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Abstract—This study is concerned with Western and Central Tien-Shan. It is an area of intracontinental col-
lision and is of great interest for the study of the geodynamic processes that are occurring in the crust. The
area of study was investigated using the method of seismotectonic deformation (STD). The STD was calcu-
lated on the basis of the approaches proposed by Yu.V. Riznichenko and S.L. Yunga. We used the ISC (Inter-
national Seismological Centre, London) catalog for estimating the seismicity distribution, for calculating the
mean annual rate of STD (STD intensity) /s, and the parameter of concentration of earthquake-generating
ruptures Kcp. The catalog includes over 84000 earthquakes for the period 1902—2019. The distribution of the
parameters mentioned above was calculated for three depth ranges: 0—5, 5—25, and over 25 km. We identified
areas of intensive seismotectonic deformation, seismic activity, and high concentration of earthquake-gener-
ating faults. The study of the entire earthquake-generating layer gave the result that the maximum STD inten-
sity Iy = ~9 % 108 yr~! was obtained for the junction zone between Southern Tien-Shan and Northern
Pamirs. As to the north part of the area of study, high values of STD intensity were obtained for the western
Terskey Alatau: I5 = ~2 X 10~2 yr—!. At all the depths studied here, the maximum rate of earthquakes occurs
in the Gissar-Kokshaal earthquake-generating zone. In the northern part, high seismicity is characteristic for
the mountain ranges that encircle the Issyk Kul Basin (Terskey Alatau, Kungei Alatau, and Zailiisky Range).
The area of study typically exhibits a high level of the concentration of earthquake-generating ruptures, with
most of these lying at depths of 0—5 km. Our study of STD directivity is based on data for focal mechanisms
of 11376 earthquakes occurring in 1949—2020. We plotted diagrams showing the distribution of azimuthal
directions for the principal stress axes. The azimuth of the compression axis for most events falls within the
sector 300°—360°. The resulting STD maps were inspected to determine the directions of shortening and
lengthening axes, and to note that the deformation settings show a great diversity in the area of study. The
STD tensors obtained for the depths 5—25 km (the earthquake-generating layer) were used to find the distri-
butions of the Lode—Nadai coefficient L., of the sum of the horizontal components (XX + YY), and of the
vertical component (ZZ). We determined areas that show simple compression and maximum shortening. The
models of crustal deformation derived by the STD method and from GPS data were compared to find a fairly
good consistency.

Key words: earthquake, focal mechanism, tensor of seismotectonic strain rate, principal stress axes, axes of
shortening and lengthening, Lode—Nadai parameter, vertical component of STD rate tensor
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INTRODUCTION

The area of study is a complex-structured, long-
evolving fold-and-block mountain edifice. It contains
parts of two different major geotectonic areas, viz., an
epi-Paleozoic platform and an Alpine geosyncline.
The Tien Shan mountain country was created during
the endogenous activation of the epi-Paleozoic plat-
form starting at the end of the Oligocene, at the same
time with the terminal phase of the closing of the
Alpine geosyncline. The main present-day features of
Tien Shan were formed during Quaternary time. The
activation process was occurring nonuniformly over
time and in space. As an example, a quiescence in
movements is noted in the Late Pliocene and in the

Early Pleistocene, to give way to a new impulse of tec-
tonic activity. The impulse has been continuing until
now. This is indicated by the presence of intensive
recent movements whose amplitudes reach consider-
able values, as well as by high seismic activity.

Tien Shan extends for about three thousand kilo-
meters from 65° to 95° E, its broadest part is on the
order of 400 km wide. Tien Shan is subdivided into the
Western, the Central, the Eastern, and the Dzhungar
geologic—geographic provinces. The Western Tien
Shan lies west of the Talas—Fergana fault. The Central
Tien Shan is between the Talas—Fergana fault in the
west and the 80° longitude in the east. The Eastern
Tien Shan extends from the 80° longitude in the west
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Fig. 1. Mountain ranges, valleys, and rivers in Western and Central Tien Shan. Intermontane and piedmont basins: AL Alai, AK
Aksai, AT Atbash, J Jumgal, KE Ketmen—Tyube, KO Kochkor,NA Naryn, SU Suusamyr, CHU Chu (after Burtman (2012)).
The yellow dashed line marks the Kirghizian border. Red lines represent regional faults after Chediya (1986). The insets shows
the depths to the Moho (after Vinnik et al. (2004)). White lines shows smoothed topographic contours.

to the Jungar (Borohoro) fault in the east. Northeast of
the Jungar fault lies the Jungar Tien Shan. The West-
ern and Central Tien Shan mostly lie within the area of
Kirgizia. Tien Shan is bounded by the Turanian plate
to the north, to the south it is bounded by the Tarim
Basin in the east and by the Tajik Depression in the
west, which are connected by the Alai valley and the
Surhob R. valley.

