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The features of methane fluxes
1n the western and eastern Arctic:
A review. Part [

© 2020 Renat B. Shakirov*!, Susan Maw?, Galina I. Mishukova**',
Anatoly I. Obzhirov', Maria V. Shakirova®, Olga V. Mishukova'
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2University of Bremen, Bremen, Germany
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Abstract. The article provides a review of the modern researches on methane content and its emissions
into the atmosphere in the Arctic region. We discussed various methane sources and summarized the cer-
tain existing data of its origins as well as driving forces of the methane upward and lateral migration.
The greenhouse gas flux of methane from the Arctic marginal seas plays a significant climatic, geopo-
litical, and social role, but remains one of the most debated topics in ocean sciences.The Arctic seas
are presented today in the literature both as a threat of a global ecological catastrophe due to methane
emissions, and as sources of gigantic deposits of the fossil carbon, including coal, permafrost strata, oil-
gas and gas hydrates storages, rivers runoff, and as the most sensitive indicator of regular (evolutionary)
processes of climate change. Large amounts of organic matter are stored in permafrost on land and under
the sea that have been partly and further will be degraded to CO, and CH,. Reviewed studies suggested
that the Arctic is a substantial source of CH, to the atmosphere (between 32 and 112 Tg(CH,) yr'),
primarily because of the large area of wetlands throughout the region. A recent assessment of the Arc-
tic region identified thousands of gigatonnes (1 Gt = 10'° g) of stored carbon, including unresearched
deposits of methane, stored within permafrost and as gas hydrate. We concluded that methane sources
and the pathways of its transportation in sediments and into the water column of the Arctic seas are char-
acterized by the extreme ambiguity of existing estimates, due to the complexity of natural gas genesis
and its migration mechanisms (diffusion, filtration, bubble gas fluxes). These differences illustrate that
we currently cannot predict changes of the methane emissions from the Arctic, as too many unknowns
and too large uncertainties persist. Although release of CH, to the ocean and atmosphere has become
a topic of discussion, the region remains sparingly explored. Submarine permafrost is still poorly studied,
mainly due to the lack of direct observations. Objective assessment of the methane distribution and dy-
namics of its oxidation patterns in sediments and water column in the Arctic seas requires further studies
based on the integrated marine expeditions, remote sensing and onland gas monitoring stations. Authors
are experienced in methane flux and resources research in Arctic region since 1976th. The study is one
of the important topic for planning of future research in the Arctic region, since Russian Federation
will be in charge of International Arctic Council (a high level intergovernmental forum) for 2021-2023.

Keywords: methane, climate change, gas hydrate, permafrost, microbial methane turnover, microbial
methane oxidation, seismo-tectonic pathways, methane emission, Arctic seas.
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Pedepar. B crarbe npuBeseH 0030p COBPEMEHHOTO COCTOSHUS UCCIISIOBAHUM COAEPKAHMSI METaHa M €r0 BBIXOAA
B aTMocdepy B ApkTudaeckoM peruoHe. [IpeacraBieHsl pa3mnaHbIe HCTOYHIKH METaHa, M pACCMOTPEHBI HEMHOTHE
CYIICCTBYIOIIUE NAaHHBIC O €r0 MPOUCXOKICHUU. [I0TOK MapHUKOBOTO Ta3a METaHa W3 OKPAWHHBIX apKTHUCCKUX
MOpEHl HUrpaeT 3HAUUTEIbHYI0 KIMMAaTUYECKyl0, T€ONOIUTHYECKYI0O M COLMAIBHYIO POIb M OCTaeTCs ONHOU
n3 Hanbosee 00CyKIaeMbIX TEM B HayKax 00 OkeaHe. ApKTHKa SBJISI€TCs HanboJiee YyBCTBUTEILHBIM HHIMKAaTOPOM
PeryJISIpHBIX (3BOJIFOLIMOHHBIX) IPOLIECCOB H3MEHEHMs KiIMMara. B HacTosmiee Bpemsl apKTUYECKHE MOps
MPE/ICTABISIIOT YTrpo3y MI00ABHOI 3KOJOTHYECKOil KaracTpodbl N3-32 IMUCCUHM METaHa BCIIEACTBHE II00aIbHOTO
MOTEIJIEHUS. U TasHUSl BEYHOM Mep3i10Thl. B ApKTHKE COCpenoTOYEHBl OIPOMHBIE 3amachl yriepona. B BeuHoi
MEp3JI0Te Ha KOHTHHEHTE W IIO0Il BOAOH COAepKHUTCS OONBIIOE KOJIMYECTBO OPTaHMYECKOTO BEHICCTBA, KOTOPOE
HOJIBEPKEHO NpolieccaM pasnokenus 1o razos CO, u CH,. CylecTBeHHbIN BKIIa/| B COIEPKAHUE YIIIEPOJIA BHOCUT
pedHoi cToK. Ba)kKHBIMM MCTOYHMKaMU MeTaHa SIBJSIOTCS MCKONAeMble YINIEBOIOPO/BI, BKIIOYas Yrojib, HE(Tb,
ras, ra3orHparhl, 3amachl KOTOPBIX, BEPOATHO, OTPOMHBI. PacCMOTpeHB! pa3indHble MyTH MOCTYIUICHUS MeTaHa
B OKPY)KAIOIIYIO Cpely, MEXaHH3Mbl BEPTUKAIbHOW M TOPH30HTAIbHOW Murparuu. [lo nuTepaTypHBIM TaHHBIM,
B ApkTtuke Bo3MOxHO Bbiienenne CH, B atmocdepy B muanasone 32-112 Tg(CH,) rox™', npenmyiuiecTBeHHO
Omaromapsi OONBIIOMY KOJHYECTBY OOJIOT B pernoHe. HemaBHSS OIEHKA IMO3BONMIA BBIIBUTH B APKTHICCKOM
peruone Thicsiu ruratoHH (1 't = 10'° r) HakoIJIEHHOTO yriiepoja, BKIFOYas Hepa3BeJaHHbBIC 3aJeKH MeTaHa
B BEUHOW MEp3JIOTE U Ia30TUpaTax.

O4eBHHO, YTO CYIIECTBYIONIUE OLIEHKH METAaHOBBIX HCTOUYHUKOB M IyTeH ero mepeHoca B 0cajgkax M TOJIIE BOA
APKTHYECKOTO PETHOHA XapaKTepU3YyIOTCs KpaifHel HEOAHO3HAYHOCTHIO, 00YCIOBIEHHON CIIOXHOCTBIO TeHE3MCca
MIPUPOIHOTO ra3a M MEXaHU3MOB €T0 MUTPALUH (paccesHus, GIIBTPAINN, Ty3bIPEKOBOTO IIEPEHOCA). XOTS BBIXOJ
CH, B okean m armMocdepy SBISETCA MPEIMETOM OOCYKIEHMH, PETHOH Majo HMCClenoBaH. Beunas mepsnora
HEJIOCTaTOYHO H3y4YeHa M3-32 OTCYTCTBHUS TpPSMBIX HaOmromeHWd. I3-3a HemocTaTtka NaHHBIX M OONBIIOTO
KOJIMUYECTBA HEOIIPEEICHHOCTEN B HACTOSIIIIEM HEBO3MOXKHO ITpeJICKa3aTh H3MEHEHUS B SMUCCUU METaHA B APKTHKE.
OObekTHBHAS OIIEHKA CTPYKTYPBI pacupeelieHNs] 1 AMHAMUKY OKHCJICHUS] METaHa B OTJIOKEHUAX ¥ BOIHOM TOJIILE
B apKTHUYECKUX MOPSX TpeOyeT AaJbHEUIINX MCCIeIOBAHNH, OCHOBAHHBIX HA M3yYEHHH PErHOHa B KOMIUIEKCHBIX
MOPCKHUX 3KCIEIUIHSX, JUCTAHIIMOHHOM 30HINPOBAHNH U OPTaHNU3aIlMH CTAHIINHI ra30BOr0 MOHUTOPHHTA HA CYTIIE.
ABTOpBI HCCIEAYIOT MOTOK METaHa W BEAYT MOUCK pecypcoB B Apkruke ¢ 1976 r. IlpeacraBneHHOE B cTaThe
HaIpaBJIeHHE SIBIISIETCS OJHOW M3 BAXKHBIX LeJIel Juisi OyIylHX HCCIEeOBaHWH B APKTHKE B CBSI3H C TPSIYIINM
npejcenarenbcTBoBanueM Poccuiickort deneparin B MexIyHApOTHOM APKTHYECKOM COBETE (SKOJIOTHYCCKHIA
(hopym Ha BbicokoM ypoBHe) B 2021-2023 rr.

KaroueBnle ciioBa: ME€TaH, UBMCHCHUA KJIMMara, ra3oruaparbl, BEUHas1 MEP3J10Ta, MHKpO6HbII>1 O60pOT MCTaHa,
CCHCMOTEKTOHMYECCKHUE 30HBI MMPOHUIIAEMOCTH, DMUCCHUA M€TaHa, ApKTUYCCKUC MOP.

Jna yumupoeanus: 1llaxupos P.b., May C., Mumyxkosa I"'!., O6xupos A.U., [llakuposa M.B., Mumyxkosa O.B.
Oco0eHHOCTH ITOTOKOB METaHa B 3amMaHOi U BOCTOUHON ApkTHke: 0030p. YacTs I. [eocucmemvt nepexoonuix 30H.
2020. T. 4, Ne 1. C. 004-025. https://doi.org/10.30730/2541-8912.2020.4.1.004-025
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Introduction

Currently, the discussion about the role
of the Arctic seas in the climatic and resource
aspects of the planet occupies a leading place.
The greenhouse gas flux of methane from
the Arctic marginal seas plays a significant cli-
matic, geopolitical, and social role, but remains
one of the most debated topics in ocean sciences.
The Arctic seas are presented today in the litera-
ture both as a threat of a global ecological catas-
trophe due to methane emissions, and as sourc-
es of gigantic deposits of gas hydrates and as
the most sensitive indicator of regular (evolu-
tionary) processes of climate change. Different
views on the scale and genesis of methane fluxes
in the lithosphere—hydrosphere—atmosphere sys-
tem are common: regardless of the point of view,
all studies agree that there are huge, still far from
an objective assessment, hydrocarbon resources
in the depths of the Arctic basin. A recent assess-
ment of the Arctic region identified thousands
of gigatonnes (1 Gt = 10" g) of stored carbon,
locked in permafrost, oil-gas reserves, and likely
in gas hydrates [Schuur et al., 2015].

However, it is certain that present day
warming is amplified in the Arctic Ocean
and that the Arctic contains potentially large de-
posits of methane stored within permafrost and
as gas hydrate. There is concern that warming
of overlying waters may melt these deposits, re-
leasing CH, into the ocean and atmosphere sys-
tems [[PCC... , 2013; State of the Climate... ,
2017, 2018].

Considering the faster increase of Arctic
temperatures compared to the global aver-
age, these deposits may constitute important
greenhouse gas emissions due to the climate
change in the next 100 years. When thawed,
these deposits can be released relatively quickly
into the atmosphere as greenhouse gases CO,
and CH,. The magnitude and timing of these re-
leases have the potential to accelerate climate
change beyond what we project from human
activities alone [q.v. e.g. Schuur et al., 2015].
Although there are large quantities of methane
stored in the Arctic, it is a current debate wheth-
er and how fast methane might be released. Us-
ing multiple climate models [Lamarque, 2008],
predicted an upper estimate of the global sea-
floor flux of between 560 and 2140 Tg(CH,) yr'
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(Tg = 10" g), mostly in the high latitudes
[IPCC... , 2013; State of the Climate... , 2017,
2018; Jackson, 2000].

It was found that hydrates residing in a typi-
cal deep ocean setting (4 °C and 1000 m depth)
would be stable and in shallow low-latitude set-
tings (6 °C and 560 m) any seafloor CH, fluxes
would be oxidized within the sediments. The re-
cent discovery of active methane gas venting
along the landward limit of the gas hydrate sta-
bility zone (GHSZ) on the shallow continental
slope west of Svalbard suggests that this pro-
cess may already have begun, but the source
of the methane has not been determined.
Both gradual and rapid warming is simulated,
and localized gas release is observed for both
cases [IPCC... , 2013; Reagan, Moridis, 2009].
Only in cold-shallow Arctic settings (0.4 °C
and 320 m) CH, fluxes would exceed rates
of benthic sediment oxidation. In the longer term
there are estimates that between 35 and 940 PgC
could be released over several thousand years
in the future following a 3 °C seafloor warming.
Cold water column temperatures in the high lat-
itudes lead to buildup of hydrates in the Arctic
and Antarctic at shallower depths than is pos-
sible in low latitudes. A critical bubble volume
fraction threshold has been proposed as a criti-
cal threshold at which gas migrates all through
the sediment column. This hydrate model, em-
bedded into a global climate model, predicts
~0.4—0.5 °C [Archer et al., 2009].

It was also found [Hunter et al., 2013] that 21
century hydrate dissociation in shallow Arctic
waters was comparable in magnitude to [Bias-
toch et al., 2011], although maximum CH, sea-
floor fluxes were smaller than [Lamarque, 2008],
with emissions from 330 to 450 Tg(CH,) yr'
for RCP4.5 to RCP8.5 [IPCC...,2013]. The sta-
bility of marine hydrates is sensitive to changes in
temperature and pressure and once destabilised,
hydrates release methane into sediments and
ocean and potentially into the atmosphere, cre-
ating a positive feedback with climate change.
The results indicate that a warming-induced re-
duction is dominant even when assuming rather
extreme rates of sea level rise (up to 20 mm
yr ') under moderate warming scenarios (RCP
4.5). Over the next century modelled hydrate
dissociation is focussed in the top ~100 m of Arc-
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tic and Subarctic sediments beneath <500 m wa-
ter depth. Predicted dissociation rates are partic-
ularly sensitive to the modelled vertical hydrate
distribution within sediments. Under the worst
case business-as-usual scenario (RCP 8.5), up-
per estimates of resulting global sea-floor meth-
ane fluxes could exceed estimates of natural
global fluxes by 2100 (>30-50 Tg (CH,) yr"),
although subsequent oxidation in the water col-
umn could reduce peak atmospheric release rates
to 0.75-1.4 Tg (CH,) yr'' [Hunter et al., 2013].
Arctic bottom water temperatures and their fu-
ture evolution, projected by a climate model,
were analyzed. Within the next 100 years,
the warming affects 25 % of shallow and mid-
depth regions containing methane hydrates. Re-
lease of methane from melting hydrates in these
areas could enhance ocean acidification and oxy-
gen depletion in the water column. The impact
of methane release on global warming, however,
would not be significant within the considered
time span [Biastoch et al., 2011]. Simulations
of heat penetration through the sediment sug-
gest that changes in the gas hydrate stability
zone will be small on century time scales, except
for the high-latitude regions of shallow ocean
shelves [Fyke, Weaver, 2006].

Results and discussions
1. The atmospheric CH, concentrations

Direct atmospheric measurements of CH,
of sufficient spatial coverage to calculate global
annual means began in 1978. Values for time
series of globally averaged CH, mole fractions
as analyzed by the WDCGG, using statisti-
cal methods, show an increasing tendency ex-
cept for the early 2000s. Atmospheric methane
was 1803.2 ppb (1801.2 to 1805.2) in 2011;
this is 150 % greater than before 1750. Glob-
ally averaged ‘pre-industrial’ CH, in 1750
was 722 + 25 ppb [IPCC... , 2013]. The in-
crease in annual mean CH, from 2016 to 2017
was 6.9 = 0.9 ppb, comparable to the av-
erage growth rate over the past 10 years
(+7.1+2.6 ppbyr!; the uncertainty is the standard
deviation of annual increases). Since 1750, CH,
has increased by ~1128 ppb from 722 + 15 ppb
[State of the Climate... , 2017]. More recently
since 2007, atmospheric CH, is observed to in-
crease again. Results of measurements from
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the Advanced Global Atmospheric Gases Ex-
periment (AGAGE) and the Australian Com-
mon-wealth Scientific and Industrial Research
Organisation (CSIRO) networks were present-
ed by [Rigby et al., 2008]. Values have shown
an increase again since 2007, but the mechanism
behind this trend is not fully understood. Meas-
urements of atmospheric CH, from air samples
collected weekly at 46 remote surface sites show
that, after a decade of near-zero growth, globally
averaged atmospheric methane increased dur-
ing 2007 and 2008. During 2007, CH, increased
by 8.3 + 0.6 ppb. CH, mole fractions averaged
over polar northern latitudes and the Southern
Hemisphere increased more than other zonally
averaged regions. In 2008, globally averaged
CH, increased by 4.4 + 0.6 ppb; the largest in-
crease was in the tropics, while polar northern
latitudes did not increase. The most likely driv-
ers of the CH, anomalies observed during 2007
and 2008 are anomalously high temperatures
in the Arctic and greater than average precipita-
tion in the tropics [Dlugokencky et al., 2009].

The atmospheric CH, concentrations near
the ocean surface measured along the two
cruise tracks between Qingdao, China and Ice-
land during July—September 2012 were studied
by [Zhang et al., 2017].

CH, was observed at very high latitudes, up
to 87° N. The mean CH, concentration increased
from 1849 to 1866 ppbv after the ship passed
through the North Pacific Ocean to the Arctic
Ocean during cruise track 1. Compared with
cruise track I, relatively higher CH, concen-
trations during cruise track II were observed,
with the mean CH, concentration of 1882 ppbv
for the whole cruise track. As the ship sailed
over the remote water relatively far away from
terrestrial and continental shelf regions, methane
emissions from degradation of shelf permafrost,
destabilization of marine hydrates and wetlands
cannot reasonably explain this phenomenon
[Zhang et al., 2017].

2. Organic matter

and methane in the Arctic

Considering the Arctic Ocean, organic mat-
ter and methane from various sources contribute
to its carbon content. Several studies brought at-
tention to the storage capabilities of permafrost
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[Tarnocai et al., 2009; Schuur et al., 2008; Zimov
et al., 2006]. For example, 1700 billion tones
of organic carbon have been estimated to be
stored in terrestrial soils in the northern perma-
frost zone [Schuur et al., 2015].

A recent assessment of the Arctic region
identified 1000-2000 gigatonnes (Gt = 10" g)
of stored carbon, mainly locked in buried plant
matter but also including methane bound in gas
hydrate that is vulnerable to climate change over
the next century [McGuire et al., 2009]. Old and
long-term buried material consists of organic
matter and pre-existing methane in terrestrial and
subsea permafrost, permafrost associated and
continental slope gas hydrates, and commercial
relevant oil and gas reservoirs. Large amounts
of organic matter are stored in permafrost on
land and under the sea that have been partly and
further will be degraded to CO, and CH, [Schu-
ur et al., 2015]. Released organic matter from
permafrost that degraded by methanogens un-
der anaerobic conditions might have generated
a considerable pool of methane. It is unknown
how much methane from that source is still
trapped within and beneath permafrost soil and
sediment. Additional organic matter and meth-
ane are transported by some of the largest riv-
ers on Earth and by groundwater discharges into
the Arctic Ocean.

Finally, less ice-cover of the ocean leads to
extended phytoplankton blooms generating ad-
ditional organic matter and most likely methane.
There are significant uncertainties associated
with those stocks [McGuire et al., 2009].

Studies suggest that the Arctic is a substan-
tial source of CH, to the atmosphere (between
32 and 112 Tg(CH,) yr'), primarily because
of the large area of wetlands throughout the re-
gion. Analyses to date indicate that the sensitivi-
ty of the carbon cycle of the Arctic during the re-
mainder of the 21* century is highly uncertain
[McGuire et al., 2009].

The Arctic now represents about 4 %
of the global methane budget; 23 vs.
568 Tg(CH,) yr ' for 2012, according to [Saunois
etal.,2016]. This budget is lower than bottom-up
estimates (range 37-89 Tg(CH,) yr ', according
to the review by [Thornton et al., 2016]). Infor-
mation on the magnitude of methane flux from
the Arctic basin to the atmosphere is extremely
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contradictory: models from insignificant emis-
sions to explosive release, leading to a global
catastrophe, are considered. Investigations led
by [Shakhova et al., 2010] estimated the total
East Siberian Arctic Shelf (ESAS) emissions
from diffusion, ebullition, and storm-induced
degassing at 8-17 Tg(CH,) yr'. A subsequent
measurement campaign led by [Thornton et al.,
2016], though not made during a stormy period,
failed to observe such high rates and estimated
an average flux of 2.9 Tg(CH,) yr ' instead. Oth-
er studies supported the lower methane fluxes.

Berchet et al. [Berchet et al., 2016] also
found that such high values as reported by
[Shakhova et al., 2010] at the ESAS were not
supported by atmospheric observations, and sug-
gested the range of 0.0-4.5 Tg(CH,) yr ' instead.
A reference scenario with the ESAS emissions
of 8 Tg(CH,) yr'', in the lower part of previously
estimated emissions, is found to largely over-
estimate atmospheric observations in winter,
likely related to overestimated methane leakage
through sea ice [Berchet et al., 2016]. Fenwick
et al. observed low sea air fluxes of methane
across the western part of the Arctic Ocean.
They investigated ~10,000 km transect across
contrasting hydrographic environments, from
the oligotrophic waters of the deep Canada Ba-
sin and Baffin Bay to the productive shelves of
the Bering and Chukchi Seas [Fenwick et al.,
2017]. The percent saturation relative to atmos-
pheric equilibrium ranged from 30 to 800 %
for CH,, with the highest concentrations oc-
curred in the northern Chukchi Sea.

The differences between the first Arctic es-
timates of the ESAS and later estimates there
and in other regions of the Arctic illustrate
large variabilities and thus uncertainties associ-
ated with methane fluxes from the Arctic region.
This difference demonstrates that we currently
cannot predict changes of the methane emissions
from the Arctic as too many unknowns and too
large uncertainties persist. Although these vari-
ous sources are generally known, the scaling
of the sources appears challenging.

3. The sources of methane in the Arctic
3.1. The permafrost

Permafrost landscapes in northern high lati-
tudes are an important, but poorly known, com-
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ponent of the global carbon cycle [Kittler et al.,
2017]. Permafrost is defined as soil, rock, and
any other subsurface earth material that exists at
or below 0 °C continuously for two or more con-
secutive years [Osterkamp, 2001]. Permafrost
zone soils have accumulated over hundreds and
thousands of years.

Subsequent inundation of this area at the Pleis-
tocene/Holocene transition put this loess perma-
frost carbon under water and also started thawing
the permafrost surface [Rachold et al., 2007].

Undersea permafrost carbon initially formed
on land as the continental shelf was exposed by
sea levels that were 120 meters lower during
the last glacial period [Walter et al., 2007].

The exposed organic carbon started to de-
compose potentially under anaerobic conditions.
This would have converted a portion of the car-
bon pool to CO, and CH, in the past, leaving an
unknown quantity of organic carbon remaining
both in the sediment and in permafrost that per-
sists under the ocean.

To put permafrost into perspective: soils
from the rest of Earth’s biomes (excluding Arc-
tic and boreal biomes) contain 2050 petagrams
(Pg = 10" g) of organic carbon in the surface’s
top 3 meters. Soils from the northern circum-
polar permafrost region, that have been quanti-
fied, add another 50 % (1025 Pg) to the 0-3 m
inventory, even though they occupy only 15 %
of the total global soil area [Schuur et al., 2015].

Both terrestrial and sub-seafloor permafrost
started to thaw at increasing rates during the last
30 years due to global warming releasing or-
ganic matter available for degradation. Arctic
temperatures rise faster than the global average
[IPCC... , 2013; Overland et al., 2014] and cli-
mate models also predict a strong high-latitude
warming for the future [IPCC... , 2013]. Arc-
tic temperature rise will affect the local carbon
cycle and might liberate an unknown volume
of methane via biodegradation of organic mat-
ter and dissociation of methane hydrates cur-
rently stored within and beneath permafrost as
well as along the continental margin. For ex-
ample, permafrost temperature has increased
by +1 to +2 °C in northern Russia during the last
30 to 35 years [State of the Climate... , 2017,
2018]. In 2016, the average annual surface air
temperature (SAT) over land north of 60° N
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was the highest value since reliable records be-
gan in 1900. For example, in August 2016, sea
surface temperatures (SSTs) were up to 5 °C
higher than the 1982-2010 average in regions
of the Barents and Chukchi Seas and off the east
and west coasts of Greenland [State of the Cli-
mate... , 2017, 2018].

3.2. The gas hydrate

While it is clear that there are substantial
stocks of carbon in the Arctic, there are signifi-
cant uncertainties associated with the magnitude
of organic matter stocks contained in permafrost
and the storage of methane hydrates beneath
both subterranecan and submerged permafrost
of the Arctic [McGuire et al., 2009].

In contrast to terrestrial permafrost, there
are no reliable published estimates of total or-
ganic carbon inventory for the subsea perma-
frost pool [State of the Climate... , 2017, 2018].
Substantial quantities of methane are believed
to be stored within submarine hydrate depos-
its at continental margins. Hydrates consist of
cages of water molecules that are stabilized by
mainly methane. These structures are stable un-
der low temperature and high pressure condi-
tions that define the gas hydrate stability zone
(GHSZ). Gas hydrate concentrates CH, within
its cage-like molecules, with 1 m? of gas hydrate
sequestering a maximum of 180 m® of methane
as measured at standard temperature and pres-
sure (STP).

Models and geophysical data indicate
that large areas of the Arctic shelves are un-
derlain by subsea permafrost. As a result
of their exposure during the last glacial maxi-
mum, the shelves are thought to be almost en-
tirely underlain by permafrost from the coast-
line down to a water depth of about 100 m.
Subsea permafrost is still poorly understood,
mainly due to the lack of direct observations.
Large volumes of methane in gas hydrate form
can be stored within or below the subsea per-
mafrost and the stability of this gas hydrate
zone is sustained by the existence of permafrost.
Degradation of subsea permafrost and the con-
sequent destabilization of gas hydrates could
significantly if not dramatically increase the flux
of methane to the atmosphere [Rachold et al.,
2007]. Ruppel and Kessler believe gas hydrate
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to be widely distributed in the sediments of ma-
rine continental margins and permafrost areas,
locations where ocean and atmospheric warm-
ing may perturb the hydrate stability field and
lead to release of the sequestered methane into
the overlying sediments and soils [Ruppel, Kes-
sler, 2017].

Dissociation of gas hydrate deposits may
likely accelerate global warming, increase ocean
acidification, and exacerbates oxygen loss [Bi-
astoch et al., 2011]. Approximately 1 % or more
of global gas hydrates occurs in high northern
latitude permafrost areas [Ruppel, 2015]. These
permafrost associated gas hydrates (PAGH) oc-
cur both onshore beneath tundra (e.g., Russia,
Canada, and the U.S.) and on continental shelves
of the Arctic Ocean whose permafrost has been
inundated by sea level rise since ~15 ka [q.v. e.g.
Rachold et al., 2007].

Many permafrost associated gas hydrates
(PAGH) formed by a process that can be de-
scribed in the vernacular as “freezing in place”
of gaseous CH, that has presumably migrated
to shallower depths from underlying conven-
tional gas reservoirs containing thermogenic
gas [Ruppel, 2015]. Lacking better well distri-
bution, it is not possible to determine the ab-
solute seaward extent of ice-bearing perma-
frost, nor the distribution of permafrost beneath
the present-day continental shelf at the end
of the Pleistocene [Ruppel et al., 2016]. In con-
trast, ice-bearing subsea permafrost patches
were detected during geophysical investigations
offshore in the Laptev Sea [Rekant et al., 2015]
and reach to 60—100 m isobath in the Canadian
Beaufort Sea [Riedel et al., 2017].

Deep-water marine gas hydrates associated
with a bottom-simulating reflectors (BSR) were
identified in the Canadian Beaufort Sea [Riedel
et al., 2017] and in the SW Barents Sea [Vadak-
kepuliyambatta et al., 2017].

Seismic observations of BSRs revealed sig-
nificant thermogenic gas input into the hydrate
stability zone throughout the SW Barents Sea
[Vadakkepuliyambatta et al., 2017]. The Bar-
ents Sea is a major part of the Arctic where
the Gulf Stream mixes with the cold Arctic wa-
ters. Late Cenozoic uplift and glacial erosion
have resulted in hydrocarbon leakage from res-
ervoirs, evolution of fluid flow systems, shal-
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low gas accumulations, and hydrate formation
throughout the Barents Sea [Vadakkepuliyam-
batta et al., 2017].

Continental slopes north of the East Siberian
Sea potentially hold large amounts of methane
(CH,) in sediments as gas hydrate and free gas.
Gas seepage offshore Svalbard was postulated
to result from gas hydrate dissociation, possi-
bly triggered by anthropogenic ocean warming.
Observations of CH, release along the Svalbard
margin seafloor [Westbrook et al., 2009] sug-
gest observed regional warming of 1 °C during
the last 30 years is driving hydrate dissocia-
tion, an idea supported by modelling [Reagan,
Moridis, 2009]. However, large-scale leakage,
reported by Mau et al., is not caused by anthro-
pogenic warming. The much broader seepage
area, extending from 74° to 79° N, from 5° to
25° E, where more than a thousand of gas dis-
charge sites were imaged as acoustic flares, oc-
curs in water depths at and shallower than the
upper edge of the gas hydrate stability zone
[Mau et al., 2017].

Miller et al. [Miller et al., 2017] presented
results of chemical analysis of pore water from
32 sediment cores taken during Leg 2 of the 2014
joint Swedish—Russian—US Arctic Ocean Inves-
tigation of Climate—Cryosphere—Carbon Inter-
actions (SWERUS-C3). The cores come from
depth transects across the slope and rise extend-
ing between the Mendeleev and the Lomonosov
ridges, north of Wrangel Island and the New
Siberian Islands, respectively. Miller et al. not-
ed that abundant CH,, including gas hydrates,
do not characterize the East Siberian Sea slope
or rise along the investigated depth transects,
except for one station on the Lomonosov Ridge
[Miller et al., 2017].

To date, the northen most submarine gas hy-
drate are found in the upper part of the western
slope of the Chukchi Plateau within the deep-
water eastern margin of the East Siberian Sea
[ARAO7C Cruise Report..., 2017]. They were
recovered at a depth of 610 meters on the 3 me-
ters bsf in two sediment cores (station sec-
tion ARAOQ7C GC13, coordinates 75.6795° N,
169.7379° E) on local morphostructures
(mounds). Such morphostructures, as a rule, are
formed above gas-saturated channels (gas chim-
ney) in the upper part of sedimentary strata
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above gas-bearing or oil-and-gas bearing struc-
tures. The gas pockmarks and methane anoma-
lies were mapped earlier in this region [Savvi-
chev et al., 2004]. This gashydrate accumulation
is, likely, related to the the rift.

3.3. The coal deposits

Another hardly known source of methane
are coal deposits that extend over large regions
deposits. The studies of Russian scientists es-
tablished the patterns of relationship between
permafrost degradation in the regions of con-
tinental arctic coal deposits, including degra-
dation caused by migration of methane from
coal-bearing column (fig. 1) [Obzhirov, 1979;
Gresov et al., 2014, Gresov et al., 2017]. The six
basic regularities of the distribution of natural
gas and permafrost, gas cryological zonality,
gas composition and gas permeability of coal
formations in permafrost have been determined.

Methane content trapped in coal basins
is projected up to 11 trillion tons in Russian Far
East. According to e.g. [Gresov et al., 2014],

some of the coal basins continue under the sea-
floor of the Eastern Arctic.

Gresov et al. established that the areas
of projected gas-oil, oil and gas deposits on
the shelf of the East Siberian Sea are charac-
terized by minimal methane and hydrocarbon
content of the bottom sediments (less than 0.05
and 0.001 cm*/kg, respectively) as well as great
thickness of the sedimentary cover within the
North Chukotka (more than 10 km), South Chu-
kotka, and Aion Basins (more than 3 km) [Gres-
ov etal., 2017].

They determined that abnormal gas geo-
chemical fields are formed within rises of small
thickness of the sedimentary cover and active
faulting and tectonic disturbance; these fields
are, by nature, regions of gas discharge.

They showed that the main geochemical
markers and indicators of the oil and gas content
of the East Siberian Sea shelf are the molecular
mass of the hydrocarbon fractions, the carbon
isotopic composition of methane in the bottom
sediments, and the sedimentary cover thickness.

Fig. 1. Permafrost types and their distribution in the North-Eastern Russia, Arctic. 1-3 — permafrost: 1 — continuous type,
2 — faltering type, 3 — massive-island type; 4 — coal basins: 5 — coal-methane active areas; 6 — thickness of permafrost, m;
7 — lithosphere plates; 8 — lithosphere plates borders; 9 — directions of coal methamorphic changes. [Gresov et al., 2014]
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More than 15 lignite and brown coal beds with
thickness ranging from 7 to 10 m and methane
content of 2 m*/ton were established at depths
of 200-250 m in the Chaun Lowland of the
Aion Basin. Here, in seven wells, ten appear-
ances of gas were registered, related to drilling
into brown coal beds and Cretaceous intrusions
in the tectonic zones with methane concentra-
tions ranging from 20.7 to 77.5 % and a gas
rate up to 0.05 m’/min. Within the south part
of the East Siberian Sea, the bottom sediments
of the central part of the Aion Basin are charac-
terized by gas geochemical indicators of oil- and
gas content with MHC > 19 g/mol and carbon
isotopic composition of methane ranging from
—42.7 to —53.4 %o VPDB. The characteristics of
the hydrocarbon gases of the bottom sediments
of the Chauna Lowland are close to the charac-
teristics of the coal-gas and magmatic forma-
tions [Gresov et al., 2017].

3.4. The oil-gas deposits

In addition to permafrost and gas hydrates,
many of world’s largest gas fields are north
of the Arctic cycle. Oil and gas seepages were
found offshore Scott Inletin Baffin Bay [Grant
et al., 1986]. Gautier et al. estimated that about
30 % of the world’s undiscovered gas and 13 %
of undiscovered oil may be preserved in the Arc-
tic. Gautier et al. suggest that two-thirds of the un-
discovered gas is in just four AUs: South Kara
Sea (607 TCF), South Barents Basin (184 TCF),
North Barents Basin (117 TCF), and the Alaska
Platform (122 TCF). The South Kara Sea, the oft-
shore part of the northern West Siberian Basin,
contains almost 39 % of the undiscovered gas and
is the most prospective hydrocarbon province
in the Arctic. Although substantial amounts of gas
may be found in Alaska, Canada, and Greenland,
the undiscovered gas resource is concentrated
in Russian territory [Gautier et al., 2009].

3.5. River removal of methane

3.5.1. Fresh water

Additional organic matter and methane
are transported by some of the largest rivers
on Earth and by groundwater discharges into
the Arctic Ocean. The Arctic Ocean is the most
river-influenced and landlocked of all oceans
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[Charkin et al., 2017]. Huge rivers empty
into the Arctic Ocean, carrying vast amounts
of sediment that can be seen from space as im-
mense swirls in the coastal region [Parmentier
etal., 2017].

About 10 % of global runoff flows into the
large areas of shallow Arctic shelf seas [Lam-
mers et al., 2001].

One of the most obvious implications of the
observed warming is that river run off will in-
crease [Peterson et al., 2002]. Discharge was cor-
related with changes in both the North Atlantic
Oscillation and global mean surface air tempera-
ture. Fresh water (FW) supply and together with
organic matter from the continental land mass is
of special importance to the Arctic Ocean, which
contains only 1 % of global ocean water, yet it
receives 11 % of global river run off [Shiklo-
manov et al., 2000]. During 1964-2000, the dis-
charge to the Arctic Ocean has increased by
5.6 km® yr!, mostly due to a large increase from
the Eurasian rivers [McClelland et al., 2006].
The average annual discharge of FW from the
six largest Eurasian rivers to the Arctic Ocean
increased by 7 % from 1936 to 1999. The aver-
age annual rate of increase was 2.0-0.7 km?® yr .
The observed large-scale change in FW flux has
potentially important implications for ocean
circulation and climate [Peterson et al., 2002].
There have been observations of a 7 % increase
in organic matter discharge from Eurasian rivers
to the Arctic shelf over recent decades.

Although, river borne export of CH, via
the Bykovskaya Channel, which is the main out-
flow of the Lena River, was not observed [Shak-
hova et al., 2010], creeks draining from the per-
mafrost in the same region were found to contain
1000 times higher concentrations of methane
[Bussmann, 2013] than in the open ocean (2 nM).

The HRS data also revealed abundance
of the gas seeps in the study area. Most of them
mark the local permeable zones within the per-
mafrost, which are most likely former thermo-
karst depressions (lakes/taliks). The *“fuzzy’-
facies of the gas seep anomalies are concentrated
along the Lena and Yana paleoriver valleys and
therefore may relate to river taliks [Rekant et
al., 2015].

According to these few results, rivers trans-
port organic matter as a prerequisite for methane
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production and creeks from permafrost directly
add methane to the atmosphere and to the river
system. How large either source is, is currently
unknown.

3.5.2. The submarine groundwater
discharge

Another important transport pathway of or-
ganic matter and pre-formed methane to the sea
might be submarine groundwater discharge
(SGD). SGD is a mixture of fresh groundwater
and seawater that recirculates through the subter-
ranean estuary as a result of tides and wave action,
and then discharges to the ocean [Moore, 1999].

Active SGD was documented in the vicinity
of the Lena River delta. Groundwater (GW) cur-
rently comprises almost one-quarter of Yukon
River water discharged to the Bering Sea, which
subsequently is transported into the Arctic Ocean
via the Bering Strait [Walvoord, Striegl, 2007].

In the coastal areas of the shallow Siberian
Arctic seas, where permafrost was submerged
most recently, taliks (layers or columns of thawed
sediments within permafrost) might form as a re-
sult of the combined effect of geothermal flux
from fault zones, the warming effect of rivers
and overlying seawater. These taliks could be
gas-charged and connected to SGD [Shakhova
et al., 2017], which could be manifested as point
sources of methane to the coastal waters.

SGD discharge in the Siberian Arctic seas
depends on the thermal state of the perma-
frost as well as on the geological and tectonic
structure of the shelf. The geological prerequi-
sites for subpermafrost GW discharge include
the presence of lithological conditions (sand,
gravel, cracks and fissures in rocks) and chan-
nels (taliks) between the subpermafrost GW
(confined aquifer) and the marine water column.
At fault crossings: (1) there is an increased crush-
ing or jointing of rock masses, which is favorable
for uprising SGD transport; and (2), the impact
of geothermal heat flux is increased, which thaws
the permafrost [Charkin et al., 2017].

4. The origin of methane

The origin of methane of all above sources is
either biogenic or thermogenic. Methane is either
generated under reduced conditions in anoxic ma-
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rine sediments, predominantly through microbi-
ally mediated CO, reduction and disproportiona-
tion of methylated substrates [Hinrichs, Boetius,
2002] or formed by thermal breakdown of organ-
ic matter at high temperature and pressure.

Isotopic observations suggest a biogenic ori-
gin (either terrestrial or marine) of the methane
in air masses originating from the ESAS during
late summer, 2008 and 2009 [Berchet et al., 2016].

In the Beaufort Sea, the sources of methane
available for release into the water column are
primarily from microbial degradation of sedi-
mentary organic matter and secondarily from
thermogenic gas seepage [Lorenson et al., 2016].

In the offshore Prudhoe Bay and the Mac-
kenzie River delta, microbial methane sources
predominate with minor influxes from thermo-
genic methane and may include methane from
gas hydrate [Collet, 2014].

Offshore western Svalbard, stable carbon
isotopic compositions (6"°C) of methane coupled
with a virtual lack of any higher hydrocarbons
point to microbial generated methane in water
samples from the so-called Svalbard plume, but
a thermogenic origin cannot be ruled out [Mau
etal., 2017].

Both, stable hydrogen and carbon isotope data
revealed the predominant occurrence of biogen-
ic methane being dissolved in pore water of par-
tially thawed subsea permafrost of the ESAS
[Sapart et al., 2017]. Sapart et al. demonstrate
that at locations where a thick marine clay layer
is present, this CH, is partially oxidized before
reaching the seawater. However, at locations
where ebullition was observed from the seabed,
no oxidation was identified in the stable isotope
surface sediment profile. In that case, and con-
sidering the very shallow water column (<10 m)
in this area, this microbial gas will likely reach
the atmosphere when sea ice is absent. Triple iso-
tope dataset of CH, from the sediment and wa-
ter of the shallow ESAS reveals the presence
of CH, of microbial origin formed on old car-
bon with unexpectedly low stable carbon (3°C
as low as 108 %o) and hydrogen (D as low as
350 %o) isotope signatures down to about 50 m
under the seabed in the thawed permafrost. Sa-
part found high concentrations (up to 500 uM)
of CH, in the pore water of the partially thawed
subsea permafrost of this region. For all sedi-
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ment cores, both hydrogen and carbon isotope
data reveal the predominant occurrence of CH,,
that is not of thermogenic origin as it has long
been thought, but resultant from microbial CH,
formation [Sapart et al., 2017].

In contrast, 6!°C of methane in the sediments
of 45 station of the coastal ESS revealed clear
presence of thermogenic methane and ethane.
It appears, that biogenic methane sources are
dominant in the Arctic [Shakirov, 2018].

5. Methane production
and methane consumption

Physical changes such as warming surface
waters, reduced permanent ice cover, and thaw-
ing of permafrost have been linked to increased
net primary productivity [q.v. e.g. Arrigo, van
Dijken, 2015]. These changes may increase
organic matter export from the surface waters
of the Arctic Ocean [Boetius et al., 2013], po-
tentially accelerating the microbial processes
that produce CH, under low O, conditions.

At the Arctic shelf, methane production was
so far identified as a source contributing 20 % of
methane to the Chukchi Sea methane load [Li et
al., 2017].

In this region, emissions from the sediment-
water interface and the in situ production of CH,
were estimated to account for 75 % and 20 %,
respectively [Li et al., 2017]. They calculated
the budget of CH, using a mass balance model
and estimated that the emissions from the sed-
iment-water interface and the in situ produc-
tion of CH, are the main sources of CH,, and
that the sea-to-air flux and oxidation of CH,
(which accounts for 52 % and 43 % of the ex-
ports of CH,) are the major outputs. Analysis
of the spatial distribution of CH, in the western
Arctic Ocean during the summer of 2014 re-
vealed an increasing trend northward toward the
shelf break stations and a decreasing trend to-
ward the Canada Basin stations. The surface wa-
ters at all of the stations are oversaturated with
CH,, and the mean sea-to-air CH, flux in the CSS
is 10.08 umol m~ day', although the CSS ac-
counts for 0.16 % of the surface area of the world
ocean, it accounts for 0.30 % of total global CH,
emissions [Li et al., 2017].

Study results indicate that the in the South
Chukchi Basin diffusive methane fluxes at
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the sediment-water interface within the south-
ern and northern sites were estimated to be
14.5 umol dm2 day ! and 0.7 nmol dm™ day !,
respectively [Matveeva et al., 2015].

Although methane production [Karl et al.,
2008] in the water column is commonly a small
source of the greenhouse gas, increased primary
production in the Arctic seas might accelerate
this source adding to the other sources. An ad-
ditional, though poorly understood, source
of methane is methanogenesis within the aer-
obic water column, which is thought to oc-
cur in sinking particles [Karl, Tilbrook, 1994,
within the digestive tracts of organisms [Ange-
lis, de, Lee, 1994], and through the metabolism
of methylated substrates [Damm et al., 2010;
Karl, Tilbrook, 1994].

This aerobic water column CH, production is
often masked by biological oxidation, which acts
to maintain CH, concentrations near atmospher-
ic equilibrium [Hanson R., Hanson T., 1996].

5.1.1. Turnover of methane by microbial
oxidation in the sediment and water column
and the temperature influence on this process

It is thought that this organic material is vul-
nerable to biodegradation, but Arctic microor-
ganisms are used to low temperatures and need
to adapt to elevated temperature and increased
organic matter from land and from the surface
ocean for degradation. Due to the increased
sedimentation rate, most organic matter might
be buried and slowly anaerobically biodegrad-
ed. Anaerobic oxidation can account for up to
80 % of methane consumption in sediments
[Reeburgh, 2007]. The global methane budget
of the ocean is well balanced by anaerobic and
aerobic microbial methane oxidation (at deeper
sites >100 m). For example, data collected off-
shore Svalbard in the summer of 2015, revealed
that 0.02-7.7 % of the dissolved methane was
aerobically oxidized by microbes and a minor
fraction (0.07 %) was transferred to the atmos-
phere during periods of low wind speeds [Mau
et al., 2017].

Oxidation rates in the Arctic vary consider-
ably, which is to a small extent due to ice cov-
er. Specific oxidation rate constants for meth-
ane, found in the Beaufort Sea are comparable
to estuarine and oxic/anoxic boundary layer
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values. While these rates are generally higher
than typical open ocean rates, water column
oxidation rates would account for only 1-2 %
of the methane pool available in the water col-
umn. Besides, results show that during ice cov-
ered periods methane oxidation rates are much
higher than in ice-free periods when rates were
undetectable. Although the restriction to oxic
zones is challenged as aerobic, methane-oxidiz-
ing bacteria (MOB) were found to oxidize about
32 % of the methane in anoxic zones in lakes
[Martinez-Cruz et al., 2017].

The simple model of a 10 m thick sea wa-
ter surface layer, proposed by [Kitidis et al.,
2010], suggests that methane oxidation accounts
for ~37 % of the methane loss during ice-free
conditions and up to 46 % during ice-covered
periods. Oxidation of CH, accounts for 43 %
of the exports of CH, in the Southern Chukchi
Sea shelf [Li et al., 2017].

Depending on the origin and flow path of the
water mass, a stock of methanotrophic bacteria
might be already in the water and thus might eas-
ily adapt to a sudden methane increase. However,
the microbial turnover depends also on tempera-
ture [Bussmann et al., 2015] and if the bacteria
are psychrophiles and thus capable of growth
and reproduction in cold temperatures or not.

Most of the seafloor flux of CH, is expected
to be oxidised in the water column into dissolved
CO,. This fraction depends on the depth of water
and ocean conditions [Mau et al., 2007a]. Elliott
et al. demonstrated significant impacts of such
seafloor release on marine hypoxia and acidity,
although atmospheric CH, release was small
[Elliott et al., 2011].

6. Investigation of methane emission
intensity depending on tectonic
and seismic conditions

Tectonics and seismicity can significantly
affect pathways of methane [Mau et al., 2007a,
2017]. Faults have been found to be major path-
ways of methane from shallow and deep res-
ervoirs. Tectonic movements along faults are
thought to close or open fluid and gas migra-
tion pathways. Therefore, correlation between
tectonics (passive and active) and gas emis-
sions could identify sensible areas where large
amounts of methane can be rapidly emitted [Mau
etal., 2007a, 2017].
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During analyzing the relationships between
the gas fluxes in the marginal seas and seismic
activity, consideration must be given to earth-
quakes occurring not only in the transition zone
“continent—ocean”, but also on the continent.
Shakirov et al. showed that there is a naturally-
determined “gas-geochemical response” of geo-
dynamic and seismotectonic processes in the in-
teraction of the lithospheric plates at great
distances [Shakirov et al., 2017]. A regular
“gas-geochemical response” of seismotectonic
processes was revealed in the interaction of lith-
ospheric plates at large distances, using the ex-
ample of the gas outlets of the Seas of Japan
and Okhotsk and Lake Baikal.

Using the example of one of the lineaments
of eastern Asia, it was shown that the lineament
geotectonic structures composing the regmatic
net of the Earth control the formation and activ-
ity of the largest centers of methane emission;
these centers are indicators of the tectonosphere
activity and hydrocarbon accumulation. Chang-
es in the activity of these centers are informa-
tive signals of seismic fluctuations. The centers
of the heaviest submarine fluxes of natural gas
(methane up to 99 vol %), which are removed
from each other in the Far East and the Eastern
Arctic seas, can be controlled by the same linea-
ments and by the zones of junction, where line-
aments of various geodynamic nature are inter-
linked.

Tectonic structures evidently influence
the continuous methane release from the sea-
floor in the Eastern Arctic and Sub-Arctic [Sha-
kirov et al., 2017] (fig. 2). Changes in the ac-
tivity of these centers are informative signals
of seismic fluctuations.

In the eastern Arctic sector there are prom-
ising areas at depths from 400 m located along
the foot of ridges, the sides of tectonic troughs,
and the continental slope (areas modified by rift-
related structures and by nodes of disjunctive
intersections, etc.). In addition to the flares,
which were discovered by Russian researchers
in the Laptev Sea [Chernykh, 2014], methane
in concentrations, sufficient to form hydrates in
sediments, is revealed in the Chukchi Plateau
[Matveeva et al., 2015] and the East Siberian
Sea [Shakirov et al., 2013]. These structures,
in terms of permeability of the lithosphere, are
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Fig. 2. The map of earthquakes and lineament control of some active centers of natural gas emission. (1) F1 gas flare
in the Sea of Okhotsk, (2) “Gizella” gas flare in the Sea of Okhotsk, (3) the field of methane flares in the Laptev Sea
[Chernykh, 2014], (4) the Middle Arctic Ridge, (5) the areas of the natural gas flares, (6) the zone of the Okhotsk-Japan
Seas lineament and its extension into the Laptev Sea, (7) the northern boundary of the Okhotsk Plate [Ulomov, 2007].
VKS — Verkhoyansk—Kolyma System. BRZ — Baikal Rift Zone. Insert (a): position of the Tohoku Earthquake epicenter
(2011) on the scheme of the lineament (1 — lineament, 2 — Tohoku event). [Shakirov et al., 2017]

favorable to form methane hydrates in sedimen-
tary deposits under the appropriate lithological,
thermobaric, and geochemical conditions, which
have been studied by Russian researchers [Geol-
ogy and mineral... , 2004; Shakirov et al., 2013;
Matveeva et al., 2015].

The article [Shakirov et al., 2013] present-
ed the results of integrated gas-geochemical
studies of bottom sediments from compre-
hensive study of sediments from East-Sibe-
rian Sea along the profile from Billings Cape
to the Mendellev Ridge. The revealed methane
anomalies in sediments up to 2.4 % are con-
trolled by neo-tectonic faults. Isotopic compo-
sition of "C—CH, reveals influx of deep fluid.
Study of sediment chemical composition al-
lowed distinguishing zones in tectonic faults,
revealed by methane anomalies in sediments,
where conditions are favourable for concentra-
tion of Mn, Cu, and Ag. Figure 3 demonstrates
the scheme of gas geochemical studies in the
East Siberian Sea [Gresov et al., 2017].
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In the south and west of the Chukchi Sea
a zone of sediment accumulation was found
with a high content of organic carbon, increased
background content and anomalies of sulfonic
metals (Mo, Zn, Hg, Ag, Au), iron group met-
als (V, Ni, Co) and some platinoids (Ru, Pt).
This zone is confined to the neotectonically
active rift system, stretching from the Bering
Strait and Eastern Chukotka to the continen-
tal slope, where it borders the Cenozoic rift-
bearing basin of the Charlie Canadian Basin.
The geochemical features of carbon-rich sedi-
ments indicate their formation under conditions
of lack of oxygen, and, in some cases, in sub-
oxide and anoxide environments near water
and gas endogenous sources. The high content
of carbon and certain metals make it possible
to consider fine-grained sediments of the rift-
induced troughs of the Chukchi Sea as a pos-
sible analogue of some types of ancient high-
carbon sediments attributable to black-shale
sediments [Astakhov et al., 2013].
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Fig. 3. Location scheme of gas geochemical studies in the East Siberian Sea. 1 — sedimentary basin: I — Novosibirsk,
IT — Aion, III — South Chukotka, IV — North Chukotka; 2 — geostructural elements:

(1) Novosibirsk Trough, (2) Kotelny-Svyatoi Nos Rise, (3) Blagoveshchensk structural terrace, (4) Medvezhinsk Rise,
(5) Aion Lowland, (6) Chaun Lowland, (7) Kuul Anticlinorium, (8) Valkarai Lowland, (9) Long Lowland, (10) Wran-
gel Arch, (11) Wrangel Graben, (12) North Shelagi Rise, (13) Kolyuchin Graben-Rift, (14) North Chukotka Lowland;
3 — structural contour lines at sedimentary cover bottom, km; 4 — geostructure boundaries; 5 — boundaries of gas geo-
chemical study areas; 6 — gas geochemical stations (2008, RV Akademik MA Lavrentyev); 7 — well and its number;
8 — gas-emitting well and its number. Coal fields and appearances: 9 — hard coal; 10 — brown coal; 11 — bitumen mani-

festations; 12 — gas geochemical section. [Gresov et al., 2017]

7. Traps and pathways of methane
on its way from the sediment
to the atmosphere

If methane is generated in abundance, then
its buoyancy force drives it towards the seafloor,
through the water column into the atmosphere.

Sufficient amounts of methane from pre-
formed gas beneath or within permafrost, gas
hydrates, and gas fields can cause oversaturation
and, thus, gas emission via bubbles from sedi-
ments (ebullition) [e.g. McGinnis et al., 2006].

In general, Frederick and Buffett’s modeling
suggested that SGD may play a large role in
submarine permafrost evolution and gas hydrate
stability [Frederick, Buffett, 2015].

Most of the observed BSR occur close to the
SII GHSZ indicating significant thermogenic gas
input into the hydrate stability zone throughout
the SW Barents Sea. The distribution of BSR is
controlled primarily by fluid flow focusing fea-
tures, such as gas chimneys and faults [Rekant
et al., 2015].
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Methane can be transferred to the atmos-
phere either directly via bursting gas bubbles or
indirectly via wind speed dependent dissolved
gas transfer. The former was predicted to be
only important in seas with water depth <100 m
while the latter was observed to be limited due to
ocean stratification.

Vigorous bubbling events (1.5 to 5.7 bub-
bles per second) were observed at some sites
of the ESAS [Shakhova et al., 2013]. Vigorous
bubbling events as well as seepages of thermo-
genic CH, [Cramer, Franke, 2005] indicating
that part of the water column supersaturation
of the ESAS result from a seabed source [Sapart
et al., 2017].

Geissler et al. found evidence of wide-spread
methane venting also at the Northern Svalbard
shelf in close vicinity to the Hinlopen/Yermak
Megaslide slide scar [Geissler et al., 2016].
In the SW Barents Sea, gas flares were mapped
along a segment of the Ringvassgy Loppa Fault
Complex near the Snehvit and Albatross gas
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field [Chand et al., 2014]. Bubble release was
also documented at the Haakon Mosby Mud
Volcano, located in 1270 m water depth at the
center of the Bjorneya slide scar on the SW Bar-
ents Sea slope [Sauter et al., 2006]. Thousands
of gas emission sites were discovered along the
western margin of Svalbard generating a hun-
dreds of km-long methane plume [Mau et al.,
2017], and generates a dissolved methane plume
that is hundreds of kilometer in length.

Ice related processes have contributed
to the widespread development of indurated
(low-permeability) sediments that could be par-
ticularly effective at trapping CH, beneath some
Arctic Ocean shelves [Ruppel, Kessler, 2017].
For example, high-amplitude up-dip truncations
suggest impermeability (cap) at the BGHSZ in
the Canadian Beaufort Sea, preventing further
migration of any free gas.

Structural geology controls numerous meth-
ane related processes: BSR distribution, ground-
water discharges from thawing permafrost, and
gas emissions into the water column. For exam-
ple, primarily focused fluid flow features, such
as gas chimneys and faults, control the distri-
bution of BSR in the SW Barents Sea [Vadak-
kepuliyambatta et al., 2017].

Along the western Svalbard margin
from Bjerneya to Kongsfjorden most gas emis-
sions detected, as acoustic flares were found in the
vicinity of the Hornsund Fracture Zone [Mau et
al., 2017]. The methane discharges on bathymet-
ric highs are characterized by sonic hard grounds,
whereas glaciomarine and Holocene sediments
in the troughs apparently limit seepage.

Offshore northern Svalbard, an amphithea-
tre-shaped slide scar area with head and side-
walls up to 1600 m high, indicates that at least
1250 km?® of shelf sediments were excavated,
and up to 2400 km’ of sediment were finally
involved in the slide. Large blocks with lat-
eral dimensions of up to 4 km and taller than
300 m can be observed in the depositional area.
The failure event was dated to 30 cal kyr B.P.
The Hinlopen shelf failed coincidently with
rapidly falling sea-level during the last glacia-
tion [Geissler et al., 2016].

To date, there has been no clear evidence for
the presence of gas hydrates, free gas or degas-
sing features, which led Winkelmann and Stein
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[Winkelmann, Stein, 2007] to argue that hy-
drate dissociation and gas overpressure are not
among the main preconditions for slope failure
initiation. Instead, they favoured tectonic con-
trol, related to the development of a forebulge as
the glaciation intensified.

Gas hydrate, a frozen, naturally-occurring,
and highly-concentrated form of methane, se-
questers significant carbon in the global system
and is stable only over a range of low-tempera-
ture and moderate-pressure conditions. The gas
discharge occurs in water depths at and shallow-
er than the upper edge of the gas hydrate stabil-
ity zone throughout.

A link of seismotectonics and methane seep-
age was also revealed to account for variable
methane emissions offshore Costa Rica; appar-
ently an earthquake in 2002 sealed pathways
of methane and lowered methane discharge at
seep sites situated 300 km apart [Mau et al.,
2007b].

Methane rich fluids feeding the Svalbard
plume appear to migrate either along faults, along
stratigraphic boundaries or through a combina-
tion of these two structures. Most of the flares
mapped in this study are located in the vicinity
of the Hornsund Fracture Zone (HFZ); a few sin-
gle flares were found in Kongsfjordrenna, near
the Knelegga Fault Zone, and along the northern
edge of the Kveithola Trough. Knies and Damm
et al. had previously noted a relationship be-
tween high methane concentrations and the HFZ
at the western Spitsbergen shelf [Knies et al.,
2004; Damm et al., 2005].

In contrast, Rajan et al. suggested that, since
the fluids expelled at ~250 m water depth off-
shore Prins Karls Forland (PKF) align with
the outcrop of a glacigenic sequence, fluid mi-
gration is likely occurring along dipping strata
in the prograding sequence. Since the Barents
Sea Ice Sheet extended to the slope edge from
northern Norway to northern Svalbard, glaci-
genic stratigraphy could provide a pathway for
ascending fluids not only at the PKF, but also
farther south at Hornsundbanken, Serkapp-
banken, and Spitsbergenbanken. Our surveys
could not identify fluid migration along strati-
graphic boundaries; but our data indicate that the
majority of the gas emissions follow the HFZ
[Rajan et al., 2012; Ingo6lfsson, Landvik, 2013].
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8. Methane transfer to the atmosphere

Although methane seepage has been discov-
ered at numerous seep sites around the world,
quantitative estimates of the fate of meth-
ane in the water column remain rare. For ex-
ample, large discrepancies exist in the data
of methane fluxes from the sea to the atmos-
phere. The estimates in vertical sections: Lena
River Delta — continental slope (the Laptev
Sea), Taimyr Peninsula — Voronin Trough, and
along the Novaya Zemlya Archipelago fluxes
of methane in 2015 show a small contribution
(1400 mol km™ day' (52 mol km™ day! in
average)) [Vetrov et al., 2018].

Methane transfer to the atmosphere is lim-
ited in the ocean water column by stratification
of water masses. Offshore Svalbard, density
stratification resulting from salinity changes lim-
its vertical eddy diffusion of methane to the sur-
face mixed layer. The methane released from gas
emission sites in the lower water column remains
in the ocean where most is microbially oxidized
while being transported [Gentz et al., 2014].

The Arctic Ocean is markedly stratified be-
tween 0 m and 150 m. For the winter period, dis-
solved CH, concentrations beneath the sea ice
were 5 to 10 times higher than in the summer at
the ESAS [Shakhova et al., 2010]. Stratification
results in low diffusion and heat transfer rates be-
tween water masses and is a fundamental reason
why the Arctic Ocean is consistently ice covered.

Typically, a large fraction of the gas dissolves
during the bubbles’ transit through the water
column. Its quantity depends on release depth,
volume of the bubbles, and the buoyancy force
of the plume [Greinert, McGinnis, 2009].

[Fenwick et al., 2017] noted that the fresh-
water layer at the surface often acted to dilute
the concentrations of the gases within the mixed
layer and limiting the associated sea-air fluxes.

However, it has been shown that, when
the water depth is <100 m, a significant fraction
of the methane in the bubble might be directly
transported to the atmosphere [e.g. Romer et
al., 2017]. Because the ESAS average depth is
only 45 m, the water column provides a short
conduit for bottom-released CH, to be vented
to the overlying atmosphere [Shakhova et al.,
2010].
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Zhang et al. [Zhang et al., 2017] observed
clearly discernible peaks of atmospheric
CH, near the surface of ocean that coincided
with the location of the areas of confluence
of the warm saline and cold less saline waters
in the Arctic.

Therefore, methane transfer appears to
be confined to a few areas where oceanograph-
ic settings do not hamper methane transfer
to the atmosphere.

9. Sea-air flux of dissolved methane

However, while indurated sediments, stratifi-
cation in the water column, ice cover and micro-
bial methane oxidation in the sediment and water
column limit the quantity of methane reaching
the atmosphere, migration paths along faults and
ebullition bypasses these obstacles. While strati-
fication and ice cover hinder methane transfer to
the atmosphere, increasing wind speed amplifies
the gas transfer velocity [Mau et al., 2017].

In the works on a large amount of data
and in a large area of the northwestern Pacific
Ocean, the effect of pulsating emissions of meth-
ane is observed: if wind speed is low and there
is a methane flux from the underlying deep wa-
ters, an increase takes place in the concentration
of methane in the surface water due to its trans-
port (fig. 4). Methane concentration dramati-
cally drops to the equilibrium values as wind
speed increases, because the methane flux from
deep horizons does not have time to compensate
the methane outflow from the surface [Obzhirov
et al., 2016].

Fig. 4. Variations of the maximum methane flux F
on the water—air interface depending on wind speed U
and difference AC between the measured and equilibrium
concentration of methane in the sea water [Obzhirov et
al., 2016].
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Conclusion

Although release of CH, to the ocean and
atmosphere has become a topic of discussion,
the subject remains sparingly explored.

The rate of methane release, additional to
existing atmospheric methane burden, remains
difficult to predict. Seismic reports suggest
a widespread gas hydrate occurrence, however,
gas hydrates, which were also suggested to occur
along the western Svalbard margin and at the East
Siberian Sea slope, have not been found. In con-
trast, gas hydrate was found in the upper part
of the western slope of the Chukchi Plateau within
the deep-water eastern margin of the East Sibe-
rian Sea. Potential oil-gas occurrences are based
on geophysical data, but have not been approved
by geochemical and other direct methods. Ac-
cording to few results, rivers transport organic
matter as a prerequisite for methane production,
and creeks from permafrost directly adds methane
to the atmosphere and to the river system. How
large either source is, is currently unknown.

Because the methane stable isotopic signa-
ture cannot be easily distinguished from Arctic
wetland emissions, hypothesis, if gas hydrates
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or wetland methane accelerated climate warm-
ing in the past of the Earth, remains debatable.

Although microbial methane oxidation
is a comparably slow process in contrast to phys-
ical movements within the water (i.e., eddy dif-
fusion and advection), the sink might be strong
enough to hamper methane sea—air flux away
from bubble emission sites. How these methane
sinks (anaerobic and aerobic methane oxida-
tion) change due to global warming is uncertain.
And if the bacteria are psychrophils and thus
capable of growth and reproduction in cold
temperatures or not and how long the lag time,
1.e. the time needed to adapt to the changes, will
be uncertain.
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BosHBI iyHaMU: AJIMHHBIC WK TUCIIEPTUPYIOIIHE?
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Pegepar. /[nrHHEBIE 1 THCTIEPTHPYIOIINE BOIHBI Pa3IMYHBIM 00pa30M TpaHCHOPMHUPYIOTCSA TIPH PacIpo-
CTpaHEHHUH B OKeaHe. J[ucneprupyromire BOIHBI XapaKTePU3YIOTCs 0oJiee OBICTPHIM 3aTyXaHUEM, HEXKEIH
JUTMHHBIE BOIHBL. MccnenoBanocs H3MEHEHUE aMIUTUTYbI M IEPUOAA TOJIOBHOM BOJIHEI B 3aBUCUMOCTHU OT
BpeMeHH npodera. OIeHUBATUCh TPAHUIIBI, IO KOTOPBIX I[yHAMHU MOXKHO PacCMaTpUBaTh KaK JJIMHHYIO
BoyHY. KpuTepusmu mpuHaaIeKHOCTH IyHAMH K JUCTIEPTUPYIOIIUM WM HETUCTIEPTUPYIOIMIUM BOJTHAM
SIBIISTUCH CTETICHB 3aTyXaHMsI aMIUTUTY/IBI M CTEIICHB YBEITUUCHUS JUTUTEIFHOCTH TIEPUO/Ia TOIOBHOM BOJI-
HBI B 3aBUCHMOCTH OT BpeMeHHU npobera. PakTHueckre MOMEHTHI BpEMEHH, KOT/Ia AUCIIEPCHs HAaunHAeT
MIPOSIBIISITECS, CPABHUBAJINCH C PA3IMYHBIMU TEOPETUUECKUMHU OLIEHKAMU JITUHBI (BPEMEHH ) TUCTIEPCHUH.
[myOvHa oxeana B ouare oOka3bIBaeT CyIIECTBEHHOE BIMSHUE HA XapaKTep IlyHAMH: IPU OJJUHAKOBOW Mar-
HUTYJIC 3eMJICTPSACEHUS I[yHaMU, BOSHUKAIOIIUE B OYarax ¢ MEHbIICH NTyOMHOW OKeaHa, MEHee TO/IBep-
JKeHBI uctiepcui. OIEHKH BPEMEH JTUCTIEPCHH U, COOTBETCTBEHHO, 3HAHUE XapaKTepa BOJTH HEOOXOIUMBI
JUIsL aICKBaTHOIO MIPUMEHEHUS TE€X WM MHBIX MOJENeH 1 pacueTa. B oqHuX ciydasx g pacyera 1y-
HaMHU, TI0-BUINMOMY, JTOCTaTOYHO MPUMEHEHHUs 00JIee MPOCThIX YpaBHEHUH JITMHHBIX BOJH Ha «MEIKOH
BOZIE», B IPYTUX — MOJHBIX HEIUHEHHO-AUCIEPCUOHHBIX YPABHEHUH.

KiioueBbie ciioBa: HyHaMH, MarouTyga 3€MJICTPACCHUS, NIIMHHBIC BOJIHBI, JUCIICPTUPYIOIINEC BOJIHBI,
JJIMHA JUCTIEPCUU, BpEMS JUCHIECPCUH.
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Are tsunamis long or dispersive waves?

Yury P. Korolev', Pavel Yu. Korolev

Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia
*E-mail: Yu P_K@mail.ru

Abstract. Long and dispersive waves are transformed differently when propagating in the ocean.
Dispersive waves are characterized by faster attenuation than long waves. The change in the amplitude
and period of the head wave depending on the run time was studied. The boundaries to which a tsunami
can be considered as a long wave were estimated. The criterions of whether a tsunami belongs to dispersive
or non-dispersive (long) waves were the degree of attenuation of the amplitude and the degree of increase
in the duration of the head wave period, depending on the run time. The actual moments of time when
the dispersion begins to manifest were compared with different theoretical estimations of the dispersion
length (time). The depth of the ocean in the focus has a significant influence on the tsunami nature:
with the same earthquake magnitude, tsunamis that occur in foci with a lower depth of the ocean are less
susceptible to dispersion. Estimates of the dispersion times and, consequently, knowledge of the nature
of the waves are necessary for the adequate application of certain models for calculation. In some cases
it seems sufficient to use simpler equations of long shallow-water waves to calculate tsunamis; in others,
it is necessary to use complete nonlinear-dispersion equations.

Keywords: tsunami, magnitude of earthquake, long waves, dispersive waves, dispersion length,
dispersion time.
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BonHbI yyHamu: OnuHHbIe unu ducnepaupyroujue?

BBenenue

Bormpoc o Tom, siBiIsieTCst I IlyHAMU TEKTO-
HUYECKOTO MPOUCXOXKICHHS B OK€aHe JJIMHHOU
(HenucTieprupyroed) WM JUCHEpPTrUupyronieit
BOJIHOM, B HAcCTOSIIEEe BpeMs HE MMEET OIpe-
neneHHoro oteera. [log AIMHHBIME BOJHAMU
MOJIPa3yMEBAIOTCS BOJIHBI, ONMKUCHIBAEMbIE YPaB-
HEHUSMH «MenKoi Boaw». [log mucneprupyro-
LIUMU — JOCTAaTOYHO JIJIMHHBIE BOJIHBI, CKOPOCTh
pacpoCTpaHEHUs] KOTOPBIX 3aBUCUT OT JUIMHBI
BOJIHBL. [[pyrue BUJIIbI AUCHEPCHUH, KaK, HAIPHU-
Mep, AucIepcusi, oOyCIOBJIEHHAs BpallleHUEM
3emiu, apyrue 3(pQexTsl, CBI3aHHBIE CO CHKU-
MaeMOCTbIO BOJIbl, YIIPYTOCTHIO MOICTUIIAIOIIIE-
ro Ha, HAMU HE PacCMaTPUBAIOTCA, MOCKOJIbKY
UMEIOT OONBIINI MOPSA0K MaJOCTH.

3HaHue XapakTepa BOJH HEOOXOIUMO ISt
OIICHKH B OIEPATUBHOM PEXUME CTEIICHU OTac-
HOCTH I[yHaMH, a TaKKe JUIsl aJeKBaTHOTO IPH-
MEHEHHUS B pacueTax Mojesei — MPOCThIX U ObI-
CTPOJCHCTBYIONUX JUIMHHBIX BOJIH WK Ooliee
CJIOKHBIX, YUUTHIBAIOIINX BO3MOXKHOE TPOSIBIIC-
HUe qucnepcuu. JJIMHHBIE M AMCIIEPTUPYIOIIKE
BOJTHBI Pa3IMYaIOTCsl XapakTepoM TpaHchop-
Maluu TpU paclpoCTpaHeHuu. J[TMHHBIE pac-
MIPOCTPAHSIOTCSA C COXPAHEHUEM JUIUTEIbHOCTU
MeproJia TOJOBHOW BOJHBI M 3aTyXaHUEM, 00-
paTHO MPOMOPIIMOHAIBHBIM KBAJAPATHOMY KOPHIO
W3 MPOMICHHOTO paccTosiHUS. Jucneprupyroiye
BOJIHBI PACIIPOCTPAHSIOTCS C YBEIMUEHUEM NIEPU-
of1a 1 6oree OBICTPBIM 3aTyXaHHUEM, 0OpaTHO MPO-
MOPIMOHAIIEHBIM MTPOUJIEHHOMY PACCTOSHHIO.

