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ABSTRACT. The Southern Baikal is located within the actively developing Baikal rift zone (BRZ) that is characterized
by a significant seismic potential, and M>7 earthquakes occur periodically with intensive shaking in the epicenters (up
to 10 units). The problem of prediction and forecasting of strong earthquakes has always been critical for this region,
considering its increasing urbanization, industrial clusters and transport systems. The article describes the methodology
based on rock deformation monitoring data, which aims at developing a technology capable of efficient prediction and
forecasting of strong earthquakes. In the Institute of Earth’s Crust SB RAS a set of studies is carried out in order to solve
this problem, including those associated with the instrumental study of current movements of the lithosphere through
GPS geodesy and deformations of rocks by strain gauges. The existing GPS sites and deformation measurements are
combined into the Large-Scale Research Facilities "South Baikal instrumental complex for monitoring hazardous geody-
namic processes” in frame of the Shared Research Facilities "Geodynamics and Geochronology" at the Institute of the
Earth’s Crust, Siberian Branch of the Russian Academy of Science.

In this article, the deformation monitoring methodology is described in application to the monitoring sites installed in
the study area. The description includes the details of its conceptual basis, technical support and data processing methods.
The discussion focuses on the instrumental measurements of rock deformation related to three strong events in the study
area - Kultuk (August 27, 2008), Bystrinskoe (September 21, 2020), and Kudara (December 10, 2020) earthquakes. The
features of the deformation process before these seismic events are given special attention with account of the structural-
geodynamic settings and positions of local monitoring sites relative to the earthquake epicenters.
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HOBBIX MOAXO0/ K TPOTHO3Y CUJIbHBIX 3EMJIETPACEHHH B I0)KHO-BAHKAJ/IbCKOM PETUOHE
HA OCHOBE JAHHBIX MOHUTOPHUHIA JE®OPMALIUU IT'OPHBIX ITIOPOA:
METOA0J/I0TUA U PE3YJIBTATbI

C.A. BopHusakog!, A.U. Mupomranyenko!, I.B. BcroBckuii?, A.E. Cunnog?, /1.B. Casiko’

"MuctuTyT 3eMHOU kopbl CO PAH, 664033, UpkyTck, yi. JlepMmoHTOBa, 128, Poccus
23A0 «IITHUUIICK um. MenbuukoBa», 117997, MockBa, yi1. ApxutekTopa Biacosa, 49, Poccus
3 A0 BO «be3zonacHocTb», 109147, MockBa, yi1. TaraHckasi, 34A, Poccus

AHHOTALHMA. 0xHoe [Tpubatikanbe (KOI1) HaxoauTCs B Ipefesiax akTUBHO pa3BuBatoleiics balikanbckoit pudTo-
Boi 30HbI (BP3), 06/1a/ato1el 3HaUYUTeIbHBIM CEHCMUYECKHUM MTOTEeHIMaloM. 3/eCh TepUoJUieCKH IPOUCXOJAT 3eM-
JIeTpsICEHUs] C MarHUTY/0M 6oJiee 7 M C MHTEHCUBHOCTBIO COTPsICEHUH B anuLeHTpax o 10 6a/10B. B yc10BUsX BbICO-
KoM cTeneHu ypb6anusanuu [0I1 1 akTHBHOTO pa3BUTHS B ero IMpeJiesiax NPOMbIILIJIEHHbIX KJIaCTePOB U TPAaHCIOPTHBIX
CHUCTEM CYLIeCTBEHHO MOBBIIIAETCS aKTYaJbHOCTb NPOGJIEMbI IPOTHO3a CUIbHBIX 3eMiieTpsiceHuid. B U3K CO PAH pas
peleHUs 3TONW Npo6JIeMbl IPOBOAUTCS KOMIIJIEKC UCCIe/J0BAHUIM 10 pa3HbIM HanpaBeHUussM. OJHO U3 HUX CBSI3aHO C
WHCTPYMEeHTaJbHbIM U3yYeHUEM COBPEMEHHBIX JIBMXKeHU N TUToCchephl Ha 60/1b11MX 6a3ax nocpefctBoM GPS-reosesnn
1 lepopManuii FOpHBIX IOPOJ, Ha MaJiblX 6a3ax LITAHTOBbIMU TEH30MEeTPHUYECKUMHU JJaTuMKaMu. CylecTBYOLe NYHKTHI
GPS u nedopmanoHHbIX U3MepeHU 00'beIUHEHB] B YHUKA/IbHYI0 Hay4YHYI0 YCTaHOBKY «l0xxHO-BalikabCKUi UHCTPY-
MeHTaJ/IbHbIM KOMILJIEKC /11 MOHUTOPHHTA ONACHBIX TeoJMHaMUYecKux npoieccoB» (YHY «lOBUK»), Bxoasuiyto B co-
ctaB LKII «'eogHaMuKa 1 reOXpOHOJIOTUS.

B cTaTbe paccMOTpeHbl MeTOAUYeCKHEe BONPOCH! JepOpMalMOHHOTO MOHUTOPHUHTA Ha MaJblx 6aszax. OnucaHbl
ero KoHLeNTyaJlbHas OCHOBA, TeXHUYecKas 6a3a U MeTo/bl 06pabOTKH NMoJsydaeMoro ¢pakTuyeckoro Matepusaa. Ha
npuMepe npousouieAiux B nocaeguee Bpems B H0Il Tpex cunbHbIX 3eMyieTpsiceHut — Kyatykckoro (27.08.2008 r.),
Brictpunckoro (21.09.2020 r.) u Kygapusnckoro (10.12.2020 r.) - noka3aHbl Ipe/ilIeCTBYIOLIMEe UM 0COGEHHOCTH pa3BU-
TuA AedopMal Uil FOpHBIX IOPOJ, @ TAKXKe BJUSHHE Ha HUX CTPYKTYPHO-TeoJMHaMHUYeCKUX YCJI0BHUH B MecTax pacioJio-
»KEHUs MYHKTOB MOHUTOPHUHIA U NPOCTPAHCTBEHHOIO M0JIOKEHUS 3TUX IYHKTOB OTHOCUTEJIbHO IOTOBSIIErocs oyara
3eMJIeTPsICEHUSI.

KJ/IOYEBBIE CJIOBA: MOHUTOPUHT ZiepopMaluii TOPHbBIX IOPOJ; 3eMJIETPsICEHHE; MPeABECTHUK; MPOTHO3

®UHAHCUPOBAHHME: VccienoBaHure BeINOJHEHO Tpu rHaHCOBOM noaaepkke PODU (mpoekTt Ne 21-55-53019) ¢
ucnosb3oBaHueM YHY «l0xHo-BalikanbCKUi HHCTPYMEHTATbHBINA KOMIIJIEKC JIJISI MOHUTOPHUHIA ONIACHBIX IO MHAMU-

YeCKHUX MpoleccoBy, Bxoasiel B coctaB LKII «[eogrHaMuka u reoxpoHoJiorusi» MHcTUTyTa 3eMHO# Kopbl CO PAH.

1. INTRODUCTION

The Southern Baikal region (Russian: Pribaikalie) is the
southern part of East Siberia near Lake Baikal. It is located
within the actively developing Baikal rift zone (BRZ) that
is characterized by a significant seismic potential. Minor
seismic events are frequent in this region, and M>7 earth-
quakes occur periodically with intensive shaking in the
epicenters (up to 10 units). The problem of prediction and
forecasting of strong earthquakes has always been critical
for this region, considering its increasing urbanization,
industrial clusters and transport systems. The search for
solutions to this problem is carried out in different direc-
tions, including instrumental monitoring of rock deforma-
tion on local sites.

