHUCTEMHBIM JIBIXaHUEM (r2:0,52). Takum
00pa3oM, TPpOBEIEHHOE MWCCIECJOBAaHUE [0KA3al0, YTO OLEHKY MHTETPallMOHHBIX IIOTOKOB Ha BBIpYOKEe C
UCIIONBb30BAHMEM KAaMEPHBIX METOIOB HAOMIONCHMH HEOOXOAMMO TNPOBOJUTH C YYETOM HEOIHOPOAHOCTH
PacTUTENBHOTO MOKPOBA.

KinroueBbie cioBa: BHIOPOCH! yrieposa, KaMepHbI METOJ, BEIpYOKa JIECOB, TPAaBSHHUCTAs! PACTUTEILHOCTD, IOYBEHHOE
JIbIXaHHE.

ABSTRACT

Timber harvesting is currently one of the main reasons for the alteration of the natural carbon cycle in forest
ecosystems. The evaluation of the related changes in CO, fluxes can be complicated by the heterogeneity of vegetation
in naturally regrowing clear-cut areas. This study presents the results of experimental measurements of CO, fluxes at a
clear-cut site in the southwest of the Valdai Upland (European Russia) with herbaceous vegetation and patchy aspen
regeneration surrounded by spruce-birch-aspen forest. The measurements of CO, flux from soil with herbaceous
vegetation were made by the static chamber method. Estimates of total primary production, balance, and CO, emissions
from undisturbed soils were obtained. The parallel measurements were carried out in various plant communities of the
clear-cut area, as well as in a forest stand adjacent to it and similar to the cut one. It is shown that CO, emission in the
clear-cut was significantly (p = 0.001) higher than in the adjacent forest. For instance, mean daytime midsummer soil
CO;, efflux was 8.3 and 10.7 pmol x m? x s’in the forest and clear-cut area, respectively. During three years of
observation soil CO, efflux in the clear-cut increased from year to year from 6.9 to 12.3 pmol x m™ x s™. The emission
fluxes in the clear-cut site are statistically significantly higher in areas with meadow vegetation compared to areas
overgrown with woody vegetation, with median values in the last year 11.5 and 7.5 umol x m™ x s, respectively. The
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assessment of integration fluxes in the clear-cut area using chamber methods of observation must be carried out
considering the heterogeneity of the vegetation cover.

Key words: carbon emission, chamber method, deforestation, herbaceous vegetation, soil respiration.

INTRODUCTION

More than 80% of the world’s forests have been affected by natural or anthropogenic disturbances
[Bjornlund, 2010]. The number of experimental studies that assess the anthropogenic impact on the
transformation of biogeochemical processes in forest ecosystems has been increasing in recent years
[Keenan, Kimmins, 1993; Lytle, Cronan, 1998; Machimura et al., 2005; Lavoie et al., 2013; Kuznetsov,
2017; Molchanov et al., 2017; Molchanov, Tatarinov, 2017; Lindroth et al., 2018; Mamkin et al., 2019a;
Vestin et al., 2020]. In Russia studies aimed at evaluating carbon dioxide exchange between atmosphere and
anthropogenically disturbed ecosystems by direct experimental measurements remain rare [Kuznetsov, 2017;
Molchanov, Tatarinov, 2017; Mamkin et al., 2019a].

Clear-cutting of mature and overmature stands is the most significant forest management practice,
which affects the carbon cycle of the forest ecosystems. As a result of felling, a large number of
photosynthetic plants are removed from the forest ecosystem. At the same time the decay of roots of
harvested trees, as well as the residues of aboveground biomass remained after harvesting increases
ecosystem respiration. This has a significant impact on the ecological, meteorological and hydrological
conditions of the area [Lytle, Cronan, 1998; Amiro et al., 2010; Williams et al., 2014].

Due to deforestation the carbon balance changes — the ecosystem becomes net CO, source for the
atmosphere for a period ranging from several years to decades. In general, this occurs due to a significant
decrease in gross primary production (GPP) with small changes in ecosystem respiration, given that after
removal of forest trees a decrease in autotrophic respiration is compensated by an increase in heterotrophic
respiration due to decomposition of dead organic matter [Pumpanen et al., 2004]. The spatial and temporal
variability of CO; fluxes in a naturally regenerating clear-cut is associated not only with its climatic zone, but
also with a number of other factors: microrelief, moisture regime, composition and age of the previous stand,
the structure of the understory of the felled area, the degree of preservation of undergrowth, soil organic
matter contents etc., — all of which determine the pattern of felled area flora [Pumpanen et al., 2004; Giasson
et al., 2006; Humphreys et al., 2006]. Some of these factors, e.g., microrelief or preserved undergrowth, can
considerably vary within the felling area. Consequently, the vegetation can also vary. E.g., in some parts of
the felling area the trees regeneration can start short time after the harvesting, whereas in other parts dense
layer of tall grasses can prevent the regeneration for several years [Petrov, 1985]. In their turn, the ecosystem
fluxes can also highly vary within the felling area. Hence, when evaluating the effect of felling vegetation on
the energy and mass exchange with atmosphere this variability should be also taken into account.

The study area is the object of comprehensive long-term research conducted by A.N. Severtsov
Institute of Ecology and Evolution of the Russian Academy of Sciences in the protective zone of the Central
Forest State Nature Biosphere Reserve (CFSNBR) [Kurbatova et al., 2008; Mamkin et al., 2019a? The study
focused on the assessing the climate-regulating functions of the natural and anthropogenically disturbed
ecosystems in southern taiga of the European part of Russia (EPR) based on observations made by the eddy
covariance method [Burba, 2013]. Ecosystem level CO, flux measurements (total primary production,
ecosystem respiration, net ecosystem exchange) in the first three years of regeneration after the harvest have
been presented by Mamekin et al. [2019a, 2019b]. These studies have shown that, in general, clear-cuts in the
southern taiga of the EPR are CO, sources for the atmosphere in the first years of regeneration. However, the
eddy covariance method [Aubinet et al., 1999; Baldocchi, 2014] does not allow to assess the spatial
variability of CO; fluxes at the disturbed site connected with the heterogeneity of the soils and vegetation
within the area of interest. The present study was conducted in order to address the gap in understanding of
biogeochemical processes at the clear-cut site and to evaluate a range of spatial and temporal variability of
CO; fluxes between the soil with undisturbed ground vegetation and the atmosphere in a clear-cut site in
CFSNBR, considering the pattern of vegetation cover. The design of the experiment was to obtain data that
would answer the following questions: (1) How high can be the variability of soil CO, fluxes among
different plant communities within the felling area. (2) What is the temporal variability of soil CO, fluxes
within the vegetation season. (3) What is the partitioning between photosynthesis and respiration in the
ground vegetation CO, fluxes in the felling. (4) How much differ soil respiration between the felling and the
adjacent forest.
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MATERIALS AND METHODS
Study site

Experimental observations of CO, fluxes were performed during the three summer seasons from 2016
to 2018 at the regenerating clear-cut on the territory of the (56.4435 N, 33.0478  E, Fig. 1). CFSNBR is
located in the southwestern part of the Valdai Hills, within the main watershed of the Russian Plain (Baltic,
Black and Caspian seas) [Karpov, 1983]. The long-term monthly mean temperatures in the area range from -
8.2°C in January to 17.1°C in July, long-term mean annual precipitation total is 760 mm (Képpen climate -
Dfb). The relief and the underlying bedrock leads to the formation of water-logged soils both on the territory
of the entire CFSNBR [Pugachevskiy, 1992] and at the felling site of interest. The combination of
hydrothermal characteristics determines the predominance of spruce forests with Picea abies L., which, after
being cutted, are usually substituted with small-leaved forests of silver birch (Betula pendula Roth), aspen
(Populus tremula L.), and grey alder (Alnus incana (L.) Moench). The study site is adjacent to the protective
zone of the CFSNBR that is intended to reduce the anthropogenic impact on the territory of the conservation
area and to study the influence of human activity on the ecosystems. It is also the transition zone to the
regime of conservation of biological resources in the reserve. The harvesting was carried out in a secondary
birch-spruce forest in April 2016. The surrounding forest stand is composed from typical species of the
southern taiga subzone of the European Taiga: Norway spruce and silver birch. The tree density of the stand
is 0.6, the height of the stand is 30 m, and the average age is 90 years. The sparse ground cover is mostly
formed Oxalis acetosella L., Rabelera holostea (L.) M.T.Sharples & E.A.Tripp, and Luzula pilosa (L.) Willd.
The soil within the study area and the surrounding forest is drained, sod-pale-podzolic (Albeluvisols
Umbric), clay-loamy, leached.

o ~/ Finland /J

{ X Negelion
/18 I}.ghuama} & l

- Germany Poland o

thhéﬂa[ﬁds Kl \
Fig. 1. Location of Central-Forest state biosphere reserve (CFSNBR) on the map (A); aerial photo of the
clear-cut area (B); photo of the vegetation cover on the clear-cut (C)

The clear-cut area is about 0.05 km? The surface topography of the clear-cut is levelled, with a slight
slope from west to east. Geobotanical research conducted at the site in 2018 by Ivleva, Leonova [2019]
showed that the spatial structure of vegetation at the clear-cut was characterized by internal inhomogeneity.
That vegetation structure is determined by microrelief, soil moisture, the composition of the previous forest
ecosystem, and the distance from the forest edge. The main part of the area was occupied by forb
communities with dense undergrowth of aspen, birch and other (Table 1), and in the central part meadow
communities dominated by Deschampsia cespitosa (L.) P.Beauv., Juncus effusus L., Epilobium
angustifolium L. were located in patches.
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Table 1. Predominant vegetation cover of the clear-cut area

Site Woody plants Herbaceous plants

Meadow Deschampsia cespitosa (L.) P.Beauv., Juncus effusus L.,
Epilobium angustifolium L., Hypericum maculatum Crantz,
Carex leporina L., Luzula pilosa (L.) Willd.

Undergrowth | Populus tremula L., | Chamaenerion angustifolium (L.) Scop., Hypericum maculatum
Betula pendula Roth, Crantz, Veronica chamaedrys L., Fragaria vesca L., Rabelera

Rubus idaeus L., holostea (L.) M.T.Sharples & E.A.Tripp, Calamagrostis
Sorbus aucuparia L., | arundinacea (L.) Roth, Solidago virgaurea L., Scirpus sylvaticus
Frangula alnus Mill. L.

Experimental design

Since April 2016 eddy covariance (EC) and supplementary meteorological measurements are
conducted at this clear-cut site according to Euroflux methodology [Aubinet et al., 1999]. In the current
study these data were applied for comparison with upscaled fluxes measured by chamber method. In 2016
and 2017 five circular PVC collars with a diameter of 30 cm were installed in the meadow part of the felling
covering typical vegetation of this plant community. CO, exchange measurements between the soil surface
and vegetation cover with the atmosphere were performed by closed chamber method [Fiedler et al., 2022]
using a lab-made hemispherical transparent plexiglass chamber with a diameter of 35 cm and a height of
17 cm, which was placed alternately on the collars during the measurement with the exposure time of 200
seconds. The collars were embedded into the soil 15 cm deep and were located 3-5 m apart within meadow
communities. CO, balance (NEEch) was measured between the ground cover and the atmosphere by a
transparent chamber. In order to measure the level of CO, emission (Rch) the chamber was covered with a
light-tight dome. CO, uptake during photosynthesis (GPPch) was calculated as the difference between
emission and net flux: GPPch = Rch - NEEch (according to the tradition of FIuXNET community we denote
CO; sinks as negative and sources as positive). The CO, concentration in the chamber was measured at a
frequency of 1 Hz by the infrared gas analyzer Li-840 (Li-Cor, Inc., USA) connected to the chamber by two
tubes 1.5 m long. Air was pumped at the speed of 1 L/min from the top of the chamber, and, after passing
through the gas analyzer, returned through a perforated annular tube along the lower part of the chamber,
which provided air circulation inside the chamber. The air inside chamber was mixed by a fan. CO, flux was
determined according to the rate of change in CO, concentration in the chamber. The measurement technique
is described in details by lvanov et al. [2017].

In 2018, a cubic transparent plexiglass chamber measuring 40x40x40 cm was used. It was installed on
square aluminum collars with 46 cm long sides, embedded in the soil by 6 cm deep and 1.5-3 m apart. Three
plots were located in undergrowth site, the other three — in a meadow site. System integrity was ensured by a
water gate. CO, concentration was measured by Li-840 gas analyzer. The flux calculation and partitioning of
CO; flux into Rch and GPPch was performed the same way as in 2016-2017. For the comparison with eddy
covariance data Rch, NEEch and GPPch were upscaled to the clear-cut area using the partitioning of this
area into grassland and undergrowth areas (75% and 25%, respectively): Rchypscaieds = 0.75 X RChgrassiang + 0.25
X RChundergrowth-

During all three years of observations the CO, flux measurements were conducted twice a month from
June to August in midday time (10:30-14:30), once in each collar. Along with CO, fluxes, the following
parameters were recorded: soil temperature at a depth of 10 cm (HI 98509 Checktemp 1, Hanna instruments,
USA), soil moisture at the depth of 5 cm (Campbell CS655, USA), air temperature inside the chamber
(DHT22, SparkFun Electronics, USA), as well as air temperature at a height of 30 cm (IVA-6, RPC
MICROFOR, Russia). Every year after the measurements were completed, on August 31, all the vegetation
inside the collars was taken to determine the total aboveground biomass.

In order to capture the spatial variability of soil respiration of different plant associations within the
clear-cut area and to compare it with soil respiration in the adjacent forest, in 2017 during 6 days (July 28 —
August 1) additional measurements of CO, emissions from the soil surface without vegetation were carried
out by the open chamber method at the clear-cut within the undergrowth part and in different herbaceous
associations, as well as in the forest 20 m from the clearing. The data recording system allowed to take
measurements by turns with five chambers. Forest measurements were obtained at two areas located between
the tree trunks and near the trunk, between the roots of a mature aspen (at a distance of ~0.5 m from the
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trunk) — one chamber in each position. At the clear-cut three chambers were installed under a dense cover of
Solidago virgaurea, under the aspen undergrowth and under Scirpus sylvaticus dominance. Under S.
sylvaticus measurements were carried out in the micro-depression of relief.

When being measured, the patch of soil was covered with a transparent chamber with a diameter of
20 cm and a height of 10 cm. The chambers were installed on the soil without vegetation for the period of
measurements. A constant flow of ambient atmospheric air through the chamber was provided by means of
an external pump at a rate of 1-2 I/min. The air flow rate through each chamber was measured and adjusted
using a float flowmeter PC-3A (Russia). Switching the air flow through the chambers to the gas analyzer was
done regularly and automatically, so that a full cycle of measurements at all plots was completed in
20 minutes. The intensity of CO, emission in all sampling plots was determined in turns, every half hour
during daylight hours (10-19 h) from the difference between CO, concentrations in the chamber incoming
and outcoming air according to the equation:

Cen — Cqi

Rchs = F ch < air
where R is the respiration of soil without vegetation, F is air flow rate, ¢, and ¢, are CO;

concentrations in chamber and ambient air and S is the surface area of soil within the chamber.

The serial connection of the measuring chambers to the gas analyzer was made using an automatic
channel switching system based on a three-way switch that allows air to be pumped through the chambers
during the entire measurement period, preventing stagnation of air in the chambers during periods when gas
exchange was not measured. The concentration of CO, at the entrance and exit from the chamber was
measured using a portable infrared gas analyzer LI1-820 (Li-Cor Inc., USA). The logger MiniCube (EMS,
Czech Republic) recorded the readings of the gas analyzer every 10 seconds in parallel with air and soil
temperatures. A detailed description of the measurement technique was given earlier [Rayment, Jarvis, 1997;
Tatarinov et al., 2009; Molchanov et al., 2017]. Additionally, on July 29" soil moisture was determined at a
depth of 0-5 and 5-10 cm by gravimetric method.

To analyze the effect of environmental factors on CO, fluxes, measured data obtained at the clear-cut
by the eddy covariance method were used [Mamkin et al., 2019a]. Additional environmental parameter,
seasonal water balance deficit (WD), defined as the difference accumulated from the beginning of the year
between precipitation and potential evapotranspiration, was calculated using meteorological data from the
eddy covariance station in a spruce forest located 8 km from the clear-cut [Kurbatova et al. 2008; Mamkin et
al. 2019a]. Precipitation data was taken from the weather station «Lesnoy Zapovednik» (5 km from the study
site). The potential evapotranspiration was calculated using Priestley-Taylor equation [Priestley, Taylor,
1971]. To compare the level of the soil respiration measured by the chamber method with the ecosystem
respiration measured by the eddy covariance at the same site, soil respiration was upscaled to the clear-cut
area using the proportion of meadow (26%) and undergrowth sites (74%) in the total area.

Data analysis

The analysis of the effect of vegetation on CO, fluxes was performed using one-way ANOVA and
repeated measures ANOVA. In particular, in 2018, when the soil fluxes were measured in parallel in
grassland and undergrowth area, we conducted repeated measures ANOVA (taking each day of measurement
as one repetition) to detect the effects of vegetation type and time. The dependence of fluxes on
environmental variables was performed by means of linear and nonlinear regression. The data processing
was performed using Statistica 10 (StatSoft Inc., USA) and Matlab R2023a (MathWorks, Inc., USA)
software.
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RESULTS AND DISCUSSION
Weather conditions during the observation period

Annual precipitation in 2016 and 2017 (864 and 956 mm, respectively) was higher than in 2018 (560
mm) and then its long-term average (760 mm) value. There was no climatic WD during the measurement
period in 2017. In 2016, WD was observed since the end of June, reaching -91 mm by the end of the
measurement period (mid-August). In 2018, WD was significant during the entire measurement period
ranging from -126 mm in early June to -270 mm at the end of August. In 2016, the average monthly
temperatures in June-August were 3-4°C above the long-term average. In 2017, in August the air temperature
was 3°C above the average, and in June and July, as well as throughout the summer of 2018, temperatures
approximately matched the long-term average.

Spatial and temporal variability of soil CO; fluxes

Chamber measurements revealed pronounced interannual and spatial variability in soil CO- exchange
within the clear-cut area. In the meadow site, midday Rch progressively increased from year to year: average
values rose from 7.1 = 3.0 umol'm2's™! in 2016 to 10.2 £ 3.3 uymol'm™2-s! in 2017 and 12.9 + 3.4
umol-m2-s7! in 2018—representing an overall increase of about 80% over the three-year period. This
consistent rise in Rch suggests an intensification of belowground biological activity as vegetation recovered
after clear-cutting.

In the undergrowth (aspen) site, Rch in 2018 averaged 9.8 + 3.1 pmol-m=-s7", slightly lower than that
of the meadow, but still substantial. Median values in both sites support this pattern, with the meadow site
showing higher respiration overall.

GPPch in the meadow was also higher in 2018 (-20.3 + 7.9 umol-m2-s™") than in 2017 (-14.7 + 5.1
umol-m2-s7'), showing a ~38% increase, consistent with greater canopy development. The aspen site in
2018 exhibited a GPPch comparable to that of the meadow in 2017, at -15.0 + 7.3 pmol-ms™!, indicating
notable productivity despite younger vegetation.

NEEch also shifted accordingly. The meadow site displayed stronger carbon uptake in 2018 (-7.4 +
8.5 umol'm™-s7') than in 2017 (-4.6 = 5.7 pumol-m2-s7!), reflecting the combined effects of increasing
respiration and photosynthesis. In the aspen site in 2018, the NEEch averaged -5.2 + 5.3 pymol'm2's7!,
indicating similar levels of net CO: sink activity.

Minimum values of NEEch, i.e., the highest net CO. uptake, were typically observed in June,
coinciding with peak vegetative growth and moderate temperatures. The spatial variability of Rch and
GPPch across measuring points ranged considerably, with coefficients of variation from 9-28% for Rch and
4-63% for GPPch, indicating heterogeneity both within and between vegetation types with mean values for
the whole period of observations 22% and 32%, respectively.

Table 2. Statistics of the clear-cut soil with vegetation CO, exchange in 2016-2018

Year Vegetation Variable Mean N Stdev. Minimum Maximum Median
2016 meadow Rch 7.1 |40 3.0 3.0 16.0 6.9
2017 meadow Rch 10.2 | 50 3.3 4.0 19.2 9.8
2018 meadow Rch 129 | 18 3.4 7.9 23.4 12.4
2018 aspens Rch 9.8 |18 3.1 6.1 15.6 8.8
2017 meadow NEEch -4.6 | 47 5.7 -18.5 5.8 -4.3
2018 meadow NEEch -7.4 | 18 8.5 -27.3 4.7 -6.9
2018 aspens NEEch -5.2 | 18 5.3 -13.8 4.9 -6.0
2017 meadow GPPch | -14.7 | 47 5.1 -26.9 -2.3 -13.7
2018 meadow GPPch | -20.3 | 18 7.9 -38.1 -9.2 -18.4
2018 aspens GPPch | -15.0 | 18 7.3 -29.2 -2.4 -15.3
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Chamber-based soil respiration values, scaled to represent the entire clear-cut area, showed moderate
to strong correlation with total ecosystem respiration (TER) measured by the eddy covariance system during
midday hours (10:30—14:30) on corresponding days (Fig. 2). The explained variance was considerable (R? =
0.52), suggesting that soil respiration remained a key component of overall CO- flux.

However, this relationship varied by year. In 2016, chamber-based estimates of daily Rch were on
average 20% lower than TER, while in 2017, they were 1.7 times higher, and in 2018, 14% lower again.
These shifts suggest year-specific differences in the relative contributions of autotrophic and heterotrophic
respiration components.

Despite a general correspondence between Rch and TER, the regression slopes and statistical
significance weakened in 2017 and 2018. This decline likely reflects changing ecosystem structure: as
vegetation cover and undergrowth biomass increased, the share of soil-derived CO: in total respiration
declined, while contributions from plant and woody debris respiration rose. This is consistent with the
observed flattening of diurnal TER dynamics and relatively stable TER amplitudes across years, even as soil
activity varied.
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Fig. 2. Relationship between chamber-measured and upscaled respiration of soil with ground
vegetation(Rch) and total ecosystem respiration (TER) across study years. The black dashed line shows the
overall regression, while the green line is the 1:1 reference. Regression statistics: F(1,17) = 14.836, p <
0.00128, Std. Error =2.33 ymol-m™2-s7",

In the summer of 2018, midday chamber measurements revealed that both soil respiration (Rch) and
gross primary production (GPPch) were significantly higher in areas without undergrowth compared to areas
with undergrowth. Specifically, Rch was on average about 32% higher and GPPch approximately 34%
higher in open meadow areas (Student's t-test: p = 0.008 for Rch, p = 0.045 for GPPch; data met normality
assumptions, Shapiro-Wilk p > 0.05) (Fig. 3). However, a repeated measures ANOVA, which accounts for
temporal variation, found that vegetation type had no statistically significant effect on either Rch (p = 0.29)
or GPPch (p = 0.24), while the effect of time on GPPch was significant (p = 0.03), suggesting that seasonal
dynamics played a stronger role than vegetation type alone.

Despite the differences in Rch and GPPch, net ecosystem exchange (NEEch) did not differ
significantly between the two vegetation types (t-test: p = 0.352; repeated measures ANOVA: p = 0.1). Both
areas functioned as CO: sinks, with slightly stronger uptake in the meadow plots. The average NEEch in
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areas without undergrowth was -7.4 + 8.5 pmol-m-s™', compared to -5.2 + 5.3 umol-ms™' in undergrowth
areas.

The different results of t-test and repeated measures ANOVA show that although generally the
magnitudes of CO, fluxes of soil with herbaceous layer in the meadow and undergrowth areas were similar,
their seasonal dynamics differed. In particular, the meadow exhibited a peak in GPPch in mid-June, whereas
in the undergrowth, the peak occurred three weeks later. This phenological lag may reflect differences in
light availability or species composition. By late August, herbaceous biomass was also greater in the open
plots (447 g-m™) than in the undergrowth (374 g-m), further supporting the observed differences in carbon
fluxes and productivity.
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Fig. 3. (A-C) Seasonal dynamics of CO, fluxes (gross primary production - GPPch, respiration Rch and
balance NEEch) at the clear-cut in different years averaged among measuring points in the same vegetation
type ((A-B) only meadow) with standard deviations as error bars. Indices m and u at (C) correspond to
meadow and undergrowth, respectively. (D) Median values of CO; fluxes in the meadow and undergrowth
sites according to the measurements by the chamber method on the clear-cut plots at noontime in the summer
months of 2018. Boxes and whiskers show quartiles and non-outlier ranges, respectively.

