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Abstract

The recent tectonic stress field in the northeastern Baikal rift system (BRS) corresponds to the
crustal deformation field. The stress-strain state of the Earth’s crust determines the fault network
geometry and spatiotemporal structure of the epicentral field characterized by many earthquake
swarms and earthquake migrations in the study area. In order to study the seismic process dynamics
in different directions of the crustal deformation, the spatiotemporal analysis of earthquake time
series has been made over the 1964-2015 instrumental period. To determine the relationship
between crustal stress and spatiotemporal features of the epicentral field the seismic data were
projected along horizontal stress tensor axes o3 and oy, consistent with major directions of the
crustal deformation, a strike of major rifting structures, and a general azimuth of active fault groups.
The NE-SW direction along the intermediate horizontal stress axes and main faulted arears exhibits
slow earthquake migrations up to 60 km long, propagating with a modal velocity of about 30
kilometers per year. The NW-SE direction along the principal horizontal stress axes, orthogonal to
the main faulted areas, is characterized by shorter migration sequences of less duration, propagating
with a higher velocity than sequences registered in the NE-SW. The difference between the
migration dynamics in mutually orthogonal directions can be attributed to the fault network
configuration and the differences in the deformation process.

Keywords: The Baikal rift; Migration of seismicity; Deformation; Active fault; Earthquake swarm.

1. Introduction

The direction of tectonic forces causing the lithosphere plate motions determines the deformation distribution
pattern in the Baikal rift system (BRS). The study area in the northeastern BRS, including the Barguzin, Amut,
Kitchera, Upper Angara, Muyakan, Tsipa-Baunt and Western Muya grabens, is dominated by the extensional
geodynamic environment with the secondarily-important shear deformation regime [Petit et al., 1996; San’kov et
al., 2011]. This environment is characterized by the predominance of the NW-SE crustal extension over the NE-SW
deformations which occur in the tensile stress field along the minimum horizontal compression axes [Misharina et
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al., 1975; Nikolaev et al., 1975; San’kov et al., 2000; Lukhnev et al., 2013]. Of secondary importance is the NE-SW
crustal shortening along the maximum horizontal compression axes, largely oriented parallel to the main faulted
areas. The GPS observations in the Baikal geodynamic test site [Lukhnev et al., 2010; 2013; Lukhneva et al., 2016;
Dembelov et al., 2018] showed the southeastward increase in the average horizontal movement rate from 3.0 mm
per year'! in the northern South Baikal basin to 6.5 mm per year! in the Barguzin basin. The morphotectonic
analysis showed that the recent horizontal movement rates in the northeastern BRS vary from 0.55 to 1.31 mm per
year [San’kov et al., 2000]. The area near the Barguzin basin is characterized by high-rate relative horizontal
deformations, which are also typical for the central BRS [Lukhnev et al., 2013].

Recent seismicity is the main indicator of active deformations occurring during the present stage of rifting. The
epicentral field structure reflects the geometry of the fault network. The study area in the northeastern BRS is
characterized by a high fault density and a large number of earthquakes and earthquake swarms. The area under
investigation also shows seismicity migrations which are confined to the most heavily fractured zones [Novopashina
and Kuz’mina, 2019] and accompany the deformation front propagation in the fractured area. The migration implies
time-and-space-ordered occurrence of earthquake clusters in seismoactive zones.

The ordered series recur in the same locations during the seismic activation periods [Novopashina and Lukhneva,
2020]. One of the most widely held hypotheses of the migration origin is the elastic and elastoplastic stress transfer
mechanisms with participation of the upper mantle layers at the fault interaction [e.g.: Chéry et al., 2001; Pollitz
et al., 2003; Lin and Stein, 2004; Grapes and Holdgateb, 2014; Tung and Masterlark, 2018]. Some of researchers
relate the occurrence of the ordered earthquake series to the formation of the lithospheric deformation waves of
different length [Gorbunova and Sherman, 2012; Sherman, 2013, 2014; Bornyakov et al., 2014; Novopashnina and
San’kov, 2015; Vikulin et al., 2016; Trofimenko et al., 2017; Bykov, 2018; Zalohar, 2018; Bykov and Merkulova, 2020].
The velocity of migration depends on the stress transfer mechanism. The BRS is characterized by a wide scatter of
different-scale migration velocities: from several kilometers to several hundred kilometers per year [Gorbunova
and Sherman, 2012; Sherman, 2013, 2014; Bornyakov et al., 2014; Levina and Ruzhich, 2015; Ruzhich et al., 2016;
Kakourova and Klyuchevskii, 2017; Bykov, 2018; Klyuchevskii and Kakourova, 2018; Novopashina and San’kov,
2015; Novopashina and Sankov, 2018].

