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Abstract. In the study, seismic moment tensors (SMT) of 177 earthquakes in the Central Tien Shan
with K>10.5 (M>3.6) occurring from 2007 to 2017 are determined on the basis of the wave inver-
sion method and data from the KNET seismic network. The 177 obtained solutions have been added
to an SMT catalogue, which includes 284 events with 2.8 < M < 6 that have occurred from 1996 to 2017.
Some characteristics of the SMT catalogue are discussed along with constructed principal stress axes
azimuth diagrams and dip angle distribution graphs. For the most part of events, the compression axis
of the seismic events has a north-northwest direction and a subhorizontal orientation; the direction
of the tension axis does not have a pronounced maximum, while for most events it has a subvertical
orientation. In addition to the scalar seismic moment, the dynamic parameters (DP) of the 150 events
from the SMT catalogue that have occurred from 1999 to 2014 were computed: the source radius
(Brune radius) and tangential stress drop. Studied correlations between the DP and magnitude show
the link between the stress drop and earthquake magnitude to be the weakest. The Lode—Nadai factor
distribution on the grounds of the seismic moment tensors from the SMT catalogue was constructed
and the deformation types typical for the studied area were identified. A comparison between deforma-
tion regimes and stress drop values is presented.
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Introduction bounds the Central Tien Shan from the north, be-

The Central Tien Chan extends over
the wide territory, bounded with the Fergana
Range in the west, Zailiysk, Kyrgyz and Talas
Alatau ranges in the north, Meridional Range
in the east and Kokshaal-Too Range in the south
(https://silkadv.com/ru/node/410). It is custom-
ary to refer the Zailiysk Alatau, Kungey Alatau,
Ketmen and Kyrgyz Alatau (the Kyrgyz Range)
to the Northern Tien Shan (http://tianshan.al-
naz.ru/objekty/hrebty.html). The Kyrgyz Range

longing thereby to both regions at once. KNET
the seismic network, organized on the Northern
Tien Shan in 1991, includes 10 digital wideband
stations. The major part of the stations is located
in northern foothills of the Kyrgyz Range and
along the rims of the Chuy Depression. Despite
the fact that the KNET network stations are lo-
cated on the Northern Tien Shan territory, they
allow to register the earthquakes occurring in the
Central Tien Shan.

Translation of the article published in the present issue of the Journal: CeraeBa H.A. TeH3o0p celicMU4eckoro MOMEHTA
1 IWHAMIYeCcKue mapaMeTpsl 3emietpsicennii Liearpansnoro Taus-1ans. Translation by G.S. Kachesova.
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Based on the data of the KNET network the
earthquakes catalogues are formed, focal mech-
anisms and dynamic parameters of earthquakes
are determined, and other scientific problems
are also solved. The data on focal mechanisms
of earthquakes are used for estimation of stress-
strain state of the medium. Earthquakes dy-
namic parameters, the stress drop among them,
can also characterize the regional peculiarities
of the crust straining process. These data ac-
cumulation allows to estimate the geodynamics
processes, proceeding within the medium.

Two approaches are used for the focal mech-
anisms of the sources: mechanism determina-
tion by the sign of the P-wave arrival [Reasen-
berg, Oppenheimer, 1985; Snoke, 1989, 1990,
2000; et al.] and the waveform inversion method
[Dziewonski et al., 1981; Fukahata et al., 2003;
Kostiuk et al., 2010; et al.].

One of the conditions of reliable focal
mechanism determination by the signs of the
P-waves arrival is a total surrounding of the ep-
icenter with observation stations. The configu-
ration of the KNET network stations is able
to reveal source mechanisms by this method
only for those earthquakes, that have occurred
in the territory, bounded with the coordinates
of the network marginal stations: 42.0-43.0° N
and 73.75-76.0° E, that represents a small area
of 100 x 300 km? (fig. 1). The waveform in-
version method allows to calculate the seis-
mic moment tensors on the base of the KNET
network data and, consequently, to determine
the focal mechanism also for the earthquakes
occurred in the territory outside the stations
location within 1-2° (see the fig. 1). In present
work we refer this territory to the Central Tien
Shan.

Figure 1. Location of the earthquakes epicenters from the catalogue according to the KNET network (more than
9000 events, 1994-2017). Triangles — the KNET network stations. The white dashed line conventionally indicates the
territory, bounded with the coordinates of the marginal stations of the KNET network. For the earthquakes in this area,
focal mechanisms are determined by the signs of the P-waves arrival. The turquoise dashed line conventionally indicates
the territory for which the waveform inversion method is applied.
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The waveform inversion method for SMT
computation is used at the Research Station
of the RAS since 2006. On its basis the seismic
moments tensors of 107 earthquakes for 1996—
2006 have been determined [Kostiuk, 2008;
Kostiuk et al., 2010]. The solutions obtained in
[Kostiuk, 2008] are noted to conform well with
those represented in the catalog of CMT (Cen-
troid moment tensors) (https://www.globalcmt.
org/CMTsearch.html) for the earthquakes with
M>45(K>12).

The source radiation directivity is very im-
portant when the source spectrum constructing,
on which base the earthquakes dynamic pa-
rameters are calculated. Therefore, only those
events were considered in the works [Syche-
va, Bogomolov, 2014, 2016] when the source
studying, which had been occurred in the ter-
ritory, that was not beyond the KNET network
boundaries.

The present work task is to determine
the seismic moment tensors for the earthquakes,
occurred in 2007-2017 in the territory of loca-
tion of the KNET network stations and out-
side its boundaries within 1-2°, and to update
the SMT catalogue by this means. Basic char-
acteristics of the obtained catalogue are given
in the article.

Availability of values of the f, corner fre-
quency for the earthquakes of 1999-2014,
occurred in the Central Tien Shan territory
[Sychev et al., 2018], have allowed to solve
the second task — to calculate the dynamic
parameters (the source radius and tangential
stress drop) for the earthquakes with M =2.8—6
from the SMT catalog, expanding in this way
the database, and, respectively, the territory, for
which they have been determined. Further, ob-
tained data can be used for estimation of some
parameters of stress-strain state of the studied
territory.