The region contains many faults that have been
active during Late Quaternary time. The Cenozoic
folds and faults in Tien Shan are described in numer-
ous publications (Makarov, 1977; Sadybakasov, 1990;
Sovremennaya geodinamika ..., 2005; Trifonov et al.,
2002; Trofimov et al., 1976; Chediya, 1986; Shults,
1948, among others).

The present-day bottom of intermontane basins in
Tien Shan (except for the Turfan Basin) lies above sea
level and above the adjacent parts of the Kazakhstan
Platform. The top of the Paleozoic basement is above
sea level in small intermontane basins, while being
below sea level in the axial parts of large basins (the
Fergana, Alai, Afghan—Tajik, Aksai, Atbash, Naryn,
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Issyk-Kul, Jumgal, Talas, Chu, and Turfan basins).
The basement in the Issyk-Kul and the Naryn basins
lies at a depth greater than 3 km, the figure being about
2 km in the Chu Basin and up to 9 km in the Fergana
Basin (Fig. 1) (Burtman, 2012).

According to Vinnik (2004), there are two distinct
strips of thicker (more than 55 km) crust within Tien
Shan separated by an area of shallow Moho (see Fig. 1,
inset). The northern strip coincides with the uplifts of
the Kirgizsky, Zailiisky Alatau, and Kungei Alatau
mountain ranges (see Fig. 1), while the southern strip
is that of the uplifts of the Gissar—Alai mountain range
system. Apart from these strips which strike in the Tien
Shan direction, there are several transverse structural
elements. As an example, the Lake Issyk Kul area con-
tains a nearly north—south striking area of thicker
crust extending southwards (see Fig. 1, inset).

The Tien Shan epi-platform orogeny is nearly all of
it in a zone of VIII-IX intensity seismicity. On the
west and north it is bounded by a strip where the seis-
mic effect does not exceed intensity VII. Most epicen-
ters of large (M = 5) earthquakes extend as two earth-
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Table 1. Parameters of several large earthquakes in Tien Shan (after Mamyrov et al. (2002))

No. Date ©°, N A°, E H, km M Designation
1 1475 42.6 75.2 15 6.4 Balasagun
2 1716 41.2 80.3 30 7.5 Aksui
3 1770 42.8 74.1 15 6.0 Belovodsk
4 1807 43.1 76.9 20 6.7 Alma-Ata
5 22 Mar. 1865 42.7 73.2 15 6.4 Merken
6 2 Aug. 1885 42.7 74.1 15 6.9 Belovodsk
7 8 Jun. 1887 43.1 76.8 20 7.3 Vernyi
8 11 Jul. 1889 43.2 78.7 40 8.3 Chilik
9 22 Aug. 1902 39.8 76.2 40 8.1 Kashgar
10 3 Jan. 1911 429 76.9 25 8.2 Kemin
11 29 Feb. 1916 40.6 78.2 20 5.8 Kokshaal
12 20 Jun. 1938 42.7 75.8 21 6.9 Kemin-Chu
13 20 Apr. 1941 39.2 70.5 15.6 6.4 Garm
14 2 Oct. 1946 41.9 72.0 30 7.5 Chatkal
15 28 Jan. 1948 41.4 75.3 6 4.9 Kulanak
16 10 Jul. 1949 39.2 70.8 16 7.4 Khait
17 5 Jun. 1970 42.5 78.9 15 6.8 Sarykamysh
18 24 Mar. 1978 42.9 78.7 30 6.8 Zhalanash-Tyupe
19 26 Oct. 1984 39.3 71.3 15 6.4 Jirgatal
20 23 Aug. 1985 39.4 75.4 20 7.0 Kashgar
21 12 Nov. 1990 429 78.0 20 6.4 Baisorun
22 19 Aug. 1992 42.1 73.6 25 7.3 Suusamyr

quake-generating zones, the North Tien Shan zone
and the Gissar—Kokshaal (South Tien Shan) zone,
which tend, respectively, to the northern and southern
parts where the orogen has a contrasting boundary,
and which bound it by the Turanian plate and the
Kazakh Shield to the north and by the Tarim Platform
to the south. The Gissar—Kokshaal zone shows high
seismicity in the junction between the Pamirs and Tien
Shan (Fig. 2a).