The order of priority for fault activation occurs mainly in low-seismicity distribution, and rare large events and
earthquake swarms — triggers or results of migration — are at the ends of migration chains corresponding to the
fracture-zone boundaries. Most of the ordered earthquake series are recorded along the strike of faulted areas, with
some of them observed across the strike of parallel fault systems [Novopashnina and Sankov, 2018]. Formerly, the
migrations propagating at a velocity from a few of kilometers to tens of kilometers per year were recorded in the
central and northeastern BRS along the major rifting structures and a general direction of fault groups
[Novopashnina and Sankov, 2018; Novopashina and Lukhneva, 2020]. Other directions for research of
spatiotemporal characteristics of seismicity were not considered in detail. The present paper focuses on the
comparison between migrations of seismic activity along the mutually orthogonal horizontal axes of the principal
and intermediate stresses in earthquake sources (o3 and oy, respectively). Presented herein are the results of
visualization of spatiotemporal distribution of the total seismic energy for detailed zones of seismic data projections
co-directional with the horizontal stress o3 and o from published sources [Petit et al., 1996].

1.1 Geological settings

The Baikal continental rift system more, than 1500 km in length, is represented by a series of horsts and grabens
formed at the boundary between the stable northern Eurasian plate and the Amur microplate moving eastward at
arate of a few millimeters per year [San’kov et al., 2000] (Figure 1). The process of extension which began in the Late
Cretaceous [Logachev, 2003] or Paleocene—Oligocene [San’kov et al., 2000] with the initiation of the most ancient
South Baikal basin continued in the Late Eocene with formation of the North Baikal, Kitchera and Barguzin basins
and then in the Pliocene and Quaternary, gradually involving the flank areas [Logachev, 2003].

The cause of extension is a subject of debate. Some researchers follow the hypothesis of active rifting caused by
the plume inferred beneath the BRS [Logatchev, 1984; Logachev, 2003; Zorin et al., 2003; Turutanov, 2018]. Some
support the mechanism of passive rifting in which the divergence occurs due to the plate motion related to the
Indo-Eurasian collision [Tapponnier and Molnar, 1979; Zonenshain and Savostin, 1981; Thybo and Nielsen, 2009].
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And the others allow for the possibility of both mechanisms of extension. In particular, Mats [2012] supposed that
the passive rifting model corresponds the early (Late Cretaceous, Paleocene and Early Eocene) and middle (Middle
Eocene) stages of rifting, and the active model - to the present stage which lasts since the Late Pliocene (3.5 million
years ago).

Beneath the study area there is a large amount of uplift of the asthenosphere roof — up to 70-80 km — [Petit and
Déverchere, 2006] as compared to that on the platform where the lithospheric thickness reaches 100-260 km
[Mordvinova et al., 2016]. Beneath the basins there also appears to be crustal thinning to 30-35 km [Sherman et al.,
1992] as compared to the uplifts where the Moho boundary can be identified at depths of 40-45 km [Zorin et al.,
2003]. The average depth to the base of the brittle layer is 30-35 km [Petit et al., 2008]. The hypocenter depths are
estimated at up to 50 km, with most of them — at 10-30 km [Radziminovich, 2010].