Initial data and methodologies

Methodology of seismic moment tensor

computation

To calculate the SMT, we took the earth-
quakes of 2007-2017 occurred in the KNET
network stations location and outside it at
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a distance of 1-2° in a radius with the ener-
gy class K > 10.5 (M > 3.5). We also consid-
ered several earthquakes below this class, for
which the SMT determination became pos-
sible. The SMT computation for the events
of 2007-2010 was carried out on the base
of waveforms, obtained in miniSEED format
with a frequency of 40 Hz from the website
of'the /RIS Consortium (Incorporated Research
Institutions for Seismology) (https://ds.iris.
edu/ds/nodes/dmc/data/types). And the records
with a frequency of 100 Hz from the archive
of the Research Station of the RAS were used
for the events of 2011-2017. The earthquakes
records were previously converted from the S4
(SEED) to the miniSEED format with the au-
thoring software [Sychev, Sycheva, 2018]. De-
termination of the P-wave arrival time was car-
ried out with the SAC (Seismic Analysis Code)
software  (http://ds.iris.edu/files/sac-manual)
over all components (£, N, Z).

Seismic moment tensors for studied earth-
quakes have been determined with the soft-
ware, developed by Yu. Yagi [Yagi, 2004],
which realizes the waveform inversion method.
In this software the Green’s function is cal-
culated by the Kohketsu method [Kohketsu,
1985], modified in [Kikuchi, Kanamori, 1991],
at that the inversion procedure is constructed in
accordance with [Fukahata et al., 2003].

When the Green’s function calculating
for the studied territory, the velocity mod-
el of the Institute of geosphere dynamics
of the RAS [Zemnaia... , 2006] have been
used, rocks densities are specified accord-
ing to [Kurskeev et al., 2004], the attenuation
have been determined on the base of the geo-
logical map [Geologicheskaia... , 1980] and
from the tables of rock properties [Lay, Wal-
lace,1995]. The waveform inversion method is
described in detail in the works [Yagi, 2004;
Kostiuk, 2008; Kostiuk et al., 2010].

The program for the seismic moment tensors
computation outputs graphic files, which exam-
ples are presented in the figure 2. The first exam-
ple (fig. 2 a) demonstrates the solution, obtained
from 18 records of the earthquake (9 stations),
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the second — on the base of 13 records (6 sta-
tions) (fig. 2 b). In the both cases we have a good
result of the modelling: the value of discrep-
ancy (variance) is equal 0.08. This indicates
that an acceptable solution may be obtained
even with few analyzed seismograms. The fo-
cal mechanisms presented in the figure 2 have
a thrust type, and the compression axis azimuth
has a submeridian direction, that corresponds
to the regional geodynamic regime. Output
graphic file contains not only the graphic im-
age of a focal mechanism, but the assessments
of the earthquake focal parameters. These pa-

rameters are as follows: the angles describing
the nodal planes position (strike, dip, slip),
the deformation tensor components, as well
as the M| scalar seismic moment (determined
when the inversion method using) and the
moment magnitude M, (see the fig. 2). Then,
the values of the nodes of nodal planes are used
to determine the parameters of the principal
stress axes — the azimuth and the dip angle —
with the sdrtpb.m program from the SEIZMO
Suite (Passive seismology toolbox for Matlab &
GNU Octave) (http://epsc.wustl.edu/~ggeuler/
codes/m/seizmo).

Figure 2. Example of graphic output file of the seismic moment tensor computation for two earthquakes: (a) 2017.07.29,
K=11.7;(b) 1998.11.21, K = 12.5. Red lines — synthetic seismograms, black — initial seismograms.
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Methodology of the dynamic parameters

computation

The source radius is determined with the for-
mula [Scholz, 2019; Abercrombie, Rice, 2005;
Scuderi et al., 2016]:

r=kV,/ f, (1)
where f; — corner frequency (inverse fracture
time in a source), V', — S-wave speed, k —numeri-
cal factor dependent on the model of rupture in
a source. We use the Brune model in our case.
The expression (1) determines the so-called
Brune radius for this model [Brune, 1970],
k = 0.37. The simplest Brune model supposes
the slip to occur simultaneously and «instantly»
over all the fault plane, that has a circle form
with the 7 radius. The form of a source is spheri-
cal with the same radius.

General correlation between the stress drop,
the seismic moment and the geometrical param-
eters of a source [Ruff, 1999; Madariaga, 1979;
Kocharian, 2016]:

Ac=CM,/S, =CM,IS". )

The expression for the stress drop (2) may be
simplified for the case of the circular fault plane
with a radius 7, and the square S = w~. It is ra-
dius » that may be accepted as a typical size
of a source, r,, and the simplified expression
for Ac takes the form Ac = C_ M/ nr°. The val-
ue of the C_ factor for this case is determined
in the work [Eshelby, 1957]: C_=7xn/16 = 1.37,
and we get from (2) the following expression:

Ao =TM,/ 167, 3)

which is most often used to estimate the Ac val-
ue by seismic data [Brune, 1970, 1971; Scholz,
2019].

One need the data on the corner frequency
/f, and the S-wave speed to calculate the source
radius (1), as well as the scalar seismic mo-
ment M and the source radius 7 — to determine
the stress drop from (3).

The values of the f; (determined by the S-
wave) were taken from the work [Sychev et
al., 2018], the S-wave speed was assumed to be
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3.5 km/s [Roecker et al., 1993], and the val-
ues of the scalar seismic moment were taken
from the SMT catalog. It is worth noting, that
the waveforms of local earthquakes with a re-
cord frequency of 100 Hz were considered to
build P- and S-waves spectra and to find the cor-
ner frequency f,in the work [Sychev et al., 2018].

Results
Characteristics of the SMT catalog

The seismic moment tensors of 177 events
have been determined as a result of the inversion
method applying to digital records of local earth-
quakes of 2007-2017. It is already noted, that
107 SMT solutions for the earthquakes of 1996—
2006 have been obtained in the works [Kostiuk,
2008; Kostiuk et al., 2010]. The final full cata-
logue includes 284 events. For each earthquake
the catalogue contains date, time, epicenter,
depth and energy characteristic (K), parameters,
describing the rupture kinematics in a source:
angles, which characterize the nodal planes po-
sition (equiprobable fault planes), deformation
tensor components, as well as azimuth and dip
angle of the stress principal axis. The scalar seis-
mic moment is assumed to be a dynamic (focal)
characteristic and is considered as a measure
of potential energy necessary to move the mass-
es over the fault surface [Puzyrev, 1997].