In 1987, the first measurements of rock deformation in
the study area were taken by a laser strain meter installed
by the Institute of Laser Physics SB RAS in an adit near
the Talaya Seismic Station (Baikal Branch of Geophysical
Service SB RAS). The Institute team was focused on search-
ing for earthquake precursors. The long-term monitoring
records taken in 1987-2015 showed that horizontal de-
formations in the study area were related to sublatitudinal

displacements of crustal blocks at a rate of 1-10 mm/yr;
and long-term variations in crustal deformation were caused
by the stress accumulation and release during strong earth-
quakes. Based on this data, a phenomenon of oscillation ex-
citation in a range of 0.3-10 seconds was discovered for the
first time in relation to the deformation process [Timofeev
et al, 1994; Timofeev, 2004; Fomin et al., 2019].

In the 1990s, a monitoring site was installed in a local
fault outcrop near the observatory of the Institute of Solar-
Terrestrial Physics SB RAS in the village of Listvyanka,
Irkutsk region. This facility is used for experimental studies
aimed at developing a technology for controlling the dis-
placement regime in active fault zones. Numerous exper-
iments have shown that high stresses in the upper part of
such faults can be safely released by controlled techno-
genic impacts that trigger weak seismogenic motions along
the faults [Psakhie et al.,, 2001, 2004; Ruzhich et al., 2002,
2007, 2020].

In 2008, the SDVIG recorder was installed in the adit
near the Talaya Seismic Station [Ruzhich, 2004]. This hard-
ware system consolidates the rock deformation monitor-
ing database that is used to substantiate theoretical and
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methodological principles for developing a new approach
to intermediate- and short-term prediction and forecast-
ing of earthquakes [Bornyakov, Vstovsky, 2010; Vstovsky,
Bornyakov, 2010].

Local detailed rock deformation monitoring is current-
ly performed by a network of monitoring sites installed in
the study area in 2012 [Salko, Bornyakov, 2014]. Deforma-
tion signals are recorded by modern gauges and sensors
and analyzed to identify the features and details of the de-
formation process before strong earthquakes, which can
be considered as earthquake precursors. The deformation
monitoring site at the Talaya Seismic Station has been re-
cently reequipped, and three new monitoring sites were
installed on the NW coast of Lake Baikal. The network of
these sites is a part of the South Baikal instrumental com-
plex for monitoring hazardous geodynamic processes pro-
vided by the Centre for Geodynamics and Geochronology
at the Institute of the Earth’s Crust, Siberian Branch of the
Russian Academy of Sciences.

In this article, we discuss the perspectives of rock de-
formation monitoring through consideration of the tech-
nology capable of efficient earthquake prediction and fore-
casting. The rock deformation monitoring methodology is
described in application to the monitoring sites in the study
area. The description includes the details of its conceptual
basis, technical support and data processing methods. The
discussion focuses on the instrumental measurements of
rock deformation signals directly related to three strong
events in the study area - Kultuk (August 27, 2008; M=6.3),
Bystrinskoe (September 21, 2020: M=5.4), and Kudara (De-
cember 10, 2020; M=5.5) earthquakes. Here, we describe
the signs of an upcoming earthquake, which are detectable
as the features of the deformation process and can be con-
sidered as earthquake precursors.

2. BASIC CONCEPTS FOR ELABORATING
A TECHNOLOGY USING ROCK DEFORMATION DATA
FOR SHORT-TERM PREDICTION OF EARTHQUAKES

A framework for elaborating a technology for forecast-
ing a tectonic earthquake or any other currently under-
studied natural phenomenon must include a theoretical
model that adequately describes this natural phenomenon.
Furthermore, prognostic indicators based on this model
should be continuously detectable. Modern studies of tec-
tonic earthquake sources are mostly based on the concept
of avalanche-instable fracturing (AUF) [Myachkin, 1978]
and the stick-slip model [Brace, Byerlee, 1966]. The AUF
model describes the way the numerous small ruptures oc-
cur and grow, merging rapidly and forming a long fault later
on, i.e., the process which causes seismogenic displace-
ment along the fault. In contrast, the stick-slip model de-
scribes the process of periodic seismogenic activation of
an existing fault.

In the investigations of large active continental litho-
spheric faults, the stick-slip mechanism is observed to oc-
cur more often than the unstable fracturing and thus given
more attention in studies aimed at earthquake prediction.
In the 1960-1990 s, the researchers performed numerous
laboratory experiments using the stick-slip model to inves-
tigate and assess the recurrence of seismogenic displace-
ments on faults. Physical phenomena preceding the dis-
placements were recorded and analyzed in order to identi-
fy possible precursors of earthquakes. In combination with
the findings from theoretical studies and field observations,
the results of these experiments have significantly improved
the understanding of the earthquake source physics and
made it possible to offer a wide range of short-term pre-
cursors [Cicerone et al.,, 2009]. Anomalous behavior of geo-
physical parameters before an earthquake was considered
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Fig. 1. Shear stress vs time before the slip impulse (after [Ma et al., 2014]). Inset (right corner) - linear graph of the shear stress

increase; the slip impulse is marked by a grey box.

Puc. 1. I'paduk u3aMeHeHUsI CABUTOBOrO HaNPsIXKEHUSI BO BpEMEHU NepeJ; UMIYJIbCHON MOJABUXKKON (MaJsiblid rpaduk cipaBa) U ero
yBeJMYeHHbIN parMeHT B KPUTUUECKOM TOUKE, IOKa3aHHOW MaJleHbKHUM CepbIM KBagpaToM (mo [Ma et al,, 2014]).
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as a precursor. However, many of these studies were based
on outdated concepts and thus failed to solve the problem
of earthquake prediction and forecasting. Furthermore,
their results raised doubts whether seismic forecasting is
ever possible [Geller et al.,, 1997]. Some progress has been
achieved by using the concept of synergetics [Haken, 1978,
1983; Prigogine, Kondepudi, 2002]. In this context, a seis-
mically active fault can be considered as an open nonequi-
librium dynamic system; an earthquake is a self-organized
criticality (SOC) [Bak, Tang, 1989]; and a "coherent"” be-
havior is typical of the deformation process just before an
earthquake [Feder H.J.S., Feder ]., 1991; Ciliberto, Laroche,
1994; Olami et al., 1992].

The SOC model has been confirmed in experiments
using a precision servo-controlled press to simulate seis-
mic activation of faults due to the stick-slip mechanism [Ma
etal, 2012, 2014]. According to these results, in a loaded
system of two blocks contacting along a rupture, the defor-
mation process preceding the occurrence of a slip impulse
develops in stages.