The period of the Late Cenozoic activation is related to the rejuvenation of ancient faults that strike primarily
NE-SW and E-W. A combination of disjunctives of various kinematic types results from the regional tectonic NW-
SE extension and NE-SW compression. The central rift zone is characterized by the regime of horizontal crustal
movements with a tensile stress field. The areas of horizontal crustal movements with shear stress field dominate
in the southwestern flank and take place in the northeastern flank of the Baikal rift zone. The study area of the
northeastern BRS is represented by a complex of predominant NE-SW faults which are normal, less frequently,
oblique slip and left-lateral strike-slip faults, and secondary NW-SE oriented faults, most of which are right-lateral
strike-slip [Lukhnev et al., 2013]. The main rift-forming faults, bordering the Barguzin, Kitchera, Upper Angara,
Muyakan, Muya and Tsipa-Baunt northeastern rift basins, are NE-SW or N-S oriented normal faults [Jolivet et al.,
2013]. There are angular differences between the directions of the Holocene movements (Figure 1a) and those of
the minimum horizontal compressive (tensile) stress oz (Figure 1b), which are attributed to the lithosphere block
rotation [San’kov et al., 2000].

2. Data and methods
2.1 Technique of seismic activity migration detection

The spatiotemporal development of seismic process is studied with spatiotemporal diagrams plotted for seismic
data projection zones. A projection zone is specified by the following parameters: center point coordinates, length
(L), width (W), and strike azimuth (Az) of symmetry axis Ax. Seismic energy released over a month is summed up
in cells of length AL = 0.1° and projected on the symmetry axis of a projection zone. Logarithm of the total seismic
energy (parameter LgEg,,) is used for plotting three-dimensional spatiotemporal diagrams. In each unit cell the
energy was calculated as: LgEg,,, = 18(CE,), when n — number of earthquakes, E — earthquake energy in Joules:
1gE = 1.5M + 4.8 [Richter, 1958; Kanamori, 1977].

In the present paper, spatiotemporal diagrams are plotted over the different time intervals of instrumental period
1964-2015 for magnitudes 2.2 < M < 3.3, since seismic migrations are clearly defined within a certain range of
small-earthquake energy. The slope of maxima chains LgE,,, towards the diagram axes reflects the velocity and
direction of seismic activity propagation. The velocity of the migration process is determined as a ratio of distance
projection (in kilometers) to time projection (in years). The most representative series with a high spatiotemporal
correlation coefficient were distinguished. The migration velocity determination error is about 5 km per year. The
most complete description of the projection technique is presented in Novopashina and Lukhneva [2020].

2.2. Locations of seismic-data projection zones

Previously, in the northeastern BRS on the segments of high density of the faults which are intense crustal
deformation zones, we have noticed the NE-SW migration of seismic activity (Figure 1c) along the strike of major
rift-forming structures [Novopashina and Sankov, 2018; Novopashina and Lukhneva, 2020]. The migration
occurrences were observed between the Amut and Barguzin basins, in the areas of the Kitchera and Upper Angara
basins, and near the North Muya range and Muyakan basin. In order to compare specific features of orthogonal
seismicity propagation with more detailed locations of migration, the present paper deals with seismic-data
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Figure 1. Scheme of the northeastern BRS: a — Geographical and geodynamic features of the study area: black bold lines
show the main normal rift-forming faults [Jolivet et al., 2013] with fault names (Baf — Barguzin, Kitf - Kitchera,
NAf — North Upper Angara, SAf — South Upper Angara, Mkf - Muyakan, UMf — Upper Muya, Tsf — Tsipican),
yellow arrows show the directions and rates of Holocene motions [San’kov et al., 2000]. In the inset map the
study area is shown in the global tectonic scheme [Thybo and Nielsen, 2009], where red arrows show GPS
measurements of plate motion, black arrows show relative displacement at plate boundaries; b — contemporary
mid-crustal stress state from the data of earthquake focal mechanisms: horizontal stress axes o3 are shown by
divergent gray arrows, the intermediate horizontal stress axes oy by white arrows (white divergent arrows
indicate radial extension, white convergent arrows indicate uniaxial extension [Petit et al., 1996], black circles
show the epicenters over the instrumental period 1994-2015 of the hypocenter depth up to 50 km, mostly 10—
30 km [Radziminovich, 2010]; ¢ - active fault density: the contour line values show the number of faults in cell
0.37*0.37° [Novopashina and Kuz’'mina, 2019], black arrows show seismic migrations obtained previously from
Novopashina and Lukhneva [2020]; d - areas of plotting rose-diagrams and study of the dynamics of seismic
process (dashed lines) with their numbers (Roman).