Some statistical characteristics of the
full catalogue are presented in the figure 3.
The events with a magnitude M = 3.5—4 prevail
in the catalogue. Their major part is occurred
at the depth down to 20 km. The temporal dis-
tribution of the events is nonuniform. Maximal
number seismograms used for solving is 30 (by
3 components — E, N, Z at 10 stations), but most
of the solutions have been obtained when ana-
lyzed seismograms quantity is more than 5, but
less than 15 (fig. 3 d).

The distribution of the value of discrepancy
of wave modelling (variance) in initial and sort-
ed form is presented in the figure 3 e, f. Mini-
mal error amounts 0.03, and maximal — 0.4.
For 120 events the modelling error does not
exceed the value of 0.1, for 140 events — 0.2,

GEOSYSTEMS OF TRANSITION ZONES VoL. 4 No 2 2020
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Figure 3. Histograms of events distribution in the SMT catalogue: a — by magnitude; b — by depth; ¢ — by time; d — by the
number of analyzed seismograms. Distribution of variance values of wave modeling for events in the seismic moment

tensors catalogue: e — initial values; f — sorted values.

and only for 20 events (7 % from the total) it is
in the range of 0.2—0.4 (significant error).

Focal mechanisms

Epicenters of the earthquakes from the SMT
(284 events) and their focal mechanisms are
presented in the figure 4. More than half of the
events (57 %) are thrust faults and strike-slip
reverse faults, one third (31 %) — strike-slip and
overthrust faults, normal and oblique-slip faults
are not numerous (12 %). Based on the geo-
logical indicators of the Northern Tien Shan
the common (averaged) neotectonic stresses,
differing for uplifts and depressions, were re-
constructed [Sim et al., 2014]. It has been
noted, that positive structures deforming with-
in the latest phase occurs in the thrust fault
field with a horizontal meridional orientation
of the compression axis and the subvertical ten-
sion axis. In depressions it occurs in the nor-
mal fault field with the vertical subhorizontal
tension axis, oriented to the north-northeast.

FEocuCTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 2 2020

On the base of analysis of the focal mechanisms
of earthquakes in the Northern and Central Tien
Shan it has been noted [Krestnikov et al., 1987,
Yunga, 1990] that diversity of the source mech-
anisms is typical for the studied territory, and
the most frequent focal mechanisms are thrust,
oblique-slip and normal.

Figure 5 a, b represents the distribution dia-
grams of directions (azimuths) of the compres-
sion P and tension 7 axes. Quantitative depend-
ences on the dip angle of these axes are shown in
the figure 5 c. The azimuths value has been aver-
aged with a step of 5° for dependences construc-
tion, and dip angles value — with a step of 10°.
Most of the compression axes have an azimuth
of 340°, that corresponds to north-northwest-
ern direction, and the major part of these axes
1s in the sector of 330°-360°, azimuths of the ten-
sion axes do not have a pronounced maximum.
Such direction of the compression axes is also
noted by other researchers for the Tien Shan
region [Krestnikov et al., 1987; Yunga, 1990;
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Kurskeev, 2004]. Most of the compression axes
have a zero dip angle (subhorizontal position),
and the major part of the tension axes has a dip
angle close to 60° (subvertical position).

Dynamic parameters

Working sampling of the dynamic pa-
rameters has amounted 150 earthquakes with
M =2.8-6 for 1999-2014 from the SMT catalog.
These earthquakes main characteristics (scalar
seismic moment, moment magnitude, corner
frequency, source radius, stress drop) are pre-
sented in the table 1 (see the appendix). The sca-
lar seismic moment and the moment magnitude
for these earthquakes are taken from the SMT
catalog. The source radius (Brune radius) and
the tangential stress drop are calculated.

Together with the dynamic parameters for
each earthquake, we have included in the table
date, epicenter, depth, energy class, earthquake

magnitude converted from the class K by
the formula [Rautian, 1960], as well as number
of seismograms, on which the SMT solution
has been obtained. Dependences of the cor-
ner frequency f, the scalar moment M,
the source radius » and the stress drop on ener-
gy characteristics are shown in the figures 6-8.
We have chosen the magnitude M, converted
from the class K, as energy characteristics,
and the moment magnitude M , determined
when the seismic moment tensor calculating.
For all considered dependences the correlation
factors are determined, their values are speci-
fied in the figures.

The corner frequency for considered class
of events (M = 2.8-6) varies from 0.1 to 8.9 Hz
(fig. 6), that corresponds to the rupture time
in a source 1-0.11 s. The corner frequency f,
and the scalar seismic moment M, from which
the moment magnitude M is determined, are

Figure 4. Epicenter location and the focal mechanisms of earthquake sources from the catalog of seismic moment ten-
sors (284 events). The KNET stations are designated with the triangles.

198

GEOSYSTEMS OF TRANSITION ZONES VoL. 4 No 2 2020



GEOPHYSICS, SEISMOLOGY

Figure 5. Distribution of: a — azimuths of the compression axes P; b — azimuths of the tension axes T} ¢ — dip angle

values of both compression and tension axes.

obtained in the different studies. Nevertheless,
distribution of the corner frequency depending
on the M, is described with a linear model better
than that depending on the M. The variance val-
ue of distribution of the deviations from a linear
model for the magnitude M amounts D = 389,
and for the magnitude M — 322.

The scalar seismic moment for the con-
sidered class of events varies within the
range from 2.03-10" to 4.3-10" N-m. M, de-
pendence on M is described well with a lin-
ear model with positive dip angle: the higher
is the magnitude, the higher the value of the
scalar seismic moment (fig. 7). This depend-

ence can be described with the expression
lg(M,) = 10.6 + 1.03M, that fully corresponds
to the expression lg(M,) =8.4 + 1.6M from
the work [Riznichenko, 1985] (where M rep-
resented in N'm), and also to the expression,
obtained for the earthquakes of the Northern
Tien Shan 1g(M) = 10.1 + 1.1M [Sycheva, Bo-
gomolov, 2016]. Values deviation relative to
the trend line has lowest variance for the events
with M > 4.5. Dependence of 1g(M,) on M is a
linear function, as the moment magnitude is de-
termined from the seismic moment and directly
depends on it [Kanamori, 1977].