These two zones, which are seismic sutures of the
first category, serve as boundaries between major
blocks, Turan—Tien-Shan—Tarim. These seismic
sutures can generate earthquake magnitudes that are
the greatest possible for the crust, M > 8 (Yudakhin
and Chediya, 1991). In Fig. 2A we use stars to mark
the locations of large earthquakes with M > 5 in Tien
Shan, see Table 1 which contains a catalog of large his-
torical earthquakes. The highest density of earth-
quakes occurs both in the Southern Tien-Shan zone
and in the Northern Tien-Shan zone. One can see in
this figure that the bulk of large earthquakes makes a
strip that includes the northern wall of the Kirgizsky
mountain range and the uplift system of the Zailiisky
Alatau and Kungei Alatau. Very strong earthquakes
have occurred there such as the Belovodsk, Vernyi,
Chikik, Kemin, and Kemin-Chu events (see Table 1).
The grandest paleo seismic ruptures and M > 8 earth-
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quakes are known to have occurred in the Kungei area,
while west and east of it the seismic activity is lower,
with the maximum occurring in the internal part of the
area.

The geodynamic processes in the area of study as
inferred from seismic data were previously studied by
Yunga (1990), Trifonov et al. (2002), Kuchai and
Bushenkova (2009), Rebetsky and Alekseev (2014),
among others. The data analysis in these works was
based on the STD method (Riznichenko, 1985;
Yunga, 1990) or on the method of cataclastic analysis
(MCA) as applied to tectonic discontinuities (Reb-
etsky, 2007), or else researchers considered the focal
mechanisms of moderate and large earthquakes
(Kuchai and Bushenkova, 2009). In (Yunga, 1990;
Rebetsky and Alekseev, 2014; Kuchai and Bushen-
kova, 2009), and their area of study is much larger than
that considered in the present paper. Trifonov et al.
(2002) made a detailed study of STD fields in an area
that includes the geological structures of Southern
Tien Shan, the Afghan—Tajik Depression, the Pamirs,
and North Hindu Kush.

We at the Research Station of the Russian Academy
of Sciences (SS RAS) studied the state of stress and
strain in the crust of Northern and Central Tien Shan
using two methods, STD and MCA. The results were
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Fig. 2. A quantitative distribution of earthquakes from the ISC catalog, with stars marking earthquake epicenters: pale pink is for
5< M <6, pink for 6 < M < 7, red for M > 7, yellow for historical earthquakes, with earthquake identification numbers being the
same as in Table 1. Red lines represent regional faults, the grey line marks the Kirghizian border (A); the distribution of some
characteristics from the ISC catalog; (a) over magnitude, (b) cumulative Gutenberg—Richter distribution, (c) over time, (d) over

depth (B).

reported in (Sycheva et al., 2005a, 2008; Sycheva and
Mansurov, 2016, 2017; Rebetsky et al., 2012, 2016).
The accumulation of data on earthquake focal mech-
anisms allows one to expand the area of study and to
refine the results.

Recent movements in the region under study are
extensively investigated using GPS technologies.
These studies are based on data supplied by the Cen-
tral Asian (CA) GPS network (the observation sites
are both inside and around the region under study).
There are well-known works on this area of research
(Abdrakhmatov et al., 2001; Reigber et al., 2001; Midi
etal., 2001; Zubovich et al., 2001, 2004, 2010; Kostyuk
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et al., 2010; Zubovich and Mukhamediev, 2010; Kuz-
ikov and Mukhamediev, 2010; Mansurov, 2017,
among others). These works report results in the
development of strain models for the crust of Tien
Shan based on GPS observations.

The presence of several works in the estimation of
stress and strain based on seismic and GPS observa-
tions indicates a great interest in this area. It would not
appear to be a gross exaggeration to say that compari-
son of crustal seismotectonic deformations with GPS
observations is also of considerable interest.

The goal of the present study is to estimate the state
of stress and strain in the crust of Western and Central
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Tien Shan based on data of seismicity and focal mech-
anisms of earthquakes using the STD method, to pres-
ent the results using modern approaches to mapping,
as well as to compare them with models for the distri-
bution of crustal deformations obtained previously
from GPS observations.