https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/uniaxial

Velocity of seismic activity migration

projection areas oriented along the horizontal tensile stress axes o3, sub-perpendicular to the major rifting
structures, and along the intermediate stress axes g, co-directional with the major fault strike. The study involves
stress tensor main axis oz and oy (intermediate) (see Figure 1b) reported in [Petit et al., 1996; San’kov et al., 2011],
which were obtained from the seismological data. In order to refine approximation of faults along strike azimuth
09, directions o5 have been preliminarily compared to the average strike of major rift-forming faults from Lunina
[2016], general fault strike displayed on rose-diagrams and rupture plane orientations presented in [Sankov and
Dobrynina, 2015]. The rose-diagrams (Figure 2) have been plotted with the analysis of fault strikes from the database
Lunina [2016] for the most heavily fractured areas shown in Figure 1d. The projection zones, where the seismic data
are acquired, cover the linearly elongated concentrations of epicenters of earthquakes of different intensities (Figure
3a, 3b). The selection of the centers of seismic-energy projection zones is determined by the location of the
previously observed regular occurrence of seismic migration (Figure 1c).

3. Results
3.1.The comparison between the geological-structural and seismological data

Table 1 summarizes data on the present-day geodynamic environment of the northeastern BRS from published
sources: direction of the axes of intermediate stresses o, from [Petit et al., 1996], strike of the major rift-forming
faults from [Lunina, 2016], general orientations of fault groups on the rose-diagrams (Figure 2), and rupture-plane
orientations from Sankov and Dobrynina [2015]. The distribution of faults on the rose-diagrams for zones I-V of the
northeastern BRS testifies the predominance of the forces producing NW-SE crustal deformations and the effect
of secondary forces conducive to NE-SW deformations.

Strike range of

a rlglslggfar ?gm Azimuths of Strike of fault groups in Orientation
lottin agre a Main faults intermediate the main the rose plot in range of
p Fi '8 1d stress axes O faults (degrees) Figure 2 rupture planes
(Figure 1d} (degrees)
Petit et al. Petit et al. Lunina Sankov and
Reference [1996] [1996] [2016] Dobrynina [2015]
Faults of
fractured
intrabasin 52,52,53,59,
I separating the - 78,78, 84, 86 50-60 -
Amut and (mean value 68)
Barguzin
basins
53,35, 25,
11 Barguzin 4143 29, 57,47 40-50 42-47
(mean value 41)
North Upper _ _
Angara 6213 63 70-80 72-77
South Upper _ _ B
111 Angara 65 70-80
Kitchera 7343 65,75, 60 70-80 62-67
v Muyakan 68.1+1 60 50-60, 70-80 74-79
A% Tsipican 6115 60, 65 60-70 32-72

Table 1. Geodynamic parameters of active structures in the northeastern BRS.
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Figure 2. Azimuthal rose-diagrams of active faults in the northeastern BRS for areas -V in Figure 1d: a — area I, b — area
II, ¢ — area III, d — area IV, e — area V, blue color stands for the number of faults in 10° sectors, light-blue color
for that in 30° sectors. Fault data from Lunina [2016].

The comparison between the geological-structural and seismological data (Table 1) shows the deviation 1-13°
occurring between the intermediate stress axes oy (column 3) and the orientation of major ruptures (column 4 in
Table 1), and the deviation of o, from the general direction of seismoactive faults — from the rose-diagram data
(column 5 in Table 1) — structures (Figure 2) does not exceed 8°. The difference between o, and the orientation of
rupture planes in earthquake sources (column 6 in Table 1), reflecting the strike of the most active faults in the
instrumental period, varies within 10°.

Thus, the values for oy azimuths, used for constructing seismic-data projection zones, approximate the general
directions of fault groups (Figure 2), including those most active in the instrumental period, most accurately and
somewhat deviate from the major fault strikes.

