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Abstract. In the western part of the South Baikal Basin, spatial-temporal distribution of earth-
quake epicenters is characterized by quasi-periodic seismic reactivations. The strongest earthquakes
occurred in 1999 (South Baikal, Mw = 6.0), 2008 (Kultuk, Mw = 6.3) and 2020 (Kudara, Mw = 5.4).
Since 2013, we have been monitoring the 23*U/2*8U activity ratio (AR4/8) in groundwater as an indi-
cator of crack open/closing that promotes/prevents water circulation in active faults of the basin. From
monitoring results, we define the concept of a complete seismogeodynamic cycle as a change from
crustal compression to extension occurred during 12 years with a successive increase in seismic haz-
ard levels.
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CMeHa ypoBHEU CEMCMUYECKOMN ONMAaCHOCTU B NMOJSIHOM 12-rieTHeM
cencmoreoguHamuyeckom uukne KOxHo-bankanbckon BnaguHbl:
pe3ynbTaTbl rugpounsoTonHoro (24U/?%8U) moHuTopuHra

Pacckasos C.B.12, YebbikuH E.M.13, Mnbacosa A.M.1, CHonkos C.B.2,
BopHsikos C.A.%, Yysawosa N.C.1?
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AHHOTaumA. B zanagnoii yactu FOxHO-BaiikanbCkol BIIaIUHBI MTPOCTPAHCTBEHHO-BPEMEHHOE
pacnpezieieHUue SMUIEHTPOB 3EMIIETPSICEHNH XapaKTepU3yeTCsl KBa3HUIEPHOAMUYECKUMH CelcMHYe-
CKMMH akTuBH3anusaMu. Hanbonee cunbHbie 3emiieTpsicenns npouzonnn B 1999 r. (FOxuo-baiikans-
ckoe, Mw = 6.0), 2008 r. (Kyntykckoe, Mw = 6.3) u 2020 r. (Kymapuackoe, Mw = 5.4). C 2013 r.
HaMM IIPOBOJIMIICS MOHMTOPHMHT OTHOLIEHHUS aKTuBHOCTEH 2*U/28U (0A4/8) B moA3eMHBIX BOJAX KaK
MTOKA3aTeIsl PACKPBITUS/3aKPBITHS TPEIIMH, CIIOCOOCTBYIOIIETO/TIPENSATCTBYIONIETO ITUPKYIISIIIAHA BOJIBI
B aKTUBHBIX pa3iomax BHaauHeL. 1o pesynmpraTaM MOHUTOpPHHTA MBI ONPEAEITHIN TIOHATHE TTOTHOTO
CeiiCMOTe0OAMHAMUYECKOT0 ITUKJIa KaK CMEHBI CKATHSI PaCTsKEHHEM KOPBI, TPOUCXOANUBIIETO B TeUe-
HHe 12 JeT ¢ MociIeI0BaTEIbHBIM BO3pACTAHUEM YPOBHEH CEHCMUYECKONH OTTaCHOCTH.

Knroyesnie cnoea: >*U/*8U, noozemmvie 600w, 3emaempsacenue, akmuenslil paziom, batikan.
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Introduction

Time and place prediction of strong earth-
quakes remains an unsolved problem. The only
way to solve this problem is to monitor phenom-
ena that accompanied the development of seis-
mogenic deformations. More than 600 precur-
sors, which preceded and accompanied large
earthquakes, have been recognized. Among
these, hydrogeological and hydrogeochemical
effects play an important role (Johnson et al.,
1974; Chiaet al., 2008; King et al., 1995; Tsuno-
gai, Wakita, 1995; Claesson et al., 2004; Sukhija
et al., 2010; Reddy et al., 2011; Shi et al., 2015;
Boldina, Kopylova, 2017).

An active state of a fault might be defined
through measurements of a 23*U/?*8U alpha ac-
tivity ratio (AR4/8) in groundwater. Variations
of this parameter are explained by excess recoil
of 234U into water that is circulated through rocks
and minerals impacted by deformation
(Cherdyntsev, 1969; Chalov, 1975). In this
method, chemically separated alpha-emission
rates of U isotopes are measured and deviations
from equilibrium between #*U and 2®U
(?**U/?*8U alpha activity ratio = 1, corresponding
to an atomic ratio of 5.47x107°) are used to infer
excess recoil (Fig.1).
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Fig. 1. Explanation of the Cherdyntsev-Chalov effect by micro-crack open/closing. a — recoil atom #*U
enrichment of groundwater circulated through open micro-cracks; b — no enrichment due to the micro-crack

closing that limits the groundwater circulation.