Comparative measurements of respiration of soil without vegetation (Rchs) at various undergrowth
plots and in the surrounding forest, conducted at the end of July 2017, showed significant variability in CO,
emissions from the soil surface depending on the dominant vegetation type. Thus, in the forest near the aspen
trunk, the CO, emission from the soil surface was 7.443.3, and between the tree trunks 8.8+1.9 pmol x m? x
st (Table 3). Higher Rchs between trees than near tree could be explained by higher presence of ground
vegetation around the chamber between trees. In the dry pine forest in Israel with minimum ground
vegetation the situation was the opposite: Rchs near tree trunk was two times higher than between trees
[Qubaja et al., 2020]. At the clear-cut, the CO, emission was the lowest under the S. sylvaticus (9.0+3.0 umol
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x m? x s for the whole period) and the highest under the aspen undergrowth (11.7+4.5 pmol x m™ x s™),
Over-all means of Rchs in the clear-cut and in the forest were 10.7 and 8.3 pmol x m? x s™, respectively and
differed significantly (p = 0.001). It should be noted that the soil moisture in the forest was about 10% lower
than in the clear-cut, which is associated with lower transpiration in the clear-cut and, consequently, its
waterlogging.

In most days it was no clear diurnal trends of Rchs within the time of measurements (~9-19 h), only in
the hot clear day of July 31 Rchs in all sample points increased during the whole day. Midday (10-15 h)
variance of Rchs for different points and days ranged from 6.1% to 33.4% with median of 12.4%. T-test
showed significant (p < 0.05) differences in Rch between all sampling points in the clear-cut, as well as
between points near tree and between trees in the forest.

Table 3. Intensity of CO, emission from the soil surface under the birch-aspen stand and in the clear-cut in
the daytime in 2017

. Average CO; emission, Soil moisture,%
. Average air 2.
Date Site temperature, °C pmol X m* x 7 (st. 0-5cm | 5-10cm
P ’ deviation)
28-30.07, Forest,
01.08 near the trunk 23.4 7.4 (3.2) 22.7 20.2
28.07- Forest, between
01.08 the trunks 24.6 8.8 (1.9) 22.5 22.9
30.07 Clear-cut, S. 17.2 7.0 (15)
sylvaticus
31.07 Clear-cut, . 278 10.0 (3.5)
sylvaticus
28.07- Clear-cut, S.
01.08 virgaurea 25.0 10.8 (2.3) 39.0 30.4
Clear-cut, aspen 34.5 30.7
28-30.07 undergrowth 20.9 9.3 (3.4)
31.07- Clear-cut, aspen
01.08 undergrowth 29.1 14.4(4.1)

The obtained values of soil CO, emission differ from the results in other types of forests, obtained by
the authors earlier. For example, in a spruce forest in the Moscow region [Molchanov et al., 2017], where
observations were carried out for two years, the soil respiration in July-August reached 8 umol x m? x s
whereas in the spruce forest it was much lower, reaching 3 and 1.5 pmol x m™ x s™ near the spruce trunk and
between its trunks, respectively. Apparently, such a difference in the intensity of CO, emission is associated
with higher root density and consequently higher root respiration close to the trunk relatively to the inter-
crown space, as well as with the weather conditions of the measurement periods. In the spruce forest of the
Tver region in July the emission of CO, from the soil surface under soil temperature of 17°C was slightly
higher than in the previous case — 5 pmol x m™ x s™, which is close to the estimates obtained from the soil
surface in a forest with Pinus sylvestris L. [Molchanov, Tatarinov, 2017]. Thus, under the canopy of a
deciduous birch-aspen stand, and at the clear-cut, the intensity of CO, emission from the soil surface was
significantly higher than in coniferous stands. The estimates obtained corresponded to the estimates of CO,
emissions from the soil surface in Quercus robur L. stands of the forest-steppe zone [Molchanov, 2020]. In
addition, the growth rate of birch and aspen is higher than that of spruce [Shvidenko et al., 2008], which may
affect the intensity of root respiration. Generally, different authors report rather high values of the respiration
of sod-podzolic soils in Central Russia. In particular, transect measurements in CSFBR in early August
showed mean values of soil respiration in different ecosystem types from 7.53 to 13.79 g C x m?d™, i.e,
7.26 to 13.30 pmol x m™? x s™ [Santrtickova et al., 2010]. Measurements of soil respiration of pine forests in
Karelia at the different stages of afforestation of arable land showed mean values in July from 5.3 pmol x m™
x s in 20-years-old forest to 10.1 pmol x m™?x s in 110-years-old forest [Medvedeva et al., 2022]. Phillips
et al. [2013] showed mid-summer soil respiration in a temperate deciduous forest in USA around 7-8 pmol x
m2x s with individual peaks up to 25-30 pmol x m?x s,
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Dependence of soil respiration on environmental factors

The measurements results showed strong, and negative, dependence of soil respiration in the meadow
site on the soil moisture at all levels (R = -0.57+-0.82 for various plots and depths of soil moisture
measurement, all values are significant at 5% level) and on WD (R= -0.68+-0.85 for various plots) (Table 4).
For the undergrowth plots, the dependence of soil respiration on its humidity was not observed for all plots
and was not reliable. Obviously, this is due to waterlogging of the soil, which is stronger under herbaceous
plants than under undergrowth. The correlation of soil respiration in the undergrowth site with incoming
solar radiation was quite large (-0.75), but it was not significant due to the small number of measurements in
this site. The correlation of the ground cover photosynthesis (GPPch) with soil moisture was practically
absent. Its correlation with incoming solar radiation varied greatly from plot to plot (from 0.19 to 0.97),
being significant for half of the plots (two in the meadow site and one in the undergrowth site), which is
obviously related to the level of shading — at more shaded plots this dependence was lower, because solar
radiation there changed less than in more open places. The correlation of photosynthesis averaged between
the plots with incoming radiation was relatively high (0.47 for areas with grassy vegetation and 0.73 under
aspens) but was not significant at the 5% level. A positive dependence of respiration on temperature was
observed both in the meadow and in the undergrowth site but was not significant. For photosynthesis, the
temperature dependence, and negative, was observed only in the undergrowth site.

Table 4. Correlation coefficients between the components of the CO, fluxes from the soil surface and
external factors measured simultaneously at the clear-cut by eddy covariance system

Rch NEEch GPPch
grass | undergrowth | grass | undergrowth | grass | undergrowth
Poan 0.11 0.44 0.33 0.51 0.23 0.04
Ta 0.42 0.51 0.38 -0.44 0.14 -0.54
Pay 0.00 0.15 -0.20 0.02 -0.05 -0.07
VPD 0.14 -0.32 0.46 -0.15 0.41 0.09
SWi, -0.05 -0.75 0.46 0.52 0.47 0.73
Rn 0.08 -0.62 0.56 0.55 0.48 0.67
SWC -0.66* -0.25 -0.11 0.16 0.14 0.21
Tsoil 0.28 0.23 0.40 -0.32 -0.20 0.39
NEE -0.59 0.16 0.56 0.24 0.77 0.13
Re 0.72 -0.34 0.35 -0.16 0.01 0.00
GPP 0.80 -0.43 0.11 -0.31 -0.25 -0.08
WD -0.84* -0.54 -0.30 0.29 0.10 0.42

Note: * - significant correlations at 5% level. P,4 1 Pgay — precipitation for 24 hours and for the time of measurements
(10:30-14:30), respectively, T, — the air temperature, SW;, and R, — the incident solar radiation and the radiation
balance, respectively, SWC — the soil moisture at a depth of 5 cm, averaged over 3 plots, NEE, Re and GPP were
obtained using by eddy covariance measurements, WD (climatic water deficit) is the accumulated difference between
precipitation and potential evapotranspiration.

CONCLUSION

This study aimed to assess the spatial and temporal variability of CO: fluxes in a recently clear-cut
area and to quantify the contribution of soil respiration and photosynthesis by ground vegetation in
comparison with an adjacent intact mixed forest. The results confirmed that CO: fluxes within the clear-cut
are highly variable both across plant communities and throughout the growing season, and that logging
significantly alters the carbon balance of forested ecosystems.

1. Spatial variability across plant communities within the clear-cut area was substantial. For instance,
soil respiration (Rch) in midsummer 2018 was on average 32% higher in open meadow areas
(12.9+ 3.4 pmol-m2-s7") than in patches where tree undergrowth was present (9.8 +3.1
umol-m2-s7'). Similarly, gross primary production (GPPch) was about 34% higher in the meadow
(—20.3 £ 7.8 pumol-m2-s™") compared to undergrowth areas (—15.1 £ 7.3 umol-m™2-s7!). These
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differences reflect the impact of vegetation structure on carbon cycling and underscore the need to
consider this mosaic composition when scaling fluxes to the ecosystem level.

2. Seasonal (temporal) dynamics of CO: fluxes were also significant. Rch increased progressively over
the three study years, from 7.1 +3.0 umol-m™-s7" in 2016 to 12.9 + 3.4 umol-m™-s7! in 2018,
indicating intensified soil biological activity during post-logging succession. GPPch likewise
increased by approximately 38% from 2017 to 2018, suggesting increasing photosynthetic capacity
with regrowth. Peak GPPch occurred in mid-June in open meadow areas but was delayed by 2-3
weeks in undergrowth patches, revealing different phenological trajectories.

3. The partitioning between respiration and photosynthesis revealed that, on average, NEEch values
were negative across all plots, indicating net CO- uptake during the day. However, meadow areas
had stronger net sink activity (=7.4 + 8.5 umol-m2-s!) than undergrowth areas (5.2 +5.3
pumol-m2-s7"), driven by both higher respiration and higher photosynthesis. This emphasizes the
complexity of CO. exchange, where high emissions can coexist with high uptake depending on the
vegetation structure.

4. Comparison between the clear-cut area and the adjacent intact forest revealed that soil respiration in
the clear-cut exceeded that of the control forest by 1.3 to 1.5 times on average, depending on year
and vegetation type. Despite increasing uptake by ground vegetation over time, the clear-cut
remained a stronger midday source of CO: to the atmosphere, primarily due to decomposition and
absence of tree-level assimilation.

Overall, the results confirmed the expectations that logging leads to increased soil CO- emissions and
that these emissions vary widely depending on vegetation type and season. While this variability might seem
intuitive, our study quantified it explicitly, showing differences in fluxes of up to 1.5 times between areas
within the same clear-cut and over 40% between years. Such findings are crucial for improving regional
carbon budget models and for interpreting eddy covariance measurements in regenerating landscapes.

Importantly, the upscaled chamber-based estimates of NEE—when adjusted for spatial
heterogeneity—aligned well with eddy covariance data, lending confidence to their representativeness. This
further highlights the value of incorporating fine-scale spatial vegetation data into CO: flux assessments for
disturbed or transitional forest systems.
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AHHOTALIMA

[uxaudeckne W3MEHEHUs] KIMMaTa B UCTOPHH 3eMiIN OOBSCHSIIOTCS MUKIMIECKUMH MOCTYIJICHHSMH MapHUKOBBIX Ta30B B
aTmocdepy.

OCHOBHOI HCTOYHHK TEIUIa B HEApax 3eMJIM — CHOHTAHHBIM pacHaj pPaJNOaKTHUBHBIX JJIEMEHTOB, B TOM YHCIE ypaHa H
Topusl. YBEIMYEHHE MOTOKA TETIa U3 HEIP K MOBEPXHOCTU MOXKET BBI3bIBATHCS BBIHY)KICHHBIM JIEJIEHUEM aKTHHOMIOB — IEMHBIMH
AaepHbIMH peakiusaMu. CIIOH aKTHHOMOB OKOJNOKPUTHYECKOH TOJIIMHBI MOT 00pa30BaThCsl B pe3yibTaTe I'PaBUTAI[MOHHON
b depeHInalyy BEIECTB 110 INIOTHOCTH BCJISJICTBUE OCEAAHHUS YaCTHUIL TYTrOIUIABKUX BBICOKOIUIOTHBIX COSAMHEHHI aKTHHOUIOB U3
PAacIIaBIEHHOTO CJIOS Ha TBEPJIOE N3-32 BEICOKOTO JABJICHHS BHYTPEHHEE AP0 3eMIIH.

Bo3Hukaromie npy HEMHBIX SAEPHBIX PEAKIUSIX BOCXOSIINE ITOTOKM MAacChl U TEIUIa BO BHEIMIHEM JKHAKOM sape 3eMiH
HPOrpeBaroT BhILIeNekanye cior. C HauyaoM Iporpesa 3eMHOI KOpHI U JTHa OKEaHOB M3-3a Pa3sIOKEHHUsI Fa30rHAPaToB B aTMochepy
MOCTYIAaeT NMapHUKOBBII ra3 Merad. C IMPOrpeBOM OKEaHOB B aTMOC(epy MOCTYNaeT Bce OONbIIe pacTBOPEHHOTO B BOJE OKEAaHOB
YIJIEKHCIIOTO ra3a M MapoB BOIbI. 3a CYET IMOJOXKUTENILHBIX OOPATHBIX CBsI3€il MOTEIUICHNE KIMMara 3aryckaercss U yckopsiercs. C
Pa3yIUIOTHEHHEM aKTHUBHOTO CJIOSI B TEIUIOBBIX KOHBEKTHBHBIX ITOTOKAX, MPEKPAIIEHHEM LEIHBIX SIEPHBIX PEaKIUil U CHIKEHHEM
MOTOKA TeIUIa U3 HEeIp COZieprkaHue MeTaHa B aTMoc(epe ManaeT, Bce OONblle yrIeKUCIOoro ra3a pacTBOPSETCs B OCTHIBAIOLICH BOJIE
OKEaHOB, BIAXKHOCTh aTMOC(EPbl yMEHBIIIASTCSI, HACTYNAET IOXO0JI0OAaHNe KIINMaTa.

PaccesiHHBIE B TEIIOBBIX KOHBEKTHBHBIX MOTOKAX YaCTHI[BI aKTHHOMIOB HAUYMHAIOT BHOBb OCENaTh Ha TBEPJIOE BHYyTPEHHEE
aapo 3emun. MonenupoBaHHe KINMATHYECKHX IMKIIOB, IPOAODKHTEIBHOCTh KOTOPBIX ONPEAENSeTCS BPEMEHEM IOBTOPHOI'O
OCeIaHMs YacTHI aKTHHOMIOB B (hopMe IMOKCHIA ypaHa, IPHBOAUT B pacdeTax K MPOJOJLKUTENFHOCTH OAHOro Imkia okomo 130
ThICAY JieT. Takas LHKINYHOCT COIIACYeTCs C JaHHBIMH MO IJI00alIbHBIM U3MEHEHHSAM KJIMMAaTa 3a MOCIEeIHUE YeTHIPECTa ThICAY
JIET, IOJTyYCHHBIMH U3 JISITHBIX KePHOB AHTAPKTHIBI.

IIpumepHo 1.5 mMunnvoHa JeT Hazaj 3eMiisd NMEpeKWiIa paJuKalbHBIM KIuMaTHueckuil ciapur. Ilnmanera yxe Bxoamsia B
JIETHUKOBBIE EPHOBI U BHIXOAWIA N3 HUX Kaxasle 40 ThIc. geT. Ho moTOM J1leIHMKOBBIE IEPHOABI CTAI KOHTPAcTHEE U JUIMHHEE, C
YBEJUYHMBAIONIECHCS TPOAOIKUTENBHOCTHIO OT 90 10 120 ThIC. JIeT, U B 1IEJIOM ITaHETa CTalla XOIOAHEEe, YTO HE MOJKET OOBSICHSITHCS
IMKI1aMl  MMJIaHKOBHYA, JUIMTENIBHOCTE KOTOPBIX JOJDKHA OBITh OTHOCHTENIBHO MOCTOSHHA B TAaKMX BPEMEHHBIX MacITadax.
MMUIITHOHBI JeT Ha3aj JIETKOACILIIIUXCSI H30TOMOB ObL10 Gombire. Bo3MOXHO, TOTOMY, YTO B MPOIIIOM B HEAPAaX 3eMIIM B Pa3HBIX
MecTax NepHOANYecKkH paboTaiu IBa reopeakropa. I103TOMY KIMMAaTHYECKHE LHMKIbI ObLIM NMPUOIM3UTEIBHO B JiBa pa3a KOpode,
MEHee BBIPaXKEHbI, ¥ KIIMMaT ObLT TeIuiee.

KarwueBsle ciioBa: AApO 3CMJ'II/I, T€OpeaKTop, TEIUIOMACCOIIEPECHOC, NAPHUKOBBIC I'a3bl, K3MEHCHUC KIIMMaTa.

ABSTRACT

Cyclical climate changes in the Earth’s history are explained by cyclical inflows of greenhouse gases into the atmosphere.

The main source of heat in the Earth's interior is the spontaneous decay of radioactive elements. An increase in the flow of
heat to the surface can be caused by the nuclear chain reactions, forced decay of radioactive elements, including uranium and
thorium.

A layer of actinides near a critical thickness can be formed as a result of the deposition of high-melting high-density particles
of uranium and thorium oxides from the molten outer core to the solid inner core of the Earth [Mitrofanov et al., 1999]. The upward
currents of mass and heat arising during nuclear chain reactions in the Earth's outer liquid core warm up the overlying layers. With
the warming of the Earth's crust and the bottom of the oceans, due to the decomposition of gas hydrates, the greenhouse gas methane
enters the atmosphere. With heating of the oceans due to positive feedbacks, more and more water vapor and carbon dioxide
dissolved in the ocean’s water enter the atmosphere. Climate warming is initiating and accelerating.

With the dispersion of the active layer in the thermal convective flows, the stopping of nuclear reactions and a decrease in the
heat flow from the interiors occurs, the methane content in the atmosphere decreases. More and more carbon dioxide is dissolved in
the cooling water of the oceans. A cold snap is coming. Actinide particles begin to settle on the Earth's inner core again, with parallel
reproduction of easily fissionable isotopes [Anisichkin et al., 2008]:

BU+n—2U - 2Np - 2Pu—-®U+a (2.4x10° years)

The duration of climatic cycles is determined by the time of sedimentation of actinide particles. Simulation of the process of
the whole sedimentation with critical size of uranium dioxide particles and viscosity of the outer core from 10% Pa s to 10° Pa s leads
to a cycle duration of about 130 thousand years, which consistent with the data on climate change over the past 400 000 years
obtained from ice cores in Antarctica [Gordienko et al., 1983; Petit et al., 1999; Vimeux et al., 2002].

To start nuclear chain reactions, it is enough to form a layer of actinides of critical thickness, without the sedimentation of all
fissile material on the Earth’s solid inner core. But the gradual "burnout" of actinides requires more and more complete sedimentation
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of actinide particles. Therefore, the duration of cycles should increase over time. Indeed, over the past 400 thousand years, the
duration of climatic cycles has increased from approximately 90 to 120 thousand years [Petit et al., 1999; Vimeux et al., 2002].

Approximately 1.5 million years ago, the Earth experienced a radical climate shift. The planet has already entered ice ages
and emerged from them every 40 thousand years [Yuzhen et al., 2019; Voosen, 2024; An et al., 2024; Cutts, 2024]. But then the ice
ages became more contrasting and longer, with an increasing duration of 90 thousand years to 120 thousand years, and the planet as a
whole became colder, which cannot be explained by the changes in the level of insolation — the amount of heat coming from the Sun,
Milankovitch cycles, the duration and intensity of which should be relatively constant on the such time scales. Supported nuclear
hypothesis explains these rapid climate changes too. Millions of years ago, there were more easily fissile isotopes. It is possible that
in the past, two georeactors periodically worked in the Earth’s interiors in different places. Therefore, the climatic cycles were
approximately twice as short, less pronounced, and the climate was warmer.

Keywords: georeactor, heat and mass transfer, greenhouse gases, climate change.

BBEJEHUE

@dakTopbl, BIUSIONIME HA KIUMAT 3eMJIH, MOYKHO YCIOBHO pa3ZeiUTh HA BHEIIHHWE W BHYTpPCHHHE.
Cuwnraercsi, YTO OCHOBHOW BHENTHHI (PaKTOP IMKIHYECKAX W3MEHEHHMH KIMMaTa — W3MEHEHHE KOTMYEeCTBa
Teria, nocrynaromiero or ConHia, U3-3a U3MEHEHHUH COTHEYHOW aKTUBHOCTH M M3-32 U3MEHEHHH OpOUTHI U
napaMerpoB BpauieHus 3emun (nukiasl Munankosuda) [Milankovitch, 1941; Bolshakov et al., 2015; Barker
et al., 2022]. B pa6ore [Fu et al., 2024] paccmaTpuBaercss BO3MOKHOE BIUSHHE MMIIAKTHBIX COOBITHH —
MaJeHU aCTEPOUIOB — Ha KIMMAT 3eMid. BHYTPEHHIOI0 W3MEHYHMBOCTH CBSI3BIBAIOT C COAEPYKAHHWEM B
aTMoc(epe 3eMin MapHUKOBHIX Ta3oB; Merada (CH,), muokcnna yriepona (CO,) u BomsHoro mapa [Van Nes
et al., 2015].

[Totok Teria u3 Heap 3eMiIM K IOBEPXHOCTH, ONPENEISIEMBbI OXJaXJeHHeM sAlpa 3eMiId U
€CTECTBEHHBIM PacajioM PaJHOaKTUBHBIX 3JICMEHTOB ypaHa, TOPUS U KaJus, OTHOCHTEIHHO CTAIIMOHAPHBII
Y TI03TOMY HE MOXKET OBITh MPHYMHONW MHOTOKPATHBIX IIUKITMYECKUX U3MEHEHUH KIMMaTa 3eMITH.

OnHako JaXke ydYeT BCEX H3BECTHBIX KIMMATOOOpa3yromux (akTopoB, HO B Pa3HBIX MOJIEISX,
HPUBOIHUT K CYIIECTBEHHO Pa3HbIM OOBSCHEHMSM M MPOTHO3aM IO M3MEeHeHuIo Kimmara 3emiu [Hausfather
et al., 2022]. K eme Gonblieii HETOYHOCTH MPOTHO30B MOXKET MPUBECTH HEYUYET OPYTUX MPOIIECCOB,
BIMAIONIMX Ha KimMar. [loatoMy B paboTe paccMaTpuBaercss BO3MOXKHOE BIHMSHHUE Ha KIMMAT
HEYYHTHIBAGMOT'O paHee, Kak cieayer w3 o603opa [Shaviv et al., 2022], mnepeMeHHOro mMOTOKA
PaaMOAaKTHBHOrO TEIUIa U3 HEAP 3EMJIH.

JlenstHol ciiol B AHTapKTHAC HAKAIIMBAICSA B TCUYCHHEC MIJUIMOHOB JIET M MECTaMH JIOCTHracT
TOJIIMHBI B HECKOJBKO KHJIOMETPOB. JIemsAHBIE KEPHBI W3 CKBAKHH C PasHBIX TIyOMH B Ty3BIPbKAax H
PacTBOPEHHBIMH COJICPXKAT Ta3bl, COCTABISBINNE aTMochepy 3eMiu BO BpeMs 00pa3oBaHUs OYEPEIHOTO
CIIOsl JIbJa. AHAJIU3 XUMHYECKOIO0 M HM30TOMHOTO COCTaBa ra3000pa3HBbIX BKIIOUEHHWH B JIeI MO3BOJMII
YCTAaHOBHTH CBSI3b COJICPIKAHUSI MAPHUKOBBIX Ia30B B aTMocdepe 3eMiid U TEMIIEPATypPhl 10 COTEH ThICSY JIeT
naszan [[opauenko u ap., 1983; Petit et al., 1999; Vimeux et al., 2002].