3.2. Analysis of the seismic process dynamics

In order to identify development trends of seismic process towards crustal deformations, spatiotemporal
diagrams were plotted for the logarithm of the total seismic energy (LgEg,m), released in the seismic-data projection
zones. Spatial axes of the projection zones are oriented along the principal horizontal stress axes ozand o, (Figure
3, Table 2, 3). The strike of spatial axes of seismic data projection, derived according to azimuth o5, is consistent with
the major strike of active faults, and the direction of projection axes along o3 corresponds to the orthogonal position.

Center coordinates

Zone number (degrees) Azmlu.th of symmetry Length
axis (degrees) (km)
Longitude Latitude
Ia 111.58 55.37 331 187 144
Ila 110.03 54.64 131 155 122
Illa 111.20 55.64 337 190 134
IVa 113.15 56.18 338 184 145
Va 113.50 55.30 164 133 178

Table 2. Parameters of seismic-data projection zones oriented along the stress axes os.

Figure 3a and Figure 4a show projection zones Ia, I1a, Illa, IVa and Va, corresponding to the directions of principal
horizontal stress axes o3 (Table 2). Figure 3b and Figure 4b show zones Ib, IIb, IIIb, IVb and Vb, corresponding to
the directions of intermediate horizontal stress axes oy (Table 3). Since the spatial structure of epicentral field is
characterized by certain NE-SW linearly elongated earthquake epicenter concentrations, the data analysis in the
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areas corresponding to oz allows considering seismic process across the system of subparallel epicenter
concentrations, and that in the areas corresponding to o, — along the linearly elongated concentrations.
The direction of observed occurrences of migration of seismic activity is shown by arrows in Figure 4. The names
of the swarms are shown in Table 4.

Center coordinates,

Zone number (s AZi“;}‘:itsh(gggrYgg;eu’Y L(el?rﬁgh
Longitude Latitude
Ib 111.58 55.37 61 145 111
IIb 110.03 54.64 41 167 158
I1Ib 111.20 55.64 65 176 134
IVb 113.15 56.18 68 187 131
Vb 113.50 55.30 61 140 122

Table 3. Parameters of seismic-data projection zones oriented along the intermediate stress axes 0.

Number Years Sequence name Mwmax Reference
1 1962-1969 Tkat swarm 4.4 a
2 1966-1967 Kumora swarm 5 a
3 1968 Bountov sequence 5 a
4 1969 Barguzin swarm 3.9 a
5 1969 Bauntov swarm 3.9 a
6 1971 Verhnetompudin swarm 3.9 a
7 1973-1974 Tsipican swarm 5 a
8 1975 Srednetompudin swarm 3.9 a
9 1976 1-Uoyan sequence >5.5 a
10 1976-1978 Svetlin swarm 5 a
11 1978 Uakit swarm 4.4 a
12 1979 Gorbylok swarm 3.9 a
13 1979-1981 Amut swarm 5 a
14 1979-1983 Angarakan swarm 2%4.4 a
15 1981-1982 Amundin cluster 3.9 a
16 1995 Upper-Muya sequence 5.9 b
17 1999 Kitchera swarm 6.0,5.6 c
18 2002 Kovilin cluster 4.7,4.6 d
19 2003 Kumora cluster 5.6 e
20 2003 Ulugnin cluster 4.6 d
21 2006 Kitchera-Akulikan cluster 5.2 d
22 2007 Tompudin cluster 54 f
23 2014-2016 Upper-Muya swarm >5.5 g

References: a) Solonenko and Solonenko, 1987; b) Radziminovich et al., 2013; ¢) Melnikova et al., 2007; d) Mel’nikova et al., 2020;
e) Radziminovich et al., 2009; f) Gileva et al., 2013; g) The Baikal Regional Seismological Center of the Geophysical Survey RAS.