Puc. 1. O6wsacuenue > dexra YUepapiaieBa-YanoBa OTKphITHEM/3aKPhITHEM MUKPOTPEIINH. & — 00OTaIeHmne
atoMoM otaaun 3*U 1moaseMHBIX BOJ, IMPKYJIUPYIOIIMX B OTKPHITHIX MUKPOTpEIMHAX; b — oGoramenune
ATOMOM OTJIa4¥ MPEIOTBPAIIACTCS 3aKPHITHEM MUKPOTPEIIUH, OTPAHUIUBAIONIAM IUPKYIISIINIO TTOI36MHBIX

BOJI.

In the Baikal Rift System, large earthquakes
occurred in the historical past and might happen
in the future (Solonenko, 1974; Sherman, 2014).
Experience has been already accumulated in
terms of probabilistic theoretical analysis of
earthquakes for a medium-term forecast (Ru-
zhich, 1997; Sherman, 2009, 2013; Timofeev et
al., 2013). For earthquake prediction, however,
early detection of a large earthquake is required
for detecting its preparation through monitoring
of known precursors as well as clarifying the
character of the evolution and physical nature of
seismic process that precede earthquakes.

In the South Baikal area, earthquakes of Mw
from 5.8 to 7.5 occurred in 1769, 1771, 1779,
1839, 1862, 1866, 1885, 1902, and 1959. During
the last two decades there were two more large
seismic events: the 1999 South Baikal earth-
quake (Mw = 6.0) and the 2008 Kultuk earth-
quake (Mw = 6.3) (Radziminovich et al., 2006;
Melnikova et al., 2012). The epicenter of the
Kultuk earthquake was 40 km east-southeast of
the Kultuk village. Both 2*U/?8U activity ratio
and a [U] were monitored in groundwater sam-
ples from the Kultuk area (Fig. 2).
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Fig. 2. Spatial position of the Kultuk area for earthquake prediction between the extended South Baikal Basin
and compressed inverted eastern part of the Tunka Valley. On panel a: master faults of the South Baikal Basin
are adopted from Florensov (1968), epicenter and mechanism of the main seismic shock and aftershocks of
the 2008 Kultuk earthquake are shown after Melnikova et al. (2012), epicenter of the 1999 South Baikal
earthquake after Radziminovich et al. (2006), zones of hot transtension after Rasskazov et al. (2013). On panel
b: earthquake distribution in the Baikal-Mongolian region in 1960-2003 is plotted after Sherman (2014).

Puc. 2. IlpoctpancTBeHHOe TONOXKEeHUE KyNTYKCKOTO CEHCMONPOTHOCTUYECKOTO TOJUTOHA MEXKIY
pactsaruBatoueiicsa FOxuo-baiikanbckoil BHaIUHON U CKUMAOIIEHCS] HHBEPTUPOBAHHON BOCTOUYHOM YaCThIO
TynkuHckod nonuubl. Ha manenn a: penbedooOpasyromipe pasznombl FHOkHo-bBalikanbckoil BraJuHbI
rokazansl 1o pabore H.A. @nopercosa (1968), smuiieHTp 1 MEXaHU3M TJIABHOTO CEHCMHYECKOTO TOJTIKA U
adprepmokoB Kynrykckoro 3emuetpsicenuss 2008 roma — mo pabore B.M. MenbnukoBoit u ap. (2012),
snunentp FOxHo-baiikansckoro 3emnerpsicenns 1999 r. — no pabore H. Pamsumunosuy u np. (2006), 30HBI
ropstueit TpancteHcumn — 1o pabore C.B. PacckazoBa m ap. (2013). Ha mamenmun 0: pacmpenencHue
3emuteTpsicennii B baiikano-Monronbsckom peruone B 1960-2003 rr. mo padore C.U. Lllepmana (2014).

junction with the Obruchev and South-Western

and boundary faults, which limit the western part of

Monitoring  site analytical

techniques

The Kultuk sites for earthquake prediction
were chosen for hydrogeochemical monitoring
in an area of a sharp transition from the East
Tunka (Elovka-Kultuk) compressional block to
the South Baikal extensional one. The sites are
located within the hydrogeochemical zone of
mylonites designated the Main Sayan fault in its

9

the South Baikal Basin, respectively, from the
north and south. We focus on results obtained for
station 21 (School N 7).

