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ON THE BASIS OF ROCK DEFORMATION MONITORING DATA: METHODOLOGY AND RESULTS
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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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НОВЫЙ ПОДХОД К ПРОГНОЗУ СИЛЬНЫХ ЗЕМЛЕТРЯСЕНИЙ В ЮЖНО-БАЙКАЛЬСКОМ РЕГИОНЕ 
НА ОСНОВЕ ДАННЫХ МОНИТОРИНГА ДЕФОРМАЦИИ ГОРНЫХ ПОРОД:  

МЕТОДОЛОГИЯ И РЕЗУЛЬТАТЫ

С.А. Борняков1, А.И. Мирошниченко1, Г.В. Встовский2, А.Е. Синцов3, Д.В. Салко1
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АННОТАЦИЯ. Южное Прибайкалье (ЮП) находится в пределах активно развивающейся Байкальской рифто­
вой зоны (БРЗ), обладающей значительным сейсмическим потенциалом. Здесь периодически происходят зем­
летрясения с магнитудой более 7 и с интенсивностью сотрясений в эпицентрах до 10 баллов. В условиях высо­
кой степени урбанизации ЮП и активного развития в его пределах промышленных кластеров и транспортных 
систем существенно повышается актуальность проблемы прогноза сильных землетрясений. В ИЗК СО РАН для 
решения этой проблемы проводится комплекс исследований по разным направлениям. Одно из них связано с 
инструментальным изучением современных движений литосферы на больших базах посредством GPS­геодезии 
и деформаций горных пород на малых базах штанговыми тензометрическими датчиками. Существующе пункты 
GPS и деформационных измерений объединены в уникальную научную установку «Южно­Байкальский инстру-
ментальный комплекс для мониторинга опасных геодинамических процессов» (УНУ «ЮБИК»), входящую в со-
став ЦКП «Геодинамика и геохронология».

В статье рассмотрены методические вопросы деформационного мониторинга на малых базах. Описаны 
его концептуальная основа, техническая база и методы обработки получаемого фактического материла. На 
примере произошедших в последнее время в ЮП трех сильных землетрясений – Култукского (27.08.2008 г.), 
Быстринского (21.09.2020 г.) и Кударинского (10.12.2020 г.) – показаны предшествующие им особенности разви­
тия деформаций горных пород, а также влияние на них структурно­геодинамических условий в местах располо­
жения пунктов мониторинга и пространственного положения этих пунктов относительно готовящегося очага 
землетрясения.

КЛЮЧЕВЫЕ СЛОВА: мониторинг деформаций горных пород; землетрясение; предвестник; прогноз

ФИНАНСИРОВАНИЕ: Исследование выполнено при финансовой поддержке РФФИ (проект № 21­55­53019) с 
использованием УНУ «Южно­Байкальский инструментальный комплекс для мониторинга опасных геодинами­
ческих процессов», входящей в состав ЦКП «Геодинамика и геохронология» Института земной коры СО РАН.

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; М=6.3), 
Bystrinskoe (September 21, 2020: М=5.4), and Kudara (De­
cember 10, 2020; М=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 avalanche­instable fracturing (AUF) [Myachkin, 1978] 
and the stick­slip 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  

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.
Рис. 1. График изменения сдвигового напряжения во времени перед импульсной подвижкой (малый график справа) и его 
увеличенный фрагмент в критической точке, показанной маленьким серым квадратом (по [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 сan 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 J., 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 stick­slip mechanism [Ma 
et al., 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–O, 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 OAB2, the meta-in-
stability state is achieved. It includes the early (AB1) and late 
(B1B2) meta­instability substages. After point В2, 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 time­related measurements, compile a flash­memory 
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  