Table 4. Data on swarms, sequences and clusters of the earthquakes with magnitude M > 3.9 over the instrumental period
1962-2015.
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Figure 3. Seismic-data projection areas in the northeastern BRS corresponding to the directions of principal horizontal
stress axes: a — areas oriented according to the orientation of o3, b — areas oriented according to the orientation
of 05. 1 — boundary of the BRS; 2 - active faults [Lunina, 2016]; 3 — main faults [Petit and Déverchere, 2006];
4 - large earthquake series and earthquake swarms including the events with M > 3.9 (with numbers and names
presented in Table 4); 5 — basin numbers (1 — North Baikal, 2 - Kitchera, 3 — Upper Angara, 4 — Muya, 5 — Muyakan,
6 — Tsipa-Baunt, 7 - Amut, 8 — Barguzin); 6 — seismic-data projection zones (I-V); 7 — numbers of seismic-data
projection zones oriented according to the orientation of o3, 8 — numbers of seismic-data projection zones
oriented according to the orientation of oy, 9 — centers of projection zones; 10 — spatial axes Ax of projection
zones. Center and zone contour for each polygon are same-colored. The sidebars show a scheme of spatial
orientation of projection zones: L — zone length, W — zone width, AL - size of a cell for calculation of total energy
LgEum, AX — spatial zone axis, Az — azimuth of axis Ax.
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Figure 5 presents spatiotemporal diagrams for the projection areas corresponding to oz orientation. The diagram
in Figure 5a for projection zone Ia (Figure 3a, 4a), covering different time intervals throughout the instrumental
period, exhibits multiple migration series propagating from the Amut-area swarm 1979-1981 (red arrows in Figure
4a, 5a) at velocities of 25-35 km per year for 30-50 km to SE and the opposite NW directions (Table 5). The upper
part of the diagram, corresponding to the Upper Angara basin, shows 40-50 km long migration chains in the period
1977-1987.

The diagram in Figure 5b for projection area Ila (Figure 3a, 4a), occasionally shows rare and short-time migration
series with a length of 30-40 km and a velocity of 45-50 km per year, from the projection zone center towards the
Barguzin basin and within concentrations in proper basin in the direction sub-perpendicular to the Barguzin fault.
There is also observed a discrete series with a length of about 50 km and a velocity of about 30 km per year (Table
5), from the mid-Barguzin basin to the 1975 Srednetompydin-area swarm (brown arrows in Figure 4a, 5b).

The diagram in Figure 5c for projection area Illa (Figure 3a, 4a) shows multiple migration chains of the Amut-
area swarm with a length of up to 50 km and a velocity of up to 50 km per year (Table 5). Recurring episodes of
migration with a velocity of about 30 km per year are also registered in the area of the 1976 1-Uayan series, 1976-
1978 Svetlin swarm, 2003 Kumora cluster, and in the 1999 Kitchera-area swarm (blue arrows in Figure 4a, 5c).

Figure 5d shows a diagram for zone IVa (Figure 3a, 4a) covering the area of 1979-1983 Angarakan swarm and
2014-2016 Upper Muya sequence (violet arrows in Figure 4a, 5d). The migration series with a length of 20-40 km
and a velocity of 15-50 km per year are appeared in the swarm activity areas and their separation zones (Table 5).

Figure 5e for area Va (Figure 3a, 4a) exhibits an intensive migration process in the projection for the Baunt,
Tsipikan and Uakit swarms (grey arrows in Figure 4a, 5e). The velocity of numerous chains of different lengths (15—
45 km) whose propagation time is 0.7-2.5 years varies from 10 to 30 km per year (Table 5). The diagram (upper
sector in Figure 5e) also depicts elongated (up to 45 km) and long-time (up to 4 years) earthquake series between
the Tsipikan fault, related to the projection for the Baunt, Tsipikan and Uakit swarms, and Muyakan fault zone,
related to the Upper Muya sequence projection.

Therefore, the analysis of diagrams plotted for the zones co-directional to axes o3z shows that the migration
series occur across the strike of major rifting structures along the axes of elongation of the Earth’s crust. The length
of the revealed migration series varies from 15 to 50 km. The propagation time of migrations rarely exceeds 1 year
which may be due to migration propagation along the short fault structures. Average migration velocity is 20-40
km per year in NW-SE direction.

Figure 6 presents diagrams for the projection zones corresponding to the directions of ¢,. The diagram in Figure
6a, for projection zone Ib (Figure 3b, 4b), illustrates numerous migration chains with a length of 30—-60 km propagating
from the Amut-area swarm to the Barguzin basin and back (red arrows in Figure 4b, 6a and dashed ellipses in the
sidebar of Figure 6a). The slope angle of chains corresponds to velocities of 10-30 km per year (Table 5).