Ha Puc. mpusenenbl B3sthle u3 pabor [Petit et al., 1999; Vimeux et al., 2002] 3aBucumoctn
[IUKJINYECKUX W3MEHEHUH TeMmepaTypsl B AHTApKTHIC M COMAEPXKAaHUS MeTaHa W JHOKCHIAa Yriepoaa B
atMoc(epe B Tedenne mociaenaux 400 Teic. mer. Bomee mosmame mccmemosanus [Yuzhen et al., 2019]
MOATBEPIUIN COOTBETCTBAE M3MECHEHHI KITMMATa M COJCPKAHUS AUOKCHIA yriiepoaa u Merana 1o 800 Twic.
JIET Ha3aJ] ¢ YBETUUMBAIOIIMMCS TIepruo oM npubnusutensHo ot 80 1o 120 Teic. Jer.

JlanHble IS JEISHBIX KEPHOB BO3PACTOM 10 2.8 MJIH JIeT MeHee HaIeKHBI, HO YCTaHOBJEHO, YTO
panee, 1.5 MIH JeT Ha3aja, MPOMODKUTENBHOCTh KIMMATHYECKHX IMKIOB ObLIa CYIIECTBEHHO MEHBIIIE,
okomo 40 ThHIC. €T, MeHee ymopsaodeHa, a kauMaT teruiee [Vimeux et al.,, 2002; Yuzhen et al., 2019;
Voosen, 2024; An et al., 2024; Cutts, 2024]. Ho Tak pe3ko YacToTa M XapakTep M3MEHEHH# KiInMmara He
MOTYT OOBSACHATHCS Haubonee MOMyISIPHON Teopuel — MHMKIaMH MUITAHKOBUYA, JIMTEIBHOCTh H
WHTEHCUBHOCTD KOTOPBIX JOJDKHBI OBITh OTHOCHTENIFHO TIOCTOSIHHBI B TAKHX BPEMEHHBIX MacIITa0ax.
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Puc. lluxnudeckue u3MeHeHs 00beMHOM KOHIIGHTPALMU ITAPHUKOBBIX Ta30B B aTMOC(epe M IUKITNIECKIE
u3MeHeHus Temmepatypbl B Autapktuze [Petit et al., 1999; Vimeux et al., 2002]. CO, (PPMv — yacreii Ha
musutron), CH, (PPBV — wacTeii Ha Musrap/).

Fig. Cyclic changes in the volume concentration of greenhouse gases in the atmosphere and cyclic changes
of the temperature in Antarctica [Petit et al., 1999; Vimeux et al., 2002]. CO, (PPMv — parts per million),
CH, (PPBv — parts per billion).

[TosToMy 11emb paboOTHI — MPEUIOKUTE OOJIee aJeKBaTHYIO, 10 CPABHEHUIO C YIIOMSHYTHIMU BBIIIIE U B
CChIJIKax, MPUYUHY HUKINYCCKUX U3MEHEHUN Kimmara, O6yCHOBHCHHy10 HMUKIIMYCCKUMU MNOCTYIIIICHUAMU
PaaroOaKTHBHOTO TeIlIa U3 Help 3eMIIH, IIUKINYECKON paboTol «TeopeakTopay.

TEOPEAKTOP. [TIPUHIIUIT PABOTHI 1 MEXAHU3M BO3JEMCTBUSA HA KIINMAT

B [Mitrofanov et al., 1999] skcniepumenTansHO ToKasaHo, uyto auokcua ypana (UO,) mpu BeICOKHX
JIaBJICHHUSX M TEMIIepaTypax He PacTBOPSIETCS B pacIijlaBe »Kelle3a M B BUJIE YACTHUI[ OCEJaeT Ha JTHO SYCHKU
BBICOKOTO naBieHus. ClenoBaTenbHO, MpPU TPAaBUTALMOHHOW audQepeHIraniy BemecTBa 3eMin
BBICOKOIUIOTHBIE COCMHEHMS ypaHa M TOpHUsS, HAalpUMep B BHIEC OKCHIOB, MOIJIM OCeIaTh U3
pacIIaBICHHOIO CJI0s Ha TBepioe BHyTpeHHee sapo 3emuu. B [Carlson et al., 2009; Luo et al., 2024; Bellini
et al., 2013] rarke npUBOAATCS 0OOOCHOBAHMS TOTO, YTO AKTHHOWU/IBI, B OTJIMYHE OT PaHee CYI[ECTBOBABIIETO
MHEHHS, MOTYT B 3HAYMUTEIBHBIX KOJIMYECTBAX HAXOMUTHCS HE TOJBKO B 3€MHOHM KOpe, HO M ITyOOKO B
Heapax 3emid. [Ipu 3TOM 32 COTHH MHJUTMOHOB, MHUJUTHAP/IBI JIET TIOCIIE 00pa30BaHMUS JKUIKOTO siapa 3eMiTn
YaCTUIIbl AKTMHOMIOB MOIJIM BBIPACTU JO0 MAaKCHMAJIBHO JIOIMYCTUMBIX pPa3MepoB, OrPaHUYEHHBIX
KpuTHUYecKoil Maccoil. (B paccmarpuBaemoii cpene Oornee KpymHbIE YacTHIBI JODKHBI pacTH 3a CYET
MEJIKUX, TaK KaK y KPyIMHbBIX YaCTHI MEHBIIIE y/IeIbHast HOBEPXHOCTb. )

Musirap/apl JieT Has3az oIS JITKOJCSALIMXCS M30TOMOB ypaHa M TOpUsl ObLia JOCTATOYHOW ISt
HPOTEKAHMs LEMHBIX SAEPHBIX peakuuid. Ciensl paboThl MPUPOIHBIX SAEPHBIX PEAKTOPOB (I'€OpPEaKTOpPOB)
oOHapyxeHbl B pyaHbiX Tenax B Oxio [Petrov, 1977]. Ilpuuem pabora Takux peakTOpPOB BO30OHOBIISIACH
HEOJJHOKPATHO B UMITYJIbCHOM PEKHME.

B [Anisichkin et al., 2005, 2008; Ershov, Anisichkin, 2003] momenupoBaHHeM MOIY4EHO, YTO BO
BHEIIHEM JKHJIKOM JKEJIC30HHMKEIEBOM sApe 3eMIIM ITIPH OIPENeNCHHBIX YCIOBHSX paboTa reopeakropa
BO3MOKHA B IUKJINYECKOM HMITYJIbCHOM PEXKHUME M JI0 HACTOSIIEr0 BPEMEHH, HAampuUMep B HEHTPOHHO-
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nenurensHON Bomue [Ershov, Anisichkin, 2003], ¢ mocnemyrommm IUKIAYECKHMM BOCITPOH3BOACTBOM
nensmxcst uzororos [Anisichkin et al., 2005, 2008]:

280 +n— U > ®Np - 2Pu—PU+a  (2.4x10* er). 1)

C oOpa3oBaHMEM AaKTHUBHOIO CJIOS TOJIIMHOW OKOJO KPUTHYECKOH M HAYaJOM LEMHBIX SIEPHBIX
peakimii BOSHUKAIOT HAUMHAIOIIMECS OT HHU3a BHEIIHETO s/Ipa 3eMIIM BOCXOJSIIME MOTOKA MAacChl U TeIlIa,
KOTOpBIE Yepe3 HEKOTOPOE BPeMs, IPOrpeBasi BHIMICIEKAIIYI0 KAMEHHYI0 MaHTHIO, HAYMHAIOT NPOrPeBaTh
KOpy 3eMJIH.

CpaBHMMOE C JAPYTMMH YIJIEBOAOPOAAMH KOJIMYECTBO METaHA B COCTaBE TMIPATOB HAXOAUTCS IOJ
naoMm okeaHoB [Kvenvolden et al., 2013], meranruapatel 0OOHapy)KeHbl 1 Ha KOHTHHEHTaX B 30HAaX BEYHOM
mep3notel  [Duchkov et al, 2018]. C mnoBbimieHHEeM TeMIepaTypbl 3E€MHOH KOPBI MPOMCXOAUT
BBICBOOOXK/ICHHE METaHa M3 Ta30THIpaTOB M €ro MOCTYIJIeHHe B atMocdepy. ATMocdepa 3eMiid COEpKUT
OTHOCHUTENFHO HEMHOro napHukoBoro raza CO,, Gonplnas 4acTb KOTOPOTO PacTBOPEHA B BOJAE OKEAHOB
[Petit et al., 1999]. C noBsieHneM TemepaTypbl okeaHoB pacTBopuMocts CO; B BOE YMEHBIIACTCS, BCE
Oonbmre mocrynaer B armocdepy CO, m BomsHoro mapa. Mexay conepskaHMEM ITapHUKOBBIX Ta30B B
aTMocepe M TOTEIUICHHEM KJIMMara CYLIECTBYET IOJOKHTENbHAs OOpaTHas CBs3b, YTO 3allyCKaeT M
YCKOpSIET MOTEIUICHHE.

B BO3HHKIIMX BOCXOISIIMX KOHBEKTUBHBIX IMOTOKAaX MEPBOHAYAIBLHO OCEBLIME 1O 0Opa3oBaHHs
KPUTHYECKOTO CJIOSI YaCTUIIBI aKTHHOWJIOB IEPEMEIINBAIOTCS C OCHOBHBIM BELIECTBOM sipa 3eMIH, H
IeNIHAsl peaKisl OCTaHaBIUBaeTcsl. M3-3a TaKOro MMITYJILCHOTO peXMMa PabOThl reOpeakTopa BOJIHA Teria
U3 Hezmp ociabeBaer. Bpems jku3HH MeTaHa B aTMocdepe — mopsiika AecsiTd jeT (OH OKHCISeTcs 10
yriaekucioro rasa B atmochepe 3emim). I[losToMy co CHMKEHHMEM BBIICICHHS M3 Ta30THAPATOB
KOHITCHTpaIlsl MeTaHa B aTMocdepe OBICTpO Tajgaer, HaunHAIOT paboTaTh 0OpaTHBIE CBs3H. TemmepaTypa
aTMocdepsl 1 okeaHoB noHwkaercs. Bee 6onbiie CO, pacTBopsiercs B Bojie okeaHOB. [loaToMy nocie pocra
TeMIIepaTypbl, B UCTOPUYECKHX Maciitabax MpakTHYeCKH 0e3 may3bl, HAYMHAJIOCHh MOXOJOJaHue, KaK Ha
Puc. (B Hacrosimiee Bpemsi o4epesHOE IOXOJIOJAHUE CICPKMBACTCS, BO3MOXKHO, M3-3a HMHIYCTPHAIBHBIX
BBIOPOCOB MAPHUKOBBIX I'a30B.)

B ocna0eBarommx KOHBEKTHBHBIX IMOTOKaX B JKUAKOM S/Ipe 3eMJIM YaCTUIbI aKTHHOWIOB HAYMHAIOT
BHOBb OCEIATh C MApaUICHBHBIM BOCIPOM3BOACTBOM m3otoma >°U mo cxeme (1), Kak B peakTopax-
pasmuoxuTensx. IIpu aToM conepkanue U MPaKTHYECKH HE YMEHBIIAETCS, a COAEPKAHHUE ~ PU MOKET
YBEJIMUYMBATHCS, Kak ToKasamd pacudersl [Anisichkin et al., 2005, 2008]. Tak mporcXOIUT MOATOTOBKA K
CIeIYIONEMY KINMAaTHYECKOMY LUKITY.

MNPOAOJDKUTEJIBHOCTD KIIMMATUYECKUX [HUKJIOB

HpOI[OJI)KI/ITCHBHOCTL KIIMMAaTUYCCKUX UKIIOB MOKHO OLCHUTH Ha OCHOBC UMCIOIINXCA B JINTEPATYPE
JAHHBIX O XapaKTEePUCTHUKAX PACIICIUIIFONIMXCS MaTepPUaloOB M XapaKTEPHCTHKAX JKEIE30HHKEIEBOrO
BHCIIHETO XXUAKOI'O A1pa 3emitn.

CKopocTh OocelaHusl MapooOdpa3HOro Tela B KUIKOCTH Mo 3akoHy CTokca:

Voo = d(p - po)g/(18no), @)

rJ1e Vo, — CKOPOCTh OCENAHMS YacTHIIbI, M/c; 0 — IMaMeTp YaCTHIIBI, M; p — IIOTHOCTb YacCTHIIBI, KI/M; py —
TLIOTHOCTH JKUIKOM (asbl, KI/M>; § — YCKOpeHHe CBOOOIHOrO MageHHs, M/c; 1o — IMHAMHUYECKAs BA3KOCT
xuakoir ¢asel, Ila c. (Cxopocth ocemanusi dacTui] 1o (Gopmysie (2) mMpu MPHUHATHIX XapaKTEPUCTHKAX
BEIIIECTBA SJ[pa U YaCTUI] aKTHHOUIOB CYIIECTBEHHO BBIIIE CKOPOCTEH BO3MOXKHBIX TYPOYJICHTHBIX TCUCHUN
BO BHeITHeM uakoM siipe 3emim [Livermore et al., 2017], u mosTomMy TedeHHsT HECYIIECTBEHHO BIIMSIOT Ha
BpEMsI OCEIaHHs YaCTHII. )

Kpucrammnsysich, COCOMHEHHS AaKTHHOMIOB HE MOTYT 00pa30BaTh Tejia OOJbIIe KPHUTHYECKOIO
pasmepa. Kpurnueckas macca mapoo6pasnoro 2>°UO, (94% “*U) 110 kr npu miotoctd 11 000 kr/m’
[Bekman, 2010]. C ocemaHmeM W MOBBINICHHEM JABJICHHUS B HEApax 3eMJIM TUIOTHOCTH YACTHI[ PacCTeT.
Kputnueckas macca M. u3-3a c©KaTus W YMEHBIICHHS TIIOBEPXHOCTH YTEUYKA HEUTPOHOB JEIIEHUS
yMeHbIaercst mo 3akony M, 2 p” [Bekman, 2010].

CxrMaeMoCTh TMOKCH/Ia ypaHa U3yueHa yAapHO-BOJIHOBBIMU METO/aMU 10 JaBiieHus okono 160 I'Tla
[Marsh, 1980], rae mis obpasua ¢ HagamsHOH mioTHOCTBIO 10.3 r/cm® mpuBenena 3aBmcnmmocts D —
CKOpOCTH yJIapHOH BOJHBI B 00pasie oT MaccoBoii ckopoct U 3a pponToM. st Goee BRICOKUX JaBIeHUN
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¥ HayanpHOM mmortHocTH 11 r/em® yaapayto aaunabaty UO, MOXXHO paccuuTath MO 0OOOLICHHON yIapHOH
anmabare [Anisichkin, 1979]:
D = U + 3.4(po/ptert) *UY2 + 9.1(p1/pterr) >, (3)

rme D u U B km/c; p; — IUIOTHOCTH Iepen (DPOHTOM YIAApHOH BONHEI B I/CM’, Mot — «O(hhEKTHBHAM
MOJIEKYJISIpHasl Macca B T., paBHas CpeAHEH Macce aTOMOB, BXOJSIIMX B MOJNEKyNy. [Ipu 3ToM naBieHue 3a
¢dponToMm ymapHo#t Boaubl P = p;DU, mmotHocts p = p;D/(D-U). Torma, ecnu anmpoKCUMHPOBATh TEOTEPMY
JIMOKCHIA ypaHa, OCHOBBIBasCh Ha ymaapHou ammabate (3), To miorHocTh yactui UO, mpu oceqaHuu OT
BEpXa JI0 HU3a BHEIIHETO KUIKOTro sapa 3emuu pacter ot 15 400 Kr/M no 17 900 Kr/Me.

B pesynbrare, yunThiBash yMEHBIICHHE MOBEPXHOCTH YTEYKH HEHUTPOHOB JEJICHUS, IMOTydYaeM, 4TO
KPUTHICCKHHA THAMETP YaCTHII 235UOz MIPH OCENaHUM ObKeH yMeHbmaThest ot 0.19 M mo 0.16 m.

Kputraeckas macca “°PuQ, menbine, uem 2°UQ,, MeHbIe KpuTHueckuii pasmep [Bekman, 2010] u
MEHbIIIe OTHOCUTENBHOE COJCpKaHHE NTUOKCHIA TUIYTOHHS B siIpe 3eMJIM B HACTOSIIEE BPEMs, COTJIACHO
pacueram [Anisichkin et al., 2005, 2008]. ITostomy mpomecc oceaanus dactui - PUO; HeCyIeCTBEHHO
BJIMSICT Ha MPOJIOJDKUTEIILHOCTh OCHOBHBIX KIIMMATUYECKUX IIUKIIOB.

[IpumMeM IIOTHOCTH BHEUIHETrO KHIKOI'O JKEIE30HUKEIEBOro sjpa 3eMiId U YCKOpEHHE CBOOOAHOTO
najgenns B sape coriacHo momenun PREM [Dziewonski et al., 1981], mo xoTopoii IIOTHOCTE MEHSIETCS C
riy6unoit or 9 900 kr/m° 1o 12 200 kr/m°, yekopenue cBoGomHoro magenus — ot 10.6 m/c® 1o 4.4 m/c’.

BsI3KOCTh KHIKOTO JKele3a TPU BBICOKMX JaBICHUSX B YCIOBHAX sapa 3eMIM B JIMTEpaType
OI[GHHMBACTCSA B IMUPOKUX Tpenenax. Tak, B o63ope [Brazhkin et al., 2000] Bs3kocTs pacruiaBa xenesa
obcyxmaercst or 10°-10* Tlac mim Bepxa sapa m go 107-10" Tlac ams Husa BHemIHero siapa, H
IPENIOIaraercs, 4To BA3KOCTh PACTET SKCIOHEHLIUAIBLHO C POCTOM AaBieHus. IIpu 3ToM oTMeuaercs, 4To
HauboJyiee JIOCTOBEPHBIC OICHKH, OCHOBAaHHBIC HA W3MEPECHUHM 3aTyXaHHs CEHCMHYECKUX BOJH, AAlOT
BEIMYMHY BA3KOCTU OT 10*Ta c IUTSL Bepxa siapa U 110 108 ITa ¢ JUTs HHU3a BHEIIHEro siapa. B 063ope [Mineev
et al., 2004] mpoBeneH aHaTN3 SKCIIEPHMEHTAIBHBIX U PACUETHBIX PabOT MO BA3KOCTH JKUKOTrO XKeies3a. B
pe3ynbTaTe cuuTaeTcs 0oJiee BEpPOSTHOM BSI3KOCTh MOpsAKAa HeCKOIbkux Ila ¢ Bo BceM oObeMe BHEIIHEro
sipa. B [Desgranges et al., 2007] MeTogamu MONEKy/IApHOi IMHAMUKHM MOTYdeHbI BETHUHHBI mopsiaka 107
ITa ¢ oT Bepxa 1 70 HU3a BHEIIHETO SIpa C HEOOMBIIIMM POCTOM C JTAaBICHHEM.

Hanbonee nOCTOBEpHBIMH ¥ COTJIACOBAHHBIMH C PE3YJbTaTaMH JIPYTUX aBTOPOB IPEICTABIISIOTCS
JIaHHBIE, IpUBeACHHbBIC B padore [Smylie et al., 2009] u B padote [Xian et al., 2019]. B [Smylie et al., 2009]
BSA3KOCTh TIOJTydeHa OT Heckonmbkux Ila ¢ s Bepxa 3eMHoro siapa u 10 10™ Ila ¢ y rpaHuusl ¢ TBepabiM
BHYTpeHHUM siipoM. B pabore [Xian et al., 2019] meronamu MoONEKynspHONH AMHAMHUKH BSI3KOCTh HHU3a
BHEIIHEro siIpa nonydena oxkono 10° Ia c.

C y4eroM TNPUBEJCHHBIX JAHHBIX M JPYTHX OLEHOK, MPEACTABICHHBIX B IIMTHPOBAHHBIX BBIIIC
paboTax, mpUMeM B pacuerax BA3KOCTh BEIIECTBA BHEIIHEro siapa 3emid B amamasoxe ot 10°IMac 1o
10° Ta ¢, ipH SKCIIOHEHIHATBHOM POCTE C JABJICHHEM.

Iloncrapnss B (2) npuHATHIE U3MEHEHHS 3HAYCHUS BETUYHMH, B 3aBUCUMOCTH OT TIIyOWHBI OCETaHMS,
YHUCICHHO WHTErPUpYys OT Bepxa N0 HM3a BHEIIHEro sjpa 3eMid, ¢ TEpPEeMEHHBIM IIaroM Mo riyOuHe
ocenaHusl, oryyaeM Bpems nonHoro ocenanus dactul UO, okono 130 Tric. seT. (OTOT pe3ynabTaT 03Havaer,
YTO KIMMATHYECKHE IIUKIIBI MOTJIH OBITh KOPOUE, HO HE MOTYT OBITh popoinkuTensHee 130 Thic. erT.)

OBCYXXIEHUE PE3VYJIbTATOB

U3-3a sxenme3a — OTpaxkaTenss HEUTPOHOB M HEUTPOHOB OT COCEMHHX YACTHI[ KPUTHUECKUH pazMmep
YacCTul B pacye€rax IOJKCH OBLITh MEHBIIIE IIPUHATOr0, U BPEM MOJHOTIO OCEAAaHUA aKTHHONIOB oomnpmre. C
npumechio 22U kpuTHueckuii pasmep gactun UO? Gorblne, ueM B ciydae gnctoro ~>°U, 4TO IPHBOIHMT B
pacuerax K COKpAIIeHHIO0 KIMMAaTWYeCKUX ITMKIOB. J[eHCTBYS MPOTHBOMOIOXKHO, 3TH (PAKTOPHI B CyMMeE
HECYIIECTBEHHO BIHSIOT HA PE3YJIbTATHI.

Pacuersl 1OKa3aim, 4TO HAaYaJIbHOE 3HAYCHWE BSBKOCTH Bermecta siapa 3emmm or 107 go 10%IMa ¢
HECYIIECTBEHHO BIHSIET Ha pe3ynbTaT. BemuunHa BSI3KOCTH Ha MOCICSAHEH CTaauH OCEAaHUs aKTHHOHWJIOB,
KOTOpasi OCTaeTcsl HeIOCTATOYHO OIPEeTIeHHOM, BIUseT 0oJee CyIIeCTBEHHO, YeM ApYIrue mapaMerphl, Ha
CKOPOCTh, BPEeMsI OCEIaHHS YaCTHIl U TPOJOJIKUTENLHOCTh KIIMMATHYSCKUX UKIOB. Tak, Ha mopsaok Oonee
BBICOKAsi BSI3KOCTh BEILECTBA SIIpa JIaeT B pacyerax Ha MOPSIOK 0oiiee MPOJOIKUTEIbHbBIC KIMMAaTHYCCKUEC
IUKJIBL.

Jis Havana HEMHBIX SACPHBIX PEAKIUN JOCTATOYHO OOPa30BAaHHS CIIOS aKTHHOWIIOB KPUTHUECKOU
TONIIMHBL, 0€3 OCelaHus BCEro IEIAIIErocs MaTepuaia Ha TBEp/ioe BHyTpeHHee saapo 3emiu. [locrenenHoe
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«BBITOPAHUE», YMEHBIICHUE aOCOIIOTHOTO COIEpXKaHMS aKTHHOUIOB B siupe 3emun Tpedyer Bce Oonee
MOJHOTO U, CJIEIOBATEIbHO, Oo0Jiee MPOAOKHUTEIBLHOIO OCEIAaHUs YaCTUI[ aKTHHOMIOB. IloaTOMy
NPOJO/DKUTENFHOCTh KJIMMATHUYECKUX IMKIOB CO BPEMEHEM [O/DKHA YBEIMUYMBAThCA. JIeHCTBUTENBHO,
coriacuo manuaeM [VimeuX et al., 2002; Yuzhen et al., 2019; Voosen, 2024; An et al., 2024; Cutts, 2024] u
u3 Puc. BUAHO, YTO MPOMODKUTENBHOCTh KIUMATHYECKHX IIMKIOB 32 MOCIEAHHE COTHH ThHICAY JIET
yBenuuuiach npuomsurensHo ¢ 90 mo 120 Teic. ner.