OddexTsl nposiBIIeHUsT AUCTIEPCUH B Peallb-
HBIX BOJIHAX IlyHAMH U YCJIOBUSI IPUMEHUMOCTHU
MoJIeJIel IeTaJIbHO HE UCCIIeI0BaHBbI.

[To 3apeructpupoBaHHOi (opme IyHaMU
TPYIHO OTIWYUTh JIUCHEPTUPYIOUIYIO BOJIHY
ot niuHHOM. M3BectHO [Bnagumupos, 1976], uto
B IIPOCTPAHCTBE ABYX IPOCTPAHCTBEHHBIX IEpE-
MEHHBIX PEILIECHUE BOJHOBOIO YpPaBHEHUS Hake
B OJTHOPOAHOMH Cpezie ONpeaeisieT TOIbKO Nepe-
HUM QpOHT BONMHBL. 3agHUN (POHT, B OTIMUHE
OT CIlIy4as ¢ TpeMsl IEePEMEHHBIMU, OTCYTCTBYET.
KoneGanwst mocine mpoxoxk1eH|si OCHOBHOTO BO3-
MYILIEHHUST TPOIODKAIOTCS JIOCTaTOYHO JIOJITO,
MOCTENEHHO 3aryXas. BnusHue aucnepcuu mnpo-
SBISIETCS CITyCTS. HEKOTOPOE, JOCTAaTOYHO OOib-
moe Bpems npobOera. HesicHo, xorna HauMHAeT
MIPOSIBIIATBCS. AUCIIEPCHS], OT KAKUX XapaKTepH-
CTUK UCTOYHHMKA I[yHAMHU 3aBUCUT 3TOT MOMEHT.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

B pspe pabGor mnpemsioxkeHbl ypaBHEHUS,
OIMCHIBAIOLINE PACIIPOCTPAHEHUE BOJIH B IpPHU-
ONMMKEHUSAX, YUWUTHIBAIOIIMX JUCIEPCUOHHBIE,
HenuHelHble 3()(eKTh, ¢ y4eToM BpaleHHUs
3emun [DenoroBa, Xakum3sHos, 2010; u mp.].

B pabore [Gusev, Beisel, 2016] BbimonHeno
YHCJICHHOE MOJICIMPOBaHUE IyHAMH OT JETallb-
HBIX CEICMUYECKMX UCTOYHUKOB C IPUMEHEHUEM
YPaBHEHUH HEAUCIIEPIUPYIOLUIUX U TUCIIEPTUpY-
IoMX BOJH. MccnenoBanoch MposiBICHUE JHIC-
HEepCUM B 3aBUCHUMOCTH OT MapaMeTpoB CEHCMHU-
yecKoro ucrounuka. OOHapyKeHO, YTO BOJIHBI OT
MCTOYHMKOB C OOJIbIIIEH MarHUTYI0H MOTYT OBITh
NO/IBEPKEHBI JTUCTIEPCUH B OOIBIIEH CTETeHH.
CpaBHEHUE pE3YIIBTATOB YUCIIEHHBIX AKCIIEPH-
MEHTOB C HATYPHBIMU JAHHBIMH HE TPOBOAUIIOCE.

B pa6ore [Glimsdal et al., 2013] yucnenno
HCCIIEZI0BATIOCH TOBEJICHHUE IlyHaMHU OT UCTOYHHU-
ka nyHamu Toxoky 2011 1. ¢ ucnosib30BaHUEM MO-
Jesiel JUCTIEPTUPYIOLINX U HEAUCTIEPTUPYIOLINX
BonH. [lokazaHo, 4uTto aucriepcus MpOSBISETCS
JIOCTATOYHO J]AJIEKO OT MCTOYHHUKA, HA MPOTUBO-
IIOJIOKHOM CTOpPOHE TUXOro okeaHa B paiioHe
[lenTpanbHOil AMEpPUKH B MECTE HAXOXKICHUS
cranimu 43413 cuctemsl DART (Deep-ocean
Assessment and Reporting of Tsunamis — orjenka
W repeiava JaHHbIX O IlyHaMH B okeane) [NOAA
Center for Tsunami Research].

Hackonpko omlpaBraHHO NpPUMEHEHHE [0-
CTaTOYHO CJIOXHBIX MOJIEEeH JUCTIEPIUPYIOIINUX
BOJIH 10 CPAaBHEHUIO C NIPUMEHEHUEM MOjENei
JUIMHHBIX BOJIH JJIsi MPAaKTUYECKOTo pacuera
CUJIBHBIX IlyHAMH?

Ha ocHoBaHNU 4MCIIEHHOTO MOJEIUPOBAHUS,
0e3 cpaBHEHUs C HATYPHBIMU JAHHBIMU, 3aTPY/I-
HUTEJIbHO BBISBUTH U MOATBEPAUTH 3aKOHOMEP-
HOCTU TpaHc(opMaluy IyHaMH, MPOSBICHUS
JUCTIEPCUU B IPOIIECCE PACIIPOCTPAHECHHUSL.

Ha puc. 1 npeacraBnena xapra Tuxoro
OKeaHa ¢ O0O3HaueHHEM OIUIEHTPOB 3eMIIe-
TPSCEHUI, a TaKK€ MECTOMOJOKEHUN YIOMHU-
HAIOIIUXCS B TEKCTE TIIyOOKOBOIHBIX CTaHIIMA
u3MepeHus ypoBHs okeaHa cucteMbl DART.

3apeructpupoBaHHble (HOPMBI TPEX LyHAMHU
B OKEaHE Ha Pa3HBIX PACCTOSHUSIX OT O4aroB IIpH-
BEJICHBI Ha pUC. 2. 3a TOJIOBHOW BOJIHOM BO BCEX
cllydasx HaONIOJaroTCsl JOJIT0 HE MpeKpallaro-
muecst koneOaHus. BusyanbHO TpyaHo ompe-
JENINTh, OTHOCATCS JTU TPEACTABICHHBIE BOJIHBI
K JUCTIEPTUPYIOUIUM WIH HEAUCTIEPTUPYIOIIHUM.
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B [Mirchina, Pelinovsky, 1982] paccmotpe-
HBbl HEJIMHEHHBIC M JTUCTIEPCUOHHBIE A((HEKTHI
Ha JIOCTaTOYHO OOJIBLIMX PACCTOSHHUAX OT OYa-
ra. BeIBeieHO BeIpaskeHHE IS TaK Ha3bIBaeMON
JUTMHBI TUCTIEPCUH B OacCeitHE MOCTOSTHHOM TTy-
Ounbl D, T.e. pacCTOAHUS, MOCIE KOTOPOTO Ha
TpaHcOpMAIIMIO BOJIHBI OKa3bIBAE€T BIUSHUE
mucnepeust: Ly~ 0.06 A3/D?, tie A — xapakTep-
Hasl JUTMHA BOJHBI IIyHAMH.

B pab6orax [Mirchina, Pelinovsky, 1981;
Mirchina et al., 1982] Ha ocHoBaHuM (hakTu-
YECKUX JTAaHHBIX BBIBEIICHO COOTHOIICHUE, CBS-
3pIBafOINee JUTMHY BOJHBI I[yHAMH C XapakTep-
HbIM TOpPU3OHTAJIBbHBIM pa3mepoM (R) ouara:
A ~ 2.8 R. C yyeToM 3TOro IjavHa AUCIIEPCUHU
Ly,~13 R?/D’?, a MOMEHT BpeMEHH OT BO30YK-
JICHUsI BOJHBI, KOTAA TPOSIBISIETCS AUCIIEPCHUS
(Bpemst fucnepcun),

tyy ~ 1.3 RYD, (1)

di

e ¢ = (g:D)"? — CKOpOCTh JTMHHBIX BOIIH,
€ — YCKOpPEHHUE CBOOOIHOTO MaCHUs.

Hucnepcuonnsie  3¢ddekTsr,  BIUAIOMINE
Ha pAacIpoCTpaHEHHE I[yHAMH, PAaCCMOTPEHBI
B ctatbe [['azapsH, 1955]. Uccnenoanace 3a-
nada Komm—Ilyaccona o BO30yXICHUHM BOJH
OT MFHOBEHHOT'O OJTHOPOJIHOTO MOTHATHS y4acT-
Ka MOPCKOTO JiHa paguyca R . Meromom cramu-
OHapHOH (a3bl MOTYYEHO aCHMITOTUYECKOE pe-
IIEHUE, ONKChIBatoIIee (POPMY BOJIHBI, COTIIACHO
KOTOPOMY 3aBHCHUMOCTD JUTUTEIILHOCTH TIEPBOTO
neprosia OT BpeMEHH NpoOera ! OLEHHBACTCS
kak 7= 3.91 D*? 73 /c?3, ammnuryaa ymeHbla-
eTcs co BpeMmeHeM kak 1/¢. IlpuBenenubie 3aBu-
CHUMOCTH TIOJIyY€HBI JUIS MOJEIH paclpocTpa-
HEHUS BOJIH B OacceiiHe MOCTOSHHOM TITyOUHBI.
Jlucriepcusi BOJH OIMCBIBAETCSI COOTHOILICHH-

Puc. 1. Cxema pacronokeHus crannuii cucrembl DART. 3Be3104ukamMu OTMEUESHBI SMUIICHTPHI 3EMJIETPSCEHUN C yKa3a-
HHUEM JIaThl; POMOAMH — MOJIOKEHHUs cTaHIuil cucteMbl DART.

Fig. 1. The scheme of location of DART stations. Asterisks mark the epicenters of earthquakes with the date. Rhombuses

indicate the positions of DART stations.
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Puc. 2. BorHoBBIE POpMEI IlyHAMHU, 3apeTUCTpUpOBaHHBIE cTaHIUsAME cucTeMbl DART B Tuxom okeane.

Fig. 2. Tsunami waveforms recorded by DART stations in the Pacific Ocean.

€M MEXIy 4acTOTOM @ W BOJHOBBIM YHCIIOM K:
® = (g/D)"? k-D-(1 — k*D?/6).

B pamkax »3Tol K€ MOAENM B CTarbe
[Korolev et al., 2019] npeayoxxeHo BbIpakeHUE
JUTSL ITTAHBI TUCTIEPCUU UCXOJIS U3 WHBIX, HEXKE-
mu B [Mirchina, Pelinovsky, 1982], cooGpaxe-
Huit: L, ~0.22 R}/ D*. Jlns HecTalMOHapHBIX
BOJIH, PacCIpPOCTPAHSIONINXCS HAJl HEOTHOPOI-
HBIM JHOM, YIOOHEEe MIPUMEHATh TEPMUH «Bpe-
Ms TUCIIEPCUNY:

Ly ~ 022 R}/ID*c. (2)

Ouenku no (1) m (2) paznuuarorcs MOYTU
B 6 pas.

B pabote npenmomnaraercs, 4To MpUBEICHHBIE
BBIIIIE 3aBUCUMOCTH OT ¢ aMILIUTY/IbI ¥ IEPUOJIA I'O-
JIOBHOM BOJIHBI, & TAKXKE BPEMS AUCTIEPCHU MOXHO
HNPUMEHUTH JUI OLIEHOK IPU ONMCAHWHU PacIIpo-
CTpaHEHUsI BOJIH B OKEaHe IEPEMEHHOI IITyOUHBI.

Llenbio pa®oThI SABJISATIOCH BBISICHEHUE TOTO,
ABJIIIOTCS JIM BOJHBI LlyHAMH B OKEaHE JUIMH-
HbIMHM BOJIHAMM WJIM BOJHAMM C JUCHEPCHUEH.
[IpencraBisio UHTEPEC ONPEAEIUTD TOBEICHUE
IlyHaMH [IPH pacCIpOCTPaHEHUU B OKEaHe, U3Me-
HEHHUE aMIUIMTY/bl U NIEpHUO/ia TOJIOBHON BOJIHBI
B 3aBUCUMOCTH OT BpeMeHM Ipobera. OueHu-
BAJIUCh T'PAHUIBI, O KOTOPBIX L[yHaMH MOXKHO
paccMaTpuBaTh Kak JJIMHHYIO BOJHY 0e3 Juc-
nepcun. PaccMarpuBasioch BIMsSHUE TITyOUHBI
OKeaHa B ouare Ha (popMupOBaHHE I[yHAMH.

BrlnonHEHHOE MCCIeI0BaHUE HOCUT MpEa-
BapUTEIbHBIN, KaUeCTBEHHBIN XapakTep. CtaTu-
cTHYecKasi 00paboTKa pe3yJbTaroB U3MEpPEHUI
HE MPOBOJMIIACK.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

ITocTanoBka 3agauu

s aHanmm3a WCMONB30BAINCH IH(PPOBBIC
nanupie ctanuuii DART o0 ypoBHe okeaHa
[National Data Buoy Center]. WccnenoBanuce
3aBUCHUMOCTU aMIIIMTYObI rpe6H5[ n 1nepuoaa
NepBOM BOJHBI OT BpeMEHHU mpodera IyHaAMHU
B TuUXOM OKeaHE 0 TOYKU pEerucTpanui STUMHU
CTaHIUSIMHU.

[Ipenmnonaranoce, 4To MPOSBICHUE AUCIIEP-
CUU 3aBUCHUT HE TOJILKO OT MAarHUTYABI 3eMIie-
TPACCHUS, BBI3BABIICTO IYHAMU, YTO OYCBHUIHO,
HO ¥ OT IIyOWHBI OKeaHa B o4are (SIMUIEHTPE).
PaccmarpuBaembie COOBITHSL  CTPYNIIHPOBAHBI
B TpU CCPUHN B 3aBUCHUMOCTHU OT MarHuTyAbl 3€M-
JCTPACCHUA U I‘J'IY6I/IHI)I OK€aHa B JIMLCHTPC!:
Majasi MarHuTy/1a, HO OOJbInas IyOruHa OKeaHa
B JIULIEHTpPE; OONblllas MarHUTyaa U OoJblIas
TyOMHa OKeaHa B 3MULIEHTpPE; OONbIIas MarHu-
Ty/a, HO Majas rTyOuHa OKeaHa B SMUIICHTPE.

[IpuHaANEKHOCTH IyHAMH K UCTIEPTUPYIO-
LM WX HEAUCTIEPTUPYIOLIUM BOJIHAM OLICHUBA-
Jach MO JBYM TOKA3aTelsiM: CTETICHU 3aTyXaHUs
AMIUINTYAbl U CTCHCHU YBCIIMYCHUA NJIMTCIIBHO-
CTH 1I€pruoaa TOJIOBHOM BOJIHBI B 3aBHCHMOCTH
OT BpeMEHHU Ipodera. BhIMONHAINCE TakkKe OLleH-
Ku BpeMmeH auctiepcuu 1o (1) u (2) npu pazmud-
HOM BBIOOpE XapaKTepHOTo pa3Mepa oJara.

Pe3yabTarsl M 00CyKIeHHE

Paccmotpensl kak cuibHBIC, Tak U ciadble
I[yHaMH, HE NMPUYMHMBINKE yliepOa, HO 3ape-
TUCTPUPOBAHHBIE TITyOOKOBOAHBIMU CTAHIIUSAMU
U3MepeHus ypoBHs okeaHa cucteMbl DART.
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3a BpeMs mpobera NpUHATO BpeMs, MPOILE-
1iee OT MOMEHTa Hayasia 3eMJIETPSCEHUS 10 MO-
MEHTa npuxoja (ppoHTa BOJHBI B TOYKY H3MeE-
penus. JJIMTenbHOCTh MEPBOT0 MEPUOAA BOJIHBI
HOPMHUPOBAJIACh Ha XapaKTEpPHOE BpeMs B odare
(HOpMUpYIOIIKI TEpHO):

T =Lk, 3)

norm
rne L — XapakTepHbIM pa3Mep odara IyHa-
MH, ¢, — CKOPOCTb JUIMHHBIX BOJH Ha TIyOuHE
D, B omuIeHTpe ovara myHamu: ¢, = (g D )"
OneHKM XapaKTepHBIX pa3MepoB odara
I[yHaMH BBITIOJHSJINCh HAa OCHOBE COOTHO-
IEHUH MEXIy MarHutyaod M 3emuerpsce-
HUS U MaKCHUMAaJIbHBIM U MUHHUMAIIBHBIM pPa3-
Mepamu ouara myHamu [Handbook... , 2001;
Bolshakova, Nosov, 2011]:1g L =0.5M 1.9
nlglL =0.5M-22.

Puc. 3. 3aBucuMOCTH aMIDIATYAHI (3, C, €) 1 HOPMHUPOBAHHOTO TIEpUOIA TIep- D

Boi1 BomHEI IyHamH (b, d, f) or Bpemenu mpobera (0603HaYeHBI KBaipaTaMu): 0
a, b — Cumymmpcekoe iynamu 15.01.2009; ¢, d — cnaboe irynamu 09.03.2011;
e, f — Ansckunckoe niyHamu 23.01.2018. 3nech u ganee pomOaMu OTMEUEHbBI

BpEMEHa JAUCIIEPCUH, PacCUUTaHHbIE criocobamu 1, 2 u 3.

Fig. 3. The dependence of the amplitude (a, c, ¢) and the normalized period
of the first tsunami wave (b, d, f) on the run time (squares): a, b — Simushir
tsunami, 15.01.2009; ¢, d — weak tsunami 09.03.2011; e, f — Alaskan tsunami,
23.01.2018. Hereinafter rhombuses indicate the dispersion times calculated:
1 — by (2) using R, 2 — by (2) using R and 3 — by (2) using L.
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[ ouenku Bpemenu nucnepcuu 1o (1) B ka-
4yecTBe R MPUHAT SKBUBAJICHTHBIA PaNyC KPYro-
BOTO MCTOYHHWKA, IJIOMIAb KOTOPOTO paBHA ILIO-
mwaau ovara: R =1/2 (L_ ~Lmin)”2 = 10Q03M=-2052
JUis KpaTKOCTH TakoM crnocod OLeHKH Oyner
Ha3bIBaThCsl criocobom 1. J[nst onieHOK BpemeH
JUCTIEpCUH 1o (2) B Ka4eCTBE R MPHHATHI 3K-
BHUBAJICHTHBI paJilyC KPYyroBOrO UCTOYHHKA R
(cioco0 2) uau moJI0BUHA JJIMHBI MEHBIIIEH OCH
ouara: L = 10%"-22%/2 (crmocob 3).

B Tabnuue npuBeneHbl HEKOTOPHIE JaHHBIE
00 oYarax IlyHaMH: MarHUTYyJa 3eMJICTPSICCHUS,
XapaKkTepHBIN pa3Mep odyara, ITyOMHa OKeaHa
B 0Yare U XapaKTEePHBII MEePHOJ BOSMYILCHHUS.

Pesynbrarel  MCCnenoBaHUS 3aBUCHMOCTH
aMIUTUTYIBl TPeOHS U TepHOAa TIEPBOM BOJHBI
IlyHaMH OT BPEMEHHU Mpodera MpuBeIEeHbl HUXKE
Ha pucyHkax 3-5.

B 71eBbIX KOJOHKax pHUCYH-
KOB — 3aBHUCHMOCTb aMIUIUTY/IbI
TOJIOBHOM BOJHBI OT BpPEMEHH
npobera IyHaMH O TOYKHU H3-
MepeHus. Ha Bcex pucyHkax
n300pakeHbl 3aBUCUMOCTH /1"
u 1/t. B mpaBbIX KOJOHKax — 3a-
BUCUMOCTh HOPMHPOBAHHOTO Ha
(3) mepwoga TrOJOBHOM BOJIHBI
OT BpeMeHU npobera. B kauecTse
L TmpuHSTAa TOJOBHHA JTUHBI
MeHbIIel ocu ouyara. M3o0paxe-
Ha 3aBUCUMOCTb 7',
Bpemena nucnepcum  or-
MEYEHbl Ha pHuc. 3—5 pombamu
C yKazaHHeM Ccrocoba OIICHOK.
JUIs OLEHOK NpUHATA CPEIHs
n1youHa okeana D = 4400 m.
[lepBast cepus — IyHaMu
OT 3eMIIeTpsiCeHUuN ¢ HeOOob-
IO MArHUTYIOW, HO OTHO-
CUTENIbHO OO0JbIION IITyOHHON
okeaHa B onuueHtpe: Cumy-
mupekoe 15.01.2009, M = 7.4,
= 6960 Mm; ciaboe 1yHamMu
BOmu3u o. Xoncroo 09.03.2011,
M =15, D, = 1470 m; Ans-
ckuHcKoe (BOMM3M 0. Konpsk)
23.01.2018,M=7.9,D,=4560 m
(puc. 3). Mapeorpammbl Cumy-
mupckoro myHamu 2009 r. mpu-
BEJICHBI HA puUC. 2.
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Tabnuya. landbie 00 oyarax yHaAMHu
Table. Data on tsunami centers

I Koopnunatst ITonoBuna nnunsel | [myOuna okeana | Hopmupytomiuii
eorpauueckoe MeCTo ; o
SMUIEHTPA: Maruutyga| MeHbIIeH 0CH B DIUIEHTPE, nepuon 1o L,
oyara IfyHaMmH, Jara
LIMPOTa U JOJT0Ta ouyara L, KM DO, M " o MAH

Cumymup, 15.01.2009 46.857; 155.154 7.4 15.8 6960 1.0
Xomncro, 09.03.2011 38.435; 142.842 7.5 17.7 1470 2.5
Konpsxk, 23.01.2018 56.046; 149.073 7.9 28.1 4560 2.2
Cumymmp, 15.11.2006 46.592; 153.266 8.3 44.6 3520 3.0
Cumymup, 13.01.2007 46.243; 154.524 8.1 354 6650 2.3
Yun, 01.04.2014 —19.610; —70.769 8.2 39.7 2110 4.6
[epy, 15.08.2007 —13.386; —76.603 8.0 31.5 140 14.2
Yuu, 16.09.2015 —31.573;-71.674 8.3 44.6 300 13.7
Toxoxky, 11.03.2011 38.297; 142.373 9.1 111.9 970 19.1

Ipumeuanue. KoopauHaThl SMULEHTPOB M MarHUTY/IbI 3eMieTpsiceHuid B3sTol u3 [National Centers for Environmental Information)].

B nepBoii cepuu pe3yabTarhl U3MEPEHUN aM-
IUIATY/bI TIEPBBIX JBYX IyHAMH XOPOLIO JIOXKATCs
Ha 3aBUCHMOCTB OT BpeMeHH /¢, B ociIeAHeM Co-
ObITUN 3aTyXaHHE AMIUIUTYbl B BOCTOYHOM Ha-
TMIPaBJICHUH IPOUCXOIUT KakK 1/¢, B 3araiHOM — ObI-
crpee, ueM 1/¢. J]yis Bcex Tpex COObITHI pe3ynbTaThl
M3MEpPEHUI Meprosia TOJIOBHOW BOJHBI XOPOIIIO
JIOXKATCS HA 3aBUCHMOCTb OT BpeMeHH #'3, 4to xa-
PaKTEpHO ISl TUCTIEPTUPYIOLIMX BOJIH.

[To 06oum mokazatessaM, CTeTIeHU 3aTyXaHus
aMIUIUTYAbl U CTENEHH YBEJIWYEHHUS JJIUTEIb-
HOCTH ME€pUOJa ITOJIOBHOW BOJIHBI, I[yHAMH, BO3-
Oy>kIleHHbIe 3emieTpsiceHussMu ¢ M = 7.4-7.9
npu OonpIIMX DIIyOMHaX OKeaHa B odarax
(1.47-6.96 kM), cTaHOBATCS TUCHEPTUPYIOLIU-
MU BOJHAMHU IPAaKTUYECKH OT ouara (uepes3 10—
20 muH nipo0era).

Haubonee peanucTHUHBIMU /7S
MEPBBIX JIBYX COOBITHI SIBISIOTCS OLIEH-
KU BpEMEH JIUCIIEPCUU CIIOCOOOM 2, JUis
nmocJjeaHero — cnocooom 3. O1eHKu Bpe-
MEHU Jucnepcuu cnocodbom 1 s Bcex
COOBITUH SIBJSIOTCS 3aBBIIIEHHBIMH.

Bropas cepust — myHamu OT 3emiie-
TpsceHUd ¢ OOJNBLION MarHUTYIOW H
OoNbIION TTyOMHOM OKeaHa B JIHUIICH-
tpe: Cumymmpcekoe 15.11.2006, M = 8.3,
D, = 3520 m; Cumymmpckoe 13.01.2007,
M=38.1,D,= 6650 M (puc. 4).

Bo Bropoit cepum nansi COOBITHS
2006 1. (puc. 4 a, b) pe3ynbTarhl U3Me-
PEHMI aMIUIATY/BI XOPOILO JIOXKATCSA Ha
3aBHCUMOCTH OT BpeMmeHu l/t, mepuona
— Ha guauo 1 mocie 200 muH. Mox-

yMeHbIIaeTcs Kak 1/1'2, mepros ocraeTcs mocTo-
SHHBIM. Mapeorpammbl 3TOro IyHaMu H300pa-
YKEHBI Ha puc. 2.

MoxHOo monaratb, 4YTO JMJIsI COOBITUA
2007 r. (puc. 4 c, d) pe3ynabrarbl U3MEpEHUN
aMIUIMTYyAbl B uHTEpBaie BpemeHu 20—100 mun
JIOKaTCSl Ha 3aBUCHUMOCTh OT BpemeHHu /1'%
npu ¢ > 100 MUH — Ha 3aBUCUMOCTb OT BpEMEHU
1/t. TlepBblii IEpUO IS ATOTO COOBITHS MOYTH
nocrosineH B uHTepBasie 20—600 MuH.

Cumymmpckoe myHamu 2006 1. (B pe3ysbra-
Te 3emuieTpsicenus ¢ M = 8.3) npu riryOrHe BOIbI
B ouare 3.52 kM uepe3 3 4 nmpobera npeacTaBiseT
co00M AUCTIEPTUPYIONIYIO BOJIHY.

Cumymmmpckoe myHamu 2007 . (M = 8.1)
npu nryOuHe Bojbl B oyare 6.65 kM uepe3 1.5

Puc. 4. 3aBucUMOCTH aMIUTUTYAH (2, C) 1 HOPMHPOBAHHOTO IIEPUOAA
nepBoii BonHbI yHamu (b, d) ot Bpemenu npodera (0003HaYEHbBI KBa-
nparamiu): a, b — Cumymmpcekoe mynamu 15.11.2006; ¢, d — Cumymup-
ckoe IyHamu 13.01.2007.

Fig. 4. The dependence of the amplitude (a, ¢) and the normalized period

HO TPEANOJIOKUTh, YTO TP MEHBIIHX
BpemeHax oT 10 1o 200 MuH ammuTyaa
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of the first tsunami wave (b, d) on the run time (squares): a, b— Simushir
tsunami, 15.11.2006, ¢, d — Simushir tsunami, 13.01.2007.
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npobera Mo CTENEHW 3aTyXaHHs aMIUIUTYAbI
MOXHO OTHECTH K JUCHEPIHPYIOLIMM BOJHAM,
a 10 JIpyroMy I0Ka3aTelo, JJINTeIbHOCTH Hep-
BOTO [E€PHUOJa, OHO OTHOCHUTCS, CKOpee, K JIIMH-
HbIM BosiHaM. ClefyeT OTMETUTh, YTO LyHaMHU
2007 r., B ONIMYHUE OT APYTUX, PACCMOTPEHHBIX
B paboTe, UMEIO TOJIOBHYIO BOJIHY OTPULIATEIb-
HOW aMIUTUTY/bL.

B a0l cepun, Tak ke Kak U B IEpBOii, Hanbo-
Jiee pealMCTHYHbI OLIEHKU BPEMEH TUCIIEPCHUU CTIO-
coboM 2. OLieHKH BpeMeH JiicIiepcuu crocodom 1
JUIS1 BCEX COOBITUH SIBIISIOTCS 3aBbIIIEHHBIMH.

MomeHThl Hauana OpOSIBIECHUS JUCIIEPCHU
LIyHaMH [EepBOM U BTOPOM CEPHil XOPOIIO COBIA-

Puc. 5. 3aBucuMocTH aMIUTHTYAHI (3, C, €, g) 1 HOPMUPOBAHHOTO MEpUONa
riepBoit BosHEI IyHam (b, d, f, h) ot Bpemenn poOera (0603HauSHEI KBaapa-
Tamn): a, b— Ymmiickoe mynamu 01.04.2014; ¢, d — [epyanckoe 15.08.2007;
e, f — Uunmiickoe 16.09.2015; g, h — nynamu Toxoky 11.03. 2011.

Fig. 5. The dependence of the amplitude (a, c, e, g) and the normalized
period of the first tsunami wave (b, d, f, h) on the run time (squares):
a, b — Chilean tsunami, 01.04.2014, ¢, d — Peruvian tsunami, 15.08.2007,
e, f— Chilean tsunami, 16.09.2015, g, h — Tohoku tsunami, 11.03. 2011.
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JIal0T C PACCUUTAaHHBIMU CIIOCOOOM 2 BpeMEeHaMuU
JUCTIEPCUU, HECMOTPS Ha TO UTO BBIPAXKEHHUS IS
MTOCJIC/THUAX BBIBE/ICHBI B PAMKAX HJICATH3UPOBAH-
HOM MOJENH pachpOCTpaHEHHs BOJIH HAJl JTHOM
MOCTOSIHHOM ITyOHHBI.

TpeTbsi cepusi — IyHAMHU OT 3eMIETpsce-
HUW Cc OONBIIOW MarHUTYIO0H, HO C HEOOJb-
ol TIyOMHOW OKeaHa B HSnuleHTpe: Yu-
nmiickoe 01.04.2014, M = 8.2, D, = 2110 m;
ITepyanckoe 15.08.2007, M = 8.0, D, = 140 wm;
Yunmiickoe 16.09.2015; M = 8.3, D, = 300 m;
Toxoky 11.03.2011, M=9.1, D, =970 m (puc. 5).

B nepBom coObrtin 3toi cepun (Unumiickoe
iynamu 2014 1) (puc. 5 a u b) 3aBUCUMOCTH aM-
IUTMTYABl TIEPBOTO TpebHA OT Bpe-
MEHU MOXET OBITh ONKCaHa Kak
1/t. MapeorpamMMbl TpeACTaBICHbI
Ha puc. 2.

Bo BTOpOM U TpeTheM COOBITHSIX
(ITepy, 2007 1., puc. 5 c, d, u Ynn,
2015 r, puc. 5 e, f) 3aryxanue
110 1000 MuH MOXET OBITH OIIMCAHO
3aBUCUMOCTBIO 1/¢, mocie 1000 mun
OHO YCHJIMBAETCHI.

B uetBepTom coObiTim (Toxoky,
2011 r, puc. 5 g u h) crenens 3ary-
XaHUS aMIUTUTYbI HAXOAUTCS B MH-
TepBaine 1/2 — 1.

1 BTOpOro—4eTBeproro Co-
OBITUH HOPMHUPOBAHHBIM TEPBBII
MEPHOJ TIOYTH TOCTOSHEH U PaBeH
MPUMEPHO 2 HOPMHPYIOIIUM TEpH-
0J1aM Ha MPOTSHKEHUH BPEMEHH pac-
npoctpanenus 10 ~17 a (100 mun).
B nepBoM coOBITUM HOPMHPOBAH-
HBIH [IEPBBIN [IEPUOJL IOYTH IIOCTOSA-
HEH ¥ paBeH NPUMEPHO 5 HOPMHUPY-
IOIUM TIEpUOJIaM Ha TMPOTSHKCHUN
BCEr0 BPEMEHU PACHPOCTPAHEHUS.
1o aTOMy moKa3arento IfyHaMH BCeX
YeThIpeX COObITHI B TeueHue 17 u
OTHOCSITCS K JJIMHHBIM BOJIHAM.

bonee Onu3ku K peasbHOCTH
OLIEHKM BPEMEH JUCIIEPCUU CIIOCO-
O0oM | amsa mepBBIX Tpex COOBITHI
U CcII0cO0OM 3 ISl TTOCIICTHErO ITy-
Hamu. OLIEHKH BpeMEH TUCIEPCUU
criocobamu 2 u 3 U1l NEPBBIX TPEX
COOBITUI SBISIFOTCS 3aHI>KEHHBIMU,
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a criocobamu 1 U 2 U1 MMOCIIETHErO COOBITHUSA
JAIOT BEJIMYMHBI, IPEBHIIIAIOIINE BpEMEHA MPO-
Oera IlyHaMu yepe3 OKeaH.

HeonHo3HaYHOCTh OLIEHOK BPEMEH JUCIEp-
CUU pa3HBIMH CIIOCOOAMU Ui IyHaMU TpPeThei
CepUU HE TO3BOJISET ClEeNaTh BHIOOpP B MOJIB3Y
KaKoro-aubo M3 MpeyIoKeHHBIX. DTO CBA3aHO,
BUIMMO, C T€M, YTO pacueTHble (HOPMYIIbI IO-
Jy4YeHbl NI MOJIEIM PACIpPOCTPAHEHUS BOJIH
B OacceifHe MOCTOSTHHOW TIIYOWHBI, B TO BpeMs
Kak [TyOMHBI OKeaHa B ouarax I[yHaMd CHIJIBHO
OTIIMYAIOTCS OT CPeIHEH TITyOMHBI OKeaHa.

Crnenyer oTMeTUTh, uTO0 CUMYyHIUPCKOE
2006 r. u Yunuiickoe 2015 1. iyHamu ¢ oMHa-
KOBbIMU MarHutygamu (M = 8.3) mpouzouuiu
B oOdarax ¢ pa3HbIMH ITyOnHamu okeaHa (3520
u 300 M coorBeTcTBEHHO). IlepBoe u3 HUX cTa-
HOBUTCS JMCIEPTUPYIOLIECH BOJHOM yepe3 3 4,
BTOPOE — OCTAETCS JAJTUHHON BOJIHOW B TEUEHUE
IIPAKTHYECKH BCETO BPEMEHHU PacpOCTPAHEHUSI.

3akJIoueHue

KauecTBeHHBII aHANMW3 MOATBEPAWI, YTO
Ha BOJIIOLMIO IIyHAMH B OKE€aHE IUCTIePCHUs I~
CTBUTEJILHO OKa3bIBAaET BIMSHUE. Pe3ynbTarsl
00paboTKU AaHHBIX 9 pacCMOTPEHHBIX IIyHAMU
MO3BOJISIIOT ClIeNIaTh IPEABAPUTENbHBIE BHIBO/BI.

Ha ocHoBanum (akTuyecKux aHHBIX TO-
Ka3aHO, 4YTO IyHamH, BO30yXJaeMble 3eMiie-
TpsiceHUsIMU C MarHuTygamu M < 8.3, BO3HHU-
Kalolllueé B OYaroBbIX OONacTAX C NIyOMHAMU
3.52-6.96 kM, CpaBHUMBIMH U MPEBBIIIAIOIIUMHA
CPEIHIOI DIIyOMHY OKeaHa, CTaHOBSTCS [IHC-
MEePTUPYIONMMH BOJIHAMH TIPH BpPEMEHaX Ipo-
6era 10 mun — 3 4. Cna6oe nynamu 09.03.2011
(M = 7.4) c oTHOCUTEIILHO HEOOJBIION TITyOu-
HOW okeaHa B o4are D, = 1.47 kM Taxxke cra-
HOBUTCSl JAMCIIEPTUPYIOLIEH BOJHOM mocie
40 muH mpobera. OLIEHKN BpEMEH IUCTIEPCUU
BBITIOJIHEHBI B COOTBETCTBUM C BBIPAXKECHUEM
liy ™ 0.22R?* / D’c, tne R — SKBHUBaJCHTHBIN
paauyc KpyroBOro HMCTOYHHKA, PACCUUTAHHBIN
WCXOIS U3 MAarHUTY/IbI 3eMIIETpsICeHUs, D — Ty~
OMHa OKeaHa, ¢ — CKOPOCTh JJIMHHBIX BOJH
B okeaHe. OHU XOpOIIIO COBMAAA0T C BpEMEHa-
MU TIPOSIBJICHUSI TUCTIEPCUU, TTOTYYCHHBIMH TPH
aHaJn3e peajabHbIX TaHHBIX.

Iloxa3aHo, 4TO LlyHAMU OT 3€MIIETPSACECHUI
¢ M =8.0-9.1 npu nryOuHax OKeaHa B 04aroBou

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

ob6mactu (140-2110 M), CymecTBEeHHO MEHBIIINX
cpeaHel ITyOMHBI OKeaHa, TIPU pooere MpaKTH-
YECKHU JI0 MPOTUBOTIOIOKHOTO Oepera okeaHa (Ha
NPOTSDKEHUU 17 94) OCTArOTCs IMHHBIMU BOJIHA-
Mu 6e3 qucniepcuu. OTIIEeHKH BpEMEH JTUCIIePCUH
no ¢opMysiaM, BBIBEJICHHBIM B paMKax MOJEIH
pacnpocTpaHeHHs BOJH B OacceiiHe ¢ OCTOsH-
HOM TITyOWHOM, B 3TON CUTyalluu JAlOT HEOJHO-
3HAYHBIC Pe3yabTaThl. B dopMynax HE yIUTHI-
BAETCs CYIICCTBCHHAS Pa3HUIIA TIIyOWH B O4are
IlyHaMH U B OKEaHe.

BriBog BbIpakeHUW N7 OLUEHKH BPEMEHU
JIUCTIEPCUU TIPU PACHPOCTPAHEHHH B OKEaHE
C HEOJHOPOJHBIM THOM HE MPOU3BOAMIICS, BIIU-
STHAE 3aMEeTHBIX pa3lIM4uii B TIIyOMHAX OKeaHa
U B oyare I[yHaMHu Ha OIIEHKHU BPEMEH AHCIIep-
CHH TEOPETUYECKH HE UCCIIEA0BAIOCH.

MoMEHT BpeMEHH TMPOSIBICHHS HUCIIEPCUU
BOJIHBI I[yHAMHU 3aBUCUT HE TOJIBKO OT MAarHu-
TyZAbl 3€MJIETPSICEHUS], BBI3BABIIETO LIyHAMHU, HO
W OT IIIyOWHBI OK€aHa B o4are: Mpu OJMHAKOBON
MarHuTy/€ 3€MJICTPSICEHUS I[yHaMH, BO3HHUKa-
IOIEe B OUarax ¢ MEHbIIeH rTyOWHOUM OKeaHa,
MEHEE IMO/IBEPKEHBI TUCTIEPCUN.

Pacdetsl 1myHamu B pe3yabTare 3eMIIETps-
cennii ¢ M < 8.3, BO3HHMKAIONINX B OYArOBBLIX
o0macTsax ¢ TIyOMHaMH, CPaBHUMBIMH U TIpe-
BBIIIAIONIMMU CPETHIOKO TITyOUHY OKeaHa, B OTie-
pPaTUBHOM peXuMe B OIMKHEH 30HE 0 BpEMEH
npoOera, ompenensieMbIX JJIMHOW HUCIIEPCUH,
MOTYT BBITIOJHATHCS HA OCHOBE MOJENHU JJINH-
HBIX BOJIH Ha «MEIKOM Boaew». [ns ganpHei
30HBI 0OOCHOBaHHO TPUMEHEHHE AUCTIEPCHOH-
HOM MOJICITH.

st pacdeToB LlyHaMH OT 3€MIIETPSICEHUN
¢ M =8.0-9.1 npu rmy6uHax oKeaHa B 04aroBon
0071aCTH, CYIECTBEHHO MEHBIIIUX CPEIHEH TITy-
OWHBI OKeaHa, BOBMOXHO MPUMEHEHUE MOJAETU
«MEJIKOM BOJbDY B TEUEHHE BCETO BPEMEHU pac-
MIPOCTPAHECHHUSL.

baaronapuocTu

ABTOpPBI BBIpaXKaIOT OJIarOIapHOCTb PELEH3EHTaM
3a MOJIe3HbIC 3aMeUYaHUs U MPEASIOKEHH, KOTOpbIe OBLIH
YYTEHBI IPH 10pabOTKE CTAaThH.

Paboma ewvinonnena 6 pamxax eoczadanusi UMITul’
JIBO PAH Noe AAAA-A18-118012290123-8 «Hasoonenus
Ha MOpPCKUX Oepezax: MOHUMOPUHZ, MOOeluposatue,
NPOSHO3Y.
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Eddies off the southeastern coast of Sakhalin Island
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Abstract. The base of ten-day maps of sea level topography (September 2002 — October 2005) was used
to study the conditions of formation and dynamics of mesoscale eddies off the southeastern coast
of Sakhalin Island. This base was created for the Sea of Okhotsk and adjacent areas on the ground of three
satellites data. The satellite data of sea surface temperature and chlorophyll-a concentration, as well as
oceanographic surveys at the standard section of Cape Aniva — Cape Dokuchaev also were used. It was
shown that warm anticyclonic (AC) eddies are regularly formed as a result of meandering the Soya current
at the Kunashirsky and Ekaterina straits and move to the Tonino-Aniva Peninsula (sometimes at some
distance). The typical period of their existence is August—October. Cold cyclonic eddies occurred in the
same region in the second half of October as a result of the East Sakhalin current autumn amplification, and
usually an AC ring is formed in Terpeniya Bay. The typical lifetime of these eddies is shorter, it is about
1-1.5 months.
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BBenenue

CHUHONTUYECKUE BUXPHU B OKEaHaX U MOPSX
MPEJCTABISIIOT 3HAYUTEIbHBIA HAayYHbIA WHTE-
pec i okeaHorpa(uu BCIEACTBHE TOTO, UTO
OHHM TIEPEHOCST Ha OOJIBIIINE PACCTOSTHUS BOJBI
C CYILIECTBEHHO HWHBIMU XapaKTEPUCTHUKAMU
B CPaBHEHHUH C THTUYHBIMH JIJIs1 aKBATOPHil, B KO-
TOPBIX OHU NepeMelatoTcs. Mx uzyuenue umeer
Y TIPUKJIAIHOE 3HAUYEHWe, TaK KaK 30Ha CMeIlle-
HUS BOJ HA MX Mepu(epHH OTIHYAETCS BBICOKON
OMOJIOTUYECKON TPOAYKTUBHOCTBIO, a TaKkKe
MIOTOMY, YTO K 3TUM ME30MaCIITaOHBIM CTPYKTY-
paM MpUypPOYCHBI CKOTIICHUSI HEKOTOPBIX BHJIOB
MIPOMBICIIOBBIX pBIO, HanpuMmep caiipsbl. [1o sToi
MPUYMHE W3YYCHHUIO BUXPEBBIX CTPYKTYp Kak
B OTKPBITOM OK€aHe, TaK B Pa3jIMYHbIX Oacceii-
Hax yxpensercs Oonbioe BHMMaHue [Farneti,
Delworth, 2010; Raj et al., 2016]. ocraTtouno
MOJTHOE 0000IIIEHNE COBPEMEHHBIX MTPEICTABIIEC-
HUH TI0 JaHHOH MpobaemMe nmpuBeaeHo B [2Kmyp,
2011]. Tak, B mpuUMEHEHUU K IOTO-3amagHON
yacTu OXOTCKOTr0 MOpsi 3TOMY BOIPOCY MOCBS-
mieH psig uccienoBanuii [bymaro u ap., 1999;
Hapuuikuii, bynaros, 1997; Camko u ap., 2010,
2013; Xabwun, Jlykesaosa, 2011; Auapees, Ka-
oun, 2013], oCHOBaHHBIX NPEUMYIIECTBEHHO
Ha CITyTHUKOBOHW WH(OpMaIuu, ¢ MpUBICUYCHH-
€M MaTepHalioB CYyJOBBIX CheMOK. B wacTHOCTH,
B pabote [Camko u mp., 2010] O6su1a nmpeanpu-
HATA MOMBITKA C UCTIOJIB30BAHUEM CITy THUKOBBIX
HNK-CHUMKOB U TaHHBIX aTbTUMETPUN UCCIEN0-
BaTh JMHAMUKY ME30MACIITA0HBIX BUXPEBBIX
CTPYKTYp Ha OCHOBE KapT C MECSYHOH JHC-
KPETHOCThIO 1O BpeMeHU. OJHAKO MOJHOM sC-
HOCTH OTHOCHUTEIHHO TOTO, KaK (hOPMHUPYIOTCS
U OTKyZa MPUXOIAT BUXPHU K FOTO-BOCTOYHOMY
no6epexpto CaxanuHa — OMHOMY W3 HamOolee
BA)KHBIX B IIPOMBICIIOBOM OTHOIIEHUHU PAiOHOB
CaxalnuHCcKol 001acTH, ITOKa €I1e HET, XOTS ITO-
TBEPXKIACHUHN UX CYIIECTBOBAHUS B JAHHOM paii-
OHE M BaXHOU posu B pOPMHUPOBAHUH OHOIIPO-
JYKTUBHOCTHU €T0 BOJI IPUBEIEHO 10CTATOYHO.

B pa6ote [llleBuenko u np., 2009] Owuia
paszpaboTaHa MeTOAMKA UASCHTH(PUKAIIUN U HC-
CI€IOBaHUS  JWUHAMUKH  ME30MacCIITaOHBIX
BUXPEBBIX CTPYKTYp Ha OCHOBE MaTepua-
JIOB aJIbTUMETPUUYECKUX H3MEPEHUH CITyTHH-
ka Topex/Poseidon (TP, 3amymen B 1992 1),
TOJICITyTHUKOBBIE TPEKH KOTOPOTO COBIIAJIANN
¢ TpekamH 3amyieHHoro B 2002 . HICKyCCTBEH-
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Horo crmytHuka 3emun Jason-1 (J1). B mepuon
¢ ceHtsa0ps 2002 mo oktsiOps 2005 1. CIyTHUK
TP mpopomkan CBOXO MHUCCHIO, HO €r0 TPEKH
ObUIM CMEIIEHbl Ha MOJOBUHY MEXTPEKOBOTO
PacCTOSTHUS TI0 CPABHEHUIO C TPEKHUMH TPaeK-
TOpUsAMU. B 3TOT e nepuon albTUMETPUYECKHE
CbEMKH MPOM3BOIMWINCH TaKXKE CO CIyTHHKA
Envisat (ES), o0muii nepron aHamu3upyeMbIX
maHHBIX oxBarbkiBal 1995-2006 rr. Takum 00-
pa3oM, B TE€UEHHE TpeX JeT MOXKHO OBbLIO HC-
MOJIb30BaTh JUI  OMNpPEAETCHUS]  IOJIOKEHUS
U JIMHAaMUKH BHUXPEBBIX CTPYKTYp MaTepualbl
U3MEPEHU OIHOBPEMEHHO TpPEX CIyTHHUKOB.
OTO TNO3BOJIWIO C BBICOKOM TOYHOCTBIO OIIpE-
JeNATh XapaKTEepUCTUKU W JUHAMUKY BUXpeH
y I0T0-BOCTOYHOT0 nodepesxbss Kamuarku Ha oc-
HOBE KapT JWHAMHUYECKON Tomorpaduu ¢ auc-
KpeTHOCThIO 10 cyT (3TO 00YCIIOBIIEHO IJTMHON
M30MapuIpyTHOTO 1MKiIa cnyTHukoB TP u J1).
OTy k€ METOJUKY M CO3/IaHHYIO B JJaHHOM pa-
O6ore 0a3y aHOMaJMil YPOBEHHOW MOBEPXHOCTH
OXOTCKOr0O MOpsl M NPUJIETAIOLIUX AKBATOPUI
ObUIO pelIeHO anpoOupoBaTh IS MAEHTU(DU-
Kallil ME30MaclITa0HBIX CTPYKTYp y FOr0-BOC-
TOYHOTO 1MoOepexkbs 0. CaxanuH. JlomomHUTENb-
HO aHaJM3UPOBAIUCH MaTepuasbl HAOIIOACHUN
3a TeMIepaTypoil MOPCKOW BOJBI U KOHIEHTpA-
e xjaopopuiia @ B MOBEPXHOCTHOM CIIOE,
MOJlyYE€HHBbIE TMPU TIOMOIIM YCTAHOBJIEHHOMN
B CaxanuHckoM ¢uinane Beepoccuiickoro un-
CTUTyTa PbIOHOTO XO3SICTBa M OKeaHorpapuu
(CaxHUPO) cnytuukoBo#t craniuu TeraScan,
a TaKKe Marepralibl OKEaHOJIOTHYECKUX CHEMOK
Ha CTaHJapTHOM pa3pese MbIc AHMBA (FOro-BOC-
TOYHasi OKOHEUHOCTh 0. CaxanuH) — MbIc J{oKy-
yaeBa Ha CeBepOo-BOCTOKe 0. KyHammp.

[lensto qanHOM pabOTHI OBLIO M3YUYEHUE YC-
J0BU (OPMUPOBAHUS U AUHAMHUKHU BUXPEH, KO-
TOPBIE BBIXOJAT K I0T0-BOCTOUHOMY HOOEPEKbIO
0. CaxanuH unu GopMHPYIOTCS BOIHU3H HETO.

MeTtoauka uieHTU(PUKALUN BUXPeEl
U MaTepHuaJbl HA0IOIeHU

Jnst BblaeneHUsT BUXpPS HCIOJIB30Bajlach
uHpOpMaLUs ¢ TpeX CIyTHUKOB JAJISI ITOCTPOE-
Hus Tonorpaduu 3a 10-cyTOUHBIN TPOMEKYTOK
BPEMEHH, IPUBSI3BIBAEMBIA K CKaHUPOBaHHIO
noBepxHoCcTU OXOTCKOro Mopsi ciyTHUKOM J1.
WHuTepBanbl HyMEPOBAINCh COINIACHO 3TUM LIH-
kinaMm, aaHHble apyrux MC3 npusssbiBanuch
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K 3THUM TpOMEXyTKaM BpemeHH. Hamomuum,
YTO IPU BBIYUCIEHUU TapMOHHYECKHX I10CTO-
SIHHBIX IPUJIMBA B KAYECTBE HE3aBUCUMOM IIepe-
MEHHOW OepeTrcs CpeiHssi BbICOTa yPOBEHHOU
noBepxHoctu [llleBuenko, Pomanos, 2004].
To ecTb OTCUET NPOU3BOAMICS OT HYJIEBOIO
cpenHero ypoBHsA. CrenoBarenbHO, Ul BCEX
NC3 ananu3upoBaiich aHOMaJINK YPOBHS OKe-
aHa. JTO yIpoLIaJlo 3a/jady COBMEILEHUS J1aH-
HBIX 110 Pa3JINYHBIM TPEKaM, TaK KaK OCHOBHBIE
CJIO)KHOCTU OOBIYHO CBSI3aHBI KaK pa3 ¢ MPUBS3-
KOM CpeHUX YPOBHEH, B TO BpeMs KakK JUIsl aHO-
MaJIni 4acTh 3THX MpoOJIeM OTHaIaeT.

Takoe HanOKEHHE [AHHBIX CIYTHUKOBOU
aJIbTUMETPUHU T103BOJIIET CTPOUTH KApThl TOIO-
rpaduy aHOMaJIMi YpPOBEHHOW MOBEPXHOCTHU
1, COOTBETCTBEHHO, ONIPENEIATH ITOJIOKEHUE CH-
HONTUYECKUX BUXPEHl B OKeaHe ¢ ropasnio Oosee
BBICOKOM TOYHOCTBIO IO CPABHEHMIO C IOJIyYa-
€MBIMU TIPU HCIIOJIB30BAHUU JIAHHBIX C OIHO-
ro UC3. JlekanHblil HHTEpBaI MEXIY KapTaMu
JUHAMUAYECKOH Tomorpaguu OTKpbIBaJll BO3-
MOYKHOCTH JTOCTaTOYHO [JE€TaJbHOIO HM3Y4YEHUS
JUHAMUKHA BHUXPEBBIX CTPYKTYp BOJM3H IOTO-
BOCTOYHOro nobdepexbs 0. CaxanuH B Nepuoj
¢ cenTs10ps 2002 mo oxTs6ps 2005 1.

Heo6xonumo ObLIO CONOCTABUThH pe3yibTa-
Thl M3YUYEHUS] XapaKTEPUCTUK CHHONTHYECKHX
BUXPEH B OKEAHE 10 JaHHBIM CITyTHUKOBOU aJIb-
TUMETPUM C MarepuaiaMy HaOIIOACHUH MHOTO
pozna. Ha marepuaibl Cy10BbIX ChEMOK B JaHHOM
pailoHe MOYXHO OBLJIO pacCUUTHIBATh JIMIIb B HE-
KOTOpPOH CTENEHU M3-3a UX BECbMa OIPAaHUYEH-
HOTO KOJIMYECTBA: 34 UHTEPECYIOIINI HAC NIEPH-
0/l Ha CTaHJApTHOM OKEaHOJIOTMYECKOM pa3pese
MbIc AHMBa — MbIC JIOKy4aeBa, JUILIb YaCTUYHO
3a[IeBAIOLIEM HCCIIELYEMYI0 YacTb aKBATOPUU
OxoTckOro Mops, ObUIO BBINOJIHEHO 5 Che-
MOK — B HOs10pe 2002, utoHe, CeHTS0pe U OKTS-
ope 2003, a rakxe B aBrycte 2004 1., U3 KOTOPBIX
B JaHHON pabore B OoJybllIeil Mepe HCIONb30-
BaJIMCh Marepuaiibl AByX 3kcnenunuii Ha HUAC
«/Imutpuit IleckoB», NMPOBOAUBLIMXCS OCEHBIO
2003 r. Ha ctangaptHOM pa3pese Mbic JIeBeHop-
Ha — MOpE, HENOCPEJICTBEHHO IEPECEKAIOIIEM
30HY BBIXOJla BUXPEBBIX CTPYKTYp, OKEaHOJIOIH-
YECKHE ChbEMKH HE BBINOJIHSIIACH Y>KE€ MHOTO JIET.

Kak ormeuasnoch Bblllle, B Kau€CTBE JOMOJI-
HUTEJIBHOTO MCTOYHMKA HMH(pOpPMAlUU TpPUBIE-
KaJIUCh CITyTHUKOBBIE JAHHBIE II0 TEMIIEPATYpE
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BOJbl M KOHILIEHTPAIMH XJIOPOPHIUIA @ B TO-
BEpXHOCTHOM cioe OXOoTckoro mops (cpeaHue
3a JeKaJy 3Ha4€HHUs, OCPEAHECHHBIE M0 SYEH-
KaM C MPOCTPAHCTBEHHBIM PA3PEIIEHUEM OKOJIO
2 km). Takue mMarepuanbl Takxke TPATUIIMOHHO
UCTIOJIB3YIOTCSl JUIsl MCCIIEIOBAHUSI CHUHONTHYE-
CKHMX BUXpEH.

Hcnonb3oBaHue JaHHBIX 10 TEMIEpaTy-
pe U ILBETHOCTU IOBEPXHOCTH OKeaHa ObLIO
CBSI3aHO C ONPEAEICHHBIMH OrpaHUYEHUSIMH,
MIOCKOJIbKY B HAOIONEHUSX 332 JaHHBIMH Iapa-
METpaMH Ba)XXHYI0 POJIb UIPaji0 HCKaXKarollee
BIIMSIHUE OOJaYHOCTH U JAJIEKO HE BCErya MMe-
Jack MH(pOpMalKsi HAa MHTEPECYIOLIMe MpoMe-
XKYTKU BpeMeHU. B 0COOEHHOCTH 3TO OTHOCHUTCS
K BECHE M Haually JieTa, HO B aBI'yCTe—OKTAOpe
HaJ U3y4aeMbIM pallOHOM, KakK IpaBWJIO, yCTa-
HaBJIMBACTCS XOpOIIasi MOroja, MO3BOJISAIOILAs
NOJTy4aTh KadecTBeHHYI0 nHpopmanuio ¢ UC3.

JAMHAMHKA AHTHIMKJIOHUYECKOT0 BUXPS
JeroM—ocenbio 2003 r.

Hawnbonee BbIpaKeHHBIN TEIUIBINA aHTUITUKIIO-
Hueckuii (ALL) BUXpb ObLT 3aHKCHpOBaH BOIH-
34 I0T0-BOCTOYHOTO Oepera o. Caxanus (y ToHH-
HO-AHMBCKOTO TIOJIyOCTPOBA) JIETOM — OCEHBIO
2003 r. [IepBoe mosiBeHUE C1a00 BBIPAKECHHOTO
Al punra k cesepy ot npoin. Exarepuns 3aduk-
CHUPOBAHO Ha KapTe AUHAMUYECKOW Tomorpaduu
3a 14-24 uronst. Cryctst 10 ¢yt BHXpb cTan Oomee
BBIPAKCHHBIM M CMECTUJICSI Ha CEBEP-CEBEPO-
3amnaj, B HalpaBJICHUU MbIca AHHMBA — KpalHEW
FOT0-BOCTOYHOM TOYKU OCTPOBA.

Ilo xapre Ttomorpadpum 3a 3-13 aBry-
CTa BUIHO, YTO BUXPb NPOAOKAN IBUKEHUE
B TOM )K€ HAalpaBJI€HUM, HO 3aT€M CTall CMe-
IIaThCSl HA CEBEPO-BOCTOK U OOBbETUHUIICS C 00-
pazoBaBlIeiicss HE3aA0Ir0 10 3TOro Oosee cia-
00l aHTUIMKIOHUYECKON CTPYKTYPOH.

B nocnenueit aexane aBrycra y Bxoaa B Ky-
HAIIUPCKUN MPoNMB 00pa3oBalics HOBBIN, Ooee
BBIPAKECHHBI aHTULIMKIOHUYECKUN PUHT, KOTO-
PBIii CTaJl CMEILAaThCs B CEBEPHOM HAIPABICHUU
(puc. la). CymectBoBaBlIas paHee BHUXpeBas
CTPYKTypa HauMHAET JBUTaThCSl EMY HAaBCTpEUY,
U B TICPBOI JIeKa/ie CEHTAOPS OHU OOBETUHSIOT-
cs1, IPOJOJKUB JBUYKEHUE B CTOpoHY CaxannHa
(puc. 1b). OnmHako CKOPOCTH IABMIKEHHS BUXPS
3aMelIniIack, U B JaJdbHEHIIEM OH HaXOJIWJICS
IPAaKTUYECKHU Ha OTHOM MecTe. MakcumasibHOMI
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BBIPKEHHOCTH OH JIOCTUT BO BTOPOW JeKaje
OKTsIOps (puc. 1c), ero quameTp COCTaBIsI He-
MHOTUM Ootee 100 kM, BbICOTa OKOJIO 15 ¢M Hax
CPEJHUM YPOBHEM MOpsL. 3aT€M ITOT PUHT Hayajl
OTTECHATHCS B IOrO-BOCTOUYHOM HaIpPaBICHUU
u ObIcTpO ociabeBath (Ha puc. 1d mpencrasiena
TUHaMHuYeckasi Tororpadus 3a NepBylO JeKa-
ny HosiOpst 2003 1), U BO BTOpPOIl JieKaje 3TOro
Mecslia €ro CIEebl yKe He MPOCIIeKUBAIOTCA HU
M0 aJIFTUMETPUYECKUM, HU TI0 TeMIepaTypHbIM
ChEMKAaM MOPCKOM ITOBEPXHOCTH.

Haubonee BeposTHOM NpUYMHON paspy-
LICHUSI BUXPS SIBIISIETCS OCEHHSSI aKTHBHU3ALUS
Boctouno-Caxanunckoro teuenus (BCT), xo-
TOpasi OOBIYHO HAOIOIAETCS Y FOTO-BOCTOYHOTO
noOepexbst CaxaiarHa BO BTOPOI MOJIOBUHE OK-
Ts10ps [Briacosa u ap., 2008], x0T XapakTepHBIX
JUIs1 Hee BBIPAXXEHHBIX IPAJUEHTOB YPOBHS MOpPS
y Oepera CaxanuHa B KOHIIE OKTAOps — HOsIOpe
2003 r. Ha KapTe AMHAMHUYECKOW Tororpaduun
He Obu1o 3ameTHO. Bompoc o BmusiHuu BCT
Ha BUXPEBBIE CTPYKTYPHI Y FOTO-BOCTOYHOTO T10-
oepexbs 0. CaxanuH Oonee moapoOHO paccMma-
TPUBAETCSI HUXKE.

bonee crnoxHbIM sBIsSIeTCS BOIMpoC 00 yc-
noBusix (opmupoBanus Buxps. OOpazoBaHue
puHra B akBaropuu, npuieraromeit k KyHna-
IIMPCKOMY IPOJIUBY, YKa3bIBACT Ha MEAHAPUPO-
BaHue TeueHus: Cost B pailone n-osa CHUpeTOKO
Kak HanboJsiee BepOsSTHYIO IPUUHUHY JAHHOTO SIB-
JICHUS] — UIMEHHO TaKOM MEXaHU3M IeHepHUpoBa-
Hust ALl Buxpeii nonyden B pabote [Uchimoto et
al., 2007] o pe3yibraTaM YHUCIECHHOTO MOJAEIH-
poBanusi. OTHAKO 1J1s1 OTHO3HAYHOTO MOATBEPXK-
JICHHs 9TOT0 MEXaHH3Ma MPOaHaTU3UPOBAHHBIX
JTAHHBIX OBLIO HETOCTATOYHO.

Ha puc. 2 mnpencraBieHo pacmpenene-
HUE TEMIIepaTypbl BOJbl HA MOBEPXHOCTHU
MOps B [oro-3amagHoi yactu OXOTCKOTO MOps
[0 CITyTHUKOBBIM [aHHBIM B IIE€PBOU JeKaje
okTsi0pst 2003 T, B MOMEHT HAmOOJBIIECH BbHI-
PAKEHHOCTH HM3Y4aeMOro aHTHIMKIOHUYECKO-
ro BuUXps. DTO paclpeleleHue MpeaCTaBICHO
KakK ¢ 0OBIYHOM 1IKaNIoH (puc. 2a), Tak u, A7 Ha-
DISTHOCTH, C JCTAIbHOM IMKAJOM Ha KaXKIBIN
2-rpaaycHBIN AMamnazoH. SlApo puHTa BBIACIS-
Joch 0osee BBICOKMMM 3HAUEHUSIMU JAHHOTO
napametpa (okomno 13 °C), na 2-3 rpamyca mnpe-

Puc. 1. Kaprel quramMudeckoi Tonorpaduu 3a 23 aBrycra — 2 centsops (a), 12-22 cenrs6ps (b), 12—22 oxts6ps (¢)

u 1-11 Hos16ps (d) 2003 .

Fig. 1. Sea level topography for August 23 — September 2 (a), September 12-22 (b), October 12-22 (c), and November

1-11, 2003 (d).
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BBIIIABIIMMU TEMIIEPATypy OKPY>KAIOLIUX BOI.
B pa6orax [Camxo u ap., 2010; XKabun, JIykbs-
HOBa, 2011] Takke oTMedancs CpaBHHUTEIBHO
Cnalblii KOHTPACT B 3HAYCHHUSAX TEMIIEPATyphl
B LIGHTPE BUXPs U HA €ro nepudepuu — BUIAUMO,
3TO XapaKTEepHO I ME30MACIITAOHBIX CTPYK-
Typ aHHOTO paioHa. Tepmudeckoe coCTOsHUE
BUXPS ObLITIO CTAOMIBHBIM Ha BCEM MPOTSHKEHUU
€ro CyIeCTBOBaHUS, OTHAKO TEMIIEpaTypa BOJbI
Kak B IICHTpE BUXPA, TaK U Ha ero nepudepuun
OBICTPO CHMYKAJach B TEUEHUE BTOPOI MOJIOBU-
HBI CEHTSIOPS — MIEPBOI MOJIOBUHBI OKTSAOPSI.
[IpocTpaHCTBEHHOE pacrpeneseHre XJo-
podunna a Ha noBepxHOCTH OXOTCKOTO MOps
3a TOT e MepHuoj BpeMeHH (puc. 2 b) mokas3biBa-
eT Oosee HU3KUE 3HAYEHUS B 30HE BUXPs (OKO-
70 0.3 MKI/7) ¥ CyIIecTBEeHHO 0oyiee BBICOKHE

Puc. 2. Pacnipesienienne TeMeparypsl BOJbl HA TOBEPXHO-
ctu Mopsi (a, °C) u koHTeHTparun xsopoduimia a (b, MKr/1)
3a 10—20 okTs0pst M0 JAHHBIM CITyTHHKOBO# cTanImm Cax-
HUPO. YepHpIMH TOYKaMM IOKa3aHO MOJIOKEHHE CTaH-
LIMH CTaHAAPTHOTO pa3pe3a Mblc AHMBA — MbIC JIoKydaesa.
Fig. 2. Sea surface temperature (a, °C) and chlorophyll a
concentration (b, pg/L) distributions for October 10-20,
2003 according to the SakhNIRO satellite station. Black
dots indicate the position of the stations of the standard
section of Cape Aniva — Cape Dokuchaev.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

3a ee npeaenamu (0.5—0.9 mMKr/m), B 4aCTHOCTH
B 00JIACTH K IOT0-3amajy OT Hero, rie Halmona-
Juch 0oJiee XOMOHbIE BO/IbI, OTMEUEHHbBIE JaKe
Ha menbde 0. XOKKaiiao, rie oObIYHBI TeTIble
BoJbl TeueHus Cos. [lo JaHHBIM aJIbTUMETpUH,
3Ta 00JacTh XapaKTepU30BaJachb MEHBIIMMHU
BBICOTAMU YPOBHSI MODS.

bonee BeICOKME 3HAUEHUs TEMIEPATYpPBI
U HU3KHE KOHIIEHTpaluu xjopodwmia a Tu-
NUYHBI Ui Bog TeueHus: Cos B JAHHOM paiioHe
[[Ixait u mp., 2006], 9TO KOCBEHHO TTOTBEPKIa-
€T BBICKAa3aHHYIO BBIIIE TMIIOTE3Y O CBSI3U JaH-
HOM BUXPEBOU CTPYKTYPBI C 3TUM TEUEHHUEM.

B cents16pe u oxts6pe 2003 1. ObUIH BBINONI-
HEHbl OKEaHOJIOTUYECKUE 30HIUPOBaHUS ¢ O0p-
ta HUC «mutpuii IleckoB» Ha craHgapTHOM
pa3pe3e Mbic AHHMBa — MbIC JlokydaeBa. BepTu-
KaJIbHBIE pa3pe3bl TEMIIEPATyPhl U COJIEHOCTH 110
CYIOBBIM ChE€MKaM [JIsl IEPBOMA M3 SKCHEAUIUN
(pa3nuuust co BTOPOIl HE3HAYUTENIbHBI) HpEa-
CTaBJICHBI Ha pUC. 3. PacnonoxxeHne cTaHMi Ha
3TOM pa3pes3e BechMa CrenupuiHo (CM. puc. 2)
M3-32 TOTO, YTO OH IEPECEKaeT TepPUTOpHAIIb-
HbI€ BOJIbI SIMOHUM: TpyINa CTaHLMI BOJIU3H O-
Oepexbst 0. CaxanuH U Apyras TpyIna Ha elb-
¢de o. Kynammp pasneneHsl, 1 B 30HY BIMSHUS
BUXps, Ha caMoil ero mepudepuu, mnomnaaain
TOJBKO 2 Haubonee ynaneHHsle oT Oepera (cT. 2
U CT. 6) cTaHIIMK ceBepHOU, mpuieratoieii k Ca-
XaJIMHY 4acTu pa3pesa (Ha pUCYHKE UM COOTBET-
CTBYET quana3oH A0iroThl oT 144 1o 144.5° B.11.).
U B centsi0pe, u B OKTAOpe Ha 3TUX CTAHIUIX
OTMeYeHbl 0ojiee Temable M, YTO OoJiee Ba)KHO,
OoJiee coJIeHbIe BOABI, YTO OCOOCHHO SBHO MPO-
sBisieTcst Ha rmyoune ot 100 1o 500 M (3oHAMpPO-
BaHMS BBITOJIHSIIMCH IMEHHO J10 ATOM TITyOUHBI).
Bricokast coneHOCTh BOJ B 30HE BUXPS SBISIET-
cs1 6oJiee CyIIeCTBEHHBIM apIyMEHTOM B IMOJIb3Y
MIPEIONI0KEHUS, YTO OH CPOPMHUPOBAJICS B pe-
3yapTare MeaHapupoBaHus TeueHus Cos, Tak
KaK 3Ha4eHus BhIIIE 33.5 psu HEXapaKTEpHBbI IS
n3ydaeMoil yactu OXOTcKoro Mopsi. AHajJOru4-
HOM TOYKU 3pEHUs MPUAEPKUBAIOTCS U aBTOPbI
pabotsl [JKabuHn, JIykesHnoBa, 2011], MoxkHO Tak-
K€ CKa3aTbh, YTO HAIIM MCCIIeI0OBaHMs, OCHOBAH-
HbIE€ Ha HATYPHBIX HAOIIONEHUSX, OATBEPIMIN
pe3yibTaThl YUCIEHHBIX SKCIEPUMEHTOB SAIMOH-
ckux kojuter [Uchimoto et al., 2007].

OxeaHOJIOTHYECKNE 30HIMPOBAHUA, XOTA
OHM ¥ OBUIM BBHINOJIHEHBl Ha nepupepun
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Al BuXps, MO3BOJUIN OLICHUTH pannuyc aedop-
Maruu PoccOu, KOTOpBIN XapakTepu3yeT Ipo-
CTPaHCTBEHHBIE pa3Mepbl Me30MacIITaOHOTO
BHXPS U oTnpeiessieTcst o Gpopmyse
R = NH/f,

rne N — xapakrepHas yactota Baiicsis—bpenra,
H — rny6uHna, f— napametp Kopuonuca. Ocpen-
HEHHas MO BepTUKaIu (MMerollas MaKCUMallb-
Hbl€ 3HAYECHMsI B pallOHE €0 CKauka Ha INIy-
ounax 20-30 m) wyactora Bsiicans—bpenra
Ha CTaHIMX, NOMABIINX HA MEPUPEPUIO PUHTA,
cocraBmia okoio 3.5-107 ¢!, Ilpu 3HaYeHuUsIX
napametpa Kopuomnuca f'=1.7-107 ¢! u ryou-
He 3oHaupoBaHus 500 M MmojgydyaeM BEIMYHUHY
pamuyca PoccOu oxosno 110 kM, 4To, yuuThIBas
BeCbMa MPUOIMKEHHBII XapaKTep OLIEHKH, XO-
pOILLIO corllacyercs ¢ MPOCTPAHCTBEHHBIM Mac-
mTaboM H3y4aeMoro BUXpSI.

B 2004 r. curyarus 6buta 10CTaTOYHO OJIK3-
KON K PaCCMOTPEHHOM BBIIIE: AaHTUIUKIOHUYE-

Puc. 3. BeprukanbHble pacmpeneNieHdus TeMIlepaTyphbl
(°C) u coneHoctu (psu) MOPCKOH BOJBI HA CTAaHAAPTHOM
paspese Mbic AHUBa — MbIC JlokyyaeBa 1o pesyibTaram
cynoBoit ceeMku 18—19 centsa6ps 2003 . wva HUC «/Imu-
Tpuii [leckoy.