Samples were taken mostly in 1-3 weeks. In
2014 and in 2020-2022, intervals between sam-
ples were reduced to 4 days. For analysis, a vol-
ume of 0.5 liter of water was collected into a bot-
tle of polyethylene terephthalate (PET). A
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factory-sealed bottle of deep Baikal water with
dissolved solid concentration as low as 100 mg/L
was opened just before sampling, emptied and
thoroughly rinsed with sampled water. If short-
term storage (up to 3 months) was required, se-
lected samples were passed through membrane
filters (0.45 um) and acidified with nitric acid
that was distilled twice using the Savillex DST-
1000 sub-buffering system. Samples were stored
in a refrigerator.

To determine the isotope composition of U in
natural water, U was separated using ion ex-
change resin TRU Resin-B (50-100um, Triskem
Int., France) using polypropylene columns con-
taining 0.5 ml of TRU resin. Uranium was eluted
with 1.5 ml of 0.1 M ammonium oxalate
(NH4)C204. The elutants were diluted 2-fold
with 3 % HNOs and analyzed according to meth-
ods developed earlier (Chebykin et al., 2007).
Analytical studies were performed using the
ICP-MS method on an Agilent 7500 ce quadru-
pole mass spectrometer in the collective use cen-
ter "Ultramicroanalysis” (Limnological institute
of the Siberian Branch of the Russian Academy
of Sciences, Irkutsk). To control the quality of
measurements, a standard sample of the isotope
composition of natural U GSO 7521-99 (Urals
Electrochemical Plant, Novouralsk) was used. A
typical error in the determination of isotope ra-
tios (1o) was about 1% relative to a measured
value.

Analysis of seismicity

A series of seismic shocks that occurred in the
South Baikal Basin in connection with the prep-
aration and implementation of the Kudara earth-
quake on December 10, 2020 were similar to the
one of seismic shocks associated with the Kultuk
earthquake on August 27, 2008. From spatial-
temporal distribution of the earthquake epicen-
ters of these reactivations, stages of their prepa-
ration: A, B, C, D and E that served as the basis
for interpreting results of hydrogeochemical
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monitoring at the Kultuk area with a forecast of
a strong event that took place at the end of 2020
(Rasskazov et al., 2020) (Fig. 3)). Before the
Kultuk event, at stage A, epicenters were distrib-
uted along the Obruchev fault, at stage B they
shifted to the south, at stage C, to the northeast,
and at stage D, to the west. At this stage, in early
2008, the epicenters migrated from the Snezh-
naya epicentral cluster to Kultuk and back. Then
on May 4, an earthquake occurred in the Kultuk
region and 3.5 months later, there was a strong
Kultuk seismic shock. After extensive aftershock
activity (stage E), earthquake epicenters showed
similar migration stages ABC and D in 2013—
2017 with transition after October 10, 2017 to
aseismic state.
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Fig. 3. Epicenters of medium and strong earthquakes
in 2015-2020.

Puc. 3. DnuneHTpsl 3eMIIETPSCEHUH CpeHe CUITBI 1
cuibHBIX 3emierpsicenuit 2015-2020 rr.

The recognized stages of migratory seismicity
were compared with results of hydrogeochemi-
cal monitoring obtained in 2013-2020 at the
Kultuk area. In May 2020, when the aseismic
state had already lasted more than 2.5 years, a
paper predicted seismic activity with a strong
earthquake in South Baikal in 2020-2021 was
published (Rasskazov et al., 2020). By analogy
with the seismic scenario of 2008, the strong
earthquake should have been implemented after
the one in the Kultuk area. Seismicity indeed re-
sumed in the second half of 2020 in accordance
with the suggested scenario (Fig. 4).
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Fig. 4. Stages of spatial-temporal distribution of earthquake epicenters in 2005-2008 after the K=12.2 event
before the 2008 Kultuk strong earthquake (a), the same stages of a longer interval of 2013-2020 before the
2020 Kudara strong earthquake (b), and comparison of the stages on a time scale (¢). The scheme [Rasskazov
et al., 2020] is supplemented with events of the second half of 2020. Data of the Baikal branch of the Federal
Research Center "Unified Geophysical Service of the Russian Academy of Sciences" is used.