MUUIHOHBI JIET Ha3ajd JCTKOACTSIIMXCS H30TOMOB ObUTO Oojbiie. BO3MOXHO, YTO B MPOIIIOM B
Hempax 3eMiM B pasHBIX MeCTaX HaJ IMOBEPXHOCTHIO TBEPAOr0 BHYTPEHHEro sjpa, OOMEHHBAsCh
AKTHHOMJaMH Onaroyiaps KOHBEKTHBHBIM IMOTOKaM, MEpUOAuuYeckn paboTano aBa reopeakropa. [loaTomy
KJIMMaTUYECKUE IIUKIIBI ObLTH MPUOIM3UTEIBHO B [IBA pa3a KOPOUe, MCHEE BhIPAXKCHBI, U KJIMMAT ObLI TEIljIce
[Yuzhen et al., 2019; Voosen, 2024; An et al., 2024; Cultts, 2024].

PaccmaTtpuBasioch rio0alibHOE OCEAaHUE aKTHHOHJOB. V3-3a HEOMHOPOAHOCTH TEUCHUH B YKHUKOM
sape 3eMIId MOTYT OOpa3OBBIBATHCS U JIOKANbHBIE CKOIUICHHS aKTWHOWJIOB. BbiiensemMoe akTHHOWAAMHU
TEIUIO IJIABUT HUXKEJIeXKAILlee TBEPI0e Ipo, 00pa3ys yriiyOyieHue, B KOTOPOE C MOBEPXHOCTH TBEPJOTO spa
HAYMHAIOT «CTEKaTh» OoJiee IUIOTHBIC YACTHIBI AKTHHOWAOB. I[IpH IOCTHXKEHWH TaKUM CKOIUICHHEM
AKTUHOWJIOB KPUTHYECKOW TOJIIMHBI B HEM HAYMHAKOTCS LICMHBIC SACPHBIC PEAKIIMH, BBI3bIBas MEHEE
MaclmrTaOHble, 4eM [Io0albHble, M3MEHEHHsS MArHUTHOTO Moyl M KimMmara. Ho Xxapakrep H3MeHeHWi
KJIMMaTa 3a TIIOCJIEIHUE COTHH ThICSY JIET TOBOPUT O CYIIECTBEHHO OOJbIICH AaKTHBHOCTH OJHOT'O
I00aTEHOTO Te0peaKTopa.

LlenHpIMY SIIEpHBIMU  PEAKIUSMH M BOCIIPOM3BOJICTBOM JEIALIMXCS HM30TOMOB 1o cxeme (1) ¢
BBIJICJICHUEM (L — YaCTHII, 5JIep aTOMOB I'efivsl, OoJiee aJIeKBATHO MOXKET OOBSCHATHCS OTHOCUTEIBHO BBHICOKOE
COJiep)KaHHUE Teliusl B ONAaropoJdHBIX Tra3aX, MOCTYMAIOUIMX K3 Heap 3eMiId, B OTJIMYME OT THIIOTE3HI,
NpUBEIEHHON, HanpuMep, B pabore [Vocadlo et al., 2022].

PeructpupyemMpIMi TPEIBECTHUKAMHU TPSAAYIIMX U3MEHEHUN YCIOBUI HA TTOBEPXHOCTH 3EMITH MOXKET
OBITh YBEIUYECHUE IOTOKA JJICKTPOHHBIX AHTHHEHTPUHO OT pEArupyloIIdX aKTHHOHWIOB W H3MEHCHHE
MarHuTHOrO Toys 3emin. ECTeCTBEHHO, BO3HUKAET BOMPOC: Yepe3 KAKOE BPEMs MPOIECCHI B SAPE 3eMITH
MOT'yT CKa3aThCsl Ha KJIMMaTe, YTOOBI 3a0JIarOBPEMEHHO K ATOMY HOATOTOBUTHCS?

Bpems mepenaun Temia u3 sapa 3eMIM K MMOBEPXHOCTH OMPENENACTCS KaK KOHBEKTUBHBIM, TaK H
KOHJIYKTHBHBIM TEILIONIEPEHOCOM. EcCiy MpUHATh MAKCHMAJIBHYIO CKOPOCTh TIOTOKOB BO BHEIIHEM JKUIKOM
sape 3eMIIH TOpsKa HECKONBbKUX JIECATKOB KuiomeTpoB B roxa [Livermore et al., 2017], To mis mepenoca
Tela OT HU3a JI0 BepXa BHEIIHETO SIPa MOXKET ImoTpeGoBaThes Bpemst He Mernee 10° ner. Uepes kaMeHHYO
obonouky 3emin Hambonee OBICTPO TEIIO MOXKET MEePeHOCHUThCS MaHTHHHBIME IUTIOMamu. B paborte
[Kirdyashkin et al., 2013] ¢ y4erom paHee MpOBEICHHBIX HCCICIOBAHUII MPUHUMAETCS BPEMs MOJbeMa
TLTIOMA OT HU3a MAHTHH JI0 TTOBepXHOCTH nopsiaka 10° ner.

[Tpubnm>keHHO OLICHUTh BPEeMsS KOHJAYKTHBHOHN IEpeiayd Telia 4epe3 KaMEHHYI0 MAaHTHUIO 3eMIIH
MOXKHO 10 3aK0oHY Dyphe IS CTAI[HOHAPHOW TETUIONPOBOIHOCTH:

t = Qh/AAT, 4

rae t — NpoAdOKUTENBHOCTh Ipollecca TeMIONpoBOAHOCTH; Q — HeoOXoauMoe Ui Hayaja MOTEIICHUs
KOJIMYECTBO TEIUIOTHI; N — TOJNIMHA KaMEeHHOM 000104ku 3eMin; A — KO3 UIMEHT TemIonpOBOAHOCTH ISt
KaMeHHOH MaHTuM;, AT — HmpupocT TeMmmepaTrypsl HU3a MaHTHM BCleICTBHE paboTel reopeakropa. Eciu
IOPUHATH YCJIOBUS TEIUIONEpEayl BO3MOXKHO Hambosee ONTHMalibHBIMM, Hampumep, AT paBHBIM ThICsSue
rpagycoB M HEOOXOAMMBIM HarpeB BOABI OKEaHOB, JUIS 3alycKa IIOTEIUIEHHs, Ha OJUH Tpamyc, TO
noTpebyercs BpeMs Tepelaun Telna uepe3 MaHTHIO 3emmn mopsmka 10° mer. Ho chemyer oTMETHTH, uTO
BpeMs 3a/I€P)KKU MOTEIUIEHUSI MOXKET CYIIECTBEHHO 3aBHCETh OT CTENEHH TJI00aTbHOCTH, HHTEHCHUBHOCTH,
NPOJOJKUTENILHOCTH LEMHBIX PEaKIUid, TeMIepaTypbl BOCXOASIIMX TEIUIOBBIX IOTOKOB B siApe 3emiy,
BEJIMYMHBI HEOOXOMUMOro Ui 3alycka IOTEIUIEHHS HarpeBa BOJAbI OKEaHOB M 3eMHOW Kopbl. IloaTomy
3HaueHue t mo Qopmyne (4) Moxer MeHsAThCS Ha 1-2 mopsaka. Takoil BpeMEHHOW Jiar HE IO3BOJISET
JIOCTOBEPHO COMNOCTaBUTh WHBEPCHH MAarHUTHOTO TOdg 3eMIM M TJIoOanbHble M3MEHEHUs KiIuMara B
nanekoM mpouuioM. Kpome Toro, m3MeHeHHMs MHTEHCMBHOCTH MAarHMTHOTO TOJIL 3eMiM HeoOA3aTenbHO
JIOJKHBI OBITH HHBEPCUSIMH, KOTOPbIE PETUCTPUPYIOTCA 110 OCTATOYHON HAMAarHUYEHHOCTH TIOPOJ.

Eciau ucxomuTh M3 LUKIMYHOCTH IPOLECCOB, NMPUBEAECHHBIX HAa PUCYHKE, TO B HACTOSILEE BpPEMs
KJIUMaT Ha 3emiie OJIM30K K MaKCUMaIbHO TerioMy. Jlanee BO3MOXHO TiiobansHOe oxononanue. [loatomy
€CIIM HEe BOCIOJHAThH PEACTOAILYIO €CTECTBEHHYIO IIMKJINYECKYIO YObIJIb IaPHUKOBBIX I'a30B B aTMocdepe,
TO Ha 3emMJie HacTYyIUT O4epeHON JIeAHNKOBBIN nepuosl. K 3ToMy cieayer OTMETUTbh, YTO €CJIU MOy4YeHHas

117



B pacueTrax MaKCHMaJIbHO BO3MOXKHAS IPOAODKUTEIBHOCTD KIIMMAaTHUECKOr 0 [IUKIIA 3aBBIIICHA  COCTABIISIET
He 130 THIC. NMET, a, Hampumep, okono 120 THIC. JET, TO OYEepeqHOro IMOTEIUIeHHS IIOCie JIETHUKOBOTO
HEPUO/Ia MOXKET M HE CITYYHUTHCSL.

3AKJIFOYEHUE

B pa6ore [Rusov et al., 2007] mMomHOCTh BO3MOXKHO JCHCTBOBABIIEr0 I'eOpeakTopa B sape 3eMiin
MPENoJaraeTcs mopsiaKa 10" Br. B [Kirdyashkin et al., 2013] MuHuManbHass MOIIHOCTh UCTOYHHKA, TIPU
KOTOpOif BHIHOCAIMH M3 sApa 3EMIIM TEIUIO IUTOM ele BBIXOAUT Ha IOBEPXHOCTh, mopsiaka 10™ Br.
Cornacuo patore [Bellini et al., 2013] mo MOHHUTOPWHTY TEOHEHTPHHO, B HACTOAIICE BPEMsI MOIIHOCTH
reopeakropa He mpesbimaer 4.5 TBt. CremoBaTenbHO, B HACTOsIIEE BpeMs I'€OpPEaKTOp HAXOIUTCS B
OTHOCHTEJBHO CIIOKOWHOM, JUTUTEIEHOM PEXUME HAKOIUICHHS ¥ KOHIIEHTPAIINH JIETKOEISIINXCS H30TOIOB.

I'mobGanbHO W B JUIMTENBHOH BPEMEHHOM IEpPCIIEKTHBE TEMIIepaTypa Ha MOBEPXHOCTH IUIAHETHI
3aBHCHT OT KOJNHMYeCTBa Terua, rnocrymnaromiero or Comxua. Ho mporjecchl Ha MOBEPXHOCTH M B HEIpax
IUIAaHEThl MOTYT CYILIECTBEHHO BJIMSATH Ha CTEICHb «YCBOCHHS COJMHEYHOW SHepruu. Tak, 00Ia4HOCTS,
pasMep MOJSIPHBIX JIASHBIX <«ILNANOK» IUIAHETh, BYJIKAaHWYeCKas IbUIb B aTMocdepe BIUSIOT Ha
OTpaKaTEeNIbHYIO CIIOCOOHOCTh aTMOC(ephl. BIUsIOT Ha KIIMMAT ¥ UHYCTPUAIIbHBIC BEIOPOCHI.

[TooTOMY HPETOKEHHYIO THIIOTE3Y CIIeIyeT pacCMaTPUBATh BO B3aUMOCBSI3H C APYTHMH U3BECTHBIMH
¥ BO3MOXKHBIMU KiIMMaTtuueckumu ¢akropamu [Shaviv et al., 2022]. Ho npuunHy u npogoKUTEIbHOCTD
COBPEMEHHBIX KIIMMATHYECKUX IIMKIIOB THIIOTE3a «I€OPEaKTOPOBY» 00BSICHSET Oosee aJeKBaTHO.
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' Hecmotps Ha TO, 4TO craThs Obula momaHa B paszen «Jluckyccum» (s KOTOPOro pEIEH3HPOBAaHHE IO YMOMYAHHUIO He
npeanonaraeTca), aBTop NPOCW/ PEIaKLUIO O0ECIeuuTbh €€ PEeleH3UpPOBaHME. B CBA3M ¢ 3TUM JaHHas CTaThs NPOXOAHMIA
peLieH3upOBaHNE B OOBIYHOM IIOpsZKE M TOcie IepepaboTky Obula PEeKOMEHIOBaHA K IIeYaTH HE3aBHCHMBIMH DPEIeH3EHTaMH.
— Ilpumeuanue penaxropa.
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AHHOTALIMA

B HayyHO#l JMTepaType MNpPONOJDKAIOT LUPKYJIMPOBATH pPAa3iMYHble THIIOTE3bl, HAYyIIHME Bpaspe3 ¢
O6IlIel'[pI/IHHTI>IMI/I NpeaACTaBJICHUAMU O MNpPUYMHAX H3MCHCHHA KJIMMaTa Bemnu. IlomeITKH nepecMoTpa
TOCHOZCTBYIOIIEH KIMMAaTHYCCKOW MapagurMbl 1O HEJABHETO BPEMEHH CBOAWIIUCH K TOMY, YTO aHTPOIOICHHBII
(axTop 17100aJILHOTO MOTEIJICHUsI HEAOOLEHUBAJICS MO0 BOBCE OTPHUAIICS, a POJib MPUPOJHBIX KINMAaTHYECKUX
LIMKJIOB, CBSA3aHHBIX C HEPaBHOMEPHBIM mocTymuieHneM temta or ConHia, abcomoru3upoBanack. KoHuermus
IIIyOMHHOTO HMITYJIBCHOTO T€0peaKkTopa, KPUTHYECKH paccMaTpHBaeMas B IaHHOH JUCKYCCHOHHOH CTaTbe,
TIpeTeHlyeT Ha emie 6onee riy0OoKyI0 PEBU3HIO YCTOSIBIIMXCS MOJOKEHUI COBPEMEHHOM KJIMMATOIOIHH, CBSI3bIBAs
9TH LUKJIBI HE C OBTOPSIOIIMMICS H3MEHEHUSMH IIapaMeTPOB OCH M OpOHTHI 3eMi (LMKiIaMu MUIaHKOBHYA), a C
MIEPHOIMYECKAM NTPOTEKAaHNEM IIENHBIX SAEPHBIX PEaKUuii B HeApax HaIleH IUIaHeTHI.

B craTtpe mokaspiBaercs, uto crerupuka TudQepeHInanii BemecTsa 3eMiIn B POIecce IIaHeTOreHe3a He
Morjia OOECIEeYUTh CBEPXKPHUTHUECKOTO KOHIIEHTPUPOBAHUS JONTOKHMBYIIMX H30TOIOB aKTHHOWIOB (ypaHa H
TOpHs) HA Ha I'PaHHULE TBEPAOrO M >KUIKOTO 3eMHBIX Anep, HM B MaHTHHHOHN Tonme. Kpome Toro, ms 3amycka
reopeakTopa HeoOXOJUM ILENBbIH psiJi JAOIOMHUTEIBHBIX YCIOBHH, KOTOPbIE B INOCIEIHHUN pa3 MOIVIM CIOKHUTHCS
okosio 2.0 MiIpz JeT Ha3aJ B OCAJOYHOM CIIO€ 3€MHOW KOpPBI M HUKOTZA OBl HE CIIOKWINCH B TITYOMHHBIX CIOSIX
wiaHeTsl. Ecnn ke Takod reopeakrop M Mor Obl ()yHKIIMOHHMPOBaTh, TO PAJAMOr€HHOE TEIUIO OT €ro padoThl HE
nepeasioch ObI B KOpY 0€3 KPUTHYECKHX IOTeph 3a T€OJOTHYESCKH IPUEMIIEMbIH TPOMEXYTOK BPEMEHH.

B cratbe Taxke moasepraercs COMHEHHMIO BO3MOXKHOCTH MacCHPOBAHHOIO BBICBOOOXKIECHHS MapHHKOBBIX
ra30B M3 WX IPHPOIHBIX PE3EPBYapOB B aTMOc(epy NMPU TUIIOTETHYECKOM YBEINYCHUH Fe0TePMalIbHOIO OTOKA 3
3eMHbIX Henp. Ha mpumepe rasoruaparoB MeTaHa IMOKa3aHO, YTO MX AECTaOMIM3alysi TpeOyeT SKCTpPEeMalIbHOTO
TIOBBIICHHST TEMIEPATypbl B 30HE WX 3aJICTaHMs 07 OKCAaHMYECKHM JHOM, a JOHHBIE OCAJKU W BBIIISIE)KaIIast
BOJIHAsI TOJIIIA UTPAIOT poiib Oydepa, yTHau3upyst BHICBOOOXKAAEMbIH U3 ra30ruIpaToB METaH JI0 €ro MomaJaHus B
atMocdepy.

Takum o00pa3oMm, KOHLENIHMS TNIYOMHHOrO HMMIYJIBCHOTO TI'€OpeakTopa, sKOOBI CYIIECTBYIOLIETO U
ONPEICNAIONIET0 KIMMAT 3EMIIHM, IOKOUTCS Ha MHOXECTBE JONYILICHWH, NPOTHBOPEYAILMX IaHHBIM Cpasy
HECKOJIbKUX HAYYHBIX JUCHUIUIMH, HAYUHAA OT TCOXUMHH U 3aKaHYNBas KJIMMATOJIOTHEH.

Knrouegwle cnosa: siipo 3eMiu, TeopeakTop, To0aIbHOE TOTETUICHNE, TTAPHUKOBBIE T'a3bl, I3MEHEHNE KJINMAaTa.

ABSTRACT

Scientific literature is overwhelmed by hypotheses claiming to disprove generally accepted ideas about the
causes of climate change. Until recently, a vast majority of climate revisionists just forced themselves not to
consider human activity as a driving force of global warming, while the role of natural climate cycles has been
overemphasized.

The concept of naturally emerged georeactor operating in a pulse mode brings us to the next level of
climate revisionism. Authors of this hypothesis dare to associate cyclic climate changes with the repetitive
occurrence of nuclear fission reactions in the deep Earth’s interior rather than with long-term variations in Earth's
orbit and axial tilt, commonly referred to as the Milankovitch cycles [Milankovitch, 1941]. A proposed operating
cycle of hypothetical deep-Earth georeactor includes: 1) exsolution of actinide (uranium (U) and thorium (Th))
particles from iron melt in the Earth's outer liquid core; 2) deposition of these particles onto the inner solid core; 3)
initiation of nuclear fission as the actinide layer reaches a critical thickness; 4) termination of fission due to the
dispersion of fissionable material within liquid core; 5) re-deposition of actinide particles onto the inner-outer core
boundary and so on.

It was speculated that the alternation of glacial and interglacial periods in the Earth's geological history is
synchronized with georeactor operating cycles. According to this hypothesis’s proponents, radiogenic heat from
nuclear fission is transferred through the silicate rock mantle and warms the Earth’s crust, thereby triggering a
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massive release of carbon-containing greenhouse gases (GHG) from their natural reservoirs and subsequent global
temperature increase. Although other georeactor concepts have been proposed in the literature before [Herndon,
1993; Rusov et al., 2007; Anisichkin et al., 2008; Ludhova et al., 2015; Meijer & van Westrenen, 2008], none of
them suggested a pulsed mode of operation or considered the possible influence of radiogenic heat production on the
Earth’s climate.

As demonstrated in this discussion paper, the feasibility of nuclear fission reactions in the deep Earth’s
interior should be rejected for geochemical reasons, and the core georeactor hypothesis described above is the
easiest to disprove. Being refractory litophile elements, U and Th should have been partitioned into the primitive
mantle rather than into the core during metal-silicate segregation in the magma ocean (MO) stage of Earth's
evolution [McDonough & Sun, 1995]. They are considered to form oxides at the mantle conditions, whereas their
residual amounts appeared as pure metals within the core. Partitioning experiments in the laser-heated diamond
anvil cell performed at high pressure-temperature conditions relevant to primordial MO have shown that no more
than 2.5-3.5 ppb U could be dissolved in iron melt during liquid core formation [Chidester et al., 2017; Blanchard et
al., 2017]. Such trace amounts of U tended to be further segregated into solid inner core as it crystallized.

Once exsoluted from the liquid portion of the core, U has been irreversibly incorporated into the solid one
as pure grains and/or point defects in crystalline Fe. This scenario, confirmed by density functional theory
calculations, rules out any chance for U particles to form a layer of critical thickness on the inner-outer core
boundary [Botana et al., 2025]. Although such experimental and theoretical evidences are lacking for thorium, Th
and U concentrations in the newly formed liquid core should have been of the same order due to the comparable
values of metal-silicate partition coefficients [Faure et al., 2020]. Since both these elements are characterized by
very low solubility in molten iron, Th was expected to exsolute from the remaining liquid core portion in the same
manner as U. Thus, almost negligible content of actinides within the Earth’s core, along with their irreversible
incorporation into its solid portion, leaves no room for the concept of core georeactor operating in a pulse mode, but
what about the bulk of them segregated into the molten silicate phase during MO differentiation?

The current U and Th content in bulk silicate Earth (mantle plus crust, BSE) was estimated to be ~20 and
~80 ppb, respectively. Extrapolation of these values back to 4.5 Ga (the age of core-mantle differentiation) would
result in ~54 ppb U and ~99 ppb Th in initial BSE (primitive mantle before crust formation). Such decrease in the
concentration of these elements is due to their radioactive decay with time. Low relative abundances of actinides in
initial BSE, constrained by the composition of chondritic meteorites regarded as the main building blocks of the
Earth, did not allow for U and Th oxides to crystallize from silicate melt as pure phases. Instead of such
crystallization, these oxides were prone to be incorporated into the lattice of mantle silicate minerals such as CaSiO3
perovskite (Ca-perovskite) [Gautron et al., 2006; Gréaux et al., 2009]. Apart from other conditions required for the
initiation and sustained operation of hypothetical mantle georeactor, there should exist concentration factors of
several orders of magnitude to reach criticality without the formation of distinct mineral phases by actinide
compounds.

First of all, U and Th oxides are thought to reside in the lowermost part of the mantle (so-called D" layer)
which comprises 5 wt% (percentage by weight) of initial BSE and is almost unaffected by convective processes
[Tolstikhin et al., 2006]. Assuming that D" layer stores one-fifth of the total BSE inventory of actinides, we easily
concluded that this geochemical reservoir must be enriched with U and Th by a factor of four. Then, these elements
have been found to be incorporated much more readily (by a factor of 104-105) into the crystal lattice of Ca-
perovskite than of the other lowermost mantle minerals (ferropericlase and post-perovskite) [Walter et al., 2004;
Corgne et al., 2005]. Since Ca-perovskite phase constitutes only ~5 wt% of D" layer, a further 20-fold enrichment in
actinides was to be achieved.

The resulting concentration factor of ~80 corresponds to ~4.3 ppm U and ~7.9 ppm Th upon the formation
of Ca-perovskite reservoir within D" layer. These values are still several orders of magnitude less than those
required for georeactor initiation. If we take into account the presence of plutonium (Pu) and its role as a source of
fast neutrons, criticality conditions for nuclear fission to occur could be met at much smaller local concentrations of
U and Th, but an additional concentration factor of ~20 is necessary to enable sustained operation of georeactor
[Meijer & van Westrenen, 2008]. No such factors have been identified at the lowermost mantle conditions if we
leave aside unproven speculations.

Thus, the geochemical fate of actinides provides no room for deep-Earth georeactor to emerge neither in the
core nor within the mantle. The only geochemical reservoir where naturally occuring nuclear fission reaction could
be initiated is the upper layer of the Earth’s crust composed of sedimentary rocks. The differentiation of mantle-
derived melts within magma chambers followed by hydrothermal transport of U from enriched residual melts to the
upper crust resulted in the formation of U ore deposits.

Spontaneous nuclear fission is permitted to occur only in high-grade ores with U content more than 10
wt%. In addition to this requirement, a number of additional conditions should be met to reach criticality in the rich
zone of ore. As for the sandstone-type ore deposits, this zone must be quite thick (> 0.5 m) and chopped up by
tectonic faults in order to provide the entry of water acting as a neutron moderator [Naudet, 1991]. All these
conditions were satisfied in Oklo deposits (Gabon, South Africa) where the only known natural nuclear reactor on
Earth operated ~2.0 Ga ago for ~100 Ma. Since then, there was no chance for such reactors to initiate and operate as
the 2°U/*®U ratio became too low to support criticality [Gauthier-Lafaye & Weber, 2003].