Fig. 3. Vertical distribution of water temperature (°C)
and salinity (psu) at the standard section Cape Aniva— Cape

Dokuchaev according to the results of ship survey
on September 18-19, 2003 at the R/V “Dmitry Peskov”.
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CKUI puUHI, OoJsiee cadblil IO CPaBHEHUIO C Ha-
OMIONaBIIUMCSI TOIOM paHee, C(hOPMHUPOBAJICS
y Bxoja B mpoi. ExarepuHbl B KOHIIE aBrycra
W CTaj JBUTarbcs Ha cesep. Ero meHTp Haxo-
JUICS K BOCTOKY OT TOJIOKEHHUS LIEHTPa BUX-
pa B 2003 r. mpuMepHO Ha TOJIOBUHY Tpajyca.
MaxkcuMalIbHOM BBIPAXXEHHOCTH OH JJOCTHUT B Ha-
yane okTs0ps. B mepBoil nekane HOAOps Me30-
MacIITabHasi CTPyKTypa Hcuesiia Mo BIUSHUEM
Boctouno-CaxanuHCKOTo TeUeHUsI.

B aBrycre 2005 1. Ob1U1 BBISBIIEH eliie Oonee
cnabwpiif, yem B 2004 r., ALl Buxpb, u GIU3KO
K O6epery CaxanuHa OH Tak)Xe He mojomuiesn (Ha-
Xonuics BocroyHee TOHMHO-AHHUBCKOTO MONY-
OCTpOBa, B paiioHe 146 MepuanaHa).

A.]'ILTepHaTI/lBHLIe CUTyanumn

CoBceM MHOI TIpUMep MPECTaBISET TUHA-
MU4YecKas Tororpadus, HaOIOmaBIIAsCs Oce-
Hb10 2002 1. (Ha puc. 4 npeacTaBIeHa aHOMANUS
YPOBEHHOM MOBEPXHOCTH 3a UHTEPBaAJ BPEMEHU
29 okTs0pst — 8 HOsOPsT). 3a cBAJIOM TITyOUH Ha-
IpoTUB TOHMHO-AHHMBCKOIO IOJIyOCTPOBA, IIE
B 2003 1. HaxoaWiICA TEIUIBIA aHTUIIMKIOHHWYE-
CKUIl BUXpb, B pacCMaTpUBAEMbIi TIepuOA ObLI
OOHapy)XeH XOJOAHBIA LHUKIOHUYECKUI PHHL.
OxeaHonoru4yeckass CbE€MKa,  BBIIIOJHEHHAs
B HOsIOpe 3TOro Tojla Ha pa3pe3e MbIC AHUBA —
MbIc Jlokydaesa, moka3aja, 4To Ha IyOuHax 00-

Puc. 4. Kapra nunamuyeckoil tororpaduu 3a 29 okTs-
Opst — 8 HOs1Ops1 2002 1.

Fig. 4. Sea level topography over October 29 —November §,
2002.
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see 80 M Ha cTaHIMAX 5—6 HAOIIOHAIHUCH BOIBI
C OTPULIATENILHBIMU 3HAYEHUSIMU TEMIIEPATYPHI,
4yTO IpUMEpHO Ha 2 °C HUXKeE, YeM Ha COCETHUX
crannusix. ColneHOCTh, HAMPOTHUB, ObLIa BBIIIE
(oxono 33.1 psu). Xapakrep NONOKEHUS HyJle-
BOW M30TEPMBI M M30TAJIMHBI 33 pPsSu SABHO yKa-
3bIBaJl Ha MOJBEM BOA B 30HE Buxpda. OneHka
yacToTel Bsiicsans—bpenta Obina moutu BaBoe
MEHBbIIIE, YEM B PACCMOTPEHHOM BBIIIE CIyyae,
a pamuyc nedopmanuu PoccOu cocTaBuil 0KoJIo
70 KM, 4TO BBIIISLAUT BIOJIHE YOEAUTENbHOI Be-
JIMYMHOW, HECMOTPS Ha CYIIECTBEHHO MHOW Xa-
paxTep cTpaTuUKauy BOJ.

Teruiblil aHTULUKIIOH IPAKTUYECKU CUHXPOH-
HO oOpazoBajics B 3ai1. TepneHus, B €ro BOCTOU-
HOM 4YacTH, NPUMBIKAIOIMIEH K OJHOMMEHHOMY
MOJIyOCTPOBY U K 0. Tronenuii. BepostHOU IpH-
YMHOM (opMHpOBaHUS 00euX Me30oMacIlTad-
HBIX CTPYKTYp ObUTO ycuienue Bocrtouno-Ca-
XAJIMHCKOTO TEUEHUSs, BBIPAXKEHHAs aKTUBHOCTh
KOTOPOTO TMPOSIBUJIACh B BBICOKHUX 3HAYCHMSX
YPOBHSL MOps BAONb mobepexbs 0. CaxaluH u
OONBIIMX €ro rpaJueHTax BIOJb CBaJla TITyOWH.

Al BUXpb MOCTOSIHHO HAOTIOMAETCS B 3. AHH-
Ba, MO)XKHO OBLIO OXKU/IaTh aHAJIOTHYHOTO SIBJE-
HUS B 3. TeprieHus, yauTbiBas OOJbIIOE CXO/-
CTBO (PU3HKO-TeOrpaMueCKUX YCIOBUH B 3THX
Oacceiinax. Ongnako B 3ai. TepreHus me3omac-
MITa0HBIE CTPYKTYPhI (POPMUPYIOTCST 3HAYUTEITb-
HO peXe, U Ha CPABHUTEJILHO KOPOTKUH NEPUON
BpeMeHu. Tak, ocenpto 2002 . aHTUIUKIIOHWYE-
CKHU BUXPb IIPOCYIIIECTBOBAJ B IAHHOM OacceiiHe
0KOJIO Mecs1a, a B 2004 — okoio 40 cyT (otMeueH
Ha YeThIpeX KapTax JMHAMHUYECKOH Tororpadum).

OcobenHoctu  popMHpOBaHHSI Me30Mac-
MTA0HBIX CTPYKTYp B 3al. TepmeHHss MOXHO
paccMOTpeTh Ha MaTepuajax -HKCHEeAULUOH-
HbIX uccnenoBanuii. Ocensto 2006 r. ALl Buxpn
B JAaHHOW akBaTOpuu ObLT HUAECHTHU(PHUIMPOBAH
0 pe3yJbTarTaM OKEaHOJIOTUYECKOW ChbeM-
ku, nposeaeHHo HUC «Imutpuit Ileckos»
23-27 oktabps 2006 r. DTa chemka HoOcHIa
(bparMeHTapHBIA XapakTep, OBLIO BBITIOJIHEHO
Bcero 16 craHmmii Ha CpaBHUTEIHHO HEOOINb-
oM y4actke oT 48.2 no 48.8° c.m1. u oT Oepera
1o 144° B.a. (puc. 5).

Puc. 5. Pacnpenenenue temneparypst (°C, a, ¢) u conenoctu (psu, b, d) Ha moBepxHOCcTH MOps (3, b) 1 Ha TIyOuHE
30 M (c, d) B 3a1. TeprieHus mo pe3ynbrataM OKeaHOJIOTHYECKOH cheMKH 23—27 okTsa0ps 2006 T.

Fig. 5. Distribution of water temperature (°C, a, ¢) and salinity (psu, b, d) at the sea surface (a, b) and at a depth
of 30 m (c, d) in Terpeniya Bay according to the results of ship survey October 23-27, 2006.
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HccnenoBanust 3aXBaTiIM HadaIbHBIN dTam
oceHHell axkTuBu3auuu Bocrouno-CaxannH-
CKOTO TEUYECHHsI, KOTOpOEe JOCTaBJseT Ha IOro-
BOCTOUYHBIA menbd CaxanuHa MoAUPUIUPO-
BaHHYIO BOAY p. AMYp, XapaKTepU3yIOMIyIOCs
HU3KUMHU 3HAUYEHUSIMU COJICHOCTH. JlokanbpHOE
IIATHO pacnpecHeHHoH Boabl (30.75 psu Ha mo-
BEPXHOCTH MOpPS) HAXOAWUJIOCh B YAalIeHHOM
oT Oepera 4acTW OXBaYCHHOW CHEMKOM aKBa-
Topun, Mexnay 143.5 u 144° B.a. (puc. 5b).
[Ipuuem sta Boma Obina xomomHee (9—10 °C),
4yeM BOJIBI B ee npuopexHoi yactu (11-13 °C)
(puc. S5a). PacripeneneHue OKEaHOIOTHUECKUX
2JIEMEHTOB Ha ropuszoHTe 10 M mpaxTHuecku
HE OTJIMYAETCs OT TAKOBBIX Ha IMOBEPXHOCTHU
mops. Ha rnybune 20 u maxe 30 m (puc. 5d)
MPOCIICIKUBACTCST BOAA HU3KOW COJNEHOCTH, UTO
yKa3bIBaeT Ha €€ 3arTyOJieHHE IOJ BIUSHUEM
HEOO0JIBIIOTO 10 pa3Mepy aHTHUIMKIOHNYECKOTO
BUXps B 3ai. Tepnenus. [Ipuuem ecnu Ha miy-
6une 20 M pacrpeneieHUe TeMIEpPaTyphbl BbI-
paBHUBaeTcs, TO Ha rryonne 30 M MomuduIH-
poBaHHas Boja B 30He Buxps (8 °C) 3ameTHO
TeIIee OKPYKAIIUX BOJ (pHC. 5¢).

HNnentudpuxanus BUXpeu
10 HA0JII0AEHUSAM 32 TeMIIepaTypoi
NOBEPXHOCTH MOPA

[ToMumo psiga anbTUMETPUYECKUX JaH-
HBIX 32 4yThb OOJiee YyeM TPEeXJETHUU Mepuon,
ObUIM TaKXKe MPOAHATH3HPOBAHBI TPOCTPaH-
CTBEHHBIC pACIpEICIICHUs TeMIIeparypbl IO-
BEPXHOCTH Mops 3a nepuoa ¢ 1997 no 2019 r.
[Tockonbky, kak oTmMevanoch Bbie, ALl Bux-
pH B M3y4aeMOM paliOHE CPAaBHHUTEIBHO CJ1abo
BBIICJISIFOTCS. HA KapTax TeMIIEpaTypbl OBEPX-
HOCTH MOpsI, ObUI MPUMEHEH HCKYCCTBEHHBIN
MpUeM, 3aKJIIOUABIIMNCS B MOCTPOCHUU KapT
C ICTAJILHOM MIKAJON Ha KaXKIbIi 2-TpaayCHBIN
Jrana3oH. DTO MO3BOJWIO BBIICIATh U3ydae-
MbIE€ CTPYKTYpbl Oo0jiee YBEpEHHO, OIMHUPAsiCh
MPU TOM Ha OMNBIT WACHTH(PUKALHUH 1O JaH-
HBIM aJIbTUMETPHUH.

Me3omaciTaOHble BUXPH B aBIyCTE—OKTS-
Ope HaOMroIaIHCh B FOTO-3armaiHoi yactu OXoT-
CKOTO MOpSi U Y IOTO-BOCTOYHOTO IMOOEPEKbs
Caxanuna (3a cBajoM riyOuH y ToHuHO-AHUB-
CKOTO TIOJYOCTPOBA) PETYISIPHO, XOTS U Pa3iiv-
YaJIUCh 110 CBOMM XapaKTepucTUKaM. Tak, B OK-
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Ta0pe 2015 1 aHTULMKIOHWUYECKUH pUHT
HaXOAMJICS Ha ynajeHun ot Oepera Caxanmuna,
kak 1 B 2004 u 2005 rr. Ocenbto 2016 1. B u3y-
JaeMoM palioHe cPOPMHUPOBAIICS XOJIOIHBIN IIH-
KJIIOHUYECKHIM BHUXPb, aHAJOTHYHO 3a(UKCHUPO-
BanHoMy B 2002 1. (puc. 6a). B okta6pe 2018 .
K IOro-BocTodHOMYy Oepery CaxanuHa TMO0-
1IeJ XOPOIIO BhIpaKEHHBIN Teriblii ALl BUXpb
(puc. 6b). MoxxHO CKa3aTh, YTO TO TPH THUIIO-
BbI€ CHUTYyallUM, XapaKTEepHbIE I U3y4aeMOro
paifona. OTMeTUM, YTO Ha MPOCTPAHCTBEHHBIX
pacripeeNieHusAX TeMIEPATyphl MOBEPXHOCTU
MOpsSI IO CIlyTHUKOBBIM JaHHBIM HU B 2002,
Hu B 2006 . ALl Buxpb B 3ai. TeprnieHuss HUKaK
HE MPOSBIISIICS, aXKE MPHU UCIOIb30BAHUM JIE-
TAJIbHOW IIKaJIbI.

AHanu3 KapT TeMIieparypbl MOBEPXHOCTH
MOpsI 32 1I0CTaTOYHO MPOJOJIKUTEIbHBIN MepHU-

Puc. 6. IIpocTpaHcTBeHHOE pacIipefesieHHe TeMIepaTy-
pot Bogsl (°C) B roro-3amagHoi 4act OXOTCKOro Mops
B TpeTheit Aekane okTaops 2016 1. (a) 1 BO BTOpOIA AeKaje
okTs0ps 2018 1. (b) B meTaIbHOM TIPEICTABICHUH.

Fig. 6. The spatial distribution of water temperature
(°C) in the southwestern part of the Sea of Okhotsk
on the October 20-31, 2016 (a) and on the October 10—
20, 2018 (b) in a detailed view.
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ol BpeMeHHU nokasan, uto All Buxpu oOHapy-
JKUBAIOTCS Y I0ro-BocToyHOoro 6epera o. Caxa-
JIVH TIOYTH €XKETOHO, B OJUH M TOT )K€ MEePHOJ
BpeMeHU (TOSABISUIUCH BO BTOPOW MOJIOBHHE
aBryCTa M HWCUE3ad B TPEThEH NeKaje OKTs-
Ops). Lluxinonnueckue BUXpU (HOPMUPYIOTCS
HECKOJIBKO peke, MPUMEPHO pa3 B TPHU Toja,
B KOHILIE OKTAOpS B NMEPHOJ OCEHHEH WHTEHCH-
¢uxaruu BCT, u ncye3aroT B KOHIIE HOSOPS —
Hauaje aexkaops.

3akjaodyeHmne

Takum 00Opa3om, 3a CBaJIOM ITyOWH BOJH3H
ToHMHO-AHUBCKOTO IMOTYOCTPOBA BHISBJICHBI J1Ba
TUTIAa ME30MAaCIITaOHBIX BHUXPEBBIX CTPYKTYD,
PEryasipHO HAOIIONAIOIIUXCS B 3TOM pailoHe.

K mepBoMy OTHOCATCS TeIUIbie AHTHUIIU-
KJIIOHUYECKHE BHUXPH, 3apoxaaroniuecs BOJIU-
3u nponuBoB Exarepunsl winn KyHammpckoro
B pesyabrare MeanjapupoBaHus tedeHus Cos
U apeiidyronme B CeBEPHOM HIIM CEBEPO-BOC-
TOYHOM HAampaBJeHUU. TUMUYHBIA MEPUOI HX
CYIIECTBOBAaHUSI — aBTYCT—OKTSOpb, YTO XO-
poIlIO coriacyeTcs ¢ pe3yiabraraMu paldoThl
[Uchimoto et al., 2007], B koTopoii oTmeuya-
JIOCh, YTO OTPBIB BUXPS B pailoHe KyHamupcko-
ro mpoyinBa Hauboyiee BEpOSITEH B KOHIIE JIeTa,
Koraa y 6epera n-oBa CHUpeTOKO HaKaIljJuBaeT-
Csl TOCTATOYHOE JIJIsl TOTO KOJIMYECTBO TETLION
coneHoit Bompl. OTMeTuM, 4TOo B pabdore [by-
71aTtoB U 1p., 1999] ALl Buxpb B JaHHOM paii-
OHE JUAarHOCTUPOBAJICA U B BECEHHUH MEpHUO/I,
OJTHAKO B TPOAHAIM3MPOBAHHBIX HAMH Mare-
puanax nmogoOHas cuTyanusi He HaOIIOaIaCh.
Od4eBUIHO, TaHHAS CUTYAIUs SBISICTCS BEChMa
PEAKUM, HEXapaKTepHBIM ISl JaHHOM aKBaTo-
puu cobObitueM. AL[-BUXpH MOTYT MOAXOIUTH
cpaBHUTEIBHO Onm3ko K Oepery CaxanmHa
WJIM HaXOJIUTHCS HA OMPENEIICHHOM YIalleHUU,
npumepHo Ha 0.5-1° BocTtoyHee. DTU BUXPH
MEPEHOCST TEIUIbie BOABI C BBICOKOW COJICHO-
CThIO B paiioH, I7le TaKWe COJIEHBIE BOIBI MPU
OOBIYHBIX OOCTOSTENTHLCTBAX HE HAOIIOMAIOTCS.

Cnucok Jureparypbl

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

OHu TakXke MOTyT TPAaHCHOPTUPOBATH HeXa-
pakTepHbIC M JAaHHOIW aKBaTOPUH BUABI PBIO
[[Tonres, L{xait, 2019] u UHBIX TUAPOOMOHTOB,
B YAaCTHOCTH TEIUIOIIOOMBBIE BUABI 300ILIAH-
KTOHA, KOTOpbIe ObUIM OOHApYKEHbI B Mpobdax,
OTOOpPaHHBIX Yy IOTO-BOCTOYHOTO MOOEPEXbs
OCTpOBa Mo3AHENH oceHbto [bparuna, 2002].

Ko BrOopomMy THIy OTHOCATCS XOJOIHBIE
LIUKJIOHUYECKHE BUXPHU, BO3HUKAIOUIUE OOBIU-
HO TPUOMU3HUTENIIBHO B TOM € palloHe BO
BTOPOW MOJIOBHHE OKTAOpS, B MEPHOA yCHIIe-
Hus BocrouHo-CaxanuHCKOro TedeHus. Xa-
pakTepHBIM MEepHOA HMX CYLIECTBOBaHUS 00-
nee xkopotkuit, 1-1.5 mec. Ilpu sTomMm 006BIYHO
dbopmMupyercsi TEIUIbI AHTHITUKJIOHUYECKHI
BUXpb B 3ajl. TepneHus, NpaKTUYECKU HE BbI-
JEJSIIOLIUICSA Ha MPOCTPAHCTBEHHBIX paclpe-
JIeJIeHUSIX TeMIIepaTypbl MOBEPXHOCTU MOPH.
DTOT BUXPb XapaKTEPU3yEeTCsl HU3KUMU 3Haye-
HUSIMU COJICHOCTH B €r0 SApe, YTO 00yCIIOBIH-
BaeT €ro YETKYIO BHIPAXKEHHOCTh Ha KapTax JIu-
HaMU4eckol Tonmorpadun. XapakTepHbId CPOK
cymectBoBanus ALl Buxps B JaHHOM Oacceiine
CPaBHUTEJIBHO HEBEIIMK M TaKXe COCTaBIISIET
o0b1uHO 1-1.5 mec.

Hamnume  Me3omacmTaOHBIX — BHUXPEBBIX
CTPYKTYp SIBISIETCA BAXKHOW M IO HACTOSILIETO
BpEeMEHH c1ab0 U3y4eHHOU 0COOEHHOCTBIO OKe-
AQHOJIOTUYECKUX YCIIOBHH Ha menbde U cBaye
mTyOHH Y FOr0-BOCTOYHOTO TToOepexns o. Caxa-
JIMH, UTPAIOILEH K TOMY € BaXXKHYIO POJb IpU
OLIEHKE YCJIIOBUI OOMTaHUS PBIO U WHBIX TUAPO-
OMOHTOB B JAaHHOW aKBATOPUHU.

BbaaropapHocTu

ABTOpBI OJ1aroIapHbI PeLIEH3EHTaM 3a MTOJIE3HbIE 3aMe-
YaHUsl, CI0COOCTBOBABIIIKE YIYUIICHHIO KA4€CTBa CTAThH.

Paboma evinonnena 6 coomeemcmeuu ¢ 20cyoap-
cmeennvimu 3adanusmu Caxanunckoeo gunuara BHUPO
(CaxHHUPO) u Hucmumyma mopckou eeonozuu u 2eoqpu-
suxu /[BO PAH npu yacmuunoti punancosou nooodepiicke
npocpammuvl QyHOAMEHMATbHBIX HAYYHBIX UCCTe0068aAHUL
JIBO PAH «/lanvruti Bocmoxy (npoexm Ne 18-1-0010).
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in the Lofoten Basin. J. of Geophysical Research: Oceans, 121: 4503—4521.

16. Uchimoto K., Mitsudera H., Ebuchi N., Miyazava Y. 2007. Anticyclonic eddy caused by the Soya
Warm Current in an Okhotsk OGCM. J. of Oceanography, 63(3): 379-391.

O0 aBTOpax

HIEBYEHKO T'eopruii Biragumuposnd, okTop (hU3NKO-MaTeMaTHYeCKUX HayK, 3aBEAYIONIMIA JabopaToprel okeaHo-
rpadun CaxanuHckoro ¢unnana Beepoccuiickoro HayqyHO-HCCIIEIOBAaTEIECKOTO HHCTHTYTa PHIOHOTO XO3SIHCTBA M OKe-
anorpapun (CaxHUPO), Bexymmii Hay4HBIH COTPYAHUK JaOOpaTOpUH IyHaMH, IHCTHTYT MOPCKOH T'eOoJIOTHH M Teo-
¢usuku [IBO PAH, HOxHo-Caxanuuck; YACTUKOB Banepuit HukonaeBud, BeIynui CrICIIHATIHCT, L[OI71 Anekcanap
TecyeBuu, Bexymmii crienmanuct — naboparopust okeanorpapun, CaxannHckuid ¢puman Beepoccuiickoro HayqHo-HC-
CJIC/IOBATEIbCKOTO MHCTUTYTA pHIOHOTO X03s1#icTBa U okeaHorpaduu (CaxHUPO), Oxuo-CaxannHck
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Reconstruction of paleotyphoons and recurrence of extreme floods
in south Sakhalin Island in Middle-Late Holocene
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Abstract. The geological record of extreme floods associated with the passage of the strongest typhoons in
the last 6620 cal. yr. was first restored for the Sakhalin Island. The cross-section of the Holocene deposits
near Dolinsk Town (the watershed in the northern part of the Susunai lowland) was chosen as a natural
archive for paleotyphoon activity. The cross-section includes the peat bog with numerous loam layers
which formed during the flooding of the swamp during extreme floods. The results of the ecological and
taxonomic composition of diatom flora study have been presented with the aim of restoring the evolution
of sedimentation environments, as well the analysis of the moisture dynamics and river activity. Peat bog
has been formed on the place of the lagoon existed in the maximum phase of transgression in the Middle
Holocene. Peat accumulation has begun 6010 cal. yr. BP in brackish-water lagoon. The lagoon had turned
into the coastal lake when sea level dropped ~5710-5040 cal. yr. BP. Some bioindicators were revealed
for identification of severe floods. One of the criteria for identifying the periods of frequent floods is the
analysis of the ash content of peat. The age of 25 extreme floods was determined and the paleoclimatic
background of events was analyzed. The catastrophic flood caused by Phyllis typhoon (1981) has been
considered as an analogue of paleo-events. It is established that the repeatability of extreme typhoons
increased in both warm wet and dry and cold dry phases, three periods of their activation were identified
(4640-4360; 4030-3580; 1860—1380 cal. yr. BP), when super typhoons entered the island once in
30-90 years. The manifestations of extreme typhoons in south Sakhalin and in the Sea of Japan region
have been compared. The super typhoon tracks seemed to be changed in a radical manner during paleo
times as well in the period of the instrumental meteorological observations.

Keywords: extreme floods, paleotyphoons, geological criteria, diatoms, chronology, recurrence, middle-
late Holocene, Sakhalin Island.
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Beenenne

OpnHol 13 0COOEHHOCTEH MOTo/IbI U KJIUMara
JanpHero BocToka sABIAIOTCA NEpeMeIaroye-
cs ¢ tora Tponmueckue nukionsl (TL), 3apox-
JlaronMecs B 3aaJHOM Tponuyeckon yactu Tu-
X0ro okeaHa, @UINNIUHCKOM Mope — Haubosee
MOIIIHOM 10 CPaBHEHUIO C IPYTUMH PErHOHAMU
Mupa odare oopazoBanus TL[ [CutHuKOB U 1p.,
2001; Henderson-Sellers et al., 1998]. B Tuxom
okeane TI Ha3wiBaroTcs TakipyHamu, B ATiIaH-
TUYECKOM — yparanamu. Tai(yHbl, BEIXOAAIIHE

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

Ha JlanpHMIT BoCTOK, Kak mpaBuiio, 00pa3yroTcs
K CEBEPO-BOCTOKY ¥ BOCTOKY OT PWINIIINHCKUX
OCTpOBOB, B painioHe KapommHckux m MapuaH-
CKUX OCTPOBOB, C MIOJS 1O CEHTSIOpb U Iepe-
MEIAIOTCS M0 MapaboIUUYeCKUM TPACKTOPHUSM,
U3MEHSIOIUMCS. B 3aBHCHUMOCTH OT METEOpO-
JOTMYECKUX CUTyallUd U aHOMAJIUM LUPKYIs-
1 atMocdepsl 0T Mecsla K MecsIly, OT roja
K Tofly U Ha OOJIBIIMX BPEMEHHBIX MacuITabax
[CutHukoB u ap., 2001]. TaiidyHsl, BbIIIE-
mue Ha SInmoHckoe Mope, Jajee 0ObIYHO Iepe-
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Mentatotest Ha CaxanuH u Kypunbckue ocTposa.
C 1957 no 1997 r. nabmonancst BEIXOA B yMe-
peHHble MUPOTHI 547 TPONUYECKUX LUKIOHOB
[Tyneromnogen, 1998]. Ha poccuiickuit Jlansuuii
BocTok MOXXeT BBIXOAUTH 70 5 TaiipyHOB B rox
[CuTtHuKOB U 11p., 2001].

3HAYUTENbHbIE AHOMAJIWU  TPOIHUYECKOTO
U BHeTponuyeckoro nukiorenesa [Woodruff et
al., 2009; Katsuki et al., 2016; Zhan et al., 2017],
KaKk U MyccoHHOH cuctemsl CeBepo-BocTouHoi
Aswun [bermies u ap., 2014], HaGnrogaroTcs B 1e-
puon paznuuHblx THUNOB Oib-Huubo. B rogs
¢ Dnp-Huabo ouar oOpazoBaHUS TPOIUYECKUX
LMKIIOHOB CMEIIAeTCsl Ha IOro-BOCTOK, Taid-
(GyHBI UMEIOT OOJNBUIYI0O TPOAOIIKUTEIBHOCTh
U HMHTEHCUBHOCTBH, a TaKXe MPOCIEKUBACTCS
TEHJCHIIUA TOBOPOTa TPAEKTOpUU TailpyHOB
Ha CEBEpPO-BOCTOK, UTO JejaeT Ooyiee BEpoOAT-
HbIM uX BeIxoj] Ha Kopeto, SImonuto [Elsner, Liu,
2003]. IIpu HactymneHun Inb-HUHBO OTMEUEH
0osiee aKTUBHBIN BHETPONMUYECKUHN ITUKIOTeHE3
Ha JlanpHem Boctoxke [Tyneromoserr, 2009].

OOunbHBIE OCaJKH, KOTOpPbIE MPHUHOCAT
TLI, ABIAIOTCA NPUYMHOM PEYHBIX MABOJKOB.
Ha JlansHem BocToke B Takue JIMBHH MOXET
BbImanath 10 280 mM/cyT. Ha Caxanune moxan
Tal(pyHHOTO IPOUCXOXKACHUS B OCHOBHOM OXBa-
THIBAIOT FO’KHYIO 4acTh OCTPOBA, HO IPH ypa-
TaHHBIX BETPax MOTYT HaONIONaThCsS HA BCEH
tepputopun [CutHukoB u ap., 2001]. Oco-
OCHHO OMNacHbl TaKUe METEOPOJOTHUYECKUE
CUTYalllH, KOTJa HAKIaAbIBAIOTCS WM OTU3KHU
M0 BPEMEHU MPOXOXKIEHUS TaQyHBI U Ipy-
rue aTMoc(epHble BUXPH, BbI3bIBAIOIINE CUITb-
HbIE€ OCaJKH, MepeyBlaXXHEHHE BOAOCOOPOB
U BBICOKUU YpOBeHb B pekax [[‘apuman u np.,
2014]. Takas xaptuHa Habmoganach Ha Caxa-
JUHE BO BpeMsi HauOoliee pa3pylIUTEIbHOTO
taiipyna Oummuc (2-8.08.1981), npumenmre-
ro Ha octpoB 6.08.1981 mpakrtuuecku OmHO-
BPEMEHHO C IIMKJIOHOM, YTO MPUBEJO K 00pa-
30BAHHUIO €IWHOM IIMKIOHHUYECKON CUCTEMBI
1 oOUJIBHOMY BBINAJIEHNUIO OcaakoB. C 3TuUM
Tail(hyHOM CBSI3aHO CaMO€ MOIIIHOE 32 TIOCIIe-
HUE JecsATUIeTUs HaBogHeHue Ha CaxaluHe.
OnHuM U3 (PakTOPOB BOHUKHOBEHHUS IKCTpE-
MaJIbHbIX IABOJIKOB SIBJISIETCS U HAJIO)KEHUE UH-
TEHCHUBHBIX JOKJEH Ha cHeroTtasHue [l'eHncuo-
posckuii, Kazakos, 2015].
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[TomMmuMO OTpOMHOIO MaTepHaIbHOTO YIIEp-
0a ¥ BO3MOXKHO yrpo3bl IS )KU3HHU JIIOIEH, T1a-
BOJIKM OKa3bIBAIOT CUIILHOE HKOJIOTUYECKOE BO3-
JIECTBHE HA N€OCUCTEMbI. MOT'YyT M3MEHSThCS
HEKOTOphIE TapaMeTpsl MpUpoaHoH cpenbl (pH,
MUHEpaIu3alus), MPOUCXOAUT IPO3usi, 00paszy-
FOTCSI IOKPOBBI HAWJIKOB, YTO MEHSIET TUAPOIIO-
THYECKYIO0 CUTYAlMI0, MHOTZIa BBI3BIBAET CMEHY
PaCTUTEIBHBIX COOOIIECTB M HapylIaeT ecTe-
CTBEHHBIN XOJ] pa3BUTHsI JaHAIIA(DTOB.

B0O3MOXXHOCTE  TOJITOCPOYHOrO  MPOTHO3U-
pOBaHMsI HABOJHEHHS TO3BOJIACT IMPUHATH CO-
OTBETCTBYIOIIIME MEPHl  MPEIOCTOPOKHOCTH.
B Hacrosmee BpeMs CHHONTHMYECKUH INPOTHO3
nepemenienns TL 1 vX THTEHCUBHOCTH XOPOIIIO
pa3paboran [ Tyneronosett, 2010; IToxwun, 2011].
[TockonbKy MHCTpPYMEHTAIBHBIE 3alMCH HA IOTE
JanpHero BocToka HaYaJIMCh TOJNBKO CO BTOPOM
nosioBHHbBI XX B., U3MEHUYUBOCTh LMKIIOI€HE3a
MOKHO MPOCIICAUTH JIUIIb B TPEIEIax HECKOJb-
Kkux aecsruneruit [JIo6anos u ap., 2014]. 3anucu
O CHIBHBIX Tal(yHaX HUCTOPUYECKOTO BPEMEHU
€CTh TOJIBKO B KUTAMCKUX U SITOHCKUX JIETOMTUCAX
[Liu et al., 2001; Woodruff et al., 2009]. s non-
TOCPOYHOTO MPOTHO3a U aHaJIM3a TEHACHUUN
M3MEHEHHUsl KJIMMaTH4eckoro pexuma J[lanbHe-
BOCTOYHOI'O PErHOHa NPH pPa3HOHANPABIECHHBIX
KJIMMaTHYECKUX TPEHJAX BaXKHO 3HATh, KaK Me-
HSJIaCh CUTYyalUs ¢ NOBTOPsieMOCThIO TLI, BbI3bI-
BaBIIMX JKCTpEeMasbHbIe MaBOAKH, B MaciuTabe
HECKOJIBKMX ThICSueneTnii. Mano U3BECTHO, Ka-
KM€ CJIBUTH B KJIMMATE BIIHSUIA HA TIOBTOPSIEMOCTh
n uaTteHcuBHOCTH T1I B romonene [Woodruff et
al., 2009]. Ilpu oTCYyTCTBUU NIUTEIBHBIX PSIIOB
HAOJIOICHUI Y JIETOMMCHBIX CBUIETEIIHCTB OTBET
Ha BOIPOC, KaKUe KIMMaTHUYECKUE OTPaHHYCHUS
CYLIECTBOBAJIA B aKTUBU3ALMU Tal(yHOB B ThI-
CSTYENIETHUE CPOKH, MOXKET JaTh MCIOJIb30BaHUE
najeoreorpauIecKuX JaHHBIX.

[Ipuponnbie apXuBbI CO CEIaMU MPOXOXKIE-
uust TL BkittouarotT anHomasuu B 680 B IeIepHbIX
HATEYHBIX 00pa30BAHUAX M KOJBIAX JEPEBHEB,
LITOPMOBBIE BaJIbl U YCTYIbl pa3MblBa Ha MOp-
CKUX Oeperax, OTJIOXKEHUS B PEYHBIX JOIMHAX U
o3epax [Liu, Fearn, 2000; Woodruff et al., 2009;
Katsuki et al., 2016]. [JanHbie 0 NPOSIBICHUU
najeoTaiipyHOB B ceBepoO-3amajHON dactu Tu-
XOTr0 OKe€aHa OrpaHWYeHHBI. B mocnemnue roapl
s tora [lansHero BocToka nosiBuiuck paboThbl
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10 1mIeTh(OBBIM OTIIOKEHHUSIM, KaCalOIIHUecs pas-
pabOTKHM TEOXUMUIECKIX KPUTEPHUEB BBIJICIICHUS
KaTacTpopuueckux TalW(pyHOB 3a TIOCIECIHUE
1800 kamn. 1. [ActaxoB u ap., 2019]. Jns ouen-
KU BIUSHUS Tall()yHOB, BHI3BIBABIIUX yCHIICHUE
PEYHOr0 CTOKA, HA MOPCKHE SKOCUCTEMBI Mpea-
JI0KEHO HCIIONB30BATh IUAaTOMOBBIE BOJOPOCIIU
[[TpymkoBckas, 2019; Tsoy et al., 2015]. Pexon-
CTPYKLIUS YCWJICHHSI NaBOJKOBON aKTUBHOCTHU
B TIO3/IHEM TOJIOLIEHE Ha OCHOBE Pa3HOM 30JIb-
HOCTH Top(a W psAna OMOMHAMKATOPOB CHEIa-
Ha Ui p. BukuH, mpuHAIIeKaMEH OacceiHy
Awmypa [Pazxuraesa u ap., 2019]. Ha fnonckux
OCTpOBax BapuabeNbHOCTh TaJCOTAN(PYHOB
B TOJIOLIEHE BOCCTAHOBIICHA MO0 TEOXUMHUYECCKUM
MpU3HAKaM M U3MEHEHUIO CTPYKTYPHBIX Xapak-
TEPUCTUK 03epHBIX oTnoxkeHui [ Woodruff et al.,
2009]. EcTh maHHbIe MO YacCTOTE€ CHJIbHBIX Ha-
BOAHEHU B rosionieHe st Kopeiickoro m-oBa
[Katsuki et al., 2016; Lim et al., 2017] u Kuras
[Zhou et al., 2019].

[{enpro HacTosmel pabOTHI SBISETCS BOC-
CTAHOBJICHUE TEOJIOTHYECKOW JIETOMUCU TIPO-
XOXKJCHUS TAJICOTa(PyHOB, BBI3BIBABIIUX JKC-

TPEMAJIbHBIC ITaBOJAKH, Ha HOKHOM CaxanuHe
3a MOCJICIHUC 6.6 TBIC. Kaul. JI., BBIACHCHUEC XPO-
HOJIOT'HU COOBITUM U aHAJIN3 UX IIOBTOPACMOCTH,
BBISIBJICHUC TICPUOAOB aKTUBU3aAlUU najaeoTam-
(bYHOB N COIIOCTABJICHUEC C IAJICOKIMMATHUYC-
CKMMH OJaHHBIMHU I10 PETUOHY.

MarepuaJy u MeToabI

Ha Caxanvne HaBOJHEHUSI, BbI3BAaHHbBIC JIHB-
HSIMU Tal(yHHOTO IMPOUCXOXKICHHUS, B OCHOBHOM
HaAOJTIOMAIOTCS B IOKHOW YacT ocTpoBa [CUTHHU-
kOB U ap., 2001]. B kadecTBe 00BEKTa IS T10-
HCKOB CII/IOB TaJICOHABOJHEHUI BBIOpaH paz-
pe3 CpenHe-BEpXHETOJIOLUEHOBBIX OTJIOKEHHUM
(47°19.453' c.m., 142°46.237' B.1.) Ha CycyHaii-
CKOMl HM3MEHHOCTH B Ipefeniax 3a00JI04eHHOTO
Mexypeubs pek M3nyunas u Cyxono:m (pUToKu
p. bonbmoit Takoi, 6acceiin p. Haiiba) B okpecT-
HocTX T. JlomuHCK (puc. 1). Pa3pes pacronosken
B 10 kM ot Gepera mops (abc. BeIC. 4 M). 31eCh
ObLT 3aJ710)KeH 11ypd, HIKHSAS 4acTh pa3pesa 0To-
OpaHa ¢ TOMOIIBIO Teocnaicepa. O0mas Mor-
HOCTb BCKpPBITBIX oOTIOkeHuid 2.31 M. Ompo-
OoBaHue B mIypde IpOBEICHO, B 3aBUCUMOCTHU

Puc. 1. Cxema paiiona paGoT.
Fig. 1. Study area.
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OT JIMTOJIOTHYECKOTO COCTaBa, B BEpXHEH 4acTu
paspesa Oonee aeTanbHO, B HIDKHEH — C IIaroMm
5 cm. Omnpenenenue 30J5HOCTH Topda U IPoCIIo-
€B OpraHOMUHEPATbHBIX OTIOKEHHA M CYIJIMH-
koB [Topd... , 1995] no3Bonusao BBIBUTH 3HA-
YUTETbHBIC KONICOAHUs €€ BETMUUHBI TI0 pa3pesy.
It MaeHTU(UKAIANA TIPOMCXOKIACHUS TIPO-
CIIOEB CYIIMHKOB M aHalu3a W3MEHEHHS YB-
JOKHEHUS TPOBEJIEH JIHATOMOBBIA  aHAIU3.
B xaxxgom oOpasiie Topda U CyIIMHKOB CleNaH
MOJICYET COAEPKAHMSI CTBOPOK AuaromMerd B 1 T
BO3YIIHO-CYXOTO 0CaJika. JTO BHIOPAHO OJHUM
W3 OCHOBHBIX KPUTEPHEB JUII PEKOHCTPYKIIAU
HABOJHEHUI M OIIEHKU MaciTaboB CHOCA MaTe-
puana. O6paboTka MpoO HAa AMATOMOBBIA aHa-
JU3 TPOBOAMIACH TIO CTAaHAAPTHOW METONWKE
[[duaromoBbie Bomopocu... , 1974]. Inaromen
OTIpeNIeNISUIN B TIOCTOSHHBIX Mperaparax ¢ Io-
MOIIIbI0 MUKPOCKOTIa AX10SCOp TIPH YBEITUUYCHUN
x1000 ¢ uCHoJaB30BaHHEM AaTIACOB-OIPENEIH-
teneit [J[lmaromoBeii anamm3, 1950; Krammer,
Lange-Bertalot, 1986, 1991]. B HachIieHHBIX
oOpa3iax moxcuuThiBasiock 06osee 200 CTBOPOK.
[Ipu sxonoro-reorpaduueckoil XapakKTepUCTUKE
JTMATOMEH M BBISBJICHUW POJIA OTJCILHBIX BUIOB
WCTIOJTb30BAIUCH TaKXKe CBeleHus u3 pador [[a-
BbIIOBa, 1985; bapunosa u ap., 2006; Xaputo-
HOB, 2010]. Ha ntnarpamMMy BbIHECEHBI OCHOBHBIE
TaKCOHBI, IO3BOJISTFOIINE OTIPENCTUTh N3MEHEHUS
9KOJIOTUYECKHUX YCIOBHUNA BO BpeMsi 00Opa30BaHUs
TOopda 1 MPOCIOEB CYITIMHKOB.
Panuoyrnepoanoe narupoBaHue BBHITTOTHEHO
B UHcTuTyTe Hayk o 3emiie Cankr-IletepOypr-
CKOTO TOCYJITapCTBEHHOTO YHUBEPCUTETA (CM. Ta-
omuity). KamuOpoBka paauoyriepomaHblx —naT
caenaHa c¢ momomieio nporpammbl OxCal 4.3
C HCHOJb30BAHUEM KaJMOPOBOYHOW KpPUBOI
«IntCal 13» [Bronk Ramsey, 2017]. I[Ipu onpe-
JEJICHUN XPOHOJIOTHMH COOBITHH  HCITOJIB30-
BaH KalMOpPOBaHHBIA BO3PACT, OMpPEACTICHHBIN
o Mozenu o mporpamme Bacon 2 u ¢ mpo-

rpamMmHON oOosnoukoir R [Blaauw, Christen,
2011]. [Ina BepxHel yacTH pa3pesa CAesaH pac-
4YeT BO3pacTa MO CKOPOCTH TOP(OHAKOIUICHUS
Mexny garamu JIY-8857 u JIV-8858, nockonbky
MO/JIEJNb JJa€T CUIIBHOE OMOJIOKEHHUE.

Pesyabrarsl

Cmpoenue paspesa, 3onbHoCmb mopdgha,
Xpononozcua. B ocHOBaHUM pa3pe3a BBIXOIST
CPEIHETOJIOLIEHOBBIE TOy0OBaTO-CephIe alIeB-
PHUTOBbIE WIbI B KPOBJIE, BKJIIOYAIOUINE TOHKHE
cioiiku Topda (puc. 2). bonbias gacts pazpesa
IIPEJICTaBICHA TPABIHBIM TOPPOM C MPOCIOIMU
TOP(SAHUCTOrO aJeBPUTA U MHOTOYHMCICHHBIMU
CIIOKaMU CYIJIMHKOB, KOTOpbIE paccMaTpuBa-
I0TCS KaK CJelbl SKCTpEMaJIbHbIX HABOAHEHUH,
CBSI3aHHBIX C PA3JIMBOM pEK IMPH MPOXOKJIECHUU
KPYIHBIX MajeoTaiigpyHoB. CIOWKH UMEIOT YeT-
KM€ TPaHUIbl, UHOTJIA BOJHHUCTHIE, BO3MOXKHO
3po3uoHHbIe. OpraHOreHHOe OCaJIKOHAKOILIE-
HUE HA4yaJloCh B PaCHpPECHEHHOH JlaryHe OKOJIO
6010 kan. 11.H., Ha MmecTe kKotopoi 5710 kam. 1.H.
00pa3oBasIoCck 03epo, a ¢ ~5040 kaJ. J1.H. — HU3WH-
Hoe Oonoto. Pacnipenenenue “C-mar o paspesy
U MojenrupoBaHue (puc. 2) CBUAETEIbCTBYIOT
O TOM, YTO CKOPOCTH TOP(OHAKOIUIEHUS [0-
BOJIBHO CYIIIECTBEHHO MEHSIUCh oT 0.4 Mm/Toj
Ha HayaJlbHOM »HTane (GpopMUpOBaHUS TOPPsi-
Huka (6010-3270 kan. n.H.) mo 0.15 mm/ron
(3270-1940 xan. 1.H) ¥ YBETUYHIHUCH
1o 0.6 mm/rog mexay 1940—1280 kat. J1.H. ¢ To-
CIIEIYIOIIUM CHUKEHUEM BCIIEACTBUE PA3BUTHUSA
MTOYBEHHBIX MPOIIECCOB.

AHanmu3 307bHOCTH TOp(a MOKa3al 3Ha4M-
TeJbHbIE KoieOaHUs BEIMYMHBI MUHEpAIU3aluu
1o paspesy (puc. 2), 0TBEYAIOIIeH B IEPBYIO OUe-
pelb pa3sHOM MHTEHCHUBHOCTU M 4YacTOTE MaBOA-
KOB B cpelHEM—TI031HEM rosoneHe. Korga B Bo-
JI0EM BBIHOCHWJIUCh PEYHbIE B3BECH WM 0O0JIOTO
IIOTIaJAJI0 B 30HY 3aTOIUIEHMs, HA TIOBEPXHOCTU
00pa30BBIBATIMCh MPOCION CHJIBHO 3aUJIEHHOTO

PesysbTarsl paguoyriiepoaHoro JaTupoBaHust Topda u3 paspesa OTJI0KeHUH Ha Bopopasjaene pexk U3nydynas

u Cyxonoa, 10:xHbIii CaxajauH

Results of radiocarbon dating of peat from the section on watershed of Izluchnaya and Sukhodol rivers,

South Sakhalin

Taboparopusi | Hower | wrepman,ow | Poioyepotmi [ KumGponaui
JIY-8857 AB 1 13-16 1370 £ 110 1280+ 120
JIY-8858 AB2 56.3-60 1930 £ 90 1880+ 110
JIY-8859 AB 3 86-91 3430+ 110 3700 + 140
JIY-8860 AB 4 136-140 4280 £+ 100 4850+ 170
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Puc. 2. Crpoenue pazpesa TO1-T02 cpenHe-BEpXHEr0OJOLEHOBBIX OTJIOKEHUHN Ha Bonopasnene pek Manyunas u Cyxonon
(roxubIi Caxanus), 301bHOCTH TOp(a 1 OPraHOMHUHEPAIBHBIX OTIOKEHNI U MOJETb «IITyOHHa—BO3pacT».
1 — Topd, 2 — opraHOMHUHEPATHHBIE OTIIOKEHUS, 3 — CYIIIMHOK, 4 — aJICBPHT.

Fig. 2. Construction of the T01-T02 section of the middle-upper Holocene deposits on watershed of the Izluchnaya
and Sukhodol rivers (South Sakhalin), the ash contents of peat and organomineral deposits and “age-depth” model.

1 — peat, 2 — organomineral deposits, 3 — loam, 4 — silt.

Topda WIM YUCTBIX CYIJIMHKOB. OTH IPOCIIOU
(UKCHPYIOT NEpUObl YCUIICHUSI TABOAKOB HIU
OT/IeNIbHBIE KpyMHbIE COOBITHS. MOIIHOCTh Ta-
KHX TpociioeB MeHsercst oT 3 1o 15 mm. B oc-
HOBaHUU pa3pesa ecTh ciioil 10 40 MM. MoliHbIH
ciloi cymuHKa (10 35 MM) B KpOBIE paspesa,
BEPOSITHO, OBbLJT OCTABJIEH BO BPEMsI HABOJIHEHMUS,
BbI3BaHHOTO TarpyHom dwmumc B 1981 1. Bos-
MOYXHO, BO BpEMsI 3TOTO HAaBOJHEHMS BEPXHSIA
4acTh pa3pesa Oblia pa3MbITa.

Brinenstorcss uHTEpBalibl, B KOTOPBIX 3071b-
HOCTb OYEHb BBICOKA HE TOJIBKO B IPOCIIOSX CY-
IJIMHKOB, HO ¥ BO BMeIIaromieM topde: uHt. 176—
201 cm (78.24-89.02 %) 6010-5520 xan. mH.,

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

92.5-136 cMm (70.67-81.95 %) 4680-3580 kau. J1.H.
Bricokast 3016HOCTH (10 85.5 %) oTMeueHa u st
BepxHel yacTu paszpesa 0-37.5 cm, kotopas Gop-
mupoBanack nociueanue 1580 kan. n.H. Hanme-
Hee 00oraIeH MUHepaIbHON puMechio (49.68—
64.78 %) Topd B uHT. 136—177 cM, HaKoTIIEHUE
KoToporo mpoucxoauiao 5520-4680 kai. J.H.
B IMEPHUOJ CHUKEHHUS IMaBOJKOBOI aKTHBHOCTH.
YMeHbllleHne BeTUYHMHBI 30ibHOCTH (61.22—
68.46 %) oTMEYEeHO BO BMeENIAOIIEM Topde
B UHT. 46.5-91 cMm (3540-1700 kai. 71.H.), €CTh
MTUKY CHYDKEHUS 30IbHOCTH B BEpXHEH 4aCTH pa3-
pe3a B uHT. 37.5-44.5 cMm (1700-1580 ka. i1.H.),
13.5-18 cm (1280—1180 kaur. j1.H.).
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Juamomoswiit ananus. Cynsg 1o BUIOBO-
My COCTaBy JAMAaTOMOBOW (opel M3 paspesa,
OTJIOKCHUSI HAKAIUTUBAIKMCH B PA3HBIX IKOJIO-
THYECKUX YCIOBUSAX. HIDKHSS YacTh paspe-
3a (uuT. 131-231 cm) dopmupoBanace B yc-
JOBHSIX ~ PACTPECHEHHOW JaryHbl, BEPXHSS
(unt. 0—131 cM) — B KOHTHUHEHTAJBHBIX YCIO-
BUAX. DTO OOYCJIOBHMJIO HadU4Me B OTIOKEHU-
X TpEeICTaBUTENeH JMAaTOMOBBIX BOJOpOCIIEH
Pa3HBIX 3KOJIOTUYECKUX TPYMIL: IPECHOBOIHBIE,
COJIOHOBAaTOBOJHO-TIPECHOBOIHBIE, ~ COJIOHOBA-
TOBOJIHBIE, COJIOHOBATOBOJAHO-MOPCKHE U MOp-
ckue. Ocobyto Tpynmy AUaToMel MpeacTaBiIsoT
MOPCKHE BHJIbI, MHOTHE U3 KOTOPBIX SBIISIFOTCS
BbeIMepuMH. Ha o. CaxanuH mmpoKo pacrpo-
CTPaHEHbl MOPCKHE HEOTCHOBBIC OTIOKEHUS
¢ obunuem nuaromeit [lllemrykosa-Iloperkas,
1967], xoTopbie pa3MbIBAIOTCS PEKaMU U 4acTO
BCTpeYaroTcsi B 0ojiee MOJIOBIX M COBPEMEH-
HBIX OcajJikax. bosblas yacTh 3TUX BUJIOB MPE-
CTaBJICHAa B BHJE (DParMEHTOB, CPEAH KOTOPBIX
yIAJI0Ch OINpEeACNUTh BbIMepIue Actinocyclus
ochotensis var. fossilis, Thalassiosira tem-
perei, Neodenticula kamtschatica, N. koizumii,
Kisseleviella carina, Thalassiosira ambigua,
T. marujamica, T. nidulus, T. gravida var. fos-
silis, FEupyxidicula zabelinae, Stephanopyxis
grunowii, S. horridus v HbIHE CyIIECTBYIOLIHIE
Coscinodiscus asteromphalus, C. marginatus,
Actinoptychus senarius, Thalassionema nitzs-
chioides, Arachnoidiscus ehrenbergii, Paralia
sulcata, Cocconeis costata, C. scutellum n np.
[Tono6HBIN cOCTaB MOPCKUX JMATOMEH BBIJIE-
JICH B MOPCKHX OTJIOXKCHHUSX MapysSIMCKOH CBHU-
Tl CPEAHEMHOICH-TTMOLIEHOBOTO  BO3pacTa,
[IMPOKO PACIPOCTPAHEHHBIX B JOJIUHE p. Ma-
nblii Takont B JlonuHCKOM paiioHe roxHoro Ca-
xanuHa [[lymkaps, Yepenanosa, 2001; Akiba
et al., 2000]. Beimepiue Mopckue BUABI B pas-
HBIX COYETaHUIX MPUCYTCTBYIOT BO BCeX Mpodax
KaK JIAryHHOM, TaK ¥ KOHTUHEHTAJIbHOMN TMayeK.
AHanM3 cocraBa JHATOMEH B OTJIOKCHHSIX TI0-
3BOJIHJI BBIICTUTH 10 THaTOMOBBIX KOMIUICKCOB,
OTBEYAIOIIUX OTACIHHBIM CTAIUSIM DPA3BUTHIL
no0Oepexns B ronorene (puc. 3).

Kommnexkc 1 (unt. 207-231 cMm, 6620-
6130 kan. n.H.). B oTi0XeHUsAX HUKHEH YacTH
pa3pe3a KOMIUIEKC AMATOMEN BKIIIOYAeT BHUJIbI
BceX JKojorumueckux rpymmn. CymMma MOPCKUX
U COJIOHOBATOBOJHBIX [MAaTOMEl CHIIBHO Ba-
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pPBUPYET, B MOJOIIBE U KPOBJIE CJIOS JOCTUTAET
45 u 55 % COOTBETCTBEHHO, B CPEIHEW YacTu
ciost cHmwkaercs 1o 26.4 %. JlomuHupyer co-
JIOHOBATOBOJHO-IIPECHOBOHBIN  Planothidium
hauckianum, 3aMeTHONH YHUCJIEHHOCTH HOCTHUra-
10T cosioHoBaToBoaHbIe Campylodiscus echeneis,
Diploneis pseudovalis, D. smithii var. pumila,
Tryblionella  acuminata, CcOIOHOBATOBOAHO-
Mopckoit Melosira moniliformis var. octogona
W MOPCKOW IUIaHKTOHHBIN Paralia sulcata. Co-
BPEMEHHbBIE KOMILJIEKCHI TUATOMEH C BBICOKUM
yuactueMm Planothidium hauckianum BbISIBICHBI
B JlaryHax mn-osa Kamyarka u 0. CaxajiuH B 30He,
MOJIBEP’)KEHHOW CHUJILHOMY BIIMSIHUIO TPECHBIX
Boa [Yepenanoma, 1988]. Copmepkanue mpe-
CHOBOJHBIX JHAaTOMEH KojeOleTcs: B mpeaenax
41-72 %. Cpeau HUX 110 OTHOLIEHUIO K COJIEHO-
¢t npeobnanatoT unauddeperts (o 37.4 %)
u rano¢uisl (10 34 %). JIoMUHUPYIOT TUTOPATIb-
Ho-3muuTHBIC Pseudostaurosira brevistriata,
Staurosira venter, Staurosirella pinnata, Ha-
CeJISIIOIIME Yallle BCEro 3apociIue BOAHON pac-
TUTENFHOCTBIO BONMOEMBI. Bunber  Staurosira
venter u Staurosirella pinnata 9acTo ABISIOTCS
JOMUHUpYIOIIMMHU B HeOonmpnx o3zepax [Ipe-
6ennnkoBa, 2009] 1 ¢ OLIEHKOH OOMIIHSI «PEIKO»
U «HEPEIKO» BCTPEUEHBI B COBPEMEHHBIX JHa-
TOMOBBIX COOOIIECTBaX peK rkHOro CaxannHa
AnHa, Mepes n baxypa [Huxynuna, 2005], HO
MaccoBO€ pa3BUTHE MOJy4aroT B jaryHax [Ilo-
nsikoBa, 1979; Grebennikova, 2011].

Peunoe BnusHue (uUKCUpyETCS MO MPUCYT-
CTBUI0O MOPCKHX IEPCOTIOKECHHBIX JIHATOMEH
¥ BHJIOB, XapaKTEPHBIX IS TEKYIHX BOJ: 00pa-
crareneit Hannaea arcus f. recta, Meridion cir-
culare, Gomphonema grunowii, G. trunctatum,
Cymbella aspera, Cocconeis placentula, C. pla-
centula var. euglypta, nounsix Navicula cryp-
tocephala, N. rhynchocephala u TIIaHKTOHHOTO
Aulacoseira italica. Conepxanue O0IbIIMHCTBA
TUX BUAOB He mpeBbimaer 1-2 %. Haubonee
CWIBHBIA CHOC MaTepualia B JIaryHy (UKCHpY-
€TCsl B TICPUOJBI HAKOIUICHHUS OCAJKOB B HHT.
226-231 cm (6620—6510 kan. mH.) 1 211-216 c™m
(6310-6220 kan. 1.H.). OTH OCaTKU XapaKTepH-
3ylOTCSl OOJNBLIMM KOJMYECTBOM (PparMeHTOB
U LENBIX CTBOPOK MEPEOTIOKEHHBIX MOPCKHX
JUATOMEH, YTO yKa3blBaeT Ha YCWJIEHHE CHOCa
marepuaia. OcoOeHHO 3TO 3aMETHO MO BO3pac-
TaHUIO COMIEPKAHUA TaKUX BUIOB, Kak Cocconeis

GEOSYSTEMS OF TRANSITION ZONES VoL. 4 No 1 2020



OKEAHoJsorusi. FTEoMoP®onorusi u 3BOJIOLNOHHAS] FTEOrPA®MNS1 / OCEANOLOGY. GEOMORPHOLOGY AND EVOLUTIONARY GEOGRAPHY

"QULIBWT — A “I9JeM-USIORIq — A

‘I10JeMUSOL—I0JeM-USIORIq [[] ‘I0JeM-USIYORIq—I)eMUSIY — [ ‘I0Jemysal — [ :Sa10ads swojel(q UI[eeS JINoS ‘uondds 7oL-10L 2yl Suofe swojerp Jo uonnquysiq *¢ “S1q
OMIOdON — A “OI9HIIOF0IREOHOI0D — A ‘OIIHI0g0HIddII-OHOg901RA0HOI0D — [[]

‘QI9HI/0E01BE0HOL0J-OHT0g0H0adI — [[ “QI9HIOg0HIdI — | :MOWOLRUYI UG "HUI'BXE)) UIGHXOI ‘701—10L Aeodeed ou uoroodoros xiagoworenrr ouHordraduoed ¢ “oud

53

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020



PeKOHcmpquun naneomaﬁd)yl-loe u noemopsieMocmu 3KCcmpemMasibHbIX naeodkoe Ha roze ocmpoea CaxanuH

scutellum w Paralia sulcata, nons KOTOPBHIX
B OCajJKaxX MPEJCTABISACT CYMMApHYIO BEIINYH-
HY y4acTHsl OOMTAIONIUX B JIATYHE M TIEPEOTIIO-
KEHHBIX BUJI0B. ConiepaHnue CTBOPOK IUaToOMeNn
B OTHX OCaIKaX CHIDKaeTcs mo 672589 TwIC./T,
YTO MOXKET SIBJIATHCS CICICTBHEM TEPPUTCHHOTO
pa3baBieHus. 3a MCKIIOUEHUEM JTHX JBYX HH-
TEpPBAJIOB, KOHIICHTpAIMS CTBOPOK KoOJeOneTcs
B nipenenax 2273—4348 TeiC./T.

Kommekc 2 (uaT. 185-207 cM, 6130-
5710 xan. JI.H.) XapakTepHu3yeTcsi CHUKEHUEM
JIOJT  COJIOHOBATOBOJHBIX M MOPCKHX JIHATO-
meit — 10 10-11 % B OonpmuHCTBE MPOO. YBe-
JMYUIOCH YHCIIO COJIOHOBAaTOBOAHO-TIPECHOBO/I-
HBIX TuaTomei, nosBunuck Navicula pusilla var.
Jjacutica, Bacillaria paxillifera, Nitzschia obtu-
sa, bojee 4acTo craiu BcTpedarbes Parlibellus
cruciculoides, Nitzschia commutata. B cocrase
NPECHOBOJIHBIX TUATOMEH B HIDKHEH 4acTh CIIos
erie OoJplliee pa3BUTHE MONYYMIH Pseudostau-
rosira brevistriata, P. elliptica, Staurosira ven-
ter, S. subsalina, Staurosirella pinnata. B wnT.
185—-191 cm mo5u 3TUX BUIOB 3HAUUTEIEHO CHU-
KAIOTCA, CYIIECTBEHHO BO3PACTACT COJEPKAHNE
XapaKTEePHBIX TS 03€p TOHHBIX MPECHOBOIHO-
CONOHOBATOBONHBIX Diploneis ovalis, D. oblon-
gella. B xaxnoit npoOe HalieHbl IPUHECEHHbIE
PEYHBIMH BOJAMH MOPCKHE IEPEOTIONKECHHBIC
BUJIBI JMATOMEH M XapaKTepHBIC I TEKY4YHX
BOJI TPECHOBOIHBIC BU/IbI. OTHUM U3 PU3HAKOB
WHTCHCHBHOTO CHOCA MaTrepuaja BO BpeMs Ha-
BOJTHEHUI MOXET CITy)KUTh MOCTYIUICHHE B Jia-
T'YHY [TIOYBEHHBIX quaroment Pinnularia borealis,
P. obscura, Hantzschia amphioxys, Luticola mu-
tica, Humidophila contenta. IlpucytcTBue 3TUX
BUJIOB B COCTaBE JMATOMEH CBUICTEIHCTBYET
O Pa3BUTHUU IMMOYBEHHBIX MPOIIECCOB Ha IMpHUIIC-
rafomeii  repputopun. ConepkaHue CTBOPOK
B ocaukax cwibHO MeHsercs. Cienpl Hambo-
Jiee CHIIBHOTO CHOCAa MarepHalia, MPUBOJSIIETO
K pa30aBJICHUIO W CHIDKCHHUIO KOHIICHTpAI[UU
CTBOPOK JMAaTOMEH B JIaryHe, 3a()UKCUPOBAHEI B
aJIeBpUTE C TOHKHMH CIIOWKamu Topda Ha TIy-
o6une 201-207 cm (6130-6010 xan. 1.H.). 3nech
o0Hapy>eHO MOBbIIIeHHOE conepkanue Coc-
coneis scutellum, Paralia sulcata, a KOHIIEHTpa-
LIMsl CTBOPOK AuaTtoMeid coctasisier 1998 Toic./t
ocaJika, TOTIa KaK B MOJCTUJIAIOIIUX U TEepe-
KPBIBAIOIIMX OCAJKaX KOHIICHTPAIUs CTBOPOK
nocturaer 4348 u 5190 TeIC./T. 3HAUUTEIB-
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HO CHIDKAeTCS KOHIEHTpalus CTBOPOK (10
617-1972 Teic./T) M1 B uHT. 185-191 cm (5810
5710 kain. 1.H.).

Kommneke 3 (unT. 153-185 cm, 5710-
5040 kan. 7.H.) OTpakaeT CyllecTBOBaHHE Oe-
pPEroBoro o03epa C IMOBBIIIEHHON COJICHOCTBIO.
ConepxaHue MOPCKMX W COJIOHOBATOBOJHBIX
nuaromeil He npesbliuaer 2—-3 %. JloMmuHupyer
COJIOHOBATOBOJIHO-TIPECHOBONHBIN Navicula per-
egrina. Bricokoe copep>kaHne 3TOro BHIa OTMe-
YeHO B COBPEMEHHBIX COOOIIECTBaX JUaToOMei
B YCThSX pEK, BHajarouux B jaryHy [lunbTyn
(ceBepo-BocTouHbINM CaxanuH) [MOTHIBHUKOBA,
MortsuibkoBa, 2003]. B momomiBe cnost cyiie-
CTBEHHYIO JIOJIO COCTaBJISIIOT MPECHOBOJHBIE
Diploneis subovalis w Navicula vulpina, BcTpe-
Jaroluecs B peKax M o3epax; Oosiee 3aMETHBIM
CTAHOBUTCSl COJIEP’)KAHUE TMPECHOBOIHO-COJIO-
HoBatoBoniHOTO Cosmioneis pussila, Taxxe Xa-
pakTepHOro i o3ep. bimxe k cpeaHeil yactu
CJIOSI OTMEUaeTCsl BHICOKOE OOMIIMe BUIOB poja
Pinnularia (no 69.5 %), MHOTHE M3 KOTOPBIX
pacmpocTpaHeHbl Kak B 3a00JIOUEHHBIX BOJIO-
eMax, TaK M B 0CaJIKaX MEJIKOBOJIHBIX 03€p U PEK.
Bbonbmast wacte ctBOpok (mo 44.1 %) BHUIOB
pona Pinnularia n3noMaHbl, COXpaHWINCH JIUIIb
CPeIVHHBIE TIONSI, YTO, MO-BUIUMOMY, CBS3aHO
C BBICOKOH TypOYJIEHTHOCTHIO BOJIHOTO IOTOKA
BO Bpems HaBogHeHWd. Cpeau yleneBIIUX BU-
JOB Hambosee 4acTto BcTpewarotrcs Pinnularia
viridis, P. viridiformis, P. subrupestris, P ori-
unda, wHacemsronMe OMUroTpoPHO-TUCTPOd-
HBIE BOJIbI, XapaKTEPHU3YIOIUECS] CPETHUMHU HITH
ClIeTKa TIOHM)KCHHBIMH 3HAYCHHUSIMHU MUHEpPa-
m3anuu ¥ pH. IloBeimaercst 1051 MOYBEHHBIX
nuaromeit (10 5.8 %). B unt. 181-185 cm (5710—
5600 kan. 1.H.) oOHapyXeH apKroOopeanbHbII
Pinnularia angulosa (10 5.7 %), 4To yka3bIBa-
eT Ha Oosiee mpoxiaaHble ycnoBus. M3 apyrux
JTMaTOMEM, MOCTYMAIONIIUX C PEYHBIMU BOAAMH,
HalifieHpl IUIAHKTOHHBIN Aulacoseira italica,
noHHBI Gyrosigma sciotoense, oOpacTarenu
Gomphonema acuminatum, Epithemia adnata,
Amphora libyca, Cocconeis sciotoense u Jp.
B 1niesioM oTMedeHO HU3KOE COIepKAHUE JIUATO-
MEU, TANWYHBIX I TeKy4YuX BoA. KoHueHTpa-
1Sl CTBOPOK B OCAJKaX KOJIEONIETCs B Mpeenax
399891 ThIC./T.

Kommnexkc 4 (unt. 110.5-153 cm, 5040-
4030 xan. J.H.) OTBEYaeT HA4YaJIbHOMY JTaIly
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pa3BuTHUs 00JIOTa BO BIAXHBIX M YMEpEH-
HO BJIaXHBIX ycioBusx. [omunupyer Eunotia
bidens, xapakTepHbIi Ui TOpQSHBIX OOJIOT,
u nosiBisiercss Eunotia glacialis. B monomse
U KpOBJIE CJ0Sl OTMeYaeTcss oOwine BUAOB poja
Pinnularia, npuyeM B HWXHEW 4acTH WHTEpBa-
7a Oonplasi 4yacTh CTBOPOK H3JIOMaHbl. bonee
3aMETHBIM CTAaHOBUTCSl MPHUCYTCTBUE MOPCKHX
JIPEeBHUX JuartoMeil (B OCHOBHOM (hparmeH-
Thl CTBOPOK) M BHJIOB, OOBIYHBIX I TEKYYUX
Bon (Rhoicosphenia abbreviata, Gomphonema
coronatum, G. trunctatum), 9TO CBUJETEIbCTBYET
0 TPOXOKJICHUU CUJIbHBIX HaBOAHEHUI. KoHIleH-
Tpalusi CTBOPOK B IOJOLIBE M KPOBIIE CIIOSL JI0-
cruraet 17-25 TrIC./T, B CpeJHEN YaCcTH CHUYKALT-
cst 10 2—3 ThIC./T.

Kommiiekc 5 (unt. 92.5-110.5 cm, 4030-
3580 kai. 1.H.) GUKCUPYET CYIIECTBOBAHHE CY-
XHMX 00CTAaHOBOK. 3HAYUTEIHLHO BO3PACTAET y4a-
CTHE TOYBEHHBIX auaromert (mo 11.7 %), cpenu
KOTOpBIX BbIAeNsOTC Hantzschia amphioxys,
Pinnularia borealis, 910 MOXET YyKa3bIBaTh
Ha aKTUBU3AIUIO MOYBEHHBIX MPOIIECCOB. 3/1€Ch
ke 3a(pUKCHPOBAHO W TOBBIIICHHUE COJCPIKAHUS
Eunotia praerupta, cnocoOHOTO TEPEHOCUTH
6onee cyxue ycnosus [Liu et al., 2011]. TIpu-
3HAKOM TPOXOXKICHUS YaCThIX HABOAHEHHU MO-
JKET CIIY>)KUTh YBETTMYECHUE OOraTcTBa AHMATOMEN
(o 33 TakCOHOB), cpeir KOTOPhIX OOHAPYKEHBI
mia"HkToHHble Aulacoseira distans, A. italica,
obpacrarenu Ulnaria ulna, Cymbella aspera,
Hanaea arcus f. recta u np. J{ist 5TUX 0caaKoB
TaK)Ke XapakTepHO oOuiue (pparMeHToB M Iie-
JBIX CTBOPOK IMEPECOTIOKEHHBIX MOPCKHUX JHa-
Tomell. KOoHLeHTpanus CTBOPOK AUAaToMeH Io-
BhIIIaercs 10 32—42 TeIC./T.

Kommiiekc 6 (unT. 84-92.5 oM, 3580-
3220 kaJ. J1.H.) XapakTepu3yeT pa3BuTHe 000Ta
B Oonee BiIaxHBIX ycnoBusx. Ha done momu-
HUpoBaHusi OojoTHOrO Eunotia bidens cyiie-
CTBEHHO YyBEJIMYUBAETCS BHUAOBOE OOrarcTBo
U conepkaHue BUIOB pona Pinnularia (mo 33—
53 % B cymMme), cpeau KOTOPBIX MpeodiagaeT
Pinnularia viridis, v NOSIBISIOTCS HACEISIOLINE
B OCHOBHOM OJIUTOTPO(HO-AUCTPO(PHBIC BOJIBI
CO cpemHUMH 3HadeHUsMU pH u MuHepaiu-
sauuu P. brevicostata, P. hemiptera, P. major,
P sudetica, P. subgibba n xapakTepHbIH IS
Me30Tpo(HBIX BomoeMoB Placoneis elginensis
var. cuneata. PeuHoe BnusiHue (UKCUPYETCS
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TaK)Ke IO MPHUCYTCTBUIO B OCAJKaX IPEBHHUX
MOPCKHX JTMAaTOME U BUAOB ponioB Aulacoseira,
Cymbella, Gomphonema w ap., OOBIYHBIX IJIS
TekyunXx Boja. CocTaB IUAaTOMEN yBEIUYMBACT-
¢ 10 37 TakCOHOB, a KOHLEHTpALHs CTBOPOK
B Ocajikax gocturaer 46—62 Toic./I.