Puc. 4. Craguu npocTpaHCTBEHHO-BPEMEHHOTO pacIipe/ieenns SnuIeHTpos 3emierpsicernii 2005-2008 rr.
nocne coOwitusi K=12.2 mepen Kynrykckum 3zemnerpsicenuem 2008 1. (a), Takux ke craguii Oonee
nponospkutesibHoro uHrepBana 2013-2020 rr. mepen Kymapunckum 3emierpsicennem 2020 1. (b) u
COIOCTaBIIEHNE CTaani Ha mKaime Bpemenn (C). Cxema comocrasienuit [Rasskazov et al., 2020] gomoaHena
coObITHsiMU BTOpor mosyoBuHbl 2020 1. Mcmosb3oBanbl nanHble baiikansckoro ¢ummana OUILl "Enunas

reogusnueckas ciyxxoa PAH".

Results of monitoring in 2013-2021

Within the Kultuk area, the deformational ef-
fect is most pronounced by high AR4/8values in
groundwater from the well of the station 27
(School No. 7). During the observation period
from January 10 to October 12,2013, OA4/8 val-
ues fluctuated with a high frequency in the range
of 3.20-3.29. Increasing seismic instability was
reflected in pulses of decreasing AR4/8 to values
below 3.0 with a transition after the maximum on
March 4, 2015 to low-amplitude variations,
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during which the main Goloustnoe seismic event
of the Obruchev Fault occurred on September 5,
2015 (K = 12.4). Subsequently, there were no
earthquakes with smooth variations of OA4/8
value. Frequent fluctuations of AR4/8 that began
on 08/03/2018 informed about weak hidden de-
formational instability of the area. After a long
seismic lull in South Baikal, a noticeable seismic
shock occurred in the water area of Lake Baikal
on July 6, 2020 at the western end of the Goloust-
noe-Murino epicentral line, and then, on the
night of September 21-22, 2020, in the Bystroe
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village area (Main Sayan Fault), a stronger earth-
quake occurred that triggered seismic instability
in the entire South Baikal Basin and responded
with new strong Kudara earthquakes on Decem-
ber 9 and 10, 2020. 10 hours after the Bystraya
earthquake, the value of AR4/8 was at the lower
limit since August 2018. This hydroisotopic re-
sponse to preparation of the 2020 Bystraya event
clearly differed from the one of the 2015
Goloustnoe event. In the next day after the
Kudara earthquake (in December 10, 2021), in
four days (in December 13, 2021) as well as in
subsequent days, AR4/8 values (respectively,

3.08, 3.10 and similar) did not differ from those
occurred before the Kudara earthquake.

Monitoring of the station 27 demonstrated,
along with AR4/8 variations, those in concentra-
tion of the uranium-234 isotope (denoted as
[2%*U]) that gradually decreased during the prep-
aration of the Goloustnoe event (stage C) and se-
quentially increased during the preparation of the
Kudara one (stage D) (Fig. 5). In diagram AR4/8
— A4 (Fig. 6), trends responded to preparation of
the Goloustnoe and Kudara earthquakes are de-
fiantly distinguished.
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Fig. 5. A4 observation series at the station 27 responded to deformational preparation of the Goloustnoe and

Kudara earthquakes.

Puc. 5. Psag naOmonenuit A4 OTKIMKOB TOM3EMHBIX BOJ CTaHIMU 27 Ha neGopMarnoOHHYIO MOATOTOBKY

TNonoyctHoro u KyiapuHCcKoro 3eMIeTpsICEHUM.
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Fig. 6. Groundwater response trends on the deformational preparation of the Goloustnoe and Kudara
earthquakes on the AR4/8 versus A4 diagram. Data fields 1-2 (January 1, 2013-May 20, 2014) indicate a
hydroisotopic response to initial deformations. Data fields 3-4-5 (May 28, 2014-November 29, 2015) show a
distinct trend of decreasing A4 during the preparation of the Goloustnoe earthquake. Data fields 6-7-8-9
(December 2, 2015 — late 2020) show the opposite trend of A4 increasing during the preparation of the Kudara
earthquake. A4 = [?U] = 2*U/(5.47x10°°) ng/dm?. CC2-4-5-6 and CC2-6-7-8-9 are common components,
indicated by combinations of data fields with the corresponding numbers. Data fields 1 and 2 correspond to
stages A and B of earthquake migration, the trend of data fields 3-5 corresponds to the stage C, and the one of
data fields 6-9 to stages D and E.