THE METHOD

We used the STD method to estimate the state of
stress and strain in the area of study. The method is
described in many publications (Lukk and Yunga,
1979; Riznichenko, 1985; Yunga, 1990, among others)
and remains in use today (Lukk et al., 2015; Sycheva
and Mansurov, 2017; Lukk and Shevchenko, 2019,
among others). Considering all earthquakes that have
occurred in an earth volume V for a time 7, the result-
ing averaged inelastic deformation due to these events
can be described by a tensor of the rate of rupture

(seismotectonic deformation) <Sy> (Yunga, 1990;
Riznichenko, 1985):

N
1 § (o) (o)
<€j> = . o My, ( )

with the summation being over seismic events indexed

(o)

by o; Nisthe number of events. In (1), M, is the seis-

mic moment of the earthquake indexed (¥, m;a) is the
direction tensor of the mechanism, W is the shear
modulus, Vis the earth volume studied, and 7 is the
time of study. When the period of time is in years, the

tensor (g, ) is also referred to as the annual increment
of seismotectonic deformation. Yunga (1990) and
Lukk and Yunga (1979) proposed approximating (1)

by the following expression:

N N N
(g,) = Lﬁz} Mg‘*)z;m;f = IZZm;, (2)
o= o= o=

where a scalar characteristic is introduced giving the
increment of seismotectonic deformation /y, which is
referred to as STD intensity.

With a view to calculating the directivity of seismo-
tectonic deformation by averaging the initial data, we
divided the geostructural area into elementary subar-
eas with a radius which are centered at grid points of a
selected grid. The STD is calculated by summing the
matrices of individual mechanisms within each ele-
mentary subarea. The grid points are chosen in a grid
at intervals of 0.2° (~20 km) having the radius of an
elementary subarea equal to » = 0.5° (~50 km), which
provides for data smoothing. An area of » = 0.5° can
also be the potential zone where a large earthquake
would occur (its diameter is 100 km). The STD inten-
sity is found by summing scalar seismic moments
within each area along the lines of (Lukk and Yunga,
1979). For constructing a map of averaged focal mech-
anisms, we chose the grid points on a grid at intervals
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of 0.5° (~50 km) and the radius of an elementary area
equal to »=0.5°. The STD is mapped using a classifica-
tion of seismotectonic deformation regimes based on
parameterization of the regimes via a system of angular
parameters to provide for an isometric representation of
tensor objects onto a sphere (Yunga, 1990, 1997).

The concentration of earthquake-generating rup-
tures parameter Cggg has a clear physical meaning,
being the ratio of the mean distance between earth-
quake-generating ruptures that have occurred in a
seismic earth volume V|, for a time A7, to the mean
length of the ruptures (Sobolev and Zavialov, 1980;
Zavialov, 2006):

-13

CEGR = n / /lmeana (3)
where 1 = N/Vj is the volumetric density (concentra-
tion) of ruptures based on past earthquakes;

/

mean

= %Zjl ; is the mean rupture length in an

ensemble of cracks; N is the total number of earth-
quakes in the energy class range [K,;,, K] that have
occurred in an elementary seismic volume V; for a
time AT; /; is the length of an individual earthquake-
generating rupture to be found from the relation

logl; = akK; +c, 4)

where K; is the energy class (or magnitude) of an earth-
quake. Different seismic regions may have different
values of the constants a and c.

The experience in using Cggg in several seismic
regions worldwide shows that the best choice of the
constants is (Riznichenko, 1976): a = 0.244, ¢ =
—2.266. When using magnitude instead of energy
class, one should replace K; with M in (4), but the con-
stants would then have the following values: a = 0.440,

= —1.289.

The STD intensity, the number of earthquakes,
and the concentration of earthquake-generating rup-
tures were found for each 0.2 % 0.2° grid element in the
area of study. The step was 0.1°.

THE DATA SET

The earthquake catalog. We determined the spatial
location of seismicity (vertical cross sections), ana-
lyzed seismic activity (the number of earthquakes per
unit area), and estimated STD intensity using the ISC
catalog (International ..., 2019), which contains over
84000 earthquakes that have occurred in 1902—2019
in the area of study (see Fig. 2A). Some characteris-
tics of this catalog are shown in Fig. 2B and listed in
Table 2. Magnitudes are assigned to 69781 earth-
quakes, with ~86% of all events having their energy
characteristics based on body waves (M,,), while depths
are known for 71284 events.