Kommnexkc 7 (uHt. 56.3-84 cm, 3220-
1840 kan. n.H.) QUKCHPYET CHIDKEHHE YBIIAX-
HEHUS U, BO3MOXXHO, YCUJICHHUE CTETICHU 3aKHC-
neHust 600Ta. 3/1eCh 3HAUNTENHHO MOBBIIIACTCS
nonst Eunotia praerupta (no 18 %) u nosiBisiercs
apkToOopeanbHbIi E. diodon, XapaKTepHBIHN 1715
HU3UHHBIX 00510T ¢ pH cpenbr 4.3—7.8 [Liu et al.,
2011]. Hons BumoB pona Pinnularia cauxaeTcs
o 8.1-14.3 % B cymme, B TO BpeMs Kak yda-
CTHE JIPYTHUX TUATOMEH, YKa3bIBAIOIINX HA ped-
HOC BIIMSIHUE, OCTACTCS 3HAYUTENIBbHBIM. Cpenu
HUX HanOoJiee BHICOKOTO OOWIIMS B OTACIHHBIX
npodax JOCTUTAET IUIAHKTOHHBIA Aulacoseira
italica (1o 5.0-9.6 %), npucyrctBytor Cymbella
aspera, C. cymbiformis, Meridion circulare,
M. constrictum n ap. BO3MOXHO, B HABOJHEHHUS
npoucxoaw BeiHOC Aulacoseira italica n3 cra-
putbl. KoHrientpanus ¢ctBopok gocturaer 200—
265 toic./1. Hanbonee CHIIbHBIN CHOC TEpPPUTEH-
HOTo MarepHasia 3a()MKCUpPOBaH B UHT. 6776 cMm
(28202380 ka1 1.H.), TA€ KOHIIEHTPAIUs CTBO-
POK nuaroMeil cHUXKeHa 10 36—67 ThIC./T.

Kommexkc 8 (unt. 44.5-56.3 cMm, 1840-
1700 kam. 1.H.) CBUIAETENBCTBYET O MOBBIILIEHUN
YBIOKHEHHOCTH. B cocraBe amatoMell CHHU-
JKaeTcsl JoJs OOJOTHBIX BHIOB Eunotia M 3a-
METHO TOBBIIIACTCS COAEpPKAHHE BUIOB poja
Pinnularia (no 39 % B cymme), cpeau KOTo-
pBIX ocoOeHHO BhIIENAOTCS Pinnularia viridis
u P. brevicostata, HacensomKe BOIOEMbI Pa3HO-
IO THIIA, BKIFOYast peKu 1 03epa. CIIHCOK HaTO-
Mel BKIItoYaeT 41 TakCOH, KOHIIEHTpAIUs CTBO-
POK TMATOMEH B ITHUX OCaJKaX HE MPEBHIIIACT
57 Teic./t. Hanbonee cuibHbIe HABOAHEHUS (DUK-
CUPYIOTCSL B CIIOSIX CYIJIIMHKOB B HMHTEpBaIax
44.5-46.5 cm (~1700 xan. 1.H.) 1 55.5-56.3 cm
(~1840 xkamn. m.H.). 31eCh KOHIIGHTpAIUs JUATO-
Mel camxkaercd 10 11-29 Teic./r 1 6osee 4acTo
BCTpEUaroTCss (parMeHTHhl JPEBHUX MOPCKHUX
nuatomeid. B cioe 55.5-56.3 cm y GonbmHCTBa
BUNIOB pona Pinnularia (18 %) coxpaHunuck
TONBKO CPEIUWHHBIC TOJS, YTO TAKKE MOXKET
CBUJICTEILCTBOBATh O TMPOXOXKICHUN CHIBHBIX
HaBOJHCHMIA.
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Kommnexkc 9 (unt. 22-44.5 cm, 1700-
1350 kain. 51.H.). XapakTepHO yBEIUYECHHE JOIU
MOYBEHHBIX auaromer (mo 15.2 %), yto mo-
Ka3bpIBaeT YCWICHHE IIOYBEHHBIX IPOIECCOB,
00yCTIOBIICHHBIX,  MO-BHIAMOMY, CHUKCHHU-
€M YBIOKHEHHOCTH. He mnpoTHBOpPEUUT 3TO-
My U CMEHa JIOMHHAHTOB — JIOMHHHUPYIOIIEE
MOJIOKeHUE mpuodperaer FEunotia praerupta.
3nech  Ke CYIIECTBEHHYIO JOJI0 3aHHMMa-
10T BUIBI pona Pinnularia (1o 32 % B cymme)
Y HalJeH MHPOKUN HAOOp TakuxX BUIOB, Kak
Cymbella amplificata, C. aspera, Gomphonema
gracile, G. grunowii, Encyonema silesiacum,
Odontidium hyemale, Navicula slesvicensis,
Frustulia vulgaris u np., sBASIONIMECs MOKa3a-
TEJIIMU YacThIX HABOJHEHUM. B HMKHEN yacTu
aToro ciosi ocankoB (MHT. 35-44.5 cm, 1700-
1550 xan. 1.H.) KOHLIEHTpAIKsl CTBOPOK THUATO-
Meill cocTaBiseT He Oosee 66 THIC./T, a CIIHCOK
BHJOB BKJIIo4aeT 32 TakcoHa. B uHT. 29-35 cMm
(1550-1450 kan. n1.H.) KOHUEHTpALUs CTBOPOK
CHIDKAeTCs 0 15 ThIC./T, a CIIUCOK BUIOB COKpa-
nraercs 10 25 TaKCOHOB, YTO CBUICTEILCTBYET
0 Ooyiee CHIIBHOM TEPPUTEHHOM pa30aBIICHUU.
371ech B 3aMETHOM KOJHMYECTBE OOHApY>KEHBI
TUnuuHble peodunsl Didymosphenia geminata
u Gomphonema grunowii. B BepxHell wactu
cinoss (uHT. 22-29 cm, 1450-1350 kan. n.H.)
CYILIECTBEHHO BO3pacTaeT OorarcTBo BHJIOB
(mo 61 TakcoHa), OCTENICHHO YBEIMYHMBACTCS
KOHIICHTpAITUS CTBOPOK, K KPOBJIE HX YHCIIO J0-
cruraet 477 ThIC./T. 31€Ch k€ B 3aMETHOM KOJIH-
4yecTBE BCTpeueHsl Staurosira venter, Placoneis
elginensis u Ooiee MHUPOKUM CTAHOBHUTCS CIIH-
COK BUJI0B poja Eunotia. Bo3M0OXXHO, B IIpezenax
JOTIMHBI B 3TO BPEMsI CYIIIECTBOBAIO HEOOBIIIOE
o3epko-ctapuna. [logoOHBINH XapakTep aAMaTo-
MOBOM (JIOpBI TAaK)KE YKa3bIBACT HA YaCThIE Ha-
BoJHEHUS. OTMEUEHO yBEIIMYCHHE COAEepHKaAHUS
(mo 4.5 %) apkrobopeanbHbix BuAoB (Eunotia
crista-galli, Pinnularia nodosa, P. angulosa,
P. oriunda), aro cBumerenscTBYeT 0 Oosiee Xo-
JIOIHBIX YCIIOBUSX.

Kommiexkc 10 (unat 0-22 cm, mnociegHue
1350 kaun. n1.H.). 3aKIIOYUTEIBHBIN 3Tal B HAKO-
IUICHUU OTJIIOKEHUHN XapakTepusyeTcsl Hanbomee
BBICOKHM COJIEP>KaHUEM TOYBEHHBIX JHATOMEH,
0co0eHHO B HWXkHel yactu cnos (1o 37.5 %).
Bo3MoxHO, TOBEPXHOCTH, I1€ ObLI 3aJI0KEH pa3-
pe3, BbIILIA U3 Cepbl aKTUBHOTO BIUSHUS [PYH-
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TOoBBIX BoA. Jlomunupyet Hantzschia amphioxys,
XapaKTepHbI Ul TOWMEHHBIX OHOLIEHO30B
[Konnakosa, [Tuporosa, 2014]. B nogomnise cios
B COCTaBE ATOM I'PyIIbl CYLIECTBEHHYIO OO
3aHuMaeT Pinnularia borealis, 6nvxe K KpoBIie
BO3pactaet yuactue Luticola mutica, Pinnularia
obscura. B 3THX ocaakax MO-TNPEKHEMY BbICO-
Ka jons aruaoduna Eunotia praerupta, a nomns
E. bidens 3HaunTENbHO CHUXKAETCS, UTO TaKXkKe
MOKET YKa3blBaTh Ha CYILIECTBOBaHME Ooiee
Cyxux ycioBui. B cocrtaBe nuaromed, mpuHe-
CEHHBIX HABOJIHEHUSIMH, BEICOKOTO YYaCTHsI J0-
cruraior Meridion circulare, M. constrictum,
Fragilaria vaucheriae n BbISBIEH IpENCTaBU-
TENbHBIN CrIUCOK BUAOB U3 poaoB Cymbella (7),
Gomphonema (8), Nitzschia (5). borarctBo nua-
TOMEW B HIKHEH YacTH STOTO CIIOSI COCTaBIISIET
66 TakcOHOB, B BepxHel yactu — 10 100 Takco-
HOB. Habmiomaercss mocTeneHHblii pOCT U KOH-
HEHTpAIMK CTBOPOK auaromeit — oT 1390 Toic./r
B nogomBe ciost g0 6000 Teic./T B KpoBie. Ya-
CTOTa HABOAHEHUH MOIJIa CHUKAThCSl B NEPUOJ
HAKOIUIEHUS OcaIkoB B MHT. 8.5-9.5 cm. B co-
CTaBe JMAaTOMEHN 3/1eChb BO3pACTaeT COJEpKa-
HUE ceBepoanbiuiickoro aspoduna Pinnularia
lagerstedltii, HaceNAIOMIET0 YacTO MOKpBIE MXH,
u nosiBnsieTcss Navigeia paludosa, obutaromui
Ha BJIQXHBIX MTOYBaX U B OMOTOMAX ¢ TEHICHIIN-
ell K BpeMeHHOMY o0Oe3BoknBaHMIO [Krammer,
1992]. Camxaercst 60raTcTBO BHIIOB, XapaKTep-
HBIX JIJIsl TEKYYUX BOJ, U KOHIIEHTPAIIHs CTBOPOK
1o 1120 Teic./r cyxoro ocaaka. B cioe cyrmun-
Ka, OCTaBJICHHOM BO Bpewms Taiipyna Puinuc
1981 r. (unT. 5-8.5 cMm), Haitnensl Staurosira
venter, S. subsalina, Pseudostaurosira elliptica,
P brevistriata, no-BUAMMOMY II€PEHECEHHBIE
U3 03€p U CTapHIl.

O0cy:kaeHue pe3yabTaToB

Deonrouyus  00cmMano6OK  0CAOKOHAKO-
nienusa u eapuayuu yenaxcuenus. boiuoto,
KOTOpOE€ BBIOpAaHO B KayecTBE OOBEKTa WC-
CIICZIOBAaHMM, Pa3BHBAJIOCh HAa MECTE JIaryHBbI,
00pa30BaHHOM B BEPIIMHE MHIPECCHOHHOTO 3a-
7uBa B cpenHeM ronorene (puc. 4). beperopas
JTUHUS BO BpeMs ee (OpMUPOBAHUS HAXOMIIACH
B 10 kM BIiIyOB CyIIIM OT COBPEMEHHOTO Oepera
Mops. O6pa3oBaHue JTaryHbl MPOU3OILIO B OI-
TAMYM TOJIOIIEHA, KOTJIa ypOBEHb MOpPS OBLI
Bblllle coBpeMeHHOro Ha 3.5-4 m [Koporkuit
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u 1p., 1997]. JlaryHHble OTIIOKEHUSI 3TOTO BO3-
pacTa mUpOKo pacnpocTpaHeHbl Ha CaxanuHe
[Kopotkuii u ap., 1997; Mukumun, ['Bo3nesa,
1996]. Pa3pe3 BCKpbLI OTIIOKEHUS JIaTyHBbI, Cy-
mectBoBaBieit ~6620—6130 kain. 1.H. B 3aKIIt0-
YUTEIBHYIO CTAJUI0 MAKCUMAIIbHOW (ha3bl ToJI0-
LIEHOBOM TPAHCTPECCHH.

JlanpHeinniee pa3BUTHE BOJOEMa IIPOUC-
XOJIWJIO TPU MOCTETIEHHOM COKpAIllEHUU CBSI3U
¢ mopeM. Oxono 6130-5710 xan. n.H. JaryHa
cTama OoJee pacrpecHeHHOW. JTa cTaaus Ha-
Yajiach B IIOXO0JIO/IAHUE, BBIJICIIEHHOE HA I0KHOM
Caxamune ~6300-6100 xan. m.H. [MukummmH,
I'Bo3meBa, 2018], compoBoXmaBIIEECs He-
6ompimoi perpeccueii [Koporkuit u np., 1997].
Ha ceBepo-3amane ocTpoBa XOJOAHBIA SMU30.
natupoBaH okoio 6000 kan. i.H. [Leipe et al.,
2015]. Ilpu cHmwxeHun ypoBHs Mops ~5710-
5040 kan. n.H. JaryHa mpeBpaTwiack B Oepe-
roBO€ 03epo. JTa CMeHa OOCTaHOBOK XOpPO-
IO COBIMAJAET C MOXOJOJaHUEM U perpeccueit
Ha TpaHUle CpeaHero—mno3aHero rojioieHa [Ko-
poTkuii u ap., 1997]. B uzyyeHnom paszpese kpa-
TKOBPEMEHHBII XOJOAHBIN CUTHAIL, CY/s TIO TIPU-
CYTCTBHIO apKTOOOpeaslbHBIX IUaTOMEH, ObLI
~5710-5610 kan. J1.H. B HaUaIbHYIO a3y odpa-
30BaHus 03epa. BpeMeHHble paMKH IOXO0JI0IaHUS
Ha Caxanune onpenenensl 5200—4700 ka. J.H.,
CHIDKEHHE CpPEIHEro/IOBBIX TEMIIEpaTyp BO3-
JyXa MO CPaBHEHHUIO C COBPEMEHHBIMHU COCTa-
Bwio 0.8—1.8 °C Ha ceBepe u 3—4 °C — Ha 1ore
OCTpOBa, CPEJHET0JOBOE KOJIMYECTBO aTMOC-
(depubIX ocaakoB ObuT0 Ha 40—140 MM MeHbIE
COBPEMEHHBIX 3HaueHu [MukummH, ['Bo3eBa,
2017]. Oxomno 5200—4700 kam. ji1.H. 6oJnee cyxue
ycnoBus 6s11u U B [Ipuamypse, rae Ha Oonorax
o0pa3oBaJics TOTPAHUYHBIA TOPU30HT, UTO CBSI-
3aHO C YMEHBIICHUEM MHTEHCHUBHOCTH JIETHETO
Myccona [bazaposa u ap., 2018].

OpraHoreHHble OTJIOKEHUSI € OONbLIUM
KOJIMYECTBOM H3JIOMAHHBIX JUaToMeil pona
Pinnularia nakamusanucek 5500-5000 kai. 1.H.,
KOTJla CYyIIECTBOBAJIO 03€po. 3apacTaHue o3epa
Y Hadajo pa3BUTHs 00JOTa COBMAAaeT CO 3Ha-
YUTENBHBIM MOXOJIOIAHUEM, COTPOBOXKIACMBIM
perpeccueit [Mukumus, ['Boznesa, 1996; Ko-
potkuit u ap., 1997]. Bo3moxkHo, paspyiieHue
CTBOPOK TPOMCXOAWIO B aKTUBHOM TWHAMHYE-
CKOH cpelie MEJIKOBOJHOro o3epa. JloBoIbHO
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MHOTO (hparMeHTOB BUIIOB Pinnularia Bctpeue-
HO B TOopde, 00pa3oBaHHOM Ha HauyaJbHOM JTa-
nie cymiectBoBanus 6osora 5000—4810 kaun. J1.H.
B top¢siHuKe TONBKO CYTIIMHOK, 00pa30BaHHBIN
B HaBogHenue oxkono 1840 xan. a.H., BKIIOUAET
00JIBIIIOE KOJTUYECTBO CPEAMHHBIX TOJICH BUIOB
Pinnularia. Bo3MOXXHO, NIIO TEPEOTIOKECHHE
CTBOPOK M3 cTapullbl. ClieayeT OTMETHTh, YTO
B pekax roxHOro CaxanvHa NOpeacTaBUTENN
pona Pinnularia w Eunotia BCTpeueHbl eMHNY-
Ho [Hukynuna, 2005].

HuTeHcuBHOE 3a0o0iauyuBaHUE JOJUHBI Ha-
qaJioch B MO37HEM ronolneHe. Passutue 6o10ta
ObUIO HEOIHOPOJHBIM, YCTAaHOBIIEHO CEMb dTa-
MOB, PA3MUYAIOIINXCS PA3HOM CTENEHBI0 YB-
Ta)KHEHHOCTH (puc. 4), CBI3aHHOUN ¢ H3MEHEHH-
eM arMmocgepHoil mupkyasiinud. Ha HauanbHOMN
craguu pasputus (5040—-4030 kain. 1.H.) 60710-
TO OBLJIO XOpOIIO YBIAaXHEHHbIM. Kiumarude-
CKHE YCJIOBHSI Ha OCTPOBE XapaKTEPHU30BAJIUCH
MEPEMEHHBIM yBIaXXHeHUEM [MukuiuH, ['B03-
neBa, 1996; I'so3neBa, Muxkumus, 2008]. Oko-
10 4030-3580 kan. J1.H. B U3y4EHHOM pa3pe3e
3apUKCHPOBAHO CHIDKEHUE  YBIIQXHCHHS
BIUIOTh 1O Pa3BUTHs TOYBEHHBIX IPOIIECCOB.
Bosnoro pa3BuBasioch B YCIOBHSIX MOTEIJICHUS
(3900-3400 xan. n.H.), OJU3KOTO K aTJIaHTHYe-
CKOMY ONTHUMYMY (CpEIHETOAOBHIE TEMIIEPAaTy-
pel ObuM +5...+6.5°C, Temmeparypa aBrycra
+17...+19°C, suBaps —7...—11°C), xonuue-
CTBO arMoc(epHBIX ocaakoB Ha tore Caxanmu-
Ha He mpesbimano 700 mm/ron [MUKUIIHH,
I'BozneBa, 1996]. Bpemennbie pamku ¢asbl
COBNaAalOT ¢ (a3oil yMEHBIICHHS YBIaKHE-
HUsl, BblaeseHHOW B Huxnem Ilpuamypee, rae
B pazpe3ax TopdsHuka Kus u3 Huxkenexamero
ropusoHTa nomaydexa '“C-mara 3720+100 m.H.,
4090£150 kan. n.H., COAH-4452, a B pa3-
peze Jlynu w3 BBIIIENEXKAIEr0 TOPU30HTA —
3565100 m.m., 3870+140 xan. m.H., COAH-
4480 [bazaposa u np., 2018].

B u3yueHHOM pa3pese yCTaHOBJIEHO, YTO yCII0-
BUA cTasv Oosee BiIakHbIMH 3580—-3220 kait. J1.H.
VYMeHbllIeHHEe yBIaXKHEHUS Ha (OHE CHUKEHUS
Temrneparypbl otmeueHo 11 32201830 kait. j1.H.
[Toxononanue u uccymenue Ha rore CaxanuHa
narupoBa”o okosio 3200 kan. y.H. Temneparypsl
ObuTM OJNM3KHM K COBPEMEHHBIM, TOIOBasi CyMMa
ocaakoB He mpesbimana 500 MM [MukuimH,
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I'Bo3neBa, 1996]. YBnaxxnenrne 60JIO0THOTO Mac-
cuBa yBenuunBaioch 1830—-1700 kan. n.H. CHuU-
JKEHHE YBIAXKHEHHOCTH 3a(HKCHPOBAHO OKOJIO
1700-1350 kxan. 1.H. [Tocnenuue 1347 xan. n.H.
00JI0TO pa3BUBAIOCH B JOBOJBHO CYXHX YCIOBHU-
ax. OnpeneneHHyIo posib B 3TOM MOT UTPATh BbI-
XOJl KpOBJIM TOp(SIHUKA HA THIICOMETPHUYCCKUH
YpOBEHb, [JI€ CHHU3WIOCH BIHSHUE TPYHTOBBIX
BOJI. XOJIOJHBIN U CyXOH 31u30[] Ha toxHOM Ca-
xanuHe Bbiaensercs 1450-1250 kan. m.H. [Mu-
kumvH, ['Bo3nesa, 2016].

Haubonee xopoiio BbIpaKeHHbIE PEIIUAUBBI
XO0JIO/Ia U CYXOCTH Ha ceBepo-3amnaae CaxanuHa
(pa3pe3 Xon) Biaenens okoino 6000, 4400, 2900,
1500, 900-500 xan. n.H. [Leipe et al., 2015].
3a UCKIJIIOYEHUEM [IEPBOT0, 3TU COOBITHS 3a(hUK-
CHUPOBaHBI U B U3yUYEHHOM pa3pe3e. ITH KPaTKo-
BpeMeHHbIE (Da3bl COBMAAAIOT C XOJIOAHBIMH CO-
OBITUSIMU, TIPOSIBUBLIMMIUCS B JPYTUX PETHOHAX
mupa [Bond et al., 2001], B Tom urciie B obmactu
pazButusi Asmarckoro Mmyccona (4800—4600,
2600-2500, 1650-1450, 650-450 xan. m1.H.)
[Wanner et al., 2011]. [Inst CeBepo-Bocrounoro
Kuras ycraHOBIIEHO, YTO JIETHHIA MYCCOH OBLI
ocnabnen ~3740-1920 kan. n.H. [Li et al., 2011;
Chen et al., 2015; Stebich et al., 2015]. B Hux-
HeMm [Ipuamypre cyxue yciaoBHUsS OBUIH OKOJIO
2570 kain. n.H. [bazaposa u ap., 2018].

B Oanance atmocdepHBIX 0CaKOB FOXKHOTO
Caxanuna (cymma oxono 1000 mm/rom) Goiib-
Y0 POJTb UTPAIOT XKHJIKHE: TT0 JAaHHBIM METEO-
CTaHIMH T. JIOMWMHCK, MX BEIMYHWHA COCTABIISCT
581 MM (58 %), Ha TBepAble mpuxoanTcs 299 mwm,
cMmerrannbie — 122 MM. Hawbonee oOwmibHBIE
JOXKAEBBIE OCAJKH HaOIIOMAIOTCSI B aBryCTe
(109 mm) u centsa6pe (120 mm), 3a neTo BbIMNA-
naet 1o 80 % rogoBoit Hopmbl [HayuHo-npu-
KIagHOM. .. , 1990)]. OCHOBHBIM KOHTPOIHPYIO-
UM (PaKTOPOM SIBJISIFOTCS LIUKJIOHBL. Y UUTHIBAs
WX pacrpesiesieHne MO0 CE30HaM, MOXKHO Tpell-
MIOJIOXKUTH, YTO B MPOIIJIOM B 3aCYILIUBBIC ITC-
PHOIBI CHIDKAIACh MHTCHCUBHOCTD ITUKJIOTCHE-
3a. B moxonoganusi B 3uMHee BpeMsI MOT ObITh
Oonee akTuBHBIM CHOMPCKUN aAHTHUIMKIIOH,
YTO TAK)KE MOIIO MPUBOAUTH K YMEHBIICHHIO
WHTCHCHUBHOCTU CHETomnajoB. B yeTHee Bpems
MOT OBbITh O0Jiee MHTEHCUBHBIM OXOTCKUI aHTH-
[UKJIOH, YTO MOIJIO NMPUBOJUTH K CMEUICHHIO
TPaeKTOpHUM IIMKIOHOB K tory [baszaposa u ap.,
2018]. Caumxenue yenaxuenus B CeBepo-Boc-

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

tounoM Kurae 3600-2100 kaj. J.H. CBI3BIBAIOT
¢ aktuBm3anuei Inb-Hunwo [Chen et al., 2015].

Ilogmopsaemocms IKCMPEMATbHBIX HABO-
OHeHUll u naneokaumamuydeckuit ¢on. Bepx-
HUM TPOCION CyIIIMHKAa paccMaTpuBaeTCsl Kak
cien  paspywmuTenbHoro Taidyna @uinuc
(Ne 198112). Tatidyn Bozauk 2.08.1981, munu-
MaJIbHOE JaBJIEHUE B LIEHTPE BUXPSI COCTABIISIO
975 hPa, xorna on npoxoawi Hag CaxaauHOM —
980-984 hPa (Japan Meteorological Agency,
http://agora.ex.nii.ac.jp/digital-typhoon/
summary/wnp/1/198112.html.en). Ilepen Taii-
¢ynom 1.08.1981 na CaxanuH npuIIesn MUKIIOH,
3apoaMBIIMiiCa Hax Teppuropueinl lIpumopss,
cesepa Kopeiickoro n-osa u Kuras Ha octaTkax
taiidyna Omxun (Ne 198110; 27.07-1.08.1981),
KOTOpBIN mepeMeniaics Ha 3anaj depe3 SAnoH-
ckue octposa Ha ror Kopeiickoro m-osa. B pe-
3yJApTaTeé MPOXOKIEHUS IPEALIECTBYIOIIEIO
UKJIOHAa Tpaekropus TahpyHa Oumauc Oblna
HETUIHUYHOM: CHayalla HampapjeHa Ha CEBEp
Kk Kypunbckum octpoBam, 3aTem TailyH n3Me-
HWJI HalpaBJIEHUE JIBUKEHUS, MEPECEK BOCTOK
Xokkaino u 6.08.1981 obOpymmics na Caxa-
JMH, OTTyAa yuen Ha Xa0apoBckuil kpail u 3a-
TyX B Amypckori obOmactu 8.08.1981 (Japan
Meteorological Agency, http://agora.ex.nii.
ac.jp/digital-typhoon/summary/wnp/l/198112.
html.en). Ha roxxnom Caxanune 3a 12 9 BbIma-
70 1o 140 MM ocankoB mpu BeTpe A0 35 m/c.
O01Iee KOIMYECTBO OCAIKOB cocTaBmiio 220—
300 MM, T.e. 4ETBEPTH-TPETh T'OJLOBOM HOPMBI.
B ropax (Cycynaiickuii xpeber) Ha OTMETKax
400-500 M cymma ocankoB agocturana 435—
1277 mm [KazakoB, I'encuoposckuii, 2007].
[Tonbem ypoBHS peK HaJ MPEANaBOAOYHBIM
YPOBHEM JIOXOAMJI 0 6.5 M, YTO MNPEBBICHIO
MaKCUMaJIbHbIE YPOBHM 3a BECb IE€pPHOJ Ha-
omronenunii. MuTeHCUBHOCTD moAbeMa Oblta 30—
50 cm/4, HaBOIHEHHE COMPOBOXKJIAIOCH CHIIb-
HOM OOKOBOW W TTyOMHHOU 3po3uei. Bo Bpems
naBoaka 3—6 aerycra 1981 r. Ha rore octpoBa
IOJHOCTBIO 3aTONMWJIO JIOJMHBI MHOTHX peK,
CIIOH BOAbLI Ha MouMe cocTaBisl 1-4 M, mm-
puHa 30HBI 3aroruieHus gocturana 10—15 kM,
Ha 3aJUTHIX y4yacTKaxX Boja cTosuia 2—3 Hexe-
mn (Karactpodrr Caxanuna. Taiipyn ®@umnuc:
XpOHMKH 3aToruieHus. — https:/skr.su/news/
post/34036/). TalihyH BbI3Ba]T MHOTOYUCIICHHBIC
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PeKOHcmpquun naneomaﬁd)yl-loe u noemopsieMocmu 3KCcmpemMasibHbIX naeodkoe Ha roze ocmpoea CaxanuH

CeJIM U OINOJ3HHU, CXOIMBIIUE JaXXe C IMOJIOTUX
CKJIOHOB, BO/Ia ObLIa HACKILIICHA BIEKOMBIMHU Ha-
HOcamH U B3Bechio [KazakoB, ['eHcHOpOBCKUIA,
2007]. OnuH U3 caMbIX TSDKEIBIX YIapOB CTUXUU
MPUHSUIIN XKUTenu JlonuHcKkoro paiioHa, Ha MHO-
IMX MOJSAX OBUI CMBIT IUIOJOPOAHBIA CIION
(https://sakhalinmedia.ru/news/525344/). Onpe-
JICICHHYIO POJIb B MEpeyBIaKHEHUH BOIOCOO-
POB ChIrpaJio U 60JIBILIOE YBIAKHEHUE B 3SUMHHUN
ce3oH 1980/1981 r. [I'encuoposckuit, 2011].

Bonbiias MOIIHOCTE €105 CYTJIMHKA 10 CPaB-
HEHHIO C HUXKEJIeKAIIUMHU MOXET ObITh CBA3aHa
HE TOJIBKO C aKTUBHOM 3pO3HMEN BO BpeMs Ha-
BOJIHEHUS, HO M C AHTPONOIE€HHBIM OCBOEHHU-
€M TeppUTOPHH, I1e Ooibllne MIOUIaaAd CTaIu
3aHMMaTh YYacTKH, JHIIEHHBIE PacCTUTEIbHO-
CTH, — TeppUTOpHs I. JIONIHUHCK, JOPOXKHAS CETh
u T.n. Ho m1aBHOM mpUYMHON, BEpOSTHO, OBLIO
TO, YTO HABOJHEHHUE COMPOBOXKAAIOCH MHOTO-
YHUCJIEHHBIMH OIOJI3HSMM M CEJSIMM, 3TO YCH-
JUBAJIO 3PO3MOHHYIO CIIOCOOHOCTH BOJOTOKOB
[Kazakos, I'encuoposckuii, 2007].

HaBonnenue, BeI3BaHHOE TaiipyHOM Pui-
JIMC, pacCMaTpUBaeTCsl HAMU KaK aHaJIOT JIJIs Ma-
J€0COoOBITUH, Celbl KOTOPhIX 3a(pUKCHPOBAHbI
B pa3pe3e H3Y4EHHOro TOop(dsHuKa. DKCTpe-
MaJibHbl€ HABOJHEHMSI B IIPOIIIOM TAK)KE MOTIIN
BO3HUKATh IIPH METEOYCIOBUAX PEIKOU MOBTO-
PSAEMOCTH, KOTJIa POUCXOANIIO HATIOKEHUE Taii-
(GyHOB M TIIyOOKHMX IMKJIOHOB, T'MJIPOJIOTHYE-
CKUM 2P PEKT TaKMX COOBITUI MOT MHOTOKpPaTHO
yBenununBarbes [Iloxwum, 2011].

Crnenyer y4uThIBaTh, 4TO OJHUM M3 (DAKTO-
POB, KOHTPOJHUPYIOIIMX BO3HMKHOBEHHME OJKC-
TpeMaJIbHbIX NaBOJKOB Ha CaxanuHe, sBIsSETCS

BEPTHUKAJIbHBIA T'PAUEHT OCAJIKOB, CBS3aHHBIN
C CUJIbHOM Pac4JIeHEHHOCTBIO TOPHOTO pelbeda
1 OOJIBIIMMHU YKJIOHAMH BOJOTOKOB B TOPHOM Ya-
CTH ocTpoBa. B ciyuae npoxoxkaenus TaiiyHoB
ero BenumunHa gocturaeT 260-320 mm Ha 100 M
npesbimieHus [Kasakos, ['encuoposckuii, 2007].

Karactpopuueckuii xapakrep Takxke HO-
CWJIO HaBOJHEHHUE (C TOABEMOM YpPOBHS PEK
710 5 M, YPOBHSI BO/IbI Ha moiiMe — 70 2.5 M),
BbI3BaHHOE JIMBHAMU BO BpeMs TaidyHa J[xop-
mxust 17.10.1970 r. Curtyaruio ycyryOusm 1oro-
BOCTOYHBIE BETPHI, BBI3BIBABIINE MOANIOP BObI
B yCThsIX pek [CUTHHUKOB U 1ip., 2001].

IIpoBeneHHBIE PEKOHCTPYKLMHU IO3BOIWIN
BBISIBUTH OTJIE€IbHBIE COOBITHS — CyNepTaiiyHbl,
COINIPOBOXK/IABIIUECS CUJIBHBIMM HAaBOJHEHUSIMU
U OCTaBUBLIME CJIeJ B BUJE MPOCIOEB CYyIJIUH-
KoB. B wm3yueHHOM pa3zpe3e 3apuUKCHpPOBAHO
25 Takux coOsiTuit (puc. 5a). Ha puc. 5a nosto-
PSAEMOCTb CUIIBHBIX IABOAKOB ITOKa3aHa KaK pas3-
HUIIA TI0 BPEMEHH MEXIY OTICIbHBIMU COOBI-
TUSMHU. MOIIHOCTB CJIOSI CyIJIMHKA B KaKOW-TO
CTETNIEHU MOXKET yKa3bIBaTb HA MHTEHCUBHOCTh
naBogka (puc. 5b). Kak mpaBmio, MOIIHOCTb
MIPOCIIOEB, OCTABJIEHHBIX BO BPEMS PEIKUX Ka-
TacTpopHUeCKUX HaBOAHEHUH, Bbime. Ciou op-
raHOMHUHEPAJIbHBIX OTI0KEHUN C BBICOKOM 30J1b-
HOCTBIO TOp(a TaKke IMOKa3bIBAIOT IMEPUOIBI
YCWJICHHUS MaBOAKOBOM aKTUBHOCTH, HO IaBOJI-
KM HMMEJIM MEHBIIYI0 MHTEHCUBHOCTB: NpPHU 3a-
TOIJIEHUU 00JIOTa YBEIMUMBAJIOCh CO/IEPKAHUE
MUHEpaIbHOM puMecHu B Top(de, HO OTJeNIbHbIE
CIIOMKHU CYTJIMHKOB HEe 00pa30BBIBANIUCE. B 3TOM
CJly4ae MOXHO T'OBOPHUTH TOJIBKO O NMEPHOAE aK-
THUBU3AINH [1aBOJIKOB.

Puc. 5. Yncno (4epHbIE CHMBOJIBI) B TOBTOPSIEMOCTH (CBETIIBIE CHMBOITBI) CYIIEpTai(pyHOB, COTPOBOXKIABIINXCS CHITb-
HBIMH HaBOJHEHMSAMH, Ha I0KHOM CaxaluHe B CpeIHEeM—IIO3[HEM ToJIOLeHe (a); MOIIHOCTh CJIOHKOB CYIJIMHKOB,

OCTaBJICHHBIX Pa3HOBO3PACTHBIMH MaBoakamMu (b).

Fig. 5. The number (black symbols) and recurrence (light symbols) of super typhoons, accompanied by severe floods, in
South Sakhalin in the Middle-Late Holocene (a); thickness of loam layers, left by floods of different age (b).
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JlanHbIe, TIOTyYEeHHBIE 1O Pa3BUTHIO JIaTy-
HBI-[1aJIE003€pa B CPETHEM TOJIOLEHE, [T03BOJIS-
0T OTMETUThH TOJIBKO TEHJICHLIMM B U3MEHEHUU
MHTEHCUBHOCTH PEYHOT0 CTOKA, a HE OT/IEIbHbBIE
coObITHS (32 UCKITIOUeHHEM 1—2 cirydaes).

Haubonee cuibHbIN CHOC TEPPUTEHHOTO Ma-
Tepuana B naryny 6620—6510 kan. 1.H. u 6310-
6220 xaj. JI.H., BEpOSATHO, CBSI3aH C YCUJICHUEM
peuHoro croka. Ilepsast ¢aza oTBeuaeT BIaX-
HBIM U 00JIee TETIBIM yCIOBUSM TI0 CPABHEHHIO
¢ coBpeMeHHbIMH [Mukumus, ['Bo3neBa, 1996;
Leipe et al., 2015]. Bropast coBmagaet ¢ moxoso-
mauaneM ~6300—6100 kai. 1.H., BEIJICICHHBIM Ha
1okHOM CaxaiuHe, CyXuM ObUIO ero Havaso, 0o-
Jlee Bia)kHas cTagusa Havanack ~6200 xai. J.H.
[Muxkumus, ['Bo3geBa, 2018]. B 310 Bpems
YMEHBIIAETCS MHTEHCUBHOCTh NMPOHUKHOBEHUS
B I0XKHYI0 4acTh OXOTCKOTO MOpsI TEIUIOrO Teue-
Hus [Kawahata et al., 2003].

YcuneHue TEpPpUTeHHOTO CHOCa B pac-
IIPECHEHHYI JIaryHy npoucxoawio 6130-
6010 kan. 1.H. 1 5810-5710 xaun. 1.H. BepositTHOI
MPUYUHON 3TOTO MOTIU OBITh CHUJIbHBIC MABOJ-
ku. [lepBoe coObITHE COBMANAET C XOJOAHBIM
amu3070M okojio 6000 kan. JI.H., BBIJICIICHHBIM
Ha Caxamune [Leipe et al., 2015]. B Hauansuyro
¢a3y obpazoBanus ozepa ~5710-5610 xau. 1.H.
MPOM30IIJIa CMEHAa OPraHOTEHHOTO OCAaJIKOHA-
KOTUICHHSI TEPPUTEHHBIM, YTO OOBIYHO CBSI3aHO
C YCHUJICHHEM PEYHOTO CTOKAa WJIHM, BO3MOXKHO,
C 9KCTPEMAJIbHBIM MTaBOAKOM. JTO COOBITHE TaK-
’KE COBMAJaeT ¢ KPaTKOBPEMEHHBIM IOXOJI0/a-
HUeM. Bpicokasi mpuMech CYIJIMHKA TMO3BOJISET
BBIIEIUTL U COOBITHE OKOJIO 5060 Kai. JI.H., OT-
BEYAIOLIEe CUILHOMY MaBOJIKY.

AHanu3 Bo3pacTa npocioeB CYIIIMHKOB U Op-
raHOMUHEPAJIbHBIX TOPH30HTOB IIOKa3aJl He-
PAaBHOMEPHYIO MOBTOPSIEMOCThH 3KCTPEMAIbHBIX
HAaBOJHEHUM B CpPEIHEM—IIO3HEM TOJIOLEHE
(puc. 5). Boigensercs Tpu nepuona, Koraa dKc-
TpeMaJbHbIE MMaBOAKU Mpoxoauiau vaiie (4640—
4360; 4030-3580; 1840—-1380 kam. 11.H.), pa3ne-
JIEHHBIE MPOMEXKYTKaMH, KOIJja TOBTOPSIEMOCTh
UX CUJIBHO CHMKANach BIUIOTH JIO JITUTEIBHBIX
nepepsIBoB (puc. 4, 5).

IlepBbIil IEepuOJ YacThIX HABOAHEHUM Ha-
qalcs B YCIOBHSIX TIOOAIBHOTO IOXOJIO/AA-
Hust 48004600 kan. J.H., CONMPOBOXKAABIIE-
rocsi yMEHBIIEHWEM YBIAKHEHHS B A3uu
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[Wanner et al., 2011]. XomogHslit 31IM30/1 OKOJIO
4400 kaJ1. JI.LH. XOpOIILIO BBIPaXKEH Ha CEBEPO-3a-
nane Caxanuna [Leipe et al., 2015]. Ha roxxHOM
Caxamune 310 Bpems (4700—4400) BoiaensieTcs
KaKk Havayno moterieHns [MwuknmmH, ['Bo3me-
Ba, 1996]. [loBTOpsIeMOCTh CHJIBHBIX MaBOJKOB
Ha TeppuTOpuHu 10KHOTr0 CaxaliiHa COCTaBIsia
50-90 net. B nocneayronuii nepuo, JJIUBIIUN-
ca 330 kaJ. J1., HABOIHEHUS TaKXe MPOUCXOIU-
JIM, HO 9KCTPEMAIIBHBIX COOBITHI HE OBLIO.
Bropoit mepuon oxBareiBaeT cyxywo ¢asy,
3arevyarieHHyl B HM3ydeHHOM paspese (4030—
3580 kan. n.H.). IloBrOopsieMOCTh CHIIBHBIX
MaBOJIKOB cocTapisia okoso  50-100  mer.
Ha roxxuaom Caxanunae 3910-3520 xain. i1.H. Quk-
CHUpYyeTCS MaKCUMaJIbHOE IOTEIUICHUE B T03]I-
HEM TOJIOIIEHE, KOJIMYECTBO arMoC(epHBIX
OCaJIKOB OBLITIO HMKE COBPEMEHHOTO — He Ooliee
700 mm/ron [MukumuH, ['Bo3nesa, 1996]. Te-
yenue Cost okosio 4300-3550 kain. ji.H. cTaHo-
BHJIOCH Oosiee mHTeHCHMBHBIM [Kawahata et al.,
2003]. ITocne sToro mepuoja HABOJHEHUS TIPO-
MCXOJIUJIM HE Yallle 0IHoTo pasa B 420—650 ner.
Tperuii mepuoa 4YacThIX IMaBOJKOB Hadvall-
Cs B IPOXJIAJHBIX BIaXHbIX ycioBusax (1840-
1700 kan. 7.H.) U TOJHOCTHIO OXBAaThIBAI XO-
JoaHyo cyxyro ¢azy (1700-1350 xam. i1.H.).
[ToBTOpsSIEMOCTh CHJIBHBIX TABOJIKOB YBEJIHYH-
BaJIach 10 OMHOTO pasa B 5075 5et, a B OTAETb-
HBIX ciaydasx — 10 30 ner. BpemenHble paMku
nepuosia COBMAAAIOT ¢ MT00ATbHBIM XOJOIHBIM
coopiTieM 1750—1350 kau. J1.H., COMPOBOXKIAB-
IIUMCSI CHIDKCHHEM YBJIQKHEHHS B A3HH, B 3TO
BpeMs CHHMKAJIaCh COJTHEUHAsi aKTUBHOCTb, XOTS
ee HambOosee 3HAYUMBIA MHHUMYM OBUT cpasy
nocie 3toro coOwbitust [Wanner et al., 2011].
Ha ceBepo-3amane CaxannHa XOJIOTHBIN STTH30/T
narupoBal okoio 1500 xan. n.H. [Leipe et al.,
2015]. Ho na koM CaxanuHe, MO JaHHBIM
CIIOPOBO-TIBUIBIIEBOTO aHan3a, okojgo 1800—
1450 xan. n.H. 3aUKCHUPOBAHO TOTEIJICHUE
[Mukumus, ['Bo3aesa, 1996]. Bo3aMmoxHO, Takas
METaXPOHHOCTh OOBSCHSETCS BIUSHUEM Ha FOXK-
HOe ToOepexbe ocTpoBa TeueHus: Cost, KOTOpoe
crano 6omnee nareHcuBHBIM 1700-1400 kaur. 11.H.
[Kawahata et al., 2003]. Ha SlmoHCcKuX ocTpoBax
1710-1220 xamn. jn.H. ObLIa camas IJIATEIbHAS
3a CpPEeTHUH—TIO3THUH TOJIOIICH XOJIOMHAS CTaUs
Kodyn, pasnenennas Ha nse ¢ha3bl MOTEIIICHUEM
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okoio 1560 kan. n.H. [Sakaguchi, 1983]. B ato
BpeMsl ObLIM MHOTIOYMCJIICHHBIE HABOJIHEHUS.
XonoHbIe YyCI0BUS OOBSICHAIOT CMEIIEHUEM Ha
0T TIOJISIPHOTO (PpOHTA B JIETHEE BpEMSI.

CrpoeHre BepXHEW 4acTH M3yYEHHOTO pa3-
pe3a MoKa3bIBaeT, YTO COOBITHUS TaKOTO MaclITa-
0a, kak TaiipyH Ouuc, B HelaBHEM MPOIILIOM
UMENHU PENKYI0 TOBTOPSIEMOCTb, HaXke €eCIHu
ydecTb, 4YTO 4YacTh pa3pe3a Morvia ObITh pa3s-
MbITa B HaBogHeHue 1981 . (puc. 2). [lox BTO-
pPBIM TIPOCIIOEM CyIIMHKA TonydeHa '*C-mara
1370110 n.H., 12804120 kan. n.H., JIY-8857.
[TaBogok 6wu1 ok0J10 1180 Kam. m.H. (VIII B. H.3.),
YTO OJIM3KO 10 BPEMEHHU K CUTHAJTY KaracTpogu-
YEeCKOTO0 HaBOJHEHHUs, 3a()UKCHPOBAHHOMY B KO-
JIOHKE JTIOHHBIX OTJIOKEHUH AMYPCKOTO 3alliBa
[ActaxoB u mp., 2019]. MomHOCTH c0s B W3-
YUEHHOM pa3pe3e MeHsieTcs oT 4 10 7 €M, YTO 10
a”asnoruu ¢ taiipynom Pwmmc [Kaszakos, [en-
cuopoBckuit, 2007] MOXKET KOCBEHHO CBUIETEIb-
CTBOBaTb O TOM, YTO Tai(pyH BbI3BaJl MHOTOYKC-
JIEHHBIE CeJIU U ONoyI3HU Ha CaxaiuHe.

Cpasnenue OAHHBLIX NO CUTBHBIM NAGOO-
Kam ¢ pecuoHanIbHblM Mamepuanom. 3anvcu
MPOSIBJICHUsI MasieoTaiipyHOB B ceBepo-3amaj-
HOM 4yacTu THXOoro okeaHa, OCTaBHBIIMX Clie-
Jbl B TOJIOLEHOBBIX OTJIOKEHUSX, €CTh TOJIBKO
Ui SIMOHOMOPCKOTO perroHa W Onm3Iexarie-
ro okpyxenus: st [Ipumopss — 3a nocienHue
1800 kanm. nm. [ActaxoB u 1p., 2019)], o. Ka-
mukommkn (Kamikoshiki) oxomo o. Krocro —
3a 6500 kai. 1. [Woodruff et al., 2009] u Teppu-
topuu FOxHoit Kopeu — 3a 6400 kan. i1. [Lim et
al., 2017].

Jis  cpaBHEHHsS] JTaHHBIX, TTOJYYCHHBIX
Ha CaxainuHe, ¢ marepuaiaMu 1o SnoHomop-
CKOMY PETHOHY B KaueCTBE MHAMKATOPOB IPO-
XOXKJIEHUSI CHJIbHBIX MTABOJKOB B TOJIOLEHE, KaK
u B Oacceiine p. bukus [Paxuraesa u ap., 2019],
ObUTH BBIOPaHBI BEIMYMHA 30JIBHOCTH TOpda
U OpraHOMHUHEPAJIbHBIX OTJIOKEHUH, a TaKke
HACBIIIEHHOCTh OCaJika CTBOPKAaMH JUaToOMeEM
(KaK TOKa3aTelb TEPPUIeHHOro pa30aBiICHMS)
U KOJIMYECTBO MEPEOTIIOKEHHBIX MOPCKHUX BHU-
JIOB (C YYETOM TOJILKO BBIMEPIIUX (HOPM).

Ha rore SAnonckux octpoBoB (0. Kammxo-
IIMKH) CIIe/ibl NaneoTal(pyHOB BBIIEIAIOTCS KaK
SMM30/1bI TOCTYIUIEHUS] MOPCKOI BOIBI B Oepe-
TOBBIE 03€pa 3a CUET IKCTPEMAJIbHBIX ILITOPMOB,
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YaCTUYHO pa3pylIaBIIuX OapbepHble (OPMBI
48004300, 3600-2500, 1000-300 kan. Ii1.H.
[Woodruff et al., 2009]. YBenuuenue noBTOps-
€MOCTH CHJIbHBIX Tal()yHOB COBMAJaeT C Iie-
puogamu OosbIIeH aKTUBHOCTH Jib-HUHBO.
W, nanporus, oxono 4300-3600, 2200-1200,
<300 xai. JL.H. B 03€pax HaKaIJIUBAJIUCh TOH-
KOCJIOUCTBIE OCAJKU U YCJIOBUS CEJUMEHTALUU
ObUTH CIOKOWHBIMHU — 3TU (Pa3bl COMOCTABIISIOT-
Csl C TIepuoJaMu OCTalbIeHUsT aKTUBHOCTH JTb-
Hunpo. Jlns onenku aktuBuzanuu nb-Hunubo
UCIONB3YIOTCS PEKOHCTPYKLUUHU MO OKBaAOpy
[Moy et al., 2002]. Ha Tepputopuu KOxuoi Ko-
peu Oonee dacteie maBogku Obut 6400-5800,
53004600, 3900-3600, 3400-2900 xan. ja.H.,
UX TaKXe CBSI3bIBAIOT C YCUJICHUEM aKTUBHOCTHU
Onp-Hunwo [Lim et al., 2017].

B nacrosiiiee BpeMs B TOJIbI CUIIBHBIX MPO-
JTOJDKUTEIBHBIX —Klaccuyeckux Onb-Hunbo,
HAQUMHAIONINXCS BECHOW U TMPOAOIKAIOIINX-
Csl 3MMOM CIEAYIOIIEro roja, Ha MaTepUKOBOM
yacTu rora poccuiickoro [lansHero Boctoka
HaONI0aeTCs UHTCHCU(PUKALIUS 3UMHETO MYC-
COHa M ocallIeHne JIETHET0 MYCCOHA, YTO CO-
MyTCTBYET COKPAILEHUIO CYMM OCaJIKOB B XO-
JIONHBIA U TEIIbIM Ce30HBI roga. Tpaexkropuu
Taii()yHOB B TaKHE€ TOJBI CMEIIAOTCS K BOCTOKY
OT KOHTUHEHTA, OHU, KaK IPaBUJIO, HE BBIXOAST
Ha [Ipumopckuii kpal, Iie COOTBETCTBEHHO
HaOJIIOAI0TCS MPOJIOJIKUTEIBHBIE MaJlOBO/AbS
¥ aHOMaJIbHbIC 3acyxu [bbies u ap., 2014].

[lepBbiii meproa aKkTUBU3ALMU NajgeoTandy-
HoB Ha Caxanune (4640—4360 xan. 11.H.) OIM30K
K (a3ze CHIBHBIX IITOPMOB, BBIICICHHON IS
tora SAnonnn [Woodruff et al., 2009]. Moxno
MPEIONI0KUTh, YTO TPAEKTOPUHU cynepTaildy-
HOB B ATO BpeMs IPEUMYIIECTBEHHO MepeceKa-
JIM FO’)KHYIO 4acTh SIMOHCKOTO MOPSI U BBIXOIMIIN
Ha CaxamnuH.

Bropas ¢aza akTuBM3anuMM  MalieoTaii-
¢byHoB, BbiaeneHHas s Caxanuna (4030-—
3580 kan. j.H.), OnM3Ka K TEpPHOAY 3SKCTpe-
MajibHbIX TABOJKOB, YCTAHOBJICHHOMY sl
teppuropun lOxnoit Kopen [Lim et al., 2017].
Tpaexkropuu cynepraii(hyHOB MpPEeUMYIECTBEH-
HO CTaHOBWJIUCH MapabOIMYECKUMHU, 3aXBaThI-
Banu Kopelickuii n-oB u fajnee Ui B CEBEPHYIO
yacTb SnoHckoro mopss W Ha or OXOTCKOro
Mopst [CutHukoB u ap., 2001]. Ha ror AAnonuun
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B 9TO BpeMsi HambOosee cuibHble Tal(yHBI HE
Beixommn [ Woodruff et al., 2009].

Tpetuil nmepuon akTHBU3ALMM NaneoTaildy-
HoB Ha Caxamune (1860—1380 kan. y1.H.) Haxo-
JTUTCSI B MIPOTHBO(A3e C TEepUOAaMH BBICOKOU
noBTopsieMocTH Tai(hyHoB Ha fore Snonuu u Ko-
PENCKOro M-0Ba. JKCTpEMalbHbIe HABOAHEHHUS B
9TO BpeMs poucxoaniiv u B [Ipumopse, rae Bo3-
pociia MOBTOPSIEMOCTh CUTHAJIOB HABOJIHEHUUN
[ActaxoB u np., 2019]. UHTEHCUBHOCTH TPOIH-
YECKHUX IMKIOHOB B BocTouHo-KuTaiickom mope
U mpuierammmx ydyactkax Kwuras yBennuunBa-
nack okoio 1800—1500 kamn. 1.H., 4TO CBA3BIBAIOT
¢ Terion ¢azoi (POMAHCKUN TETUIBINA TIEPUO.)
U YBEIIMYECHUEM TEMIIEpaTyphbl MOBEPXHOCTHBIX
BOJ B Tponuyeckoit 3oHe Tuxoro okeana [Zhou
et al., 2019]. HecmoTpst Ha TO 4TO B 3TO BpeMs
Ha tore CaxannHa Ha (poHe MOXOJIOAaHMs COKpa-
HIAJTUCh aTMOC(EPHBIE OCAKH, TIOBTOPSIEMOCTh
AKCTPEMANIbHBIX MaBOJAKOB Tal(pyHHOrO MpOUC-
XOXKJIEHHSI CUIIBHO BO3pociia. MOXKHO Mpearnosno-
JKUTh, YTO B 3TO BpPEMsI TPACKTOPUU CyIIepTaii-
(GYHOB CMeEMIANUCh: MEePHUOANYECKH BO3HHUKAIU
CHHONTHYECKUE CUTYallUH, KOI/la KPyIIHbIE BUX-
pu, Munys tor Anonuu u ror Kopeiickoro n-osa,
BBIXOJIMJIM HA 10KHBIN CaxauH.

Cienyer OTMETHUTb, 4YTO PEKOHCTPYKLIMHU
WHTEHCUBHOCTH  Onb-HuHBO,  chenmaHHbIE
B Ilepy, MOKa3bIBaIOT, YTO MAKCUMAJIBHOM CUJIBI
at0 saBinenue pocrturano 2000-1300 kan. .H.,
MOBTOPSIEMOCTh OYEHb CHJIBHBIX COOBITHH CO-
cramsuia 60—80 ner [Rein et al., 2005]. Drot
BPEMEHHON MHTEPBAJ COMIACYETCs C JaHHBIMU
YBEJIUYEHUS! TOBTOPSIEMOCTH MajeoTaipyHOB,
COMPOBOXK/IAEMBIX IKCTPEMaIbHBIMU TMaBOJKA-
MU, Ha 10kHOM CaxanuHe.

H3BecTHO, YTO TpaeKTOpuu TalpyHOB CBA-
3aHbl C OCOOEHHOCTSIMM KpYIHOMACIITaOHOMN
arMoc(epHO IUPKYISIIUA B TPOIMUIECKUX
U yMEpeHHbIX IMpoTax Tuxoro okeaHa [Cut-
HUKOB " 11p., 2001; IToxumn, 2011]. B romsr Dmb-
Hunbo oTmedeHa akTuBM3alus aJIEyTCKOW Jie-
MPECCUU U a3MaTCKOTO AHTHUIIMKIIOHA, & TaKKe
ociallieHne CeBEPOTUXOOKEAHCKOTO aHTHIIM-
KJIOHA U a3UaTCKOM JIENPEeCcCUH, YTO COMYTCTBY-
€T YCWJICHHIO LIUKJIOT€HE3a BO BHETPOIIUYECKOM
3oHe [Tyneromnoger, 2009]. CooTBETCTBEHHO BO
BpeMs CHIbHBIX Jib-HUHBO B 3amajHoOl yacTu
Tuxoro okeaHa YBEJIMYUBAJICA MEPUAHOHAIb-
HBII TIEpeHoC B Tpornocdepe B CPEAHUX U yMe-

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

pCHHLIX H.II/IpOTaX. B 3aBUCUMOCTHU OT CHHOII-
TUYECKON CHUTyallud TPOMUYECKUE ITHUKIOHBI
U3MCHSIIIN TpaeKTOpI/IIO nepeMemeHHﬁ 1 ABUTaA-
JIMCh Ha CEBEP M CeBepo-3amnaj. B morpannuHom
30He Mexay SAnoHckuM u OXOTCKUM MOpsSMU
TailyHbl CMEIIAINCh BIOJb FOTO-BOCTOYHOMN
nepudepun OXOTCKOTO aHTUIMKIOHA, IIPUHOCS
3aJ1I10BBIE OcaaKy Ha 0. CaxayiuH.

3akjaouyeHue

Ha Cycynaiickoli HU3MEHHOCTH FO’KHOTO
CaxanuHa u3y4eH pas3pe3, KOTOPBIA SIBISETCS
MPUPOAHBIM APXUBOM JISI PEKOHCTPYKIIUU H3-
MEHEHHUsI HHTEHCUBHOCTHU M 4acCTOThI BBIXOJA Ha
OCTpOB HaJE€OTall()yHOB, CONPOBOKIABIIMXCS
SKCTpEMaJIbHBIMU HABOJHEHUSIMU B CpPEIHEM—
IIO3/IHEM TOJIOLICHE.

TopdsiHuk, BKIIOYAIOMIUNA MHOTOYHCIICH-
Hbl€ IIPOCJIOM CYIJIIMHKOB, OOpa30BaHHbIE
B CUJIbHBIC MAaBOJKH, OOpa3oBayicsl Ha MECTe
JaryHbl, CYIIECTBOBABIIEH B MaKCHUMAaJbHYIO
a3y roioleHOBOM TpaHCTPECCUHU. DBOIIOLHS
BOJIOEMA 1IUIA 110 INYTH YMEHBILIEHHUS COJIEHO-
cTU. BplneneHsl cTaguu JlaryHbl — pacmpec-
HEHHOM JIaryHBI — OEperoBoro o3epa, Kakiaas
U3 KOTOpPBIX HAaYMHaJaChb B KPAaTKOBPEMEHHOE
IIOXOJIOJJaHUE, CONPOBOXKAABIIEECS MaJloaM-
IUTUTYIHOM perpeccueil. Ha mecte naryHsl 00-
pazoBajock 60JI0TO, IpolIeIIee 7 CTaui pas-
BUTHS B PAa3HbIX YCIOBUIX YBIAXKHEHUS.

AHanu3 HU3MEHEHUs BEJIUYUHBI 30JbHOCTH
Topa, HKOIOrO-TAaKCOHOMHUYECKOTO COCTaBa
JIMaTOMOBBIX acCOLMALMI U KOJINYECTBEHHOIO
COJIep>KaHMUsl CTBOPOK JUATOMEN B OTIIOKEHUSX,
HAKOIMBIIUXCSA B pa3Hble MEPUOJbI TOJIOLIEHA,
JIa€T BO3MOYKHOCTb MOJOUTH K OLIEHKE YaCTOThI
HABOJHECHHM, UX MHTCHCHUBHOCTH U IO3BOJISET
OLICHUThH MAcCIITa0bl CHOCA MaTepHala B pa3HbIe
HEPUO/IBIL.

YcraHoBJEHBI ceibl 25 SKCTpEMabHbIX Ha-
BOJIHEHUH, OIpeesieHbl KPUTEPUU HMX BbIJENe-
Hus 1 Bo3pacT. HaBogHeHus B cpeiHEM—TI03/IHEM
TOJIOLIEHE MPOXOUIIN HEPABHOMEPHO. BolieneHo
TPU NEPUONA, KOIZA IOBTOPSIEMOCTb CHJIBHBIX
[IaBOJIKOB, BBI3BAHHBIX BBIXOJOM Ha OCTpPOB Cy-
nepraiigyHOB 1, BOBMOXHO, HECKOJIBKHX WHTEH-
CHUBHBIX TPOMHYECKHUX IMKJIOHOB, 3HAYUTEIHHO
Bo3pactasa. COBPEMEHHBIM aHAJIOTOM TaKHX
coObITHI paccMarpuBaeTcs TaipyH Dwnmc
1981 1., K KOTOPOMY OTHOCUTCSI BEPXHHUH CIIOI
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CYIVIMHKA B M3y4eHHOM pa3pe3e. COOTBETCTBEH-
HO, HUDKEJIEXKAILME CIIOU C CYITIMHKaMU TaKkKe 00-
pa3oBajKCh B EPUOJIBI C BBICOKOM IOBTOPSIEMO-
CTbIO KCTPEMAJIbHBIX HABOJHEHUM, BbI3BAHHBIX,
KaK U B COBPEMEHHBII MEPHO, 3aJIMOBBIMHU OCa/-
KaMHU TIPU MPOXOXKICHUHM SKCTPEMAJbHBIX Taii-
¢ynoB. Ilepuonsl yBenwueHHs MOBTOPSEMOCTH
HABOJHEHMH Tal(hyHHOTO reHe3uca Ha CaxanuHe
MIPOXOAMJIM KaK B TEIUIbIE BIIAXKHBIE U CyXHe, TaK
U B XOJIOJHBIE cyXue (a3bl MO3HETO rOJI0IEHA.
W3 cpaBHEHUS JaHHBIX O MPOSIBIICHUH TTAJIE€0-
taiipynoB Ha CaxanmHe u B SIMOHOMOPCKOM pe-
THOHE CJIEAYET, UTO MEPHO/IbI UX aKTUBU3ALIMU HE
Bceraa cosnanaoT Ha Caxanune, B Ilpumopse,

Cnucok ureparypsl

N3K CO PAH, 23 c.

UMIul” IBO PAH, t. 2: 302-305.
pui. bomanuueckuil sxcypuan, 94(4): 526-537.
noyene. J1.: Hayka, 244 c.

kas (otB. pen.). JI.: Hayka, 400 c.

64

Kopelickom 11-oBe M Ha rore SMOHCKUX OCTpO-
BOB, 4TO OOYCJIOBJIEHO CMEILEHUEM TpPaeKTOpPH
MHTEHCHUBHBIX Taii(hyHOB. BEISBICHBI Kak CHH-
XPOHHOCTb IIEPUOJOB, TaK U METAXPOHHOCTb,
4TO, MO-BUAMMOMY, CBS3aHO C QAHOMAJIUSAMU
KpyHHOMacIITaOHOM aTMOC(EpPHON LUPKYIALMH
U TIOBTOPSIEMOCTBIO PA3JIMYHBIX CUHONTUYECKUX
CUTyalul, KOHTPOJIUPYIOIIUX BBIXOJ CyIepTan-
¢yHOB Ha ror 0. CaxaiuH.
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BosHOBBIE BO3MyIIIeHUS B aTMOCdepe,
COIPOBOXKJABIIINE U3BEPKEHUE ByJIKaHa Palikoke
(Kypunbckue octpoBa) 21-22 utonst 2019 1o
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Pedepar. B cetu myHkToB HH(PPa3BYKOBOTO MOHUTOPHHTA, PACIIONOKEHHBIX Ha ynameHun 336-974 km
ot BiK. Paiikoke, 3apernctpupoBanbl nH(pa3BykoBsie curHanbl (MC), compoBoxmaBmue Hanbosee
CUJIBHBIE AMM30ABI ero u3BepxkeHus 21-22 wmronst 2019 1. Beimenenst UC nByxX nnama3oHOB YacToOT:
f=0.08-0.5 T u f=0.004-0.012 I'mr. [lepBrrit 00ycoBiIeH pparMeHTaIe MarMbl B HECTAIIMOHAPHBI-
MU TIPOIeCCaMy, BOZHUKAIOIIIMH BO BpeMsI HCTEUEHUS TIeTIO-ra30BOM cMecH u3 Kparepa. Bropoii mua-
na3zoH UC cBs3aH ¢ popMupoBaHHEM 3PYNTHBHON KOJIOHHBI M BOSHUKHOBEHHEM DPYNTHBHOTO OOIaKa.
B aToM citydae oTaenbHbIe 3MU30/1bI U3BEPIKEHUS PACCMATPUBAIOTCS KaK HETIPEPHIBHBIN TEIIOBOH UCTOU-
HuK. Ha ocHOBe KMHEeMaTHYeCKHX W TUHaMHuYecKuX napameTpoB VC nepBoro nuamna3oHa JaHa JeTailb-
Hasl PEKOHCTPYKIHSI X0[la U3BEPKEHHS, C BblAeTIeHHeM 11 oTaenbHBIX aMH3010B (3KCIuIo3uil). BoaHoBas
kaptuHa MC mo3Bonmia BeIienuTh YeThipe snu3onaa (Ne 1, 5, 6, 8), 1i1st KOTOpBIX XapaKTepHBI 3KCIUIO3UH
TUNA «B3PBIBY», a B OCTANBHBIX CIyYasX MPOMCXOJMIO BBICOKOCKOPOCTHOE MCTEUECHHUE MEIlIO-Ta30BOH
cMecH («ImpoayBKa») U3 xepia BylkaHa. Hambonee mnmurenbHas «mpoxyBka» (Ne 9) miammack ~3.5 4.
Ha ocnoBanuu MC BTOporo auamna3zona yactoT cienana (mo meroauke FO.A. loctunnesa u 10.B. Hlan-
KHX) OLlIEHKa MUHHMAJIBHOTO 00beMa BBEIOPOIIEHHOTO B arMoc(epy mermia — >0.1 kM3, 9To 1mo3BosseT
CUHTATh WHIEKC IKCIUIO3UBHOW aKTHBHOCTH ATOTO M3BepkeHus VEI — 4.

KiroueBble ciioBa: ByikaH Paiikoke, KCIUIO3UBHOE H3BEpKeHUE, HH(PA3BYK, IPYNTHBHOE 00J1aK0, 00beM
W3BEPIKEHHOTO TeIIa.
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HUS B aTMOC(epe, COIPOBOXKIABIIHIE M3Bep)keHNe BynkaHa Paiikoke (Kypumbsckue octposa) 21-22 utonst 2019 1. [eo-
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Wave perturbations in the atmosphere accompanying the eruption
of the Raykoke volcano (Kuril Islands) 21-22 June, 2019

Pavel P. Firstov*', Oleg E. Popov’, Marina A. Lobacheva',
Dmitry 1. Budilov', Rinat R. Akbashey'

'Kamchatka Branch of the Federal Research Center “United Geophysical Service of the Russian Academy
of Sciences”, Petropaviovsk-Kamchatsky, Russia
24.M. Obukhov Institute of Atmospheric Physics, RAS, Moscow, Russia

*E-mail: firstov@emsd.ru

Abstract. Infrasound signals (IS), accompanied the most powerful episodes of the Raykoke volcano
of the 21-22 June 2019, were registered by the network of observation stations, located at the distances
of 335 to 974 km from the volcano. We identified IS of two frequency ranges: f = 0.08-0.5 Hz
and /=0.004—-0.012 Hz. The first one was caused by magma fragmentation and non-stationary processes,
appeared during the ash-gas mix outflowing from the crater. The second IS range is associated with an
eruptive column forming and an eruptive cloud appearance. In this case the separate eruption episodes
are considered as a continuous heat source. On the base of kinematic and dynamic parameters of IS
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of the first range, we carried out the detailed reconstruction of the eruption course, there 11 separate
episodes (explosions) were distinguished. Wave pattern of IS allowed to defined four episodes (no. 1,
5, 6, 8) as explosions, in other cases a high-speed outflow of ash-gas mix (“blow”) occurred from
the volcano vent. The most long “blow” (no. 9) lasted for ~3.5 hr. On the base of IS of the second
range, we estimated the minimal volume of the ash ejected into the atmosphere (by the methodology
of Yu.A. Gostintsev and Yu.A. Shatskih) as >0.1 km3, that allows us to assign the index of explosive
activity VEI — 4 for this eruption.

Keywords: Raikoke volcano, explosive eruption, infrasound, eruptive cloud, ejected ash volume.

For citation: Firstov PP, Popov O.E., Lobacheva M.A., Budilov D.I., Akbashev R.R. Wave perturbations
in the atmosphere accompanying the eruption of the Raykoke volcano (Kuril Islands) 21-22 June, 2019: tranclation.
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BBenenue

ITo nannpM CaxalnMHCKOW IpyMIIbl Pearupo-
BaHUA Ha ByakaHndeckue n3Bepkenus (SVERT)
(http://www.imgg.ru/ru/teams/svert), 21 wuroHs
B ~18:05:00* ma Cpemnux Kypuiax Hagamoch
CUJIBHOE JKCIIO3UBHOE U3BEPKEHUE BIIK. Paiiko-
ke (puc. 1). Onucanue TOro U3BEP>KEHUS MPUBO-
mutes B paborax [[upuna u np., 2019; Pammmos
u ap., 2019; Jlerrepes, Unbucona, 2019 .

AHIE3UTONAIUTOBEIN BYJIKaH Paiixoke
(48.29° N, 153.25° E) mpencraBiser cobOoi
CTPATOBYJKAaH Ha OJHOMMEHHOM OCTpPOBE JHa-
METPOM ~2 KM, C TUaMETPOM BEPIIUHHOTO Kpa-
tepa ~700 M u mryounoit 200-250 m [T'ymenko,
1979]. On cocraBiseT eAUHBIA BYITKaHUYECKUH
MacCHB CEBEPO-3aIaJHOIo IPOCTUPAHUS ILIOIIA-
npto 15 % 21 kM (m306ara 1200 M) BMecTe ¢ 4eT-
BEPTUYHBIM IO/IBOJIHBIM BYJIKaHOM 3.18, riockas
BEpIIMHA KOTOPOTO pAacIoIoKEeHa MPUMEPHO
B 7 KM OT BepIIMHBI BJK. Paiikoke Ha riryOuHe
~245 M [ITonBoanslid... , 1992]. {ns Bik. Paiiko-
K€ XapaKTepHbI BHE3AIMHBIE CUIIHHBIE IKCILIIO3UB-
Hble u3BepxkeHus. [locnennee Takoe U3BEpKEHNE
npou3onwio B 1924 ., korna HabM0aaI0Ch U MO~
BonHOe n3BepkeHue [ Tanakadate, 1925].

[IpencraBnenuss O JUHAMHUKE W3BEPIKEHUS
B OCHOBHOM OBLIM THOJy4€Hbl Ha OCHOBE CHHM-
KOB CITyTHHKa SIMOHCKOTO METEOPOJIOrHYECKOTO
arenTcTBa Himawari-8, Haxoasmmxcst B IpsiMOM
noctyne. OCHOBHBIM HHCTPYMEHTOM Ha 3TOM
CITyTHHUKE SBJISICTCA 1|6-KaHAIbHBIA MHOTOCIEK-
TpanbHbI  TerioBu3op Advanced Himawari
Imager, paGoTaroruii Kak B BUAMMOM, TaK U B MH-
(dpakpacHoM quanazone. [ eocrarmonapHas opou-

*3neck u ganee Bpemst no UTC, popmar — yu:mm:cc.
**371ech U anee BBICOTA HaJl yPOBHEM MODSI.
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Ta CITyTHUKA MO3BOJISIET CKAHUPOBATh A3HATCKO-
Tuxookeanckuii peruod ¢ paspemienueM 500 m
1 MakcuMastbHOM vactotou 0.1 mukn/mun (http://
ds.data.jma.go.jp/svd/vaac/data/ vaac list.html).
PazButne ospyntuBHOro o6Omaka (D0)
MOXKHO TIPOCIEANTh HAa CHHUMKAaX CITyTHUKA
Himawari-8 na 18-yacoBom naTepBase ¢ 20:20,
21.06.2019 1. mo 14:20, 22.06.2019 r. (puc. 2).
B teuenue nepBbix AByx yacoB D0 IBHUrajgoch
B 3aI1a/THOM HampaBjieHUH Ha BeicoTe™* 10.2 kM
co ckopocThio ~28 m/c (~100 km/4). B cnemyro-

Puc. 1. MOMEHT 3KCIIO3UBHOTO U3BEPKEHMS BIK. Paiiko-
ke 21 urons 2019 . B 22:45, CHUMOK CJIeJIaH ¢ MEXKIyHa-
ponHoit kocmuueckor crannuu (https://earthobservatory.
nasa.gov/images/145226/raikoke-erupts).
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e 18 4 aBmkeHne o6aka COXPaHsIIO 3TO JKe
HalpaBJ€HHE, JBUTASICh CO CPENHEN CKOPOCTHIO
~20 m/c (~72 xm/q) (puc. 2 b, c¢). B kon1e sto-
ro BpEMEHHOT0 HHTepBaa nepeaHuit ppot 30
ynanmuica Ha 1500 kM, a ero BbICOTa TOCTHUIIIA
~13 k™ (puc. 2d).