Fig. 2. Block diagram of the instrumental complex designed for rock deformation monitoring.
Рис. 2. Блок­схема инструментального комплекса для мониторинга геофизических параметров.
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Fig. 3. Locations of the rock deformation monitoring sites in the Southern Baikal region (a), and their structural-geodynamic settings 
(b–e).
1 – major (а) and minor (b) local faults; 2 – monitoring sites: T – Talaya, L – Listvyanka, B – Buguldeika, P – Olkhon; 3 – earthquake 
epicenters: Kultuk (I), Bystrinskoe (II), Kudara (III); MBB – South Baikal basin; SBB – Middle Baikal basin.
Рис. 3. Места расположения (a), структурные и геодинамические условия (b–e) в окрестности пунктов деформационного 
мониторинга в Южном Прибайкалье.
1 – крупные структурообразующие (а) и второстепенные, локальные (b) разломы; 2 – пункты мониторинга: Т – «Талая», L – 
«Листвянка», B – «Бугульдейка», P – «Приольхонье»; 3 – эпицентры Култукского (I), Быстринского (II) и Кударинского (III) 
землетрясений; MBB – Южно­Байкальская и SBB – Среднебайкальская впадины.

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). It includes 10 bar sensors installed in an 
abandoned adit that is characterized by constant tempera-
ture and humidity (Fig. 4). A bar sensor structure includes  
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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.
Рис. 4. Пространственная сеть штанговых датчиков в штольне пункта «Талая».
1 – зона разлома; 2 – контуры штольни; 3 – штанговые датчики, расположенные горизонтально (а), вертикально (b) и их но­
мера (1–10); 4 – расстояния между датчиками; 5 – изолинии рельефа с указанием высоты относительно уровня моря.

Fig. 5. Schematics of the bar sensor installation in the adit. See 
the text for explanations.
Рис. 5. Схема установки штангового датчика в штольне. По­
яснения в тексте.

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.
Рис. 6. Схема устройства пункта деформационного мониторинга «Бугульдейка».
1 – бокс из двух железобетонных колец (высотой 0.9 м и диаметром 2 м); 2 – железобетонное кольцо диаметром 0.9 м исполь-
зуемое для спуска в бокс с поверхности земли; 3 – штанговые датчики.
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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) that is 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 
south­east 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 SE­trending 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 non­lithified 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- (а) and 24-hour (b) variations in the rock deformation due to lunar and solar tides, and two-week modulations of 12-
hour variations (c) in Talaya site.
Рис. 7. Двенадцати­ (а) и двадцатичетырехчасовые (b) вариации деформаций, обусловленные лунно­солнечными приливами, 
и двухнедельные модуляции двенадцатичасовых вариаций (c) в пункте «Талая».

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. 8. Variations in atmospheric pressure (blue curve) and rock deformation (red curve). A black dashed ellipse marks a sharp 
increase in pressure and corresponding sharp increase of rock deformation.
Рис. 8. Вариации атмосферного давления (голубая кривая) и деформаций горных пород (красная кривая). Штрихпунктирный 
эллипс маркирует резкое увеличение давления и соответствующее ему резкое увеличение деформаций горных пород.

Fig. 9. Changes in rock deformation pulses caused by deformation waves of Type 1 (a) and Type 2 (b).
Рис. 9. Примеры импульсных изменений деформаций горных пород, обусловленных деформационными волнами  первого (а) 
и второго (b) типа.

Fig. 10. Changes in the average vector (a) and average velocity of SDW spatial migration (b), based on the 2016–2019 dataset of the 
Talaya site.
Рис. 10. Изменение усредненных вектора пространственной миграции (а) и скорости (b) медленных деформационных волн 
в пункте «Талая» в 2016–2019 гг.
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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  

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.
Рис. 11. Графики деформаций горных пород по показаниям датчиков 3 (пункт «Талая»). Пунктирной линией отмечен момент 
землетрясения (344732 мин).
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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.
Рис. 12. График вариаций времени корреляции по данным датчика 3 (пункт «Талая»). Пунктирной линией отмечен момент 
землетрясения (344732 мин).