Chain length Migration velocity
Zone number (km) (km/year)

I 30-50 30-60 25-35 10-30
II 30-50 55-60 30-50 15-30
I 30-50 25-60 30-50 20-50
I\Y 20-40 30-55 15-50 15-30
\4 15-45 40-55 10-30 10-25

Table 5. Characteristics of migrations of seismic activity.

Figure 6b for zone IIb (Figure 3b, 4b), shows chains with a length of up to 60 km whose velocities are 15-30 km
per year in the seismic activation period 1971-1986 in the 1971 Verkhnetompudin-area and 1975 Srednetompudin-
area swarms (Table 5) and the chains propagating southwest of the central projection zone and back in the period
1972-1979 (brown arrows in Figure 4b, 6b).
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Figure 4. Epicentral field of the northeastern BRS and direction of migration of seismic activity for the total seismic energy
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projection zones: a — migrations in direction oz, b — migrations in direction o,. 1 — boundary of the BRS; 2 — basins
of the BRS with their numbers (figures in squares: 1 — Baikal, 2 — Kitchera, 3 — Upper Angara, 4 - Muyakan, 5 —
Muya, 6 — Tsipa-Baunt, 7 — Amut, 8 — Barguzin; 3 — earthquake swarms with their circled numbers (Table 4); 5 —
numbers of seismic data projection zones corresponding to vectors oz; 6 — numbers of seismic data projection
zones corresponding to vectors oy; 7 — centers of projection zones; 8 — direction of migration for seismic activity.
Center, zone contour and migration direction for the same polygon are same-colored. The sidebars show a scheme
of spatial orientation of projection zones: L — zone length, W - zone width, AL - size of a cell for calculation of
total energy — LgE,m, AX — spatial zone axis, Az — azimuth of axis Ax.
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Velocity of seismic activity migration

The diagram in Figure 6c¢ for zone IIIb (Figure 3b, 4b), besides the chains propagating from the Amut-area swarm
(1979-1981) at a velocity of about 30 km per year to the area of the Ulyugna cluster generation (2003) in the period
1980-1987, exhibits well-ordered earthquake series with a length of up to 60 km (blue arrows in Figure 4b, 6c),
propagating at a velocity of 20-50 km per year from the Kitchera-area swarm (1999) to the Kumora cluster area
(2003) (Table 5) and further. Shorter differently directed chains are also visible within the Kitchera-area swarm.

In the diagram in Figure 6d for zone IVb (Figure 3b, 4b), swarm-earthquake activity in the 1979-1983 Angarakan
area (two events with M;,,x = 4.4) as well as in the area of the Upper Muya earthquake sequence recorded since
2014, are projected on the same spatial-axis segment (violet arrows in Figure 4b, 6d). Intense rupturing observed
southwest of the Angarakan swarm involves differently directed migration chains with a length of up to 55 km and
velocity from 15 to 30 km per year (Table 5).

In the Figure 6e for zone Vb (Figure 3b, 4b), the migration series propagate from the 1969 Baunt-area swarm to
the 1973-1974 Tsipikan-area swarm, from which there are also registered migrations propagating to the area of the
1978 Uakit swarm generation (grey arrows in Figure 4b, 6e) at a velocity of 10-25 km per year over a distance of 15—
50 km in the period 1970-1973 (Table 5).

An analysis of the diagrams plotted for the zones oriented along axes oy, shows that there are longer series (up
to 60 km) in this direction relative to direction o3. Most of the migration propagation time exceeds 1 year. In NE—
SW direction the migration velocity is on average 10 km per year less than in the orthogonal strike.

4. Discussion

Plotting spatiotemporal diagrams in Figure 5 and 6 corresponding to mutually orthogonal horizontal stress
axes shows that migrations are typical for both directions o3 and oy. Therefore, seismic process propagates both
along major rifting structures and general orientation of the NE-SW-striking active fault groups and orthogonally
to major faults along the secondary orientation of the NW-SE-striking active fault groups.