B nanbheiimem D0 Hauano 3aKpy4MBaThCs
IIMKJIOHOM, TOCHOJICTBOBaBIIMM B paifone Ko-
MaHJOPCKHX OCTPOBOB B CEBEPHOM YacTh TUxoro
okeana. [lon neWicTBHEM LUPKYISAIMOHHBIX IPO-
rieccoB B arMocdepe 0 pa3rpy3uiiock OT Ieria,
U Jlajiee NpOAOJDKAIOCh PACIpPOCTPAHEHHUE YiKe
a3pO30JIbHOTO o0Jlaka Ha OOJIbIINE PACCTOSIHUS,
1m0 5000 kM (http://sacs.aeronomie.be/; [I'upuna
u ap., 2019]). Takoe oOGmmpHOE pacpocTpaHeHNE
NPOAYKTOB M3BEPKEHUsI BIK. Palikoke cBUAETEb-
CTBYET O 3HAYUTEILHOCTH TOro coobIThs. Kpome
Toro, B paborax [['mpuna u ap., 2019; Pammnos u
1p., 2019] BeIcKa3pIBacTCS 0OOCHOBAHHOE TIPE]I-
MIOJIOKEHHUE, YTO OIHOBPEMEHHO MOIVIO ITPOMC-
XOIWTh W3BEP>KEHUE IMOABOAHOIO ByikaHa 3.18.
B Gonee mo3nneit pabore [[lerrepes, Unbuco-
Ba, 2019] Ha OCHOBAHMHU JETANBLHOTO WU3YyUYEHUS
CIIyTHUKOBBIX CHHUMKOB ObLTa Oojee IeTalbHO
OTCJIeKEHa JMHAMUKa 3PYNTHUBHOIO Ipolecca
3TOTO U3BEPIKEHUS.

Jis momydenust uHGOpMALMU O JUHAMHKE
U3BEP)KEHHUST XOPOIIIO 3apEeKOMEHI0BAIIN ceOsl Ta-
KM€ JUCTAHIIMOHHBIE METO/IbI, KAaK CECMUYECKUI
U akyctuueckuid. Tak, BO Bpemsi U3BEpPKEHUS
BIK. IIuk CapbrueBa Ha Cpennux Kypuibckux
octpoBax B utoHe 2009 r. uH(}pa3ByKOBbIE CHUT-
Hallbl, COIPOBOXK/IABIIINE
U3Bep)KeHHE, ObUIM 3ape-
TUCTPUPOBAHbI HA PaccTosl-
Husax a0 6400 kv [Matoza
et al,, 2010]. K coxaie-
HHIO, CEHCMHYECKIE CTaH-
uu BONMM3M BIK. Paiikoke
orcyrctBytor, Ho UC, co-
MPOBOXKJABILINE H3BEpIKe-
HUS BYJIKaHa, ObLIM 3aperu-
ctpupoBanbl Ha CeBEpHBIX
Kypunax u  Kamuarke
Ha paccrosHuu ot 330
10 ~1000 xm.

Crnenyet OTMETUTD, UTO
B TOCJIEHUE JBa JECSTU-
JIETUSI HHTEpEC K aKyCTHUKE
BYJIKAHIYECKHUX H3BEpIKe-
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HUI pPe3KO BO3POC B CBSI3U C CO3IaHUEM MEXKITY-
HapogHOM cucremol MoHutopuHra (IMS) certu
pexxuma coOimoenust JloroBopa o BceoObeMITo-
IIEM 3alpelleHUH SACPHBIX UCHBITaHUN. B 3Ty
ceTb BXonuT Oosee 60 MH(PPa3BYKOBBIX CTaHIINH,
pacIlpeieNIeHHbIX 110 BCEW MOBEPXHOCTH 3EMJIM.
B MHoOTrOuUMCIEHHBIX 3apyOeKHBIX padoTax Mmoka-
3aHbl BO3MOXXHOCTH HCIIOJb30BaHUS MH(Pa3BY-
KOBOTO /Iana30Ha /il MOHUTOPUHTA 3KCILIO3UB-
HBIX M3Bep)keHUM BynkaHoB Mupa [Fee, Matoza,
2013; Pichon et al., 2019; u mp.].

B pa6orax [Lamb et al., 2015; Fee at al.,
2017] Oblma cmenmaHa TOMBITKA HWCIOJIB30BATh
NC nns onpeneneHus: KOJIMYECTBA BHIOPOILEH-
Horo marepuana. Mcnons3oBanucs YC, 3aperu-
CTPUPOBAHHBIC B OMMKHEW 30HE HA PACCTOSIHUU
10 15 xm. OHM IpeACTABIISAIOT COOOM BO3MYIITHBIC
UMITYJIbCHBIE BOJIHBI, B KOTOpbIE 00paIIatoTCcs Ha
OTIPENIETICHHBIX PACCTOSHUSAX Cllabble BO3MYII-
HbIE yAapHBIE BOJIHBI, COITPOBOXKIAIOIINAE HEMO-
CPEICTBEHHO caM IpoLiecC 3KCIUIO3UU U (par-
MEHTalMK Marmel. PaccmarpuBanuce oTaeabHbIE
9KCIUIO3UM Ha BynkaHax Penayt (m-oB Ausicka)
u Cakypanzuma (Slnonus). Pacuers! konudecTsa
Teria CPaBHUBAJIMCH C T€OJIOTMYECKUMU TaHHBI-
MU, TOJIyYEHHBIMH 10 M30IIaXUTaM BBINABILETO
neruia. B Hamewm cinyyae C peructpupoBaiuch
Ha PacCTOSTHUM HECKOJIBKMX COTEH KUJIOMETPOB
OT MCTOYHHKA, TIO3TOMY ObUI MCIOJIb30BaH MO
XOZ, OCHOBaHHBIM Ha Teopuu renepanuu UC ot
MCTOYHHUKOB C MOLIHBIM MACCO-TEIUIOBBIIEICHU-
eM [[octunues, lankux, 1989].

Puc. 2. [lunamMuKa pa3BUTHS SPYNITUBHOTO 00JIaKka BO BpeMs U3BEPKEHHS BIIK. Paiiko-
Ke Ha OCHOBE CHUMKOB ciryTHHKa Himawari-8: (a) 21.06.2019, 20:20; (b) 22.06.2019,
02:20; (c) 22.06.2019, 08:20; (d) 22.06.2019, 14:20.
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Oco0eHHOCTAM T'eHepaluy U pacinpoCcTpaHe-
HUS MHPPA3BYKOBBIX CUTHAJIOB U OLICHKE Ha MX
OCHOBE KOJIMYECTBA BHIOPOIIEHHOTO B aTMOC(e-
Py NpH U3BEp>KEHUHM BIIK. Paiikoke nerma mocss-
nieHa JaHHas padora.

Anmaparypa u MeTOAUKa HAOII0IeHUH

C uenbio UCClIEOBaHUS BOJIHOBBIX BO3MY-
HieHuii B arMocdepe, COMpOBOXKAAIOIIUX BYII-
KaHUYECKUE H3BEpXKeHMs, Ha n-oBe Kamuarka
JeCTByeT HECKoJIbKO MYHKTOB Kamuarckoro
¢wmana denepaqbHOTO HUCCIEIOBATEIBCKO-
ro nenrpa «leodusuueckas ciyx6a PAH»
(K® ®UILL EI'C PAH), ocHallieHHBIX KaHajJaMu
peructpauuu UC (puc. 3), 4T0 MO3BOMISIET BECTU
MOHUTOPHUHT CHUJIBHBIX SKCILJIO3UBHBIX BYJIKAHU-
yeckux u3Bepxkenuit [[opaees u ap., 2013].

B kauyecTBe maTdukoB sl WHPPA3BYKOBBIX
kaHanoB B myHkTax SKR, PRT u KOZ ucnomns-
3yercsi auddepeHnmanbHpii - MukpoOaporpad
ISGM-03M (Poccusi) ¢ pabGounMm jamaraso-
HoM yactoT 0.002—4.0 I'u. Kpome Toro, B nmyH-
kte Haunku paboraeT akycTHueckas CTaHIUS
[S44 IMS (puc. 3), Ha KOTOpO# YCTaHOBJICHA aH-
TeHHas perreTka u3 4 Mukpoodaporpados M-2000
(dpanuus) c aneprypoii ~1.8 kM, Mo3BosstoLIIas
Bectu peructpanuio MC B nuana3zoHe 4actor
0.003-5 'y 1 onpenensTh a3UMyT HAa UCTOUHHUK.

[Ipu u3ydyeHun ycimoBHl pacnpOCTpPaHECHUS
NC BaxxHO 3HaTH cTpaTH(HUKANNIO aTMocheps!
JUISL TIONyY€HHUsl BEPTUKAIbHOTO Tpoduis d¢-
(heKTHMBHOM CKOPOCTH 3BYyKa (C3¢). B paiione
HcCle0BaHUN 0aJuIOHHOE 30HMPOBAaHUE IPO-
BOAMTCS B Tpex nmyHkrax (puc. 3). Ha puc. 4
MIpHUBe/IeHa CTpaTU(UKAIUS TapaMeTPOB aTMOC-
(depsl (Temmneparypa, CKOPOCTh U HaIlpaBICHUE
BETpa) MO JaHHBIM OaJUIOHHOTO 30HIHPOBA-
HUS BO BPEMEHHOW OKPECTHOCTH W3BEPIKEHUS
B nyHkte SKR. 13 puc. 4 BUaHO, 4TO B TEUEHUE
BCETO M3BEPKEHMSI PE3KUX MU3MEHEHUH CTpaTu-
¢ukanuu He ObUIO W BBIYHMCIICHHAS Ha Tpacce
Paiikoke—SKR 3¢ddextuBHast CKOPOCTh B TpoO-
nocepHOM BOJIHOBOJE Oblla TMOCTOSIHHOM:
C,, =~ 0.31 km/c, B TO Bpemsi KaK B PH3EMHOM
cinoe ona coctanmsuia 0.33—0.34 km/c.

JleranbHOE MpeACTaBICHUE O JTUHAMUKE M3-
BeprkeHMs BIIK. Paiikoke 21-22 nrons 2019 . Mmox-
HO TMOJIYYUTh HA OCHOBAaHUHM KMHEMATHYECKUX U
nuHaMudeckux napamerpoB MC, 3apeructpupo-
BaHHBIX CEThIO MH(PPA3BYKOBBIX CTAHIIMI HA ya-
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neaun 336-974 xm (puc. 3). ILII. @upcroBeiM
[@upcToB, 2003; Firstov, 1994] nana deHome-
HOJIOTMYecKasl Kiaccu(uKalys yIapHO-BOJIHO-
BBIX M aKyCTH4ecKuX 3¢ ¢peKToB B arMmochepe oT
BYJIKAHUYECKUX W3BEP)KEHUH, € 32 OCHOBHYIO
XapaKTEPHUCTHUKY KJIACCOB IMPHHSATHI XapaKTePHBIH
JINAIa30H YacTOT U (PU3NUECKUE TIPOLIECCHI, B Pe-
3yJbTaTe KOTOPBIX MMPOUCXOIUT UX TeHEPaIHsl.

B pesynbrare HecTalmoOHApHBIX MPOIECCOB
B KpaTepe ByJIKaHa BO3HUKAIOT BO3IYIIIHBIE yaap-
HBIE BOJIHBI, KOTOPBIE B ITPOIIECCE PACTIPOCTPAHE-
HUS SBONIIOIIMOHUPYIOT U niepepoxkaarorcs B C.
CuibHbIE KOHBEKTHBHBIE MTPOLIECCHI, CBSI3aHHbBIE
¢ ¢gopMHpOBaHHEM 3PYNTUBHBIX OOJAKOB, TO-
poxnatotr apyroii kiacc UC. Kpome Toro, mori-
HBIC SPYNTUBHBIC 00JIaKa HAYUHAIOT KOJIe0aThCs
BOJTU3M TOUKH 3aBHCaHUS, KaK MMPABUIIO, HA BBI-
core Tponomay3sl (10-12 kM), Bo30Oyxkaas aky-
CTO-TPaBUTALIMOHHBIE BOJIHBI C 4acTOTOW bpeH-
Ta—Bsiicana (N, > 0.02 ¢'), uto Habmonanock
P KaTtacTpoPpuIecKoM H3BepkeHUU BIK. LIu-
Benyd 12 HostOpst 1964 1. [DupcTos, 1996].

VYuuteiBass Macmtad paccMaTpruBaeMoro
U3BEPKECHUSI, MOXKHO MPEINOI0KUTh, YTO OHO

Puc. 3. Pacnonoxenue Biak. Palikoke, MyHKTOB peru-
cTpanui WH(Pa3BYKOBBIX KoneOanuid (1) m MereocraH-
i (2), Tae ocymecTBIsAeTCs OATIOHHOE 30HIUPOBAHUE,
Ha n-oBe Kamuarka u CeBepHbix Kypmnax. ITyHKTHI pe-
ructpanuu uHepassyka: SKR — noc. Ceepo-Kypuibck,
PRT - IMaparynka, [S44 — mexmyHapomHas CTaHIIHS
B moc. Hauuku, KOZ — moc. Ko3bipeBck. MeTeocraH-
uun: SKR, PET - 1 IlerponaBnosck-Kamuarckuii,
KLY - noc. Knrouu.
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Feoghusuka. BynkaHonozausi / Geophysics. Volcanology

COTIPOBOXKIAJIOCHh AKyCTUYECKHMMH CHUTHAJaMU
BCEX KJIACCOB, ATO MOATBEPXKAAKOT puc. S, 6.
Ha 3anucu nHppa3ByKoBbIX KoJIeOaHH B MyH-
kte SKR (R = 336 kM) (puc. 5b) xopomio Bu-
HO BO3pacTaHHe HU3KOUACTOTHBIX MH(]Pa3BYKO-
BBIX KOJIeOaHUII TTOCIIe MapOKCU3MAalbHOM (hasbl
U3BEPKEHUs, B TO BpeMs Kak B nyHkre PRT
(R = 629 k™) sToro He HabmogaeTcs (puc. Sa).

B 10 xe Bpemsi Ha crnekTporpammax IIoT-
HOCTH MOIITHOCTH B mosoce yacTtoT <1 I'i, pac-
CUMTAHHBIX 3a mepuoa 21-22 WIoHS s WH-
(bpa3BykoBbIX KosieOanuii B myHkre SKR, geTtko
BBIICISIIOTCA 11 XOpOImIo BEIpaXEHHBIX U pa3He-
cennbix Bo Bpemenn MC (puc. 5¢).

g poHa 1 Tpex yyacTKOB 3alMCH B ITyHKTE
SKR nauTenbHOCTBIO > 25 MHH, COAEpM aIIUX
HC, compoBokaaBIIne OTACIbHBIC ATUTEIHHBIE
SNU30/lbl U3BEP)KEHUS, PACCUUTHIBAIACH CIEK-
TpaJibHasi TNIOTHOCTH MOITHOCTH (CIIM) (puc. 6).

s pacyera CIIM ¢ona Obiia BeIOpaHa 3a-
MUCh C JOCTAaTOYHO MHTEHCUBHBIMU KOJIEOAHU-
ssmu. CIIeKTpabHBIN MUK 11 (POHA TTPUXOIMT-
cs Ha vactoty f = 0.00192 I'y (T = 8.7 mun).
OcHoBHas nons 3ueprun MC nns I u I yyact-
KOB NpPUXOAUTCA Ha OoJieeé HU3KUE YacCTOTHI
£=0.00153 T'u (T = 10.9 mun). OcobeHHO 00-
pamaer Ha cebs BHHUMaHUE OOJbIIOE 3HAYCHUE
criektpajibpaoro nmuka CIIM S(w) = 164.7 ITa*/T'1
Ha 3tou yactore i 11l yyacrka, cymecTtBeHHO
npesbiaroriee ponoswle. [lo-Buaumomy, B CBA-
31 ¢ (popMupoBaHueM nuieida oT IPyNTUBHOTO

o0naka BO3HMKAIOT aKyCTO-I'pPaBUTALlMOHHBIE
BOJIHBI C 4acToTON bpeHTta—Bsiicsnsa, koTopbie
HAOJIOAI0TCS TOJIBKO Ha OMKalIied cTaHIUuu
SKR. Ha Bcex kpuBbix CIIM BbIAEHAIOTCS «BBI-
COKOUYACTOTHBIE» CIIEKTpaIbHbIC MUKHU B JAHAara-
3oHe gactot 0.08-0.5 I'tt (puc. 6).

Bce neranu Hambonee CHIBHBIX 3MHU3070B
AKTUBHOCTH BYJIKAHA XOPOIIO IPOCIEKHUBAIOT-
cs Ha 3amucsx WC, oT(UIBTPOBAHHBIX TOJO-
COBBIM (PHJIETPOM C TPAaHUYHBIMU YacCTOTaMU
0.08—1.0 I'u, KOTOPBIA, C OMHOW CTOPOHBI, BbI-
JIENIUI CUTHAJIBl, OOYCIIOBJICHHBIE HECTAIHO-
HapHBIMU TMPOLIECCAMH, a C JPYToi, oOecredns
XOpOIlIee COOTHOIICHHE CHUTHAJI-IIYM Ha BCeX
UH(Pa3ByKOBBIX CTaHLUAX (puc. 7). Boienen-
Hble 11 OTIENBHBIX CHIIBHBIX 3MU30/10B IKCILIO-
3MBHOM AaKTUBHOCTU WM3BEp)KEHUs BIK. Paliko-
ke 21-22 wurons 2019 r. [derrepes, Unbucosa,
2019; T'upuna u ap., 2019; PammnoB u ap.,
2019] conposoxnatorcst UC pa3nuuHoil HHTEH-
CHUBHOCTH U JTUTCIIBHOCTH.

Ocobennoctu BomHOBBIX opm MC paccmo-
TPEHBI 10 3amucsaM Omwkaimei ctaniuu SKR
(336 xMm). Ilo dopme BcTymaeHuss uHPpas3By-
KOBBIE CHUTHAJbl OT OTIEIbHBIX SIHU30/I0B W3-
BepkeHUs BIK. Paiikoke ObLTH pa3OUTHI Ha JBE
rpymmsl (cMm. Tabmuiy). UC Ne 1, 5, 6, 8 umenun
YETKUE BCTYIUICHUS], KOTOPbIE OOBIYHO BO3HUKA-
10T BO BPEMsI IKCIUIO3HMM TUIIA «B3PBIBY» (puC. 8).
B nonb3y 3TOrO CBUAETENLCTBYET pUC. 1, HA KO-
TOPOM 3a(hUKCUPOBAHO (POPMHUPOBAHIE MOIITHOTO

Puc. 4. Crparudukars armocgepst 21-22.06.2019 mo ganHbM 6amoHHOTO 30HIUpoBanus meteoctanimu SKR. Bepru-
KaJbHBIE pa3pesbl: (a) TeMIieparypa Bo3myxa, (b) HanpaeieHue BeTpa u (¢) ero ckopocTs, (d) apdexTrBHAs CKOPOCTH 3ByKA.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020
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Puc. 5. 3anuce nHdpasBykoBsix Konebanuii B mynkrax PRT (a) u SKR (b)
CO CHeKTporpaMmoii B mojoce yactoT < 1 ' (¢) 21-22 urons 2019 r., Bo
BpeMs1 U3BepKEeHUs BIK. Palikoke. UepHBIMU IPSIMOYTOIbHUKAMHU OTMEUYEHBI
YUYaCTKH, JJIsl KOTOPBIX PacCUUTHIBAJIACh CHEKTPajibHas IOTHOCTh MOIIHO-
ctu. Hagano orcuera Bpemenu coorserctByeT 20 urong 2019 r. 23:59:04.

Puc. 6. CnexrpainbHas IIIOTHOCTh MOIIHOCTH Juisi (hoHA
U TpeX MH(Pa3BYKOBBIX CUTHAJIOB OT OTJEIIBHBIX SIIM30/J0B
n3Bep)keHns BIK. Paiikoke. IIpsiMoyronsHUKaMu oTMede-
HBI JMaNa3oHbl YacTOT, B MOJIOCE KOTOPBIX JETAbHO H3-
yuanucs VIC, reHeprpyeMble SKCILIO3UIMH BIK. Pafikoke.
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SPYNTHUBHOTO O0TaKa OT SIBHO TO-
YEYHOI0 MCTOYHHKA, [0 BPEMEHU
COBIAJIAIOUIETO0 C BOZHUKHOBEHU-
eM MC Ne 8. Ha 3anucsx 3Tux cur-
HAJIOB BBIJCISIOTCS JBa UYETKHX
Berymienus ¢ £t = 00:03:20,
KOTOpBIE, TIO-BUAUMOMY, CBSI3aHBI
C MPUXOJOM BOJIH BJOJb 3€MHOM
MOBEPXHOCTU M MO cTparocdep-
HOMY BOJIHOBOZY.

Bpewmst Xxopomo BbeIpa)XK€HHOTO
nepsoro BeryruieHus ais MC Ne 1
cocraBwio 18:05:52. Ecmu npu-
HSTh, YTO B ATOM CJIy4ae MpUIIIia
BOJTHA, pacrpocTpaHsoLasics
cC o 0.34 xm/c coracHo puc. 4d,
TO BpeMsI IEPBOM 3KCILIO3UU Oy/eT
17:49:24. 310 BpeMs OTIMYAETCS
OT BpEMEHH Hayajla M3BEpKEHUS,
yKa3aHHOro B paborax [/lertepes,
Yubucora, 2019; I'mpuna u nap.,
2019; Pammmnos u np., 2019].

B ocranpupix cinyuasx gis UC Obuio xa-
paKTepHO IUIaBHOE HapacTaHHE aMIUIUTY/bI
u Oonbiias ux LUTenbHOCTH (T). UC Ne 9 umen
1~200 MHH, YTO CBUAETEIHCTBOBAJIO O HETIPEPHIB-
HOM MCTEUEHHHU IEIUIO-Ta30BOM CMECH, CONpO-
BOYK/IABIIIEMCSl HECTAlIMOHAPHBIMU IIPOIIECCaMU
(B3pBIBBI, CBEPX3BYKOBOE UCTEUCHHUE), B PE3yJIbTa-
T€ KOTOPBIX T€HEPHUPOBAIHCH BO3AYIIIHO-Y/IapHbIE
BOJIHBL. 3a CYET 3BOJIFOIMU Ha OOJBIINX PACCTOS-
HUAX oHM oOpamanuck B IC, koTopble ObLTH 3a-
PETUCTPUPOBAHBI HA BCEX MyHKTaX (puc. 7).

Ha cranmuu 1S44 paccranoBka 4 mukpoOa-
porpadoB 00paszyeT aHTEHHYIO PEIIETKY B BHUJIC
pPaBHOOEIPEHHOTO TPEYTOJBHUKA CO  CTOPO-
HOM ~1.8 KM U cpeaHel TOUKO#, YTO MO3BOJISET
M0 U3MEPEHHBIM BPEMEHHBIM 33JIEPKKAM MEXKIY
CUTHaJIaMH JUIsl TIap MUKpoOaporpadoB BeIUKC-
JSTh CTaHIAPTHBIM METOJIOM C IIOMOLIBIO B3aHM-
HO-KOPPEJSLMOHHOIO aHAJIN3a a3UMYT Ha UCTOY-
HUK, KXKYIIYIOCSI CKOPOCTb U YTOJI CKOJIBKEHHS.
OTu mapameTpbl ObLTH OIpeeNeHbl s 7 mep-
Bbix MC ot Bik. Paiikoke (puc. 9) 1o momeHnTa
nepepsiBa B padbote [S44.

AsumyT c [S44 Ha Bik. Paiikoke cocraBisier
212.2°. Ob6painatoT Ha ceOs BHUMaHKHE OOblINe
3HaYCHHUS a3uMyToB (215°-223°) nnma mepBoro
Y BTOPOTO CUTHAJIOB, T.€. HCTOYHUK OTHOCUTEIIb-
HO [S44 HeckonbKko cMmelieH Ha 3anaf (puc. 9b).
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OTOT aKT MOXKET TOBOPUTH B MOJIB3Y MPEIOI0-
JKEHHS, BBICKa3aHHOTO B paborax [[mpuna u np.,
2019; Pammnos u ap., 2019], uro Ha HAYaTPHOM
JTane u3BEepkKEeHUs BIK. Palikoke Moria mpowu-
30MTH Y aKTUBU3ALIMS IOABOTHOTO ByJKaHa 3.18.

Pac4yer Ko1M4yecTBa BHIOPOIIEHHOTO
B aTMOc(epy nemnJia Ha OCHOBe
AKYCTHYeCKOro U3J1y4eHust

Bo Bpems usBep:keHus BIK. Paillkoke TOH-
KOJIUCTIEPCHBIN TIETNeN BbINajd B akBaropuu Tu-
XOro okeaHa. B sTom ciydae oreHka oObema
BBIOPOIIEHHOTO B atMocdepy mermia 0e3 ydera
KPYITHO3EPHUCTOW MHUPOKIACTHKH MOXKET OBITH
BBIMIOJIHEHA TOJBKO HA OCHOBAaHUHM BBICOTHI
30 u nnrencusHoctu UC. Cnenyer 3aMeTHTh,
YTO HauOOJbIlAs WHTEHCUBHOCTb W3BEPIKEHUS
npuxonuTcs Ha 3mu3on Ne 9, korga npoucxoau-
JIO BBICOKOCKOPOCTHOE HCTEUEHHUE MeIUIo-ra3o-
BOM cMmecu. IIponoKuTenbHOCTE 3TOro A1M301a
ob1a ~210 mMuH, a BeicoTa D0 10 CITyTHUKOBBIM
canmMkam — 13 kM [[lerrepes, Uubucona, 2019].

B xmaccuueckorr pabore C.A. demorosa
[®PenoToB, 1982] npuBoauTCsS HOMOrpaMma JJis
OLIEHKH KOJIMYECTBA IeIia Ha OCHOBAaHUH BbHICO-
o1 D0. CormacHO HOMOTpammMme, sl Hanbolee
HHTEHCUBHOro f"nm3ona Ne 9 TtemmoBas MoI-
HOCTh cocTaBuT 3.2-10'? BT, 4TO COOTBETCTBY-
et BbIHOCY meruia 5-10° kr/c. Tlpu mmotHOCTH
nerna p = 1.3-10° kr/mM> n aUTENBHOCTH 3TOrO
anu3ona ~3.5 4 00beM BBIOPOIICHHOTO TMeTia

orernBaetcs B 0.048 km’. CremyeT OTMETHTD,
YTO JaHHasi OLIEHKAa M3BEPrHYTOro marepuasna
SIBJISICTCS MUHUMAJIBHOM, TaK KaK HE YYUTHIBACT
KPYIHO3EPHUCTYIO MUPOKIIACTUKY.

PaccMoTpuM BO3MOXXHOCTH OIIEHKH OOBeMa
BBIOPOIIICHHOTO TIeTIa Ha OCHOBaHUH padoTt [[o-
cTUHIIEB U Jap., 1983 a, 6; [octunues, [lankux,
1989], B KOTOPBIX AaHO TEOPETUYECKOE 0OOCHO-
BaHWE 3aBUCUMOCTH YHEPTHH aKyCTHIECKOTO HC-
TOYHMKA £ OT TEIUIOBOW MOIIHOCTU () B O4are
CWJIBHBIX B3PBIBOB U TUIOMIA/IHBIX MTOXKAPOB:

3/2
Ea.u. = 9 OM gﬁ
1hCy \ mpyc,

rae: o =dh/dx=0.15—TaHreHc yria pacliupeHus
cTpyH; p, = 1.23 kr/m’ n c,=1000 JUx/ (xr-K) —
TUIOTHOCTh M TEIJIOEMKOCTH BO3IlyXa COOTBET-
ctenHo; f = 1/T, = 3.6:107° — xo>pduuuent
TEPMUYECKOTO pacmmpenus; I, — TeMmeparypa
okpyxkaromero Bosayxa;, C; = 0.3 km/c — cko-
pocTh 3Byka B Bo3ayxe; 4 = 10 kM — addek-
TUBHAas BBICOTA, 3aBUCSIIASA OT CTpaTU(UKAILIMU
armocepsr; N = 0.003 1/c — yacrora bpenra—
Bsiitcsiist; y = 1.9-107° m?/c — TypOyieHTHbI# KO-
3¢ dULUEHT TeMIIepaTypOIpOBOJHOCTH.
DHeprus akyCTU4e€CKOro HCTOYHHKA pacCyM-
THIBAJIACH IO OOIIEN3BECTHON (hopMyIIe

_ 2mHR
P.Co
rne H = 10 kM — BbICOTa OJHOPOJIHOIO CIOA,

3/2 n1-3/2
N7,

I AP%dt,

a.u.

Puc. 7. 3anuck nHPPa3BYKOBBIX CUI'HAJIOB, COIPOBOX/IABILUX U3BepxKeHuUe BIIK. Paiikoke 21-22 urons 2019 r., orduib-
TpoBanHas B nosoce 0.08—1.0 I' B pasnuuHbix myHKTax. Lludpamu 0003HaueHBI OTAENBHBIC SITH30/1bI U3BEP)KEHHMS,
BbIENIEHHBIE 110 3anucsM B nmyHkTe SKR. Hauano orcuera Bpemenu coorserctByet 21 utons 2019 . 17:53:54.
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Puc. 8. Bonrosas kapruna UC B mynkre SKR OT oTaenbHBIX IKCIIIIO3UH «B3pBIB» C HauaJIbHBIM OTCUETOM BPEMEHHU:
Ne 1-18:05:21 (a); Ne 5 —20:50:28 (b); Ne 6 — 21:24:42 (c); No 8 —22:46:14 (d).

R =336 xM — paccTOosHHE MEXK]y UCTOYHUKOM
U TYHKTOM peructpanuu, AP — H30BITOYHOE
JTaBJICHUE.

OT TerIoBOil MOITHOCTH K OILIEHKEe 0Obhema
BBIOPOIIEHHOTO TIEIIa MOXHO TEPEHTH HMCXO-
Il U3 JTOMYIICHHUS, YTO TIPU SKCIUIO3UBHBIX H3-
BEPIKEHUSX TETUIOBAasi MOIIHOCTh B APYNTHBHOMN
KOJIOHHE Ha aBTOMOJICIHHOM YYacTKE B OCHOB-
HOM 00€CTeYrBaeTCs TEIJIOM, BBIHOCHMBIM B aT-
Mocdepy TopsyYel MeNKol MHPOKIACTH-
KO (ByJIKaHMUYECKHM TierioM). B pabore
[@enotoB, 1982] mokazaHo, 4TO pacxon
OUPOKIACTHKA 1 Kr-c! COOTBETCTBYET
cpemHed TemaoBoi MomHoctH 10° BT,
T.c. Y = 10°° kr-(c-Bt) . Bpems mporiecca
(t) ouenuBaercs mo mmurenbHocTH HC.
3Has TUIOTHOCTHh Tmermia (TMpUHUMAACh
p, = 1.3-10° kr/m*), 06beM BBIOPOLIEHHOTO
B arMocdepy meruia (/) MOXKHO paccuuTarh
o gopmyre

V=(@Qtv)/p,.

[Tocne ¢umsTpany MOIOCOBBIM (PHITb-
TpoM cC rpaHuuHbiMH yactotamu 0.004—
0.012 T'u BBIAECISUIUCH IJMHHONEPHOIHBIC
UC, cBs3anHble ¢ (GOPMHUPOBAHUEM DPYII-
TUBHON KoJOHHBI. Takme MC Hauamm pe-
TUCTPUPOBATBCS TOJNBKO C smm3oma No 6
(cM. Tabmwiry). O0ImMit MUHUMATBHBIN 00b-
€M Tieria, BhIOpPOIIEHHOTO B armocdepy
BO BpeMsi U3BepkeHHsl BIK. Paiikoke, ore-

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

HeHHbIM Ha ocHoBanuu WC, cocraBun Oosnblie
0.1 xm*. OcHOBHYIO OIIMOKY B pacyeT KoJiu4e-
CTBa TI€IUIA, €CTECTBEHHO, BHOCAT YCIJIOBHUS pac-
pOCTpaHeHHs MHPPA3BYKOBBIX BOJH. Mcxoms u3
cTparudukauy arMocQepsl, aBTOPHI OICHUBA-
0T MOTPELIHOCTh OLeHKH reruia B 30 %.

Jnist kmaccuuKay YKCIIO3UBHBIX BYJIKa-
HUYECKUX U3BEPKEHUIN U UX BO3JICHCTBHS Ha atT-
Mochepy B padbore [Newhall, Self, 1982] 6bu1

Puc. 9. ®parmeHT 3amucu uHPpasByka 3a 22 uronsg 2019 . (mu-
kpobaporpad HI cranmmu [S44), ordunsrpoBanHON B mojioce
0.08-0.8 I'1 (a); azumyT Ha uctounuk npuxoaa NUC (b), kaxyma-
sAcsl CKOPOCTh (C), yroin ckonbkenus (d). HauanbHblit oTcuer Bpe-
Menu 22 urons 17:00:00.
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MIPEUIOKEH MHJIEKC SKCIUIO3UBHON BYyJIKaHHUYE-
ckoit aktuBHOCTH VEI (volcanic explosivity in-
dex). I'pamanus VEI ot 0 (111 HEIKCIITO3UBHBIX
u3BepxkeHuit) 10 § (karacTpopuvecKue u3Bep-
xeHust ¢ oobeMoM 10° km*) onpenensiercs qByMst
napamMeTpamMu: 00beMOM BBIOPOIICHHOW Te(pbI
U BBICOTOM 3pYNTHUBHOM KOMOHHBIL Ilo 0O6bemy
BeIOpomenHoro nera 0.1 < V'km® < 1.0, Tak xe
Kak 1 1o BeicoTe DO, u3BepxkeHue Bik. Palikoke
cienyet otHectu K VEI — 4.

BriBoabl

Ha cetu myHKTOB MH(pPa3ByKOBOTO MOHH-
TOpuHTa Ha m-oBe KamuaTka, pacmonokeHHBIX
Ha paccrosinuu ot 336 1o 974 km ot Bik. Paii-
KOKE, 3aperuCTpUpPOBaHbl MH(PA3BYKOBbIE CHUT-
HaJbl, COMPOBOXKIABIIKNE HauOOIee CUIbHBIC
3nU30/1bl €ro u3BepxkeHus 21-22 urons 2019 .

B cnexkTpasbHOW  IJIOTHOCTH  MOIIHO-
cTh 3apeructpupoBaHHbix MC  BBIEIAIOT-
Csl CIIEKTpPAJIbHBIC UKW B JHMANa3oHaX 4YacTOT
f=0.08-0.5Tmu f=0.004—0.012 I't. [TepBorit
CBSI3aH C TMpoleccoM (parMeHTAIlMH MarMbl
Y HECTAIMOHAPHBIMHU TMPOIECCAMH, BO3HHKAIO-
MMM [IPH UCTEUCHUH TETI0-Ta30BOM CMECH U3
Kparepa. Bropoii 00yclioBIeH BOSHUKHOBEHHUEM
HEMPEPBIBHOTO TEIJIOBOTO HMCTOYHHUKA, MPHBO-
nsmero K GOpMUPOBAHUIO CTPYHHOTO KOHBEK-
TUBHOTO TE€UCHUS U IPYNTUBHOTO O0JIaKa.

Ha ocHoBe kuHemMarnyeckux W JUHAMHU-
YECKUX IMapamMeTpoB HH(PA3ByKOBBIX CHI-
HAJIOB TMIEPBOTO JMara3oHa JaHa JeTajabHas

Cnucok Jiureparypsl

doi:10.21046/2070-7401-2019-16-3-303-307

AH CCCP, 33 c.

doi.org/10.30730/2541-8912.2019.3.3.304-309
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PEKOHCTPYKIIMSI XOJa PacCMOTPEHHOTO COOBI-
Tus. V3BepikeHne Havyalioch C OTACIBHOTO J0-
BOJIBHO CJIa00TO B3pbIBa (PKCIIO3UHK) 21 HIOHS
B ~17:46:00, nmociie yero MHTCHCHUBHOCThL DKC-
103 cTana Bo3pacTarh. [lo akycTuueckum
JTaHHBIM BbIAENsAeTCs 11 OTAENbHBIX MHU30/0B,
OHHU IIPUBEJICHBI B TaONIHUIIE.

Ha ocHoBanuu BonHoBo# kaptunsl IC nep-
BOTO JIMAaIla30Ha CHACJIAaH BBIBOJ, YTO IS 4 SIH-
30m0B (Ne 1, 5, 6, 8) xapakTepHbI SKCILIO3UU
THUIIA «B3PBIBY, @ B OCTANBHBIX CIyUasx Mpolece
MIPOUCXOTUT TIO TUITY «IIPOAYBKHY, T.€. BBICOKO-
CKOPOCTHOTO HCTEUEHHUs IMEeIJI0-Ta30BOM CMe-
CH U3 Xepia ByilkaHa. Hawbonee mimurenbHas
«mponayBkay (amu3oa Ne 9) mmtace ~3.5 4.

Ha ocnoBanuu MC BTOpOro amanasona ya-
CTOT, BO3HHUKHOBEHHE KOTOPBIX CBSI3BIBACTCS
C Pa3IMYHBIMHU TPOIECCAaMHU, BO3HUKAIOIIUMU
B KOHBEKTHBHOW CTpye, CIENaH pacyeT MUHU-
MaJbHOTO 00beMa BRIOPOIIIEHHOTO B aTMOC(hepy
merJia mo Meroauke, npemioxenHon FHO.A. To-
cruaessM 1 [O.B. Hlankux. PacuerHsiii 005-
€M coCTaBHJI Heckonbko Oombmie 0.1 kM3, uro
MO3BOJISIET IMPHUCBOUTH JTaHHOMY H3BEPKEHHIO
WHIEKC DKCII03UBHOH akTuBHOCTU VEI — 4.
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Wave perturbations in the atmosphere accompanied
the eruption of the Raykoke volcano (Kuril Islands)
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Abstract. Infrasound signals (IS), accompanied the most powerful episodes of the Raykoke volcano of
the 21-22 June 2019, were registered by the network of observation stations, located at the distances
of 335 to 974 km from the volcano. We identified IS of two frequency ranges: /= 0.08-0.5 Hz and
f=0.004-0.012 Hz. The first one was caused by magma fragmentation and non-stationary processes,
appeared during the ash-gas mix outflowing from the crater. The second IS range is associated with an
eruptive column forming and an eruptive cloud appearance. In this case the separate eruption episodes
are considered as a continuous heat source. On the base of kinematic and dynamic parameters of IS
of the first range, we carried out the detailed reconstruction of the eruption course, there 11 separate
episodes (explosions) were distinguished. Wave pattern of IS allowed to defined four episodes (no. 1,
5, 6, 8) as explosions, in other cases a high-speed outflow of ash-gas mix (“blow”) occurred from
the volcano vent. The most long “blow” (no. 9) lasted for ~3.5 hr. On the base of IS of the second
range, we estimated the minimal volume of the ash ejected into the atmosphere (by the methodology
of Yu.A. Gostintsev and Yu.A. Shatskih) as >0.1 km?, that allows us to assign the index of explosive
activity VEI — 4 for this eruption.

Keywords: Raikoke volcano, explosive eruption, infrasound, eruptive cloud, ejected ash volume.
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Introduction
By the data of Sakhalin volcanic eruption

land of the same name with a diameter of ~2 km,
its summit crater is ~700 m wide and 200-250 m

response team (SVERT) (http://www.imgg.ru/
ru/teams/svert), 21 June 2019 approximately in
18:05:00* in the Middle Kurils, the powerful ex-
plosive eruption of the Raykoke volcano have
begun (fig. 1). The description of this eruption is
given in the works [Girina et al., 2019; Rashidov
et al., 2019; Degterev, Chibisova, 2019].

The Raykoke andezitodacite volcano
(48.29°N, 153.25° E) is a stratovolcano on the is-

*Here and after the time in UTC, format — hh:mm:ss.

deep [Gushenko, 1979]. It forms a single volcan-
ic massif of the northern-west strike with an area
of 15 x 21 km (1200 m isobath) together with
the quaternary submarine volcano 3.18, which
flat top is located approximately in 7 km from the
Raykoke volcano’s top at the depth of ~245 m
[Pushcharovskii, 1992]. Sudden powerful explo-
sive eruptions are specific for the Raykoke vol-
cano. The last such eruption has been occurred

Translation of the article published in the present issue of the Journal: @upcmos I1.11., Ilonos O.E., Jlobauesa M.A.,
byounos /. 1., Akbaues P.P. BonmHOBBIE BO3MYIIEHUS B aTMOC(hepe, COTPOBOXKIABIIIE H3BEpKEHUE BylIkaHa Paifkoke
(Kypunbckue octposa) 21-22 utons 2019 1. Translation by G.S. Kachesova.
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in 1924, when the underwater eruption has also
been observed [Tanakadate, 1925].

The beliefs about the eruption dynamics
were mainly received on the base of images, be-
ing in open access, from the Himawari-8 satellite
of the Japan Meteorological Agency. The ma-
jor equipment in this satellite is the Advanced
Himawari Imager 16-channel multispectral ther-
mal imager, operating in both visible and infra-
red bands. A geostationary orbit of the satellite
allows to scan the Asian-Pacific region with
a resolution of 500 m and a maximum frequency
of 0.1 cycle/min. (http://ds.data.jma.go.jp/svd/
vaac/data/vaac_list.html ).

The eruptive cloud (EC) development can
be traced in the images of the Himawari-8 sat-
ellite during the 18-hour interval from 20:20
of the 21.06.2019 to 14:20 of the 22.06.2019
(fig. 2). Within the first two hours the EC has
been moving westward at an altitude™ of 10.2 km
at a speed of ~28 m/s (~100 km/h). For the next
18 hours, the cloud has been keeping move on
the same course, with an average speed of ~20 m/s
(~72 km/h) (fig. 2 b, c¢). At the end of this time in-
terval, the EC front moved off 1500 km, and its
altitude reached for ~13 km (fig. 2d).

Then the EC became twisting by the cy-
clone, prevailing in the area of the Commander
Islands in the northern part
of the Pacific Ocean. Un-
der the influence of circula-
tion processes in the atmos-
phere, the EC has become
free of an ash, and then just
the aerosol cloud continued
spreading for long distances
up to 5000 km (http://sacs.
acronomie.be/; [Girina et al.,
2019]). Such wide spread-
ing of the Raykoke volcano
eruption products is an evi-
dence of this event signifi-
cance. Besides, in the works
[Girina et al., 2019; Rashi-
dovetal., 2019] the reasoned
assumption, that eruption
of the underwater volcano

*Here and after the altitude above sea level.
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Fig. 1. The moment of the explosive eruption of the Rai-
koke volcano on 21 June 2019, at 22:45, the picture was
taken from the international space station (https://earthob-
servatory.nasa.gov/images/145226/raikoke-erupts).

3.18 might simultaneously occurred, is stated.
In the more later work [Degterev, Chibisova,
2019] on the base of a detailed study of the imag-
es from satellite the dynamics of the eruptive pro-
cess of this eruption was more accurately traced.

Fig. 2. Dynamics of the development of an eruptive cloud during the eruption
of the Raikoke volcano, based on images of the Himawari-8 satellite: (a) 21.06.2019,
20:20; (b) 22.06.2019, 02:20; (c) 22.06.2019, 08:20; (d) 22.06.2019, 14:20.
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The remote methods such as seismic
and acoustic were proved for gathering the in-
formation about the dynamics of eruption.
Thus, during Sarychev Peak volcano eruption
in the Middle Kurils in June, 2009 infrasound
signals (IS) accompanied the eruption, were reg-
istered at the distances up to 6400 km [Matoza et
al., 2010]. Unfortunately, there is no any seismic
station near the Raykoke volcano, but the IS, ac-
companied the volcano eruption, were registered
in the North Kurils and Kamchatka at the dis-
tances from 330 to ~1000 km.

It should be noted, that in the last two dec-
ades appeal to acoustics of volcanic eruptions
has suddenly increase due to the international
monitoring system (IMS) of the network of are-
gime of compliance with the Comprehensive
Nuclear-Test—Ban Treaty. More than 60 infra-
sound stations, distributed by the Earth surface,
are included in this network. In the numerous
foreign works, the capabilities of infrasound
range for monitoring of explosive eruption
of volcanos worldwide are demonstrated [Fee,
Matoza, 2013; Pichon et al., 2019; and other].

In the works [Lamb et al., 2015; Fee et al.,
2017] it was made an attempt to apply IS to
ascertain the amount of an ejected material.
The IS, registered in the nearest zone at the
distance up to 15 km, were used. They repre-
sent the air impulsive waves, into which the
weak air shock-waves, accompanying directly
the process of explosion and magma fragmen-
tation, are turned. The separate explosions were
considered on the Redoubt (Alaska Peninsula)
and Sakurajima (Japan) volcanos. The cal-
culations of ash amount were compared with
the geological data received by the fallen ash
isopachs. In our case, the IS were registered at
the distance of several hundred kilometers from
the source, that is why the approach, based on
the theory of IS generation from a source with
powerful mass and heat release, was applied
[Gostintcev, Shatskih, 1989].

This work is devoted to the peculiarities
of generation and distribution of infrasound sig-
nals and the evaluation of amount of ash, ejected
into the atmosphere by the Raykoke volcano
eruption, based on them.
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Equipment and observation
methodology

To study the wave perturbations in the at-
mosphere accompanied the volcanic eruptions,
several registration stations of the Kamchat-
ka Branch of the “United geophysical service
of the Russian Academy of Sciences” Federal
Research Center (KB FRC UGS RAS) function
on the Kamchatka Peninsula. These stations are
equipped with the channels of IS registration
(fig. 3), that allows to monitor the strong explo-
sive volcanic eruptions [Gordeev et al., 2013].

The ISGM-03M (Russia) differential mi-
crobarograph with an operation frequency
range of 0.002—4.0 Hz is used on the SKR, PRT
and KOZ stations as sensors for infrasound chan-
nels. Besides, in Nachiki station the 1S44 IMS
(fig. 3) acoustic station works. It has an installed
antenna array of 4 M-2000 microbarographs
(France) and with an aperture of ~1.8 km,
allowing to register IS in the frequency range
of 0.003-5 Hz and ascertain the azimuth
to the source.

Fig. 3. The location of the Raikoke volcano, registra-
tion stations for infrasound vibrations (1) and weather
stations (2), where balloon sounding is carried out,
on the Kamchatka Peninsula and the Northern Kuril Is-
lands. Infrasound registration stations: SKR — village
Severo-Kurilsk, PRT — Paratunka, 1S44 — an internation-
al station in Nachiki village, KOZ — Kozyrevsk village.
Weather stations: SKR, PET — Petropavlovsk-Kamchat-
sky City, KLY — Klychi village.
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To study the conditions of infrasound signals
propagation it is important to know the atmosphere
stratification in order to obtain a vertical profile of
the effective sound speed (C ). In the studied area
balloon sounding is carried out at three stations
(fig. 3). The fig. 4 demonstrates the stratification
of the atmosphere parameters (temperature, speed
and wind direction) by the data of balloon sound-
ing in the time neighborhood of the eruptions in
the SKR station. From the fig. 4 it is evident, that
during the whole eruption there were no abrupt
changes of the stratification and the effective
sound speed in the tropospheric wave-guide, cal-
culated on the Raykoke-SKR trace, was constant
C,= 0.31 km/s, while in the surface layer it was
about 0.33-0.34 km/s.

Detailed idea about the dynamics
of the Raykoke volcano eruption 21-22 June,
2019 can be got on the base of kinematic and dy-
namic parameters of IS, registered by the net-
work of infrasound stations at the distance
of 336974 km (fig. 3). P.P. Firstov [Firstov,
2003; Firstov, 1994] offered the phenomenologi-
cal classification of shock-wave and acoustic ef-
fects of the volcanic eruptions in the atmosphere,
where the specific frequency range and physi-
cal processes, generating them, are taken as the
main characteristic of the classes.

As a result of nonstationary processes
in the crater of volcano air shock-waves appear,
which evolve and transit into IS during the prop-
agation process. Strong convection processes,
related to eruptive clouds forming, generate an-
other IS class. Besides, powerful eruptive clouds
begin oscillating near a hover point, as a rule,
at the tropopause height (10-12 km), exciting
acoustic-gravity waves with Brunt—Vaiisila fre-
quency (N,> 0.02 s™'), that was observed when
disastrous eruption of the Shiveluch volcano
12 November, 1964 [Firstov, 1996].

Taking the scale of the considering erup-
tion into account, it can be supposed, that it
was accompanied with the acoustic signals
of all classes, it is proved with the fig. 5, 6.
On the record of infrasound oscillations in the
SKR station (R = 336 km) (fig. 5b) it is clearly
shown increasing of low-frequency infrasound
oscillations after the paroxysmal phase of the
eruption, while in the PRT station (R = 629 km)
it is not observed (fig. 5a).

Atthe same time on the spectrograms of pow-
er density in the frequency band < 1 Hz, calcu-
lated for the infrasound oscillations in the SKR
station for the period of 21-22 of June, 11 well-
marked and time-separated IS are clearly distin-
guished (fig. 5¢).

Fig. 4. Stratification of the atmosphere on 21-22 June, 2019 in accordance with the data of balloon sounding from
the SKR weather station. Vertical sections: (a) air temperature, (b) wind direction, (c¢) wind speed, (d) effective speed

of sound.
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Fig. 5. The record of infrasound vibrations at the PRT (a) and SKR (b) sta-
tions with a spectrogram in the frequency band <1 Hz (c) during the erup-
tion of the Raikoke volcano on 21-22 June, 2019. The sections, for which
the power spectral density was calculated, are marked with the black rectan-

gles. The countdown starts on 20 June, 2019, 23:59:04.

Fig. 6. The spectral power density for the background
and three IS from the separate episodes of the eruption
of the Raikoke volcano. Rectangles mark the frequency
ranges in the band of which the IS, generated by the explo-
sions of the Raikoke volcano were studied in detail.
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For the background and three
recording areas in the SKR station
of a duration > 5 min, containing
IS, accompanied the separate long
eruption events, the spectral pow-
er density (SPD) was calculated
(fig. 6).

For calculation of the back-
ground SPD, the record with
rather intense oscillations was
selected. Spectral peak for the
background falls on a frequency
f=0.00192 Hz (T = 8.7 min). Ma-
jor part of IS energy for I and III
areas falls at more lower frequen-
cies f=0.00153 Hz (T =10.9 min).
Especially, the considerable
value of the SPD spectral peak
S (w) = 164.7 Pa*Hz draws
the attention at this frequency
for III area, significantly exceed-
ing background. Apparently, due
to forming a plume from the eruptive cloud
the acoustic-gravity waves of Brunt—Viiséli fre-
quency appears, they are observed only at SKR
the nearest station. On all SPD-curves the “high-
frequency” spectral peaks are distinguished
in 0.08-0.5 Hz frequencies range (fig. 6).

All details of the most powerful episodes
ofthe volcano activity are clearly followed on the
records of IS, filtered by the bandpass filter with
0.08—1.0 Hz cutoff frequencies, that, from the one
hand, separated the signals and, from the oth-
er hand, provided a good signal-noise ratio at
all infrasound stations (fig. 7). The 11 marked
separate strong episodes of explosive activity
of the Raykoke volcano eruption 21-22 June,
2019 [Degterev, Chibisova, 2019; Girina et al.,
2019; Rashidov et al., 2019] are accompanied
with IS of different intensity and duration.

Specifics of IS waveform were considered by
the records of SKR the nearest station (336 km).
IS signals of the Raykoke volcano eruption were
divided into two groups (see the table) by the ar-
rival form. The IS no. 1, 5, 6, 8 had clear arriv-
als, that usually appears during the explosions
of the “burst” type (fig. 8). Evidence of this
fact is shown on the fig. 1, on which eruptive
cloud forming from obviously point source, co-
inciding by the time with IS no. 8 appearance.

GEOSYSTEMS OF TRANSITION ZONES VoL. 4 No 1 2020
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Two clear-cut arrivals with ¢z = 00:03:20, Time of the clear-cut first arrival for no. 1
which are, apparently, associated with coming infrasound signal is 18:05:52. If we assume, that
of the waves along the earth surface and by the in this case the wave has come, with propagation
stratospheric wave-guide, are distinguished in  speed C_, = 0.34 km/s according to the fig. 4d,
the records of these signals. then the first explosion time will be 17:49:24.

Fig. 7. Record of the IS accompanying the eruption of the Raikoke volcano on 21-22 June, 2019, filtered in the 0.08—
1.0 Hz band at various stations. The numbers indicate the separate episodes of the eruption, defined by the records
at SKR. The countdown starts on 21 June 2019, 17:53:54.

Fig. 8. The wave pattern of the IS in the SKR station from the separate “burst” explosions with an initial countdown:
no. 1 —18:05:21 (a); no. 5 —20:50:28 (b); no. 6 — 21:24:42 (c); no. 8 —22:46:14 (d).
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This time differs from the time of the eruption
beginning, specified in the works [Degterev,
Chibisova, 2019; Girina et al., 2019; Rashidov
et al., 2019].

In other cases, IS were characterized with
the smooth amplitude increasing and more
large duration (7). The IS no. 9 had 1 = 200 min,
that was an evidenced of a continuous outflow
of ash-gas mixture, that were accompanied with
nonstationary processes (explosions, super-
sonic outflow), in which result the air shock-
waves were generated. Owing to the evolution,
at the large distances they turned into IS, which
were registered at all stations (fig. 7).

Arrangement of4 microbarographs at the [S44
station makes the antenna array in the form of the
isosceles triangle with the side of ~1.8 km and
the median point, that allows to calculate the azi-
muth to the source, apparent speed and glide an-
gle by measured time delays between the signals
for the microbarographs pairs in a standard way
by means of cross-correlation analysis. These
parameters were ascertained for 7 first IS from
the Raykoke volcano (fig. 9) till the interruption
in the 1S44 work.

The azimuth from the IS44 to the Raykoke
volcano is 212.2°. High values of the azimuths
(215°-223°) for first and second signals are

noteworthy, i.e. the source is slightly displaced
to the west with regard to the 1S44 (fig. 9b).
This fact can make in favor of the assumption,
stated in the works [Girina et al.., 2019; Rashi-
dov et al., 2019], that on the initial phase of the
Raykoke volcano eruption, activation of the un-
derwater volcano 3.18 might occur as well.

Calculation of ash amount
ejected into the atmosphere
on the base of acoustic emission

During the Raykoke volcano eruption fine-
dispersed ash settled in the Pacific Ocean basin.
In this case assessment of the volume of ash
ejected into the atmosphere, without consider-
ing coarse-grained pyroclastics, can be carried
out on the base of eruptive cloud height and IS
intensity only. It should be noted, that maximum
eruption intensity falls on the no. 9 episode,
when a high-speed outflow of ash-gas mix-
ture was occurring. This episode duration was
~210 min, and the eruptive cloud height — 13 km
[Degterev, Chibisova, 2019].

In the classic work of S.A. Fedotov [Fe-
dotov, 1982] there is a nomogram for assess-
ment of ash amount at the height of the erup-
tive cloud. According to the nomogram, for the

most intensive episode no. 9 a heat pow-
er will amount to 3.2-10> W, that cor-
responds to ash carrying of 5-10° kg/s.
By the ash density p, = 1.3-10° kg/m’ and
this episode duration ~3.5 hr., the volume
of ejected ash is evaluated at 0.048 km?>.
It should be noted, that this assessment
of ejected matter is minimal, because
it does not take a coarse-grained pyro-
clastics into account.

Let us consider the possibility of eject-
ed ash estimation on the grounds of the
works [Gostintsev et al., 1983 a, b; Gostint-
sev, Shatskih, 1989], in which a theoretical
reasoning of energy of an acoustic source
E_  dependence on heat power Q within
the center of powerful explosions and ar-

Fig. 9. The fragment of the infrasound recording for 22 June, 2019
by the H1 microbarograph of station IS44 filtered in the band of
0.08-0.8 Hz (a), the azimuth to the source of the IS input (b),
the apparent speed (c), the slip angle (d). The initial countdown is
22 June, 17:00:00.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

eal fires is given:

TP
E,s =90
a.s. XhCO (

9B

TTPoCp

3/2
) QS/ZN—3/2

89



Wave perturbations in the atmosphere accompanied the eruption of the Raykoke volcano

where: a = dhidx = 0.15 — a tangent
of the jet expansion angle; p, = 1.23 kg/m’
and ¢, = 1000 J/(kg-K) — air density and heat ca-
pacity respectively; f = 1/T, = 3.6:10° — a co-
efficient of thermal expansion; 7, — an ambi-
ent air temperature; C; = 0.3 km/s — sound
speed in the air; 2~ = 10 km — an effective
height, dependent on the atmosphere stratifica-
tion; N = 0.003 1/s — Brunt—Viisild frequen-
cy; x = 1.9-10° m?*s — a turbulent coefficient
of the thermal diffusivity.

The energy of an acoustic source was calcu-
lated by the well-known formula:

B 2mtHR
PoCo

where H = 10 km — a height of the homogeneous
layer; R =336 km — a distance between the source
ang registration point; AP — an overpressure.

We can turn from heat power to assessment
of the ejected ash volume proceeding from
the assumption, that in the case of explosive
eruptions heat power in the eruptive column at
the automodel area are mainly provided with
heat, brought to the atmosphere with the hot fine
pyroclastics (volcanic ash). In the work [Fe-
dotov, 1982] it is shown, that flowrate of pyro-
clastics of 1 kg's! corresponds to the average
heat power of 10° W, i.e. y = 10° kg-(ssW)™.
The process time (1) is estimated by IS dura-
tion. If ash density is known (it was taken as
p,=1.3:10° kg/m’), then the volume of ash eject-
ed into the atmosphere (V) can be calculated by
the following formula:

V=(0ty)p,.

After filtration with the bandpass filter with
cut-off frequencies 0.004-0.012 Hz the long-
period IS, related to the eruptive column form-
ing, were being distinguished. Such IS have
begun to be registered just since no. 6 episode
(see the table). Total minimal volume of the ash,
ejected into the atmosphere during the Raykoke
volcano, estimated on the base of IS, amounted
more than 0.1 km?. The major error in the cal-
culation of ash amount, of course, is introduced
with conditions of infrasound waves propaga-
tion. Relying on the atmosphere stratification,
authors suppose the ash volume estimation error
to be 30 %.

as.

f AP%dt,
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For volcanic explosive eruptions and their
influence on the atmosphere classification, in the
work [Newhall, Self, 1982] the volcanic explo-
sivity index (VEI) was offered. VEI gradation
from O (for nonexplosive eruptions) to 8 (disas-
trous eruptions with the volume of 10° km?) is
defined by two following parameters: the vol-
ume of ejected tephra and the height of eruptive
column. According to the ejected ash volume
0.1 <V km?® < 1.0, as well to the height of erup-
tive cloud, the Raykoke volcano eruption should
refer to the VEI — 4.

Conclusions

In the network of infrasound monitoring sta-
tions at the Kamchatka Peninsula, which are
placed at the distances of 336-974 km from
the Raykoke volcano, infrasound signals, ac-
companied the most powerful episodes of its
eruption in 21-22 June, 2019, were registered.

In the spectral density of the power of regis-
tered IS the spectral peaks are distinguished in
the following frequency ranges: /= 0.08-0.5 Hz
and /= 0.004-0.012 Hz. First range is related
to the process of magma fragmentation and non-
stationary processes, arisen when ash-gas mix-
ture outflowing from the crater. Second is condi-
tioned by appearance of continuous heat source,
that brings to jet convective flow and eruptive
cloud forming.

On the base of the kinematic and dynamic pa-
rameters of infrasound signals of the first range,
the detailed reconstruction of course of the con-
sidered event is given. The eruption has begun
with the weak enough explosion in 21 June,
17:46:00, after that the intensity of explosions
began to increase. By the acoustic data 11 sepa-
rate episodes are distinguished, they are given in
the table.

Based on the wave pattern of IS of the first
range, we made the conclusion, that for 4 epi-
sodes (no. 1, 5, 6, 8) the explosions of “burst”
type are typical, and in other cases the process
is going by the “blow” type, i.e. high-speed ash
and gaseous mixture outflow from the volcano’s
throat. The most durable “blow” (no. episode)
lasted ~3.5 hr.

On the base of IS of the second range,
which appearance relates to various processes,
arising in the convective jet, we carried out a
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calculation of the minimal volume of the ash,
ejected in the atmosphere, by the methodology,
offered by Yu. A. Gostintcev and Yu.V. Shatskih.
Calculated volume amounts a little bit more than
0.1 km?, that allows to assign the explosive ac-
tivity index VEI — 4 to this eruption.
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Pedepar. Ha ocHOBe pe3ynsTaToB CIIyTHHKOBBIX M BU3YaJIbHBIX HAOIIOJCHUN XapaKTepH3yeTCs BYJKa-
HU4Yeckas akTuBHOCTh Ha Kypunbckux octpoBax B 2019 . B 2019 1. na Kypunbckux octpoBax ObuIH
aKTHBHBI BylkaHbl D0eko (0. [Tapamymup, Ceepuble Kypunsl) u Paiikoke (o. Paiikoke, LlenTpanbHble
Kypwuier). Bik. 90eko ¢ okTs16ps 2016 1. mposiBisieT yMEPEHHYIO SKCIUIO3UBHYI0 aKTUBHOCTH. 3a 2019 rox
Ha BYJIKaHE, 110 JAHHBIM KaMephl BUACOHAOIIOACHIS, Tpon301uIo 60iee 565 BEIOPOCOB (B CBETIIOE BPEMS
CYTOK TIPH OTCYTCTBHUU OOJAYHOCTH M TyMaHa) Ha BBICOTY OT 1.5 10 5 KM Haj yp. M., B3 HUX 63 3KCILIO-
3UH Ha BBICOTY OT 3 10 5 KM Haj yp. M. [lepuoauuecku Ha Teppuropuu I. CeBepo-Kypuiibck oTMeuanuch
nertonasl. [lo cpaBHenuto ¢ 2018 . Ha ByllKaHEe OTMEYaeTCs HE3HAYUTEIbHOE CHIDKCHUE aKTUBHOCTH.
Ha Biik. Patikoke B iepuop ¢ 21 mo 25 utons 2019 r. mpoucxoamno mMoinHoe (VEI — 4) skcruio3uBHOE 13-
BEpIKEHIHE, KOTOpOe Hapsiay ¢ u3BepskeHueM BiK. [Iuk Caperaesa B utore 2009 1. cTamo OMHUM U3 CaMBIX
CHIIbHBIX Ha KypHIIbCKHX OCTpOBax B TEKyIIEM CTONETHH. AKTHBHasA (ha3za W3BEPKEHHUS MPOIO0IIKaIach
okoio 15 g — ¢ 18:00 UTC 21 wmrons go 09:00 UTC 22 wurons 2019 r. 3a 310 BpeMs HaOIIOMATUCH OT-
JIeNTbHBIE BylIKaHUYeCKHe B3PBIBHI (He MeHee 9) U (haza HellpephIBHOTO MOCTYTUIEHHUS TUPOKIACTUIECKOTO
Mmarepuaina (~3.5 u—c¢ 22:30 UTC 21 utons no 02:00 UTC 22 uronst). MakcumalibHasi BHICOTa BBIOPOCOB,
o paHHeM VAAC Tokwuo, npesbimana 13 kM Haa yp. M., oOIiast 1jomnae NermioBoro oonaka, cdop-
MHPOBABIIETOCA B PE3YJIbTaTe HHTEHCUBHOM DKCIIJIO3UBHOM NESITENHHOCTH BJK. PailKkoke, olleHUBaeTCA
B ~227 ThIC. KM TlermnoBsle obnaka BiK. Paifkoke MpeaCcTaBiIsIi pealbHy0 YIPO3y I aBUATHHUM, ITPO-
JIEraroIINX B CEBEPO-3alalHON YacTh THUXOro okeaHa.

KaroueBbie cioBa: Kypuibckue ocTpoBa, ByNKaH, IEMelN, ByJKaHHYECKas aKTHBHOCTH, U3BEpIKEHHE,
CITyTHUKOBBIE METOIBI.

Jnsayumuposanusn: Jlerrepes A.B., Uubucosa M.B. Bynkannueckas aktuBHOCTh Ha Kypuiibckux octpoBax 82019t
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The volcanic activity at the Kuril Islands in 2019.

Artem V. Degterev*, Marina V. Chibisova
Institute of Marine Geology and Geophysics, FEB RAS, Yuzhno-Sakhalinsk, Russia
*E-mail: d_a88@mail.ru

Abstract. Volcanic activity at the Kuril Islands in 2019 is presented on the grounds of the results of
satellite and visual observations. In 2019 Ebeko (Paramushir Island, Northern Kuril Islands) and Raikoke
(Raikoke Island, Central Kuril Islands) volcanos have erupted. Ebeko volcano was characterized by a
manifestation of moderate explosive activity, being in such state since October of 2016. According to the
surveillance camera, there were more than 565 emissions (in the daytime in the absence of cloudiness and
fog) from 1.5 to 5 km above sea level, of which 63 are explosions with a height of 3 to 5 km above sea
level. Periodically, ashfalls were observed on the territory of the city of Severo-Kurilsk. As compared to
2018 there was a slight decrease in activity on the volcano. From 21 June to 25 June of 2019 took a place
a powerful (VEI — 4) explosive eruption of Raikoke volcano, which along with the volcanic eruption
of Sarychev Peak volcano in June 2009 became one of the strongest in the Kuril Islands in the current
century. The active phase of the eruption lasted about 15 hours — from 18:00 UTC on 21 June to 09:00
UTC on 22 June of 2019. During this time, separate volcanic explosions were observed (at least 9) and
the phase of continuous supply of pyroclastic material (~ 3.5 hours — 22:30 UTC on June 21 to 02:00 UTC
on June 22). According to VAAC Tokyo, the maximum emission height exceeded 13 km above sea level,
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while the total area of the ash cloud formed as a result of intense explosive activity of Raikoke volcano
is estimated at ~ 227 thousand km?. Ash clouds of Raikoke volcano posed a real danger for airlines

of the Northwest Pacific.

Keywords: Kuril Islands, volcano, ash, monitoring of volcanic activity, eruption, satellite methods.
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BBenenne

ExenHeBHBINM CIIyTHUKOBBI MOHUTOPHUHT
COCTOSIHMSI JICUCTBYIOIIMX ByJIKaHOB Kypuib-
CKOM OCTpPOBHOHM Iyru — OCHOBHas 3amada Ca-
XaJIMHCKOW TpYIIbl pearupoBaHus Ha BYI-
kanudeckne wu3BepkeHus (Sakhalin Volcanic
Eruptions Response Team — SVERT), co3nan-
Hoii B 2003 r. Ha Ga3e naboparopuu BYJIKAaHO-
noruu u ByakanoonacHoctu UMI'ul” JIBO PAH
[P16un 1 ap., 20186]. 30Ha OTBETCTBEHHOCTH
SVERT BxnrouaeT Tepputoputo ot 0. Kynammup
no o. Onexoran. HabmioneHus 3a BylKaHamu,
pacmnonokeHHbIMH Ha ocTpoBax I[lapamyrmmp
n ArnacoBa, npoBogur Kamuarckas rpymnma
pearupoBaHMsl Ha BYJIIKAHWUYECKHE U3BEPIKEHUS
(KVERT) (puc. 1). Heo0XxoaumMocTh MOCTOSIH-
HOTO OTEpPaTUBHOTO HAOIIONCHMS 3a BYJIKAHU-
YeCKOW aKTUBHOCTBHIO B PETHOHE 0O0YyCIIOBJIEHA
NPaKTUYECKOM MOTPEOHOCTBhIO OOecredeHus
0€30MacHOTO MPOXKUBAHUS TPAXKIAHCKOTO Hace-
JieHus1 BOMU3M JCHCTBYIOIIMX BYJIKAaHOB U Oec-
nepe6oiHOro (hyHKIIMOHUPOBAHUS TPAHCIIOPT-
HOHU M XO3SHUCTBEHHOW MH(PACTPYKTYPHI B 3THX
ycnoBusix. [Ipu aTtoMm oco0oe 3HaueHHE HMeEeT
KOHTPOJIb BYJKAaHUYECKOH (IIETUIOBOM) OIacHo-
CTH B OTHOILEHUM aBUAIMH: B HEMOCPEICTBEH-
HOM Onmu3octu oT KypuibCKHUX OCTPOBOB IPO-
jeraeT OOJbIIOE KOJIMYECTBO MEXKTyHAPOIHBIX
U BHYTpeHHHX aBuarpacc. [Ipu BynkaHnueckux
U3BEPIKEHUAX CPEIHEeM U CUIBbHONW MarHUTYIbI
(Volcanic explosivity index (VEI) 3-4) nerio-
Bas KOJIOHHA MOXET JOCTUrarh BBICOTHI 10—
20 KM HaJ yp. M. ¥ T€M CaMbIM MPEACTABIATH
peanbHyI0 ONACHOCTH JIUISl CAMOJIETOB I'PayKAaH-
CKOM aBmanuu (BbICOTa MX moiyieta — 9—12 km).
YyuTteiBas MPEUMYIIECTBEHHO SKCIUIO3MBHBIN
XapaKkTep AaKTUBHOCTU ByJKaHOB Kypuibckoin
OCTPOBHOW IyTH, Kaxaoe uzBepxenue ¢ VEI
BeIllle 2 OyAeT MOTEHIHMAJbHO ONAacHBIM s
aBUATPaHCIIOPTA.
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Puc. 1. Cxema paeicTByOImMX BYIKaHOB Kypuibckoit
OCTpPOBHOMH JIyTH.