These stages are marked by changes in the average shear
stress over time (Fig. 1). The graph shows shear stress va-
riations and illustrates the deformation dynamics of the
entire boundary between the interacting blocks before the
occurrence of the slip impulse (marked by a grey box at
an interval of 660-700 sec, see the inset in Fig. 1). In seg-
ment N-0, the graph deviates from linearity. At point O, the
shear stress reaches its maximum value, and the system
goes to the metastable state. In segment OAB,, the meta-in-
stability state is achieved. It includes the early (AB,) and late
(B,B,) meta-instability substages. After point B,, dynamic
instability manifests itself as a slip impulse. At the first meta-
stable stage, relative displacements of the blocks start and
develop along with slow relaxation of the stresses accumu-
lated at the interblock contact. This process takes place in
the quasi-creep stationary mode, which is caused by the
occurrence of small micro-sources of destruction (i.e. small
activated segments of the rupture). During the early meta-
instability substage, the stress continues to decrease slow-
ly, and the isolated segments of the rupture continue to
increase gradually. The late meta-instability substage is
characterized by accelerated synergism - the deformation
becomes intensified and accelerated. The synergism man-
ifests itself immediately before the transformation of the
quasi-static state into a dynamic one due to the coherent
behavior of all activated segments, which implies their

self-organization. In a natural setting, it is reasonable to ex-
pect that the meta-instable stage of the activation of a fault
can be detected by self-organization of its segments.

Thus, the stick-slip model in its synergistic interpreta-
tion [Ma et al,, 2012, 2014] demonstrates that the critical
dynamic state of a fault / fault zone (which is achieved at
the late meta-instability substage) should be investigated
in detail as a potential earthquake precursor rather than
an anomalous variation of any geophysical parameter of
the fault / fault zone. A direct and evidence-based indicator
of the critical dynamic state (i.e. the meta-instability sub-
stage) is self-organization of activated fault segments at
the fault plane immediately before seismogenic rupturing
of the certain fault. Considering natural faults, we suggest
that the self-organization process can be diagnosed by a
digital analysis of the time series of rock deformation sig-
nals. We have tested this research approach by spectral ana-
lysis [Scargle, 1982, 1989; Savransky, 2004; Bornyakov et
al., 2017], entropy analysis [Brillouin, 1966; Zubarev et al.,
2002; Bornyakov, 2008], and fractal analysis [Mandelbrot,
1982; Velde et al., 1990], and the structural functions cur-
vature analysis method (SFCAM) [Vstovsky, 2006, 2008;
Bornyakov, Vstovsky, 2010].

3. ROCK DEFORMATION MEASUREMENT
ON LOCAL SITES

In our study, a database of rock deformation measure-
ments is consolidated by an original instrumental complex
(IC) [Salko, Bornyakov, 2014]. The IC includes a data col-
lection-transmission unit (DCTD), analog-to-digital con-
verters (ADC), analog bar-shaped sensors, an autonomous
power supply system (APSS), a remote base server, and cli-
ent-server control software packages (Fig. 2). The IC is de-
signed to receive rock deformation signals, take their accu-
rate time-related measurements, compile a flash-memory
dataset, and transfer the datasets to the remote base server
via the on-line mobile communication system.

The DCTD unit uses a RS485 bus for simultaneous con-
nection of up to 32 ADCs. The number of sensors used is de-
termined by the number of ADC channels. In one- and two-
channel designs, 32 and 64 sensors can be connected to the
channels, respectively. Measurements are taken by bar-
shaped sensors calibrated to meter linear deformation. The
ADC polls the sensors with a discreteness of 8 Hz/10 seconds,
calculates the average of the accumulated 80 values, and
sends the average value to the DCTD unit. These data are

Base
Power Source \y server
(Solar panel) / i
N\ Service and Client

Softwear Packages

Analogue
gouges

Analog-to-digital
converter

Data logger /
Transmitter

Fig. 2. Block diagram of the instrumental complex designed for rock deformation monitoring.

Puc. 2. biiok-cxema HHCTPYMEHTAJIbHOT0 KOMIIJIEKCA Jid MOHUTOPUHTA FBOQ)I/IBI/I‘{GCKI/IX nmapamMeTpoB.
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then transmitted and input to the server database, and thus,
a time series data is obtained every 10 seconds.

The IC collects the data from four monitoring sites lo-
cated on the southern and southwestern shores of Lake
Baikal (Fig. 3, a). The Talaya, Listvyanka, Buguldeika, and
Olkhon monitoring sites are described below.

=

4. DESCRIPTION OF THE ROCK DEFORMATION
MONITORING SITES
The Talaya site is located on the southern shore of Lake
Baikal (Fig. 3, a, b). Itincludes 10 bar sensors installed in an
abandoned adit that is characterized by constant tempera-
ture and humidity (Fig. 4). A bar sensor structure includes

or |2 [ ¥ s

Fig. 3. Locations of the rock deformation monitoring sites in the Southern Baikal region (a), and their structural-geodynamic settings

(b-e).

1 - major (a) and minor (b) local faults; 2 - monitoring sites: T - Talaya, L - Listvyanka, B - Buguldeika, P - Olkhon; 3 - earthquake
epicenters: Kultuk (I), Bystrinskoe (II), Kudara (I1I); MBB - South Baikal basin; SBB - Middle Baikal basin.

Puc. 3. Mecra pacnoJioxxeHus (a), CTPyKTypHble U reoJUHaMU4YeCKHe yCa0BUs (b-e) B OKPECTHOCTH IYHKTOB J1eOpPMaLlMOHHOTO

MoHUTOpUHTA B H0>)kHOM [Iprbaiikabe.

1 - KpynHble CTPYKTYpooGpasytolue (a) 1 BTOpOCTeNEeHHbIE, JIoKalbHble (b) pasioMbl; 2 - TyHKTbl MOHUTOpUHra: T - «Tanas», L -
«JlucTBsiHKay, B - «Byrynbpaeiika», P - «IIprosbxoHbex»; 3 - anuneHTpb! Kyarykckoro (1), Beictpunckoro (II) u Kynapunckoro (I11)
3emsieTpsicennil; MBB - 0:kHo-Balikanbckas u SBB - CpefHebaiikanbckast BIaJMHbL
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a_{e5 3
20m |4
|5

Fig. 4. A sketch of the network of sensors installed in the adit (Talaya site).

1 - fault zone; 2 - adit contours; 3 - bar sensors in horizontal (a) and vertical (b) positions, and their numbers (1-10); 4 - distance
between bar sensors; 5 - topography lines and heights relative to the sea level.

Puc. 4. [IpocTpaHCTBEHHAs! CETh LITAHTOBBIX AATYUKOB B LITOJIbHE MyHKTa «Tasas».

1 - 30Ha pasJsioMa; 2 - KOHTYPbI IITOJbHH; 3 — LITAHTOBbIE JATYUKH, PACIOJIOKEHHBIE TOPU30HTA/ILHO (@), BepTUKa/IbHO (b) U UX HO-
Mmepa (1-10); 4 - pacCcTossHUS MeX/Ay AaTYNKaMK; 5 — U30JIMHUM peJsibeda ¢ yKazaHHUEM BbICOThI OTHOCUTEIbHO YPOBHS MOPSI.

Fig. 5. Schematics of the bar sensor installation in the adit. See
the text for explanations.

Puc. 5. Cxema YCTaHOBKHU LITAHIOBOTO JAaTYHKA B LITOJIbHE. [To-
fACHEHHUSA B TEKCTe.

Fig. 6. Schematics of the Buguldeika rock deformation monitoring site.

1 - round-shaped chamber made of two pre-cast reinforced concrete rings (each 0.9 m high and 2.0 m in diameter); 2 - pre-cast con-
crete pipe (0.9 m in diameter) and used as an access into the chamber from the ground surface; 3 - 10 m long bar sensor.