The bulk of the ICS catalog consists of 2 < M <6
events (see Fig. 2B(a)), which mostly occurred after
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Initial date End date N 0°, N 0,°, N AL E Ay, E
1 2 3 4 5 6 7
22 Aug 1902 30 Dec 2019 84857 39°00" 44°00’ 70°00" 79°00'
Magnitude Depth
Quantitative M M M M. None
characteristic b L PV S
8 9 10 11 12 13
N 60052 3254 6428 69 69 68198
% 86 4.8 9 0.1 0.1 80
Table 3. Characteristics of catalogs of focal mechanisms
Source of catalog Period N 0°, N A°, E M
RS RAS (PFM) 24 Sep. 1994 to 29 Dec. 2018 1577 42.00—43.00 73.75—76.00 1.06 — 5.4
RS RAS (WIM) 14 Jan. 1996 to 30 May 2020 320 40.50—43.66 72.00—77.99 2.81-5.70
KIS1 2 Nov. 1946 to 24 Dec. 1994 5467 38.26—43.98 68.30—81.00 0.50—7.20
KIS2 4 Jan. 1994 to 28 Dec. 2005 684 39.00—43.43 69.15—80.67 3.11-6.11
SOME MON RK |2 Jan. 1996 to 31 Dec. 2002 3445 40.42—48.57 67.08—84.62 0.11-5.67
CMT catalog 28 Jul. 1976 to 27 Oct. 2019 185 39.00—43.72 70.02—78.98 4.70—7.20

SS RAS stands for Research Station of the Russian Academy of Sciences, PFM stands for based on P first motions, VIM stands for wave
inversion method, KIS denotes the Institute of Seismology, National Academy of Sciences, Kyrgyz Republic, SOME MON RK,
Almaty means Seismological Technique Testing Expedition of the Ministry of Education and Science, Republic of Kazakhstan, CMT

stands for Centroid moment tensor (Search form ..., 2020).

2002 (see Fig. 2B(b)) at depths of 0—25 km (see Fig. 2B(e)).
According to the Gutenberg—Richter plot (see Fig. 2B(c)),
the part of the catalog reported completely includes
3<M<7.5 events.

The catalog of focal mechanisms. We based our
STD calculations on several data sources relating to

earthquake focal mechanisms. Along with the catalogs
of focal mechanisms obtained at the SS RAS, we also
analyzed catalogs compiled by other organizations.
Some of these data were in part used and described in
(Sycheva et al., 2005, 2005a, 2008; Kalmetieva et al.,
2010; Sycheva and Mansurov, 2017; Sycheva, 2020).
Some characteristics of the data sources are presented
in Table 3.

Most events in the combined catalog of focal
mechanisms (FM, 11376 earthquakes) are low magni-
tude earthquakes (1.5 < M < 3.5, Fig. 3A(a)). The
earthquakes are not uniform over time, with the more
completely reported periods being those from 1978 to
1991 and from 1996 to 2001 (see Fig. 3A(b)). The
bulk of the events occurred at depths of 0—25 km (see
Fig. 3A(c)).

The epicenter location and mechanism type from
the FM catalog are shown in Fig. 3B. The color indi-
cates the data source (see the caption to Fig. 3). The
radius of a source model represents the earthquake
magnitude.