121



Neither deep-Earth georeactors nor Oklo-like natural reactors, even if they existed, wouldn’t be able to
affect the Earth’s heat balance. The power output of the latter (~100 kW) was estimated to be quite negligible
compared to the total heat input from the Earth’s interior (43-49 TW). According to theoretical estimates, the
operation of hypothetical core georeactor would contribute up to 30 TW to geothermal heat flow (GHF) if the
radiogenic heat was transferred by mantle convection to the Earth’s surface over geologically relevant timescales.

Nevertheless, convective flow velocities correspond to plate tectonic ones and do not exceed 1-10 cm-year-
1, although mantle plumes could ascend from the core-mantle boundary two or more orders of magnitude faster (100
cm-year-1) [Bercovici, 2010]. Anyway, these upwelling processes are so slow that excessive radiogenic heat (ERC)
must be dispersed into the surrounding mantle rocks instead of being transferred to the Earth’s crust. Even if ERC
reached the Earth’s surface without losses, ERC-induced GHF alterations wouldn’t be synchronized with georeactor
operating cycles due to the different timescales of heat production and heat transfer.

Moreover, warming of the Earth’s crust by enhanced GHF wouldn’t have been resulted in the release of
GHG from their natural reservoirs into the atmosphere, i.e., carbon dioxide from the ocean water column and
methane from deep sea gas hydrates (DSGH). As for the latter, it has been shown that DSGH destabilization
requires an extreme warming of seafloor (e.g., from 1-2 to 14-15 °C at the depth of 1200 m!) [Ruppel & Kessler,
2017] that couldn’t be provided by geothermal activity. Finally, one could only imagine the occurrence of such
unrealistic event, but even in this case methane released from DSGH would be oxidized in bottom sediments and the
overlying water column before it entered the atmosphere [Reeburgh, 2007].

Thus, the hypothesis of deep-Earth georeactor and its impact on the global climate is based on a multitude
of poor assumptions that contradict a number of studies from several scientific disciplines, from geochemistry to
climatology.

Key words: Earth’s core, georeactor, global warming, climate change, greenhouse gases.

l/lCl’[O.]'[b3yeMbIe COKpalleHns

[II" — napHUKOBBIE Ta3bl;

MO — marMaTHYECKHi OKEaH;

ppb — MumtHapaHast noss (mo Macce);

ppm — MIJUIHOHHAs 1014 (TI0 Macce);

T®II — Teopust GyHKIMOHANA TUIOTHOCTH;

II9TM — naneoneH-301eHOBbII TEPMUUECKUN MAKCUMYM.

BBEJAEHUE

HecMoTpst Ha BbIpaOOTaHHBIA B KIIMMATHUECKUX HAayKax KOHCEHCYC, B JIUTEPAType MPOAOIIKAIOT
[UPKYJIUPOBATh PA3IMYHbIe THIIOTE3bl, MIYLIME Bpa3pe3 ¢ OOIICTPUHITBIMH TPEACTABICHUAMH O
(dakTopax M MpUYMHAX JOJNTOCPOYHBIX M3MEHEHHH KiIMMaTa. ABTOpPBI TaKHX THIIOTE3 B Macce CBOeH
KacaroTcsi TPOoOIeMbl I100aIbHOrO MOTEIICHHS, CTPEMSCHh JI0Ka3aTh, YTO JACSITEILHOCTh YENOBEKa HE
BHOCHT CKOIIbKO-HHOY/Ib CYIIIECTBEHHOTO BKJaJia B YCHJICHUE TTAPHUKOBBIX CBOMCTB 3eMHOI aTMOc(hephI
[Bjornberg et al., 2017]. Pomb KIMMATHYECKMX MAaKPOIMKIOB, CBS3aHHBIX C HEPAaBHOMEPHBIM
noctymiienneM Ttermia oT CoiHIA, TPU OTOM, KakK MPaBHUJIO, HE OTPHIAETCS, a 4Yalle, Hao0OpoT,
abcomotusupyercs. Takke HepeaKH ciaydad, Korja JoOpOCOBECTHBIC HCCISIOBATEIH, HE HUMes
PEBU3MOHUCTCKMX aMOWUIMA W OOBEKTHMBHO aHANM3UPYys peajbHble MOCICACTBHS TIIIOOAIBLHOTO
HOTEIUICHUsT  (HampuMep, Jerpajlallil0  MHOTOJIETHEMEpP3JbIX IOpoja), a0CTparupyrTcs OT €ero
aHTPOIOreHHOU cocTaBisromteit [Shpolyanskaya et al., 2022] au6o ot ero mpuumd B 1enoM [Konishchev,
2009].

Cratps «O mpuirHAX MUKINIECKUX U3MEHeHnH KiuMartay [Anisichkin, 2025], omybnukoBaHHas B
KypHaie «J[MHaMuKa OKpyKarolel cpesibl U rIo0anbHbIe U3MEHEHUST KIIMMaTa», TpeTeHIyeT Ha Ooree
rIyOOKYI0O PEBH3HIO COBPEMEHHON KIMMATHYECKOH MapajdrMbl, 4eM BCE MPEANPUHIMABIIHECS paHee
MOMBITKH TaKoro poja. [To MHEHHIO aBTOPOB CTAThH, IIUKINYECKHE KOJICOaHUS TI100aTbHON TEMITEPATYPhI
¢ mepuogoM 90-130 ThICSY JIeT, MPOSBISIONINECS B UYEPEIOBAHUM OJICACHCHHA M MEKIICTHUKOBUM,
OOBACHSIOTCS HE IUKIaMi MHUJIaHKOBUYA, CBA3AHHBIMHU C IMOBTOPSIFOLIMMUCS U3MECHCHUSMH MapaMeTPOB
3emHO# opOuThl 1 ocu 3emun [Milankovitch, 1941], a ¢ ¢pyHKIHOHNPOBaHHEM MMITYJIECHOTO SIICPHOTO
reopeakTopa B He[pax Hallel TIaHeThI.

[IpemiokeHHBIN UK pabOTH TAKOTO peakTopa BKIIOYAeT B cebd: 1) KpUCTaIIM3aIMi0 OKCHIOB
aKTHHOUJIOB (YpaHa U TOPHsS) U3 JKEJIE30HUKETICBOro PACIiaBa BO BHEIIHEM JKUJIKOM siipe 3eMiu; 2) ux
OCeJJaHMue W3 3TOr0 paciulaBa Ha BHYTPEHHEE TBEpJOE SAPO; 3) WHUIMHMPOBAHHE IICMTHOW SIEPHOM
peakiuuu mpu (GOPMHPOBAHMK OCEBIIMMH YACTHUIIAMH CJIOSI KPUTHYECKOM TOJNIIMHBI, 4) OCTaHOBKY
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PEaKIIMH 3a CUET PACCEMBAHUS YACTHUI] B )KEIC30HUKEIEBOM PACIUIaBe; 5) MOBTOPHOE KOHIIEHTPUPOBAHKE
9THX YACTHUI[ HA TPAHUIIE TBEPAOrO M KUAKOTO siIep M T.I. ABTOPBI CTaThH MPENONAraioT, YTo TEIUIo,
BBIZIETISIeMOe TIPH paboTe reopeakTopa, JOXOAUT Yepe3 MAHTHIO J0 3€MHOW KOPbI U MPOTPEBacT ee.
[IporpeBanne Oonee TOHKOW OKEaHHMUYECKOH KOPBI, COMVIACHO 3TOMY MPEAINONOKEHHUIO, CIOCOOCTBYET
MAaCCHPOBAHHOMY BBIJICICHUIO YTiepojacoaepkammx mnapHukoBbix ra3oB (I1I) M3 HMX ecTeCTBEHHBIX
pe3epByapoB (Merana (CH,) 13 riy0OKOBOIHBIX Ta30rHIPATHRIX 3ayiekeit u quokcuaa yriiepozaa (CO,) us
TOJIIHA OKEaHa), YTO SIKOOBI U TIPHUBOAUT K MOBBIIICHHUIO TII00ATBHON TeMITepaTyphl.

CymiecTBOBaHHE TI'€OPEAKTOPOB B HeIpax 3eMIIM YK€ HEOAHOKPaTHO IOCTYJIHpPOBAloOCh B
nautepatype. Pa3Hble aBTOPBI MBITAIMCH OOOCHOBATH BO3MOXHOCTH MPOTCKAHUS SCPHBIX PEaKIUil He
TOJIBKO Ha TpaHHIe TBEPIOro U xkuakoro siaep [Rusov et al., 2007; Anisichkin et al., 2008], Ho u B camom
tBepaoMm sape [Herndon, 1993; Herndon & Edgerley, 2005; Ludhova et al., 2015] unu B HuKHEM ciioe
manTuu [Meijer & van Westrenen, 2008], He 3aTpoHyTOM KOHBEeKTHBHBIMH Tiporieccamu [ Tolstikhin et al.,
2006] (rabmmua). TumoreTnyeckoe (YHKIMOHMPOBAHHE TEOPEAKTOPOB B 3€MHOM sIpEe paHee
paccMaTpPHBAIOCh C TOUKH 3PEHUS UX MPEINOIaraéMoro BIMSHHS Ha MarHUTHOE IOJIC HAIICH IUIAHETHI
[Herndon, 1993; Rusov et al., 2007] u maxe cBsA3sIBaNOCh ¢ 0OpasoBaHueM JIyHBI SKOOBI B pe3yibTaTe
HPUPOAHOro saepHoro B3peiBa [Meijer et al., 2013], oqHako mpakTHYECKH HE 00CYXKIAIOCh B KOHTEKCTE
JIOJATOCPOYHBIX U3MEHEHUM KIMMaTa 3eMIIH.

Ta6auna. OCHOBHBIC XapaKTEPUCTHKH THIIOTETHICCKUX TITyOMHHBIX TEOPEaKTOPOB, paHee MpeAIaraBIInXxcs B
JINTEpaAType
Table. Main features of hypothetical deep-Earth georeactors previously postulated in the literature

Hauyano padoTsl, Tun MoumHoOCTD, Ccplika
Jlokanuzanus
MUIP/ JIeT Ha3a/ peaxkTopa TBT
Hwxuuii cnoi [Meijer & van Westrenen,
~4.5 ~5.0
MaHTHH 2008]
~3.0 HI [Herndon, 1993]
Tepaoe Peaxrop-
~4.5 BHYTPECHHEE  Pa3MHOXHUTENb <30.0 [Herndon & Edgerley, 2005]
SATIPO
HA <45 [Ludhova et al., 2015]
~4.0 HI* [Anisichkin et al., 2008]
I'panuna
TBEPJOr0 U Peakrop Ha
~4.0-4.5 JKHIKOTO sIIeEp Oeryimeit ~30.0 [Rusov et al., 2007]
BOJIHE

*HeT maHHBIX

OtnaBas JIOJDKHOE aBTOpaM  OOCYKIaeMod paboThl, MbI TpelaraeéM  KPUTHYCCKUH
MYJIbTUAMCHUIUIMHAPHBIA B3MJISIT HA WM3JIOKEHHYIO UMU KOHIIENIMI0. B JTaHHOM JUCKYCCHOHHOM CTaThe
yOeAUTENBHO JOKa3bIBACTCS, YTO MPEANONOKEHHE O (PYHKIMOHUPOBAHUHM HMITYJIBCHOIO SIJICPHOTO
reopeakTopa B sApe 3eMIM 3WXKIETCS Ha TMPEBPaTHBIX MPEJICTaBICHUAX O TIPaBUTAIMOHHON
muQQepeHnranuy  3eMHOrO BEIISCTBA B MpOIECCe IUIaHeToreHe3a. [lomyTHO JeMOHCTpHUpYETCs
HECOCTOSITEIEHOCTh IPYTHX MOJEICH TITyOMHHBIX T€OPEaKTOPOB, PaBHO KaK W OTCYTCTBHE YCIIOBHH IS
CaMOIIPOU3BOJIBLHOTO 3aITyCKa SIAEPHBIX PEAKIU 1a)XKe B OCAJOYHOM CIIO€ 3eMHOM KOPBI Ha MPOTSKECHUHU
MOCJIENHUX 2 MIIPJL JIET.

Kpome Ttoro, momsepraercs COMHEHHIO BO3MOXKHOCTh IEpeIadyd M30BITOYHOTO PaJUOTCHHOTO
TEIUTa Yepe3 MAaHTHHHYIO TOJIIY 3a TCOJOTHYeCKH MPUEMIIEMBIA MPOMEXYTOK BpeMeHH. Jlaxe ecimu ObI
[IyOUHHBIA TEOpEeakTOp MOTr CYIIECTBOBaTh M (DYHKIIMOHHPOBAaTh B HMIIYJIBCHOM pEKHME, 3Ta
TeruIonepenaya morpedoBanma Obl JECATKOB, €CIH HE COTEH MWJUIMOHOB JIET, YTO HCKIIOYaio Obl
CHHXPOHH3AIHIO KyJa MEHee MPOJODKUTENBHBIX UKIOB ero padotsl (90—130 Teicsd ser) ¢ nmepuonaMu
NIPOrpeBa U OXJIAXKIEHUS 36MHOM KOphI. boiee Toro, B cTaThe MOKAa3bIBAETCA, YTO TAKOH IIPOTPEB BPsi U
noBleK Obl 3a coboil MaccupoBaHHOe BbicBOOOXIeHHEe [II' M3 HMX ecTecTBEHHBIX pe3epBYyapoB, B
YaCTHOCTH METaHa W3 Ta30THApPaTOB, 3aJICTAIONINX IO MOPCKUM THOM. HakoHelr, aBTOpBI 00CykIaeMoit
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paboTel He YYUTHIBAIOT Oy(epHyI0 PONb JOHHBIX OTJIOKEHHMH W BOXHOM Tonmm MHpPOBOro OkeaHa,
CIIOCOOHBIX OKHCIISITh METaH, BBIICNUBIINICS U3 Ta30THAPATOB, 10 €0 MOMa aHus B aTMmochepy.

O3HaKOMMBIINCH C JTaHHOW AMCKYCCHOHHOW CTaThel, YUTATENb CMOXET yOeTUThCs, YTO JIbBHUHAS
O KPUTHUKYEMBIX TEOPETHYECKHX JOMYIIEHHH, BKJIIOYas caMy BO3MOXKHOCTH (POpMHUpPOBAHUS
reopeakToOpPOB MO/ 3eMHON KOPOM, MPOTUBOPEYUT JAaHHBIM LIEJIOT0 PsiJia HAYYHbIX JUCLUUIUINH, HAUMHAs C
TFEOXUMHH U 3aKaHYUBASI KIMMATOJIOTHEH.

BO3MOXHOCTb CYHIECTBOBAHUSA ITPUPOJHBIX SAIEPHBIX PEAKTOPOB
IIpaBOMOYHOCTH ABTOPCKOM KOHUENIMH INIyOMHHOI0 UMITYJIbCHOIO Fe0peakTopa

CoBpeMeHHass Hayka He OTpHIaeT Toro (akra, 4To PaJUOAKTUBHBIA pacraj JOJITOXKHBYIINX
PaAMOAaKTHBHBIX 3JEMEHTOB, NPEXIE BCEr0 aKTHMHOMJOB (ypaHa M TOpHs), BHOCUT Ooiiee MM MeHee
3HauMTENbHBIN BKIad (13-37 TBT) B cymMMapHBIi OTOK TeIlIa U3 Hemp 3eMITH K ee moBepxHocTH (~43-49
TBT) [Arevalo et al., 2009; Dye, 2012]. OgHako BO3MOXHOCTb CYLIECTBOBAHHSI SIIEPHOTO PEAKTOpPA B
3eMHBIX HEJpax BBI3BIBAET OIPOMHBIE COMHEHHUS XOTs OBl MO TOW MpPHYUHE, YTO OCEJaHHE YaCTHUI]
AKTUHOHMJIOB WJIM WX COCOUHEHUN Ha BHYTPEHHEE SAPO HaIeW IJIAHEeTHl, MOCTYIHMPYEMOEe aBTOpPaMH
KPUTHKYEMOH KOHIICTIIIUM W HEOOXOIUMOEe Ui JTOCTHMIKEHHS KPUTHYECKOH Macchl, COBEPIIEHHO He
BIIMCHIBAETCS B COBPEMEHHBIE MTPEACTaBIICHNS O (OPMUPOBAHUH 3EMIIH.

CornacHO >THM TpeACTaBIECHHSIM, TpaBUTalMOHHas uddepeHuunanus BemecTBa l[lepBozemin
MIPOUCXOMIIA MapalIebHO ¢ aKKpeluel IaHeTe3nManed U Gosee KpYNHBIX IUIAHETHBIX 3apOJbIIIEH,
COCTOSIBIIMX MPEUMYIIIECTBEHHO M3 METALTUIECKOrO Xelle3a U CHIMKaTHRIX mopof [Rubie & Jacobson,
2016; Yoshino et al., 2003]. Yepene nMInakTHBIX COOBITHH COMYTCTBOBAJIO 00pa30BaHME MarMaTH4ecKor o
okeana (MO) [Tonks & Melosh, 1993], B koTopoM >xumkas Meraumdeckas (aza BBIAEIUIACH W3
pacijiaBa CHUJIMKATOB 32 CUET Pa3HOCTH IUIOTHOCTEH, a TakKe HHU3KOW BA3KOCTH 3TOr0 paciuiaBa IpU
BBICOKHX naBieHusx [Liebske et al., 2005] (Puc. 1, a). Uto ke Kacaercs IpyruX XUMHIECKUX DJIEMEHTOB,
MPUCYTCTBOBABIIUX B pacIUlaBe, TO OHM B PA3JIMYHBIX COOTHOLICHHSX PACIPENENSUINCh MEXIY
METAJUIMYECKUM SAPOM M CHIIMKAaTHOM MaHTHeH 1o mepe ohopMIIEHHs 3THUX CTPYKTyp. B pesymbraTe
SIIpo oboramanock cuaepoPpUIbHBIMU dJIEMEHTaMU B BUJE NMPOCTHIX BEUIECTB, & B MAHTHU OKa3alUCh
CKOHIICHTPHPOBAHEI 3JIEMEHTHI JINTOPMIBHON mpupoas! B hopme okcunoB [Wood et al., 2006].

YpaH U TOpWii NMPHHAUISKAT K YUCIY TYrOIJIABKUX JUTOPHUIBHBIX JIEMEHTOB, TATOTEIOUIMX K
Hepexoiay W3 METAUIMYECKOW B CHIIMKaTHYIO a3y paciulaBa IPH YCTaHOBJIEHHH MeX(a3HOTrO
xumudeckoro paBHoBecuss [McDonough & Sun, 1995]. Pacnpenenenue ypaHa MeXTy KOMIIOHEHTaMU
JKEJIE30CUIIMKATHOTO paciulaBa M3y4alioch B sdelikax ¢ anmasHbiMu HakoBaibHsMu [Chidester et al.,
2017; Blanchard et al., 2017], ycCTpOMCTBO KOTOPBIX ITO3BOJISIIO BOCHPOHM3BOIUTH OSKCTPEMaJIbHBIE
BennunHbl naBienuit (40-70 rlla) u Temnepatyp (3500-5000 K), cooTBeTCTBYIONINE CMOIETUPOBAHHBIM
ycrmoBusiM paBHoBecus B Tomme MO [Bouhifd & Jephcoat, 2011]. IloBeneHue Topus mpu TeX Ke
YCIIOBHSIX HE OL[EHHWBAJIOCh, OHAKO OJHM3KKE 3HAaUeHHs KO3 (UIIMEHTOB paCIpeIeTICHUS JKeJIe30-CHUITUKAT
(1.71-103-1.64-10° u 1.89-10%-4.00-10° ams Topuss M ypaHa COOTBETCTBEHHO), MONYYEHHBIC B
AHAJIOTUYHBIX SKCIIEpUMEHTax Ipu Oomee HHU3KMX TemiepaTypax H nasieHusx (8 rlla m 2373 K
COOTBETCTBEHHO), MTO3BOJISIFOT MPEANOI0KHUTh, YTO 00a ITHX 3JIEMEHTa MEePENUTH B KUAKOE AP0 3eMIIH B
COTMOCTaBUMBIX KOHIleHTparwmsx [Faure et al., 2020].

Pe3ynmpTaThl 3THX SKCIIEPUMEHTOB COTJIACOBBIBAINCH C THIIOTE30H O TMPEUMYIIECTBEHHOM
KOHIICHTPUPOBAHUYU aKTUHOUJIOB B MPUMHUTHUBHOW MaHTHH NpU rpaBUTannoHHOM nuddepeniuanuun MO.
ITo oreHKaM aBTOPOB yKa3aHHBIX PabOT, HA MOMEHT O0(hOPMIICHHS KUIKOTO siapa (~4.5 MIIp[I JIeT Ha3al) B
HEM OKa3aJloCh pacTBopeHo He Oonee 2.5-3.5 ppb merammmueckoro ypana [Chidester et al., 2017;
Blanchard et al., 2017], Torma kak B CHIIMKaTHBINA pacIuiaB W3HAYaILHO MOTIIO mepeiti ~54 ppb ypana B
cocraBe okcuaoB (mpexae Bcero, UO,) [Chidester et al., 2017]. B coBpeMeHHOI cuUIMKATHOW 3emie
(MaHTHS + 3eMHast Kopa) COAEp)KaHKWE ypaHa YMEHbIIHIOCh 10 ~20 ppb B cBsI3M ¢ ero paanoakTHBHBIM
pacnazom [McDonough & Sun, 1995; Arevalo et al., 2009]. B cBoto odepens, conep:kaHue OKCHIA TOPUS
(ThO,) B cuukaTHOM 3emite, B TIEpecUeTe Ha dJIEeMEHTApHBIN TOpuid, oneHnBaercs B ~99 u ~80 ppb Ha
3ape ee CYIIeCTBOBAHUS U Ha TEKYIUit MOMEHT cooTBeTcTBeHHO (Puc. 1, 6).

Cronp He3HauuTeNbHas KOHLIEHTpAIUS ypaHa M TOpUS HE TOJBKO B SApe, HO U B IPUMHUTHBHOM
MaHTAW TIPH BBIPQKEHHOW JUTOMUIBHOCTH STHUX DJIEMEHTOB OIpENeNsach UX MallbIMH 3alacaMu B
aKKpELIHPYIOIeM TPOTOIUIAHETHOM BEIIECTBE, MPEAIoJIaraeéMblif COCTaB KOTOPOT'O COBITAJIAET C COCTAaBOM
XOHAPHUTOBBIX MereopuToB [Wasson & Kallemeyn, 1988], nocTynHbIX HEMOCPEACTBEHHOMY M3YUEHHIO U
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TOX/ICCTBEHHBIX OCHOBHBIM CTpouTellbHbIM OJlokaM 3emuin [Boyet et al., 2018]. OueBumHO, YTO OKCHABI
ypaHa ¥ TOpHsI, IPUCYTCTBYS B CHJIMKATHOM MaHTHHHOM PAcCIUIaBE B CIEAOBBIX KOJIMYECTBAX, HE MOTIIH
BBIKPHCTAJUIM30BATLCS W3 JTOr0 pacilaBa MpH €ro OCThIBaHMU. HecrmocOoOHOCTh OKCHAOB ypaHa K
00pa30BaHMUIO CAMOCTOSITEIIFHBIX MUHEPATbHBIX (ha3 B MAHTHWHON TONINE MOATBEPKIAIOT MOJCIBHEBIC
SKCHEPUMEHTHI B siYelKax ¢ alMasHbIMH HakoBanbHsME [Gautron et al., 2006; Gréaux et al., 2009]. B
YaCTHOCTH, OBIJIO TIOKA3aHO, YTO MpH JaBineHusx A0 54 rlla n temneparypax o 2400 K Ca-mepoBckur
(CaSiOs;) — onuH U3 THIIMYHBIX MAHTHITHBIX MUHEepanoB [Hirose et al., 2017] — MOXeT HHKOPITOPUPOBATh
B CBOIO KPHCTaJUTMUECKYIO permerky 1o 4% ypana mo macce [Gautron et al., 2006; Gréaux et al., 2009],
YTO COTJIACYETCsl C pe3yibTaTaMu pacueTroB 1o Teopun ¢yHkuuoHana ruiorHoctu (TDII) [Perry et al.,
2017]. AnamornuneiM o0Opa3zoMm B cTpykTypy Ca-TIepoOBCKHMTa CHOCOOEH BKIIOYATHCS W TOPHHA B
COIoCTaBUMBIX KonuuecTBax [Perry et al., 2017].