Puc. 6. CxeMa ycTpolicTBa NyHKTa leGOpMalMOHHOI0 MOHUTOPUHTA «Byrysnb/enkar.

1 - 60KC U3 JBYX KeJ1e300eTOHHBIX KoJiell (BbicoTOoHM 0.9 M 1 AuaMeTpoM 2 M); 2 - KeJie300eTOHHOE K0JibLo AnaMeTpoM 0.9 M UcIojib-
3yeMoe JJIsl CILycKa B GOKC C IOBEPXHOCTH 3€MJIM; 3 — IUTAHI'OBbIE JATYUKH.
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a strain gauge (1), steel bar (square cross-section, total
length of 6.0 m) (2), and mobile supports (3) preventing
any sidewise or vertical displacement of the bar sensor
(Fig. 5). One end of the bar is fixed into a concrete pedestal
(4) thatis rigidly connected with the rock (5). Its other end
is connected to a strain gauge installed on the same con-
crete pedestal (Fig. 5). Throughout the year, the air tem-
perature in the adit remains rather stable which excludes
any influence of the temperature factor on rock deforma-
tion measurements.

At the Listvyanka, Buguldeika and Olkhon monitoring
sites on the southwestern shores of Lake Baikal, the sensors
are installed in underground bunkers in order to minimize
the influence of the temperature factor. Constructed at
depths of 2.5-3.0 m, the bunkers differ in length and width
and range in height from 1.8 to 2.0 m. Each bunker is cov-
ered with a one-meter thick soil layer. At the Listvyanka site,
the bar sensor (10 m long) is installed in a vertical drill
hole in the bunker, and rock deformation measurements
are made. At the Buguldeika site, two horizontally installed
bar sensors (each 10 m long) take measurements in two
orthogonal directions (Fig. 6). One sensor is oriented to the
south-east - this position takes into account the regional
crustal extension of the Baikal rift zone (BRZ), which is
caused by the movement of the Transbaikalia block to the
south-east. The Olkhon site includes two spatially sepa-
rated "sub-sites". One sub-site is constructed similarly to
the Listvyanka site, and has a vertical bar sensor (12 m long).
The second sub-site is located at a distance of 140 meters
south-east of the first one. Its structure is similar to that of
the Buguldeika site (Fig. 6), except that it has one horizon-
tal SE-oriented sensor (10 m long) to monitor the regional
crustal extension of BRZ.

5. STRUCTURAL-GEODYNAMIC SETTINGS
OF THE MONITORING SITE LOCATIONS

The monitoring sites are located in different structural-
geodynamic settings. The Talaya site is located on the shore
at the southern termination of Lake Baikal. Its geodynamic
setting is dominated by the right flank of a local fault zone
that cuts the Talaya river valley (see Fig. 3, a, b). This is the
area of conjugation of the major structure-forming faults,
Main Sayan and Obruchev. It should be noted that the geo-
dynamics of the lithosphere in the Southern Baikal region is
determined by the compression from the Hindustan colli-
sion area, and the compression setting here transforms into
the SE-trending extension, as confirmed by the regional
studies [Sankov et al., 2014].

The Listvyanka site is installed in a local fault zone in
the coastal block bordered by the Obruchev fault (see Fig. 3,
c). The crystalline basement of the South Baikal basin has
subsided along the fault to a depth of more than 8.0 km
and is covered by a 6.0 km thick layer of non-lithified and
weakly lithified sedimentary deposits [Logachev, 1999].
This layer hinders propagation of the SE-trending exten-
sion from the Transbaikalia area to the coastal block, al-
though the consolidated basement of the South Baikal ba-
sin transmits the deformation effect the lower part of the

block. Thus, the Listvyanka site records the rock deforma-
tion that occurs as an indirect response of the local fault
zone to the deformation processes in the lower part of the
coastal block.

The Buguldeika site is located at the junction zone of
two local faults in a wedge-shaped crustal block between
the zones of the Primorsky and Morskoy faults (see Fig. 3, d).
Its geodynamic setting is similar to that of the Listvyanka
site. The only difference lies in a shallow waterdepth of the
Baikal on the Buguldeika-Selenga link between the South
and Middle Baikal basins (35-400m) [Bukharov, 1996]
(see Fig. 3, d). Currently, the regional SE-trending extension
is transmitted to the lower horizons of the wedge-shaped
block (this situation is similar to that of the Listvyanka site).
In comparison to the block monitored by the Listvyanka
site, this block has a smaller cross-section. Furthermore,
wide weak fault zones are observed at the frontal and rear
parts of the block. Due to these factors, it is involved into
"swinging" oscillatory movements in the regional exten-
sion direction (i.e. SE-trending).

The Olkhon site is located 14 km away from the Lake
Baikal shore, outside the area of dynamic influence of the
Morskoy fault zone characterized by a large vertical dis-
placement amplitude (see Fig. 3, e). As described above,
the rock deformation measurements are taken at the two
sub-sites installed at a distance of 140 meters from each
other and in different structural settings, i.e. one in the lo-
cal fault zone, and the other within the undisturbed crustal
block.

6. ROCK DEFORMATION DATA ANALYSIS
6.1. The main components of rock
deformation

The analysis of the time series of rock deformation
measurements shows that deformation takes place as an
oscillatory process, and oscillation periods vary widely
both in time and size [Bornyakov et al.,, 2016, 2017]. It is
possible to distinguish two groups of deformation compo-
nents which appeared due to external and internal factors
(in relation to the Earth). Respectively, such components
are termed external and internal. The external factors are
lunar and solar tides and variations in atmospheric pres-
sure. The tides can cause variations in deformation ampli-
tudes every 12 or 24 hours (Fig. 7, a, b). In the study area,
12-hour deformation variation cycles are clearly observed
only at the Talaya site and modulated into two-week cycles
(Fig. 7, a, c). The tidal deformation amplitudes range from
a few microns to a few dozen microns, depending on the
positions of the Earth, the Moon and the Sun relative to
each other.

The deformation response of rocks to atmospheric pres-
sure variations is of a selective nature and manifests itself
most clearly in case of a sharp pressure increase. In rock
deformation monitoring records, it is detectable as a de-
formation pulse with amplitude from a few microns to a
few dozen microns (Fig. 8). When atmospheric pressure
changes gradually or drops sharply, the deformation re-
sponse is either weak or absent.
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Fig. 7. The 12- (a) and 24-hour (b) variations in the rock deformation due to lunar and solar tides, and two-week modulations of 12-

hour variations (¢) in Talaya site.

Puc. 7. /|seHaguatu- (a) ¥ ABaAuaTuyeTblpexyacoBsble (b) Bapuayuu gedopmanuii, 06yc/10BAEHHbIE JJYHHO-COTHEYHBIMU IPUIUBAMH,
Y JIByXHe/leJIbHbIe MOAYJ/ISIMY ABEHAAIATUYACOBbIX BapUalui (¢) B nyHKTe «Tasas».

In the group of deformation components appeared due
to internal factors of a tectonic origin, we distinguish non-
periodic and periodic deformations, i.e. temporary and per-
manent, respectively [Bornyakov et al., 2019].

Non-periodic deformation is observed as a single pulse
that vary in shape and amplitude (Fig. 9), whose sporadic
occurrence is monitored and recorded as a single defor-
mation wave. Spatial migration velocities of such waves

vary from a few centimeters to a few dozen centimeters
per second.