The source radius (Brune radius) for the
studied events varies from 150 to 1280 m.

Figure 6. The corner frequency f, dependence on the magnitude M, determined by the earthquake class (a), and the mo-

ment magnitude M_ (b).

FEocuCTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 2 2020
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Figure 7. Dependence of the scalar seismic moment loga-
rithm on the magnitude M, determined by the earthquake
K-class.

The Brune radius dependence on M is presented
in the figure 8 a, and on M — in the figure 8 b.
Direct relation between the Brune radius and the

corner frequency (equation (1)) is also reflected
in presented distributions: dispersion of the val-
ues of the Brune radius depending on the M is
less than depending on M.

According to the table 1 (see the appendix)
the stress drop, varies from ~0.2 to ~130 MPa.
Dependences of stress drop distribution
on two magnitudes (M and M ) are presented
in the figure 8 ¢ and 8 d: the stress drop depend-
ence on M has lowest dispersion than on M,
that is also explained with theoretical relation
of the stress drop with the Brune radius and
the scalar seismic moment.

Analysis of the factor of considered de-
pendences correlation has shown its value to
be higher for the moment magnitude M  than
for the M. High correlation level (0.81) is ob-
tained for the scalar seismic moment, and the
least one — for the stress drop (0.43, 0.62 — for M

Figure 8. The radius 7 (a, b) and the stress drop Ac (¢, d) dependences on the magnitude M, determined from the earth-

quake class X (a, c), and the moment magnitude M _ (b, d).
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Figure 9. The stress drop distribution dependences on magnitude for the earthquakes: a — with Ac < 20 MPa (black)
and with Ac > 20 MPa (red); b — with M < 3.6 (black) and with M > 3.6 (red).

and M respectively), that may point to weak re-
lation between this characteristic and the magni-
tude of event. The value of correlation factor is
a little higher for the source radius (0.55, 0.66).
Dependence of the stress drop distribution
on the magnitude M is presented in the fig-
ure 9. Besides, we separately consider and de-
scribe by a linear model the events samplings
with Ac < 20 MPa and Ac > 20 MPa (fig. 9 a),
as well as dependences of the stress drop Ac for
the events with M <3.6 and M > 3.6 (fig. 9 b).
In the graphs the value of the correlation factor
of considered dependences is also presented.
The samplings, marked in the figure 9 with black
color, are described by a linear model with small
angle factor, i.e. the stress drop has slightly vari-
able values within the considered range of the
magnitudes. Linear models describing the sam-
plings and marked with red have greater angle
factor. However, there is a significant disper-
sion of values on both sides of the model line
within the considered range. The correlation
factor of the stress drop and moment magni-
tude for the considered samplings has low val-
ues, that may testify to small dependence of the
stress drop on the earthquake magnitude.
Lode—Nadai factor distribution and the stress
drop. In order for gaining an idea of the defor-
mation of the Earth crust as a whole, the Lode—
Nadai factor u_ is used. It does not depend

FEocuCTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 2 2020

on the tensor’s coordinate representation and
may be considered as its invariant characteris-
tic. It is worth noting, that, according to [Filin,
1975], when u_ = 1 the deformation has a form
of a simple compression (uniaxial compres-
sion) (when x> 0 the compressive deforma-
tion prevails), when u, = -1 the deformation
has a form of a simple tension (uniaxial ten-
sion) (when u < 0 the tensile deformation pre-
vails), when x_= 0 the deformation has a form
of a simple shear (pure shear). The figure 10
shows the distribution of the Lode—Nadai fac-
tor u , calculated on the grounds of the focal
mechanisms of earthquakes sources from the
SMT catalog (see the figure 4, 284 events) by
the methodology, described in the works [Yun-
ga, 1990; Sycheva, Mansurov, 2017].
According to the figure 10, the major part
ofthe studied territory is characterized by the de-
formation with domination of triaxial state be-
tween the pure shear and uniaxial compression
(1, > 0.2). High value of this factor is typical
for the central and eastern parts of the Kyrgyz
Range, western part of the Terskey and Kun-
gey Alatau surrounding the Issyk-Kul depres-
sion, the Kochkor depression area, the eastern
part of the At-Bashy Range, the Naryn-Tau
and the central part of the Talas-Fergana Fault.
In the western part of the Kyrgyz Range,
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the deformation zone with domination of tri-
axial state between the pure shear and uniaxial
tension (u < —0.2) is located. Also, in the stud-
ied territory the zones of a pure shear (depres-
sions, see the figure 10) are distinguished. They
alternate with mentioned above deformation
regimes in the zone parallel with the Talas-Fer-
gana Fault and extended from south to north.
On the same map we marked the mechanisms
of sources of 150 earthquakes of 1999-2014
with M = 2.8-6, for which the dynamic parame-
ters had been calculated. The focal mechanisms
of the earthquakes are marked with different
colors depending on the value of the stress drop
(see explanation to the figure 10). The major part
of the «colored» events has thrust focal mecha-
nism, and the minor part — strike-slip reverse
mechanism. Significant stress drop is observed
in the central part of the Talas-Fergana Fault,

at the end-areas of the Baibiche-Tau Range,
in the eastern part of the Moldo Too Range, in
the foothills of the western part of the Kyrgyz
Range and in its eastern margin, as well in the
western part of the Terskey and Kungey Alatau
ranges. Absence of the stress drop is marked
in a joint zone of the Kyrgyz Range and Chuy
depression from 74.5° to 75.5° E. The same
area of the significant stress drop absence is
distinguished in the work [Sycheva, Bogomolov,
2016]. The most of events with Ac > 10 are lo-
cated in the zones, characterized by deformation
with domination of triaxial state between the pure
shear and uniaxial compression. The events with
Ac <1 MPa and 1 < Ac < 10 are mostly located
in the same areas. The events with Ac > 10 MPa
are absent in the Suusamyr depression ant its vi-
cinity. It indicates possibly that the stress drop
occurred in this area as a result of the Suusamyr

Figure 10. The Lode—Nadai factor u_ distribution and epicentral location of 150 events of 1999-2014 with M = 2.8-6
(table 1, see the appendix) and their focal mechanisms. Red color of the focal mechanism — the earthquakes with
Ac > 10 MPa (40 events), green — 1< Ac < 10 MPa (87 events), blue — Ac < 1 MPa (23 events). The regional faults are

marked with black lines.
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earthquake (19.08.1992, M = 7.3). In the work
[Sychev et al., 2019] the earthquakes catalogue
and aftershock sequence of the Suusamyr
earthquake have been considered in the context
of nonequilibrium thermodynamics with us-
ing the Tsallis statisitics, generalizing the clas-
sic Boltzmann-Gibbs statistics [Tsallis, 1988;
Chelidze et al., 2018]. The differences in g-
parameter of the Tsallis statistics have been
revealed before and after the Suusamyr earth-
quake. Also, an abrupt increase of cross-corre-
lations took place in the studied region before
the main shock, with the sharp decrease imme-
diately after it, and further return to the average
value, observed before the mainshock.