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

There is a variety of earthquake mechanisms in the
area of study (see Fig. 3B). Krestnikov et al. (1987) in
their study of Northern and Central Tien Shan based
on geological and seismic data noted a great diversity
of earthquake mechanisms in the region as a whole,
but three mechanism varieties are dominant. The first
of these has its compression axis horizontal and look-
ing northeast, while the tension axis is nearly vertical;
this type of source is characterized by reverse faulting
combined with equally likely rupture planes striking
nearly east—west and nearly north—south. The field in
the second type has the tension axis horizontal and
looking northeast, while the compression axis dips
steeply southeast, which provides evidence of a nor-
mal-oblique character of movement with equally
likely rupture planes that are oriented as in the first
case. The third type of mechanism has both of the axes
nearly horizontal, but the compression axis strikes
northwest, while the tension axis looks northeast,
indicating strike slip movements. The planes of
equally likely ruptures are oriented as at the sources of
the first two. Now the most general mechanism of
earthquake source indicating the most general features
in the present-day regional stress field has its compres-
sion axis oriented northwest, while the tension axis is
nearly vertical during reverse movements at the
source. The planes of equally likely ruptures are again
oriented nearly north—south and nearly east—west.
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Fig. 3. The distribution of some characteristics in the catalog of focal mechanisms (FM) over magnitude (a), over time (b), and
over depth (¢) (A); Epicenters and focal mechanisms of earthquakes. The color of a mechanism symbol indicates the data source:
light blue (2422 events) denotes the Institute of Seismology, NAN KR and other sources, 1949—1994; orange (380) indicates the
Institute of Seismology, NAN KR, 1994—2005; dark blue (185) indicates the CMT catalog for 1976—2019; green indicates RS
RAS (based on P first motion data), 1994—2018; red indicates RS RAS (the method of wave inversion), 1996—2020; yellow indi-
cates SOME MON RK, Almaty, 1996—2002. Red lines represent regional faults (B).

THE RESULTS
A qualitative Distribution of Seismicity

Our analysis of the seismicity distribution and STD
intensity as functions of depth was based only on those
earthquakes from the ISC catalog which had depth of
focus and magnitude assigned (56766 events).

The distribution of seismicity over depth based on
the ISC and FM catalogs is shown in integral projec-
tions onto the vertical plane. Two cross sections are in
the east—west direction and three for north—south.
For the east—west direction each area includes 2.5° of
latitude and 9° of longitude. For the north—south
direction, each area includes 3° of longitude and 5° of
latitude. In the integral projections, the earthquake
locations from the ISC catalog are marked black and
those from the FM catalog are red.

These constructions revealed the fact that earth-
quakes occur at depths of 0—50 km in the area of study.
The lower boundary in the north of the area of study
(Fig. 4A(a)) is at a depth of ~35 km (according to
Yudakhin (1983), earthquakes occur down to 30 km
depth); in the southern part (see Fig. 4A(b)), the lower
boundary of seismicity is deeper, 40 km, with some
earthquakes even occurring as deep as 50 km or more.
Three layers of seismic activity are identified in all the

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

cross sections considered: the first layer includes
events with depths between 0 and 5 km (the shallow
layer), the second from 5 to 25 km (the active earth-
quake-generating layer), and the third layer is deeper
than 25 km. The bulk of the events are concentrated in
the Northern Tien Shan earthquake-generating zone
(28958 events, see Fig. 4A(a)) and in the Southern
Tien Shan zone (27808 events, see Fig. 4A(b)) as
noted in the Introduction. The integral projections
also showed that the seismicity is concentrated in well-
defined vertical structures (see Fig. 4B), which may
correspond to the depths of the responsible faults. If
we subdivide the area of study into the western, the
eastern, and the central part, we can see that the
greater part of earthquakes occurred in the central part
which includes the Kirgizsky mountain range, an area
along the Talas—Fergana fault, and the junction zone
between the Southern Tien Shan and the Northern
Pamirs (see Fig. 4B(b)).

The Areal Distribution of STD Intensity
and Seismicity Rate

In consideration of the abovementioned distribu-
tion of seismicity over depth (see Fig. 4), we calculated
STD intensity /s and seismic activity (the numbers of
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Table 4. Grid-element coordinates, minimum and maximum STD intensity /s, and geographic designation for different

depths of investigation

Coordinates
H, km Location Is, X107~ year™!
A, °E 0,°N
0-50 73.63 43.38 Chu Basin min 0.0003
73.88 39.13 Central part of junction zone between Tien Shan and Pamirs max 94.2
0-5 73.38 42.38 Western Kirgizsky mountain range min 0.0005
73.88 39.13 Central part of junction zone between Tien Shan and Pamirs max 200.3
5-25 70.63 40.88 Northwest side of Fergana Basin min 0.0004
73.88 39.13 Central part of junction zone between Tien Shan and Pamirs max 225.1
25-50 70.63 40.88 Northwest side of Fergana Basin min 0.0004
73.63 39.38 Central part of junction zone between Tien Shan and Pamirs max 25.2

H is depth, A longitude; ¢ is latitude; /s is STD intensity.

earthquakes in grid elements) both for the entire seis-
mic layer 0—50 km and for the three depth ranges 0—35,
5—25, and greater than 25 km. Our calculation of these
parameters was based on those earthquakes in the ISC
catalog which have occurred between 1997 and 2019
(this is the period that is reported with the highest
completeness, the rate is over 300 earthquakes per
annum, see Fig. 2B(c)). No earthquakes larger than
magnitude 6 have occurred in the Northern Tien Shan
earthquake-generating zone during the period of
interest. The last significant earthquake, the
Suusamyr event of August 19, 1992, M = 7.3, took
place before that period.