() @ 6) (8) (r)
meumpyemoe

Teno

43 ppm U,
7.9ppmTh

6400 KM

6400 KM

Fe-cunukaTHbI pacnnas CwvnukatHas casa - Pacnnas Fe Fe B TBepaoi dhaze - MocTnepoBckuT - ®epponepvkna3a Ca-nepoBckuT

Puc. 1. Cxema KOHIIGHTPHPOBAaHHS aKTHHOWIOB (ypaHa M TOpPHS) U HX OKCHIOB B TIIyOMHHBIX
TreOXUMHUYECKUX pe3epByapax 1o Mepe nuddhepeHanuy sapa 1 MaHTHH 3eMIITH:

(d) muddepenrnmarnuss marmatudeckoro okeana (MO) Ha aKKPEIMOHHOW CTaJWH Pa3BUTHSA 3EMITH
(mTpuxoBas JUHUS  COOTBETCTBYET JIMKBUAYCY CIUIMKaTHOro BemiectBa); (0) OKOHYaHHE
maddepenunanmu MO Ha IPUMUTHBHYIO MAaHTHIO U KHIKOE METAIUIMUECKOE SIPO; (B) KPUCTAIITH3ALUS
CJICTOBBIX KOJIMYECTB ypaHa W TOPHUSA M3 JKHIKOTO sapa B (HOpMHUpPYIOMIECECS TBEPAOE SAPO HAPALY C
KOHIIEHTPUPOBAHUEM MX OKCHJIOB B MOIPaHUYHOM MaHTHHHOM D'"-Croe (mrpuxoBoii auHMEl 0603HaueHa
€ro TpaHuIla C BBIICISKANISH MAaHTHHHON TOJIIEH), HE 3aTPOHYTOM KOHBEKTHBHBIMHU Ipolieccami; (T)
n30upartenbHOe KOHIEHTPUPOBaHHE OKCUAOB ypaHa u Topust B Ca-nepoBckuToBol (aze B mpenenax D"-
cosi. 3aKOJNBITOBAHHBIC CTPENKH YKAa3bIBAIOT HAa KOHBEKITHIO JKEJIE30CHIIMKATHOrO paciviaBa (a)
MaHTUHHOTO BCIICCTBA (6, B, F). CozxepxcaHHe AKTHHOMJOB B T'COXMMHUUYCCKHUX PE3CpBYyapax
COOTBETCTBYET WX OIICHOYHBIM KOHIICHTPAIIUSIM Ha MOMEHT O()OpMIICHU S JKUIKOTO SApa U IMPUMUATHBHOM
MaHTUU ~4.5 MipA JeT Ha3and (MpUHATHINA Bo3pacT 3emin). [IpennonaraeMmoe conep:kanue akTHHOUIOB B
AAPE€ NPUBEACHO TOJBKO JId YpaHa BBUAY OTCYTCTBHA HAACKHBIX JAHHBIX IJISI TOPUA.

Fig. 1. Scheme of actinide distribution between deep-Earth geochemical reservoirs during core-mantle
differentiation:

(a) magma ocean (MO) differentiation during a later stage of the Earth’s accretion (silicate liquidus is
indicated with dashed line); (b) MO completely differentiated into the primitive mantle and the liquid
metallic core; (c) exsolution of uranium and thorium from the liquid core into the solid one as the latter
crystallizes, as well as concentration of their oxides in the lowermost mantle (D"-layer) unaffected by
convective processes (separated from the overlying mantle rock with dashed line); (d) concentration of
uranium and thorium oxides in the Ca-perovskite phase within D"-layer. Looped arrows indicate
convective circulation of MO (a) and the mantle (b, c, d). Estimated actinide concentrations in deep-Earth
geochemical reservoirs correspond to those at the moment of core-mantle differentiation (~4.5 Ga,
accepted age of the Earth). Thorium concentrations in the core are omitted due to the lack of reliable data.

Taxum o0Opa3oMm, BeCh MaHTHHHBIA ypaH, KaK W TOPHH, JODKEH OBUT OBITh BKIIIOYEH B
KpHCTaJUNINYECKyl0 pemieTky Ca-NepoBCKUTa WM JAPYTUX TEPOBCKUTONOJOOHBIX MHMHEPAJOB, BMECTO
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TOro 4ToOBl OCECTh B BHJE OKCHJOB Ha TBEpAOC BHYTPEHHEE SAPO 3eMiM, JaKe €CIM OHO Haydalio
0(hOpMIIATBCS B XO/I€ aKKPEIMH TUTAaHETHBIX 3apopiiei u auddepenimannn MO [Arkani-Hamed, 2016],
a He Topa3fo Mo3Xe, Kak Ipeanojiaraercs OONBIIMHCTBOM IpelioxeHHbIX moxenei [Buffett, 2013;
Gubbins et al., 1979]. Uto ke kacaercsi CIEAOBBIX KOJIHUYECTB ypaHa, MepeleNnX B paciijiaB JKee3a mpu
mipdepennmanun - MO, TO OHM, Kak TOKa3biBalOT pacuerel 1no TOII, morim HeobOpaTUMO
nepepacipeeNnsiTbcs BO BHYTpPEHHEE sApO 3eMJIM 10 Mepe €ro OTBEpIeBaHus, o0pa3ys TOYEUHBIE
neexTsl B KpUCTAIIIMYECKOH peIIeTKe Kene3a WM MUKPOBKIIIOUEHHS YMCTOro Merayia [Botana et al.,
2025]. Tem caMbIM HUCKITIOYAETCS 0OpaTUMOE KOHIIEHTPHPOBAHNE YpaHa Ha IPaHMIIE )KUIKOTO U TBEPAOTO
sinep [Herndon, 1993], HeoOxoauMoe i1 3aIrycka UMITYJIBCHOT'O T€0PEaKTOpa, PaBHO KaK U HAKOIJICHUE
KPUTHYECKOH MacChl ypaHa B IieHTpe TBepaoro siapa [Rusov et al., 2007] (Puc. 1, B, 1).

CTOpPOHHUKM KPUTHKYeMOH KOHLENLUUH 0 TE€M WM HHBIM INPUYMHAM HE COOTHECIH CBOH
BBIKJIQJIKK C  BBIIICH3JIOKEHHBIMH ~ T'€OXMMHYECKUMH  cooOpakeHusMHu. [IpiTasic 000CHOBAThH
BO3MOXKHOCTh KPHCTaJUIM3AaLMM OKCHIOB ypaHa M TOPHsS M3 JKEIE30CHIMKAaTHOIO paciulaBa € HUX
MIOCIIEYIONMM OCEJaHWEM Ha TBEPIOE SAAPO, aBTOPHI CTaThU cocnanuch Ha [Mitrofanov et al., 1999].
OnHako B TOH 3KCIIEpUMEHTANIBHON pabore n3ydyanock He pacnpeneneHue UO, MeXIy MeTaTHIeCKON
U CWIMKaTHOW (a3zaMu paciuiaBa, a €ro OCaKJISHHWE W3 YUCTOro paciiaBa jKeje3a, YTo abCOIIOTHO
HepereBaHTHO ycnoBusaM auddepennmanun MO. Kpome Toro, m3mepeHnHas pactBopumoctb UO; B
xuaxom skenese (0.32 Mrer’), KOTOpYIO aBTOPBI CTaThH COWIH IOCTATOUHO HHU3KOH, B ~10%-10° pa3
IPEBBIIAET €ro IMpEeANojaraeMyl0 KOHIeHTpauuiro B Tomme MO, onpenensieMyiro COCTaBOM
aKKpEeLHPYIOIIEro MpoTorjianeTHoro semectsa [Rubie et al., 2015; Clesi et al., 2016]. Takum obpazom,
nannele, npuseneHuasie B [Mitrofanov et al., 1999], ma camom meme ciy:KaT DOMOJHHTEIEHBIM
apryMEHTOM IIPOTUB TOH TMITOTE3bI, IS TIOATBEPKICHUS KOTOPOH MX MBITAINCH UCTIONB30BATh.

Bo3Mo:xHOCTD (l)OpMﬂpOBaHl/Iﬂ l"J'lyﬁ](lHHbIX reopeakTopoB oe3 Oﬁpa?.OBaHl/lﬂ AKTHHOUAAMH
CaMOCTOATEJIbHBIX MUHEPAJbHBIX (])a3

UTo0Bbl UCKIIIOYUTH BO3MOXKHOCTH (DOPMHUPOBaHMS TIIYOMHHBIX T€OpPEaKTOPOB MHOIO THUIIA, paHee
oO0CyXKIaBIIytocs B JIUTeparype ApyruMu aBTopamm [Meijer & van Westrenen, 2008], HyXHO
paccMoTpeTh BOIPOC O TOM, MOIJIM JIM 3HAYUTEIbHBIE KONMYECTBA aKTHHOMUOB KOHIEHTPHPOBATHCS B
KPHCTaJUIMYECKOH pelIeTKe OPYTuX MHHEpajoB, OOpa30BaBUIMX OTAENbHbIE (a3l MpPU OCTHIBAHUU
NPUMUTHBHON MaHTWW. Hammydmmme ycnoBust Ui ryOMHHOIO KOHIIEHTPUPOBAaHWS aKTWHOWIOB MOTJIH
CJIOKUTHCS B HIDKHEH MaHTHH Ha €e TpaHHMIle C sIpoM. DTOT Tak Ha3bIBaeMblil cioi D", o6bemM koToporo
cocraBiseT JMmb 5% OT W3HayanpHOro O0beMa BCEd NMPUMUTHBHON MaHTWUH, HE OBUI 3aTPOHYT
KOHBEKIIMEH MaHTHHHOIO BEIIECTBA, B CHIIy YEro TaM MOIJIO OcTaThes 0koio 20% Bcex 3amacoB ypaHa U
TOpHs, IEPEIISANINX B CHITMKATHBIN paciuiaB npu auddepernuanmy Mmarmatudeckoro okeana [Tolstikhin
et al., 2006]. Takoe COOTHOIIEHHE COOTBETCTBYET 4-KPaTHOMY KOHILICHTPHPOBAHUIO ITUX JJICMEHTOB B
3TOM CJI0€ OTHOCHTEILHO NMPUMUTHBHON MaHTuH (Puc. 1, B).

Janee SKCIIEpUMEHTHI MPH BBICOKUX JABJICHHUAX M TeMIlepaTypax IMOKa3alld, YTO TPU KIIIOYEBBIX
muHepasa (Ca-TepoBCKUT, MOCTIEPOBCKUT (TuToTHeHmas Gopma Mg-iepoBckuTta) U (depporepukias),
cllaraloliye HIKHIOIO MAaHTHUIO, OTIMYAIOTCS MO CBOEMY CpPOACTBY K akTHHouAaM. Ca-IepoBCKUT, Ha
JIOJIF0 KOTOPOTro MpuxoAutes umb 5% obbema cios D" [Hirose et al., 2017], crocoben BriIOYaTh B
KpHCTa/uIMueckyto pemerky B ~10°-10° pa3 Gomblme ypana um TOpHs, 4eM [Ba APYTHX YIOMSHYTBIX
munepaia [Walter et al., 2004; Corgne et al., 2005]. B pe3ynbTare CTOMIO OKHAATEH TOCHeayromero 20-
KpPaTHOrO KOHLIEHTPHPOBAHHUS 3THX dyeMeHTOB B Ca-mepoBCKUTOBOM MHMHEpasbHOH (asze mpu
mud depeHImany HIHKHEH MaHTHH.

Pesynerupyromemy 80-kpatHomy obOoramieHnto Ca-nepoBCKUTa ypaHOM M TOPHEM OTHOCHTEIBHO
MPUMHUTHBHON MaHTHH JOJDKHBI OBUTM COOTBETCTBOBATH IOBBIIICHHBIC KOHIIGHTPAIIMN THUX 3JIEMEHTOB B
cinoe D" (4.3 1 7.9 ppm cOOTBETCTBEHHO), COMOCTABUMBIE C MX COJCPKAHHEM B COBPEMEHHOW 3EMHOM
kope [Lambert & Heier, 1968] (Puc. 1, r). OqHako 3TH KOJIWYECTBA B JIIOOOM ciIydae KpaiHEe JaJIeKH OT
KPUTHYECKHX: MOJIENIbHBIC pacyeThl I10Ka3bIBAIOT, YTO KOHLIEHTpAIWs YypaHa B TBepAoi ase,
MHHHAMAJIBHO HEoOXoAnuMas il WHUIMUPOBAaHHMS MaHTHHHOTO IeopeakTopa Ha 3ape CYyIEeCTBOBAaHUS
3emny, cocraBuger ~1% mno macce [Ravnik & Jeraj, 2005]. Ecmm ywects npucyrctBue B Ca-
TEpPOBCKUTOBOH (ase Maoro kommaectsa (23 ppb) mayronus-244 (**Pu), koHmeHTpHpYyIOLIErocs B Heil
BMECTE€ C YpaHOM M TOPHEM U BBICTYHAIOIIErO KaK MCTOYHUK OBICTPHIX HEHTPOHOB, MOXKHO OXXHIATh
3alycKa LIEMHOM $IepHOM peakuuu M TOpU TOopa3 0 MEHBIIMX, HO BCE XK€ HE HACTOJBKO MalbIX
KOHIIEHTPAIUSIX 3THUX JIBYX 3JIEMEHTOB. Pacuersl mokas3pIBaloOT, YTO JJIS €€ MHUIMAIMKA YpPaH U TOPUH
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JOJKHBI OBbUTH OBITH JOMONMHUTENBHO CKOHIIEHTpUpoBaHbl B Ca-nepoBckuToBo# (ase emé npumepHo B 20
pa3. Hexoropsle wuccnemoBaTenH [OMyCKAalOT, YTO COBpEMEHHAas TEeOXHMHS YUHTHIBAeT HE BCE
CylIecTByomHe (hakTOphl KOHIIECHTPUPOBaHMS akTHHOUIOB B cioe D" [Meijer & van Westrenen, 2008]
WK JJaXKe B IIpe/ieNiax BhIIIeNexKalled MaHTUIHOW TOJMIIHM, Ky/Ja, KaK MOKa3bIBaeT MPOCTOM pacueT, MOIJo
nepeitu ~45 ppb ypana u ~80 ppb topus (Puc. 1, B, r), 0IHAKO TaKKe PACCYKIACHHUS HA CErOJHSITHUN
JICHb HE BBIXOJAT 32 MPEJIENIbl YUCTOW CHEKYIISAIIH.

Taxum 00pazom, B IIyOMHHBIX CJIOSX 3€MJIM aKTHUHOWIBI HE MOT'YT HU KPUCTAJUTM30BAThHCS B BHJIE
CaMOCTOSITENIFHBIX MHHEPATBHBIX (ha3, HU KOHIIEHTPUPOBATHCA B KPUTHUYECKUX KOIUYECTBAX B COCTABE
Ipyrux ¢az, yeM MOYTH HaBepHsKa MCKIIYaeTCcs BO3SMOKHOCTh IMPOTEKAHUS IEMHBIX SICPHBIX PeaKuil
10/1 3€MHOM KOpOH.

IIpocTpaHCcTBEHHO-BPeMEHHbIE YCI0BHSI BO3MOKHOI0 MOSIBJIEHUSI IPUPOIHBIX sIAEPHBIX PEaKTOPOB
B MCcTOpUHU 3eMJIH

Kax aBTOpBI KpUTHKYEMOH KOHIIENIINH, TaK ¥ CTOPOHHUKH POJICTBEHHBIX THIIOTE3 CCHUIAIOTCS Ha
Tak Ha3bBaeMblil peHomeH OKIT0, JOMycKasi BO3MOKHOCTB CYILIECTBOBAHUS TITyOMHHBIX T€OPEaKTOPOB 110
AQHAJIOTHN C YHHUKAJIBHBIM CKOIUIEHHEM peaslbHO CYIIECTBOBABIIMX MPHUPOIHBIX SIIEPHBIX PEAKTOPOB B
ypaHoOBBIX MecTopokaeHusx [Petrov, 1977]. be3 oOcyxaeHust yciIoBUi, COIMYTCTBOBABLIMX
(hyHKIIMOHMPOBAHUIO TIOCIIEIHNX, TaKasl aHAJIOTHA 3aTyIIEBBIBAET TOT (haKT, UTO JJISI CAMOIIPON3BOJIEHOTO
3allycKa LEMHOW SIEpHOH peakuud B MPHUPOAE HEOOXOAMMO HCKIIOUUTEIBHOE CTEUEHHE MHOXECTBa
00CTOATENbCTB.

Teopernuecku Takue peakTOpbl MOIIM BpeMsl OT BpEMEHHM BO3HHMKATh B palloHaX NMOBEPXHOCTHOIO
CKOIUICHHSI PaliOaKTHBHBIX PY/I, TJIe MPOUCXOAUT pasrpys3ka ruaporepMansHbix Guronaos [Hazen et al.,
2009], BbIHOCAIIMX ypaH M TOPUH M3 MarMaTH4eCKUX KaMep, BHYTPH KOTOPBIX O3TH 3JIEMEHTHI
KOHIIEHTPHUPOBAJIHCh B MO3AHUX AupdepeHnmaTax (OCTaTOYHBIX pacIulaBax) IO Mepe 3aTBEpleBaHUS
uHTpy3uBoB [Dosseto & Turner, 2010]. Bo3MOXXHOCTh HpOTEKaHUS NPUPOAHBIX IIEMHBIX PEAKIUil C
yJacTHEM MHHEpaJIOB ypaHa Obuia mpeackazaHa eme B 1950-x rr. [Kuroda, 1956], a B 1970-x cnmensr
TaKWX peakinuii ObUTM OOHAPYKEHBI B YPAaHOBBIX pynax mectopoxaeHust Oxio B ['abone [Petrov, 1977].

YHukansHOCTh peHomena OKIIO JTUIIb TOATBEPKIAET, UTO JaKe B KOHIIEHTPHPOBAHHBIX YPAHOBBIX
pyAax 3alyCcK LENHOH peakluud BO3MOXKEH JIHMIIb MPH OJHOBPEMEHHOM COOJIOJEHUH HECKOIBKUX
YCIOBHUH, PEIKO BBIMOIHIEMBIX Ja)ke MOpO3Hb. Tak, B HanOosee pacrpoCTpaHEHHBIX MECTOPOXKICHUAX
MIECYAaHNKOBOT'O THIIa OHA MOXET HayaThCsl TOJNBKO MPHU KpaitHe BrICOKOM (>10% 1o Macce) comep:kaHuu
ypaHa, IPUTOM YTO O4YeHb OOraThIMHM CUHTAIOTCA PYyIbl C MAaccoBOW JoJiell 3Toro anementa >1%, a
KpUTHYECKas TONIIMHA YPaHCOJEPIKAIIETO aKTHBHOTO CJIOS JOJDKHA COCTaBiATh He MeHee 50 cm. Kpome
TOT0, 3TOT CJIOM JOJKEH OBITh XOPOIIO IPOHHUIIAEM IS BOJBI, UTPAIOIIEH POJIb 3aMeUINTeNs HEUTPOHOB,
YTO COOTBETCTBYET MOPUCTOCTH > 15%, KOTOpas JOCTHraercs TOJNBKO MPU HApPYIIEHHSX CIIONIHOCTH
BMEIIAIOIICH TTOPOJIbI, CBSI3aHHBIX C TEKTOHUYECKOM akTUBHOCTHIO [Naudet, 1991].

Haxkonern, cama BO3MOYXHOCTh BO3HHKHOBEHHSI IIPHPOTHOTO SAEPHOT'O PEaKTOpa B OCAIOYHOM CIIOE
3eMHOH KOpbl ObLIa MpUypOYEHa K JOCTAaTOYHO Y3KOMY BPEMEHHOMY OKHY, B KOTOpPOE€ KakK pas3
ykmaneiBaercs (penomen Oxmo (~2.0 Mupx Jyier Haszam): B Oojiee paHHUE TEOJIOTHYECKHE DIOXU
HEJIOCTaTOK aTMOC(EpPHOro KHCIOpOoZa HE TMO3BOS (OPMHUPOBATHCS PYOHBIM TelaM C BBICOKUM
coJiep)KaHHEM ypaHa, a BCKOpE IOCJIE€ TOro Kak cocTaB arMoc(hepbl U3MEHHIICS W Takue pyAbl Hadalu
HAKAIIMBATHCS B 3EMHOM KOpE, H30TOITHOE COOTHOIIeHHE mpupoxHoro ypaxa (“°U/*®U) ymano nmke
KPHTHYECKON OTMETKH, HeOOX OIMMOiT TS 3arycka IenHoi peakinuu [Gauthier-Lafaye & Weber, 2003].

Taxum o0pa3om, ecny B paHHEH I'e€OIOTMYECKOH MCTOpHUU 3eMiIH rae-mnb0 U (QyHKIHOHUPOBAIH
Ipyrue TPUPOAHBIE SACpHBIE PEaKTOphl, KpOME TeX, KOTOpble yaajoch oOHapyxuTh B OKiI0O, TO Ha
CErOJHSIIHUHN JIeHh Ta BO3MOXHOCTh, U 0€3 TOro KpaiiHe MajoBEpOSITHAs, MPAKTHYECKH HCKIIOYEHA.
Uro ke KacaeTcsl IPEANONIOKEHNSI O CYIIECTBOBAHWHU TITyOMHHBIX I'€OpEaKTOPOB IO 3€MHOH KOpOH,
paHee YK€ OTBEPrHYTOrO IO T'€OXMMHYECKUM COOOpaKEHUSIM, TO €r0 CTOMUT NPU3HATh OECIIOYBEHHBIM
eIle M MoToMy, 4To 3a 4.5 MIIpJ JIeT, mpomennmx ¢ MoMmeHTa auddepenuunanm MO, n3HaYaIBHBIN My
AKTHMHOMJIOB B 36MHOM BEIIECTBE 3aMeTHO ucTounics [Arevalo et al., 2009].
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BO3MOXHOCTD ITEPEJJAYN PAJTUOT'EHHOI'O TEILIA OT PABOTBI TEOPEAKTOPA K
3EMHOM [TOBEPXHOCTH

XoTs OmHMOOYHOCTh TEOPETHUECKUX IMOCTPOCHUMN, HAa KOTOPBIH Oa3upyercs NpPEANOIIOKEHHE O
CYLIECTBOBAaHMU TIYOMHHBIX T€OpPEaKTOpOB, ObUIA TOJNBKO YTO JOKa3aHa, B paMKaX MBICICHHOTO
9KCIEPUMEHTa MOKHO BOOOPa3UTh, YTO B 3EMHBIX HEIpax IMpOILIa sAAepHAs PEaKI[ys, TeII0 OT KOTOPO
JIOJDKHO MIEPEAaThCs Yepe3 MAaHTHIO K OBEPXHOCTH 3€MIJIM U TEM CaMbIM MTOBBICHTH TEMITEPATYPY KOPBI.