Puc. 6. TpeHapl OTKIMKOB IOA3EMHBIX BOJA CT. 27 Ha Jie)OPMAlMOHHYIO TOATOTOBKY [ 0JOyCcTHOTO H
Kynapusckoro 3emerpsicenuii Ha nuarpamme OA4/8 — [#34U]. durypartususie nons 1-2 (1 smBaps 2013 r. —
20 mast 2014 1.) 0003HAYAIOT TUAPOU3OTOIHBIN OTKIIMK Ha HadalbHbIE Aedopmannu, a GUrypaTuBHBIE MO
3-4-5 (28 mas 2014 r. — 29 Hos6ps 2015 1.) KAIOT OTYETIMBO BHIPAKEHHBIN TpeHa cHmKenus [**U] mpu
noaroroBke ['onoyctHoTO 3eMiterpsicerns. OuryparuBabie mons 6—7—8-9 (2 nexadps 2015 r. — konen 2020
I.) TIOKa3bIBAIOT NPOTHBOMOJOXKHBIA TpeHn Bospactanus [2*U] mpu noaroroBke KymapuHckoro
semierpsacenns. [24U] = B4U/(5.47x107°%) mxr/nm®. OK2-4-5-6 u OK2-6-7-8-9 — o6miMe KOMIIOHEHTHI,
0003HaYEHHBIE 110 COBMEUICHNUIO (PUTyPATUBHBIX TOJIEH ¢ COOTBETCTBYIONIUMH HOMepaMu. PurypaTuBHbIe 1
1 2 COOTBETCTBYIOT CTagusiM A u B murpauun semierpsceHuid, TpeH purypatuBHbIX nosien 3—5 — cragun C
U TpeH pUrypaTtuBHbIX nonel 6—9 — cragusam D u E.

The results of hydroisotopic monitoring are
consistent with stages ABCD and E of earth-
quake migration in the South Baikal Basin.
These indicate that the Goloustnoe earthquake of
2015 (K=12.4) was being prepared for 1.5 years
with the response of increasing compression un-
der the monitoring station. The mechanism of
seismogenic deformations in an active fault dif-
fered from the main deformational mechanism of
the structural development of the South Baikal
Basin that was reflected in the stronger double
Kudara earthquake in the extensional Barguzin-
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Selenga region, provoked by the equally strong
Bystraya event in the compressional East Tunka
one. The obtained hydroisotopic response of the
main deformational process in the South Baikal
Basin indicates a consistent increase in extension
under the monitoring station in a 5-year interval,
half of which turned out to be aseismic before
strong seismogenic deformations occurred in the
second half of 2020. In 2021-2022, the South
Baikal Basin is affected by aftershock activity
provided by leveling of tension-compressional
tectonic stresses (stage E).
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Discussion Ma covered the Kamar-Stanovoi zone of hot
Source and spatial transfer of neotectonic de- transtension in the eastern part of the Tunka Val-
formations in the South Baikal Basin and Tunka  ley. The volcanism cessation marked the change
Valley from transtension to transpression, accompanied
by inversion of tectonic motions with uplift of
The South Baikal Basin exhibits a historical ~ the area (Chuvashova et al., 2017; Rasskazov
core of the Baikal Rift System (Logatchev, and Chuvashova, 2018).
2003). Taking into account the model of shallow By now, the established mechanism of neo-
seismic S-wave tomography (Mordvinva et al.,  tectonic deformations in the crust along the axis
2019), crustal deformations under the basin are  of the Japan—Baikal geodynamic corridor re-
considered as a process of layer-by-layer thin-  sulted in the contrast development of the crust in
ning of the crust due to the extension of its the South Baikal Basin and Tunka Valley (Ras-
Selenga-Barguzin part in the axis of the diver-  skazov et al., 2021). Seismogenic deformations
gent Japan-Baikal geodynamic corridor simulta-  are leveled in the 38-39 km layer with thinner
neously with the thickening of the crust of the  crust (up to 35 km) in the Barguzin-Selenga area
East Tunka block during its compression due to  of extension and its greater thickness in the East
the Indo-Asian convergent interaction. Tunka area of compression (up to 49 km)
From volcanic activity of the axial Vitim field ~ (Krylov et al., 1980, Mordvinova et al., 2019).
of the Japan-Baikal geodynamic corridor, it was ~ An even greater increase in the thickness of the
inferred that the Barguzin-Selenga crust was  crust in the West Tunka block of the Tunka Val-
most strongly stretched about 16-15 Maago and  ley (up to 54 km) (Mats et al., 2001) is provided
was subsequently subjected to repeated stretch- by the long-range transfer of deformations
ing impulses with a quasi-periodicity of 2.5 Ma.  through the leveling layer (Fig. 7).
Three quasi-periods in the interval of 18.1-11.7
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lateraly- low-velosity horizotally-layered