The minimum and maximum values of STD inten-
sity, as well as the relevant areas for each of the depth
layers, are listed in Table 4.

The areal distribution of the above characteristics
at different depths is shown in Fig. 5: on the left is the
logarithm of STD intensity, on the right is the loga-
rithm of the number of earthquakes. All the depth lay-
ers show maximum STD intensity for the junction
zone between the Southern Tien Shan and the North-
ern Pamirs (~9 x 10=® yr~!). The lowest STD rate
occurs in the Chu valley, in the western Kirgizsky
mountain range, and in the northwestern sides of the
Fergana Basin (~3 x 10~ yr~!). The maximum seis-
micity rate is also observed in the zone where the
Southern Tien Shan is adjacent to the Northern
Pamirs and Tarim.

The STD intensity is an order higher at depths of
0—5 km than that for the entire earthquake-generating
layer, being 2 x 10~8 yr~!'. The maximum seismicity at
that depth occurred in the area of the Ak-Shyirak
mountain range situated south of the eastern Terskei
Alatau mountain range.

In addition to the junction zone between the
Southern Tien Shan and the Northern Pamirs men-
tioned above, one notices at depths of 5—25 km several
areas with high values of STD intensity. The Northern
Tien Shan earthquake-generating zone has two areas

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

in Terskei Alatau where the level of STD intensity
reaches ~2 x 10~ yr~!and ~6 x 1072 yr~!. At the Alai
mountain range, the level of STD intensity varies
between 4 X 10~ yr~! and 5.6 x 10~ yr~!, while being
4 x 1072 yr~! at latitude 41° N in the Talas—Fergana
fault zone. At that depth considerable numbers of
earthquakes occur in the junction zone between the
Southern Tien Shan and the Northern Pamirs, as well
as in the sides of the Issyk Kul Basin (Kungei, Terskei
Alatau, Zailiisky mountain range) and at the Alai
mountain range.

Intensive deformation still occurs at depths over
25 km in the junction zone between the Southern Tien
Shan and the Northern Pamirs (2.5 X 10~ yr™1), with
the maximum seismicity being observed there as well.

The Concentration
of Earthquake-Generating Ruptures Parameter

Sobolev and Zavialov (1980) and Zavialov (2006)
used the parameter in earthquake prediction. The
present study uses the parameter, because it can reflect
the two preceding characteristics together, since the
calculation of the parameter is based both on the num-
ber of earthquakes occurring in an earth volume and
on earthquake class (or magnitude). Figure 6 shows
the distribution of the concentration of earthquake-
generating ruptures for all the depths concerned. Blue
marks low values of the parameter (see Fig. 6), indi-
cating a high concentration of cracks.

High levels of crack concentration at depths of 0—
5 km is typical of the entire zone where the Southern
Tien Shan is adjacent to the Northern Pamirs and
Tarim, of the sides of the Issyk Kul Basin (Terskei and
Kungei Alatau, Zailiisky mountain range), of the east-
ern Kirgizsky mountain range, of the south sides of the
Fergana Basin (the Alai mountain range), and of the
area along the Talas—Fergana fault. High levels of
crack concentration occur in the same areas at depths
of 5—25 km as at depths of 0—5 km, but the areas are
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much smaller. The parameter is practically not deter-
mined in the Northern Tien Shan zone at depths over
25 km, because no earthquakes occur at these depths,
except for the easternmost part of the Issyk Kul Basin.
High levels of the parameter only remain along the
zone where the Southern Tien Shan is adjacent to the
Northern Pamirs and to Tarim.

Characteristics of the Principal Stress Axes

The catalog of focal mechanisms contains, along
with hypocenter parameters, also characteristics of the

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

principal stress axes: azimuth and plunge; these were
used for statistical analysis to reveal some patterns in
focal mechanism solutions. Statistical characteristics
of the principal stress axes (azimuth and plunge) allow
one to determine some patterns in deformation pro-
cesses. Figure 7A shows diagrams of the azimuth dis-
tribution for compression and tension axes, as well as
plots with the number of earthquakes versus the
plunhe values for these axes.