W3BecTHO, YTO TBEPIOE BEUISCTBO MAHTHUH, HAXOMSICHh IIOJ] BBICOKMM JaBJICHHUEM M OyIydu
Pa30rpeThIM JI0 BBICOKUX TEMIIepaTyp, BeAeT ceOs Kak KHUIKOCTh, MOABEPKEHHas BS3KOH nedopmanuu.
Pa3nuna TemmepaTyp Ha TpaHUIAX MaHTUA — SAPO U MAHTHS — KOpa MHPUBOIUT K YCTaHOBJICHHUIO
KOHBeKUMU Poanmes — benapa, 3axBaThiBaronieid MOAABIAIONIYI0 YacThb MAHTUWHOM TOMIIM, 3a
MCKITIOUYEHHEM MOrpaHuuHbIX ciioeB [Bercovici, 2010], B ToMm yncie paHee ynomsHyToro ciost D"

3akon @Dypbe AN KOHAYKTUBHOTO TEIJIONEPEHOCA, KOTOPHIM OIIMOOYHO ITOJIB3YIOTCS aBTODPHI
00CYXITaeMOH CTaThU il OLICHKHM BPEMEHH, 3a KOTOPOE W30BITOYHOE PAJAMOTEHHOE TEIJI0 MOIJIO Obl
nepenaThCsl U3 SApa B KOPY, MPUMEHHM TOJBKO K TIOrPaHMYHBIM CIIOSIM, HO HE KO BCed MaHTHHHOM
tonie. Eciu ke UCXOIUTh M3 CKOPOCTEH BOCXOSIIMX KOHBEKTHBHBIX TEUCHWN B MaHTHHU, IPUMEPHO
COOTBETCTBYIOIIMX CKOPOCTAM jBIDKeHust muTocdeprbix miut (1-10 em-rox™) [Bercovici, 2010], To aTo
BpEMsl OKa)KETCSl COITOCTABUMO CO BPEMEHEM KH3HU 3eMJIM M Ha HECKOJIBKO MOPSAKOB IIPEBBICUT MEPHUOJL
TEeMIEepaTypHBIX (IIyKTyalnid, MPUMHCHIBaeMBIX padote reopeakropa (90-130 Teic. jer). HezaBucumpbrit
OT KOHBEKIIHH TTOIBEM TEPMOXMMHUYECKHX ILTIOMOB OCYIIIECTBIIsETCS ropasno osictpee (>100 cvm-rox™)
[Kirdyashkin et al., 2016; Bercovici, 2010] u cokpamaer BpeMs TEILIONEPENAYN YePE3 MAHTHIO IO
MUJUTUOHOB JIET, OJIHAKO 32 CTOJIb JUTUTENLHBIA CPOK TH (PIYKTYallUU B JTHOOOM Cllydae paccesuiuch Obl B
OKpY>KaIOIIeM MaHTHIHOM BEIIECTBE, YTO MCKIIIOYAeT CHHXPOHM3AIHMIO IUKIOB pabOTHI T€OpeaKTopa C
MIEPUOIaMU MPOTPEBAHMS U OXJIAXKICHHUS 3eMHOU KOPBI.

BO3MOXHOCTb BbIJIEJIEHM S [TAPHMKOBBIX I'A30B (III) U3 X ECTECTBEHHBIX
PE3EPBYAPOB ITPY TMIIOTETUYECKOM ITPOI'PEBAHNY 3EMHOI KOPBI (HA TIPUMEPE
JIMCCOLMALIY T A30TU/IPATOB)

Kak yxe oTMe4anoch, aBTOPbl KDUTHKYEMOM CTaThH IOJIAraloT, YTO MOCTYJIMPYEMbIA UMHU MPUTOK
M30BITOYHOTO PAJMOT€HHOTO TeIjIa U3 Help 3eMJIH K €€ MOBEPXHOCTH MOXKET CTUMYJIHMPOBATh YCUIIEHHOE
noctyruienue 17 B aTMocdepy, KOTopoe, KaK YTBEPIKAACTCS, CTAHOBUTCS TPUTTEPOM TOTEIICHUS TIPU
nepexo/ie OT OYEpPEeIHOro OJIEZICHEHUS K HOBOMY MexJieqHHKOBbIO. K ocHOBHBIM pesepByapam III,
YYBCTBUTEIBHBIM K IIPOrPEBAHHUIO 36MHOM KOPBI, IPUYHUCIISACTCS OKCAHHUYESCKasl TOJIIIA, 3aachl IMOKCHIA
yrjiepoJa B KOTOPOM B JIECATKH pa3 IPEBBILIAIOT ero coaepskanue B armochepe [Falkowski et al., 2000], a
TaKXKE 3aJIGKH Ta30TWpaToB MeTaHa TI0J] MOPCKMM JHOM UM B 30HaX paclHpOCTPaHEHUS
MHOTOJIETHEMEP3JIBIX MTOPO.

OnpoBepikeHUE TAKOTO MPEAIOIOKEeHUsST TPeOyeT PacCMOTPEHUsT BOOOpaXKaeMoil CUTyalllH, IpU
KOTOpO# TeopeakTop MOr Obl PYHKIITMOHUPOBATH B TIIYOMHHBIX CIIOSX 3eMIIH, a TEHEPUPYEMOE UM TEIIO0
BHOCHJIO OBl CYIIECTBEHHBIM BKJIaJ B NMPOrpeBaHUE 3eMHOM KOpHL. J[0 Kakux TemIepatyp OHa JOJDKHA
Obta Obl TIporperhesi, uToObl IIIT Havanmm aKTUBHO BBICBOOOXKIATHCS W3 CBOMX ECTECTBEHHBIX
pe3epByapoB B armocdepy? [Ipoiie Bcero OTBeTUTh Ha 3TOT BONPOC MPUMEHHUTEIHHO K BEICBOOOXKICHUIO
MeTaHa U3 Ta30TUAPATOB, YeMy M OyIyT MOCBSIIEHB! AabHEUIIHE PACCyXKACHUS.

XoTs CyMMapHbIE 3amachl Ta30THIPAaTHOrO METaHa, 10 Hauboiee COBPEMEHHBIM OIICHKAM,
SKBHBAJICHTHBI COTHAM mian aaxe TeicsgaM IIr (IIr = 10" r) uumcroro yriepoma [Hunter et al., 2013;
Milkov, 2004; Pifiero et al., 2013; Wallmann et al., 2012], 4uTo comocTaBUMO C BaJOBBIM COJCPIKAHHEM
yriiepona B coBpeMennoit armoctepe (885 IMr C B Buae auokcuaa yraepoza) [Friedlingstein et al., 2022],
JTBBUHAS J0Js ra3oruapatoB (~95%) 3aneraer mox MOPCKUM JTHOM B HU)KHUX YaCTSX KOHTHHEHTAJIBHBIX
ckioHoB Ha TiyomHax >1000 m [Ruppel & Kessler, 2017] u s ~1% acconmumpoBaHO ¢ MEP3TIOTOM
(Puc. 2). Jlectabmmuzanus TIyOMHHBIX Ta30THIPATHBIX 3alekeld TpeOdyeT pe3Koro H3MEHCHHUs
TepMOOAPUUYECKUX YCIOBUH B MPUIOHHOM CJIOE€, BO3MOXXHOTO JIMIIb TPU IKCTPEMAJIbHBIX HAPYIICHHUSIX
KIuMatndeckoro Oamanca 3emun. Tak, Hampumep, npu TITyOMHE BOAHOW Tommm okoio 1200 M 30Ha
CTaOMIIFHOCTH Ta30THUAPATOB B MOPCKHX IOHHBIX OTIOXKEHUSAX cocTaBisier 250-300 M; As MOJHOM
JecTaOuIn3aly Ta30TUApPATOB B TpefeNiax BCel ATOM 30HBI TeMIepaTypa IHA JODKHA ObLia Obl
HOBBICUTBCS ¢ coBpeMeHHbIX 1-2 0 ~14 °C [Ruppel & Kessler, 2017] (Puc. 2).
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Puc. 2. Tepmobapuueckie yCIOBHs CYIIECTBOBaHHS ra30rHIPaTOB METaHA B 30HAX PACHPOCTPaHEHHS
MHOTOJIETHEMEP3JIBIX TMOpoj (ClIeBa) M B OKEAHWYECKUX JIOHHBIX OTJIOKEHHSIX (crmpaBa). 30HBI
MOTCHIMAJIBHOT'O 3aJIEraHus TIa30ruapaToB 06B6I[6HLI MTPUXOBBIMH JIMHHUAMU, IlITpPIXl'[yHKTPIpHOﬁ
JMUHAEH 0003HAYeHA HIDKHAS TpaHMila Mep3ibix mopoja. Cxema amantupoBana u3 [Ruppel & Kessler,
2017]; mpOIeHTHBIN BKJIaA Pa3IMYHBIX T€OJOTHYECKHX PE3EpBYyapoB B OOIIHME 3armachl ra30THIIpPaToB
OpUBCACH C 0HOpOI71 Ha TOT XK€ HI/ITepaTyprlﬁ HUCTOYHHK. HOL[J'IG,Z[HI/IKOBBIC ra3orupaTHbIC 3aJICKU,
HOFpe6eHHLIe monq AHTapKTI/I‘ICCKI/IM JIEAAHBIM IIUTOM, OITYIICHBI I HArJIAAHOCTH.

Fig. 2. Temperature-depth conditions for methane hydrate stability in permafrost areas (on the left) and in
the marine sediments (on the right). Zones of potential methane hydrate occurrence are depicted by dotted
lines; dash-dotted line refers to the lower boundary of the permafrost layer. The scheme is based on
[Ruppel & Kessler, 2017], as well as the contribution of different geological reservoirs to a total methane
hydrate inventory. Subglacial methane hydrates buried below Antarctic ice sheet were omitted from this
scheme for reasons of clarity.

CripaBeyInBOCTH paad, TOAOOHOE, XOTA M HE CTOJIb PEe3KOe U3MEHEHHE TEeMIIEPaTypHOro pexnuMa
MupoBoro okeaHa, CIy4ajioch B I€OJIOrHYECKON MCTOPUHU 3eMJIM KaK MUHHUMYM OJHaXbl. Pedb uzaer o
TaK Ha3bIBAEMOM TIAJICOIICH-IOIIEHOBOM TepMuaeckoM mMakcumyme (II9TM) oxomo 57.33 muH et Hazazg
[Kennett & Stott, 1991], koTOopoMy COOTBETCTBOBAJO TIOBBIIIEHHE TEMIEPATyphl TIyOMHHBIX
okeaHn4deckux Bog ¢ ~10 mo ~14-15 °C, Ha 4YTO yKa3bIBalOT €€ OIICHKH, IOJYYCHHBIC HUCXOAS W3
COOTHOMIEHHS CTAGHIBHBIX H30TONOB Kuciaopona (°0/*%0) [Corfield & Cartlidge, 1992], a Taxke Maraus
u kamsimst (Mg/Ca) [Lear et al., 2000] B cocTaBe MCKOMaeMBIX PaKOBHH (opaMUHU(ED.

W3oTonHbIi aHAU3 U MOJENbHBIE PACUYEThl MMOKA3hIBAIOT, YTO CTOJbh 3HAYMTEILHOE MPOrpeBaHue
OKEaHWYECKOM TONIM MOTJIO MPUBECTH K BhIcBOOOXeHuto ~2700 ITr CH, [Dickens, 1995; Dickens et
al., 1997] u3 ra3oruapaToB, 3ajeraronmx Ha y4acTkax aHa riryounoi 1o 1900-2400 m [Bice & Marotzke,
2002]. OnHako JaUIIL BeChbMa HE3HAYMTENbHAS JIOJIS OT 3TOr0 KOJWYECTBA METaHa MOrjia Obl B KOHIIE
KOHIIOB JOCTHYh aTMOc(hepsl, H30eKaB HAKOILICHHS B cTpaTUrpaduveckux jgoBymkax [Davies & Clarke,
2010], aHa’poOHOrO0 OKUCICHUS B CYlIb(paT-METAHOBOW IEPEXOJHON 30HE JOHHBIX OTIOXKECHUH U
a’poOHOro okucieHus B BogHo# tomme [Reeburgh, 2007].

Ha ceromusimamii JeHb B TOHHBIX OTJIOXKEHHSIX M BOIHOU TONIIE CYMMapHO YTHIM3HpyeTcs >95%
MeTaHa, 06pasyromerocst pi GOHOBOI Auccormammy razoruapatos (400 Tr CH, rox') [Reeburgh, 2007;
Ruppel & Kessler, 2017]. M0HO JOIYCTUTh, YTO NMPH MX AUCCOIHMALMH B Topa3no OonbineM MaciTabe
MIEPEYHCIICHHBIE YTHIM3UPYIONINE MEXaHU3Mbl MOTJIM HE CIPABIIATHCS C OTPOMHBIMH KOJMHYECTBAMHU
BBICBOOOJIMBILIETOCST METaHa, OJHAKO 00Jiee BEPOSATEH KOMIICHCATOPHBIN CIEHAPHH, NPU KOTOPOM
TiepepacpeIeiINCh OBl BKIAIAl dTUX MEXaHU3MOB B YTHIIM3AIIMIO METaHa, HO o0mmasi 3P PeKTHBHOCTH
YTUJIM3AIMK OCTanach Obl cornoctaBuMoi. Tak, uepes Cynb(aTHO-METAaHOBYIO MEPEXOHYIO 30HY JOHHBIX
OTJIIOKEeHUH, B KoTopoil okucisercs 80-90% wmerana mpu (QOHOBOW JUICCOLMANMN Ta30THAPATOB
[Reeburgh, 2007], Morio mpoco4yuTbest OOJbIIE Ta3a B HEOKHCICHHOM Buie. OJHAKO MPOCTOW pacder
TTOKa3bIBAET, YTO Ja)Ke MPHU MPOCAYNBAHUU BCETO BHICBOOOIUBIIErOCS Ta30THIPATHOrO MeraHa (mo 2700
IIr CH,) uepe3 TOHHbBIE OTIOXKEHNS 00BbeMa OKeaHHIeCKOH BOHOM Tommti (~1 340 MiH KM?) XBAaTHIO ObI
JUISL €r0 TIOJTHOTO PACTBOPEHHUS C TIOCIENYIONMM a’poOHBIM oOkucieHueM. IlpaBma, B pesyibTate
OKHCJICHHsT BOJHAs TOJINA HACBITHIACh OBl JUOKCHUIOM YIJepona, Kakas-TO 4YacThb KOTOPOro
BBICBOOOAMIIACH ObI B aTMOc(epy U, BEpOSTHO, MOBIMsIA OBl HA KIUMAT, OHAKO 3TO BIHMSIHHUE OBIIO OBI
HECOMOCTaBUMO C IOCIEACTBUSMHU BBICBOOOXKICHUSI aHAJIOTMYHBIX KOJWYECTB Ta30TMIPaTHOrO METaHa
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XOT4 OBl IO TOH MPHYMHE, YTO METaH B JECATKH pa3 Oornee 3pPEeKTUBHO yAEp>KUBAET TEIUIO B aTMocdepe
10 CPaBHEHUIO C MOKCHIOM yriiepoaa [Myhre et al., 2013].

Cpenu KIMMaToNIoroB A0 CUX TOP HET KOHCEHCyca, conpoBoxkaaics i [I9TM BricBoOOXKACHUEM
MeTaHa U3 razoruyapaTtoB. Ecim mx mucconmanus BCE-TaKd MMeENIa MECTO, TO €€ NMPHYMHON, BEpOSTHO,
SIBJISJICS. BEIOPOC YIIIepo/a U3 HEKOEero HAJBOAHOTO HCTOYHUKA (HAIIpUMeEp, IPU U3BEPIKESHHUSX BYJIKAHOB)
[Gutjahr et al., 2017; Kender et al., 2021] ¢ mocaeayOIMM pacIpOCTPAaHEHHEM BO3HHKIIErO OTKIIHKA
BIIIyOb OKEAaHWYECKOM TOJIIIU Yepe3 U3MEHEHHE TEPMOXAITHMHHON IIUPKYJISIIUHA, HO HUKAK HE IPOrpeBaHue
3eMHOU KOpPBI CHH3Y, NPUYEM Cpa3y Ha HECKOJIBKO T'pajycoB, HY€ro HE CMOIJIO Obl OOECIeUnTh Haxe
(hyHKIIMOHMpOBaHUE TTyOMHHOTO re0pPeaKkTopa, ecii Obl OH MOT CYIIIECTBOBATh.

Takum oOpa3om, TIIyOOKOBOAHAS JIOKaNM3alMs Ta30THAPATHBIX 3ajleXed NpugaeT UM
WCKIIFOUUTENBHYIO YCTOMYMBOCTD K pa3liokeHuto. VX macmrabHast Aucconualiys e Korga-HuOyns u
NPOUCXOHIIA, TO JIMIIb MPU MCKIIOUUTEIFHO PEIKUX KaTacTpOPHUECKUX W3MEHEHHSX KIMMaTa, TaKHX
kak [I9TM, mnpwdyeM TpUTTEPOM TaKMX H3MEHEHHH HE MOIJ0 OBITh YCHJIEHHE TeOTepMaIbHON
akTuBHOCTH. Jlaske ecnu ObI reopeakTop CYILIECTBOBAJ, TEIJIO OT €ro paboThl HE CMOIJIO ObI B JOJKHOM
Mepe MPOrpeTh 3eMHYI0 KOpY HM3-3a CIIMIIKOM MEJIEHHOH TeruIonepenadyd 4epe3 MaHTHIO, a JAPYTHX
NPUYHUH Ul TaKOTO YCHIJIEHHUS HEJb3s MOCTYIMPOBAThH Ja)Ke TEOPETHUYECKH, TOCKOJIBKY MOTOK TEeIla U3
3eMHBIX HEZIp C TEYEHHEM BPEMEHH, Ha00OpOT, JINIIb OCIa0eBaeT M0 Mepe UX OCTHIBAHUS M UCTOIICHHS
MIEPBOHAYAILHOTO MyJIa PaIMOTCHHBIX 3JIEMEHTOB.

3AKJIIOYEHUE

Taxum 06pa3oM, MPENONIOKEHHE O CYIIECTBOBAaHHH WMITYyJILCHOTO T€OpeakTopa B 3€MHOM sZIpe,
KaK | PsiJi CMEKHBIX TUIIOTE3, TIOKOUTCS Ha MPEBPATHBIX MPEICTAaBICHUIX O AuddepeHmaum, CTpoeHuI
1 (QYHKIIMOHUPOBAaHMM 000NOYeK 3eMid. MBI TOKa3aid, YTO TaKHe MPEICTaBICHUS NPOTHBOpeYaT
JAHHBIM Cpa3y HECKOJIbKUX HAYYHBIX JUCLMIUINH, HAYMHASI OT TEOXUMHUH U 3aKaHYUBAsI KIMMATOJIOTHEH.

Bo-miepBrIX, mpupoAHBIE SAEpHBIE PEAKTOPHl MOTIH (PYHKIMOHMPOBATH TONBKO B JIAIEKOM
reoJIOrn4eckoM IpornuioM 3emiu (>2.0 Mupa IeT Ha3ad) U He B TIIYOMHHBIX CIIOSX HAllleH TUTaHEeTHI, TIe
OTCYTCTBYIOT YCIOBHSA Il KPUTUYECKOTO KOHIIEHTPHUPOBAHHWA AKTHHOMAOB, a HCKIIOYUTEIHHO B
0CaJIOYHOM CJI0€ 3EMHOH KOpBI.

Bo-BTOpHBIX, HU3Kast CKOPOCTH TNepeadyn U30BITOYHOTO PaJInOTeHHOrO TEIUIa Yepe3 MaHTHIO 3eMIln
HE TMO3BONWIA OBl CHHXPOHU3WUPOBATh LUKIBI PaOOTBl WMITYJIBCHOTO TE€OpPEaKTOpa C MEepUOJaMHU
IIPOTrpEBaHNUS M OXJIaKIEHUS 3eMHOI KOPBHI.

B-Tperpux, n30bITOYHOE PaIMOTEHHOE TEII0, Oyh OHO MEpeaHo B 3eMHYIO KOpy 0e3 morepb, He
cMOrio Obl TpOrperb ee HacTOMbKO, 4YTOOBI BBI3BATh MacCHpOBaHHOE BbIcBOOOXKIeHue IIIT wu3
€CTECTBEHHBIX PE3EPBYapOB, B YACTHOCTH METaHa U3 ITyOOKOBOIHBIX Ta30TUPATOB.

B-ueTBepThIX, BBICBOOOUBIIUIACS M3 Ta30TUAPATOB METAH OKUCIIUIICS OBl B JIOHHBIX OTJIOKEHUSIX U
OKEaHWYECKOH BOJIHOW TOJIIE paHbIle, 9eM JOCTHI Obl aTMOCQephl, U IMOTOMY HE CMOT Obl BHECTH
CYILIECTBEHHOIO BKJIaJia B IOTEIJICHHE KJIMMaTa IMpH Mepexoje OT OYEpEHOrO OJIEJCHEHUS K HOBOMY
MEXKJIETHUKOBBIO.
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AHHOTAIIUA

B craree mpencraBieHa uHpopManus 00 HTOrax mnpoBeacHuM IIaToi MeXIyHapOodHONH HaydyHOW KOH(EPEHIMH
«Toptsabie Oonora CubupH: (GYHKIMOHHUPOBaHHE, pecypchl, BoccraHoBieHue» B 2025 romy B r. Tomcke, xotopas Obuia
opranmzoBana Cubupckum HUU cenpckoro xoszsiictBa u topda-pmwmanom COHIIA PAH u WHCTUTYTOM MOHHUTOpPHHTA
KJIMMaTtudeckux u 3kojorumdeckux cucreM CO PAH. B meponpustun npussiu ydactue okono 70 yenoBek w3 12 pernoHoB
Poccun, mpeacraBuTenu BEIyIIMX HAyYHBIX LIEHTPOB, 3alIOBEIHMKOB, a TakKe OW3HECAa W PErHMOHAJIBHON aJIMUHHUCTpPAIUH, a
TaKKke OOJIbIIast Aeyieraius yudeHsIX U3 Manmaisun. 3a Bpems mpoBeeHus KoHdepeHuun Obuto 3aciyiaHo Oomee 50 yCTHBIX
JIOKJIJZIOB B 4 HAyYHBIX CEKIUSIX, TAKXKE 2 JOKIaaa ObLIO MPE/ICTAaBICHO B CTEHIOBOM cexinu. KoH(epeHus craia rionaKoi
Uil oOMEeHa MepeIOBBIMU MCCIIEIOBAaHIAMHI B 001aCTH OMOreOXMMHUH OOJIOT, HKOJIOTHYECKOI0 MOHUTOPHHTA, TUCTAaHIIMOHHOTO
30HIMPOBAHUS M BOCCTAHOBJICHUSI OOJIOTHBIX YKOCHUCTEM.

KuoueBble ciaoBa: Topdsiabie 00m0Ta, GYHKIMOHUPOBAHUE, PECYPCHI, BOCCTAHOBIICHHE, HaydHas] KOH(pEPEHITHs,
WUTOTH, MEXIYHAPOIHOE COTPYIHHYECTBO.

ABSTRACT

This paper presents information on the results of the Fifth International Conference "Peatlands of Siberia: Functioning,
Resources, and Restoration” held in 2025 in Tomsk. It was organized by the Siberian Research Institute of Agriculture and Peat
(branch of the Siberian Federal Scientific Center of the Russian Academy of Sciences) and the Institute for Monitoring of
Climate and Ecological Systems (SB RAS). The event was attended by approximately 70 participants from 12 Russian regions,
including representatives of leading research centers, nature reserves, businesses, and regional administrations, as well as a large
delegation of scientists from Malaysia. Over 50 oral presentations were presented in four scientific sections, and two papers were
presented in the poster section. The conference provided a platform for the exchange of cutting-edge research in the fields of
peatland biogeochemistry, environmental monitoring, remote sensing, and restoration of peatlands.

Keywords: peatlands, functioning, resources, restoration, scientific conference, results, international cooperation.