Conclusion

Based on the waveform inversion method,
we determined the seismic moment tensors for
177 earthquakes with K > 10.5, occurred from
2007 to 2017 in the territory of the Central Tien
Shan. Obtained solutions have been included
in the SMT catalog. The final catalogue in-
cludes the parameters of 284 events, occurred
in 19962017 Some its characteristics are pre-
sented. The diagrams of the azimuths of princi-
pal stresses axes are constructed: the major part
of compression axes falls in the sector with a di-
rection of 330-360°, most of them have an an-
gle of 340°, the azimuths of tension axes do not
have an explicit maximum. The dominant part
of compression axes is characterized with near-
horizontal position and tension axes — with near-
vertical one. A majority of earthquakes occurred
in the studied territory are of thrust and strike-
slip reverse type of fault, and the minority —
strike-slip faults and incisions. Only small frac-
tion of the events has a normal and oblique-slip
type of focal mechanism.

FEocuCTEMbI NEPEXOAQHbLIX 30H Tom 4 Ne 2 2020

For the 150 earthquakes with M = 2.8-6
from the seismic moment tensors catalogue
the dynamic parameters have been calculat-
ed: the source radius 7 and the stress drop Ac.
The dependences of the scalar moment distri-
bution, the source radius and the stress drop
on the magnitude M converted from the class
K, and the moment magnitude M_have been
constructed. The correlation coefficients of the
dynamic parameters and the moment magni-
tude are higher than that of the dynamic pa-
rameters and the magnitude converted from the
class. Weaker correlation takes place between
the stress drop Ac and the magnitude in com-
parison with the correlation between the scalar
seismic moment and the magnitude, as well as
between the source radius and the magnitude.

The Lode—Nadai factor x_distribution, con-
structed on the base of the seismic moment cat-
alogue, demonstrates that the most part of the
studied territory is in the conditions of deforma-
tion with triaxial state between the pure shear
and uniaxial compression domination (x_> 0.2),
in the north-western part the deformation area
with of triaxial state between the pure shear and
uniaxial tension domination (u < —0.2) is dis-
tinguished, for the major part of the depressions
the pure shear deformation (0.2 < < 0.2)
is typical. Values of the Lode—Nadai factor are
compared with values of the stress drop Ac for
the 150 earthquakes. The significant stress drop
is character for the areas with the deformation
of a simple compression prevailing. Absence
of the significant stress drop in the territory of the
Suusamyr depression and its vicinity is noted.
This may be a signature of nonlocal stress un-
loading resulted from the Suusamyr earthquake
(19.08.1992, M = 7.3) and its aftershocks (more
than 2000).
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Appendix /[Ipuioxenue

Table 1. Some parameters of the 150 earthquakes of 1999-2014, M = 2.8-6 and their dynamic parameters
Tabnuya 1. Xapakrepuctuku 150 3emaerpsicennii 1999-2014 rr. ¢ M =2.8—-6 u uxX ITMHAMHYeCKHE MapaMeTPbI