In general, two types of the non-periodic deformation
waves are distinguished by differences in their main pa-
rameters. In the rock deformation time series, Type 1 is de-
tected as an asymmetric pulse with an amplitude of a few
dozen microns (Fig. 9, a), which is recorded by several close-
ly spaced monitoring sites and, as a rule, accompanied by
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Fig. 9. Changes in rock deformation pulses caused by deformation waves of Type 1 (a) and Type 2 (b).
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residual deformation with amplitude of a few microns. Type 1
waves are generated by sources located outside the moni-
tored area. Probably, they are generated by tremor-like
displacements along the faults located outside the moni-
tored area [Peng, Gomberg, 2010]. Type 2 is detected as a
symmetric or asymmetric pulse with amplitude of a few
microns (Fig. 9, b). Such waves occur more frequently than
those of Type 1 and are not accompanied by any residual
deformation. They are presumably of a local nature related
to stress redistribution in fault-block structures of the up-
per crust within the monitored area.

Periodic or permanent deformation occurs in the form
of directionally propagating waves with an amplitude of
the first microns and a length of 400-500 meters (accord-
ing to approximate estimates) with velocities of a few cen-
timeters to a few tens of centimeters per second. These
velocities fall within the range of the maximum velocity
estimates for permanently propagating slow deformation
waves (SDWs) [Bykov, 2005]. The waves recorded at the
monitoring sites in our study are SDWs, whose spatial mi-
gration directions and velocities vary in time. At the Talaya
site, the SDW wave records show a 90° change in an aver-
age azimuth direction of the wave migration in the period
of 2016 to 2019 (Fig. 10, a). Besides, the angle of the sector
of possible azimuth solutions expanded from 20° in 2016
to 110°in 2019. A large scatter of the calculated SDW azi-
muth directions makes it impossible to define clearly the
direction of the spatial migration in the first half of 2020.
The most probable cause of this scatter is a high differen-
tiation of the deformation fields in the study area due to a
high level of stresses accumulated in the upper lithosphere
before the Bystrinskoe earthquake. Our interpretation is
indirectly confirmed by a change in the SDW spatial mi-
gration velocity that increased by an order of magnitude
from 50 mm/s (2016) to 500 mm/s (2018) and decreased
to 350 mm/s (2019) later on (Fig. 10, b).

6.2. Rock deformation signals before strong
earthquakes

The Mw 6.3 Kultuk earthquake of August 27, 2008.
The rock deformation monitoring data of the Talaya site
for the year of 2008 were used to investigate the Mw 6.3
Kultuk earthquake that occurred on August 27, 2008 at the
southwestern termination of the Baikal Lake. The distance
from the Talaya site to the epicenter is about 25 km. Three
1.83 m long bar sensors (ends fixed into the adit walls)
were oriented in three mutually perpendicular directions,
i.e.in (1) longitudinal (60° strike), (2) normal (50° strike),
and (3) vertical directions. Measurements were taken
every 30 s.

Figure 11 shows the signals (hour sampling) recorded
by sensor 1 and provides a clear illustration of the deforma-
tion features before the earthquake, specifically three rock
deformation trends (black dashed lines). About 50 days be-
fore the earthquake, trend 1 is replaced by trend 2, which
indicates an acceleration of the deformation accumulation.
Trend 2 is maintained for 42-43 days and then, 6-7 days be-
fore the earthquake, changes to trend 3 (Fig. 11). The defor-
mation growth is terminated in this time interval, and the
transition to the self-oscillation mode is indicative of self-
organization in the deformation process (Fig. 11, inset).

The self-organization is confirmed by the results of
monitoring data processing by two independent methods.
Fig. 12 shows the result obtained by the structural func-
tions curvature analysis method (SFCAM) [Vstovsky, 2006].
The first experience of using SFCAM for processing of rock
deformation monitoring data is described in detail in [Bor-
nyakov, Vstovsky, 2010]. Here, the physical sense of a struc-
tural function (SF) should be mentioned - the SF growth for
small lags implies the appearance of temporary interrela-
tions in the signal, which suggests coherent behavior of el-
ements comprising the system analyzed. On the contrary,
the cessation of SF growth for large lags implies failure
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Fig. 11. Rock deformation vs time, according to the data of sensors 3 (Talaya site). The earthquake beginning (344732 minutes from

the start of the year) is marked by a dashed line.
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of the interrelations. The conventional boundary of scale
zones (determined by one or another rule or algorithm) is
termed as correlation time (CT).

In Fig. 12, sharp CT changes are observed approximate-
ly 65000-70000 minutes (45-50 days) before the Kultuk
earthquake. These changes vary in a wide range, from 1000
to 10000 minutes (Fig. 12). Two peak CT values in the time
interval of 273000-285000 minutes (i.e. within 8 days) in-
dicate two episodes of the appearance and failure of tem-
porary interrelations in the deformation process, which
most probably resulted from a significant re-arrangement
of stress fields in the fault-block structure of the litho-
sphere, specifically in the focal area (which resulted in the
earthquake). In this case, we can say that an intermediate-
term (45-50 days) precursor of the Kultuk earthquake has
been reliably detected from the rock deformation monitor-
ing data.

Approximately one month (40000-45000 minutes) be-
fore the earthquake, the focal area reaches a metastable
state, CT=100-200 minutes. A sharp CT increase is ob-
served ten days (14700 minutes) before the earthquake.
The CT value still increases and reaches 6200 minutes six
days (336000 minutes) before the earthquake (Fig. 12).
This time point can be interpreted as the beginning of the
early meta-instability substage, when the previously close
interrelation in the deformation process begins to fail. This
failure comes up to the time point of 340500 minutes. The
beginning of a short-term recovery of the interrelation
(three days before the earthquake) is the beginning of the
late meta-instability substage.

Thus, the above SFCAM results show that CT variations
reflect the features of the deformation process that develops
in the fault-block medium, in which there is the develop-
ment of an upcoming earthquake source. In particular, an
anomalous growth of CT values is an indicator of the de-
velopment of temporary interrelations of the deformation

time series data, which results from the self-organization of
the deformation process. In case of the Kultuk earthquake,
the self-organization took place twice - one month and a
few days before the seismic event. These two episodes of
self-organization were, respectively, intermediate- and short-
term earthquake precursors.

Another method used for efficient computations from
large and unevenly sampled datasets is the spectral analy-
sis based on the Lomb-Scargle periodogram [Lomb, 1976;
Scargle, 1982, 1989; Savransky, 2004; Press et al., 2007]. This
method was successfully applied in our previous studies to
process the rock deformation signals of sensor 3 before and
after the Kultuk earthquake and indirectly confirmed the
self-organization of the deformation process [Bornyakov
etal.,, 2017]. For a more detailed spectral analysis, the rock
deformation monitoring data collected from June 10 to Oc-
tober 9, 2008 were grouped into five datasets: June 10 - July
9 (a), July 10 - August 9 (b), August 10 - August 26 (pre-
seismogenic time) (c), August 28 - September 9 (d), and
September 10 - October 9, 2008 (e) (Fig. 13). It should be
noted that the signals recorded on August 27, 2008 (earth-
quake date) did not participate in the analysis. Spectro-
grams show clearly that both structure and intensity of the
oscillations change with time, especially in the range from
E5 to 8E5 (Fig. 13), as follows:

June 10 - July 9 (Fig. 13, a): Six main periods of oscilla-
tions; the oscillation pattern is chaotic.