Fig. 1. Map of active volcanoes of Kuril island arc.
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Jnst BBISBIICHHS TEPMAJIbHBIX aHOMAJIUN
u neruioBbIxX nuieiioB SVERT ucnonesyer ey T-
HukoBble manHble AQUA, TERRA (MODIS),
MOCTaBJIIEMbIE JJabopaTopreil AUCTaHIIMOHHOTO
3ouaupoBanus 3emin (CaxaauHCKUM rocynap-
CTBEHHBIN YHHMBEpCHTET, I. FOxxHOo-CaxaauHck),
a TaKkXe pecypchl ¢ HHPOPMAIIMOHHOTO CEPBU-
ca «/lucTaHIIMOHHBIA MOHUTOPUHT aKTUBHOCTHU
BynkaHoB Kamuarkm u Kypum» VolSatView,
paspaborannoro copmectHo MNBuC JIBO PAH,
HNKHN PAH, BII IBO PAH u HUI «Ilnanera»
(B sHBape—okTs0pe 2019 1.) [TopmeeB um np.,
2016; EdpemoB u nap., 2012]. HabGmronenue
3a aKTMBHOCTBIO BJIK. D0eko Ha o. [Tapamymup
OCYIIECTBIISIETCS TIPU TIOMOIIM BUCOHAOIIO/IE-
Hus (AXIS (0526-001)). Taxxe npu He0OX0mU-
MOCTH TIPHUBJICKAIOTCS CBEICHUSA, TOTyYCHHBIC
TypUCTAMU W MECTHBIMH JKHUTEISIMH (POTO-
U BHUJEOMATepHalibl, OMHCATEIbHBIC IaHHBIC).
Ha ocnose nmomyuennsix ganHsix SVERT ¢op-
MHUpPYET €KeAHEBHbIE WH(OPMAIIMOHHBIE OTYe-
ThI, pacChUIa€MbI€ 3aMHTEPECOBAaHHBIM OPTaHU-
3anusaMm [PeiOun u np., 20186].

B 2019 1. na KypuibCckux ocTpoBax ObLIH
aKTUBHBI ByJKaHbl D0eko (0. [Tapamymmp, Ce-
BepHble Kypunbr) u Paiikoke (0. Paiikoke, LleH-
TpaneHble Kypuinsl) (puc. 1). B nannoMm coo6-
IIEHUH TIPUBOAUTCS OCHOBHAsI MH(pOpMaIus oo
ATHX COOBITHSX Ha OCHOBE CITyTHHKOBBIX M BH-
3yaJbHBIX JaHHBIX.

AKTHBHOCTb BYJIKaHOB B 2019 .

Bynkan D6eko (abc. Boic. 1156 M) pacnono-
JK€H B ceBepHOU yactu 0. [lapamymmp, B ~7 kM
K 3amaj-ceBepo-3amnany ot . CeBepo-Kypunbck
(puc. 1). Ero mocrpoiika, sSBISIOMAACS YaCThIO
xpebta BepHanckoro, npeacraisieT co00il BbI-
TAHYTBIH B MEPHJIMOHAJIBHOM HAIPaBICHUU
CTPaTOBYJKaHUYECKUN KOHYC, BEpIUIMHA KO-
TOpOTO0 yBEHYaHa TpeMs KPYIHBIMH Kparepa-
mu (FOxnbiii, Cpennuii, CeBepHblil) U cepueit
OOKOBBIX IKCIUIO3UBHBIX KPaTepOB U BOPOHOK
B3pbiBa (Bcero ~10). IlpomykThl aKTUBHOCTH
ByJIKaHa MPEJCTaBJICHbl  aHAe3uba3aIbTaMu
u auaesutami [[opiikos, 1967]. Uctopuueckue
U3BEPKEHMsI ByJIKaHa Ipoucxonmwinu B 1793,
1833-1834, 1859, 1934-1935, 1963, 1965,
1967-1971, 1987-1991, 2009, 2010-2011 rr.
[[opmikos, 1967; Kupcanos u ap., 1964; Koren-
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ko u ap., 2007, 2010, 2012; MensitioB u ap.,
1969, 1992; Ckpunko u ap., 1966].

C oxTts0ps 2016 r. Hauanach odepenHas ak-
THUBH3AIUA BIK. DOEKO, MPOSBUBIIAACS B BUJIE
OTHOCHTEJIBHO YaCThIX MapOra30BbIX BHIOPOCOB
C MPHUMECHIO TEIMJIOBOIO MaTrepuasga Ha BbICO-
Ty 1-2 k™. [Korenko u ap., 2018; Peibun u ap.,
2017, 2018a]. ITermoBble meidsI pacmpocTpa-
HSJTUCh TMPEUMYILIECTBEHHO Ha CEBEp, CEBEPO-
BOCTOK, CEBEpO-3amaj], peke — Ha IOro-3amaj
U MMeJH TPOTSHKEHHOCTh ~8 kM. B aHanormd-
HOM peXxuMe BynkaH padoran B 2017 u 2018 rr.:
MPOIOJDKUIIACH HKCIUIO3UBHASI aKTUBHOCTD BYII-
KaHa yMEpPEHHOW CWJIBI B BHUJE Mapo- U MeIJio-
ra3oBbIX BHIOPOCOB Ha BBICOTY OT 1.5 110 5.5 kM
Haa yp. M. Hekoropoe ycuneHue akKTUBHOCTH
HaOII0a7I0Ch C KOHIIA aBrycTa W J0 Hadaja
nekadbps 2018 1. (oTMedanoch yBEIMYECHHUE KO-
JIMYECTBA U BBICOTHI METJIOBBIX IKCIUIO3UM: 3a-
bukcupoBano ~60 BEIOPOCOB HA BBICOTY OT 4 110
5.5 xm) [Yubucosa, Jlerrepes, 2019]. Illneiidor
OBLTM HampaBJIEHBI B OCHOBHOM B CEBEPO-BOC-
TOYHOM, FOTO-BOCTOYHOM, BOCTOYHOM M CEBEP-
HOM HAaIlpaBJICHUSAX, UX TMPOTSHKEHHOCTh, KaK
MpaBujIO, HE TMpeBblana B cpeaHeMm 5—10 km
[Uubucona, lerrepes, 2019]. BaxxHO OTMETHUTD,
YTO HEKOTOPHIE U3 IKCIUIO3UI COMPOBOXKIATUCH
cabbIMK TIeTUIONagamMu B oKpecTHocTax CeBe-
po-Kypunbcka [Pammnnos, Anukus, 2018].

B 2019 r., mo naHHBIM KamMepbl BUICOHAOIIO-
JIEHUs1, CyIIECTBEHHBIX U3MEHEHUN B XapaKTepe
AKTUBHOCTH ByJKaHa He npowusouwuio. [Tpoucxo-
T PETYJISIPHBIE MEeTJIOBbIE BBIOPOCH YMEPEH-
HOM U crnaboi cuiibl Ha BBICOTY OT 1.5 10 5 kM
(puc. 2), mneidbl KOTOPBIX MPOCTUPATUCH, TaK
ke Kak 1 B 2018 1., HA ceBepO-BOCTOK, IOTO-
BOCTOK, BOCTOK U ceBep. MX mpoTsHkeHHOCTh
B cpeqHeM cocTabiisuia S—10 km.

Bcero 3a rox kamepoll BHII€OHAOTIOACHUS
ObuT0 3aduKcupoBaHO Oosiee 565 BBIOPOCOB
BylkaHa DO0eKko (B CBeTIOE BpeMs CYTOK IpHU
OTCYTCTBUM OOJIaUHOCTH U TyMaHa) Ha BBICOTY
oT 1.5 10 5 kM Hax yp. M., U3 HUX 63 3KCILIO-
3UH Ha BBICOTY OT 3 710 5 KM Hajx yp. M. (puc. 3).
YyuThiBas, 4TO YUCIO TMACMYPHBIX M SICHBIX
JHEH, a TakKe WX COOTHouleHue Mexay 2018
u 2019 rr. npuHUOMOUANBHO HE W3MEHWINCH,
MOJKHO CKa3aTh, 4TO B 2019 I KOIUYECTBO BHI-
OpOCOB M UX BBICOTA Ha BIK. DOEKO HECKOIHKO
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Puc. 2. DKcIuto3uBHAs aKTUBHOCTD BIIK. D0EKO 1O ITaHHBIM KaMepbl BU1€OHAOIIONCHNSI.

AXIS (0526-001): (a) 05.01, 04:40 UTC; (b) 20.02, 04:30 UTC; (c) 16.03, 21:12 UTC; (d) 14.04, 05:50 UTC,;
(e) 20.05, 00:58 UTC; (f) 30.06, 01:00 UTC; (g) 19.07, 23:34 UTC; (h) 02.08, 04:40 UTC; (i) 16.09, 00:26 UTC,;
() 11.10, 22:26 UTC; (k) 02.11, 23:50 UTC; (1) 23.12, 04:52.

Fig. 2. Explosive activity of Ebeko volcano by data from the camera.

AXIS (0526-001): (a) 05.01, 04:40 UTC; (b) 20.02, 04:30 UTC; (c) 16.03, 21:12 UTC; (d) 14.04, 05:50 UTC;
(e) 20.05, 00:58 UTC; (f) 30.06, 01:00 UTC; (g) 19.07, 23:34 UTC; (h) 02.08, 04:40 UTC; (i) 16.09, 00:26 UTC;
() 11.10, 22:26 UTC; (k) 02.11, 23:50 UTC; (1) 23.12, 04:52.
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CHU3MWJINCH N0 cpaBHeHuIo ¢ 2018 1. (ux ObuiO
6onee 800). Kak u B mpeapIayIye rojipl, nepuo-
nudecku B I CeBepo-Kypuibck oTMedanucs re-
mwionaasl [PammaoB, Aaukun, 2019]. B HacTos-
mee Bpems (mMapT 2020 1) u3Bep>KeHHUE BYJIKaHA
IIPOIOJIKAETCS] B aHAJIOTUYHOM PEKUME.

Crnenyer OTMETHTb, 4TO, HECMOTPS Ha OT-
HOCHUTEJIBHO HEOOJBbIIYI0 CHJIy 3KCIIO3UH
BiK. D0eko (VEI 1-2), Henb3s HETOOICHUBATh
BYJIKAHUYECKYIO  ONAaCHOCTb, COIPSKEHHYIO
C 3TUM JIEHCTBYIOIIMM ByJIKaHOM. B wacTHOCTH,
NEeIUIONaabl, ByJIKAHUUECKHE Ta3bl, a TAKKE PUCK
BO3HUKHOBEHUS J1aXapoB, KOTOPbIE HEOIHOKPAT-
HO paccMmarpuBajiuch B aureparype [KoreHko,
Kotenko, 2018; Hosetimmii... , 2005]. B cBs3u
C 3TUM NP MOHUTOPHHIE BYIKAHUYECKOH ak-
TUBHOCTH 3TOMY BYJIKaHY CIEAYET YAEJIATH OCO-
00 MpuCTaIbHOE BHUMAHHUE.

Ocmpos-synxan Patikoxe (abc. BbIC. 551 M) —
CaMbIil CEBEpHBIN BYJKaH B IPYyIIE LIEHTPAJIb-
HeIXx Kypunbsckux octpoBoB (puc. 1). Haaso-
JTHast 4aCTh €ro NOCTPONKHU MpeICTaBIsAeT cOO0H
OJMHOYHBIN CTPATOBYJIKAaH, BEPIIMHA KOTOPOIO
cpe3aHa KpYMNHBIM KpaTepoMm (CpeaHuil aua-
meTp Kparepa — 760 m). ITo nanubM [ABneiiko
u 1p., 1992], na my6une ~800 m Bik. Paiikoke
CJIMBAETCSl ¢ OCHOBAaHMEM IOJBOAHOIO BYJIKAaHA
3.18, u, TakuM obOpa3oM, oOIias BbICOTa BYII-
KaHWYeCKOW MocTpoiku npesbimaer 1350 m.
CeBepo-BOCTOUHBIA  CKJIOH  BYJIKAaHHMYECKOTO
KOHyCa IOKPBIT OTJIOXEHUSIMH OTHOCHUTEIIBHO
CBEXEH, He3aIepHOBAHHON NMUPOKIACTHKH, IO-
BUJMMOMY BbIOPOIIIEHHOM B pe3ysibTaTe Mocie-
Hero u3BepxeHus. CoctaB nopoa BikK. Paiikoke
BapbUpyeT OT 0a3alIbTOB JI0 aHJIE3UTOB, C Ipe-
oOJiaflaHieM BYJIKaHUTOB OCHOBHOIO COCTaBa

Puc. 3. KonmuectBo skcrio3uil Ha BIK. Doeko 2019 r.
110 MeCALaM.

Fig. 3. The number of explosions of Ebeko volcano
on months.
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[TopmikoB, 1967; MapteiHoB 1 ap., 2015; PDe-
nopyeHko u ap., 1989]. Ucropuueckue usBep-
JKeHUs BIK. Palikoke IMPOMCXOAWIN B CepeuHe
XVIIB., B 1778 u 1924 rr. [[opmikos, 1967; I1o-
nouckwuid, 1994; Cuoy, 1992; Tanakadate, 1925].

B 2019 r. MomHOE 3KCIIJIO3UBHOE U3BEPIKE-
HUe BIK. Paiikoke Hauajmoch 0e3 Kakux-Tudo
MPEIBECTHUKOB — C CEPUH MOIIHBIX IKCIUIO3UH,
nepBas U3 KOTopeix Obu1a 3adukcupoBana VAAC
Toxuo [HerrepeB, Unbucora, 2019; Pammmos
u 1p., 2019]. IlepBblii B3pbIB, MPOU3OLIEAIINI
21 mions B 18:00 UTC (Coordinated Universal
Time — BceMHUpHOE KOOPIMHHPOBAHHOE BpE-
Mms, +11 K MECTHOMY CaxaJMHCKOMY BPEMEHH),
yke depe3 20 MUH IOJHSII NEIUIOBYIO KOJIOHHY
Ha BbicOoTy ~10 kM. Ilocne atoro mpowusonuio
el1e maTh BEIOPOCOB Ha BbIcOTy OT 10 10 13 kM.
Bcero B HauanpHyro a3y H3BEpKEHHs, MPO-
JIOJDKABIIYIOCS ~4.5 4, TPOU301LI0 6 MOIIHBIX
9KCIUIO3UM, C(POPMHUPOBABIINX MEIUIOBYIO Tydy
wiomaapio ~19 139 kM?, koTopas pacrpocrpa-
HSTach MPEUMYIIECTBEHHO HA BOCTOK (puc. 4).
CWIbHBI BYJIKAHUYECKU B3PBIB Ha BBICOTY
13 xm, npousomenmmii B 22:30 UTC, nmonoxun
Hayaji0 HOBOW IUIMHHUAHCKOW/CyOIIMHUAHCKON
dasze W3BEpKEHHS, MPOIODKABIICHCS ~3.5 9
[dertepes, Unbucona, 2019].

B Teuenue sTOro BpeMeHU MPOUCXOAMIT He-
NPEPBHIBHBIA BBIOPOC MUPOKIACTUYECKOTO Ma-
Tepuana U3 Kparepa ByJKaHa, (opMupoBanuch
MUPOKIACTUYECKHE MMOTOKU U TUTAHTCKOE Iie-
mioBoe obnako (puc. 4, 5). Yacte MaTepuaia ot-
JIOKUIIACh HEMOCPEACTBEHHO B IPUJIETAOILYIO
akBaropuio (~0.7 km?). B 3:40 UTC u 5:30 UTC
3a(pUKCHpPOBaHbBI JIBE MOCJEIHUE CUIIbHBIE JKC-
IUIO3UU C TMOJBEMOM TMEIJIOBONW KOJIOHHBI J10
13 kM. o 09:00 UTC 22 wutoHs ByJIKaH Mpo-
paboTtasl B peKMME MHTCHCHUBHOTO BBIJIEIICHUS
IEIUIO-Ta30BOil CMeCH, TOCIIE YEro €ro akTUB-
HOCTh MOCTENEHHO Hayaja CHWKaThes (puc. 6).
K 09:30-10:00 UTC nensoBast Tyya IOCTHUIIA
MakcHUMaJbHON Iwiomamu 227 941 km? (npu
mHe ~1525 u mupunae ~350 kM) (puc. 4). 23—
25 utoHa HaONMIOAANOCh CIIOKOMHOE BBIAENIECHUE
MEIUI0-Ta30BOil cMecH U3 IEHTPaJIbHOTO Kpare-
pa Ha BbIcOTY 1.5-2 kM Haja yp. M. 23 u 24 utoHs
MEeTJIOBBIA TIUICH(} MepeMenaics B OCHOBHOM
B CEBEpO-3alaJHOM HaIpPaBJICHUM; 25 HIOHA
nUieid crano pa3BopaunBaTh UKIOHHYECKUM
BHUXPEM Ha CEBEPO-BOCTOK.
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Puc. 4. Tunamuka popMupoBaHUS IIETUIOBOTO 00TaKa IIPH W3BEpKeHNH BIIK. Paiikoke B 2019 1. (cryTHHKO-
Bble cHUMKH HIMAWARI-8 o ganaeim UC VolSatView).

Fig. 4. Dynamics of ash cloud forming during the eruption of Raikoke volcano in 2019 (satellite images
of HIMAWARI-8 according to the IS VolSatView).
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Puc. 5. V3meHeHue TIIOMAIU ETUIOBOTO 00JIaka MpH 13-
BepkeHHuH BIK. Paiikoke 21-22 uronsa 2019 .

Fig. 5. The variation in the area of the ash cloud during the
eruption of Raikoke volcano in 21-22 June of 2019.

Cormacuo panaeiM VAAC Tokwmo, 1Ie-
miaoBble oOnaka BiK. Paiikoke mpogoika-
JU OCTaBaThCA OMACHBIMHU JJI aBHAlepeBO-
30k Ha yganeHun 1500-2000 km oT BynkaHa
10 22:30 UTC 22 urons 2019 r. [https://ds.data.
jma.go.jp/svd/vaac/data/vaac_list.html]. 3arem
nersoBoe o6ako ynuio Ha Tepputopuio VAAC
AHKOPHUIDK, MPOAOIKUB Iper(oBaTh Ha BBICO-
te 12 kM Hag yp. M. Ilocnennee cooOiieHue
VAAC Anxopumxk, coaepxkaiiee nHHOopMaIuio
0 IIEIJIOBBLIX OOJIakax OT BIK. Palikoke, ObLIO

Puc. 6. DKCcIu103MBHAsI aKTUBHOCTB BIIK. Palikoke, 23 utoHs
2019 . (Bpems caxanuHckoe). @omo H.H. [lasnosa

Fig. 6. Explosive activity of Raikoke volcano, 23 June
of 2019 (local time). Photo by N.N. Pavlov
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onybnukoBano 26 utons B 20:00 UTC. Taxxke
CJIeyeT OTMETHUTh, uTo ciryTHUKOM Copernicus
Sentinel-5P Gpu10 3a(hUKCHPOBAHO 3HAYUTEIb-
HOE KOIMYECTBO AMOKcHAa cephl (SO,), mo-
CTYIIUBIIETO B aTtMocdepy MpH H3BEPKCHUU
BJIK. Palikoke: OH mpOCHEKHBAJICS BIUJIOTh
1o 12 urong 2019 r., cymMapHO HOKpBIB ILIO-
[1a/1b MOPS/IKa HECKOIBKUX JIECSITKOB MUJIIHO-
HOB KBaJPaTHBIX KUJIOMETPOB.

B 11€710M OTHOCHTEIBHO KOPOTKOE U TIPH TOM
momrHoe (VEI 4) skcruio3uBHOE H3BEp:KEHUE
BJIK. Paiikoke, Hapsay ¢ 3Kcmo3uBHO-3((y3uB-
HBIM U3BepkeHneM BIK. [Tuk CapbrueBa B HIOHE
2009 r., cTano OAHUM U3 caMbIX CHIIbHBIX Ha Ky-
PHIBCKUX OCTPOBAaX B TEKyILlEM cToneTun. B pe-
3yAabpTaTe U3BEp)KEHUS Obla MOJHOCTHIO YHHUY-
TOKEHA CYIIECTBOBABINIAsI B TPEEIax OCTPOBA
IKOCUCTEMA, 32 CUET OTIIOKECHHUS MUPOKIACTUKA
B NMPHOPEKHYIO aKBaTOPUIO YBEIUYMUIIACH ILIO-
maae octpoBHoi cymm (~0.6 km?). Becbma
CYIIECTBEHHBIM OKa3aJIOCh MOCTYIICHHE CYIb-
(daTHBIX a’po30siell M TEMIOBOTO MaTepHuasa
B arMocdepy.

3akJioueHue

B 2019 r. na Kypuibckux ocTpoBax ObLTH
aKTUBHBI BylKaHbl J0eko (o. [Tapamymmp, Ce-
BepHble Kypuiibl) u Paiikoke (0. Paiikoke, 1ieH-
TpanbHble Kypuier). Bik. D6eko mposBisit yme-
PEHHYIO JKCII03UBHYIO akTUBHOCTH (VEI 1-2),
B COCTOSIHUM KoTOpoi HaxomauTcs ¢ 2016 1. B Te-
YeHHe rojia, o JaHHBIM KaMepbl BUIEOHAOIIO-
JeHus, ObUT0 3aUKCHPOBaHO Oosee 565 BIOpO-
COB Ha BJIK. D0€eKO (B CBETII0€ BpeMsl CyTOK IpHU
OTCYTCTBUM OOJIaYHOCTH U TyMaHa) Ha BBICOTY
oT 1.5 10 5 kM Hazg yp. M., U3 HUX 63 SKCIUIO3UU
Ha BBICOTY OT 3 10 5 kM Haxa yp. M. [lepuonu-
yecku Ha Teppuropuu I. CeBepo-Kypuibck ot-
Meuanuch nermonasl. neids npoctupanucey
B OCHOBHOM B CE€BEPO-BOCTOYHOM, IOr0-BOCTOU-
HOM, BOCTOYHOM U CEBEPHOM HAIPABIICHUSAX, UX
MPOTSKEHHOCTh, KaK MPaBUJIO, HE MPEBbIIIAIA
5-10 km.

B nepuon ¢ 21 nmo 25 uronsa 2019 r. nHa
BiK. Paiikoke mpoucxonuno momHoe (VEI 4)
9KCIUIO3MBHOE HU3BEPKEHHME, KOTOpOE Haps-
Iy C OKCIUIO3UBHO-3((PYy3UBHBIM HU3BEPKEHU-
eM BiK. [Tuk CapsrueBa B utone 2009 r. crano
OJTHUM M3 CaMbIX CWIbHBIX Ha Kypuiabckux
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OCTpOBaXx B TEKYIIEM CTOJICTHH. AKTHBHas
¢a3za u3BepKEHUS NPOAOIIKATIACH OKOJIO 15 4 —
¢ 18:00 UTC 21 urona no 09:00 UTC 22 urons
2019 r. 3a 310 BpeMs HaOIIONANUCH OT/IEJIbHBIE
BYJIKAHUYECKHE B3pbIBHI (He MeHee 9) u (pa3a He-
MIPEPBIBHOTO MOCTYIUIEHUS MUPOKIACTUYECKOTO
marepuana (~3.5 u — ¢ 22:30 UTC 21 wutons no
02:00 UTC 22 uronst). MakcumanbHasi BbICOTa

Cnucok Jureparypbl

c. 56-59.

xanonozus u ceticmonoausi, 5: 3—13.

https://doi.org/10.1134/s1819714015010042

u ceticmonoaust, 5—6: 21-33.

100

BBIOpOCOB, 10 naHHbIM VAAC Tokno, TpeBbI-
mana 13 kM Hag yp. M., 001as miomaip nerio-
BOTO 0Onaka, c(hOPMUPOBABIIETOCS B PE3yiIbTa-
T€ MHTEHCHBHOM JKCIIJIO3UBHOM ACSITEIHFHOCTH
BIK. Paiikoke, oueHuBaercs B ~227 ThIC. KM
[Ipu 3TOM nermnoBbie 00JaKa MPEICTABISUINA Pe-
ATBHYIO YTPO3y JUIsl aBUATMHUM, TPOJIETAIOIINX
B CEBEPO-3aIaHON YacTu TUXOro okeaHa.
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Pedepar. PeanmizoBana NMoOMBITKa CTATUCTHYECKOTO OMUCAHUS PACIIPEIEIIEHUS CPeTHENTyONHHBIX 3eMIle-
TPSICEHUH TS XOpOIIIo u3ydeHHoro paitoHa CeBepHoro octpoBa Hooti 3emanauu. J[aHHbBIE 110 TUTOTHOCTH
YHcia 3eMJIETPSICEHNH MCCIIEAYIOTCS B KOOpAMHATAX TIyOWHA — PAcCTOSTHAE OT BEpXHEH T'paHMIbI TO-
rpy’Karomiencs INHTHL. B 3THX KoopanHAaTax ynanochk MOKas3arh, YT0 HEKOTOPBIE CKOIICHUS 04aroB MpH-
YpOUYeHBI K BEpXHEH TpaHuUIle TOTPYKAFOMIEHCS TTUTHI, TOT/IA KaK JpyTHe 3HAYMMO OTCTOST OT 3TOU rpa-
HUIIBL. [Ipr 5TOM BEIIENSIOTCS CTPYKTYPHI PE3KO IMOBBIIIEHHON TNIOTHOCTH YUCIIA 04aroB, KOTOPBIE MOYKHO
TPaKTOBATh KaK COOTBETCTBYIOIINE OTPEICICHHBIM KBAa3WIMHEHHBIM COOTHOIIEHHSIM MEXIY JTaBICHHEM
Y TEMIIepaTypou B morpyxarolencs minte. B qagpHelieM Mbl IIIaHUPYEM MPOBEPUTH, MOXKHO JIM COIIO-
CTaBUTh 3TH CTPYKTYPHI C TEMH WM UHBIMH ()POHTAMH MeTaMOpPPUUECKUX MPEBPAIIEHHH B TIOTPYXKAaro-
mmxcsd mTax. OTMETHM TaKke, YTO M0 MPOCTPAHCTBEHHOMY PACIpEeNICHHIO TUIOTHOCTH 09aroB 3eM-
JIETPSICEHUA JIOBOJIFHO YBEPEHHO BBIICISAETCS CEHCMOTE€HHAs CTPYKTypa, OTBedaromias ooaacTu BOIH3H
BEpXHEHN I'paHUIIbl TTOTPY’KAIOIIECICS TUIUTHI 110/ 30HOKM COBPEMEHHOI'O aKTUBHOTO ByJIKaHM3Ma. B rookHOM
YacTH HCCIICTOBAaHHON 30HBI CYOMYKITHH, T TaKOH COBPEMECHHBIN BYJKAaHHU3M HE Pa3BHT, dTOH CeiicMO-
aKTUBHOHM CTPYKTYpbI He HaOmonaetcs. [lomyueHnble naHHbIE, B COMMOCTABICHUN C JAHHBIMH 110 APYTHM
30HaM CYOIYKIIMH, MOTYT OKa3aTbCs IMOJIE3HBIMHU JUIS BHIOOpA W3 ANBTEPHATUBHBIX MOZENEH TITyOOKOM
1 CpeaHEeTTyONHHOW CEeHCMUIHOCTH HanboJree OTBEYAOIIeH COBPEMEHHBIM CEHCMOJIOTHICCKAM JTaHHBIM.

KuroueBblie ciioBa: cpeHeriryOMHHBIE 3eMIIETPSICeHNs, 30Ha cyOnyKinu, HoBas 3exanaus, metamopdu-
YECKHUE NIPEBPALLCHUSA, pEAKLIUU JeTUApaTaliH.
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Abstract. We applied descriptive statistics to the distributions of intermediate-depth earthquakes
for a well-studied area of the North Island of New Zealand. Data on the density of the number of earth-
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quakes are studied in the coordinates: depth - distance from the upper boundary of the submerged plate.
This approach shows that some clusters of hypocenters are confined to the upper boundary of the subduc-
tion plate, while others are significantly distant from this boundary. At the same time, structures of sharp-
ly increased earthquakes density are distinguished. It can be interpreted through certain quasi-linear
relations between pressure and temperature in subduction slab. Future studies can check the correla-
tions between these structures and particular fronts of metamorphic transformations in immersed plates.
Also note that the seismogenic structure can be quite confidently distinguished by spatial distribution
of the density of earthquakes. This peak is located at the region near the upper boundary of the subduction
slab under the zone of arc volcanism. In the southern part of the studied subduction zone, where such vol-
canism is not developed, such seismically active structure is not observed. The obtained data in compari-
son with the data for other subduction zones may be useful for choosing from alternative models of deep
and intermediate-depth seismicity that is most consistent with modern seismological data.

Keywords: intermediate-depth earthquakes, subduction zone, New Zealand, metamorphism, dehydra-
tions reactions.
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BBenenne

deHOMEH TIIyOOKUX 3eMJIETPSICEHUI H3Be-
creH ¢ 20-x romoB XX B. [Wadati, 1928; Kamu-
HuH, Poaxun, 1982, 1986; Kanunun u ap., 1989;
Kalinin, Rodkin, 1989; Ponkun, 1993; Kirby
et al., 1996; Davies, 1999; Abers, 2000; Hacker
et al., 2003; Okazaki, Hirth, 2016; Ponkun, PyH-
nxBuct, 2017; Ky3smun u ap., 2019;]. I'myGokue
3eMJICTPSCEHUS] TPUHATO pa3fensTh Ha Cpel-
HermyOuHHble (¢ Tryounoit ot 70 go 300 kM)
u mryookue (mryoxe 300 km) [Musimypa, 1972].
Takwue 3eMIeTpsceHus POUCXOIAT B 30HAX CYO-
IOYKIIMH, TJIe OKCaHMYeCKas TUTUTa MOTPyKaeTcst
o KoHTHHEHTanbHYI. CyimecTBeHHO Ooiee
pEIKHII U MEHEe M3YyYEeHHBIM Cilyyall OTBE4aeT
00J1acTsIM BHYTPUKOHTUHEHTAILHOU CYOQyKIINH,
KOTJla B 30HY CYOAYKIIMU TOTPY>KAeTCsl KOHTH-
HeHTajbHas MTa [Burtman, Molnar, 1993; Li
et al., 2018; u ap.]; ocobo0 oT™MeTUM, 4TO paHee
TaKOW BAapUAHT CYOMYKIIMH TIOJNArajics HEBO3-
MOXXHBIM. [Ipupoma mIyOOKHX 3eMIIETPSCEHHIA,
HECMOTpPsI Ha MHOTOYHCJICHHBIE HCCIIEOBaHUS,
ocTaercsi HesAcHOM. PaccMarpuBanuch runotesbl
BO3HUKHOBEHHS ATUX 3eMJIETPICEHUH MPH POCTE
TEMIIepaTypbl U CKOPOCTH CABHTra MPH KOHIICH-
TpaIMU CABUTOBBIX Jie(hOpMAIIHid, MOJCIH CBSI3U
3eMJIETPSACEHUN ¢ MOMMMOP(HBIMU (Ha30BBIMU
Mepexo/laMu, pean3alin yCKOPSIOUIUXCS CIBU-
roBbIX nAedopmaruii npu BbLAeNeHUH (iIronaa
B XOJI€ PEaKIMii JETHIpaTalui BOJOCOAEpKa-
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umx MmuHepaioB [Kamunus u nip., 1989; Ponkun,
Pynnksucrt, 2017; Ky3smun u ap., 2019; u gp.].
TTociequuii MEXaHWU3M YacTO IOJIaracTcsi OCHOB-
HBIM Ui CPEAHENTYOMHHBIX 3EMIIETPSICEHHIA,
B nuarnaszone npumepHo ot 70 mo 300 kM. XoTs
obIee 4MCiIO IIYyOOKHMX M CpeAHenTyOHMHHBIX
3eMJIETPSICEHUN COCTAaBIISICT JIMIIb HECKOJIBKO
MPOIIEHTOB OT OOIIEro YMCiIa 3eMIICTPSICCHHIA,
HO MMEHHO OJ1arosiapsi 3TUM JaHHBIM MOXKHO T10-
JYYUTh CBEIEHHUS O CEHCMHUYECKHX Mpoleccax
B 30HE CYOMyKIMH. BaxkHbI OHU U A7 IOHMMA-
HUS TIPOLIECCOB Pa3pyILIEHUS IPU BHICOKUX J1aB-
JICHUSIX U TeMIIeparypax, MokKa HEAOCTUKUMBIX
B TEXHOJIOTMYECKHUX mporeccax. OTMETUM, 4To
CpeIHETTyOMHHBIC 3eMIICTPSCEHHs Oojiee MHO-
TOYMCIICHHBI, TIPU ATOM MEHbBINAs WX TIyOWHa
JIOMyCcKaeT U OOJBIIYI0 TOYHOCTH OIMpPENEeIICHUS
UX PaCIIOJIOKEHHUSI, B CBSA3H C YEM ITH 3eMIIETPS-
ceHust Oonee ymoOHbI i u3ydyeHus. MmeHHo
OHU W HCCIEIYIOTCS B JaHHOU paborTe.

Hamu npoBenena o0paboTka cCTaTuCTHYC-
CKHX JAHHBIX MO TIIYOMHHOMY CTPOCHHIO M T10-
JIOKEHUIO CPETHETIIYOMHHBIX 3eMJIETPSICEHUN
CesepHoro octpoBa HoBoi 3emanauu. ITOT
paiioH XOpOoIIO0 U3y4YeH I'e0JIOTUYECKH, B YaCTHO-
CTH U3BECTHO PACIIONIOKEHUE Pa3HOBO3PACTHBIX
BYJKAHOB; JJII HEr0 TakKXe €CTh JOCTaTO4YHO
XOpOIIIME JIaHHbIE MO0 TyOMHHOMY CTPOCHHIO,
MO3BOJIMBIINE YTOYHUTH TOJOKEHUE BEpXHEU
IPaHMILIBI IIOrpyXkKarolencs winTel. [lonoxenne
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STOW TPaHHIBI MCIOJIB30BAHO HMXKE KaK BaXK-
HBIH perep, XapaKTepU3YIOUIM TTyOMHHBIN
TEIUIOBOM U TUAPOTEPMANIbHBIA PEXHUM 30HBI
CyOqyKIMU. Y4YacTKU pa3BUTHSL U OTCYTCTBHUSA
COBPEMEHHOTIO BYJKaHHW3Ma IO3BOJISIOT JIOIOJI-
HUTEJIBHO PACCMOTPETH BOIPOC O BO3MOKHOM
pa3NIuYMy B XapakTepe NIyOuHHOTO (PIIOMIHOTO
PEKHMMA U €TO CBA3M C PACIIOJIOKEHUEM 3EMIIE-
TPSICEHUI U COBPEMEHHBIM BYJIKaHU3MOM.
IlomokeHue 3eMIEeTPCEHNI pacCMaTpUBAcT-
Csl HAMHM B KOOp/IMHATaX INIyOMHA TUIOLEHTpA —
pacCcTOSHUE OT BEPXHEW T'PAHHULBI MOTPYKAO-
meicst TmThl. B 3THX KoopamHatax ymoOHee
00CY)KIaTh CBSI3b MEXIY XapaKTepoOM pacrpe-
JIEJICHUs] 3eMJICTPSICCHUM U TEMIIEPaTyPHBIM pe-
KUMOM 30HbI cyOnykimu. Cpean Apyrux oco-
OeHHOCTEN MPOCTPAHCTBEHHOTO paclpeleeHus
O0YaroB paccMarpUBacTCs CBA3b YMCIIA CpPEIHE-
DTyOMHHBIX 3€MIICTPSICEHUI C HaJIMYHeM/OTCYT-
CTBHEM aKTMBHOI'O COBPEMEHHOIO BYJIKAHU3MA.

I'eosiornyeckue M TEKTOHUYECKHE
0COOEHHOCTH paiioHa pa3JjioMa
XUKypaHru

Beibop mns  uccnenoBanust CeBepHOro
octpoBa HoBoil 3enanauu, B pailoHe paszio-
Ma XUKypaHTH, OOYCIIOBIEH PSAIOM IPHYHUH.
Bo-niepBbix, 310 00MacTh Pa3BUTON TITYOOKOU
CEHCMUYHOCTU M BYJKaHU3Ma (JIaHHBIE O ceiic-
MUYHOCTU B35Thl ¢ caiita koHcopuuyma IRIS,
http://www.iris.edu/). Bo-BTopbIX, 1m0 3TOMY
palioHy HMEETCSd HECKOJIbKO CEHCMHYECKHUX
npoduneil momepexk MOrpyKarouieiicss Iuu-
ol [Fagereng, Ellis, 2009; Reyners, Eberhart-
Phillips, 2009, Barnes et al., 2010; Reyners et
al.,2011; Davey, Ristau, 2011; Giba et al., 2013],
Ha OCHOBE KOTOPBIX MOXHO JOBOJIBHO TOYHO
CMOJEJIMPOBATDH TOJ0KEHUE BEPXHEN TPaHMIIbI
OKEaHWYECKON IUIUTHI, SBISIFOUICHCS, KaK YKe
ObUIO CKa3aHO, BaYKHEHUILIUM perepoM TeIsIoBO-
ro peXrMa 30H CYOTyKIIUH.

BepxHsAs DOBEpPXHOCTH IOIpPYyKarOLIEHCs
IUIMTHl B paMKax Hallero MoJaxo/a amnmpoKCH-
MHpPYETCSI KaK IOBEPXHOCTh ITOJIOKUTEIIBHON
KpUBHU3HBI 0€3 Touek neperuda (Mbl paccMaTpu-
BaeM IIyOHMHBI TOJBKO 10 120 KM, T.e. BbILIE 00-
JIACTH Pa3BUTHUS MEPEruO0B B MOTPYKAIOLIUXCS
wmrax). Mexons U3 3Toro, Mbl CTpPOMM MOBEPX-
HOCTb MOTPY)KAIOIIENUCs IUIUTHl C IOMOIIbIO

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

ypaBHeHuss ToBepxHoctu KyHca [Pomanosa,
Ocbkuna, 2011]. JaHHbBII METOA HCTIOIB3YETCS
B BBIYUCIIMUTEIILHON MEXaHHUKE /I MOCTPOCHUS
MOBEPXHOCTH TI0 OTPAHHYUBAIONIUM €€ TTPOodhu-
71siM. B KauecTBe rpaHMIl HCIIONB3yeM MPOopuIn
BEPXHEHN MIOBEPXHOCTHU MOTPYIKAIOIIECHUCS TUIUTHI
U JINHUH, COCUHSIONINE 3TU TPOPUIIHN Y pa3iio-
Ma XWKypaHTH BOJIW3U MOBEPXHOCTH U HA TIIY-
6une 120 kM. B pesynprare momydaem Hempe-
PBIBHYIO [MOBEPXHOCTh MUHUMAJILHOM IO U
Y TIOJIO)KUTEIbHON KPUBU3HBI.

CrouT OTMETUTh, UYTO HJisi HCCIAEAOBAHMS
30H CyOAyKIIMU B JIUTEpAType paHee yxe MpHu-
MEHSJICA METOJ MOCTPOCHUS TPEXMEPHOM MO-
JIeJI TIOBEPXHOCTH BEPXHEW TIpaHMIBI MOTPY-
atromeiics uathl [Hayes et al., 2018]. Ognako
JJaHHAs1 MOZIEJIb CTPOMIIACH JJIs1 JOBOJIBHO KPYTI-
HBIX YacTei 30H CyOIyKIMH U MMEET IMOTpell-
HOCTBh B HECKOJIBKO KHJIOMETPOB (4—6 KM), B TO
BpeMsl KaK Mbl CTPOMM IOBEPXHOCTh C IIArOM
1 KM U1t BO3MOXKHO O0JIee TOYHOTO Ompesee-
HUS MUHUMQJIBHOTO PACCTOSHUSI MEXIY THIIO-
LHEHTPOM 3E€MIIETPSICEHHS] U BEPXHEW TpaHMIEH
cyOmyuupyromieit mutel. B Hame# mogenu, kak
YK€ CKa3aHO, Mbl UCIOJIb3yEM METO MOCTPOE-
Hus noBepxHocTu KyHca u TpakTyem ee nanee
KaK TOYHYIO MOJIEJIb BEpXHEU TrpaHUIlbl MOTPYy-
JKAIOILEUCS TUIUTHI.

OrnpeneneHue ypaBHEHHUH, OMUCHIBAIOLINX
MOJyYEHHYI0 TaKhuM 00pa3oM MOBEPXHOCTH TO-
Tpy’Kaloleicsl TIUTHI, TO3BOJISIET Haunbolee
TOYHO PACCUUTATh PACCTOSIHUS OT TMIIOLIEHTPOB
3eMJIETPSICEHUH 10 BEPXHEU rpaHUIlbl IOrpyKa-
Iolelca MINUThL. J{J11 reoMeTpuyecKoro Moje-
JUPOBAHMS HUXKE B3AThI IaHHBIE YETBIPEX IMPO-
duneit (BB', XX', KL, IJ na puc. 1). Kaxnuprit
UCIOJIb3yeMbIil Tpouiab ObUT aNMpPOKCUMUPO-
BaH cTeneHHON ¢yHkiued. CpaBHEHHs TOTY-
YEHHBIX MOJICTbHBIX (PYHKIUN ¢ IMIUPUIECKUM
MIOJIOKEHUEM BEPXHEW IpaHULlbl IUIMTHI IIPUBE-
JIEHbI Ha PHC. 2, TOYHOCTH AMMPOKCUMAIINH JI0-
CTaTOYHO BBICOKASI.

[lonyuenHass onucaHHBIM CIIOCOOOM U HC-
noyib3yeMasi Jajiee 4acThb ITOBEPXHOCTH IIO-
rpY’KalomIeCcs TUITUTHI CKJIAJIBIBAETCS U3 TPEX
obnacrteil. [Ipu 3TOM coBpeMeHHass aKTHUBHAs
BYJIKAHMYECKAsl Tpsja TMOJHOCTHIO MPUHAI-
JEKUT TOJIBKO OTHON — camMoil ceBepHOU 00-
nactu (puc. 3). OTa 0COOEHHOCTH MO3BOJISET
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Puc. 1. Kapra Cesepnoro octpoBa HoBoit 3emanmuu
C yKa3aHUeM T0JIOKEHHs poduiieil MOBEPXHOCTH MOTpy-
xaromteticst tumThl; NIFS (North Island Fault System) —
cucTeMa paziioMoB CeBepHOro ocTpoBa. L{Beramu nokasa-
HBI PaCCMaTPHBAEMBIC YYACTKH IIOTPYKAIOMICHCS TUTUTHL
Kuprninanelii mBeT — 10)kHas 9acTh (30Ha A); CHHUHN — ce-
BepHas (3oHa B). O 30Hax A u B cM. nmanee B TekcTe.
KpacHbIME Kpy>KKaMH OTMEYEHBI COBPEMEHHBIE BYJIKaHBI.

Fig. 1. Geotectonic map of the North Island of New Zea-
land with profiles of inferred slab surface geometry; NIFS —
North Island Fault System. Considering slab parts are
marked with color: south part is red (zone A) and north part
is blue (zone B). Volcanic centers are marked with red dots.

paccMoTpeTh creuuduky B paclpeiereHun
3EMJIETPSACEHUM, TIPEANOI0KUTENBHO CBSA3aH-
HYIO C BBICOKOM COBPEMEHHOM BYJIKAHUYECKOU
aKTUBHOCTBIO (B CEBEpHOI obOiacTu mo cpas-
HEHUIO C JABYMA IOXKHBIMHM). OTMETHM, 4YTO
OIpeJIeICHUE MTOBEPXHOCTH IOrpyKaromeics
IJIMTHI NIO3BOJIAET aHAJIW3UPOBATh paclpese-
JIeHUE 3eMJIeTpsACeHUH A obnactel Hax rpa-
HHUIIEW pa3fena IUIUT U MO HEH.

Hcxoanbpie celicMUUYecKHue TaHHbIe

Hamu 6bu11 06padoTtansl okoso 8000 3emiie-
Tpsicennit 3a nepuoa ¢ 1970 no 2019 . ¢ maruu-
Tynoi M > 4.0, u3 kotopsix Tobko 1918 nomna-
JIO B OUEPUYEHHBIN peruoH (puc. 1) u B nHTEpBaJ
+40 KM OT BepXHEW I'paHUIlbl NOTpyKaroIIEencs
winTel. [l aHanu3a, kak Oosiee TOYHO oOIpe-
JICJICHHBIE, HCIIOJIb30BAIMCh  3EMIIETPSICEHUS
¢ youHoi He 6onee 120 km. B ucnonszyemom
KaTajore HaOJIIOfalOTCsl CHIIbHBIE MAaKCUMYMBI
CeCMUYHOCTH Ha TTyOMHax TO4HO 12 1 33 kM.
MOXHO TpPeanoIoKUTh, YTO TaKWe IITyOHHbI
IPUITUCBIBAIOTCS 3E€MIIETPSICEHUsIM Oonee 4ya-
CTO B CBSI3U C MPUHATON MOJeNbIo Togorpada;
napaMeTpsl TAaKUX 3€MIIETPSCEHUN MOTYT ObITh
oIpenesieHbl OTHOCUTENbHO Xyxke. Kak cnen-
CTBHE, 3TU COOBITHS MOTYT 3aMETHO HapYIIUTh

Puc. 2. M3BectHble npoduin BepxHel MOBEPXHOCTH MOrpyKaroliencs muTbl. KpacHble TOUKH — TaHHBIE CEHCMOTOMO-
rpaduu, CUHSS JIMHUS — alpOKCUMHUpYomas kpuasi 1uist npoduneit BB’, XX, KL u 1J.

Fig. 2. Profiles of inferred slab surface geometry. Red dots — real seismotomography data, blue line — an approximating

curve for profiles BB’, XX’, KL and 1J.
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Puc. 3. IloBepxHocTh norpysxaromeics mutsl aias Ce-
BepHOTO ocTpoBa HoBoit 3enaHanu ¢ yka3aHHEM BYJIKaHOB
(Touku). PaccTosiHMS IO OCSAM yKa3aHbBI B KWIOMETPaX.

Fig. 3. Modeling slab surface for the North Island of New
Zealand. Solid dotes: volcanoes. Axial distances (km).

CTaTUCTUYECKOE PACIPENEICHUE U UCKA3UTh pe-
aNpHyI0 KapTuHy. [IponeHT Takux coObITHI CO-
crapisieT 16.3 sl JaHHBIX HaJ MOBEPXHOCTHIO
paszena ImT U 22.6 1o NoBEpXHOCTHI0. JDTHU CO-
ObITHS OBUTH MCKITFOYSHBI U3 PACCMOTPEHHS.

JI1s IpOBEPKH NOJTHOTHI pacCMaTpUBAaEMOTO
KaTajora CeCMHUYECKUX COOBITUH HaMU OBLIO
noctpoeHo pacmnpenenenue ['yrenbepra—Pux-
Tepa (cM. puc. 4). Kak BUaHO U3 pucyHKa, 3TOT
rpaduK anmnpoKCUMHUPYETCs MPSMON B JHAaIa3o-
He M > 4.0 ¢ ypaBuenuem Ig(N) = 8.29 — 1.23M.
Taxkum oGpa3zom, napameTp b IpUHUMAET 3HaYeE-
Hue 1.23, 4To XapakTepHO 7151 JaHHOTO pErMoHa
[Stirling et al., 2011].

Puc. 4. 3akoH moBTropsieMocTH 3eMieTpsicenuii ['yrenoep-
ra—Puxrepa s CeBepHoro octpoBa HoBott 3emananm.

Fig. 4. Gutenberg—Richter law for earthquakes for the
North Island of New Zealand.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

Cas13b cpeTHerTTyOMHHBIX
3eMJICTPSICEHU ¢ AaKTUBHBIM
BYJIKAHM3MOM HA MIOBEPXHOCTH

Kak yxe ObLIO yHOMSHYTO, CYyIIECTBYET
10 KpaifHel Mepe Tpu MozenH 00bSICHEHUS BO3-
HUKHOBEHHUS CPEIHEITYOMHHBIX U TIIYOOKHUX
3emuierpsicenuit [Kanunun u np., 1989; Kyzpmun
u 1p., 2019]. Hame paccMoTpeHue MO3BOISET
MPEACTABUTH JOMOIHUTEIbHBIE apTYMEHTHI Pro
U contra Ka)xJI0u 13 3TUX Mojeneid. B Hanboub-
i€l CTeNeHW HAlllM Pe3yJIbTaThl OKa3bIBAKOTCS
B MOIJCPKKY 3- MOJENU — O CBSI3U BO3HUK-
HOBEHUS CPEAHENTYOMHHBIX 3eMJIETPSICEHUMN
C peakIusMu AeTUApaTalii B BOJOHACHIIICH-
HBIX MarmMarmueckux mnopomax [Abers, 2000].
[Ipenmnonaraercs, 4To0 MacCHpOBaHHAsI CEPIICH-
TUHU3AIUS OKCAaHUYECKOW KOPBI MPOUCXOIUT
y TIOBEpXHOCTHU JIHA OKEAHOB B palloHE CpeIMH-
HO-OKEaHMYECKUX XpeOTOB, a 3aTeM B O0JIACTH
MEPEeIOBOr0 Baja M NPU PE3KOM H3THOaHUU
TUTUTHI TIPU Havalie €€ MOTPYKEHUS B MAHTHIO
[Kirby et al., 1996]. B nanbHeiliem 3Tu BOJIO-
coJiepKallre MOpPOJbl MPETEPIEBAIOT PEAKIUU
JNETUapaTaluu Mpu UX HOTPYKEHHUU B COCTa-
Be morpyxaromerocs cimba [Okazaki, Hirth,
2016]. Boimenenue paHee CBSI3aHHBIX BOJ MO-
JKET BBI3BaTh 00pa30BaHUE PA3pPBIBOB U TPEIIUH
B TIOPOJIE U TEM CaMbIM SBUTHCS MEXaHHU3MOM
BO3HMKHOBEHUS CPEAHETIYyOMHHBIX 3€MJICTpPSI-
cenuii. [Ipu sTOM BBIZIENIEHUE paHEe CBSI3aHHBIX
IO I0B, IPOHUKAIOIIUX 3aTEM B BBIIIEPACIIO-
JIOKEHHBIN KJIIMH OCTPOBOIYXKHOTO O10Ka, Oyer
MPUBOJIUTh K PE3KOMY YMEHBIIICHUIO TEeMIIepa-
TYpHI IJIABJICHUS U MOXKET CIIOCOOCTBOBATh pa3-
BUTHIO COBPEMEHHOW BYJKAHWYECKOM aKTUBHO-
ctu [Davies, 1999; Kirby et al., 1996].

B npeapinymem pazaene Mbl MOTYYUIH MO-
JIeNIb BEpXHEW MOBEPXHOCTU MOTPYKAIOIICH-
Csl TUTUTHI, COCTABJICHHOW M3 TPEX CETMEHTOB.
Tonbko OMH M3 HUX, CaMbId CEBEPHBIN, OTBE-
YaeT PacloOJIOKEHHUIO COBPEMEHHBIX BYJIKAHOB.
Hcxons u3 3T0ro, MOXKHO TPEANOI0KUTh HEKO-
TOpOE pa3iinuue B pacpeeICHUN 3eMIIeTpsCe-
HUI B 3TOH CEBEpHON U B JABYX JIPYT'HX YacCTAX
paccMaTpuBaeMOro y4acTKa 30HBI CYOIYKIIHH.
[IpoBepsist 3TO MpeAnoNoKeHue, pa3ieaIuM CMO-
JIeTMPOBAHHYIO TTOBEPXHOCTh HA JBE YACTH: Ce-
BEpHYIO, ByJIKaHM4YECKyI0 (30Ha B) u roxHylo,
aByJKaHUYECKYI0 (30Ha A, o0ObeAUHSIONIAs
B cebe 2 obnactu). [Toctpoum pacnpeneneHue
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YUCIIa TUTIOIEHTPOB M0 TTyOWHAM JiJIsi COOBITUI
0] BEpXHEH TpaHUIlei MOBEPXHOCTH MOTpPYKa-
IOLLENCS TUINTHI U HaJ Hel (cM. puc. 5).

Han mmmroit maxomutcs 30 % coObITHI,
T.€. CTAaTUCTUKA 3aMETHO Xy’Ke; MOITOMY CHada-
7a 00CyIMM COOBITHS, PACTIOTIOKEHHBIE TTOJ] Tpa-
HHUIIEH pa3zena AT, B IOTPYKaroIIEHCs IUTATE.

Kak MOXXHO 3aMeTUTh, TSI FOX)KHOM (Kak ObI
aBYJIKAHMYECKOM) YacCTH 30HbI JJOBOJIBHO YETKO
BBIPUCOBBIBAIOTCA 2 TMKa (Ha mryomHax ot 20
10 30 kM u ot 40 10 50 km). Cyry6o runoreTu-
YECKH, 3TH MAaKCUMyMBI CEHCMHUYHOCTH MOTYT
OBITh CONOCTABIIEHBl C MaKCUMaJbHOWU TIIyOu-
HOM MOJIOIIBBI 3eMHOU KOpbl CEeBEpHOI0 OCTPO-
Ba Hogoii 3enangun (4045 kM) u ¢ IOJT0KEHU-
€M CEKyIIeH pa3jOMHON CTPYKTYpbl B 3€MHOMH
KOpe OCTpOBa, C TMPEANOJIOKUTEIHHONU TIIyOu-
HOM 3anokenus: pasinomoB NIFS (20-30 km),

KaK 3TO BHUIHO U3 mIpoduieil okeaHU4eCcKOon
1 KOHTHHEHTAJIBHOM IUIUT (CM. puc. 6).

Jns TUNOLIEHTPOB OYaroB, HaXOASIIMXCS
OJT MOTPYKAIOMIEHCS TUIUTON BOJIM3U BYJIKaHU-
4yecKol rpsabl (30Ha B), xapakTepHbI HECKOIBKO
WHBIE 0COOCHHOCTH pacIpeIeIICHNUS 110 TITyOHUHe.
31ech BBIACISIOTCS JPYyrue MUKW CEHCMHYHO-
CTH, CYIIECTBEHHO 0oJiee TIyOOKHe: B UHTEpBa-
ne tryoud 20—60 km 1 95—120 kM. 3HaYUTEITHHO
Oosiee CHJIbHOE Pa3BUTUE CEHCMUYHOCTHU B TITy-
OMHHOM JMara3oHe Pe3KO pa3ludaeT XapakTep
CEHCMUYHOCTH CEBEPHOTO M IOXKHOTO YYacT-
KOB paccMaTpuBaeMoOil 30HbBI CYOIyKIUH, U 3Ta
TEHJICHLIUS B PAaBHOM Mepe MpOsIBICHA BBIIIE
1 HIDKE TpaHUIbl paszena miuT (puc. 5). B obna-
CTH TIOJI TPaHUIIEH TIEPBBIN IMUPOKUN MAKCUMYM
CEHCMUYHOCTH MOXKHO I0JIaraTh CBS3aHHBIM
C TpaHUIEl KOHTUHEHTAJBHOW IUIUTBHI U CETH

Puc. 5. Pacnipenenenne coObrtuii mms roxkHON obnmactu (A) u ceBepHoit (B). CBepxy mpeacraBieHa CTaTHCTHUKA IS
COOBITHIA, PACTIONIOKEHHBIX HAJ, @ CHU3Y — IIOJl TIOTpY’KaroIelcs: TUMTo. BepTukanbHast och — YUCIIO COOBITHH, TO-
pHU30OHTaJIbHAS — ITyOWHA 3eMileTpsiceHHi. Fcnonb30BaHbl COOBITHS, OTCTOSIINE OT TPAHULBI paszesa He oonee 40 KM.

Fig. 5. Number of earthquakes for the southern (A) and northern (B) parts of modeling slab surface versus depth. Above:
distribution for events located above slab surface. Below: distribution for events located below. The vertical axis shows
the number of earthquakes, and the horizontal axis — depth of earthquakes. Only events with distance less than 40 km
are presented.
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Pa3jIoMOB U, MPEAIOIOKUTEIBHO, 00YCIIOBICH-
HBIM pEaKIUsIMU AETUJpaTallii 3aTSIrUBAEMbIX
B 30HY CyOnyKuuu ocanounsix nopoa [Kirby et
al., 1996]. MexaHnu3M BO3HMKHOBEHHSI BTOPOTO
M1Ka CEHCMHUYHOCTH MOXKET OBITh CBsI3aH C Ha-
JIMYMEM 37IeCh ByJKaHWUYECKOM rpsiabl. [Ipoek-
1151 ByJIKAHUYECKOM Tpsiibl HA TOBEPXHOCTD pa3-
JieNa IIUT OTBEYAeT MyOMHAM I'paHUIbl ITUTHI
Mexay 95 u 120 km. OTcrona MOXKHO IIPEaIo-
JIOXKUTb, YTO TOSBJIEHUE BTOPOTO CKOIUICHUS
COOBITHIA CBSI3aHO C AKTHBHU3AIUEH PEeaKIuil 1e-
rujpatalyy B IOpoJax, ClIararpiux MHorpyxa-
IOLIyIOCsl OKeaHndeckyro ity [Hacker et al.,
2003]. ITpu 3ToM TOTEEM BBICBOOOXK TAFOIIIMXCS
BOJHBIX ()JIIOMI0B BBEPX U MOPOXKAAET Pa3BUTHE
3€Ch MAaKCUMyMa COBPEMEHHOTO BYJKaHH3MA.
IIpupona pas3nuuust peXUMOB JETHApATALUU
B 30Hax A u B ocraercs quckyccnoHHoM. Mox-
HO MPEAIOI0KHUTh, YTO MO KAaKUM-TTHO0 MpUIH-
HaM HMHTEHCUBHOCTH IMPOLIECCOB JIETUApaTaluu
B KOJKHOM 4aCcTU pacCMaTpuBacMOil 30HbI MEHBIIIE
¥ BBIJIEIISTIONIErocs (IIION1a HE XBaTaeT ISl NHH-
IMAUU BYJIKAaHUYECKON aKTHUBHOCTH M BO3HUK-
HOBEHUS 3HAYUTENIBHOIO YHCIIA 3€MIIETPSICEHUN.
OOGcyaum Tereps BOMPOC, HE MOTYT JIM pac-
CMaTpuBaeMble 3eMJIETPSACEHHUsI ObITh CBS3aHbI
¢ 3¢ deKTOM MPOCKaIb3bIBAHUS BIOJIb TPAHUIIBI
KOHTMHEHTAJIBHOTO OJIOKAa W TMOTpYyKaroiencs
IUIUTBL. JJ1 3TOr0 NOCTPOUM 3aBUCUMOCTH YHC-
Ja COOBITUH OT X PACCTOSIHUA JJO TOBEPXHOCTH
MOTpYyKaroIlencs MIUTHI, ONPENEIsIEMOr0 UCX0-

Puc. 6. Cxemarndeckoe OMMCaHUE 30HBI CYOOYKINU XU-
KypaHTH C yKa3aHHWeM CyOIyIupyromeil MOBEpXHOCTH,
KOHTHHEHTAJIbHOU TUIMTHI U Pa3JIOMHOM CUCTEMBI OCTPOB-
HOro Onoka mo naByM mpoduisim puc. 1 [Barnes et al.,
2010; Giba et al., 2013].

Fig. 6. Schematic section across the Hikurangi subduction
zone for two profiles from fig. 1: subducting slab, continental
crust and NIFS [Barnes et al., 2010; Giba et al., 2013].

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

JI1 U3 KOOPAMHAT TUIIOLIEHTPOB U MX MUHUMAJIb-
HOTO pacCTOSIHUSL A0 TPEXMEPHOM CMOJEIUPO-
BAHHOM TIOBEPXHOCTU OKEAHWYECKOW IUIUTBHI.
bynem paccMarpuBaTh COOBITHSI B Mperesiax
40 KM OT MOBEPXHOCTH, TaK KaK UMEHHO TaM
COCpEI0TOYEHA CeHCMUYECKasi aKTUBHOCTb IO
MOBEPXHOCTHIO TIOTPYKAOIIEHCS TJTUTHI.
Pacnpenenenue coObITHIl TOA MOTrpyxa-
IOLEHCS IIJIMTOM MMEET BBIPAKCHHBIM MaKCH-
MyM CEMCMHUYHOCTH Ha paccTossHuu 5—10 km
OT BEpXHEH TpaHUllbl MOTPY>KAIOUIEHCS TUIMTHI
(cm. puc. 7), a HEe HEIOCPEACTBEHHO Ha TPaHUIIS
IUTUTHI (HAIIOMHHUM, YTO TOYHOCTb aNpOKCHMa-
MU TOJIOKEHUSI BEpPXHEW TpaHUIIbl MOTPYrKa-
IOLIEHCS TUINTHI Mbl OLICHMBAEM HE XYK€ YeM
B HECKOJIBKO KHJIOMETPOB, T.€. Pa3JIMYUe BIOJIHE
3HaunMo). [Tog00HOE CKOIIEHHE THIOIICHTPOB
HE MOXET OBbITh CBSI3aHO C IMPOCKAJIb3bIBAHUEM
MOTPY’KAIOIIEHCS OKEAaHWYECKON IIUThI BIOJb
IpaHUIBl KOHTHHEHTAJIBHOTO OJIOKa M CBHIE-
TEIbCTBYET B MOJb3Y paHee MpeaIoKEeHHON
dmroniomeTaMopPOreHHONH MOAENU celcMuy-
Hoctu [Kanuuun u ap., 1989; Poaxun, 1993].
VYyurtbiBas BO3MOXXHOCTb TEPPUTOPUATIBLHO
BBIIETTUTH COOBITHSI, CBSI3aHHBIE C BYyJIKaHUYE-
CKOM IpsAION, CPAaBHUM TENEPhb paclpeieieHue
3eMJIETPSACEHUI B 3aBUCUMOCTU OT PacCTOSIHUS
JI0 CMOJEIMPOBAHHON BEpPXHEH IIOBEPXHOCTU
TUTUTHI JJ1 F0’KHOM 30HBI A (CM. puc. 8a) u s

Puc. 7. Pactipenenenue uncna cOOBITHI B 3aBUCHMOCTH
OT MUHUMAJIBHOI'O paCCTOAHHUA D0 BerHeﬁ T'paHULBI 110~
BEPXHOCTH MOTPY)KaIOIIECs TIUTHI (U1 COOBITHH O[]
TpaHMIEeH pasziena).

Fig. 7. Number of events depending on the distance
to the top surface of subduction slab.
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ceBepHoit 30HBI B (cm. puc. 8b). IIpu aTom pac-
CMOTPHUM TaK:ke JIJIs 30HbI B pactipenenenue co-
OBITHII B Pa3HBIX MHTEpBaiax DIyOuHbl — OT 0
10 95 kM (MpeAmnoJOKUTETLHO HE CBSI3aH-
HBIX C Pa3BUTHEM COBPEMEHHOI'O BYJIKaHM3Ma,
cM. puc. 8c) u ot 95 1o 120 kM (cm. puc. 8d).

Ha puc. 8a xopo1io BUAHO, 4TO AJIsI FOKHOTO
(aByTKaHUYECKOTO) y4YacTKa 30HBI CYOIyKIIUU
MaKCUMyM CEHCMHYHOCTH CMEIEH BHYTpPb MO-
rpy’Karolleics UIMTHI U pacloyiaraeTcsi Ha pac-
cTostHUAX 5—10 KM OT rpaHMIbI pas3jena IUINT.
Ha ceBepHOM y4acTke 30HBI CyOIyKITnH (puc. 8b)
CEHCMHUYHOCTh OKa3ajach CKOHIIEHTPUPOBaHA
B 00J1aCTH BEpXHEH TPaHHULBI MOTPYsKAOLICHCS
IUTUTHI, Ha paccTogHuAX 0—5 KM HaJ MOBEPXHO-
CThIO pazaestoneil mmTel U 10 5—10 kM BHY-
Tpu cyOnyumpytouiei miautel. [Ipu 3ToM Takoe
pacnpeziesieHue COOBITUH XapaKTEpHO TOJIBKO
JUTs COOBITHIA, IPOUCXOAAIINX Ha TITyOnHax ot 0
710 95 kM. OcHOBHasl 4acTh CpeAHENNTyOUHHBIX
coObITuii (1younsl 95—-120 kM) rpynnupyercs
BHYTPU TMOTPYKAIOIMIEHCA TJIUTHl y TPAHUILIBI
(0-5 xm).

Hcxonst u3 momy4yeHHbIX rpaduKoB, MOXKHO
clienarh cieayIoIIne npeiBapUuTeIbHbIE BHIBO/IBL.

MaxkcumanbHOE KOJIMYECTBO 3EMIIETpsCE-
HUM, CBA3AHHBIX C MPOCKLUUEH BYJIKAHMYECKOU
IpsAbl, pacroyiaraercsi BOJM3M IOBEPXHOCTH
IUIMTHI, Ha paccTOsIHUM OT 0 10 5 KM OT oBepX-
HOCTH CyOAyLUPYIOLIEH IUIMTHI, OCTaIbHbIE JKe
(MeHee TTyOOKHE) UMEIOT MaKCUMYM PacIioyio-
KEHMsI Ha paccTossHUM 5—10 KM OT MOBEPXHOCTH
OKEaHWYECKOM IUIUTHI.

Ecnu paznenuTb coObITHS ceBEpHOH (BYyJIKa-
HUYECKOW) 30HBI HAa MPOMCXOIAIINE HA IITyOH-
Hax 0-95 kM 1 95-120 kM, TO MBI IOJTYYUM JBa
IIMKa B THCTOrpamMMax IO PacCTOSIHUIO OT CMO-
JEIMPOBAHHON ITOBEPXHOCTH IOIPYKarOLIEHCs
WIUTHL. JIJI1 MEHBIIUX [IyOMH MUK CeHCMHUY-
HOCTH HaxoauTcsl Ha mmyomnax 0—10 km, a co-
OBITHS, PaCcTIONAraroIIUecs MOJ BYJIKaHMYECKON
IpAJIOH, pean3ytoTcs OIrKe K TPaHULE TUTUTHL,
IIPEUMYLIECTBEHHO Ha paccTosgHuAX 0—5 KM oT
€€ MIOBEPXHOCTH.

3amMeTuM, 4YTO XapakTep MNPOCTPAHCTBEH-
HOTO pacHpeleeHus 3eMIIETPSICEHUN IS BYJI-
KaHWYEeCKOW M aByJKaHUYECKOH 30H He Oynmer
pa3InyaTbCs, €CIM HE YYUTBIBATH 3€MIIETPS-
CEHUs, IPOU3OIIEIINE HEMOCPEACTBEHHO 0]
BylIKaHM4eCcKoi rpsigoi. CoObITHs, mTpenno-

Puc. 8. Pacnipenenenue coObITHIT B 3aBUCUMOCTH OT PACCTOSHHS J0 MIOBEPXHOCTH MOTPYIKAFOIICHCS IUIMTHI JJIs pas-
JUYHBIX ciy4yaeB (MOSCHEHUs CM. B TekcTe). CrpaBa (TIOJI0KHUTEIBHBIC PACCTOSHUS) IPUBEACHBI TAHHBIC IS COOBITUH
IO TTOTPY>KAIOICHCS TUTUTOH, CiIeBa (OTPHUIIATENIbHBIC) — HA| IUTHTOM.

Fig. 8. Distribution of number of events depending on the distance to the top surface of subduction slab for different
cases (details in text). Data of events under the surface represent by positive distances, and negative for events above

the surface.
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JIO)KUTEJILHO COOTHECEHHBIE C BYJIKaHWYECKOU
IpsAAOH, KaYeCTBEHHO MEHSIOT KapTHHY PacIo-
JIOKEHMSI TUTIOLIEHTPOB.

Bbiie miuoTHOCTH uYMcna 3eMIIETPSACEHUN
paccMaTpuBaslach B 3aBUCUMOCTH OT IIIyOHHBI U
OT pacCTOSIHUS OT I'PaHULbl pas3zena IUIUT s
COOBITUH BBIIIIE U HUXKE 3TOM rpaHuIlsl. Paccmo-
TPUM TENEPh 3TU 3aBUCUMOCTH COBMECTHO, Ha
MJIOCKOCTH, T.€. paccMoTpuM (puc. 9) pacmpe-
JIeJIeHNe TUIOTHOCTH TUIOLEHTPOB IOA M Haj
MOBEPXHOCTBIO pazfiesia IUIMT, B KOOpAMHATaxX
nIyOrHA — PACCTOSHHUE OT MMOBEPXHOCTH pa3/eria
(puc. 9). Ilpu 3TOM, €CTECTBEHHO, CTaTUCTUYE-
CKasi 3HAYMMOCTb YMEHBIIUTCS, U HEKOTOpHIC
0COOEHHOCTH paclpeesieHUs] MOTYT OKa3aThCs
Clly4aifHbIMH, CTATUCTUYECKHU HE3HAYMMbIMH.

i 06enx 30H Ha MPUBEICHHBIX TpaduKax
MOKHO 3aMETUTh Kak Obl HAaKJIOHHBIE IMOJIOCHI
MOBBIIIEHHOU celicMuYHOCTH (puc. 9). st ce-
BEPHO 30HBI 3TO BUJIHO HECKOJIBKO JIyUllle, TaK
KaK 3[1eCb Mbl OnepupyemM OOJbIIUM KOJIHUYe-
cTBOM coObITHi. Takast BUIUMas cucTeMaTHKa
B pacCIOJIOKEHUH TUIIOLEHTPOB BPSL I MOXKET
OBbITh CilydyaifHOM (UTO MBI B JasibHElIIeM coOu-
paeMcsi IPOBEPUTH aHATM30M JIAHHBIX IO JPYTHM
30HaM cyonykuuun). He BromHe sicHO, 3TH 10J10-
Chl IIPEPBIBAIOTCS HA TPAHULIE pa3Jielia IUIUT WK
IIPOZIOJKAIOTCSL JAJIbLIE, ITyCTh U CYILIECTBEHHO

MEHEee OIpeIeIEHHO. 3aMeTHM TaKXe, YTO WHO-
rJa JUIsl COOBITUI HaJl M TIOJ] BEpXHEH rpaHuiien
OKEaHWYECKOM MIUTHl HamMeyaeTcs eAMHO00pas-
Hast, Kak Obl B popme OykBbI V, popma obnacteit
NOBBIIIEHHON ceficMuuyHocTu. Takas ¢opma, B
1IeJIOM, SIBJISIETCSl OOpAaTHOW reOMEeTPUH Te0TePM,
KOTOPBIE UCKAKAIOTCS XOIOJHOM MOTPY>KaIOIIei-
cs1 okeaHnveckor rutol [Peacock, 1996]. Mox-
HO TPEATONIOKHUTD, UTO MO100HAsi TeOMETpUst 00-
JaCTe MAaKCUMYMOB CEHCMUYHOCTH MOYKET OBITh
CBSI3aHa C IMOJIOKEHUEM (DPOHTOB MeTaMop(pu3-
Ma B morpyskatouieiica miaure [ Yamasaki, Seno,
2003]. B cimyyae nHaubosiee 4acTo BCTpEYArOIIIe-
rOCsl OTPUIIATENIFHOTO HAKJIOHA KPUBOH (ha30BOTO
paBHOBecus Kianeiipona—Knay3uyca reomerpus
¢dpoHTa MeTamopdu3Ma B 30He CYyOIyKIIUU OyIeT
3epKaJIbHO OTpaXkaTh POPMY reoTepMm.