Ne Date Time ©° A° |H,km| K M Mﬁ_rlr?m M, | f,Hz| r,m ﬁg’a N,
1 |14.04.1999 12:41:22.19 | 43.64 7450 1590 10.66 03.70 1.01 327 559 233 348 6
2 124.05.1999 07:39:21.39 | 42.66 75.04 06.80 10.65 03.69 1.15 331 488 267 264 7
3 |13.02.2000 09:46:07.60 | 41.71 73.00 04.10 12.02 0446 13.8 4.03 393 332 16.52 7
4 101.07.2000 20:33:58.86 | 41.16 73.63 00.00 11.75 0431 546 443 269 485 21.00 10
5 114.07.2000 08:22:46.84 | 41.38 73.17 00.10 10.62 03.68 185 4.11 242 539 517 13
6 |28.07.2000 08:56:26.91 | 42.58 74.80 1620 11.19 0399 132 335 404 323 172 15
7 108.08.2000 01:15:07.58 | 42.24 76.89 0020 12.72 04.84 181.0 4.77 2.00 652 28.56 8
8 102.03.2001 06:18:30.26 | 40.88 74.08 00.00 10.62 03.68 528 3.75 235 555 135 7
9 110.04.2001 00:13:24.43 | 41.77 73.19 00.00 1032 03.51 4.01 3.67 223 585 0.88 10
10 {09.05.2001 11:14:16.23 | 41.74 73.08 00.00 10.04 0336 134 340 235 555 0.34 19
11 (22.05.2001 15:02:33.55 | 42.15 76.18 13.20 12.06 04.48 161 4.08 195 668 236 17
12 (08.07.2001 11:51:52.68 | 42.14 7498 14.10 11.18 03.99 1.60 341 640 204 827 10
13 {18.08.2001 01:12:04.20 | 42.17 73.25 05.80 10.04 0336 1.10 3.14 3.83 340 122 7
14 {20.08.2001 01:27:05.74 | 42.14 7498 0690 1047 03.59 1.64 341 383 340 1.82 11
15(13.09.2001 12:00:30.35| 41.30 75.63 0090 11.56 04.20 422 435 3.73 349 4325 8
16 (09.10.2001 00:24:30.84 | 42.01 76.40 00.00 11.31 04.06 5.07 3.74 248 526 1.53 8
17 [18.11.2001 01:28:55.44 | 42.59 74.14 06.50 12.65 04.81 200 4.14 334 390 1470 15
18 26.02.2002 01:37:22.48 | 42.74 73.09 00.00 11.47 04.15 423 3.69 488 267 9.72 11
19 {28.03.2002 22:36:21.12 | 41.60 73.29 0520 11.40 04.11 294 358 623 209 1404 14
20 {17.06.2002 21:03:47.98 | 42.14 73.75 0790 10.97 03.87 256 354 415 314 3.62 14
21 (31.08.2002 17:46:38.13 | 41.59 73.27 10.00 1041 03.56 080 321 343 380 0.64 8
22 (27.10.2002 01:26:38.65 | 42.92 76.23 07.00 10.26 03.48 1.05 329 559 233 3.64 6
23 108.12.2002 22:10:39.77 | 41.87 72.40 00.10 1091 03.84 620 380 157 830 047 11
24 (21.02.2003 10:35:22.15 | 42.53 7447 13.10 11.66 0426 2.10 349 544 240 6.68 8
25109.03.2003 00:32:05.75 | 41.23 7297 00.10 11.68 0427 1.17 465 179 728 1327 19
26 (22.05.2003 18:11:55.01 | 42.99 72.81 07.00 1426 0570 143 537 133 980 66.60 14
27 (22.05.2003 19:03:57.95| 4299 72.82 05.70 11.02 0390 333 362 325 401 226 5
28 (22.05.2003 19:34:47.18 | 43.06 72.83 06.60 11.21 04.01 353 363 334 390 2.60 10
29123.05.2003 00:16:04.86 | 43.00 72.81 0640 1147 04.15 8.07 387 6.76 193 4924 14
30 |25.05.2003 22:44:22.26 | 42.98 72.81 12.20 10.14 0341 1.11 330 2.69 485 043 9
31 (28.07.2003 04:57:29.84 | 41.64 74.67 02.80 1144 04.13 675 382 343 380 538 16
32 |26.08.2003 18:58:17.38 | 40.98 74.94 00.90 10.37 03.54 659 382 292 446 324 11
33 106.10.2003 02:51:34.14 | 41.25 76.45 00.00 11.13 0396 534 375 2.69 485 2.05 12
34 (06.10.2003 16:42:13.93 | 42.50 74.48 1640 1195 0442 219 350 415 314 3.09 13
35(18.11.2003 06:49:56.55 | 41.26 76.46 00.00 10.83 03.79 2.07 348 3.00 434 1.11 9
36 [16.01.2004 09:06:17.90 | 42.55 75.30 14.00 13.68 0538 792 454 126 1035 3.13 17
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M,, 10"

Ao,

No Date Time ©° A° |H,km| K M Nem M,  |f,Hz| r,m MPa N
37125.04.2004 04:15:18.19 | 41.54 7493 15.50 10.85 03.81 239 352 383 340  2.65 10
38102.06.2004 17:15:10.82 | 42.28 7491 1790 1325 05.14 36.7 431 1.95 668 538 16
39 102.08.2004 18:20:11.89 | 41.35 72.90 00.60 09.88 03.27 154 339 235 555 0.39 6
40 [26.08.2004 20:23:22.86 | 41.85 72.56 00.00 10.49 03.61 1.80 3.44 1.61 810  0.15 6
41 15.10.2004 13:45:56.82 | 41.02 74.56 00.00 11.25 04.03 7.78 386 427 305 1197 8
42127.11.2004 12:42:54.30 | 42.61 74.84 15.10 10.57 03.65 093 325 3.00 434 0.50 14
43129.11.2004 00:44:54.94 | 41.62 7531 17.00 11.78 0432 129 401 544 240 40.99 19
44 120.04.2005 17:48:53.10 | 42.41 76.49 06.70 11.33 04.07 443 3770 334 390 3.26 13
4508.06.2005 21:05:21.44 | 42.16 75.09 1720 10.63 03.68 098 326 4.63 282 1.93 8
46 120.06.2005 14:25:01.50 | 42.77 7438 2330 1195 0442 233 351 463 282 456 14
47105.07.2005 03:07:24.82 | 41.60 74.76 18.40 1247 04.71 333 428 343 380  26.53 6
48 107.07.2005 19:22:05.42 | 42.66 74.84 11.90 10.89 03.83 127 334 3.00 434 0.68 9
49107.07.2005 21:00:07.50 | 42.65 74.82 11.00 10.78 03.77 132 335 242 539 037 12
50 (03.10.2005 09:28:26.24 | 42.65 74.82 1190 10.75 03.75 082 321 277 471 0.35 8
51 (08.10.2005 06:25:58.93 | 42.10 76.05 06.80 1234 04.63 382 433 438 298 63.48 13
52127.12.2005 00:55:30.54 | 42.71 75.89 0620 11.60 0422 3.60 3.64 6.76 193 21.99 12
53 128.12.2005 01:52:48.29 | 42.69 75.41 12.50 11.92 0440 192 412 144 905 1.13 12
54129.12.2005 08:50:32.76 | 42.69 7539 0640 10.51 03.62 1.5 339 427 305 235 8
55101.01.2006 08:56:53.85 | 42.60 75.25 2220 1097 03.87 336 3.62 223 585  0.73 6
56127.03.2006 09:49:33.57 | 42.16 73.23 00.00 09.88 03.27 198 347 427 305 3.05 9
57 124.05.2006 13:17:54.27 | 42.67 7296 12.60 11.65 04.25 13.8 4.03 488 267 3173 19
58 112.06.2006 17:53:49.37 | 41.44 7584 01.20 09.79 0322 293 358 559 233 10.10 11
59 108.07.2006 18:58:20.37 | 41.61 73.25 13.50 1046 03.59 239 352 3.73 349 245 8
60 (13.07.2006 10:09:30.85 | 42.76 75.85 11.10 09.47 03.04 1.19 332 438 298 1.98 5
61(22.07.2006 05:08:23.35| 41.67 76.13 0740 10.09 0338 0.87 323 438 298 1.44 7
62 124.07.2006 15:53:48.77 | 41.64 73.15 08.30 1053 03.63 320 3.61 590 221 1296 7
6330.07.2006 11:48:16.11 | 41.65 72.67 03.00 11.80 0433 68.1 449 3.63 359  64.34 11
64 [30.07.2006 13:13:40.61 | 41.67 72.78 00.00 10.05 0336 1.10 330 530 246 324 7
65 [13.08.2006 06:10:13.41 | 41.65 72.75 00.00 11.95 0442 204 4.14 2.05 636 347 17
66 |15.08.2006 18:58:22.87 | 42.60 75.11 10.20 10.18 03.43 1.17 331 463 282 2.28 10
67 [18.08.2006 15:41:10.87 | 41.67 72.75 00.00 10.56 03.64 243 353 292 446 1.19 7
68 [29.08.2006 07:54:16.36 | 41.69 72.83 00.00 10.33 03.52 236 3.52 530 246 6.95 5
69 [22.10.2006 11:01:32.21 | 42.16 73.36 06.60 1093 03.85 3.64 3.64 3.63 359 343 9
70108.11.2006 02:21:26.94 | 42.56 7536 18.60 13.37 0521 9420 459 248 526 2837 21
71108.11.2006 02:26:50.84 | 42.57 7535 20.10 1094 03.86 3.70 3.65 4.75 274 7.84 4
72 125.12.2006 20:00:58.32 | 42.11 76.03 00.10 14.83 06.02 4370.0 5.70 1.02 1278 91.51 12
73102.01.2007 04:06:54.03 | 42.31 77.97 0040 09.99 0333 580 3.78 427 305 8.91 6
74102.03.2007 12:57:05.93 | 41.27 73.04 01.60 09.82 03.23 0.54 3.09 575 227 2.0l 4
75120.03.2007 03:17:54.83 | 41.34 73.54 04.60 10.75 03.75 339 3.62 559 233 11.70 4
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M, 10" Ao,
I({].m Mw fO’ Hz , m MPa obs