July 10 - August 9 (Fig. 13, b): Nine main periods; peri-
odogram parameter 24hP begins to decrease; the oscilla-
tion pattern has an element of order.

August 10 - August 26 (Fig. 13, c): Pre-seismogenic
state; parameter 24hP continues to decrease; the oscilla-
tion pattern is of a high degree of order, as shown by its
fractal structure (see the inset). This implies that these rock
deformation time series data are in a close temporary in-
terrelation, and the oscillations are time-coordinated and
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Fig. 12. Correlation time (CT) variations, according to the data of sensor 3 (Talaya site). The earthquake beginning (344732 minutes

from the start of the year) is marked by the dashed line.
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Fig. 13. Spectral analysis results for the rock deformation datasets.

(a) - June 10 - July 9; (b) - July 10 - August 9; (c) - August 10 - August 26; (d) - August 28 - September 9; (e) - September 10 - October

9,2008. DP - periodogram parameter (24-hours period).

Puc. 13. Pe3y/ibTaThl CIEKTPaIbHOIO aHA/IM3a JAaHHBIX edopMaLUii FOPHBIX MOPOJ, /11 BpeMEHHbIX UHTEPBAJIOB.
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9 okTs6ps 2008 1. DP - cyTOuHBI! EpUOA.

intensity-adjusted. Here, we reveal the self-organization as
a consequence of the deformation process before the earth-
quake, which is confirmed by the above-described SFCAM
results (see Fig. 12).

August 28 - September 9 (Fig. 13, d): After the earth-
quake, there are significant changes in the rock deforma-
tion mode - the deformation process is very chaotic; the
value of parameter 24hP is increased; short- and medium-
period (0-4ES5 sec) oscillations are dominant, and any long-
period (4E5 go 1ES5 sec) oscillations are lacking (or not
manifested clearly).

September 10 - October 9 (Fig. 13, e): the deformation
process tends to return to the original mode - this spec-
trogram is qualitatively similar to that for June 10 - July 9
(Fig. 13, a).

The analysis of the spectrograms with the focus on para-
meter 24hP reveals a specific pattern of its changes. In the
spectrogram for June 10 - July 9, it is at the level of 600 min-
utes (Fig. 13, a). During two time intervals before the earth-
quake, it decreases to 350-400 minutes (Fig. 13, b, c). It re-
mains at the same level for two weeks after the earthquake
(Fig. 13, d), and increases again later on (Fig. 13, e).
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The Mw 5.4 Bystrinskoe earthquake of September 21,
2020. The epicenter was located 18 kilometers from the
Talaya site. Now we can say that the symptoms of this im-
minent seismic event were recorded six days before its oc-
currence, when eight out of ten sensors registered changes
in the rate of deformation accumulation. The most distinct
signals of anomalous changes in the deformation process
were recorded by the sensors oriented to the focal area
(sensors 1, 4, and 8), as illustrated here by the data of sen-
sor 8 (Fig. 14).

From September 05 to September 16, 2020, the rock
deformation developed against the background of 12-hour
oscillations due to lunar-solar tides, and decreased by 5.0 mi-
crons. From September 16, the deformation began to grow.
Some days before the earthquake, the deformation process
accelerated, as evidenced by the daily increment of exten-
sion (Fig. 14). After the earthquake, the deformation began
to decrease rapidly and gradually went down to the back-
ground values later on (Fig. 14).

The mechanism of the Bystrinskoe earthquake is deter-
mined as strike-slip [Bornyakov et al., 2021; Seminsky et
al., 2021]. The processes of its generation and occurrence

are fully consistent with the synergistic interpretation of
the stick-slip model [Ma et al., 2012, 2014]. The dynamics
of the deformation process during six days before the seis-
mic event, as recorded by the Talaya site, falls entirely with-
in the early and late meta-instability substages of the final
stage of meta-instability, according to the above-described
concept of the earthquake source evolution. At the early
meta-instability substage (September 16-20, 2020), the
deformation process developed with a slow acceleration.
At the late meta-instability substage (September 20), the
deformation acceleration was significant. A short-term de-
celeration (for a few hours) took place immediately before
the main shock of September 21 (Fig. 14, inset a).

It should be noted that the transition from the deforma-
tion process to the late meta-instability substage was pre-
ceded by a tremor-like displacement, as evidenced by a pro-
longed oscillation of the rock deformation signals (Fig. 14,
inset b). A change in the information entropy is revealed
in the deformation time series signals recorded on Septem-
ber 05-27, 2020 (Fig. 14, inset c). Its value remains high
on September 05-13, which indicates that the deforma-
tion process is stationary during this period of time, thus
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Fig. 14. Rock deformation signals recorded by sensor 8 (Talaya site) from September 5 to October 2, 2020.
Insets: a - daily increase in rock deformation from September 16 to 22, 2020; b - deformation response of the rock mass in the adit to
tremors in the source of the Bystrinskoe earthquake; ¢ - change in the information entropy from September 5 to 27, 2020.
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Fig. 15. Graph variation of correlation time. A vertical dashed line shows the moment of the Bystrinskoe earthquake. Time in hours,

beginning from February 1.
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corresponding to the metastable stage. From September 13
to 14, the information entropy values sharply drop down,
which implies the beginning of transition to the metastable
stage. This is 2-3 days ahead of the beginning of the tran-
sition (September 16-17), which can be visually detected
from the change in the deformation trend from decreasing
to increasing (Fig. 14). Apparently, information entropy is
sensitive to insignificant changes in the deformation pro-
cess, although these may not always be explicitly manifested.
The next two significant variations of this parameter cor-
relate with two episodes of significant restructuring of the
deformation process before the earthquake.

In this case, the rock deformation monitoring data clear-
ly show the final meta-instability stage of the Bystrinskoe
earthquake generation, which is reflected in the regular dy-
namics pattern of the deformation process. Our study shows
that anomalous deformation signals follow a specific spa-
tiotemporal pattern and allow identifying the early and late
meta-instability substages. Here, the anomalous deformation
signals and accompanying tremors are actually the short-
term precursors of an imminent strong earthquake.

Deformation monitoring data in the time interval from
01.02.2020 to 30.10.2020, 2020, including the Bystrinsky
earthquake, were processed by the MAKSF method and the
spectral analysis method.

The obtained graph of the correlation time differs from
the previous one in terms of the values of the CT parame-
ter and the frequency of its variations (see Fig. 10; Fig. 15).
Thus, in the final phase of the preparation of the Bystrinsky
earthquake, the process of deformation self-organization
took place within 18 days (CT = 450 hours), whereas in the
case of the Kudarin earthquake, such self-organization had
a more transient character, most intensively manifested
three days before it. These differences are probably due

to the different mechanisms and magnitudes of the Kultuk
and Bystrinsky earthquakes. Without going into details,
we note that the Bystrinsky earthquake was preceded by
several time intervals where the processes of self-organi-
zation manifested themselves. The last of these began at
5150 o'clock (at the end of August) with a sharp increase
three days before the earthquake (mark 5558 hours on the
chart) (Fig. 15).