O0cy:xneHune pe3yabTaToB U BHIBOJbI

Hcexons u3 nmpoBeAEeHHOIO aHajau3a pacrpe-
JeJeHusl CeICMUYHOCTH B uMHTepBaje +40 kM
OT BEpXHEH I'paHMIbl MOrpyKaroUIEHCs OKea-
HUYECKOW IUIMTBI MOXHO CHEaTh CIEAYIoIue
BBIBOJIBI.

1. Pacnipenenenre coObITHI MO mOrpyxa-
IOLIeHCsl IIUTON B Tuana3oHe rIyouH 10 95 kM
UMeeT MaKCHUMyM CEHCMHUYHOCTH Ha PAaCCTOs-
HuU oT 5 10 10 KM OT BepxXHEel NMOBEPXHOCTH

Puc. 9. /[BymepHbIe pactpeieleHus IIIOTHOCTH YHCIIa 3eMIICTPACEHUH OT ITyOMHBI 1 PACCTOSHISI OT TIOBEPXHOCTH pa3-
Jiefla OKeaHUUEeCKOH TUIUTHI M KOHTHHEHTAJIBHOTO OJIOKA ISl COOBITHI Ha/l U TI0J BEpXHEH IpaHuIell norpysxaroleics
TUTUTHI 1S F0’KHOH (A) 1 ceBepHoii (B) 30ub1. Ha curem (oHe moka3aHo pacnpesenenne Juist COOBITHI HaJl TTOBEpXHO-
CTBIO IIOTPY’KAIOIEHCS TTUTHI, @ Ha OEJIOM — TI0JT 3TOI MOBEPXHOCTEIO.

Fig. 9. Two-dimensional distribution of the density of earthquakes depending on the depth and distance to the top surface
of subduction slab for the southern zone (A) and for the northern zone (B). The blue background shows the distribution
for events above the top surface of the subduction slab, and the white one below it.
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norpysxaroieics miautsl. [lonodHoe ckomieHne
TUIOLIEHTPOB MOXET OBITh CBS3aHO C IpOLeC-
camMH MeTamop(u3Ma BHYTPH MOTPYy’KaroIencs
IUIUTHI, B YaCTHOCTH C PEaKLUsAMU JIerujapara-
MM B BOJOHACBIIEHHBIX MarMaTU4eCKUX IIO-
ponax. Takoe HaOmOIEHHE CBUIETEIBCTBYET
B MOJIb3y paHee MPEAJIOKEHHON (IIouI0MeTa-
MopdoreHHoi momenu cericMuuHocty [Kamu-
HUH U 11p., 1989; Pogkun, 1993]. B ciyuae cBs-
3H 3€MJIETPSICEHUH C NIPOCKaJIb3bIBAHUEM BJIOJIb
rpaHULbl NOTPYKAIOLIECHCS OKEAHUYECKOM IUIH-
Thl U KOHTHUHEHTAJIBHOTO OJIOKAa OHU JOJIKHBI
Obl pacroyiaratbCsi BOJIM3U 3TOM IpPaHULIBL; 3aMe-
THM, YTO TaKO€ MPEAIOJI0KEHNE HE IPOTUBOPE-
YUT B JAHHOM PETHMOHE PACIIONIOKEHHUIO 3eMIle-
TpsICEHUH ¢ ITyOUHOI oyara Oonee 95 kM.

2. Jly1g KaX/101 yacTh CMOJEIUPOBAHHON I10-
Ipy KaroIleics MIUThI ObLIIM TOCTPOEHBI pacIpe-
JeNIeHUsI J1s1 COOBITHH Ha/l OKEaHNYECKOM TUTUTON
1 BHYTpHU Hee (cM. puc. 5). Cpeau mosyuyeHHbIX
TUCTOTpaMM (CM. HIKHUE THCTOTPaMMBbl pUc. 5)
MO’KHO BBIJIEJIUTB /1B TUIA XapAKTEPHBIX TUKOB
pacrpesieneHus: COOBITHIL: A1 MEHBILIUX IITyOHH
(mo 60 xm) u i TIyOUH Oornee 95 kM.

[lepBrlii NHMK NposBIseTCs B 00€HMX 30HAX
(A u B) 1 MoXeT ObITh IPEIOI0KHUTEIBHO CBS-
3aH C PEaKUUsAMM JETHIpaTaluy 3aTSrUBAEMbIX
B 30HY CyOmykmwu ocaaodblx mopon [Kirby
et al., 1996]. Bropoii nuk B Gonbliel cTeneHn
XapakTepeH JI1 CEBEPHOM YacTH, IAE€ Pa3BUT
AKTUBHBI COBPEMEHHBIN BYJIKAHHU3M, U MOXKET
OBITh CBSI3aH C AKTUBHBIMU PEAKIUSIMH JETHU-
JpaTaluy JUTOC(Epbl MOrpy>KAIOLIEICS MITUTHI.
BoccTaHOBUB MPOEKIUIO BYJIKAHUYECKOU TPSIIbI
Ha MOBEPXHOCTh pa3jielia IJIUT, MoJIy4aeM, 4To
IpAlla pacrojaraeTcsi HajJ y4acTKOM IOBEpX-
HocT Mexay 95 m 120 kM mryounsl. Otciona
MOXHO TIPEAIOJIOKHTh, YTO MOSBICHUE 0100~
HOTO CKOIIJIEHUS 3€MJIETPSICEHUI CBA3aHO C JIO-
Kaliu3aluen peakiuii AeruapaTaiiy B opoaax,
CJaramIMX NOTPYKAKIIYIOCS OKEaHHYECKYIO
ity [Kirby et al., 1996]. [Ipu >TomM noasem
BBICBOOOXKJAIOIMXCS BOAHBIX (DIIOMIIOB BBEPX
MIOPOKIAET Pa3BUTHUE 3/1€Ch MAKCHUMyMa COBpE-
MEHHOH BYJIKAHUYECKOM AKTUBHOCTH.

3. B pe3synbrare nocTpoeHus pacnpeaeneHus
IJIOTHOCTH TMIOLIEHTPOB MO/ U HaJl IIOBEPXHO-
CTBIO pasjlieyia IUIMT B 3aBUCUMOCTH OT PaccTo-
SIHUSL OT TIOBEPXHOCTHU pazfiesia U OT IITyOMHBI
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TUMOLEHTPOB, YIACTCS BBIACIUTh HAKIOHHbBIE
MOJIOCHI MOBBILIEHHOW ceicMUYHOCTH (puc. 9).
Takoe pacrmolokeHHE O4aroB Kak Obl XapakTe-
pHU3yeT 3aBUCUMOCTb PACIIOIOKEHUSI MAKCUMY-
MOB CEHCMHUYHOCTH OT ONPEIEIIEHHOIO COOT-
HOILIEHUSI 3HAUEHUI TeMIlepaTypbl U JaBICHUS
(TmyOuHBI) B Torpyxatomieics mure. B cinydae
MOATBEPKICHUS Takoi crierupudeckon Gpopmbl
pacrnoioKeHUss 30H CEUCMHUYECKOW aKTHUBU3A-
UM B JIPYTUX 30HAaX CyOAyKIUH Pe3yabTaT MO-
KET CIIy>)KUTb BECKUM CBUAECTEIHCTBOM B I10JIb3Y
¢bmongomeraMop(HOreHHONH MOJeNTM HENPHUTIO-
BEPXHOCTHBIX 3emuieTpsicenuil [Kanuuun u np.,
1989; Ponkun, 1993].

B menom 3akiodaem, 4TO HCHOJIB30BaHUE
B BHJIE MIYOMHHOTO perepa IMOJIOKEHUS BepX-
HEel TpaHUIBl TOrpyXaroueiics JuTochepHon
IUTMTHI OKa3bIBAECTCS MOJIE3HBIM METOIUYECKUM
IIPUEMOM, MMOMOTI'AIOIIUM NPEACTABUTH JaHHbIE
0 CEMCMHYHOCTH 30H cyonykiuu. [lomydaembie
IpU 3TOM paclpeneieHus IUIOTHOCTH dYHcla
3eMIIETPSICEHUI CBUAETENIbCTBYIOT B TIOJIb3Y CBS-
3 CEHCMUYHOCTH C IPOIIECCaMU JIeTHIpaTaluu
1 MeTamop(du3Ma Mopoja NOrpyKaroecs mim-
ThI U BbIIIEJIEKAIEH KOHTUHEHTAIbHON MaHTUH
ocTpoBoaykHOro Oioka CeBEepHOro OCTpoBa
Hogoii 3emanauun. 3aMeTnM, 4TO TOJTYYEHHBIE
JAaHHBIE CBUJIETEIBCTBYIOT B TIOJIb3Y CYIIECTBEH-
HOU mepepabOTKU BBIIIETEKAIIUX TOPU3OHTOB
JIUTOC(EPBl BOCXOSAIIUM OTOKOM CBEXKEMOOH-
TM30BaHHBIX (hirron0B. PaHee npu3Haku pa3Bu-
THUSI CHJTBHOTO BOCXOJISIIIIETO (DITFOMTHOTO MOTOKA
ObUIM BBISIBIICHBI NPU aHAU3€ pEXuMa ceic-
MUYHOCTU B 00OOIIEHHONW OKPECTHOCTH CHIIb-
Horo 3emietpsicenus [Rodkin, Tikhonov, 2016].
3aMeTHM TaKXe, 4YTO Pa3BUTUE MOJOOHOTO BOC-
XOJISIIIETO TIOTOKA MPEACTABIAETCS HEOOXOIH-
MBIM 3JIEMEHTOM IIpoliecca MacCHUPOBAaHHOTO
He(rerenesa [Poakun, PykaBumaukosa, 2015].
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Pedepar. IIpoananusnpoBaHa COBpEMEHHAsI U3yYEHHOCTh AKTUBHBIX OKEAHUYECKHUX OKPAWH C IpUME-
HEHUEM T€OIMHAMHYECKUX MOJENIEH, yUUTHIBAIONINX OIPaHUYEHHUS, 3aJaHHbIE TPAaBUTAIMOHHBIMH aHO-
Manusamiu. Llenpro aHanuTHUeckoro 0630pa sIBUIACh OLEHKA MJIOTHOCTHBIX XapaKTEPUCTHK U paciperne-
JICHHS BSI3KOCTH B MEPEXOIHBIX 30HAX XOPOILIO MU3YUYCHHBIX [TyOOKOBOAHBIX *eJl000B THX0OKeaHCKOro
peruona. CpaBHUTENBHBIN aHAJIN3 IO3BOJIMI PacpOCTPAHUTh OLIEHKU 3THUX NTapaMeTpoB Ha Kypuibckuii
TyOOKOBOMHEIH ske100. s mepexoaHoi 300 KypHiIbCKOTO TITyOOKOBOHOTO JKEJI00a MOXKHO OXKHIIATh
CpezHee MPEBbILIEHUE INIOTHOCTH MOTPysKarolieiicst TMTOC(EPHO MIINTHI B CPABHEHHUHU CO CIIOSIMHM MaH-
THH Ha OJMHAKOBBIX IyOuHax Ha 0.02—0.05 r/cm?®. BsI3KOCTh MaHTHH MEHSIETCS OT 3HAYCHUI MAKCHMYM
10% T1a- ¢ B HmxHUX cnosix g0 10" I1a-c B 30He MaHTHITHOTO KJIMHA. BSI3KOCTH MOTpy KarOLIEHCs TUTUTHI
CHIDKAeTCs ¢ ITyOnHOM. BsizkocTh acTreHocdepsl MOKET OBITh Ha MOPSJIOK BBIIIE BI3KOCTH MaHTHUITHOTO
KJImHA. MaHTHIHBIN KIHH TTepexonHoi 30Hb Kypuiibckoro xenoba MMeeT JOCTaTOYHO OOIbIINe pa3Me-
PBL, YTOOBI OBITH OTBETCTBEHHBIM 32 3a,lyTOBOW CIIpeAUHT U (opMupoBanue Kypuibckoil iryOOKOBOIHOM
KOTJIOBUHBI. AHOMAJIUM TEOUa SIBISIOTCS Ba)KHBIM, JOMOJHUTEIBHBIM HH(OPMATHBHBIM HCTOYHUKOM
MIPH UCCIIE0BAHNH [ITyOMHHON CTPYKTYPbI MEPEXOAHBIX 30H.
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Abstract. Recent knowledge of active oceanic margins with using of geodynamic simulations under
constraints of gravity anomalies is analysed in this work. The aim of the analytical review is estimation
of density and viscosity distribution in the subduction zones of the well investigated deep trenches of Pa-
cific Ocean. The comparative analysis allows to apply these parameters estimations to the Kuril subduc-
tion zone. For the deep structure of the Kuril trench subduction zone the average excess of descending
slab density versus the mantle layers at the same depths in the range for 0.02—-0.05 g/cm? can be expected.
The mantle viscosity varies in the range from maximum 10* Pa-s within the lower layers to 10" Pa-s
inside the low viscosity wedge. The viscosity of the descending slab decreases with the depth. The as-
tenosphere viscosity is probably by 10 factor higher than low viscosity wedge. Low viscosity wedge
of the Kuril transition zone should be big enough to be the cause of back-arc spreading and the Kuril
deep-sea basin forming. The geoid anomalies are the significant additional informative source for inves-
tigation of the deep structure of the transition zones.
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BBenenue

HccnenoBanusi HETOCTYIMHBIX IS TPSIMBIX
M3MEpEeHHI ITyOOKUX CIOEB 36MHOW KOPBI, JIH-
Tochepsl U MaHTHH BeAyTCA TeopU3NIeCKUMU
Metofamu. [Iporpecc BBIYUCIUTENBHOU TeEX-
HUKU TI03BOJISIET BBIMOJHATH MOJEIUPOBAHUE,
MIPAKTHYECKH MPHOIMKECHHOE K €CTECTBCHHBIM
YCJOBHSIM, C KOHTPOJIEM MOJENH M0 HaOII0ICH-
HBIM T€O(U3MUYECKUM TMapaMeTrpamM. AHOMAIUU
reousia M TPAaBUTALUOHHOTO TIONS SIBISIFOTCS
OTIOPHBIMU JTAHHBIMU, KOTOPbIE BEpUPUIIUPYIOT
U OTIPENETISIOT TPAaHUYHBIEC YCIIOBUS MOJIEIIH.

['myOokoBo/iHBIE jk€7100a ¢ OCTPOBHBIMU Y-
ramM#, OTPAaHUIUBAIONINMI OKCAHHMUYECKHE TUIH-
ThI, XapaKTePU3YIOTCsl HAMOOJIee KOHTPACTHBIMU
U aMIUTUTYIHBIMH QHOMAJIHUSIMH TPaBUTAI[UOH-
Horo mois 3emnu. OcTpoBHast Ayra U Iy0o-
KOBOJHBIN >KEJI00 MPOSBISIOTCS B aHOMAIUAX
«B CBOOOZHOM BO3JlyXe» B BUJE CUCTEMBI JBYX
CMEXHBIX HHTEHCUBHBIX YKCTPEMYMOB — TI0JIO-
JKUTEJIBHOTO HaJ OCTPOBHOM AYrol M OTpHUILA-
TEJILHOTO HaJl )KEI000M.

3aBUCHMOCTh TPaBUTAIMOHHBIX AHOMAIIUN
¥ aHOMaJHil Teona OT U3MEHEHHH MIIOTHOCTU
U BSI3KOCTH BBITIOJIHAET POJIb UHCTPYMEHTA, TO-
3BOJISIFOIIETO MCCIIEI0BaTh MIOTHOCTHBIE HEOJ-
HOPOJHOCTH M PaCIpPEISIICHUE BI3KOCTH TITy00-
KHX CJIOEB JIUTOC(HEpPHl M MAHTHH TICPEXOTHBIX
30H IITyOOKOBOIHBIX *kenoOoB. K Hacrosmemy
BPEMEHH TPEATIOKEHO OOJbIIOe KOJIHMYECTBO
MoJIeNeld, OOBSICHSIOIMNUX MHOTOOOpa3ue CTpoe-
HUS U IMHAMUKH TepexonHbix 30H. [Ipencras-
JISICTCS, YTO CPABHUTEIBHBIM aHAIN3 HaubOolee
PEIIEBAaHTHBIX MOJIEJICH MMO3BOJIUT OIEHUTH BO3-
MOJKHBIE XapaKTEPUCTUKUA TITyOWHHOTO TUIOT-
HOCTHOTO pa3pe3a W pacmlpeiesieHus: BS3KOCTU
B CcyOAyKuMOHHON cucteMe Kypuibckoro rimy-
OOKOBOIHOIO ’XKeJI00a, HECKOJIBKO OOOMIEHHOM
HCCJIEJIOBATENISIMU B TUJIaHE T'€OJIMHAMUYECKOTO
MO/JICITHPOBAHHS.

Moaeaun

AKTHBHBIX OKeAHHUYeCKNX OKPAUH
C Y4eTOM OrpaHMYCHM, 32IaHHBIX
rPABUTANMOHHBIMH AHOMAJIMSIMH

[lepBBIe TIIOTHOCTHBIE MOJEIIA AKTUBHBIX
OKpauH, noctpoennsie emnie B 1950-1960-x ro-
JaxX, OOBSCHAIU TPaBUTAIMOHHBIE AHOMAIIUU
M3MEHEHUSIMU MOIIHOCTH 3€MHOU KOpBI [Yap-
3en, [lepoet, 1957; Talwani et al., 1959].

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

Hpyrue aBroper [Watts et al., 1974; u np.]
CUMTAJIU, YTO HAOIIONEHHBIC 3HAYCHUS TPABUTA-
IIUOHHOTO TOJIs B OOJbIIIei cTereHn 00yciIoBie-
HBI penbedoM, YeM TUIOTHOCTHBIMH OCOOEHHO-
CTAMH JUTOC(EpHl M BepxHel MaHTuH. B pabote
[Grow, Bowin, 1975] yTBepkaaercs, 4To, XOTs
penbed 3HAYUTENBHO BIUSET HAa T'PaBUTAIMOH-
HOE TIOJIC ¥ OTPAKACTCSI B AHOMAJTHSIX «B CBOOOJI-
HOM BO3/yX€», 3TO, TEM HE MEHEE, HE UCKIIIOUAET
HaJIMYKE BBICOKOIIOTHOTO MaTepualia morpyxa-
IOIIEHNCS IUIUTHEI B MAaHTUMHEIX CJIOSAX ITOJ HaJl-
JBUTalOIEcs IuToM. Jloka3aTeIbCTBOM 3TOIO
CIIy’KUT 3HAYUTEIbHOE YMEHBIICHUE TPaBUTAIIH-
OHHOW aHomanuu Ha pacctosgHusx 100-200 km
oT kenoba, 4T0 HE MOXKET CBUJICTEIbCTBOBATH
B M0JIb3y QHOMAJIMU TOMOTPahUIECKOrO MpOHC-
xokseHus. Jla v ceficMrueckue TaHHbIe TPeOyIoT
KOPPEKTUPOBKU B CTOPOHY YCIIOKHEHUS IPOCTON
TUIOTHOCTHON MOJIENH, OOBSCHSIONICH TpaBUTa-
IIUOHHBIE AaHOMAJIUN B MIEPEXOAHOMN 30HE TOJIBKO
0COOEHHOCTSMH PE3KO KOHTPACTHOTO pelibeda.

Hcnonb3oBanne JaHHBIX —celicMornpodu-
JUPOBAHUS TIO3BOJWIO OLIGHUTh aAMIUIUTYLY
«OCTATOYHBIX MAHTHUUHBIX» aHOMAJUN TMOCIe
CHATUS BIMAHMS Ha TPaBUTALMOHHOE TIOJIE
IJIOTHOCTHBIX HEOJHOPOIHOCTEN 3€MHOM KOPBI.
MakcuMasibHbIi TIepernaji OCTaTOYHbIX MAHTUH-
HBIX aHOMAJIMH, KaK OKa3aJoCh, MOXKET JIOCTHU-
ratb 500 mI"an [["aitHanoB u np., 1986].

[locne mmpokoro pacmpocTpaHeHHsl Ta-
pamurMbl TEKTOHUKU TUTUT OOBSICHEHUS TPH-
YUH KOHTPACTHBIX T'PAaBUTALMOHHBIX aHOMAIIUN
MEPEXOIHBIX 30H OKEAHWYECKUX OKpaWH CTaju
0a3upoBaThCs HAa WHTEPHIPETANNH MEXaHHU3-
Ma TOTpYyKeHHs JUTOC(hepHO# MmThl — cndba
C OTPULIATENIBHOM TUIABYYECTBHIO. Takou Mmoaxon
onpesensia JIOMHUHUPOBAHHE CUJI, 3aTATHUBAIO-
HIUX CJIA0, MPEOOICBAIOIINX BI3KOE COMPOTHB-
JIEHUE MEHEE IUIOTHBIX, HUKEIEeXKAIIUX CIIOEB
mantuu [Forsyth, Uyeda, 1975]. Kak noctynu-
posanu [Krien, Fleitout, 2008], monbsiTku 00bsic-
HUTbH CUJIbl, KOTOPbIE JBUXKYT WA PETYIUPYIOT
MPOIECCHl B TEKTOHHUKE TUIUT, OCTAIOTCS OCHOB-
HOH IIeJTbI0 TEOJMHAMUKH B TOCTIETHHUE YETHIPE
JECATUIICTHUS.

Hauunas ¢ 1970 1. nosiBuiics psan pabort, rae
U3yya’scs TepMalbHbIN PEKUM MOTPYKAIOIIUXCS
B MAHTHIO XOJIOJHBIX JTUTOCPEPHBIX MIUT [Mak-
keH3u, 1975; Kogan, 1975; Oxburg, Turcott,
1970, Sager, 1980; Toksoze et al., 1973].
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Tak, mo pacueram, npuBeneHHbIM B [Oxburg,
Turcott, 1970], norpyxaromasicss mIuTa MO-
KET COXPAaHITh TMOHIKEHHYIO TeMIepaTypy
1o rmyounsl 500-800 kM, a BO3MOXKHO, U OoJee.
D10 00yCIOBIMBAET COXPAaHEHHE IMOBBILICHHOMN
IJIOTHOCTH B TOTPY>KAIOIIEWCS TUIUTE OTHOCH-
TETBPHO BMeNaromed Mantud. Ha ocHoBaHuuU
pacyeToB TeMIleparypbl B MOrPYKaIOIIEUCs
wute . ['purrc [Griggs, 1972] cnenan oneHKy
AQHOMAJTLHOTO YIIOTHEHHUs B Helt — (+0.15) r/em’.
I'paBuTanoHHbIN 3(h(HEKT OT TaKOM IITUTHI B MO-
nenu cocrasisiet 6onee 200 mI"an [Griggs, 1972].

[ImoTHOCTHBIE MOMIETTM HA OCHOBE TepPMallb-
HOT'O peXuMa, OTPaKAIOIIUE MPOLIECCHl B BEPX-
HEeW MAaHTUH B COOTBETCTBHUU C ITPEACTABICHUSIMHU
TEKTOHUKH TUTUT, ObUTH MMOCTPOEHBI ISl Ynmii-
ckoro xenoba [Grow, Bowin, 1975]. B atux
MOJIENISIX YYUTHIBAJIOCh M3MEHEHHUE IUIOTHOCTHU
c1m0a B COOTBETCTBUU C yBEIMYCHHEM JIaBiie-
HUS, TEMIEPATYPHBIM IPATUEHTOM, BELIECTBEH-
HBIM COCTaBOM, METPOJIOTHICCKUMH (Pa30BBIMU
U3MEHEHHUSAMHU. XapaKTepPHOM 0COOEHHOCTHIO
ATUX MOJENEH SBISUIOCh TO, YTO IUIOTHOCTH
B OCHOBHOW, MaHTUWHOM 4YacCTH IIOTPYXkKaro-
IIEHCS TUIATHI TIPEBBINIAJIAa TUIOTHOCTH BMeE-
maroniei acteHocdepsl 1 BepXHEH MaHTUU Ha
0.05 r/cm®. B momensix [Grow, Bowin, 1975]
yauThIBasics (pa3oBbIi Tiepexon 0a3aabToOB OKe-
AQHWYECKOM KOPHI B DKJIOTUT Ha TIIyOMHAX OKOJIO
30 KM ¢ yBeTMUEHHEM TUIOTHOCTH 710 3.56 1/cM?,
YTO JIaBaJI0 JIOKAJIbHBIE MPEBBIMICHUS TUIOTHO-
CTM OKEaHHWYECKOM KOpbl B IMOrpyKarouieics
e Ha 0.15-0.28 r/cm’. YuuTeiBaauch Takxe
(hazoBbIe Mepexo/Ibl MEPUIOTHTA, KOTOPHIE B yC-
JIOBUSIX TTOHWKCHHBIX TEMIIEPATyp MPOUCXOSAT
Ha MEHBIIUX TTyOMHAX W JAIOT AOMOIHUTEINb-
HOE TIOBBIIIIEHNE TUIOTHOCTH B MOTPYKAIOIIIEMCS
omnoke mutocdepst Ha 0.05 r/cm’.

B [TaitHanoB u ap., 1986] nnst BeIIBICHUS
CBSI3M MEX]y YIJIOM HAaKJIOHA U TIyOWHOMN TO-
Tpy’Karomencsi TUINTH B Paclpeie]ICHUU TUIOT-
HOCTEM MAaHTUUHBIX AHOMAJIMMK BBINOJHEHO
MJIOTHOCTHOE MOJCIIMPOBAHUE TIEPEXOIHBIX 30H
Tuxoro okeana mo 38 mpoduisM. BwigeneHbl
JIBE TPYIIIBI TUTUT: B OHOW HE OKa3ajioCh CBS-
3W MEXAY YIIOM HAaKJIOHA IJIUTHl M TITYyOHMHOMN
TOTPYKEHHUSI, B IPYTON YTOJl HAKJIOHA YBEITHUYH-
BaJjics ¢ IyouHo# norpyskenus. [1pu sTom mpo-
CTPAHCTBEHHON 3aBUCHUMOCTH PACIIOIOKCHUS
000MX TUIOB IJITUT HE O0OHAPYKUIIOCH, 00a THUTIA
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MOTPY>KEHUSI MOTJITM HaXOAUTHCS B €IMHOM TIepe-
XOIHOU 30HE. EciM COnmOCTaBUTH OCTaTOYHbIE
MaHTHUITHbIE aHOMAJIMU TPABUTALIMOHHOTO TOJIf,
MOJIYYCHHBIE B PA3IMUHBIX PAlOHAX TMEPEeXOj-
HBIX 30H TUXOOKEAaHCKOI'0 THUIA, C MOJICJIbHBIMU
IPaBUTALIMOHHBIMU AHOMAJIUAMU OT TOTpYKa-
IOIIUXCS INTOC(EPHBIX TIUT, TO MPEBBIICHNE
TUIOTHOCTH TOTPY>KAIOMIEHCS TUIUTHI Y JTaHHBIX
aBTOPOB OKa3ajoch Haubosiee ONTUMAJbHBIM,
CO 3HAYCHUSMU OJIM3KHMH K MUHUMAIBHBIM:
+0.02 1/cm® [T"alinanoB u np., 1987]. Ilpu mo-
JIeIMPOBAaHUU TUIOTHOCTEH OHU YUUTHIBAIIU pac-
MpeIesIeHne CEHCMUUECKUX CKOPOCTEH B JIUTOC-
depe u acreHocdepe. AHanHU3 CEUCMUYECKUX
CKOpPOCTEW TOKa3ajdl YBEIUYEHHE MOIIHOCTU
acTeHOC(hephbl C OTHOBPEMEHHBIM MTOHMXEHHEM
ee WI0THOCTU st ununnuHckoro, OXoTCKOro
u SIlnoHckoro Mopeil. MakcumanbHOE pa3yIioT-
Herue 10 —0.6 r/cM® BBISIBIIAETCS B MEK/TyTOBOM
Oacceitne 3anmagHoro 1 BocTo4HOT0 MOABOAHBIX
xpeb6ToB @ununnuHckoro Mops [["aliHanoB
u ap., 1987].

Dziewonski ¢ coaBropamu [Dziewonski et
al., 1981] mo pesynapraram aHajgu3a celcMHUYe-
CKOM aKTUBHOCTH TMPEMIOKWIN TIOOATHHYIO
monenb Preliminary Reference Earth Model
(PREM). B monenu PREM noHwkeHue 1mior-
HOCTH B acteHocdepe Ha rryonrax 100—150 km
nocruraet 0.015 r/cM® OTHOCUTETBHO BBIIIETIC-
KAaIlUX CII0OEB MAHTHUU.

Agtopsl pabotsl [Ganguly et al., 2008] pac-
CUMTAIM MHHEPATOTHUYECKHE XapaKTePUCTHKU
MaHTHH U JINTOJIOTUYECKUE COCTaBHBIE CyOmy-
LUPYIOLIET0 OKEAHWYECKOro ciidda JUIsl MUpo-
kux P-T ycnoBuil u 3aTeM KOHBEPTUPOBAJIU UX,
ucnoab3ys noaxoasamue P-V-T ycnous, B 3Ha-
yeHus1 TwioTHOCTU. [ns myoun 400-660 M
OHM TOJYYWUJIU MPEBBIIICHUE IUIOTHOCTH ClI3-
0a Haa OKpYXKalIIeW MaHTHEH NpUMEpPHO
Ha 0.04—0.05 r/cM® Ha OMMHAKOBBIX HHTEpBa-
nax rryOuHsl. Jns Bceil BepxHeW MaHTUU pa3-
HUIA B IUIOTHOCTAX HEMHOTO MEHbIIE, HO CII30
octaBajica Oosee TsKenbIM. [[ist yOuH Huke
670 kM, axke coxpaHssi OONBIIYIO IJIOTHOCTS,
c190 He BCeraa MPOHUKAIl B HIKHIOK YacTh U3-
3a HAJIMYUS «CKauyKa BSA3KOCTH, MOJIOTOTO YIJia
MOTPY’KEHHUSI, Pa3IUYHBIX MPOLECCOB BpOJIE
«poiut 6aK», METaCTaOMIBHOTO COCTOSTHUS OJIU-
BHHA B XOJIOJHOM CII30€.
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Pe3ynpTaThl TEpMOAMHAMHYECKOTO MOJIE-
JUPOBAaHUS JTUHAMUKH  XUMHKO-MHHEpPaJo-
THYECKOTO COCTaBa MOTPY’KAIOIIeHcss B MaH-
THIO TUTMTHI 0 TIyOuHBI 250 KM TOKa3anu
[Duesterhoeft et al., 2014], uro B Hayaje mo-
Ipy>XEeHHs TUTUTBI OCHOBHYIO POJb B 00paso-
BaHUU OTPHUILATEIBHOW IIJIAByYECTH HIPaET
MEXaHU3M YIUIOTHEHUS MAaHTUWHON 4acTH JIU-
Toc(epbl. DKIOTHTH3aLUS OKEAHCKOW KOPBI
BHOCHUT BKJIaJl B YBEJIIMUYCHHE OTPHUIATEIHLHON
IIJIABYYECTH I03KE, CIYCTsA IO KpalHeW Mmepe
2 MJIH JIET TIOCJIe Havyaja MOoTrpyKeHUs.

B Mecre meperuba morpykaromencs IUiH-
TBI, OT OCH Kej00a 0 BHEIIHETO Bajia jkeao0a
C OKEaHCKOW CTOPOHBI, 00Pa3yIOTCS TPEIIUHBI,
KOTOpbIE€ BEAYT K Pa3yIUIOTHEHUIO BEpXHEH ua-
CTH TUIMTBI, YTO OBUIO TOATBEPKACHO PE3YJib-
TaTaMd TPABUMETPUUECKOTO MOACIUPOBAHUS
[Hunter, Watts, 2016; Zhang et al., 2018].

JlnHaMu4YecKkoe W KHHEMaTH4eCKOe MOJIe-
JUPOBAHHUE C YUYETOM TPABUTAIIMOHHBIX aHOMa-
Ui Ha CYOyKIIMOHHBIX CHCTEMaXx JaBasio 00b-
€KTUBHYIO BO3MOXKHOCTH TOJIYYUTH OOPATHYIO
CBSI3b M KOPPEKTUPOBATH MOJIEIH UCXOMS U3 pe-
AJIbHBIX YCIIOBHIA 3¢MHBIX Heap. ABTopsl [Krien,
Fleitout, 2008] mocne aHanM3a HIMPOKOTO psizia
MojieJiel, BBITIOJTHEHHBIX 1O KOHTPOJIEM Orpa-
HUYEHUH, OOYCIIOBJIEHHBIX TPaBUTAIIMOHHBIMU
aHOMANHSIMH U penbedoM, oTMedasi HeJoCTar-
KM M3BECTHBIX MOJIeJIeH (Takue KaKk COXpaHEHHE
JIETIPECCUU B THUIOBOW YaCTH MEPEXOAHOMN 30HBI,
HEHOPMaJIbHO KOHTPACTHBIN penbed, mpodiemMbl
BOCIIPOM3BE/ICHUS aHOMAJIMK B 30HE COYJICHE-
HUS TUIAT), TIPUIUTA K BBIBOTY O HEOOXOIMMO-
CTU JajbHEHIell paboThl C IENBbI0 CO3TaHUs
U COBEpUICHCTBOBAHHUS «CAaMOCOIIACOBAHHBIX)
(self-consistent) mopeneit, CBA3BIBAIOIIMX AHO-
Majud Macc C TMOTOKAMH M HaMpsHKCHUSMU
B MaHTHUH, JUIS TOCTHKCHUS YIOBIETBOPUTEIb-
HOTO TPUONMKEHUST MOJACIHM K HaOIIOICHHBIM
AHOMAJIUSIM M YCIIOBHSIM.

Cyns o pa3opocy B OIIEHKaX Pa3HBIX UCCIIe-
JIOBaTeliel, CIEeIyeT OKUIaTh, YTO IUIOTHOCTH
MOTPY’KaOIIeHCs TUTOCHEPHON TUTUTHI HAa TIPO-
TSOKEHUU TOTPY>KEHHOW 4acTH, BEpOsiTHEE BCe-
ro, BapbUpYET, U, COOTBETCTBEHHO, IPEBBIILIE-
HHE IUIOTHOCTH HAaJ BMEIIAIOIIUMH CJIOSMU
MaHTHHU TaKxke paznnuaercs. [IIOTHOCTh TUTHTHI
MU3MEHSIETCS KaK BAOJb MOTPYXKAIOIIEHCs YacTu
JTUTOC(HEPHOM IITUTHI, TAK U 10 €€ MTOTIEPEUHOMY
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ceuennto. [t Kypuibckoii cyOayKIIMOHHOM cH-
CTEMBI, €CJI COMTOCTABUTh €€ IO MOPQOJIOTHYE-
CKHM ¥ KHHEMaTHYE€CKUM TIPU3HAKAM C IPYTUMHU
CHUCTEMaMH, CIIEyeT OXHUAAaTh CpeJHee Ipe-
BBIIIIEHUE IJIOTHOCTH MOTPYKAIOIIECUCS JTUTO-
c(hepHOl TUIMTBI OTHOCHUTEILHO CIIOEB MaHTHUU
Ha oJjMHAKOBBIX DryOuHax — 0.02—0.05 r/cm?.

C nonmydeHneM JaHHBIX CITyTHUKOBOM aJIbTH-
METPHH U MPSMBIX 3aMepOB (HOPMBI TeonIa s
OILICHOK IJIOTHOCTHBIX HEOAHOPOAHOCTEH IITy00-
KHX CJIOEB 36MHBIX HEJP CTAJIA UCIIOIH30BATHCS
aHomayimu reouaa. Paborer [MacAdoo, 1980,
1982; Hager, 1983] noka3anu, 4To MOBBIILICHHAS
MJIOTHOCTh TMOTPYKAIOMIEHCS TUIUTHI HeTIPEMEH-
HO OyZIeT IPOSIBIISTHCS B AaHOMAJIHSIX TeOnIa, B TO
BpeMs KaK B TPaBUMETPUYECKUX HAOIIONCHUSIX
BBIJICIUTh COCTABJISIONIYIO OT IMOTPY>KaroIIeics
mnThl c0xkHO. [1o onenke [Chapman, Talwani,
1982], ecnu 3a OCTpOBHOM Jyroil MaJOIUIOTHBIN
Marepuan MaHTUU U3MEHHT TITyOHHY CBOEH rpa-
HUIIBI Ha 5 KM, TO 9TO MU3MEHHUT BBICOTY Teona
Ha 10 M. Jlnga cpaBHEHHMsS — TpaBUTAIMOHHAs
aHOMaJIusl U3MeHUTCs Toabko Ha 10 mI'an. [lpu
ATOM CJIETyeT OTMETHUTh, YTO BBICOTA T€OHa Ha
NEPEXO/IHBIX 30HaX MeHsAeTcs B quana3one 60 M,
a M3MEHEHUS I'PABUTALMOHHBIX aHOMAIHM J0-
crurarot 500 mIan.

[IpenmyiiecTBOM M3y4E€HHsS aHOMAJIUW Teo-
UJa TpPU HCCIECIOBAHMM MAaHTHUHHBIX CBOWMCTB
ABWJIaCh, Kak noka3aHo B [Hager, 1983], cBs3b
dbopMBI reonia ¢ UBMEHEHUSIMU BS3KOCTH B JIH-
TOCEPHBIX M MAHTUHHBIX ClosiX. Hamuuawme
aHOMAJIMK TOBBIIIEHHON IIOTHOCTU Cid0a Tra-
paHTUpPYET B HIDKHEW MAHTHHM HAJIMYUE aHOMa-
JUi Teora, AEMOHCTPUPYS, KaK TUIMTA MPOIILia
TPAH3UTHYIO 30HY M MOTPY3WJIaCh B HHKHIOIO
MaHTHIO. OTMEUYEeHO, YTO HEOIHOPOITHOCTH
B HWKHEH MAHTHH MOTYT TPOSIBISTHCS B JJIMH-
HOBOJIHOBBIX aHOMAJIUSAX T€OUJIA MPU MPEBBIILIE-
HUU BSI3KOCTH HWIKHEH MaHTHH OTHOCHTEIIBHO
BepxHeit B 30 pas [Tosi et al., 2009]. Hamuuue
JaTepalibHBIX BapHAIMi BSI3KOCTH B JITOCHEpe
B (popme ocnalieHHBIX, KPaeBbIX 30H ILTUT YBE-
JUYHUBACT KOHTPACT pesibeda, MpOosBISISCh B BbI-
pakeHHBIX aHOMaHsX reoua [Tosi et al., 2009].

[Morpyxaromiasicss miaura oT xenoba Qop-
MHpYET aHOMaJWH Teouaa, C BapHAIUIMU
JUISL Pa3HBIX CJIydaeB, HauyWHas Ha pacCTos-
HUM npubmm3urensHo 3a 3000 kM 10 sxenoba
B BH/JIC IIJIABHOTO TOAbEMA IMIOBEPXHOCTH T'eonIa
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10 20-60 M. OObIYHO aHOMAHS IMPOAOIIKAET-
cs1 3 7Keno0 B 3a/yroBoi OacceiH — OKpanHHOE
MOpE, B OIHUX CITy4asiX COXpaHssi CBOU ypOBEHbD,
a B Apyrux ciabo nonmxas ero. Ilpu stom ne-
npeccus JMHAMUYIECKOTO penbeda, 00yCIIoBIeH-
Has BHAJMHOM OKPaMHHOTO MOPsi, Yalle BCEro
HE OTpa)kaeTcs B a/IeKBATHOM MOHUKEHUU YPOB-
HS T€OH/Ia, YTO BBI3BIBAJIO BOMPOC O MEXaHU3ME
COXPAHEHHUSI MOBBIIIEHHOTO YPOBHS I€0H/1a.

CoBMeCTHBII aHaTU3 aHOMaJINi TeOU/ 1A M Tpa-
BUTAIIMOHHBIX aHOMAJIHUU B 3a/lyroBOM 001acTu
MEPEXOTHON 30HBI TIOATBEPIUIT HEOOXOIUMOCTh
BBEJCHUSI «MAaHTUHWHOTO KJIMHA» C MOHMKEHHOU
IUIOTHOCTBIO (pucC. 1), BBIAENSIOMIErocs MO 3a-
TYXaHUIO MOMEPEUYHBIX CEUCMUYECKHUX BOJIH, JIJIS
JOCTHDKEHUSI COOTBETCTBUS B MOJZICIIA MEXTy Ha-
OIOIEHHBIMU 3HAYEHHUSIMH YPOBHS T€0H/1a U pac-
CUUTAHHBIMHU C YYETOM MOTPYKAIOIICHCS TITUTHI
noBeImeHHoN 1ioTHOCTH [Chapman, Talwani,
1982]. Ha pucyHke MaHTUIHBIN KJIMH 0003HaYeH
kak low Q zone HaJ MOAIBUTAOIICIHCS TUTUTOM.
B manpHeiimeM odeHb neTajbHOE UCCIIE0BAHUE
Pa3yIIOTHEHHOM 30HBI MAHTHITHOTO KJIMHA OBLTIO
BBIMOJIHEHO isi SlmoHckux octpoBoB [Honda,
2017]. B 30He MaHTHITHOTO KJIMHA ObLIIa BBIJIEIIC-
Ha «MeJIKoMaciTaOHas koHBekius» (small scale
convection — SSC).

M

20r - SLAB
[T1) SO Tt . GEOID HEIGHT
e
AR \TOTé.L """""""""""""""""""""""""""""""""""""
20 T <
mGal ‘LANDWARD SEAWARD .

250~

< ~TOTAL
LOW Q ZONE

DISTANCE - KM

1 T Y SN TR SR T SN SR T B |

335

600

Puc. 1. I'paBuTannoHHEIHA (KT MOTPyKAFOIECHCS TUTATHI
U Pa3yIUIOTHEHHOM 30HbI HaJ MOIBUTAIOLICHCS IUIMTON
[Chapman, Talwani, 1982]. Geoid height — BbicoTa reouna,
seaward — Mopckast cTtopoHa, landward — B cropoHy cymi,
gravitational attraction — rpaBUTallMOHHOE NTPUTSDKEHHE.

Fig. 1. Gravitational effect of descending slab and low-Q
zone [Chapman, Talwani, 1982].
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B pa6ote [Billen et al., 2003] mo pe3ynb-
TaraMm JBYXMEpPHOTO W 3aTeM, C y4E€TOM MOIy-
YEHHBIX PEe3YyJIbTaTOB, TPEXMEPHOIO JHWHAMHU-
yeckoro moaenupoBanus mis Tonra—Kepmanek
MOATBEP)KICHA HEOOXOAMMOCTh  BKJIFOUEHUS
B pacyeT MaHTUWHOIO KJIMHA HU3KOU BSI3KOCTHU
(LVW — low viscosity wedge), ¢ BSI3KOCTBIO
HUXE, 4eM B acTeHoc(epe, U, COOTBETCTBEHHO,
MMOHMYKEHHOM MIIOTHOCTU. KIIMH ¢ MOHMKEHHOU
BSI3KOCTBIO TIO3BOJIsIET OTOpBarhes (decouple)
HAJBUTAIOILIENCS TUIMTE OT HUCXOMSILEro IO-
TOKa, BBI3BAHHOTO TMOTPY>KEHHWEM cIlid0a, dYTO
0OyCJIOBIUBAET YMEHBIICHUE AMIUIMTYIbl OT-
pUIIATEILHOTO TUHAMHYECKOTO penbeda B Ha-
JBUTAIONIEHCS TITUTE M CMEHY peXHMma Ha-
npsbkeHusT B cind0e OT HampaBlIEHHOTO BHH3
pacTsKEHUS B HAIIPaBJICHHOE BHU3 CXKaTHE.

Ha puc. 2 npeacrasiaensr npodwim mo pe-
3yJIbTaTaM JWHAMUYECKOTO MOJCIMPOBAHUS
[Billen et al., 2003] ¢ BkiroueHueM u 0e3
BKJItoueHus 30HbI LVW. Jlyumiee coBnageHue
HaOIIOJIEHHON aHOMAaJUK C pe3ylbTaTaMu MO-
JETUPOBAHUS C YICTOM TaKXKe MPOPUIST TUHA-
MHUYECKOTo pesibeda Jana MoJeib C BKIIOUYE-
HueM obmupHo# (500 KM) 30HBI MOHMKEHHOMN

60
’g 40
:‘g 20 //\ (/\
(]
C _— \\// TS
-20
160 180 200
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60
’g 40
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8 o / \
-20
160 180 200
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Puc. 2. Ilpodumn reonma s cpaBHEHUST MOpemel cyo-
nykiun Toura—Kepmanek u3 pabdorsr [Billen et al., 2003]:
(a) 6e3 BrmroueHuss LVW, (b) ¢ BKIIOUCHHEM B MOJIEIb
30HbI LVW, pacnpocrpanstromieiicst ot xenoda Ha 500 km
Ha 3ama]] OT IoJyIBUTaroIeiics mmtel. Toscras cepas jau-
HUS — HaOJFOICHHBII MPO(UITh, TOHKAS YepHasi — pacyeT-
HBIA TIPOQIITE.

Fig. 2. Tonga—Kermadek subduction zone geoid mod-
eling profiles for comparison from [Billen et al., 2003a]:
(a) without LVW, (b) LVW included and prolongated
for 500 km to the west from slab. Thick gray color line —
observed profile, thin black color line — modeling profile
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Bs3KocTU (puc. 20). Xyaiiee coBHaJeHUE Ha-
OJNIOZICHHOM aHOMalMU C MOJEIUPOBAHHOMN
(puc. 2a), Kak OOBSACHSIOT aBTOPHI, €CTh pe-
3ylbTaT OTCYTCTBUSI KOMIIEHCALMM AETPECCHU
reon/1a, BBI3BAHHOHN MOTPYKAIOMIMMCS CIID0O0M.
[TogpoOHO MexXaHM3M KOMIIEHCAIlMM TOKa3aH
B IIPUJIO’KEHHH.

IIpu 3HAUUTENTBHOM IJIMHE 30HBI C TIOHUKEH-
HOW BSI3KOCTBIO HAUWHAETCS PACTSDKEHHE B 3a-
nyroBoil obnmactu — Gakcnpenusr. Ilpasna, aB-
topsl [Billen et al., 2003] ormeuarot, 4To U3 KX
MOJZEJIN HEBO3MOXKHO onpenesntb: LVW — 310
pe3ynbTar OaKCIpeaANHIa WIK €ro MPUYHHA.

[To3xe, cpaBHUBas aHOMalIMM Teoujaa Ie-
pexonHol 30HBI kenoba Tonra—Kepmanek
U TIepexXOJHOM 30HBI AJIEYTCKOro Xenooba,
[Billen, Gurnis, 2003] oOparwin BHHMaHUE,
9TO Ha AJIEyTCKOH CHCTEME ISl JTOCTH)KCHUS
COOTBETCTBUSL MEXJy HaOIIONEHHBIM M pac-
YEeTHBIM 3HAaYEHUSIMU He TpeOyeTrcs oOIupHON
30HBI C HHU3KOM BS3KOCTBIO, TAKOW OOJBIIOMH,
kak st Tonra—Kepmaznek.

Jna Aneyrckoil cucremel B 30He LVW
IUIOTHOCTh OblIa HIDKE OKpY’Karolled MaHTHH
Ha 10 xr/m?, Ha Tonra—Kepmanek — na 20 kr/m>.
Bs3kocTh B MOAENH MPUHUMANIACH JUIS JIUTOC-
depst 3-10* Ia-c, acrenocdepsr — 3-10%° Ia-c,
nepexoaHoi 3061 (400—660 kM) — 3-10%! ITa-c,
HIDKHeW ManTuu — 3+ 107 [1a-c. C136 umen mak-
cumyM Bsizkoctu 3-10%2 Ila-c, mo mepe morpy-
’KEHHUS €ro BA3KOCTh yMEHbIajach. Bs3kocTb
BHyTpu LVW —3-10" I1a-c.

ABtOpHI pabotsl [Manea, Gurnis, 2007] ne-
TaJIU3UPOBAIM U PACHIMPWIN HCCIEJOBaHUE,
MOATBEPINB METOJAMH JUHAMHUYECKOTO MO-
JIEIMPOBAaHMS 3HAYMMOCTh BIUSHUS 30H LVW
Ha JUHAMUKY U CTPYKTYpY HEpPEXOAHBIX 30H.
B Mozpens BrIIOYanM pasiiMyHbIE IO Mapame-
Tpam 30Hbl LVW u otnensHO 30HbI LVC (low
viscosity channel) — kaHalbl ¢ HU3KOW BSI3KO-
CThi0. MonenupoBanu Ajs pa3jInyHbIX 3Hade-
HUH BSI3KOCTH, Pa3MEpOB, TIIyOWHBI MPOHUKHO-
BEHUs, OIICHUBAJIM PACCTOSHUE OT OCH >Kesioba
JI0 BYJKaHUYECKOM IpsAbl NMPHU Pa3IUYHBIX Ma-
pamerpax LVW u LVC, yuutbsiBamm CKOpOCTh
U HalpaBJIeHHE CMEILeHUs Jkeno0a. Pe3ynbrarsl
MOJIETUPOBAHHUS OT ITHX BBOJHBIX JIaJI 3aBUCH-
MOCTH yIJla HakJIOHa c130a, ITyOWHBI MPOHHUK-
HOBEHUS B MAaHTHUIO, TOJIIIMHEI cin0a, Bo3pacra,
pacripeie/ieHus! 1aBICHUS U BA3KOCTH.
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Beisicuniioch, utro 0e3 BiiroueHuss LVW
B MOJIENIb cHcTeMa CyOayKIuu He (DyHKIIMOHM-
poBaia, ci130 He MorpyKaJicsi B MAHTHIO, a yTOJI-
mancs. Bxmouenne LVW u3Mmenwio kaptuny
KapIWHAJIBHO: CJIP0 MepecTall YTOMIIAThCS U TI0-
Ipy3WiIcs B MaHTHIO, YTON HaKJOHA cid0a yBe-
JUYUJICA TPU TOHMXKEHUHU BSI3KOCTH. CXOXKUM
3¢ ekt ObUT MOTYYSH OT YBEITUYCHUS TITyOUHBI
30HBI NOHMKEHHOH Bs3koctH LVW 1o 400 kwMm:
yTOJI HaKJIOHA ci130a Takxke yBenuuuBaics. Jlo-
OOTBITHO, YTO MPOCTOE YMEHBIIIEHUE BSI3KOCTHU
BEPXHEl MaHTUHU HE /aBaJIO0 YBEJIMYEHHUsS yIvia
HaKJIOHa Cc130a, HEOOXOAUMO OBIJIO BBEICHHUE
MaHTHUIHOTO KJIMHA C MOHMKEHHON BA3KOCTHIO,
9T0OBI 00pa3oBaTh 30HY JEKAIUIMHTA MEXIY
CIIPOOM M HAAABUTAIOIIENCS [IJIUTOM.

3onb1 LVC, kak otMeueHo B [Manea, Gurnis,
2007], ObuUIM yCTAHOBJICHBI HAOITIOMECHUSIMU
B Slnonun u Ha Ansicke. KaHanbl NOHM)KEHHOU
BSI3KOCTH BBINNIAJIAT KaK Y3KHE Pa3ioOMbl U 30HbI
«caBuray (shear). Yro-To momoOHOE ObLITO OOHA-
pyxeHo Ha Kypunax [®enoros, Ky3un, 1963].
Peacock [Peacock, 2000] uaTepnpeTrpoBai Ta-
KM€ HU3KOCKOPOCTHBIE KaHAJIbI KaK y4acTKH, Ha
KOTOPBIX CYOMyIIMpOBaHHAs OKeaHWYeCKas Kopa
He TpaHchOopMUpPOBaIach B IKJIOTHUT. Takoil HU3-
KOCKOPOCTHOM KaHaJI MPOCIIEKUBAJICS B BBICOKO-
TEMIIEPATYpPHOU CYOMYKIIMOHHOW 30HE 10 TIIy-
ounbl 60 KM, a B HH3KOTEMIEPATYpHOU — JO
rryounsl 150 kM. Bxomouenne B momens LVC
JaBaJI0 TIOBEJIEHUE CJP0A CXOXKee C ero IoBe-
JICHHEM TIpU BKIIFOYEHUU B BbluncieHus LVW;
npaBla, B MOAENU IIIyOMHA NPOHUKHOBEHHS
LVC pocturana 400 kM.

AHanu3 pacuyeToB PACCTOSHUSA OT BYJIKaHU-
YECKOU TPSABI A0 OCH XkKeJloba mokas3ai, 4To Ipu
MaJioM, B 2 pa3a, CHUKEHUH BsI3KocTH B LVW
WIN YCTAaHOBJICHUU pacueTHOH rmyOomHbl LVW
200 kM ByJIKaHUYECKas rpsaa OTXOAuja OT Ke-
n06a Ha Gombiioe paccrossaue 10 320-380 kM,
TOIZIa KaK IpU 3HAYUTENbHOM, B 20 pa3, yMEHb-
[ICHUH BSI3KOCTH WM YBEIMYEHUH TITyOUHBI
LVW 1o 400 kM paccTossHuE€ yMEHbBIIAIOCh
no 220-280 kM. Ilpm BKIIOYEHHMH B MOJIEIb
orcrymnenus (retreat, roll back) sxemoba yron
HaKJIoOHa cid0a yMmeHbinancsa. [Ipu sToM 3Ha-
YUTENIbHOE CHUXKEHUE BsiskocTu LVW yBennuu-
BAJIO HAKJIOH ClI90a, Takoi ke 3PPeKT mpon3Bo-
oo yBenuueHue rryounsl 10 400 km [Manea,
Gurnis, 2007].
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[IpuHrMast nepexoiHble 30HbI ke1000B ToH-
ra—Kepmanek n AneyTckoro KpalHUMH WIEHaMU
B psy pa3HOOOpa3usi akTUBHBIX OKpauH OKea-
HUYECKHUX IUIAT 10 TAaKOMY INPU3HAKYy, KaKk pas-
Mep U NIyOMHa pacnpoCTpaHEHUss MaHTUHHOTO
kirHa LVW, nipu coxpaHeHun npuOIn3uTeIsHO
OJMHAKOBBIMH IUIOTHOCTHBIX XapaKTEPUCTHK,
MBI PELIWINA IIPOAHAIU3UPOBATh AHOMAJIUU I'e0-
uja Juisl nepexoaHon 30Hb! Kypuibckoro xeno-
0a U OIPEJeTUTh €€ MECTO B 3TOM pSAY.

AHOMaJINH reouaa

HA aKTUBHBIX OKPAHHAX

okeannyeckux iUt — Toura—Kepmanek,
Auneyrckoii, Mapuanckou 1 Kypuibckoi

C yueToM BBISIBJICHHBIX 0COOEHHOCTEH B Ipa-
BUMETPUUECKUX AHOMAINAX IEPEXOAHBIX 30H
OKPaWH OKEaHWYECKUX IUIMT ObUIO BBIMOJIHEHO
CpaBHEHHME aHOMAJIMK reou1a o NPopUIIsIM de-
pe3 30HbI Tonra—Kepmaznek u AneyTckyro, Kak
XOpPOIIO M3YyYEHHBIX M KOHTPACTHO pa3iMyaro-
muxcs 30HaMu pactpocTtpanenuss LVW — man-
THUWHBIX KJIWHBEB ¢ HU3KOM BA3KOCThIO [Billen,
Gurnis, 2003], ¢ ogHON CTOPOHBI, U Yepe3 Ma-
puaHckyto u Kypuibckyto 30HbI, ¢ 1pyroi. Pac-
0JI0’KEHHE Mpoduiiel yKa3aHo Ha puc. 3.

Tak xak Hac MHTEPECOBANU CPEIHE- U JIJIHH-
HOBOJIHOBBIE aHOMAJIMU T'€0H/1a, PEILINIA OTpPaHU-
YHUTHCSI PO(PUITSIMHU, TOCTPOSHHBIMHU ITO TPHTY Te-
onna EGM96 (https://cddis.nasa.gov/92 6/egm96/
new_improved.html#geoidgrid), HecmoTps Ha
JOCTYITHOCTh 0o0Jiee TOYHOM Mojenu Teouja
EGM2008. ITpodunu reouna OblIM MOCTPOSHBI
B/0JIb HAMEUEHHBIX JIMHUN B IPOTPaMMHOM I1a-
kete Generic Mapping Tools GMT (https://www.
generic-mapping-tools.org/). [ns pasnenenus
JUIMHHO-CPE/IHEBOJIHOBOM U KOPOTKOBOJHOBOM
KOMIIOHEHT ObLT mpuMeHeH GuinbTp barrepBop-
ta. [lapameTpsl (punbTpa Ui BbIAEICHUS AJTUH-
HO-CPEJHEBOJIHOBOM COCTABIIAIOLIEM — LIEH-
TpaJibHas IJIMHA BOJIHBI cpe3a 600 KM 1 Ops 0K
KpYTHU3HBI cpe3a 8, IUIsl BBIACIEHUS KOPOTKO-
BOJIHOBOM — LIEHTpaJibHas JJIMHA BOJIHBI Cpe3a
300 kM 1 OpsAIOK KpyTH3HBI cpesa 4. [Ipodunn
penbeda qHa MOCTPOCHBI MO TPUY, B3SITOMY U3
6a3b1 manabix TOPEX (https://topex.ucsd.edu/
cgi-bin/get data.cgi). ®unstp barrepBopra 6611
peanm3oBan B Microsoft Excel ¢ ucnonn3oBa-
HUEM BCTPOECHHOH HaJCTPOUMKH OBICTPOro mpe-
oOpazoBanust Oypoe. /s pacuera ucnonb3oBa-
JIOCh COOTHOILIEHUE
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F(k) = 1/[1 + (k/k )],

i€ k — HeHTpaabHOe BOJHOBOE YHCIIO, N — I10-
psanok (crenens) ¢unbrpa [Sheriff, 1997].

[Tpodunu anomanwmii reouia B cpeaHe-1InuH-
HOBOJIHOBOM 4acTu (C JJMHON BOJHBI OoJiee
600 kM) COBMECTHIIHU € MPOGUISIMHU, TOCTPOCH-
HbIMU 110 Teonry EGM96, 6e3 nonoTHUTEeIbHON
¢bunerpanmu (puc. 4 a, b). Y Takux npoduei
(npu crenenu 360 u nopsiike rapMOHUK reouja
EGM96) munuManbpHas JjiMHa BOJHBI 110 KM.
Ha npyroii rpaduk (puc. 5 a, b) HaHecau mnpo-
¢bumu ¢ puHamu BosH MeHee 300 kM, KoTopbie
coBMecTUIH ¢ penbedom. C KaxapIM poduiem
ObUI COBMEIIEH NPOQHIIb INIOCKOCTH MOTPYXKa-
FOILIEHCS TUIUTHI, CHATBIM U3 TPEXMEPHON Mojie-
nu 30H cyonykmuu [Hayes et al., 2012].

BusyanbHblit aHamu3 npoduieil oueBuaHbIM
00pa3oM JEMOHCTPHPYET pPa3HHUILy B CpEIHE-

Puc. 3. Pacrionoxenue npoduiieit yepes: 1 — AneyTckyro
cucremy, 2 — Kypunbckyro cuctemy, 3 — MapHuaHckyto cu-
cremy u 4 — Tonra—Kepmanek.

Fig. 3. Profiles location: 1 — Aleutian system, 2 — Kuril
system, 3 — Mariana system, 4 — Tonga—Kermadec.
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Puc. 4. IIpodunu yepe3 nepexoqHble 30HBI TITyOOKOBO/-
HBIX keno00B Tonra—Kepmanmek (a) m Aneyrckoro (b).
Pacnonoxxenne npodueit cM. Ha puc. 3.

Fig. 4. Profiles cross Tonga—Kermadec (a) subduction
zone and Aleutians (b) subduction zone. Profiles location
see in the fig. 3.

U JUIMHHOBOJHOBBIX (JIMHMS reous > 600 xm)
aHomanusax reouna s Tonra—Kepmanek u Ase-
yTckoit nyru. IlepBas 0COGEHHOCTD — 3TO pe3Koe
YBEJIMUYEHUE, B CPABHEHUU C AJleyTaMH, BBICOTBI
reousa Ha Tonra—Kepmanek, oOpazoBaHue CTy-
IIEHU BBICOTOM mpakTtudecku 30 M B THLIOBOM
qyacTu nepexogHou 30Hbl. Ha Aneyrax HeT cTy-
MIEHU B CpeHE-UIMHHOBOJIHOBOM YacTH Teouna,
BBISIBIISIETCS] JIMIIb HE3HAYUTEIIBHOE IPEBBIIIIE-
Hue B npenenax 1-2 M. KopoTkoBosiHOBas 4acTh
criektpa (uaus reous < 300 kM) MoKa3bIBaeT
CBOIO O0YCIIOBIIEHHOCTH B OOJIbILIEH CTETIEHU pe-
nbeoM, Hy ¥ YaCTHYHO, TOJKHO OBITh, HEOTHO-
POIHOCTSAMU B KOpE.

K coxxanenuto, TpexmepHas moznens [Hayes
et al., 2012] morpy»atomencst MWIMThHl B OTHO-
[IEHUH TPACCUPOBAHUSA €€ Ha ITyOUHY MOKa3bl-
BaeT HE BCE TEJO IUIMTHI, KaK CE€HYac yCTaHOB-
JeHo 1o cericMuueckor Tomorpadum [Goes et

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

al., 2017], a TOnMbKO BEPXHIOI YacTb, BBICTPO-
E€HHYIO0 TI0 CelcMuYeckuM coObiTusM. [lnuta
Ha ToHra—Kepmanek oTpucoBaHa NMPaKTHYECKU
JI0 HIOKHEW MaHTHHM — 670 kM, Ha AJleyTax OHa
orpannuuBaeTcs nryounoit 200 kM, 4yTh HUXKE
acteHocdepsbl. JIuHus cnrba Ha pUCyHKax Ha-
HECEHa C OTHOIIEHUEM BEPTUKAJILHOTO MacCIlITa-
0a k ropuszoHTanbHOMY | : 1 U HeMOHCTpUpY-
€T peaJibHble yroj HaKJIOHa M KOH(UTypaIuio.
Hns Tonra—Kepmanek u AneyTckoi 1yru BUIHA
pa3HuIa B KOHQUIYypallud BEpXHEW 4acTH Ci3-
0a B paiifone ero meperunda, Ha Tonra—Kepma-
JIeK meperud BHU3 HAUMHAETCS HA PAacCTOSHUU
okoio 100 kM oT xenmoba, Toraa Kak Ha AJjey-
Tax IMOJIOrasi YacTh IUTUTHI JI0 Neperuda TsHeTcs
Ha paccrossHud 200 KM. Yroa HakJIOHA IUIATHI
MPAKTUYECKH OJIMHAKOBBIH.

Ecnu Oparb B pacuer, 4TO OTMEUEHHBIE pa3-
JUYMsS B aHOMAJUSX Teousa U TPacCHUPOBKU
ci1a0a BbI3BaHBl HAJIMYMEM B IEPBOM CIyyae
OOIIMPHON Pa3yMIOTHEHHOW 30HBI MAHTUHHOTO
KJIMHA C HU3KOM BS3KOCTBIO U €€ OTCYTCTBHUEM BO
BTOPOM, TO 3TO MOXET CIIy>KUTh HHCTPYMEHTOM
JUISL U3YYEeHHMsI IPYTUX MEPEXOAHBIX 30H, B 4acT-
HOCTH IepexoAHoM 30HbI Kypuiibckoro xenooa.

Ha puc. 5 noka3zanbl aHaJ0oru4YHbIE TPOPUIH
yepe3 Kypuiibckyio cucremy u A CpaBHEHUS
yepe3 MEepexoAHyr 30Hy MapHaHCKOro ejo-
6a. Kak u ana Toura—Kepmanek u Aneytckoro
xKeyoba, MpeACTaBlIeHbl CpeHe-ITMHHOBOIHO-
Bas COCTaBJstouIasi, penbed U KOPOTKOBOIHO-
Bas COCTAaBIIAIONIAsl Teouaa ¢ Tpaccoil cidla.
CryneHb B cpeHe-JIMHHOBOIHOBOM COCTaBIIs-
ollel reousia Ha 000UX MPOPUISIX MEHbILIE 110
amrututyne, uem Ha Tonra—Kepmanek, HO 60J1b-
nie, yeM Ha AJieyTax, OHa HEMHOTO IIPEBBIILIAET
10 M. B KOPOTKOBOJIHOBOW 4acCTH BO BCEX CIIy-
yasx 3aMeTHbl HEPOBHOCTH, OOYCIIOBJIEHHbBIE
KOPOBBIMH HEOAHOPOJHOCTSIMU MU pelibedoMm.
Ho nano ormeruts, uto Kypunbsckas cucrema
OTJIIMYaeTcs OT APYTUX TE€M, YTO TEHIEHIUS B
pensede 3amagaee rmyookoBoaHON Kypriibckoit
KOTJIOBHHBI Ha MOBBILIEHUE penbeda (0T MUHYC
3600 m 10 0 M U BBIIIIE) B aHOMAJIHUSIX TEOUIA
HE OTpakaeTcsl.

Taxxke ormernm, yto noxa Kypuibckon mimy-
OOKOBOIHOM KOTJIOBMHOW B JIMHHOBOJIHOBOM
CHEKTpE TMPOSBIAETCS JIOKAJIBHBIM MaKCUMyM

123



[lnomHocmHble u peosio2u4yeckue HeodHopodHocmu MaHMuu aKmue8HbIX OKeaHU4YeCKUX OKpauH

Puc. 5. Ilpopwmm uepe3 Kypunbckuii (a) m Mapuan-
ckuii (b) mrybokoBoHEIE Ken00a. Pacmonoxenue mpodu-
Je cM. Ha puc. 3.

Fig. 5. Profiles cross Kuril (a) subduction zone and Mari-
ana (b) subduction zone. Profiles location see in the fig. 3.

B IIEPBBIE METPHI (pUC. 5a), KOTOPBIl 00bIACHSCT-
CSl TIOBBIIIIEHHOM TUIOTHOCTBIO MOJIJIBUTAIOIIEH-
csi TuThl. 110100HBINA JOKaJIbHBIN MaKCUMYM,
IIpaB/ia B MEHBUIEHN CTENEHH, BBIIEISIETCS U Ha
OCTaJIbHBIX Pa3pe3ax.

Oo0cy:xxnenue

Ecnu npuHATH, 4TO CTyNIEHb B aHOMAJUAX I'e-
OMJIa YKa3bIBAET HA CYILIECTBOBAHUE U Pa3MEPbI
KJIMHA C HU3KOM BA3KOCTBHIO HaJ MOTPYKarOIIEH-
ca uTol, To A Kypunbsckoit 1 MapuaHckoi
CHUCTEM CJIEAyeT, UCXOJIs U3 XapakTepa CpelHe-
JUIMHHOBOJIHOBOM YaCTH CHEKTpPa aHOMAJuM Te-

oWJia, MPU3HATh BO3MOXKHOCTh HAJIMYHUS TaKOTO
«KJIMHA», HO, MOXET OBITh, MEHEE OOIIMPHOTO,
yem B ciydae ¢ Tonra—Kepmaznek. Ocobenno-
CThIO CcyOnykunoHHOU cuctembl Tonra—Kepma-
JeK, Kak 1 MapHuaHCKOM, SBIISIETCS AKTHUBHBIN
3aJlyrOBOM CIIPEAMHI, KOTOPOro HET B AleyT-
ckoii cucreme. Kypuibckas Ti1yOOKOBOAHAS
KOTJIOBHHA TPOSBISET MPU3HAKH padoTaroieit
pUPTOBOM CUCTEMBI, IO KpalHEH Mepe MMEeT
BYJIKaHbI TJIEHCTOIEHOBOTO Bo3pacta [Emenbs-
HoBa, JlenukoB, 2009], OTHOCUTENHHO BBICOKUI
ypoBeHb TeruioBoro mnotoka [Ceprees, 20006;
Honda, 2017], ocb Kypunbckoro rimy0oKoBOj-
HOTO 3KeJ100a MUTPUPYET, MO OONBIIMHCTBY HC-
MOJIb30BAaHHBIX «KapKacoB oTcueTa» (reference
frame), B CTOpOHY MOIABUTAIOIMIEHCS TIIUTHI
[Coltice et al., 2017]. Ha Caxanune, pacmnosnio-
KEHHOM Ha MPOJOJLKEHUHU 3alyroBOW 00nacTy,
OOHapy>KEeHbI CTPYKTYpbI, KOTOpbIE HUMEIOT BCE
MpU3HAKA OTMEpINel CYOIyKIIMOHHON CHCTe-
Mbl [Kimura, Tamaki, 1986; I'pannuk, 1999,
2017; PogaukoB u 1p., 2014]. Takum oOpazom,
KaK 9TO MMOKa3bIBaeT TalNIuIa, epexoHas 30Ha
Kypuiibckoro miry0okoBOgHOTO jxenoda HMeeT
CXOZICTBO C CyOAYKIIMOHHBIMU crcTeMaMu ToH-
ra—Kepmanek 1 MapuaHCKkoil, HO OTJINYAETCS OT
AJIeyTCKOHM, HECMOTPSI HA TPAKTUYECKH OJMHA-
KOBYIO C HEH Mo miyOWHE 3aayroByl0 BIAJIUHY.
DTO paznuyue MOATBEPIKICHO T'€OJI0THYECKUMHU
nanHbIMH [YexoBuu u nip., 2019].

OOpa3zoBaHue 3aAyroBOi BMAIUHBI AJEyT-
CKOW OCTPOBHOW JYTH JIOTUYHO OOBSCHSCTCS
nporubaHueM HajAABUTamomieiics naurocdep-
HOM TUJIMTHI U 3aTATUBAaHUEM IMOTPYKAOIIErO-
csl cipba B OTCYTCTBHE JEKAIlJIMHIa, TOT/IAa Kak
MexaHu3M oOpa3oBanHus Kypuibckoil Braau-
Hbl — PacTSHKEHHE U CIPEIUHT B pe3yJibTare
(YyHKIIMOHUPOBAHUSI MAaHTUWHOTO KJIMHA C T0-
HUKEHHOM BSI3KOCTHIO.