The chains registered in the direction of axes o3 are faster and shorter than those registered in direction g,. The
prevailing maximum migration velocity along the axis of o3 is 30 + 5 km per year, and along the axis of o, - 50 +
5 km per year. The migration length along o3 axis is about 10 km greater, than that along o, axis, the migration
velocity along oy is on average 10 (up to 20) km per year greater, than that along o3, (Table 5). Formerly, there was
observed a relationship between the velocity of seismic migration and velocity of intraplate movement in the
region [Novopashina and Sankov, 2018]. The maximum migration velocities are established in the area between
the Kitchera and Upper Angara basins, in the southern Barguzin range, and in the area between the Amut and
Barguzin basins which corresponds to high present-day horizontal movement rates therein.

Since the regional tectonic stress field is interrelated with the major trends in the plate movement and the
rate of crustal block deformation, a high migration velocity in direction o3 may be due to the more intensive crustal
NW-SE-oriented deformation than the deformation oriented in the NE-SW direction. Shorter chains in the
direction of axes o3 can be attributed to the elongation of epicentral concentrations along axes oy and, therefore,
to a shorter extension of the NW-SE fracture zones across the general strike of the NE-SW-oriented ruptures. The
extension of active fault segments comparable to the length of migration chains along o3 reaches in average 60
km. Previously study reports the migration occurring in zones being up to 100 km width [Novopashina and Sankov,
2018]. Since the migration process involves a system of interacting faults at the tectonic stress transfer from one
fault to another, the migrations observed along direction o3 reflect the process of the deformation front
propagation within epicentral concentrations of many interacting faults of the fracture zone rather than along a
certain rupture. In this case, seismic events grouped in migration chains, which can occur both on the subparallel
faults along the transfer zones and on the NW-SE-striking faults (rose-diagrams in Figure 3). The transfer zones
[Tevelev and Fedorovsky, 2017] stand out in the epicentral field as linear structures striking in the NW-SE
orientation across the main NE-SW strike of seismic gaps. On the studied area near the Upper Angara basin, in the
epicentral field, the transverse zones on the northeastern closure of the basin and the Akuli-Koter zone, traced in
the Upper Angara basin slopes, were identified, (Figure 4), that implies the existence of the fault zone beneath its
cover [Sherman et al., 1984]. All the rose-diagrams in Figure 3 also show the secondary NW-SE-striking faults
consistent with the direction of the inferred transfer zones.

13


https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/stand+out

Anna V. Novopashina et al.
5. Conclusions

In order to relate geodynamic forces in the northeastern BRZ, producing crustal deformations, to the direction
of seismic migration, the seismic-data projection areas have been oriented in the main directions of the principal
horizontal stress axes. We have identified the features of activity of seismic migration along the principal horizontal
stress axes consistent with the strike of major rifting structures and a general direction of active faults.

The migration propagation was identified in the mutually orthogonal directions at velocities from a few tens of
kilometers to 50 + 5 kilometers per year in the high-rate tectonic deformation areas. The migration chains observed
NW - SE have a shorter length, shorter time, and a greater velocity than those propagating NE-SW. The difference
about 10 km in chain lengths is due to the fault network configuration in which the NE - SW-striking fault zones are
longer than the NW - SE-striking faults. The difference in migration velocities in the orthogonal directions, reaching
20 km per year, can be attributed to the differences in the deformation process in sub-perpendicular directions.

The results of the spatiotemporal analysis may provide the basis for seismic zoning of the BRS to identify regions
of large-earthquake and earthquake-swarm generation and deformation propagation areas.

Data and sharing resources. The seismic data used in the work were obtained with large-scale research facilities «Seismic
infrasound array for monitoring Arctic cryolitozone and continuous seismic monitoring of the Russian Federation,
neighbouring territories and the world» by the Baikal Regional Seismological Center of the Geophysical Survey RAS
(BRSC GS RAS),and partially can be requested at this address: http://seis-bykL.ru/. Plots were made using the MathGL free
software version 3.0 (https://sourceforge.net/projects/mathgl, 2019).
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