B nepuon ¢ 8 mo 14 centsabps 2025 roma B ropoxe Tomcke mpommia [laras mexmyHapomHas
Hay4Hast KoH(pepeHuus «Topdsabie 6omora Cubupu: HyHKIMOHUPOBAHUE, PECYPCHI, BOCCTAHOBIICHUEY,
koTopast O6puta opranm3oBana Cubupckum HUU cenbckoro xossiictBa u topda — dummanom COHIIA
PAH u MHCTUTYTOM MOHUTOPHHTA KIMMaTH4YeCKuX U dkonornueckux cuctem CO PAH. B meponpustuu
NpUHUTH ydactre okoino 70 uenmoBek m3 12 permono Poccum (MockoBckasi o6nactb, JIeHHHTpaacKas
obnacth, CBepanoBckas oOnacth, XaHThI-MaHCHICKHN aBTOHOMHBIA OKpyr, PecmyOnmka Kowmu,
TBepckas obmacth, Tomckass oOmactb, HoBocuOmpckass oOmacte, KpacHospckuit kpait, Hpkyrckas
obnactb, [IckoBckas obnacth, ApxaHrenbckas 00JNacTh), MPEICTABUTEIN BEAYIIUX HAYYHBIX LEHTPOB,
3aIIOBEIHUKOB, a Takke OM3HECa U PErMOHAIBHON agMIHHUCTpaIy (pucyHok 1). B kondepennnn taxxke
MIPUHSJIA ydacThe OoJbllas Jeneramus y4eHbIX U3 AByX peruoHoB Mamaiizun (Cenanrop, Capapak)
(pucynok 2). Bo Bpems mpoBeneHust kKoH(epeHIH ObLI0 3aciyimano oonee 50 yCTHBIX AOKIAZoB B 4
HAYYHBIX CEKIIHSIX, TAKXKe 2 JIOKJIaa ObLJIO IPEICTABICHO B CTEHIOBOM CEKITUH.
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Puc. 1. YyacTHUKM MeXIOyHapomHoi HayuyHOH koHpepenuuu «Topdsabie Oomora Cubupu:
(hyHKIIMOHMPOBAHUE, PECYPCHI, BOCCTAHOBIIEHHE» B T. ToMCKe.

Fig. 1. Participants of the International Conference "Peatlands of Siberia: functioning, resources,
restoration" in Tomsk.

C TpHBETCTBEHHBIM CJIOBOM BBICTymmiIa aupekrop Cubupckoro HUW cembckoro xossiictsa u
topha — punmana COHIIA PAH CaitnakoBa AnHa bopucoBHa. B mpomomkeHre BCTYIUTEIBHON Y4acTH
rocienoBano coobmenue [lepsounoit Mapunasl FOpbeBHBI — HauanpHHKA JlemapTaMeHTa 1O HAYIHO-
TEXHOJIOTHYECKOMY Pa3BUTHIO U MHHOBAIIMOHHOM JiesiTelbHOCTH TOMCKOI 001acTu.

Puc. 2. Jleneranms yueHbIX n3 Majgaii3ud COBMECTHO C POCCHMCKMMHM yYaCTHHKAMH Ha MEXKTyHAPOIHON

HayyHOi KoH(epeHnnu «Topdsubie 6onora CuOupu: GyHKITMOHUPOBAHHUE, PECYPChI, BOCCTAHOBJICHHE) B
r. Tomcke.

Fig. 2. A delegation of scientists from Malaysia, together with Russian participants, participated in the
International Conference "Peatlands of Siberia: Functioning, Resources, and Restoration” in Tomsk.
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B cBoem coobmenun Mapuna lOpbpeBHa JlepsiOnHa OoTMETHIIa Ba)KHOCTh M3YYCHHs OOJIOTHBIX
9KOCHCTEM B PErHOHE, OCOOCHHO HapyIICHHBIX OO0JIOT, KOTOPbIE XapaKTEPHU3YIOTCS BBICOKOM
M0’KapOONaCHOCTBIO, TAKXKE €10 ObLTM OTMEUEHBI MEePCIEKTUBBI MPAKTHYECKOTr0 UCIIONB30BaHus Topdha B
PEruoHe ISl TEIIMYHOTO X031CTBA, MONyYeHHsI T'YMUHOBBIX YI00pEHHIA, COPOSHTOB | JIp.

B mtenapHoii yactu koHpepeHuuu Obl1 3aciymian gokiaz I'omosankoit E.A. (MMK3C CO PAH),
TOCBSIIIIEHHBIA ~ 3aKOHOMEPHOCTSIM  W3MEHEHHUs KJIMMaTa U pa3BUTHIO PoCCHIICKOM  CHCTEMBI
kumaTHueckoro mouutopunra (BUII I'3), a Taxke gokian Lulie Melling (Sunway University, Selangor,
Malaysia) — uena International Peatland Society (IPS), mpencraBisiiommii ONBIT HCIIONBE30BAHUS H
oxpaHbl Tpomnuueckux Oonor (pucynku 3, 4). B cBoem nokmame Iomosarkas E.A. pacckazama o0
OCHOBHBIX pe3yJibTaTaxX padoThl KOHCOpIuyMa «PUTM yriepoaa», OCHOBHOU IIEIbI0 KOTOPOTO SIBJISIIOCH
CO3JIaHME CEeTH MOHUTOPWHTA MYJIOB YIIIepo/ia M MOTOKOB MapHUKOBBIX Ta30B B HA3E€MHBIX 3KOCHCTEMax
Poccuu Ha OCHOBE CTaHIAPTU3UPOBAHHON HH(PACTPYKTYPBI MUPOBOT'O YPOBHSL.

Puc. 4. Boicrymnenue Lulie Melling Ha rutenapHoit ceccun koH(epeHIuH.
Fig. 4. Lulie Melling's speech at the Conference Plenary Session.
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Lulie Melling B cBoem mokimajie pacckasajga O TOM, YTO HUCIONL30BAHUE TPOITUYECKUX TOP(HIHUKOB
JUTS CEITBCKOTO XO35HCTBA B IPOMBIIUICHHBIX MaciiTabaxX, 0COOCHHO BBIPAIIMBAHUE MACIUYHOMN MaJbMBI,
MPUHECIO 3HAYHMTEIIbHBIC COIHMAIBHO-)KOHOMHUYECKHAE BBITOJIBI CEIIbCKOMY HaCEIeHHI0 B Maaisum.
BelIpamyBanue majbM YIIYUIIHIIO YCIOBUS JKM3HHM HACEJICHHS, COKPATHUIO OCIHOCTh U CIIOCOOCTBOBAJIO
HallMOHAJIbHOMY pa3BUTHIO. OJHAKO 3TO pa3BUTHE TaKXKE CO37aJ0 3HAYMUTEIIBHBIC SKOJIOTHYECKUE
poOJIeMbl, BKJIIOYAasi BBIOPOCHI MAapHUKOBBIX Ta30B, MPOCAJKy IMOYBBI M OMNACHOCTH IIOXKApOB IS
ITAJIBMOBBIX TUTAHTAIIHA.

B pamkax cekmum 1 «OKOJOTMYECKHH MOHHUTOPHUHT OOJIOT» OBUIM PacCMOTPEHBI BOIPOCHI
PEKOHCTPYKITUK ATAIlOB Pa3BUTHS OOJIOT M JWHAMHUKH I0KapOB, BOCCTAHOBJICHHUS OOJIOT B pE3yJbTaTe
TEXHOI'CHHOTO 3aCOJICHHsI, NPEICTABJICHbI Pe3yIbTaThl OIEHOK 3allacoB  yIjepojaa, BEIUYHH
9KOCHCTEMHOT0 0OMEHa M 3MHCCHUH TMApPHUKOBBIX T'a30B C OCYIICHHBIX M €CTECTBEHHBIX OOJIOT PasHBIX
pernoHoB Poccun, paccMOTpeHBI 3aKOHOMEPHOCTH M3MEHEHHS XMMHYECKOTO COCTaBa OOJOTHBIX BOI H
BapHaIlH €ro 1Mo TyOuHe TOP(SHOU 3aJeKH, COACPKAHUS JTUMUIOB B OOJOTHBIX Bogax U Topdax. B
IEePBOI cekIuy OBLT TakKe 3acimymran gokiaax Amsari bin Mahmud (Forestry Department of Peninsular
Malaysia) 06 ympasnenuu TopdsiHbIME OonoTamu B Mamnaisun. B ero mokmajze ObIIO CKa3aHO, YTO
nmporpaMMa yipasiieHus Top(sHbIMA OonoTamMu B Maali3uu yCTaHABJIMBACT Ps HAMPaBICHWH IS
JIOCTHIKCHHMS LIEJICH, KOTOPbIE BKIIOYAIOT BOCCTAHOBJICHHUE M ITOAACPIKAHNE THAPOIOTHYECKON () YHKIUH,
BHEJIpEHUE  CTpATEerHii  NIPOTHUBONMOXKAPHOW  3allIMTHI, MPOABWXKEHHUE MPAKTUKH  YCTOHYHUBOIO
HCIIOJIb30BaHUs, COXPaHCHHE OMOPa3HOO0Opas3Hs M IKOCUCTEeMHBIX (yHKIUH TopdsHukos. Jloiko C.B.
(Tomckuii TOCYIapCTBEHHBIM YHHUBEPCUTET) IPEACTaBUI BEChbMa WHTEPECHBIM JOKJIAk, MOCBSIICHHBIA
0COOEHHOCTSIM 3a00TauMBaHKsI KOTJIOBUH JPEHUPOBAHHBIX 03¢p B ceBepHOM Taiire 3amaanoi Cuoupu.

B cexnun 2 «/lucraHupoHHOe 30HAMPOBAHKE M KapTorpadupoBaHue 000T» ObUIM PACCMOTPEHBI
BOIIPOCHI TPHUMEHEHHUs MaHHBIX IUCTaHIMOHHOro 3oHaupoBanus W BIIJIA mis kaprorpadupoBaHus
OOJIOTHBIX PKOCHUCTEM, OIEHKH M3MeHYMBOCTH 3Muccun CO,, ObUTH TIpeICTaBIICHBI PE3YIBTAThI OIEHOK
MIPOCTPAaHCTBEHHO-BPEMEHHON OpTraHM3allii OCYIIEHHBIX W MOCTHHPOreHHbIX Oomor. OpioBbiM T.B.
(Muctutyt reoskonorun uM. E.M. CepreeBa PAH, TTonucTOBCKUi rOCy1apCTBEHHBIN 3aMOBEIHUK) ObLIT
C/IeNaH BeChMa WHTEPECHBIH MOKJAJ] PO HCCIEAOBAaHUS TPSII0BO-MOYaXKMHHBIX MHKpONaHAIAa(QTOB B
[ommcroBcko-JIoBaTCcKo# crucTeMe, IepBbIe HCCIeI0BaHNs KOTOPOil Hayaiuch eme okono 100 jer Hazan
B paMKax OOJOTHBIX dKCIeAUIUi 1o pykoBojacTBoM bornanosckoii-I'uensad U.JI. OcHOBHOM LeNbIO €ro
paboTel OBLIO clelaTh COBPEMEHHBIE OMHMCAHMS W OOO3HAYUTH MOAXOMBI K IMOHWCKY MaTEeMAaTHUECKUX
3aKOHOMEPHOCTE CTPYKTYpBI TPSAOBO-MOUYaXMHHBIX MuKponaHamadros IlomucroBcko-JloBaTckoit
CHUCTEMBl Ha OCHOBAaHWU T€OOOTAHMYECKUX OMMCAHUHA M JETAIBHOTO KapTUPOBAHUS C HCIIONB30BAHUEM
aspoporocheMk ¢ BIIJIA. CampikoBeiM  P.T. Obl1  TpencTaBieH  JOOKJIAN, TOCBSIICHHBIN
JIICTaHIIMOHHOMY KapTorpadupoBaHHIO OJMrOTPOGHBIX OosoT 3amamHoi CuOUpH C HCIOIH30BAHHUEM
BIIUIA. TIlenbto wuccleqoBaHUsl SBJSUIOCH  CO3JaHWE  BBICOKOTOYHOM  THUIIOJOTMYECKOM  KapThl
onmurorpodHoro Oonora Ha ocHoBe AaHHBIX BIIJIA-cheMKHM M OIlEHKa NPOCTPaHCTBEHHO-BPEMEHHOM
m3MeHUnBOCTH dMuccHU CO:2 B 3aBUCUMOCTH OT THITA PACTUTEILHBIX COOOIIECTB B 30HE 0XBaTa YKOJIOT0-
KIMMaTHYECKOW cTaHIMK B paioHe c. 3oTuHO. CaapikoBbiM P.T. OBIJIO OTMEYEHO, UYTO TPaJWIIMOHHBIE
METOJIbI HA3€MHOT'0 MOHUTOPHUHTA HE 00€CITEUNBAIOT JOCTATOYHON IPOCTPAHCTBEHHON JETaTN3alliH, B TO
BpeMst Kak komOuHanus qaHHbIX BI1IJIA 1 npsMbIX U3MEPEHUN MOXKET MO3BOJIUTh BBISIBUTH CBSI3b MEKIY
pacTUTEIbHBIMH CHHY3UAMH U ToTokamu CO:. Pe3ynbTaThl MOATBEPKIAIOT TMEPCIIEKTHBHOCTD
KOMIUIEKCHOT0 ucnoib3oBaHus BIIJIA-cheMku U Ha3eMHBIX U3MEPEHHH TSI MOHUTOPUHTA YTJIEPOAHOTO
Oayranca OOJOTHBIX YKOCHCTEM.

B cexiun 3 «Pecypebl 6010T, BOIPOCH MMPAKTHYSCKOro MpHUMEHEHHUsT Topdha B KOMMYHAJIbLHOM H
CEIbCKOM XO3SIMCTBE» Obla 3aciyllaHa CepHs JIOKJIAJOB, IOCBSIICHHBIX IPHUMCHCHHUIO T'YMHHOBBIX
KHCJIOT Topda B aKBaKyJIbTYpEe M NPH BBIPAIMBAHMU CEIbCKOXO3HCTBEHHBIX KyabTyp. Y muHieB C.H.
(Cu6bHNNUCXuT — pmman COHIA PAH) npenctaBmt mokias, MOCBAIIEHHBIA pe3yIbTaTaM pa3padoTKu
U TIPUMEHEHHUs KOPMOBOH M00aBKM C TYMHHOBBIMH KHCJIOTaMH Topda B BBIPAIMBAHUH OCETPOBBIX B
cagkax. CokonoBa M.B. (ToMmckuii rocymapCTBEHHBIH YHHBEPCHTET) pacckaszaiga o (BIIyopecleHTHBIX
CBOMCTBaX T'yMHUHOBBIX Kuciaor topda. B mokmame Slceko C.B. (OO0 «Asumytr HMcrok) ObLin
MPECTABICHBI  TEPCIIEKTUBBI  Pa3pabOTKH  TOPGHSHOTO MECTOPOXKICHHWS TemMHOe B TpaHHUIAX
JUIEH3UOHHOT'O YYacTKa.

B pamkax cexkumm 4 «OxpaHa WM BOCCTaHOBJICHHE OO0JIOT» Oblla 3aciylllaHa cepHus JOKJIaJOB,
MOCBSIIIEHHBIX BOIPOCAM BOCCTAHOBJICHHS OOJNOT. B mokimamax ObUIM pPaccMOTPEHBI 3aKOHOMEPHOCTH
MIPOCTpaHCTBeHHOU au(depeHmanuu 00J0T Ha ydacTkax (pesepHoit 100br9u Topda, MpenacTaBIeHbI
pe3yabTaThl  OLIEHKH TIOCTIHUPOIeHHOH TpaHChOpMalMH OPraHWYECKOro BemiecTBa Topda H
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3aKOHOMEPHOCTH U3MEHEHHS 3JIEMEHTHOro coctaBa Sphagnum fuscum Ha BBITOPEBIIMX yY4acTKax OOJIOT.
[MaxmatoB K. JI. (TBepckoil TrocyZapCTBEHHBIM TEXHWYECKHH YHUBEPCHUTET) B CBOEM JIOKJIAae
npeacTaBui 0030p MPOEKTOB BoccTaHoBIeHHs Oonot B Poccun. B mepuon 2011-2021 rr. B Poccuiickoit
®denepanuy ObUT peaTN30BaH eMHCTBEHHBIN MEXIYHAPOIHBIN MPOEKT MO BOCCTAHOBIIEHHUIO OCYII €HHBIX
TopdsiHbIX Oonor. B peanmnzoBanHbIX npoekrax [llaxmaroBeimM K.JI. Obutn BbIAENEHBI TPH OCHOBHBIX
nmoaxoJa, HCIIOJIb30BaBIIMXCSA B Pa3HbIX PEruoHax PO Ipxu BOCCTaHOBJICHHUU 60HOT, — OTO
MIPOMBINICHHBIN (WJIM WHAYCTPUATIbHBIIN), IKOJIOTHYECKH W KOMOMHHpOBaHHBIN. [lo uroram anammsa
pe3ynbTaToB pabOTHI B MIOKJIAAE OBUT BBIABHHYT PsA OOIMIMX PEKOMEHIAIIMH O pa3paboTKe MPOEKTOB
BOCCTAaHOBJIEHHS TOP(QSHBIX OOJIOT, KOTOpPBhIE BKIIOYAIOT Yy4YeT OCOOEHHOCTeW YydacTka, Oa30BbIe
HCCIICIOBAHUS, BOCCTAHOBJICHUE THAPOJIOTMYCCKUX YCIIOBHM, MOHUTOPHHT, BOBJICUCHHE HACCICHUS H
agantuBHoe ympasienue. Kpaseny A.B. (CuOHUUCXuT - ¢uman COHIIA PAH) omnwmcana
MOCJICICHCTBUSL TTUPOTEHHOro (hakTopa Ha MoOpPoMEeTpuuecKkue u (U3UOJOTHUSCKHE MOKa3aTeIu
OOJIOTHBIX KyCTapHUYKOB.

IIporpamma koH(pepeHInH Oblaa JOMOJHEHA ABYMS MAcCINTAOHBIMH ITOJEBBIMH SKCKYPCHSIMH — Ha
ocymenHoe 6onoro Temuoe u HusuuaHoe OO6ckoe 0Oonoro (pucyHKH 5, 6), a TaKKe IOCENIEHHEM
Cubupckoro 6oTannueckoro caga u Mysesi-3anoBeaauka «Tomckas [Tucanuma.

—

iy X

Puc. 5. VaacTauKH KOH(EpPEHIINU Ha MOJIeBOM 3KCKypcuu Ha 0ooTo TemHoe.
Fig. 5. Conference participants on a field trip to the Temnoe raised bog.
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Puc. 6. YaactruK KOH(epeHInn Ha MOMEBOt 3KCKypI/I Ha 60moto OBCKOe.
Fig. 6. Conference participants on a field trip to the Obskoe fen.

B opraHm3anum moyieBbIX dKCKypcHi Ha 0ojota ToMcKoH 00iacTH MpWHUMA aKTHBHOE ydacTHE
ucnonHutenbHbN nupekTop OO0 «AzumyT Mctok» Scpko Cepreit Bmamumuposud. Bo BpeMs momeBoit
9KCKypcHH Ha 00oTo TeMHOe ydJacTHHKH KOH(EPEHIWH IOCETWJIM JIMIEH3HOHHBIH ydacTok OO0
«Azumyt Hctok», rae B Ommkaiiiee BpeMms IUIAHHPYETCs opraHu3arus ao0brau Topda. OCHOBHBIM
BujaoM jedrenbHocTd npeanpusatuss OO0 «AsumyTt Mcrok» siBisercs no0bua U ariiomepaius Ttopda,
MPEANPUSITHEM BeIeTCsl pa3paboTKa MpOrpaMMbl MMO3TAITHON J00bIYM TOp(da Ha JIMIICH3MOHHOM YYacTKe
topdsiHoro mecropoxkaenus Temuoe. B Hacrosiee Bpemst OO0 «Asumyt Uctok» corpyaanyaer ¢ OO0
«Hedrecnacy, KoTopoe ClEHUATU3UPYETCsl HA PEKYJIbTUBAIMN HE(DTSHBIX PA3IMBOB M CBaJIOK OBITOBBIX
OTXOIIOB. B mepcriekTnBe MaHHBIMH TMPEANPUATHIMHU TUIAHUPYETCSl MOJTydeHHe cOpOeHTOB W3 Topda
MECTOPOXK/IeHUsT TeMHOE U ero NCIOIb30BaHUE [T PEKYJIbTUBALMOHHBIX padoT.

Kondepennus crana IUIomaakod Juisi OOMEHa IIEpEIOBBIMH HCCIEIOBAaHHMSIMU B 00JACTH
OMOreOXMMHH  OOJIOT,  JKOJOTMYEeCKOro  MOHUTOPHHIA,  JUCTAHIMOHHOTO  30HAWPOBAHUS U
BOCCTAHOBJICHHUSI OOJNIOTHBIX JKocucTeM. [lo wroram xkoHdepeHIMU OBLT OMyOMMKOBaH COOPHUK
KOH(EPEHIIMM, a YYaCTHUKH CIMHOAYIIHO NPH3HAIA HEOOXOAMMOCTh JaJbHEHIIEro YKpeIUICHUS
MCKIUCHUIIIMHAPHOI'O COTPYAHHUYCCTBA U PACIIUPCHUA MCKAYHAPOIHOI'O IMAapTHCPCTBA JIA 3aIlIUTHI U
YCTOHYHMBOIO YIpaBJIeHUs OOJOTHBIMH 3KocucTeMamMu Cuoupu. COOpHHMK KOH(EPEHIMH AOCTYIEH IO
cceuike Ha caiite Cubupckoro HMUW cenbckoro xossiictBa um Topdha — Pummama COHIIA PAH
(https://sibniit.tomsknet.ru/).

Tloctynmna B pegakuuro: 23.09.2025
Iepepaborannsiii Bapuant: 30.09.2025
[punsto B neuars: 30.09.2025
Onyb6aukoBana: 18.11.2025
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Hayunoe uzoanue

ENVIRONMENTAL DYNAMICS AND GLOBAL
CLIMATE CHANGE

Tom 16, svinyck 3/2025
L]ena ceoboonas
16+

JKypnan 3apecucmpupogan 6 @edepanvHoul ciyicobe no Hao3opy 6 cghepe cés3u,
UHGOPMAYUOHHBIX MEXHONIOSUU U MACCOBLIX KOMMYHUKAYUIL
Csudemenvcmeo o pecucmpayuu IJI Ne ®C 77-82594 om 18.01.2022 a.

Jlama evixooa 6 ceem 18.11.2024

Aodpec yupeoumeneil, pedakyuu.

@I'FOY BO «FOz20pckuti 20cy0apCmeeHtblil YHUSepCumenmy».

Aopec: 628012, Poccus, Xanmvi-Mancutickuii asmonomuuiii okpyz — FOzpa,
2. Xanmoi-Mancuiick yn. Yexosa, 16.

Ten./¢paxc: +7(3467)37-70-00 (006. 101); WEB: www.ugrasu.ru

DI'AOY BO «Hayuonanvusiii ucciedosamenvckuti Tomckutl 20cy0apcmeenHulil YHUgepcumemy.
Aopec: 634050, Poccus, e. Tomck, np. Jlenuna, 36.
Ten.: +7(3822)58-98-52, gpaxc: +7(3822)52-95-85; WEB: www.tsu.ru

DI'BYH "Hucmumym 800HbIX U 9KOAOSUHECKUX NPOOIeM

Cubupcroeo omoenenusi Poccuiickoii Akademuu nayk".

Aopec: 656038, Poccus, e. bapnayn, yn. Monoodesicnas, 1.

Ten.: +7(3852)66-64-60, ¢haxc: +7(3852)24-03-96; WEB: www.iwep.ru

I'KY Amano-Heneyxoco aemonomnozo okpyea «Hayunwiil yenmp uzyuenus Apkmuxuy.
Aopec: 629008, Poccus, Amano-Heneykuii asmonomuutii oxkpye, e. Canexapo, yn. Pecnyonuxu, 73.
Ten./¢paxc: +7(34922)441-32; WEB: www.arctic.yanao.ru

I'nasnvii peoaxkmop:

I nazones Muxaun Baaoumuposuy
men. +7-495-939-48-46
E-mail: m_glagolev@mail.ru

3amecmumens enagnoeo peoaxmopa:
Jlanwuna Enena [[mumpuesna men.
+7 (3467) 377-000 (006. 313)
E-mail: e_lapshina@ugrasu.ru