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 re­arrangement 
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 
self­organization of the deformation process [Bornyakov 
et al., 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. 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).
Рис. 13. Результаты спектрального анализа данных деформаций горных пород для временных интервалов.
(a) – 10 июня – 9 июля; (b) – 10 июля – 9 августа; (c) – 10 августа – 26 августа; (d) – 28 августа – 9 сентября; (e) – 10 сентября – 
9 октября 2008 г. DP – суточный период.

intensity­adjusted. Here, we reveal the self­organization as 
a consequence of the deformation process before the earth-
quake, which is confirmed by the above­described 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 (0–4Е5 sec) oscillations are dominant, and any long­ 
period (4Е5 до 1Е5 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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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; c – change in the information entropy from September 5 to 27, 2020.
Рис. 14. График деформаций, зарегистрированных штанговым датчиком 8 с 5 сентября по 2 октября 2020 г. в штольне 
сейсмостанции «Талая».
Врезки: a – график посуточного прироста деформаций с 16 по 22 сентября 2020 г.; b – деформационный отклик породного 
массива в штольне на тремор подобного смещения в очаге Быстринского землетрясения; c – изменение информационной 
энтропии с 5 по 27 сентября 2020 г.

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 strike­slip [Bornyakov et al., 2021; Seminsky et 
al., 2021]. The processes of its generation and occurrence  

are fully consistent with the synergistic interpretation of 
the stick­slip 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 meta­instability 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 short­term 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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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 meta­instability 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 
meta­instability 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 Е5 to Е6. The first spectrogram in this interval 
shows four fundamental periods with the periodogramm 
parameter value larger than 1000 (Fig. 16, а). In the next 
time interval, the periods number increases to five, due to 
the emergence of additional period 1.6Е6, 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 long­period oscillation 4Е5 remains 
important (Fig. 16, e). In the subsequent calculation peri-
od, there is a considerable decrease of the periodogramm  

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.
Рис. 15. График вариаций времени корреляции. Вертикальной пунктирной линией отмечен момент Быстринского земле-
трясения. Время дано в часах от 1 февраля.
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Fig. 16. Spectral analysis results for the rock deformation datasets for the Talaya site: (а) – June 1–30, (b) – July 1–30, (c) – August 1–31, 
(d) – September 1–20, (e) – September 22–30, (f) – October 1–30, 2020.
Рис. 16. Результаты спектрального анализа данных деформаций горных пород в пункте «Талая» для временных интервалов: 
(а) – 1–30 июня, (b) – 1–31июля, (c) – 1–31 августа, (d) – 1–20 сентября, (e) – 22–30 сентября, (f) – 1–30 октября, 2020.

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

The Мw 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 strike­slip 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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Fig. 17. Rock deformation vs time. Data of sensor 1 (Buguldeika site) before and after data filtering ((а) and (b), respectively) (except 
for more than one hour fluctuations). (c) – data of sensor 1 (Olkhon site).
Рис. 17. Изменение деформаций горных пород во времени согласно тензодатчику 1 в пункте мониторинга «Бугульдейка» до (а) и 
после фильтрации данных с исключением колебаний с периодом более 1 часа (b), а также в точке 1 пункта «Приольхонье» (с).

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. 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.
Рис. 18. Результаты спектрального анализа данных деформаций горных пород в пункте Бугульдейка для временных интервалов: 
(а) – 1–30 сентября, (b) – 1–31 октября, (c) – 1–30 ноября, (d) – 1–9 декабря, (e) – 11–31 декабря, (f) – 1–31 января, 2020.

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,  

directly in the fault, the deformation dynamics before the 
earthquake corresponds to the early and late meta-insta-
bility substages in the stick­slip 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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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 Е5 to Е6. In the in-
terval 2Е5 to 7Е5 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 3Е5 to 1.6Е6, 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 2.2Е5 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 pre­seismogenic [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 area in 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 above­specified 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 structural­geo-
dynamic setting of a monitoring site and its position rela-
tive to an earthquake source.

The influence of the structural­geodynamic 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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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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