Tabnuya. OcHOBHBIE OLleHOYHbIE MAPAMeTPhl CPABHHBAEMbIX MEPEXOHBIX 30H OKeAHMYeCKHX OKPauH
Table. Main estimation parameters of compared subduction zones of oceanic margins

Tounra—Kepmagex AneyTckas Mapuanckas Kypunbckas
AnoManuu reoua, M ~30 ~1-2 ~10 ~10
MaHTUITHBINA KITUH Ectp Her Ectp Ectp
3ayroBoi cipeuHr Ectb Her Ectb Ectp
PenukroBas nyra Ectp Her Ectp Ectp
%‘fgﬁg;‘ﬁ“gﬁ;ﬁ“;gog” 90-130 20-90 140-160 80-120
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OOBbsicHEHHUE HBOJIOLUU BO BPEMEHHU CYyOTyK-
IIMOHHBIX CHUCTEM JuBepreHTHoro tuma [Ficini
et al,, 2019] nmpennoxeno [Handayani, 2004]
WUTIOCTPUPOBATh  MOCJIEOBATENBHOCTBIO  CO-
ObITHH, KaK Ha puc. 6. To ecTh paboTa ByIKaHU-
YECKOI0 04ara, KOTOpbI HaXOOUTCSl B MaHTHM-
HOM kiauHe LVW norpyskaromencs inTel, co
BpEMEHEM, NPU YYACTHH «POJLT Oak»-Impoiecca,
MOPOKAAET PACTKEHUE—CIIPEIUHT B 33 JyTOBOM
o0nactu, B pe3ysbTare KOTOPOro crapas Cyoayk-
[IMOHHAs KOHCTPYKIUS OTMUPAET U yHajsieTcs
0T TITyOOKOBOAHOTO KeJo0a.

B 3agyroBoii oGnactu cuctemsl Tonra—Kep-
MaJIeK MOJIOKUTENbHAS CTYNEHb B aHOMAJIHAX
reon1a 00yCcI0BI€HA OOMIMPHBIM KIIMHOM C HU3-
KOM BSI3KOCTBIO. MaTtepuall ¢ MOHWKEHHOH BsI3-
KOCTBIO «3aTSATUBAET» JIEMIPECCHIO, BBI3BAHHYIO
MOTPY>KEHHEM CI190a, ¥ TeM CaMbIM KOMITCHCH-
pyeT NOHMXEHHE YPOBHS TIeou[]a, BbI3BAaHHOE
MOJIOKUTENIBHOW T'PaBUTALMOHHOM aHOMauen
IUIOTHOW TUIMTHL. B Auneytckoil ke oOnactu,
MPENOI0KUTENIbHO, KOMIIEHCALIUU JEIPECCUH,
BBI3BAaHHOI MOrpyXaromumcst ci’00oM, He Mpo-
HCXOJUT, UTO U OOYCJIOBIMBAET CYIlIECTBOBAHUE
[TyOOKOBOJHOM BIAMHBI.

N3ocTatnuecku HECKOMIIEHCUPOBaHHBIN
muHamudeckuii penbed Kypuibckoil TiryOoko-
BOJIHOM KOTJIOBUHBI B aHOMAJIUAX IeOuJa KOM-
MEHCUPYETCS TUIOTHOW IOAJABUTAOIICHCS TLIU-
toil. Cama Kypuibckasi KOTJIOBUHA HAaXOIUTCS
Ha pacctossHuu okojio 200 kM OT ocH *kemoba
u npoctupaercs emie Ha 300 km.

Ecnu oOparutbes K pesyasraraM MOJEIUPO-
BaHUSl MAHTUHHOTO KJIMHA C HU3KOW BSI3KOCTHIO

Puc. 6. BynkaHW9eCKwii MK pa3BUTHS 3aTyTrOBEIX Oac-
ceitnoB [Handayani, 2004]. L{udgps! yKa3sIBalOT MOCIEHO-
BaTeJILHOCTH IpoLIecca.

Fig. 6. Arc-backarc basin volcanic cycle [Handayani,
2004]. Digits in circle demonstrate the consequence of the
cycle process.

FEocucTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 1 2020

LVW, BemonnenHoro [Manea, Gurnis, 2007]
JUISL pa3HBIX YCJIOBUM, TO B AJICyTCKOW CHCTe-
M€ BBIJCINSCTCS JITUHHBIN CyOropH30HTAIBHBIN
y4yacTok, mnpesbimaromuii 200 kM B BepxHeEH
4acTH ci1d0a, KOTOPBIM CBUIETENHCTBYET 00 OT-
cyrcrBun LVW wim ero manom pasmepe u He-
JOCTaTOYHOM CHUKEHUHU BSI3KOCTU. OO 3TOM ke
TOBOPUT M Majioe paccTtosinue, meHee 200 kM,
OT OCH 3keJ100a J10 ByJIKAHUYECKON TPS/IbI.

Jst cmeba Kypuiibckod Tpsiibl  XapakTe-
peH MEHBIIMA YroJll HaKIOHa B CPaBHEHHUH
¢ MapuanckuMm. OOBSICHUTH 3Ty OCOOEHHOCTh
MOYKHO TaK)K€ MCXONS U3 Pe3ylbTaToB PadOThI
[Manea, Gurnis, 2007]. Otcrymuienue (retreat)
xenoba Kypuibckoil cucreMbl OT HaaABUTa-
IOLIEHCS TUIMTHI TPOUCXOJUT CO CKOPOCTHIO OT
1.9 no 3.0 cm/ron (ecniu Opath B pacueT «Kapka-
cel» orcyeta «Indo-Atlantic hot spot reference
frame (02005+D1994)» wmm «No-net-rotation
reference frame (K2003)», oTHOCHTEIBHO KOTO-
PBIX M3MEPSUIOCH JBM)KEHUE HaJJBUTArOIIeHCs
wmthl) [Coltice et al., 2017], Toraa kak Mapu-
AQHCKHUH keno0 JEeMOHCTPUpPYET HACTYIJICHHE
(advance) B cTOpOHY HAJABUTAIOIICHCS TUIUTHI.
Paznuune B KUHEMaTuke >KeI0OOB OOBACHS-
€T MEHBIINHA YroJl HaKJIOHa IOJABUraroLIeiics
wnThl Kypriibckol CyOyKIIMOHHON CHCTEMBI.
[IpaBna, octaercs HEOOBACHEHHBIM, IOYEMY
npu BeIOOpe otcuera «Pacific hot spot reference
frame (G&G2002)» [Coltice et al., 2017] Ky-
PUIIbCKUIL KeT00 TBUKETCSI B CTOPOHY HaJIBH-
rarouieiics mInNThl, HO 3TO yXK€ 3ajada OTIEJIb-
HOTO UCCJIETOBAHHUS.

[Ipu orcrymneHnn xenoda OT HaIABUTAO-
Hielics IUIMTHl PE30HHO OKUIATh PAaCTSKEHUS
B 33/IyrOBOM 00J1aCTH, 4TO, COOCTBEHHO, OIpPaB-
JBIBaCT OoOpazoBaHME U cymiecTBoBaHue Ky-
PUITBCKOM TITyOOKOBOTHOM KOTIIOBHHBI.

3akjaouyeHune

I'paBuMeTpuyeCcKre U3MEPEHUS, BBIIIOJIHEH-
HBIE 32 IMOCJEeIHUE JIECATUIIETHS, B TOM YHCIIE
U C amlmnaparoB KOCMHYECKOTO 0a3upoBaHUS,
nporpecc B YBCIMYCHUM BbIYUCIIUTCIIBHBIX
MOIIHOCTEH, IIUPOKOE MPUMEHEHHE METO/I0B
YUCJICHHOI0O MOICIUPOBAHUA C Yy4YCTOM I'pPaBU-
TallMOHHBIX TOJIEH 3aMETHO CIOCOOCTBOBAIU
o0miemMy mporpeccy B HCCIEIOBaHUSIX TIIyOUH-
HOTO CTPOEHHUS 3eMJIH.
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JlomoTHUTENbHBIE BO3MOXKHOCTU IS M3-
YUEHHUSl XapaKTePUCTHK TITYOMHHOTO CTPOEHUS
OKCaHMYECKHUX OKparH ObLIN MOTYYCHBI IPU UC-
cieAoBaHUAX aHOManui reouna. CpeaHe-1IuH-
HOBOJIHOBbIE AHOMAJIMM Te€OMAa B 3aJyrOoBOM
00JIaCTH HETOCPE/ICTBEHHO CBSI3aHBI C OCOOCH-
HOCTSIMM JMHAMUKH CYOIYKIUM TEPEXOIHBIX
30H, B TOM 4YHCIIE€ NepexoaHon cucrembl Ky-
PHIIBCKOTO ITyOOKOBOJIHOTO %eo0a.

Hamo ¢ 60mbI110ii BEpOSTHOCTBIO OXKHATh,
4TO TiepexonHas 3oHa Kypuibckoro riy0oko-
BOJIHOTO ’KeJI00a UMEET 3aMETHBIH 10 pazMepam
MaHTUHHBIN K1uH (LVW) ¢ mOHMKEHHOH BSA3KO-
CTBIO U IJIOTHOCTHIO.

[IpeaBaputenbHO, B COMOCTABICHUH C JIPY-
TUMU OKEAHWYECKUMH OKpauHaMmu, Ui IIy-
OuHHOTO pa3pesa moj ocrpoBamu bomnbimoit Ky-

PHUIBCKOW TPSBI MOXKHO TPUHSTH CIEAYIOIIUE
3HAUCHUS BS3KOCTU: HW)KHSS MaHTHsI — MaKCH-
mym 10%TIla-c; TpansutHas 3oHa — 10?'[la-c;
acteHocdepa 10°°TIa-c; MaHTHHHBIA KIUH
(LVW) — 10" IIa-c, cpeaHee MpeBbIIICHUE TI0T-
HOCTU TIOTPYXAaroIEHCsl TUTOCHEPHON TUIUTHI
OTHOCHTEJIBHO CJIOCB MAaHTHHM Ha OJMHAKOBBIX
nyounax — 0.02—0.05 r/cm?.

HccnenoBanuss B 00NacTH M3y4eHHs TIIy-
OMHHBIX MAHTHUHHBIX TUIOTHOCTHBIX M PEOJIO-
THYECKUX HEOJHOPOMHOCTEH aKTHBHBIX OKe-
AHUYECKHX OKPaWH HMCIOT NPHHIUIIHAIBHOEC
3HauUeHHWE Ui TOHWMAHHS HBOJIONUH U TIPO-
rHO3a HIMPOKO M3BECTHBIX PUCKOB, CBS3aHHBIX
HE TOJIBKO C CEHCMUYECKUMH U BYJIIKAHHYECKHM
OTIACHOCTSIMH, HO U C COCTOSTHUEM OKpY KaroIIen
CpeIblI TUIaHETHI.

Ipuioxenne
(density contrast ¢ density contrast
TOTAL, — —_
" hottom? "“__:'-'—' """""" bottond T top
S top
~~~~~~~~~~~~~~ ~~""top deformation top deformation
: density contrast v ¢ viscosity : 1
density contrast viscosity : 1 Yy T~ y:
; P i ity : 30
viscosity : 1 viscosi
Vi v VANRY

A T .~ bottom deformaton g " bottom deformation

O6pa3oBaHue aHoManuil reouga, 0OyCIOBICHHBIX IJIOT-
HOCTHBIMHU HECOAHOPOAHOCTAMM, IIPU U3MEHCHHUU BA3KO-
ctu [Hager, 1983].

A. OtpunarenbHoOe CyMMapHOE 3Hau€HHe aHOMaJIUH reo-
uaa (KUpHasl JIMHKS) OT KYNOJOBUIHOTO MCTOYHHUKA I10-
JIOXKUTENBHOM TUIOTHOCTHOM aHOMAalluH, PacHoI0KEeHHO-
TO B CEpPEUHE CJIOS C MOCTOSHHOM BA3KOCTHIO MO BCEMY
cinoro. KoMrnoHeHTs! aHOMaINU Teoua: UCTOYHUK IIIOT-
HOCTHOI aHOMaJIMH (TOHKAs JIMHMS) TUTIOC TMHAMHYECKast
nedopmaiust BepXHeH IrpaHuLbl clos (IITPUXOBast JTNHHS)
U TUTIOC JMHAMHUYecKasi nedopManyusi HWXKHEH TpaHHIbI
101 (ITyHKTHPHAS JINHHUSA).

B. [TonoxurenbHOE CyMMapHOE 3HaY€HHE aHOMAJIUH I'e0-
njga. KoMIoHeHThl aHOMAalluK T€ K€, OTIIMYUE — B YBEIIU-
YEHUH BSI3KOCTH HWKHEH MONoBUHEI ciios B 30 pas.

Geoid anomalies forming caused by the density inho-
mogeneities when viscosity changing [Hager, 1983].

A. Negative total value of the geoid anomaly (thick
line) from the quaquaversal source of the positive den-
sity anomaly, located in the middle of the layer with
constant viscosity throughout the whole layer. Compo-
nents of the geoid anomaly: source of the density anom-
aly (thin line) plus dynamics deformation of the upper
boundary of the layer (dashed line) and plus dynamics
deformation of the bottom boundary of the layer (dot-
ted line).

B. Positive total value of the geoid anomaly. The anom-
aly components are the same, the difference is in increas-
ing of viscosity of bottom half of the layer by 30 times.

006 ucnpasnennu k crarse P.®. Bynrakosa u B.H. Cenaunna «Mopckue Teppacsl U BausHuE 3(dexra Tuapon30CcTa3uu Ha BEPTH-
KaJbHbIe ABmkeHus CaxaanHa» B HoMmepe 3 3a 2019 rox cm. Ha c. 142.
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IMpaBuiia opopmiieHuss U MyOJUKAIMU PYKOTIHUCEl
B Hay4YHOM kypHaJje «['eocucTeMbl NepexoaHbIX 30H)
E-mail: gtrz-journal@mail.ru

Cnmcok HAyYHBIX creluaJbLHOCTel
1 COOTBETCTBYIOIIMX UM OTpacieil HayKH, 0 KOTOPBIM KypHal «[ €oCUCTEMBI TEPEXOAHBIX 30H»
BKJIIOUEeH B [lepeueHp pelieH3npyeMbIX HayYHbIX U3IaHUH, B KOTOPBIX IOJDKHBI OBITH OITyOJIMKOBAHBI OCHOBHBIC
pe3yJbTaThl AUCCEPTALU HA COUCKAHUE YUEHOW CTENEHU KaHAUAATa HAayK, YYEHOH CTEIEHU JIOKTOpa HayK

o HaumenoBanue orpacieit
HanmeHoBaHue Ipynibl HAyYHBIX CIEIMATBHOCTEH,
Hludp o HayKH, 0 KOTOPBIM
HaHMEHOBaHHE HAYYHOH CIIeNUAIbHOCTH
MIPUCYXKIACTCS yUeHas! CTEIICHb
25.00.00 Hayku o 3emiie
25.00.01 OO6miast 1 pernoHaIbHas T€oJIOr s I'eonoro-muHepanornyeckue
25.00.03 T'eoTeKkTOHMKA U T€OIUHAMHUKA T'eonoro-MuHEpanOruIecKue
25.00.04 Ierposiorus, By IKaHOJIOT U T'eonoro-muHepanorunyeckue
25.00.10 I'eoduzuka, reopu3nueckue METOIbI HOHCKOB T'eonoro-mMunepanornyeckue
o TIOJIC3HBIX NCKOMAEMBIX Du3NKO-MaTeMaTHYECKHE
25.00.25 I'eoMopdonorus 1 3BONOLMOHHAs Teorpadust T'eorpaduueckue
T'eorpaduueckue
25.00.28 OxeaHOIOTHs I'eonoro-munepanornueckue
Du3nKo-MaTeMaTHYECKHe
T'eonoro-munepanoruueckue
25.00.35 I'eonnpopmaruka P
DusHKo-MaTeMaTHIECKIE
T'eonoro-munepanornyeckue
25.00.36 I'eoskonorus P
T'eorpaduueckue
01.02.00 Mexanunka
Du3nKo-MaTeMaTHYECKHE
01.02.04 Mexanuka 1e)opMUpYEMOro TBEPJOro Tea
negopmHpy: P Texuuueckue

I'paghux evixooa xcypnana: Ne 1 —mapt; Ne 2 — uroub; Ne 3 — ceHTAOpH; Ne 4 — nexadpb.

Kyphan myOnuKyeT opuraHainbHbIe U 0030pHBIE HAyYHBIE CTaThU, KPaTKUE HAYyYHbIE COOOIICHNS, TUChMa
C IMCKYCCHEH TIO CTaThsIM, PELIEH3NH HA HAyYHbIC U3aHUs, a TaKkKe COOOIIEHHS 0 KOH(epeHIsIX, ceMUHa-
pax, SKCIeAULUsIX, 00 U3AaHHOW HAYYHOH JUTepaType.

HayunbiM cTartesiM u cooOmeHusM npucBamBaercs uaeHtugukarop CrossRef — DOI (Digital Object
Identification).

Pykomucn mpUHUMAIOTCS B JICKTPOHHOH (hopMe B TeUeHHE ToJa IO aApecy pedaKnuH >KypHaia
i 1o e-mail: gtrz-journal(@mail.ru. 3aka3Hple ¥ IEHHBIC THChMAa U OaHAEPOIN PENAKIHA HE TTOTyYaeT.

B xypHaie IpUHATO 00HOCmOpOHHee clenoe peyen3uposanue (IoAPoOHEee O MOPsIIKE PELEH3UPOBAHUS
CM. Ha caiiTe )xypHaia). B kauecTBe perieH3eHTOB BBICTYIIAIOT M3BECTHBIE CIIEIMAIICTHI TI0 TJAaHHOMY HaIlpaB-
JICHHIO, NMEIONIHE MTyOIMKAIlNH 110 TEMaTHKE CTaThH U HEOOXOIUMBIA YPOBEHb TUTHPOBAHNS.

Br160op perieH3eHTa — npeporaTiBa peiKoUIeruy, HO aBTOPBI MOTYT YKa3aTh B COIPOBOIUTENFHOM MTHUCHME
KeJaTeTbHBIX peleH3eHTOB (3—6 4enoBeK: MUHUMYM U3 2 pa3HBIX PETHOHOB WM Pa3HBIX CTPaH; SKCIEPTHI
B JIaHHOM 00JaCTH; OTCYTCTBHE COTPYHUYECTBA, B TOM YHCJIE COABTOPCTBA 3a MOCIEAHUE 3 To/a; He YJICHBI
PEIKOIJICTHH KyPHAa), a TAKXKE TeX, KOMY HE pEKOMEHAYeTCsl OTHPaBIIATh paboTy BBUAY BO3ZMOKHOTO KOH-
(IIUKTa HHTEPECOB.

Ecnu craTths HE 0TBeUaeT TeMaTHUKe KypHala, HE COIEPKUT MpeaMeTa HayuyHOTO MCCIE0BAaHNUs, HE CO-
OTBETCTBYET STHYECKIM TPEOOBaHUAM, IyOINpyeT OMyONnrKOBaHHbBIE MaTepUalIbl, IOTHYECKH HE BEICTPOCHA,
U3JI0KEHa HEyT0O0BAPUMBIM SI3BIKOM H T.I1., PEIAKIUA MOXKET apTYMEHTUPOBAHHO OTKa3aTh aBTOPY B MyOJIH-
KAl Ha OCHOBaHMU IIEPBUYHOTO CKPHUHUHTA, 10 POBEICHUS PELICH3UPOBaHHU.

Pemenne o myOauKanuy NpUHUMAET PeAAKLMOHHAs! KOJUIETHs B TedeHne 3—4 MeCsLEeB CO THS OITydeHHS
MaTepHaIOB HA OCHOBAHUH MUHUMYM 2 pelieH3ui. PeneH3nn Xpanarcs B peJakliiy B TEUCHHE S JIET.

CraTpio ¢ KOIMUSAMH PEICH3UN U PEIaKIIMOHHBIMU 3aMEUaHMSIMH BHICBUTAIOT aBTOpY. Bo3BpareHne pyko-
MMUCH Ha JIOPAOOTKY HE O3HAYaeT MPHUHATHS e K MyOnukaiuu. Bes nmanbHelinas pa0oTa Haja cTarbedl UIeT
B PEJIAKIIMIOHHOM (paiijie, B KOTOPOM aBTOP 10padaThIBaeT TEKCT U MPUCHUIAET €T0 BMECTE C OTBETHBIM IMUCHMOM.
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OTBeTHOE MUCHMO CIIETyeT MICaTh B (paiijie ¢ perieH3uel in peJakMOHHBIM 3aKIF0OYeHIeM. B HeM Hy»KHO:

=  OTBETHTbH Ha KXl KOMMEHTAPUIl PEIICH3EHTOB;

=  yKa3aTb KOHKPETHO, KaKle IMEHHO U3MEHEHMsI BHECEHBI B CTaTbhIO;

=  Hammcarb yOeqUTENbHOE, BEKIMBOE BO3PaKEHUE, ECITH, [0 MHEHHUIO aBTOPA, PELICH3CHT HEIpaB.

Penxomnernst Ha OCHOBaHHM PEIEH3WA W OTBETHOM PEaKIIMH aBTOPA OMPEICSIIET MaJbHEHIITYI0 Cyan0y
PYKOIIHCH.

[IpuHATYIO K NE€YaTH CTaTbI0 CHOBA YUTAET PEAAKTOP M COMIACOBBIBAET C aBTOPOM IIPABKH, CBA3aHHBIE
c cogepkanueM. [ 0TOBBIN K BepcTke (aiii ciieyeT BHUMATEIbHO BEIYUTATh, TIOCKOJIBKY B BEPCTKE AOIYCTH-
Ma TOJIBKO MeJIKasl IMpaBKa.

Paboty Bitouatot B turaH HoMepa. CozepikaHne HoMepa YTBEpKIaeT OTBETCTBEHHBIN 32 HOMEP W/MJIH
IJIaBHBIA PEAaKTOP, 32 KOTOPBIM OCTAETCS MPAaBO OTKJIOHUTH CTaThIO TI0 CEPHE3HBIM Ha TO OCHOBAHUSM (KOH-
(IIUKT MHTEPECOB, HEMOCTATOUHBIA YPOBEHh HOBH3HBI MCCIENOBAaHHA U T.I.). B ciydae mpuHSATHA cTaTbu
K IMyONHMKanyy aBTOpy COOOIIA0T, B KAKOM HOMepe OHa Oy/eT ormyOnrKoBaHa.

ABTOpBI cTaTeil HECYT OTBETCTBEHHOCTD 32 COJEpKaHMe cTaTeil U (DakT uxX MyOIUKaIliu, O 9eM ITOJIITH-
CBIBAIOT aBTOPCKOE 3asIBIICHUE.

Penakuus BnpaBe U3bsThH yKe OMyONUKOBAHHYIO CTaThIO, €CIIH BBISICHUTCS, YTO B TIpOLiecce ee MyOnuKa-
MU OBLIM HapYyLIEHB! YbH-THOO0 TpaBa Wi OOIIEPUHATEIE HOPMBI HaydHOU 3TuKU. O (pakre u3baTus cra-
THU PEIaKIUs COOOIIAeT ee aBTOpY, CIICUANNCTaM, TaBITNM PEKOMEHIANNI0 W PEIeH3UI0, OPTaHU3aIuH,
rae padoTa BBIIONHSUIACH, U B 0a3y HAYYHOTO HUTUPOBAHMUS, B KOTOPOH KypHal HHAEKCUPYETCSI.

[Tybnukanus crareit 6ecruiatHa i aBTOpoB. Ilo 3ampocy aBTOPOB pefakiivs IOCHE BBIXOJA KypHa-
na B cBeT BbichutaeT pdf-haiin ¢ omyOnukoBaHHOW cTarbei. [leyaTHble K3EMIUIAPHI U3IaHUS MOXHO IIpPH-
oOpecty B pepakuny win odhopmuB noanucky B AreHtctse «Pocmedarsy (mamexc 80882). Iloanmcasmmecs
Ha XYPHaJl, CJIelIaB CBOEBPEMEHHO I10 3JICKTPOHHOM MOYTE 3aIpOC B PENAKIUIO, OIy4aT OecriatHo pdf-daiin
C JJIEKTPOHHOM BepcHel KypHaia B TEUEHHE HEJENH MOCIIe TIOANMCAaHMS €r0 B MeYarh.

CTpykTypa ocHOBHOTrO (aiiaa

Temamuueckasn pyopuxa u3 NPUBEACHHOTO BBIIIE CITUCKA CIICIUATBHOCTEH.

Huoexc Y/IK nio Tabnuam YHUBEpCaIbHOHN JIECATUIHON KiIaccu(pUKanuy, UMEIOIMMCS B OMOIHOTEKaX,
WJIM C IOMOIIBI0 HHTepHET-pecypca http://teacode.com/online/udc/

3aznasue. 10-12 cnos. Kopotkoe, emkoe. [1o Bo3MOKHOCTH n30eraiiTe oOLUIMX CIOB, HAYYHBIX Kapro-
HU3MOB U a00peBuaryp. B mneasne Bce ciioBa Ha3BaHHUS MOTYT CIYXKHUTH KIFOYEBBIMH ITPH HAYTHOM TTOUCKE.

Huuyuanot u pamunuu asmopoé (OTMETUTH 3BE3IOYKOM aBTOpa JJIsl KOHTAKTOB M yKa3aTh e-mail ms
MIEPETINCKH).

IHonnvie nazsanus yupercoenuii (Kak OHU 3Ha4YaTCs B YCTaBe), K KOTOPhIM a(pUIMPOBAHBI aBTOPBI, H X
MECTOHaXOXKCHHE (TOPOJI, CTPaHa).

Peghepam (annomayus) — Abstract. O6nem 200-250 cioB. be3 mpoyTeHuUs BCel CTAaThbU JAeT YETKOE
Mpe/ICTABICHUE O IIEJIM CTAaThH, €€ HAYYHOW HOBHU3HE M JIOCTUTHYTHIX pe3ynbTatax. [lo3ToMy B HEM B Ja-
KOHHUYHOW (hopMe JTOKHBI OBITh YETKO 0003HAYEHBI TPOoOIeMa, 000CHOBAHHE LIENIH, MATEPHAITBI U METOJIBI,
PE3YIbTAThI UCCICAOBAHUA U UX UHTCPIIPETALM, BLIBO/BI.

,Z[J'If{ WHOCTPAaHHBIX YYCHBIX a6CTpaKT 3a4acCTyro ABJIICTCA €AMHCTBCHHBIM HCTOYHHWKOM I/IH(i)OpMaHI/II/I
0 COZICPIKAHHUH PYCCKOSA3BIYHON CTATHU M M3JIOKECHHBIX B HEH pe3yibTaTtax UcCieJOBaHHUS.

N3zberaiite maccuBHBIX raroibHbIX Gopm (The study tested, Ho He It was tested in this study. Mei doxa-
3a7u 3BYUHT Jydtiie, ueM Hamu ookazaro). Kitaccndeckoe 0e31MUHOE ObL10 NPOO0EMOHCIMPUPOBAHO, ONUCAHO
KakK Obl IEPEBOIUT HA BTOPOH IJIaH JIUYHYIO OTBETCTBEHHOCTb.

Knioueevie cnosa (1e 6omnee 10, JOIMyCTUMBI CIIOBOCOYETAHUS U3 JABYX CIIOB) B ONITUMAJILHOM BapHaHTE
OTPAXKAIOT: TIPEAMET UCCIISIOBAHUS, METO/IBI, O0BEKT, CIeU(PUKY TaHHOI paboThl. Mcmonb3yroTcs A UH-
JIEKCUPOBaHUS U MOUCKA. [[pU3BaHbl 00JIErYNTh HAX0XKJICHUE CTAThU B 0a3ax JaHHBIX.

brazooapuocmu u ceedenus o punancoeoit noddeprcKe pabomol (¢ HOMePAMU SPAHMOE 8 CKOOKAX).

Texcm cmambu ¢ BCTaBICHHBIMU B TEKCT WUTIOCTPALMsIMUA U TaOmuIaMu B nporpamme Word mo6oit
Bepcuu 0€3 UCTIoBb30BaHusI MakpocoB. Daiin ayomupyercs B pdf.

CRucoK yumupyemvix ucmo4HUuUKoS.

Csedenus o écex agmopax (B KOHIE CTaThH): (HDaMILUTHS, UMsI, OTYECTBO, yUCHAS CTETICHb, TOKHOCTD, Ja-
OopaTopus WK OT/E C IMOJIHBIM M COKPAIICHHBIM Ha3BaHUeM (a00peBUaTypoil) yupexaeHus (Kak B YCTaBe),
ORCID (Open Researcher and Contributor ID), a Taxxxe ResearcherID u Scopus ID (eciu ects) kaxmoro
aBTOpa, IMOYTOBEIH aapec, e-mail.
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OmoenvHvimMu haitiamu IPUIATAIOTCS:

1) ABTopckoe 3asBienue (popMy ckavyaTh Ha caiiTe KypHaua);

2) ckaH-KOMUs DKCIIEPTHOTO 3aKIoueHus (1o Gpopme, IPUHITON B OPraHU3alK aBTOPa) O BO3MOXKHOCTH
omyOJIMKOBaHMS B OTKPBITON TIEYaTH;

3) rpaduueckre MaTepUaIb.

Ha anznuiickom asvike B daiine co crarbeil QyOIUpyOTCS:

*  3amiaBue,

* uMeHa u (haMHIIUH aBTOPOB,

* pedepar 1 KIOYEBBIE CIIOBA,

*  OAPUCYHOUHBIE MOIIHCH,

*  3ar0JOBKHU TaOJIHII,

e OmarogapHocTH (B TOM YHCIe (UHAHCHPOBAHHUE),

*  TIOJHBIC CBEICHUS O BCEX aBTOpaXx.

TpaHcauTepanus 3IeMeHTOB (IIPU HEOOXOAMMOCTH ) TIPOU3BOIUTCS corviacHO cucteme bubmmorexn Kon-
rpecca CIHA (www.convertcyrillic.com/Convert.aspx).

Juis1 JIy4iiero BOCIPUATHSA U HUTHPOBAHUSA CTATBH KEJATEJbHO NPUIEPKUBATHCH YETKOM
CTPYKTYPbI, YYUTHIBAasA PeKOMEHIAUHN AcCONANMM HAYYHBIX peJaKkTopoB u uzaaresaeii (AHPH).

Beeoenue

OcBeTuTe CleAyIOINe BOIPOCHL:

e CoBpeMeHHbBIE B3IVISABI HA ITPOOJIEMY.

¢ Yro OBITO ceaHo paHee (0030p INTEpaTyphl; YKOKUTE OPUTHHAIBHEIC U BAYKHBIC pa0OTHI, B TOM YHC-
Jie ToClieIHUe 0030pHBIe CTaThH). M30eraidiTe CChUIOK HAa YCTApeBIIUE Pe3yNbTaThl. Boienure HepeleHHbIe
BOTIPOCHI B TIpeiesiaX 00MIei MpoOIeMBl.

o KakoBa Ballla rumoTe3a, KakoBbI BalllM 11e7U (IIOCTAHOBKA 3aa4M ¢ YIIOPOM Ha HOBHU3HY, YETKO Chop-
MYJIHPYWTE IeTb CTAThH).

¢ Yro OBUIO TPOMIETIAHO BAMH.

e Kakux pe3ynbTaToB BBl JOCTHIVIH, YTO CTAThsl JOOABISET K yXKe MOTYUYCHHBIM 3HAHUSIM. JTO MOXET
OBITh U3JIOKEHO B 3aKJIFOUCHHH.

Mamepuan (06vexkm) u memoowvl ucciedo6anus

Onumumre, KaKk Bbl U3y4alld IOCTABIICHHYIO IPOOIeMYy.

¢ He onuceiBaiiTe mpoueaypbl 1 METOJBI, JAaHHBIE O KOTOPBIX MTyOJIMKOBAIUCH paHEe.
* VKaXuTe MPUMEHIEMOE 000PYIOBAaHUE U OMUIITNTE UCIIONH30BAHHBIC MATCPUATIBL.

Pezynomamot ucciedosanusn uiu IKCnepumenm (uUcciedosamnue, MoOeIuposarue u m.n.)

¢ CHucTeMaTU3UPOBAHHBIA aBTOPCKHUI aHAIMTHYECKUH M CTAaTHCTHYECKHUN Marepuan (KJII0UeBOEe CIIOBO
3[IECh — CUCTEMaTH3UPOBAHHBIH ).

o Tabmurpl, rpauKH U TEKCT HE JOIDKHBI IyOIHPOBATH APYT IPyTa.

* PUCYHKU U TaOJNHIBI — 3TO UCTOPUS MccienoBanus. OHU JTOJKHBI OBITh MIOHATHBIMU U 0€3 TEKCTa, Ta-
ONULIBI — HE TeperpyXKeHHBIMH, BCE MOANMCAHO U Ha cBoeM MecTe. He 3a0ynpre mpuBECTH MOAPUCYHOUHBIC
IOAIINMCHU U 3ar0JIOBKHU Ta6J]I/IH IIOMHUMO PYCCKOT'O Ha AHTIIMMCKOM SI3BIKE.

Obcyscoenue pezynbmamog — HanboJiee BaKHBIN pasen.

¢ JKenarenbHO CpaBHHUTH PE3YJBTATHI C MPEABITYIMMA pab0TaMH B 9TOHM 00JIaCTH KaK aBToOpa, TaK U JApy-
rux uccnenonarencii. Camplit 04EBUIHBIN CTIOCOO MOJHATH IMTHPOBAHKE — 3TO HE TOJNBKO NMPEJCTABUTH CBOU
JaHHbIE, HO U COMOCTAaBUTh UX C MUPOBBIMU WJIM PETHOHAIBHBIMU aHaIoraMu. Mozenb U BHIBOZBI TOTKHBI
OBITH YHUBEpPCAJILHBI C TOYKH 3PEHUS BOCTIPHSITUS yUSHBIMH HE TOJBKO Balllel criennanbHocTH. Ecian Mmonens
Xopoliasi, €CJId BEIBOABI CACTaHbl U 000CHOBaHBI MPABWIIBLHO, TO OHU TOJDKHBI OBITH IOHSITHBI TIOO0MY.

e He crout urHopupoBars paboOThl, YbH PE3YJBTATHI POTUBOPEYAT BAIIUM — BCTYIIHTE C HUIMH B OCTO-
POXKHYFO KOHCTPYKTUBHYIO JIUCKYCCHUIO H YOSTUTE YNTATEIIs B CBOCH MpaBoTe.

¢ UToObI MPEABOCXUTUTH BO3MOXKHBIC 3aMEUaHUS PEIICH3EHTOB, 0OCYINTE OrPAHUYCHHSI BAIIIUX PE3YITb-
TaTOB — YTO HE YAIOCh CAEATh U OYEMY.

[Tpu HEOOXOMUMOCTH BBEIUTE TEMAaTUUECKUE MOA3AroJI0BKU, 00bEAMHUTE HEKOTOphIe pa3aeisl (Brene-
HUE U MeToAbl, Pesynbratsl u 00cyxaenne, O0CyKACHUE U 3aKITIOYCHHUE, U T.I1.).
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Bb1600bl u 3aknouenue — 310 HE OTHO U TO XKe, HO WX, KaK MPABIIO, OOBEAMHSIOT IO 3ar0JIOBKOM
3aKroueHue.

Bb1600b1 TAKOHWYIHO W3JIATAIOT IIIABHEBIE PE3YIIBTATHI, JKeIaTeIbHO (PpazamMu, OTIUIAOIIMMICS OT BBICKA-
3aHHBIX B OCHOBHOM YaCTH CTaTbH.
Baoicro: BEIBOIBI TOIDKHBI 9€TKO KOPPEITHPOBATH ¢ (DOPMYITHPOBKOH 1eJH 1 3a7a4 paboThl U ¢ comepkaHueM
AHHOTAIHH.

3axnouenue

e JlaeT OTBET Ha BOIPOCHI, YTO HOBOTO CTaThs JOOABISET K YK€ OMYOIMKOBAaHHBIM pe3yjibTraTaMm W Ha-
CKOJIBKO pa0oTa MO3BOJISET MPOIBUHYTHCS BIEPE B JAaHHON 00JIaCTH 3HAHUH.

¢ [Ipemaraer 0000IIEHUS U PEKOMEH IAIUH, BBITEKAIOIIIE 13 Pa0OThI, MOAYEPKUBACT HX MTPAKTHYECKYIO
3HAYMMOCTh, OTPEJICIISACT HAMpPaBJICHUS I JAIbHEHINEro UCCIEIOBaHMs B 3TOM 00JacTH U, JKENaTENbHO,
MIPOTHO3 Pa3BUTHUS PACCMOTPEHHBIX BOIIPOCOB.

Cnucok numepamypol

Oo0s3arenbHbl padoThl nocaeanux 5—10 net. He 3a0bIBaliTe 0 paboTax HHOCTPaHHBIX KOJIET. B 0030pHBIX
CTaThsIX Hapsly C COBPEMEHHBIMH, HOBEHILIMMU HCTOUHHKAMH YKKUTE T€, B KOTOPBIX HCCIIEyeMasi TEMaTHKa
Obla 3aTpoHyTa WK pa3paboTaHa BIepBble. MUHUMHU3UPYHTE CCHUTKM Ha y4eOHbIE MOCOOUs, CIPAaBOYHHKH,
SHUMKIJIONEUH U T.II., KOTOPBIE HE MOTYT OBbITh CEPbE3HOH OCHOBOM JJIsl HAYYHOTO MccienoBanus. He yBie-
KaiiTech CaMOLIMTHPOBAHUEM, HE IPUBOIUTE COOCTBEHHBIX paboT Gonee 20 % oT obmiero yucia B CIUCKe.

Jannste. B 5ToM pazzese aBTop MOXKET Pa3MECTHTD TOMOJHUTEIbHYI0 HH)OPMALIUIO — JaHHBIE SKCTIEPH-
MEHTOB, BCIIOMOTaTeNIbHBIX METOJIOB UCCIIEIOBAHUS M TOMY NOAOOHBIC JaHHbBIE, TOIEPKUBAIOLIIE BHIBOJIBI
B cTarbe. [1o cylecTBy, 3T0 IPUIOKEHHUE K CTaTheE.

OOmmpHas 6a3a TaHHBIX BKYIIE ¢ METOIaMH UX 00pabOTKH, MMEIOIIasi CAMOCTOSTENLHYIO HAYIHYIO LIEeH-
HOCTB, MOXKET OBITh OIyOJIIMKOBaHA B BUJIE OT/ICIBHOM paObOTHI CO CCHUTKON HAa COOCTBEHHO HAYYHYIO CTaThIO,
B KOTOPOI 00CYKIAr0TCA PE3YNIbTaThl aHAIHN3a STUX JaHHBIX.

Ecnmu pesynbraThl SKCIIEpHUMEHTa elle He OCMBICICHBI Ha YpOBHE O0OOIIEHHWs, JOCTOWHOM CTaThy,
HO TIPECTABIISIIOTCS BaYKHBIMU JIJISI PEILICHUsT HAYYHO! Mpo0iieMbl, 0OPMHTE HX B BUJIC KPATKOTO COO0OIIIe-
HMA (TOCTAaHOBKA 3aa4H, IKCIIEPUMEHTAIBLHBIA MaTepHall, BBIBOJbI, HEOOBIIION CIIUCOK JINTEPATYPHI).

Ymo 06b1uH0 cMompam peueHzenmol?

e [Ipexnme Bcero anHoTanuio-pedepar,

®  TI0OTOM PHUCYHKH. PerieH3eHTHI ¢ OONBITNM CTa)KEM BBISBIIIA KOPPEISITUIO: €CIIH PUCYHKHU MTPOOIeM-
HBIE, TO CTAThsl CKOPEE BCETO TOXKE BHI30BET BOMPOCHI.

3areM pereH3eHTHI IIPOBEPSIT:

®  HACKOJIbKO TOYHO HA3BaHHE OTPAXKAET COCPIKAHUE CTATHH;

®  YETKO JIU KOPPEIHUPYIOT BBIBOIBI C (GOPMYITMPOBKOM IIENH U 3a71a4 PabOTHI U C coliepkaHueM pedepara;

®  JIOCTaTOYHO JIK BBIBOJIBI APTYMEHTHPOBAHBI MPEACTABICHHBIM MAaTEPHATIOM;

®  KauecTBO CMHCKA JUTEPATyphl: MPEACTABUTEIBHBIA CIIUCOK JTUTEPATYPhI IEMOHCTPUPYET mpodec-
CHOHAJIBHBIN KPyro30p aBTOPOB M HAYYHBIN YPOBEHb HCCIICIOBAHUS.

OcHoBHBIE TPeOOBAHMSA K 0()OPMIIEHUIO CTATBH

dopmar nucra A4

[ons o 1,5 cM co Bcex cTOpoH

Ipudyter Times New Roman — 7151 TekcTa,
Symbol — niist rpedeckux OykB

Pazmep mpudra 12-13

JlecATHYHBIN CHMBOI TOYKa, a HE 3amsiTas

MeXCTpOYHBIA HHTEpBA 1,15-1,5

BripaBHHBaHUE TeKkcTa TI0 JIEBOMY Kparo

ABTOMaTHUECKas pacCTaHOBKA MEPEHOCOB HET

Bce mexcmosvie snemenmsr (B TOM uucie B Oubnuorpauyeckux CHHCKaX), KPOME CIydaeB, IOJYU-
HSIOMIKMXCS OOIIENPUHITEIM opdorpaduiueckuM NpaBuiiaM, Habuparomes cmpounsvimy (He TPOMUCHBIMU!)
OykBamu. Vcnonb3yroTcst «KaBbIYKW», HO He “KaBbIUKK™. BykBa «&» Besne 3aMeHseTcsl Ha «e», KpoMe da-
MUIIUI 1 0cOOBIX ciy4aeB. JaTbl B TEKCTE B OPME «UHCIIO0.MECSII.TO/I» HAOMBAIOTCS CIEAYIOIINM 00pa3oM:
02.05.1991.
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Touxa ne cmasumcs nocne: YJIK, 3ammaBus cTarbu, aBTOPOB, aJpeCcOB, 3aroJIOBKOB M IMO/3aroj0BKOB,
Ha3BaHMH TabnuL, pa3MepHOCTel (C — CeKyHAa, T — IpaMM, MHH — MUHYTAa, 4 — 4ac, CyT — CYyTKH (HO MecC. —
MECHI, I. — TO[I), MJIH — MHJUIMOH, MJIP/I ¥ T.I1.), B OACTPOUHbIX uHAeKcax (T — Temreparypa niuasineHus).

IIpobenom otaensirorcss MHAIMAIB! 0T hamunun (4.4. Hsanos); pazmeprocts ot mudpsr: 100 klla, 77 K,
50 %, 10 %o, xpome rpaxycos: 90° (Ho 20 °C); mopsAKOBBIE HOMEpa OT JItoboro obo3HaueHus: puc. 1, fig. 1,
Tab1. 2; 3HAK IUPOTHI U TOATOTHL B reorpaguyeckux KoopauHarax: 56.5° N; 85.0° E.

Mexny nByms nudpamu craButcs He aeduc, a Tupe (oAHOBpeMeHHBIM HaxxatiueM Ctrl 1 THpe Ha mpaBoit
nudpoBoii manenn) 6e3 mpobdeoB ¢ 06enx cTopoH, Hanpumep: 1984—1991 rr.; 6-8 M.

Mamemamuuecxkue gpopmynst, opopMIIeMble OTIEIBHON CTPOKON M copeprKalie 3HaKH, OTCYTCTBY-
tomme B Times New Roman, nomkHBI HaOUpaThCst yeruxkom B penakTope, comectumoM ¢ Microsoft Office.

Dopmynvl U CUMBOLL, KOTOPBIE MOKHO BHECTH B TEKCT, HE UCTIOJNIB3Ysl CIIELMAIbHBIN pefakTop, Habupa-
F0TCS TATUHUTEH u/mnn depe3 onmuio BeraBka — CuMBoit. HexxenaTensHO MCTIONB30BaTh CHMBOITHI B pedepa-
Tax Ha PyCCKOM M aHTJIMHCKOM S3bIKaX — B UHTEPHET-CETH CUMBOIIBI HE OTOOPaXKAIOTCSI.

Tabnuysl 10MXHBI OBITH O3arJaBICHbI, B HUX HE JOJDKHO OBITH MyCTHIX siueek. [Ipouepku obs3arenbHo
MOSCHSIOTCS B mpuMedanud. [Ipu coznanuu Tadmun ucnonb3yite Bo3moxxknoctr Word (Tabnuma — [Jo6a-
BHUTH TaONHILY).

Hnnocmpamugnsle mamepuansl pa3MeNIaOTcs Mo TeKcTy cratbu (OOTekaHue TeKcToM — B Tekcre;
PHCYHKH K TEKCTY He NMPUBS3BIBATH!), a TaKKe MPEJCTaBIAIOTCS B BUAE OTACIBHBIX (aiijloB B TOH BEpcuH,
B KOTOPOW OHU CO3/1aBAJIUCH.

®opmarsl: a5 poro, pucyHkoB — jpg (300-600 dpi); g rpadukos, nuarpamm, cxem u T.0. — tiff, xls
(Excel), cdr (CorelDraw) Bepcuit 12.0(2004) mmu X4(2008).

Pa3meps! pucyHkoB, mpudToB Haamuceld Ha HUX AODKHBI OBITh BBIOPAHBI C YYETOM yMEHBIICHHS HX
B COOTBETCTBUU C pa3MepaMu 1moJjockl (17 X 24 cm) u konoHkH (8 x 24 cm).

Hannucu Ha ocsix HaUMHAIOTCS ¢ IPOMKUCHON OykBbI: [1yOuHa, M. Ha pucyHkax B IeCATHYHBIX IPOOSX
CTaBbTEC TOYKH, a HE 3alAThle. B NOAPHCYHOUHBIX MOANHUCSIX CHavaja MAET OOIIMI 3arojoBOK K PUCYHKY,
a 3aTeM pacmudpoBka dacTeil u nereHasl. JIntepsl 11 0003HaYeHUs YacTel PHUCYHKa CTaBsITCS B CKOOKaxX:
(a), (b) u ..

B cBs3u ¢ TeMm 4TO pedaxuus IUIAHUPYET MOCTENEHHO NMEPENHTH K BBILYCKY NapajlielbHbIX BEpCUi Ha
PYCCKOM M aHIIMICKOM SI3bIKaX, K PyCCKOSI3bIYHBIM CTaThsIM KpaifHe jKenaTeIbHO NOMUMO TOANHCEH Mpe-
CTaBIATDH B JABYX BapuMaHTaX U PUCYHKHU: 1) ¢ HAANHMCAMU U CHMBOJIAMHU Ha PYCCKOM SI3bIKE U 2) ¢ HAaAIHUCS-
MH ¥ CHMBOJIaMHU Ha aHIIMHCKOM si3bIke. Tem OoJiee UTo commaibHas ceTh yueHbIX ResearchGate 3agactyro
MpeAiaraeT aBTopy PyCCKOS3bIYHOM CTaThu JOOABUTH OTIEILHO PUCYHKH C HAAMHUCSIMH HA aHTIUHACKOM SI3bI-
K€ M KOMMEHTAPHSIMU HITH COITYTCTBYIOIIYIO HH(POPMAIIHIO JJIsl 03HAKOMIICHHS aHTIIOSI3BIYHOTO COOOIIECTBA.

O0wem kaxaoro rpadudeckoro (aiina — He 6omee 10 M6.

LIBeTHBIE pUCYHKH MPUHUMAIOTCS B TOM clly4ae, KOorja uX Hejb3s 0e3 ymepOa Ajsl CMbICIIA [IEPEBECTH
B YepHO-OeIbIe.

B TekcTe 10KHBI OBITh CCHUTKU HA BCE PUCYHKH.

Benuuunvl u edunuyvl uzmeperuss NOKHBI COOTBETCTBOBATh CTAHAAPTHBIM O0O3HAUEHUSIM COIJIACHO
MexnynapogHoii cucteme eaunani CU.

Cnucok numepamypst IOMEMAETCS MOCIE OCHOBHOTO TEKCTa CTAThH, OH COCTABIISCTCS B ajl(aBUTHOM
MOPSIJIKE, BHAYAJIC UCTOYHHUKH HAa KUPUILIHIIS, 3aTEM Ha JIATHHHUIIC.

B npenenax paboT 0oAHOTO aBTOpa BHaYase UAYT paboThl OHOTO aBTOPA, IIOTOM 3TOT0 aBTOPa C OHUM CO-
aBTOPOM, 3aTEM ITOTO aBTOpA C JIByMs H Ooliee COaBTOPaMH — B KQXKJIOW IPYIINE B XPOHOJIOTHYECKOM TI0 BO3-
pacTaHuio mopsiike. ABTOPbI yrciaoM o 10 mpuBoasATCs Bee.

KprI/IBOM BBIACIIACTCA IIPU OITUCAHUHN MOHOI/I3I[3HI/II\/'I Ha3BaHUC pa6OTI)I, a B aHAJIUTHYCCKOM OIMMCaHUU —
Ha3BaHHE UCTOUYHHUKA. CTIIHCOK HyMepyeTcs (CM. puMep HIDKE).

B xypHane npusIT cmuie 6ubnuoecpaguueckux onucanuu, ommzkuii k ctmmo Chicago (c smemeHTa-
mu ctiiist APA — American Psychological Association). O0si3aTesibHBIE SIEMEHTHL: d8MOopbl (PedaKmoput),
200 U30aHus, NOIHOE HAUMEHOBAHUe KHUTYU UM CTaTbU, MECMO U30aHUs, U30AmMelbCmeo, HA36aHUe UCHOY-
HUKA 6 NOTHOU hopme, mom, HOMeEp, KoAudecmeeHnas xapakmepucmuxa (7151 KHUTH — o0l1ee Yucio cTpa-
HUIL, U1 CTaThU WJIM TJaBbl — CTPAaHHIbI, HA KOTOPBIX OHA MmoMelieHa, Hanpumep: 5—10), udenmugpuxamop
doi (ecitm umeercs). Ecim ncTo4HMK AOCTYIIEH B MHTEpHETE, MpuBoAuTCs ccbuika Ha URL 1 mata oOpamenws.
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Ecnu crarps omy0OirkoBaHa B OpUTHHAIBFHOW M TIEPEBOJHON BEPCHH, OMUCAHHE CTAThU JaeTcs B 00enx
Bepcusix. Tak:ke O4eHb KenaTeIbHO MPUBECTH aHTIIOS3bIYHbBIC JaHHBIC U3 OPUTHHAJIA CTaThH, OMyOINKOBaH-
HOH Ha pycckoM si3bike (D.M.O. aBTOpPOB HA JTATUHHUIIE, AHTJIOA3BITHOE Ha3BAHUE CTATHH).

B texcte JOJIKHBI OBITh CCHUIKH Ha BCE NPUBCACHHBIC B CIIMCKC HCTOYHHKU.

Ccolnku Ha aumepamypy 6 mekcme NAIOTCS B KBAIPATHBIX CKOOKaxX ¢ yKazaHueM (aMUIuu aBTopa (Wi
TIEpPBOTO aBTOpa MPH Tpex U Oolee coaBTopax), (paMmimii IBYX COABTOPOB W Tofa BHITyCcKa, Hanmpumep: [[le-
TpoB, 2011; Olami et al., 1992; Jleun, Hocog, 2009]. B onrHaKOBBIX CCBUIKaX Ha pa3HbIe paOOTHI OAHOTO
ro/ia ¥ B MX OMUCAHUIX B CIKCKE MpHU 0003HAUCHUH rofia cTaBsaTcst autepsl: [Cum u ap., 2016a].
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The Rules of manuscripts preparation and publication
in the “Geosystems Transition Zones” scientific journal
E-mail: gtrz-journal@mail.ru

The List of scientific specialities
and corresponded scientific branches, by which the “Geosystems of Transition Zones”
Journal is included in the List of peer-reviewed scientific publications, where main research results
of dissertations for degrees of Candidate and Doctor of science should be published

Code Name of scientific specialities group, Name of scientific branches,
o
name of scientific speciality by which the academic degree is awarded
25.00.00 Earth Sciences
25.00.01 General and regional geology Geological and mineralogical
25.00.03 Geotectonics and geodynamics Geological and mineralogical
25.00.04 Petrology and volcanology Geological and mineralogical
25.00.10 Geophysics, geophysical methods Geological and mineralogical
e of exploration activity Physical and mathematical
25.00.25 Geomorphology and evolutionary geography Geographic
Geographic
25.00.28 Oceanology Geological and mineralogical
Physical and mathematical
Geological and mineralogical
25.00.35 Geoinformatics 0 (?glca anc minera ohglca
Physical and mathematical
25.00.36 Geoecology Geologica.l and mineralogical
Geographical
01.02.00 Mechanics
Physical and mathematical
01.02.04 | Mechanics of deformable solids ysleat e TRElemats
Engineering

Publication schedule: Ne 1 — March; Ne 2 — June; Ne 3 — September; Ne 4 — December.

The Journal publishes the original and survey articles, short scientific reports, letters with discussion on
the articles, reviews of scientific publications, as well as the announcements of conferences, seminars, expe-
ditions and published research literature.

The DOI (Digital Object Identifier) — CrossRef identifier is assigned to scientific articles and reports.

Manuscripts are accepted in electronic form within a year at the address of the Journal Editorial Office
or by e-mail: gtrz-journal@mail.ru. Editorial Office does not receive registered and insured letters, as well
small parcels.

Single-blind peer-reviewing (for more details about peer-reviewing procedure see on the Journal site)
is used in the Journal. Well-known specialists in the given field of science, having the publications on the ar-
ticle subject and required citation level act as peer-reviewers.

Peer-reviewer choosing — is a prerogative of the Editorial Board, but authors may specify desired review-
ers in the cover letter (3—6 persons: from two different regions or countries at least; experts in the given field;
it must not be any collaboration, including co-authorship for 3 last years; non-members of the Journal Edito-
rial Board), and also those who are not recommended to send the article due to possible conflict of interests.

If the article does not conform the Journal subjects, not contain a subject of scientific research, not con-
form ethical requirements, duplicates already published materials, is not logically arranged, is presented in
indigestible form etc, the Editorial Office can reasonably deny author the publication on the grounds of pri-
mary verification, before peer-reviewing.

The Editorial Board makes a decision on publication on the grounds of at least two reviews and an au-
thor’s reply within 3—4 months from the day of materials receiving. The reviews are retained in editorial office
within 5 years.

An article with reviews copies and editing remarks is sent author. Manuscript return for reworking does
not mean its acceptance for publication. All further work with an article proceeds in the drafting file, where
author reworks a text and sends it with reply letter.
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Reply letter should be written in the file with a review or an editing report. In this letter it is necessary to:

= reply to each peer-reviewers remark;

= exactly specify, what just changes were made in the article;

= write a persuasive, polite objection if, to the author opinion, the peer-reviewer is wrong

The Editorial Board on the grounds of peer-reviews and author’s response determines a manuscript’s
further fate.

The article accepted for publication is read by the editor again, then the editor coordinates with the author
the content related corrections. The file ready for layout should be carefully read, because only minor correc-
tions are allowed in the layout.

The paper is included in the issue plan. The content of the Journal number is approved by the person
responsible for the issue and/or the Editor-in-Chief, who reserves a right to decline the article owing to seri-
ous reasons (conflict of interests, insufficient level of the research novelty etc). If the article is accepted for
publication, the author will be informed, in what number it will be published.

Authors of articles are responsible for the articles content and for the fact of their publication, about that
they sign the Authors Statement.

The Editorial Office has a right to recall already published article, if it is discovered, that in its publication
process any other rights or generally accepted norms of scientific ethics have been violated. About this fact
the Editorial Office informs author, specialists, who gave a recommendation or review, organization, where
the work has been carried out, as well the scientific citation database, in which the Journal is indexed.

Articles publication is free for authors. By authors demand the Editorial Office sends the pdf-file with pub-
lished article, after the Journal publication. Printed copies of the issue can be purchased in the Editorial Office
or by entering a subscription through the “Rospechat” Agency (subscription index is 80882). The Journal
subscribers, made timely demand on the Editorial Office by e-mail, will receive free pdf-file with electronic
version of the Journal within a week after its signing to print.

Main File Structure

Subject section from the specialities list given above.

UDC index (Universal Decimal Classification) by the tables of the Universal Decimal Classification
available in the libraries or on the http://teacode.com/online/udc/

Title. 10—12 words. It must be brief and capacious. Avoid common words, scientific slang and abbrevia-
tions if it possible. Ideally all the words in a title can be the keywords when scientific searching.

Authors’ initials and last names (mark the author with an asterisk for contacts and specify
an e-mail address for correspondence).

Full names of the organizations (as they mentioned in the Charter) to which the authors are affiliated
and their location (city, country).

Abstract. Contains of 200-250 words. It gives a clear idea about the article aim, its scientific novelty
and obtained results without reading the whole article. Therefore, the problem, aim reasoning, materials and
methods, research results and their interpretation, conclusions must be neatly specified here.

The abstract is often the only information source about the article content and the research results pre-
sented in it.

Avoid passive verb forms (“The study tested”, not “It was tested in this study”. “We proved” sounds bet-
ter, than “It was proved”). As though the classic impersonal expressions “It has been demonstrated, it has
been described” sideline personal responsibility.

Keywords (no more than 10, the phrases of two words are acceptable) optimally reflect the research sub-
ject, methods, object and peculiarity of the work. Used for indexing and searching. Keywords are meant to
ease finding the article in database.

Acknowledgments and information about financial support of the work (with grants numbers in pa-
rentheses)

Text of the article with inserted illustrations and tables in the Microsoft Word program of various version
without macros using. The file is duplicated in pdf.

The references.

Information about all the authors (in the end of the article): last name, name, middle name, academic degree,
position, laboratory or department with full name and abbreviation of the institution (as in the Charter), each
author’s ORCID (Open Researcher and Contributor ID) and ResearcherID, Scopus ID, postal address, e-mail.
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The followings are attached as separate files:

1) Author’s Statement (the form can be downloaded on the Journal site);

2) scan-copy of Expert Report (in the form accepted in author’s organization) about possibility of publica-
tion in open press;

3) graphic materials.

In the file with the article the followings are duplicated in English:

o title,

e authors names and last names,

»  abstract and keywords,

» figures captions,

e tables headers,

* information about financial support of the work and acknowledgments,

« full information about all the authors.

The elements are transliterated (if it is necessary) according to the system of the Library of Congress
(www.convertcyrillic.com/Convert.aspx).

For better perception and citation of the article it is advisable to adhere accurate structure,
taking the recommendations of the Association of Science Editors and Publishers (ASEP) into account.

Introduction

Cover the following questions:

* Contemporary views of the problem.

e What has been done earlier (literature review; specify original and important works, including the lat-
est survey articles). Avoid the references to obsolete results. Mark the unresolved questions within the general
problem.

e Describe your hypothesis and aims (problem definition with novelty emphasis, clear formulate the ar-
ticle aim).

¢ What you performed.

¢ What results you have obtained, what the article adds to already received knowledges. You may state
it in the Conclusion.

Research material (object) and methods

Describe, how you studied the stated problem.

¢ Do not describe the procedures and methods, that have been published earlier.
» Specify the applied equipment and describe used materials.

Results of the research or Experiment (research, modelling etc)

¢ Systematized author’s analytical and statistical material (here “systematized” is a determinative word).

e Tables, diagrams and text should not duplicate each other.

¢ Figures and tables are a history of the research. They ought to be understandable even without text,
tables should not be overloaded, everything needs to be signed and in its own place. Do not forget to give
figures captions and tables headers in English in addition to Russian.

Results discussion is the most important section.

e [t is advisable to compare the results with previous work in this area by both the author and other re-
searchers. The most evident way of citation increasing is not only to present your own data, but also to com-
pare it with global or regional analogs. The model and conclusions should be universal from the standpoint
of perception by scientists of not only your speciality. If the model is good and conclusions are drawn and
grounded correctly, they should be clear to everyone.

e It is not worth to ignore the works which results contrast to yours, enter into cautious constructive dis-
cussion and convince a reader in your rightness.

¢ To forestall possible comments from the peer-reviewers, discuss the limits of your results — what was
failed and why.

If necessary, introduce subject subheadings, combine some sections (Introduction and Methods, Results
and Discussion, Discussion and Conclusions etc).

TEOCUCTEMBI NEPEXOQHbLIX 30H Tom 4 Ne 1 2020 139


http://www.convertcyrillic.com/Convert.aspx

Resume and Conclusion are not the same, but they are usually combined under the Conclusion heading.

Resume briefly states the main results, preferably with the phrases differing from stated in the main part
of the article.
Important: the resume should accurately correlate with formulation of the aim and problems of the work
and with the content of abstract.

Conclusion

e gives answers to the questions, what new the article adds to the already published results and what
progress the article provides in this field of knowledges.

e offers the generalizations and recommendations resulting from the work, underlines their practical
importance, defines the concept of further research in this field and, desirable, the forecast of considered
questions development.

References

The works of last 5-10 years are required. Do not forget about works of foreign colleagues.
In the survey articles along with the contemporary, latest sources specify those, in which the studied subject
has been mentioned or worked out for the first time. Minimize the references to the school books, handbooks,
encyclopedias etc, which cannot be a serious ground for scientific research. Do not get wrapped up with self-
citation, do not adduce the works of your own more than 20 % of total number in the list.

Data. In this section the author may give additional information, such as experimental data, data of ancil-
lary research methods and so forth, supporting the article resume. Inherently, it is an appendix to the article.

An extensive database in couple with the methods of data processing, that has its own scientific value,
may be published as separate work with a reference to the actual scientific article, in which the results of these
data analysis are discussed.

If results of the experiment are not comprehended yet at the generalization level, that is worthy of an arti-
cle, but they seem to be important for the scientific problem resolving, write them in a form of a short report
(the problem definition, experimental material, resume, short references list).

To what peer-reviewers usually pay their attention?

¢ First of all, the (annotation) abstract,

¢ Then the figures. Peer-reviewers with great experience revealed a correlation: if figures are problem,
the article will draw some question as well.

Then the peer-reviewers will check:

¢ how accurately the title reflects an article content;

¢ whether the resume neatly correlates with the statement of an aim and work targets, and with an ab-
stract’s content;

¢ whether the resume reasoned enough by the material presented,

¢ quality of references list: representative references list demonstrates professional horizons and research
qualitative level.

Basic requirements to the article design

Sheet size A4

Margins 1.5 cm on all sides

Fonts Times New Roman — for text,
Symbol — for Greek letters

Font size 12-13

Decimal separator point, not a comma

Line Spacing 1,15-1,5

Text alignment left

Automatic hyphenation none

All text elements (including the references lists), except the cases conforming the generally accepted
spelling rules, are typed in lowercase (not in uppercase). Dates in the text in the «day.month.year» form are
types in the following way: 02.05.1991.
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A point is not put after: UDC, the article title, authors’ names, headings and subheadings, tables headers, units
(c —second, g — gram, min — minute, hr — hour (but mo. — month, yr. — year), M — million, B — billion etc, in

the subscript indexes (T, — melting temperature).

Space separates the initials from the last name (4.4. Ivanov), unit from digits: 100 kPa, 77 K, 50 %, 10 %o,
except degrees: 90° (but 20 °C), order numbers from designations: fig. 1, table 2, latitude and longitude sym-
bol in geographical coordinates: 56.5° N; 85.0° E.

Not hyphen, but dash is put between two numbers (by simultaneous pressing of CTRL and dash key
on the keyboard right panel) without spaces from both sides, for example: 1984-1991 yr., 6—-8 m.

Mathematical expressions written in separate line and containing the symbols, absent in the Tymes New
Roman, should be completely typed in the editor compatible with Microsoft Office.

Formulas and symbols, that can be inserted in the text without special editor using, are typed in Latin
letters and/or through the Insert — Symbol option. It is undesirable to use symbols in the abstract, because
symbols are not displayed on the Internet.

Tables should be entitled and have no any empty cells. Blanks must be explained in the notice. When cre-
ating tables use the Word functions (Table — Insert table).

Illustrative materials are inserted in the article text (select the inserted picture, then select the Layout
Options, and choose In Line with Text option), an also presented as the separate files in the version, in which
they were created.

Formats: photo, drawings — jpg (300—600 dpi); graphs, diagrams, schemes etc — tiff, xls (Excel), cdr
(CorelDraw) of 12.0(2004) or X4(2008) versions.

Size of the drawings and their inscriptions fonts should be chosen with regard to their reduction in accord-
ance with the size of page (17 x 24 cm) and column (8 X 24 cm).

The axes inscriptions begin from an uppercase letter: Depth, m. In the figure captions there is first the
common title of the figure, then interpretation of the parts and legend. Letters for the figure parts put in pa-
rentheses: (a), (b) etc.

Each graphical file size is no more than 10 Mb. Color drawings are accepted if it is impossible to convert
them into black-and-white version without information content loss.

The references to all the figures must be in the text.

Quantities and units must conform to the standard notations in accordance with the International System
of Units (SI).

References is placed after the main text of the article, it composed in alphabetical order.

Within the works of one author first placed the papers of his own, then of this author and
one co-author, and finally of this author with two or more co-authors — in each group the papers must be in
chronological ascending order.

The work’s title when describing the mono edition and the source name in analytical description are set
off in italics. References list is numbered (see the example below).

The bibliography style near to Chicago Style (with the elements of APA — American Psy-
chological Association) is adopted in the Journal. Obligatory elements are the following:
authors (editors), year of publication, full title of the book or article, place of publication, publish-
ing house, full source name, volume, number, quantity characteristic (for a book — total number of pag-
es, for an article or a chapter — the pages, where it is placed, for example: 5-10), DOI identifier (if any).
If the source is available on the internet, the reference to URL and the date of access should be given.

If the article is published in original and translation, its description needs to be presented in both versions.
Also, it is highly advisable to give the data in English from the original article translated and published in
Russian (authors’ initials in Latin letters, the article name in English).

The references to all the sources in the list should be placed in the text.

In the text the references are placed in brackets with author last name (or the first author when there are
three or more co-authors), two co-authors last names and year of publication, for example: [Petrov, 2011;
Olami et al., 1992; Levin, Nosov, 2009]. In the identical references to different works of the same year and in
their description in the list the letters are put: [Smit et al., 2016a].
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Example of numbered references list

A monography

1. IPCC: Climate Change 2013 — The Physical Science Basis — Contribution of Working Group I to the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change. 2013. Cambridge: Cambridge Univ. Press, 1535 p.
URL.: https://www.ipcc.ch/report/arS/wgl/ (accessed 13.11.2019).

2. Krammer K., Lange-Bertalot H. 1986. Bacillariophyceae. 1. Teil: Naviculaceae. Jena: Gustav Fischer Verlag,
876 p. (Ettl H., Gerloff J., Heynig H., Mollenhauer D. (eds) Siisswasserflora von Mitteleuropa; 2).

3. Max M.D. (ed.) 2000. Natural gas hydrate. Dordrecht, Netherlands, Kluwer Acad. Publ., 410 p. (Oceanic and
Permafrost Environments; 5). https://doi.org/10.1007/978-94-011-4387-5

4. Rebetsky Yu.L. 2007. Tectonic stresses and strength of mountain ranges. Moscow: Akademkniga, 406 p.
(In Russ.).

An article (a report) in a periodical

5. Archer D., Buffett B., Brovkin V. 2009. Ocean methane hydrates as a slow tipping point in the global carbon
cycle. Proceedings of the National Academy of Sciences, U.S.A, 106(49): 20596-20601.
https://doi.org/10.1073/pnas.0800885105

6. Blunden J., Arndt D.S. (eds) 2017. State of the Climate in 2016. Bull. of the American Meteorological Society,
98(8): Si—S277. https://doi.org/10.1175/2017BAMSStateoftheClimate. 1

7. Elliott S., Maltrud M., Reagan M., Moridis G., Cameron-Smith P. 2011. Marine methane cycle simulations for the
period of early global warming. J. of Geophysical Research: Biogeosciences, 116(G1): G01010, 13 p.
https://doi.org/10.1029/2010jg001300

8. Pletchov P.Y., Gerya T.V. 1998. Effect of H,O on plagioclase-melt equilibrium. Experiment in Geosciences, 7(2):
7-9. URL: http://library.iem.ac.ru/exper/v7_2/khitar.html#pletchov (accessed 14.11.2019).

An article with metadata in English given in a source

9. Rybin A.V., Chibisova M.V., Smirnov S.Z., Martynov Yu.A., Degterev A.V. 2018. Petrochemical features of vol-
canic complexes of Medvezh’ya caldera (Iturup Island, Kuril Islands). Geosistemy perekhodnykh zon = Geosystems
of Transition Zones, 2(4): 377-385. (In Russ., abstract in Eng.). https://doi.org/10.30730/2541-8912.2018.2.4.377-385

An article in papers collection and conference materials, a chapter of monography

10. Grebennikova T.A. 2011. Diatom flora of lakes, ponds and streams of Kuril Islands. In: Diatoms: Ecology and
Life Cycle. New York: Nova Publ., 93—124.

11. Hinrichs K.U., Boetius A. 2002. The anaerobic oxidation of methane: new insights in microbial ecology and bio-
geochemistry. In: Wefer G., Billett D., Hebbeln D. et al. (eds) Ocean Margin Systems. Berlin, Heidelberg, Springer,
457-477.

Internet source

12. Kondratiev V.B. 2011. The global pharmaceutical industry. (In Russ.).

URL: http://perspektivy.info/rus/ekob/2011-07-18.html (accessed 23.06.2013).

13. NGDC: Tsunami Data and Information. URL: https://www.ngdc.noaa.gov/hazard/tsu_db.shtml (accessed
29.09.2019).

HcnpaBienue

B nomepe 3 32 2019 ron B cratse P.®. bynrakosa u B.H. Cenaunna «Mopckue Teppacs! 1 Biussaue 3pdex-

Ta THAPON30CTA3MH Ha BepTHKAIBbHEIC nBIKeHN CaxamuHay (doi.org/10.30730/2541-8912.2019.3.3.277-286)
ABTOPBI TIPU ONMCAHUH MOJICIN paiioHa UCCIIeIOBaHUI HEMPABHIBHO YKA3aJIH MapaMeTPbl, KOTOPBIE HCIIONb-
30BATUChH MTPU BBIYUCIICHUSX.

Opazy Ha c. 281, mocieaHsst CTPOKa B KOJIOHKE CIIpaBa, «OCTAIbHBIE MMapaMeTphl B3SITHI U3 MOJIEITH

VM?2ay ciemayeT 9uTaTh: «OCTAIBHBIE TTapaMeTPhI B3SATHI U3 HIDKCIIPUBEACHHON TAOIHUIIEI (CM. TAOJHITY )»:

ﬂapaMeTle MOJEJIH, IPUHATHIC 1JIS1 pacueTa H3MeHEeHU i YpPOBHA MOPS B O3 AHEM l'lJ'lef/iCTOIIeHe — IroJiolueHe

Croii Pamuyc, [InotHoOCTS, Mopnynb casura, Bsi3kocTs, I'paBuranms (yckopeHue
KM Kr/M> x10" TTa x102! TTaxc CBOOOIHOTO TIAJICHHS), M/C?
JIutocdepa 6371-6341 2 854.642 0.45 BeckoneuHocth 9.488
Bepxwnsis manTus 5701-6341 3 988.065 0.85 0.5 9.505
Hwxnsasa mantus 3480-5701 4396.56 2.19 2.7 9.370
Snpo 0-3480 10 931.731 0 0 10.629
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