For the spectral analysis, the time series was divided
into the following intervals: June 1-30 - July 1-31, July 1-
10 - August 1-31, and September 1-20 - September 22-
30 - October 1-30. The spectral analysis was made on each
data sample (Fig. 16). The spectrograms presented show
temporal changes in the structure and intensity of oscil-
lations which are most clearly defined for the periods in
the interval E5 to E6. The first spectrogram in this interval
shows four fundamental periods with the periodogramm
parameter value larger than 1000 (Fig. 16, a). In the next
time interval, the periods number increases to five, due to
the emergence of additional period 1.6E6, with the periodo-
gramm parameter value increased twice against the back-
ground of increasing spectrogram randomization. In the
third interval, the number of fundamental periods of os-
cillations with the periodogramm parameter value greater
than 1000 increases to eight, and the spectrogram struc-
ture attains regularity (see Fig. 14, b) similar to that shown
in Fig. 11, b. In the next pre-siesmogenic interval, this reg-
ularity remains unchanged against the background of the
periodogramm parameter value increased to more than
twice (Fig. 16, d). After the earthquake, there occurs a re-
construction of the spectrum structure. In the last decade
of September, only long-period oscillation 4E5 remains
important (Fig. 16, e). In the subsequent calculation peri-
od, there is a considerable decrease of the periodogramm
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Fig. 16. Spectral analysis results for the rock deformation datasets for the Talaya site: (a) - June 1-30, (b) - July 1-30, (¢) - August 1-31,
(d) - September 1-20, (e) - September 22-30, (f) - October 1-30, 2020.

Puc. 16. Pe3y/ibTaThl CIEKTPAIbHOTO aHA/IN3a JAHHBIX epOopMaLiii TOPHBIX OPOJ B NyHKTe «Tasasi» JJis BpeMEHHbIX UHTEPBaJIOB:
(a) - 1-30 utons, (b) - 1-31utoa4, (¢) - 1-31 aBrycra, (d) - 1-20 ceHTs6D4, (€) - 22-30 cenTs16p4, (f) - 1-30 oxT6ps, 2020.

parameter value, and the spectrogram acquires an irreg-
ular structure with the short-period oscillation predomi-
nance (Fig. 16, f).

The Mw 5.5 Kudara earthquake of December 10,
2020. Several seismological agencies have investigated the
Kudara earthquake by modeling the volume and surface de-
formation waves. Their focal mechanism solutions are con-
sistent with each other and mostly show the NW-SE crustal
extension and normal faulting in the source, with an insig-
nificant strike-slip component.

The earthquake generation is reflected in the rock de-
formation monitoring records of the Buguldeika and Olkhon

sites, both located 40 km away from the epicenter (see Fig. 3,
a) Although the distance between these sites is small (26 km),
there is a difference in their records before the occurrence
of the seismic event. The data of the Buguldeika site show
sinusoid-shaped oscillations with an increase in the oscil-
lation amplitude during 30 days before the earthquake
(Fig. 17, a, b). In the records of sensor 1 at the Olkhon site,
an exponential increase in deformation is detectable ten
days before the earthquake (Fig. 17, c), which is similar to
the deformation increase recorded by the Talaya site before
the Bystrinskoe earthquake (see Fig. 14) (note that there are
some differences in their deformation dynamics in time).
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The records of sensor 2 of the Olkhon site do not show any
visual signs suggesting an upcoming earthquake.

These differences in the deformation signals of the earth-
quake generation are due to the fact that the Buguldeika
and Olkhon sites are located in different structural settings.
The Buguldeika site is placed at the intersection of two lo-
cal fault zones in the wedge-shaped crustal block bordered

by the Primorsky and Morsky regional faults (see Fig. 3, d).
As mentioned above (see Section 4. Structural-geodynamic
settings), the shear amplitude of the Morskoy fault is large,
and the SE upper part of the block is in contact with the lake
water body and the sediments of the South Baikal depres-
sion, which hinder the propagation of the SE-trending re-
gional extension from the Transbaikalia area to this block.
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Fig. 17. Rock deformation vs time. Data of sensor 1 (Buguldeika site) before and after data filtering ((a) and (b), respectively) (except
for more than one hour fluctuations). (c) - data of sensor 1 (Olkhon site).

Puc. 17. VismeHeHue fedopMaliii rOPHBIX TOPOZ BO BpDEMEHH COIVIACHO TEH30ATYUKY 1 B yHKTE MOHUTOPUHTA «Byrynbaeiika» 1o (a) u
nocsie GUIbBTPALUU JAaHHBIX C UCKJIIOYEHHEM KoJie6aHui ¢ mepruozioM 6oJiee 1 yaca (b), a Takke B Touke 1 nyHKTa «IIprosbXoHbe» (C).
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The oscillatory nature of the rock deformation signals re-
corded before the Kudara earthquake is of a secondary na-
ture and due to "swinging" of the block in response to the
increased extension of its lower horizons (Fig. 17, a, b). The
oscillations began two months before the earthquake and
continued for three months after its occurrence.

The Olkhon site is located in the local fault zone that be-
longs to the regional Primorsky fault zone. As the distance
to the Morskoy fault scarp is 14-15 km, this location is
subjected to the regional extension. In the records of sen-
sor 1, the generation of the Kudara earthquake is reflected
as a sharp increase in rock deformation. At this location,
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directly in the fault, the deformation dynamics before the
earthquake corresponds to the early and late meta-insta-
bility substages in the stick-slip model [Ma et al., 2014].
In the undisturbed block, sensor 2 recorded no anomalous
changes in deformation. The lack of an obvious response
to the earthquake generation is due to the fact that crustal
blocks, in contrast to faults, are less prone to immediate
response to changes in the local stress field.

The spectral characteristics of the deformation time se-
ries before and after the Kudara earthquake involved the
September 2020 to January 2021 deformation monitoring
results obtained from the Buguldeika site. The entire time
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Fig. 18. Spectral analysis results for the rock deformation datasets for Buguldeika site: (a) - September 1-30, (b) - October 1-31, (c) -
November 1-30, (d) - December 1-9, (e) - December 11-31, (f) -January, 1-31, 2020.

Puc. 18. Pe3y/ibTaThl CIEKTPaIbHOTO aHAJIN3a IaHHbIX iepopMaliiii FOPHBIX NOPOJ, B IyHKTe Byrysb/ieiika Ji/151 BpeMeHHbIX UHTEPBAJIOB:
(a) - 1-30 cenTs16ps, (b) - 1-31 okTa6ps4, (¢) - 1-30 HOs16ps, (d) - 1-9 nekabps, (e) - 11-31 nekabps, (f) - 1-31 auBaps, 2020.
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series was divided into the following intervals: September
1-30 - October 1-31, November 1-30, December 1-9, De-
cember 11-31, and January 1-31. The spectral analysis was
made on each data sample (Fig. 18). The spectrograms pre-
sented show temporal changes in the structure and inten-
sity of oscillations. As in the previous cases, this is most
evident for the periods in the interval E5 to E6. In the in-
terval 2E5 to 7E5 of the first spectrogram, there are only
two fundamental periods with the periodogramm param-
eter value greater than 1000 (Fig. 18, a). The fundamental
periods number increases to nine due to the emergence
of seven additional fundamental periods of oscillations in
the interval 3E5 to 1.6E6, with the periodogramm param-
eter value increased more than twice and the spectrogram
itself acquired a regular structure (Fig. 18, b). In the third
interval, the spectrogram structure generally remains un-
changed, with a small decrease in the periodogramm pa-
rameter value for some of the periods (Fig. 18, c). The struc-
tural ordering characteristic of the pre-seismogenic state
is absent on the next spectrogram obtained during the ten-
day time interval preceding the earthquake.