heterogeneous

Volcanoes of the Central-Tunka sybsidence of the area
zone of hot transtension during transtension Volcanoes of the Kamar-Stanovoy
(16-0.8 mnH ner) and its uplift during transpression zone of hot trastension
g 18-12 mnH ner,

Tunka Basin e " ( ) South-Baikal Basin

A Kudara
S beng @ ﬁ ﬁ%  earthuake
earthquake ~ A A A A A A e A A o e e

» Middle-crustal layer of seismogenerating deformations ﬁ f__"jﬁﬁii,::,:,._.

Bystroe
earthquake | N
IN FRONT Leveling (transfer) layer OF THE CRUST
OF THE HANGAY Crastal ALONG AN AXIS
OROGEN thinning OF THE JAPAN-
Crust and ﬁ% BAIKAL
thickening GEODYNAMIC
CORRIDOR

Crustal
V@ thickening J——

Fig. 7. Scheme of seismogenic deformations that developed in the crust of the South Baikal Basin and Tunka
Valley at the end of a seismogeodynamic cycle. The leading seismogeodynamic factor is the generation of
crustal extension in the axis of the Japan-Baikal geodynamic corridor with the manifestation of the Kudara
earthquake; the provoked one is compression in front of the Hangay orogen, which compensates this extension
with manifestations first the Bystroe and then the Khubsugul earthquakes.
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Puc. 7. Cxema ceiicMOTeHHBIX JeopMarivii, TOTYIHBIINX pa3BuTHe B Kope KOxHo-bailikanbckoii BlaAnHbI 1
TyHKHUHCKON JIOJTUHBI npu 3aBEPIICHUM CelcMOreoIMHaMUYEeCKOT0 LHKIIA. Benymuii
celicMOTeoIMHAMUYECKUIM (DaKTOp — TeHepalusi pacTsHKeHHss Kopbl B ocu  SmoHcko-baiikanbckoro
TeOJMHAMHYECKOTO KOPUAOpa C MposBIeHHeM KymapuHCKOTO 3eMJIeTpSICeHHsI, TIPOBOIUPYEMBIH (hakTop —
ckatre BO ¢GpoHTe XaHTaiiCKOro OporeHa, KOMIIEHCHPYIOIIee 3TO PAcCTSHKEHHE C MPOSBICHWEM CHadvaja

BricTpunckoro, a 3aTeM — XyOCYTyIbCKOTO 3eMIIETPSCEHHH.

The spatial-temporal distribution of medium
and strong earthquakes in the South Baikal Basin
during the development of a complete seismoge-
odynamic cycle is not irregular, but initiating ef-
fect of crustal extension in the South Baikal Ba-
sin and compensating one of crustal compression
at structural ends of the Tunka Valley. An epi-
center of the 2008 Kultuk earthquake was lo-
cated near the Kultuk structural junction; there-
fore, the leveling deformation transfer in the
crust could have propagated no further than the
East Tunka block. An epicenter of the 2020
Kudara earthquake was much further from the
Kultuk structural junction, in the Selenga delta.
This event provoked a compensatory compres-
sion of the crust with leveling movements from
Khubsugul to Middle Baikal. The triggering of
the strong Khubsugul earthquake and aftershock
activity showed the full amplitude of the com-
pensating movements in the leveling layer.