76 [27.05.2007 01:30:53.75| 41.74 73.05 14.40 11.75 0431 11.6 398 2.05 636 198 18
77106.06.2007 11:09:25.58 | 42.57 75.40 13.00 13.25 05.14 1350 4.69 184 708 16.65 21

Ne Date Time ©° A |H,km| K M

78 109.10.2007 16:00:41.39 | 42.98 77.67 00.00 12.82 04.90 803 454 229 569 19.05 7
79 121.10.2007 14:08:44.42 | 42.57 7535 13.60 1096 03.87 121 333 242 539 034 7
80 [04.01.2008 15:38:16.48 | 43.36 75.41 07.00 10.75 03.75 276 3.56 640 204 14.27 6
81 (08.01.2008 18:04:13.75 | 42.05 7520 16.80 11.00 03.89 142 337 334 390 1.04 5
82 (12.01.2008 01:53:05.09 | 43.28 74.85 13.00 10.09 0338 032 294 502 260 0.79 6
83 130.01.2008 15:28:43.39 | 41.63 73.19 11.20 10.29 0349 2.01 347 475 274 426 7
84 103.02.2008 04:57:07.55 | 41.94 76.47 00.00 09.99 0333 157 340 373 349 1.6l 8
85104.04.2008 07:21:26.61 | 41.54 72.60 10.00 41.80 21.00 126 334 383 340 140 7
86 [25.06.2008 21:09:29.86 | 41.30 73.89 00.70 1028 0349 496 3.73 383 340 5.50 18

87119.08.2008 19:52:39.54 | 41.32 75.70 00.10 0943 03.02 0.64 3.14 404 323 0.83 6
88 (21.08.2008 17:19:51.67 | 41.97 76.02 14.20 11.78 0432 144 4.04 269 485 552 19
89 120.09.2008 04:15:52.27 | 42.27 74.86 21.70 10.60 03.67 080 320 7.33 178  6.20 4
90 {19.10.2008 01:27:14.11 | 41.34 75776 07.10 09.66 03.14 3.53 3.64 886 147 4847