There are no period values greater than 2.2E5 on the
seismogram, and lesser period values increased 3-4 times
as compared to the previous spectrograms (Fig.18, b, c, d).
It is worthy of note that daily oscillations in that time in-
terval are of considerable importance (Fig. 18, d). After the
earthquake, there occurs a reconstruction of the spectrum
structure. In two last decades of December and in January,
there is a gradual increase in the number of long-period
oscillations and an increase of the periodogramm param-
eter value (Fig. 18, e, f), with the spectrogram structure
remained random.

The direct instrumental observations of the rock defor-
mations and the spectral analysis results generally show
that the time series of the deformation monitoring have
multicomponent structure (see Figs. 7,9, 10, 13, 16, 18).
Rock deformations occur in the form of the oscillation pro-
cess with a wide spectrum of single-mode random and re-
gular oscillations which have a wide range of periods. Among
those are multi-day, daily and shorter, up to second-order,
oscillations. This process has a time-varying structure. The
variation involves the sets of periods considered and their
importance in the deformation process as a whole. An im-
portant functional feature of this process is that the struc-
ture of oscillation spectrum becomes regular before large
earthquakes.

7. DISCUSSION

Attempts to develop a technology for short-term earth-
quake prediction have so far been unsuccessful, despite much
effort towards searching for precursors. The global expe-
rience of research and seismic observation shows that the
currently known precursors occur selectively and incon-
sistently. Creating an effective technology is challenging yet
possible, pending a discovery of a universal precursor that
always and inevitably occurs and is detectable in various
structural and geodynamic settings, if not any, then at least
of the same type.

In the theoretical approach applied here to search for
possibilities to develop a technology for short-term earth-
quake prediction (see Section 1), self-organization is an in-
tegral property of the deformation process. It is reflected in
the critical pre-seismogenic state of the fault-block struc-
ture in an area wherein the source of an impending earth-
quake is developing. The self-organization in the deforma-
tion process takes place several days before a seismic event
and is detectable by direct and indirect methods [Bornyakov,
Vstovsky, 2010; Bornyakov et al., 2017].

Compared to the self-organization, all other known pre-
cursors (that are not its derivatives) have a lower capability
of providing predictive information because their manifes-
tation is highly variable in both space and time, and should
be thus taken into account only as secondary and/or oc-
casional. Such precursors detectable by deformation mon-
itoring are the above-described separate wave impulses
generated by tremors in the earthquake source, as well as
specific changes in the parameters of permanently propa-
gating slow deformation waves (SDWs).

The experimental data show that tremors take place at
the meta-instability stage, i.e. when a displacement along
the rupture is being generated [Ma et al., 2014; Zhuo et al,,
2019]. Depending on the duration of this stage in nature, the
tremors can be considered as intermediate and/or short-
term precursors. These findings based on the laboratory
modeling data are consistent with the well-known instru-
mental observations [Bornyakov et al., 2019; Gomberg et
al,, 2008; Idehara et al,, 2014; Sun et al., 2015].

Permanently propagating SDWs are indicators of the
stress-strain state of the fault-block medium. The azimuth
direction of SDW migration reflects the predominant direc-
tion of the active vector of deformation, and an increase in
the migration velocity in time indicates an increase in the
stress level. In 2019, the state of the lithosphere in the study
area was assessed as pre-seismogenic [Bornyakov et al,,
2019]. This conclusion was based on the analysis of the
change in the azimuth direction of the averaged deformation
vector in the study areain 2016-2019 (see Fig. 10,a) and a
ten-fold increase in the SDW migration velocity (see Fig. 10,
b). It was confirmed by the occurrence of the Bystrinskoe
and Kudara earthquakes in 2020. This is a reason to con-
sider the above-specified temporal changes of the two pa-
rameters of permanently propagating SDWs - deformation
direction and migration velocity - as long-term precursors
of earthquakes.

Occasional precursors, unlike the inevitable one, are in-
fluenced by various factors, including the structural-geo-
dynamic setting of a monitoring site and its position rela-
tive to an earthquake source.

The influence of the structural-geodynamic setting is
clearly seen in the deformation records of the Buguldeika
and Olkhon sites before the Kudara earthquake. Despite the
same distance from its epicenter, the rock deformation at
these two sites was different due to their different structur-
al conditions (see Figs. 3, 14, 15). At the same time, within
the area monitored by the Olkhon site, the earthquake was
preceded by an intense rock deformation only on the site
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Fig. 19. Three locations of deformation monitoring sites relative to a seismogenically activated fault segment.
1 - fault; 2 - seismogenically activated segment; 3 - areas of horizontal compression (a) and tension (b); 4 - rock deformation moni-

toring site.

Puc. 19. Tpl/l BapUaHTa PACIIOJIOXKEeHUA NYHKTa ,ELE(bOpMaU,I/IOHHOI‘O MOHUTOPUHTA OTHOCUTEJIbHO CeMCMOTEHHO AKTUBU3HWPOBAHHOTO

CerMeHTa pa3JjioMa.

1 - pasJyioM; 2 - celiCMOTeHHO-aKTUBU3MPOBAHHbIN CErMEHT pa3sioMa; 3 — 06J1aCTU TOPU30HTANBHOTO0 CKaTHs (a) U pactsikeHus (b);

4 - nyHKT eHOpMalMOHHOTO MOHUTOPHUHTA.

located in the fault zone, while no deformation occurred on
the site located in the block bordering the fault zone (see
Fig. 15).

Fig. 19 shows three positions of monitoring sites rela-
tive to a seismogenically activated fault segment with a left-
lateral shear (i.e. relative to potential earthquake epicen-
ters). Before an earthquake, monitoring site 1 can record
an intensive increase in compression deformation in the
direction of the future seismogenic displacement. It should
be noted that this position is fully similar to that of the
Talaya site relative to the epicenter of the Bystrinskoe earth-
quake (see Figs. 3, 14). On the contrary, monitoring site 2
can record rock extension. At site 3, deformation is weak
and chaotic, without clearly expressed precursors.

8. CONCLUSION

In our approach to creating a technology for short-term
forecasting of earthquakes, we suggest that the main and
inevitable precursor of an earthquake is the self-organi-
zation in the deformation process, i.e. the occurrence of
self-organized initial micro-foci of destruction in the fault
plane immediately before its seismogenic activation. The
coherent behavior of the micro-foci of destruction is de-
tectable from rock deformation monitoring data by special
analysis methods adapted to identifying time intervals with
correlations of an analyzed parameter in the time series of
the deformation data. In the case of strong tectonic earth-
quakes, this precursor is inevitable and always present be-
fore an earthquake, regardless of earthquake mechanism
types. All other precursors considered as secondary or oc-
casional are influenced by various factors and do not always
occur before a seismic event. As confirmed by the above-
described deformation monitoring data analysis, such fac-
tors are the structural-geodynamic settings of monitoring
sites and their positions relative to an earthquake source.
Despite their random and selective occurrence, the occa-
sional precursors are important for earthquake prediction

studies and should be considered in connection with the
inevitable precursor.

In general, the study results presented here show that
the proposed synergistic interpretation of the stick-slip
model [Ma et al,, 2012, 2014] gives the most adequate de-
scription of the process of periodic seismogenic activation
of faults and can be used as the basis for a technology of
short-term earthquake prediction.
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