The development of a complete seismogeody-
namic cycle in hydroisotopic responses with
change of seismic hazard levels

Under gravitational forces, the upper part of
the crust is affected b all-round compression,
against which stretching impulses appear. Since
the A4 and AR4/8 groundwater maxima and min-
ima indicate the conditions for closing and open-
ing of micro-fractures, in analysis of time series,
these parameters are presented in terms of tem-
porally-varying crustal compression and exten-
sion in the South Baikal Basin.

Stages of earthquake preparation in the South
Baikal Basin, recognized from the spatial-tem-
poral distribution of their epicenters (Fig. 8), are
supplemented by sharp changes in the RA4/8 and
A4 observation series at the station 27 (Fig. 9).
Accordingly, seismic hazard levels in the South
Baikal Basin are indicated within the framework
of a complete seismogeodynamic cycle (Fig. 10).
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Puc. 8. CmeHa ypoBHEH CeliCMUYECKON OMacHOCTH
Ha CTagusAX TMOJTOTOBKH 3EMIIETPSICEHHH  BO
BpeMeHHbIX HHTepBanax 2005-2012 n 2013-2022 rr.
C LIBETOBBIMU YPOBHSMHU CEHCMHYECKON OIMAaCHOCTH.
3eNeHbIi YPOBEHD HE OIACEH, KENITHIH-OpaHKeBBINA
YPOBEHB — BO3pOCIIAs OIIACHOCTh, KPACHBIN YPOBEHb
— MaKCHMMaJlbHasl OTTACHOCTb.
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Puc. 9. CmeHa ypoBHel celicMUYecKOol OMacHOCTH B psiflax Habmoaernii OA4/8 (a) u A4 (0) Ha cranuu 27.

YPpoBHU MOKa3aHbI [IBETOM.

16



MOHUTOPHHT OKpYKaIOIIEH Cpe/ibl

Activity ratio Weak earthquakes

20 in 2013-2014 rr.
3.35 S.07
A B
3.15
Vi
2.95
335 Strong Kudara earthquake of 09.12.2020 .
’ (K=13.9) and accompanied events
&)
N
3.15{
o
&
2.95

0.7

Activity “*U

Medium Goloustnoe
earthquake
05.09.2015 . (K=12.4)

Aftershock relaxation
in the end of 2020 r. and in 2021

15.06.2021
and later

0.7 0.9 1.1
Activity ‘U

Fig. 10. Change of seismic hazard levels in the South Baikal Basin during the complete (2008-2020)
seismogeodynamic cycle from a green level (a) through yellow-orange (b) to a red one (c) with transition to
the new seismogeodynamic cycle. The levels are shown by color.

Puc. 10. Cmena ypoBHei ceiicmudeckoil onmacHoctd B FOxHO-baiikanbckoi BmajguHe B TEUYCHHE MOJIHOTO
(2008-2020 rr.) ceiicMOreoAMHAMUYECKOTO UKJIA OT 3€JIEHOr0 ypOBHS (a) uepe3 skento-opamkesblit (D) k
KpPacHOMY YPOBHIO (C) ¢ Iepexo/IoM K HOBOMY ceiicMoreoiuHaMuueckomy iy (d). YpoBHu celicMu4Yeckoi

OITIACHOCTH ITOKa3aHbl IBETOM.

In 2013-2014 weak earthquakes of the green
level of seismic hazard occurred. The decrease in
RA4/8 and A4 in groundwater indicated a relative
decrease in the role of crustal extension and in-
crease in compression. A sharp increase in A4 on
May 28, 2014 turned into a trend of a gradual de-
crease in this parameter, at the minimum of
which on September 5, 2015, the Goloustnoe
earthquake of medium strength occurred. Just
like in 2013-2014, seismogenic tensile stress of
the crust decreased, but in the implementation of
the Goloustnoe earthquake during the seismic
geodynamic cycle, the minimum crustal exten-
sion was achieved. The increase in seismic haz-
ard to yellow and orange levels essentially did
not change the nature of seismogenic defor-
mations in the initial stages of the seismogeody-
namic cycle development.