91(02.11.2008 17:58:26.98 | 42.71 76.49 04.10 1031 03.51 141 337 7.53 173 11.92 5
92 103.12.2008 04:26:28.64 | 42.68 73.20 11.00 12.75 04.86 61.7 446 242 539 1727 19
93122.01.2009 12:55:14.19 | 42.61 74.49 1690 09.86 03.26 148 338 6.07 215 6.54 4
94101.02.2009 11:25:38.02 | 42.75 73.86 1490 12.29 04.61 9.07 391 3.83 340 10.06 15
95127.04.2009 20:04:12.18 | 42.97 72.41 08.80 12.85 04.92 2360 4.85 141 924 13.06 11
96 [05.05.2009 06:19:05.59 | 41.47 73.50 00.00 09.93 03.29 1.73 343 3.00 434 0.92 7
97 116.05.2009 05:38:46.20 | 42.59 74.19 06.00 10.10 0339 082 321 7.14 183 5.89 7
98 [24.05.2009 00:08:40.93 | 42.61 74.60 12.60 10.54 03.63 041 3.01 6.58 198 230 11
99 125.07.2009 14:57:10.42 | 42.58 75.71 12.10 10.46 03.59 185 345 3.00 434 099 8
100{07.08.2009 04:32:46.39 | 42.01 75.72 05.60 11.80 0433 422 3.69 404 323 549 7
101{24.09.2009 07:57:10.94 | 42.08 77.51 0820 11.85 0436 900 457 415 314 12710 5
102(11.10.2009 06:25:45.82 | 43.14 7497 20.10 11.69 0427 521 375 229 569 124 4
103(02.11.2009 19:46:34.03 | 41.67 75.01 17.80 10.39 03.55 1.71 342 6.76 193 1041 3
104|07.12.2009 18:05:51.07 | 41.35 75.86 00.00 10.15 0342 222 350 242 539 0.62 13
105(22.12.2009 05:54:31.37 | 41.75 73.14 00.10 11.04 0391 509 3.74 1.6l 810 042 15
106(24.12.2009 02:15:46.95 | 42.88 7245 14.40 11.17 0398 872 390 242 539 244 7
107(02.03.2010 01:55:36.02 | 42.43 75.66 19.30 13.34 05.19 232.0 485 223 585 50.71 16
108(02.03.2010 04:17:40.13 | 42.44 75.65 1990 1095 03.86 2.18 350 530 246 6.42 9
109(03.06.2010 10:36:14.15 | 41.88 76.70 02.40 09.46 03.03 1.83 344 623 209 8.73 10
110{24.07.2010 04:19:32.96 | 41.42 73.11 00.20 09.53 03.07 1.60 341 427 305 246 5
111{09.09.2010 18:31:50.35| 42.31 75.15 18.80 11.04 0391 0.65 3.14 575 227 242 8
112(20.09.2010 09:07:15.09 | 41.59 73.19 1220 10.17 0343 228 351 3.17 411 1.43 4
113129.09.2010 07:30:07.97 | 42.25 7545 17.10 10.01 0334 062 3.13 774 168  5.65 4
114|27.10.2010 04:48:02.87 | 41.46 73.24 10.80 11.80 0433 202 414 152 858 1.40 24
115/19.12.2010 19:12:48.85 | 42.54 7470 06.90 09.84 0324 020 281 7.74 168 1.86 5
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Mﬁ;fm M, |f,Hz| r,m 16[%@1 -
116[18.03.2011 09:36:26.66 | 43.02 7495 1630 12.19 0455 10.6 395 383 340 1174 17
117(23.03.2011 20:19:43.71 | 43.02 74.89 18.50 1049 03.61 245 3.53 544 240 779 7
118[09.04.2011 12:30:24.93 | 42.02 74.84 20.60 1249 0472 290 424 1.65 790 257 21
119[02.12.2011 00:24:02.64 | 42.52 7626 00.10 10.72 03.73 5.62 377 277 471 236 11
120[16.12.2011 03:14:40.13 | 42.30 75.88 1320 1020 03.44 097 326 607 215 428 8
121]24.12.2011 09:20:07.10 | 41.64 73.19 1120 11.96 0442 210 415 277 471 880 12
12205.02.2012 07:10:18.06 | 41.57 7479 17.10 12.79 04.88 1420 471 116 1124 439 21
123/10.02.2012 06:49:17.11 | 42.94 7457 1580 10.15 0342 042 3.02 795 164 412 9
124[19.02.2012 05:23:03.04 | 43.66 76.64 02.50 09.80 0322 2.13 349 334 390 157 8
125[20.02.2012 02:23:56.17 | 41.48 73.13 00.00 10.80 03.78 66.0 448 255 511 2161 15
126(20.02.2012 04:18:07.52 | 41.32 72.85 00.10 09.57 03.09 213 416 277 471 893 16
127]28.03.2012 12:54:01.43 | 4249 7473 16.80 1042 03.57 051 3.08 733 178 397 14
128[16.05.2012 03:26:40.57 | 42.48 7492 1590 10.63 03.68 041 301 530 246 1.19 12
129(27.08.2012 00:24:59.09 | 41.32 7553 03.10 10.08 0338 4.00 3.67 590 221 1624 11
130[29.09.2012 21:35:04.01 | 41.69 73.04 09.10 1021 03.45 2.04 348 195 668 030 15
131[14.10.2012 16:30:08.24 | 40.90 74.14 00.00 1036 03.53 215 416 161 810 177 8
13215.11.2012 16:07:43.48 | 41.65 74.58 18.10 09.80 0322 6.51 381 393 332 780 5
133]28.11.2012 05:30:08.53 | 41.89 77.70 0030 11.62 0423 176 410 200 652 278 7

6

5

Ne Date Time ©° A |H,km| K M

134(29.11.2012 18:18:46.58 | 40.95 74.84 00.00 09.64 03.13 582 3778 516 253 15.80

135/04.04.2013 16:07:21.72 | 42.62 75.54 2030 1037 03.54 032 294 695 188  2.15

136/02.05.2013 04:52:25.03 | 42.20 73.63 0620 10.59 03.66 341 3.63 255 511 1.12 14
137(06.06.2013 03:03:07.42 | 42.27 76.43 2330 1025 0347 066 3.15 676 193  4.05 12
138(24.06.2013 00:59:55.09 | 42.15 76.10 14.40 09.99 0333 036 297 7.74 168 3.27 6
139|15.07.2013 18:19:08.03 | 42.49 74.89 1420 1047 0359 033 295 817 160 3.58 9
140|25.07.2013 03:39:16.67 | 41.37 75.72 08.90 1044 0358 1.02 328 817 160 11.01 22
141120.09.2013 16:28:25.99 | 42.34 76.50 06.80 11.46 04.14 154 406 516 253 4190 11
142|21.09.2013 04:03:34.86 | 41.95 76.15 03.00 09.59 03.11 0.69 3.16 415 314 097 5
143(17.10.2013 06:19:21.09 | 42.63 7498 09.30 10.59 03.66 049 3.06 7.53 173 4.11 7
144|23.11.2013 09:42:06.75 | 42.43 75.69 09.90 1346 0526 101.0 4.61 334 390 74.12 8
145|21.01.2014 20:46:36.20 | 42.11 75.14 14.70 1233 0463 138 4.03 373 349 1416 14
146/ 14.02.2014 18:43:03.71 | 42.30 76.01 15.90 10.07 0337 0.73 3.18 4.04 323 0095 6
147|22.02.2014 04:24:12.46 | 41.47 74.65 00.00 4720 24.00 1.10 330 277 471 046 6
148|27.04.2014 14:04:51.57 | 41.84 72.80 00.10 09.09 02.83 0.63 3.13 530 246 1.84 6
149|13.05.2014 01:18:44.89 | 42.27 75.05 06.70 11.02 0390 299 359 438 298 496 13
150|28.05.2014 02:25:58.35| 4249 7480 12.10 11.88 0438 4.10 3.68 427 305 6.30 15

Note. ¢ — latitude, A — longitude, H — depth, K — class, M — magnitude, f, — corner frequency, M — scalar seismic moment, 7 — source
radius, Ac — stress drop, N —number of seismograms, on the which base the seismic moment tensor is obtained.

Ilpumeuanue. ¢ — mmpora, A — nonrora, H — raybuna, K — knacc, M — MarHuTy#a, f, — ymioBas 4actora, M, — cKalsApHBIH
CeHCMUYECKUI MOMEHT, 7 — pajiuyc odara, AG — cOpoc HanpsukeHUi, N | — KOIMYECTBO CEHCMOTpaMM, Ha OCHOBE KOTOPBIX TIOJTy4eH
TEH30p cellcMUYeCKOro MOMEHTa
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