Subsequently, the character of earthquake
preparation changed. On December 2, 2015, the
RA4/8 and A4 values of groundwater were still at
a minimum. But over the next 5 years after the
Goloustnoe earthquake, both parameters consist-
ently increased. The trend corresponded to the
red level of seismic hazard. On December 9,
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2020, the strong Kudara earthquake occurred in
the Selenga delta, which was preceded (as a trig-
ger) by the Bystraya earthquake on September
22, 2020, and followed by the strong Khubsugul
earthquake on January 12, 2021.

The Kudara earthquake of December 9, 2020
completed the seismogeodynamic cycle started
from implementation of the Kultuk earthquake
of August 27, 2008. High RA4/8 and A4 values
measured in groundwater indicate that tensile
forces in the crust have reached the maximum in
the axial part of the Japan-Baikal geodynamic
corridor. The subsequent (provoked) Khubsugul
seismic events marked involvement of the com-
pressive compensation mechanism for the
Kudara crustal extension. By December 24,
2020, both the RA4/8 and A4 values in ground-
water decreased to average levels. Since June 15,
2021, both parameters showed an upward trend,
which indicated an increase in the crustal exten-
sion. At that time, aftershock activity continued
in the Khubsugul region, and the compensation
mechanism for the leveling layer of the crust
must have been operating. Just as before the
Kudara event, the seismogenic tensile stress of
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the crust increased, but along the trend of a sig-
nificant shift in A4 values. Crustal extension in-
creased, but it was not similar to the extreme
Kudarya phase. Direction to the beginning of the
green trend of 2013-2014 can be interpreted as
evidence of a transition to the development of a
new seismogeodynamic cycle.

Conclusion

From observation of 2013-2021, a complete
seismogeodynamic cycle (i.e. a cycle of com-
pression and extension of the crust) is recognized
in the South Baikal Basin, which gives an idea of
the pulsating development of seismogenic defor-
mations in the Baikal seismic zone as a time-or-
dered process. The distinguished stages of strong
earthquake preparation (A, B, C, D) and imple-
mentation (E) are consistent with the deforma-
tional stages indicated by hydrogeochemical
monitoring. The seismic stages correspond to the
trends of successive change in the RA4/8 and A4
in groundwater with access to extreme values
corresponding to seismic events (Fig. 11). The
values of one and/or the other parameter consist-
ently increase due to the opening of micro-cracks
(stretching of the crust), which enhances the ef-
fect of the transition of 234U recoil atoms into cir-
culating groundwater, and decrease due to the
closing of micro-cracks (compression of the
crust), which prevents this effect.

The evidence obtained on the complete seis-
mogeodynamic cycle yields an idea about seis-
micity in the central part of the Baikal Rift Sys-
tem as an ordered process that can be studied and
predicted.
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Fig. 11. Reconstruction of the complete
seismogeodynamic cycle in the crust from

monitoring results in the station 27. Seismic stages
correspond to trends in successive change in AR4/8
and A4 in groundwater that reach extreme values
corresponding to strong seismic events. Weak non-
hazardous earthquakes in 2013-2014 (green level)
were followed by an increase of danger in 2015 in a
yellow-orange level and by the further development
of hazardous state in late 2020 — early 2021 in a red
level with subsequent exit to the new
seismogeodynamic cycle (to the state of 2013).

Puc. 11. PexoHcTpykuus MOJIHOTO
CEHCMOTeOJMHAMUYECKOTO IUKJIA IO pe3ylbTaTam
MOHHTOpPHHTA MOI3€MHBIX BOJI CT. 27.
CefiCMHYEeCKUM CTaausM COOTBETCTBYIOT TPEHIBI
nocaegoBaTteasaoro miMenenus OA4/8 u A4 B
MOJI3EMHBIX BOJ[AX C BBIXOJIOM Ha JKCTPEMalIbHbIC
3HAYCHMUS, COOTBETCTBYIOIIINE CHJIbHBIM
ceicmuyecknuM coObiTusM. Crabble  HeOMacHBIE
semmetpsiceHuss 2013-2014 rr. (3e1eHblil ypOBEHB)
CMEHSUITUCh ~ HapacTaHWEeM  OIACHOCTH  JKEJTO-
opanxeBoro ypoBHs B 2015 r. 1 KpacHbIM ypOBHEM
cericMuueckor ormacHoctTd B KoHie 2020 r. ¢
MOCJIEIYIOLIUM BBIXOJIOM B HOBBIH
ceficMoreoiuHaMu4IecKuil MK (k coctostHuio 2013

r.).
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