The compression axes for most earthquakes in the
area of study vary in direction from north—northwest
to north—northeast, and the tension axes vary their
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directions between northeast and east. A few of the
tension axes also show different directions. The results
obtained in this study are in good agreement with pre-
vious publications (Yunga, 1990; Kurskeev, 2004;
Sycheva et al., 2005, 2008). More than a half (60%) of
all compression axes have plunge values reaching 30°
(near horizontal directions), while the tension axes
have two equally important maxima, 0° and 50°—60°.

The entire area of study was subdivided into six
areas (segments), with each including 3° longitude
and 2.5° latitude. For each area we constructed dia-
grams showing the azimuth distribution for compres-
sion and tension axes (see Fig. 7B). One can clearly see
a change in direction for the compression axes going
from east to west, namely, from north to northwest.

The Average Mechanism and STD Regimes

As mentioned above, the calculation for maps of
averaged source mechanisms was based on grid points
at a step of 0.5°, while the averaged mechanisms in
STD calculations were based on grid points at a step of
0.2° between the points, hence the configurations of
the points for which we obtained the solutions differ
between the two cases. The averaged mechanisms
were found for points at which the coefficient K
(kappa, i.e., the intensity of the resulting matrix)
exceeds that value from Table 4 (Yunga, 1990, pp. 88—
89), where the mode and critical values of the param-
eter K are presented corresponding to different cumu-
lative probabilities and sample sizes. In this calcula-
tion, the contribution of an earthquake was given by a
weight to be found from the relation w = 0.07(M + 6),

where M is the earthquake magnitudel.

The maps of averaged mechanisms and STD maps
were made for two depth ranges, 0—5 km and 5—25 km
(Figs. 8, 9). There were few earthquakes at depths over
25 km in the catalog of focal mechanisms, thus placing
a restriction on the study of deeper layers.

Averaged mechanisms of earthquake sources
enable us to visualize both the statistics of focal mech-
anisms as a summary picture of projected Pand T axes
and the variation in deformation regime from point to
point in the area of study. According to Fig. 8a, the
data are the most complete for the Issyk Kul Basin and
its circumference, for the eastern Kirgizsky mountain
range, and for the junction zone between the Southern
Tien Shan and the Northern Pamirs, as well as for the
area along the Talas—Fergana fault (seismic zones).
The shortening axes of average mechanisms have a
northeastern direction west of the Talas—Fergana fault
and a nearly north—south direction east of it. The
reporting of seismicity for the northern part of the

! Yunga, S.L., 4 Study of Crustal Movements and Deformations in
Central Tien Shan, the Kazakh Platform, and Altai; Developing a
Program for Processing of Seismological Data, the Processing Car-
ried out, A research report, Obninsk, 2002. 41 p.
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Tarim is the lowest, with the data indicating a north-
eastern direction for the shortening axes.

Figure 9a shows averaged mechanisms for the
depth range 5—25 km. One must add the Fergana
Basin to the list of areas with complete reporting as
indicated for depths of 0—5 km. The directions of
shortening axes at these depths are more to the north—
northwest when west of the Talas—Fergana fault and
toward north and northeast when east of the fault.

The STD map for the shallow layer (0—5 km) is
shown in Fig. 8b. The orientation of the STD tensor at
each grid element is marked by a symbol that indicates
the direction of horizontal strain components and
their fraction (part) in the total tensor. An absence of
earthquakes in some areas of the shallow layer has lim-
ited the number of grid points for which solutions have
been derived. As an example, there are practically no
solutions for the junction zone between the Southern
Tien Shan and Tarim. In the depth range under con-
sideration we observe a diversity of STD regimes; this
can be explained by fragmentation and blocky struc-
ture of the shallow crustal layer. In addition to the
regimes (modes) shown in the right part of the classi-
fication scheme for STD regimes (see inset in Fig. 8b,
the transitional regime from vertical shear to compres-
sion, horizontal compression, transpression, oblique
shear, and horizontal shear), some areas in the region
of study show modes from the left part (horizontal ten-
sion, the transitional regime from vertical shear to ten-
sion, and the transitional regime from tension to hor-
izontal shear).

The following regimes are observed for the earth-
quake-generating layer (5—25 km) (see Fig. 9b): the
transitional regime from vertical shear to compression
(the west side of the Fergana valley, the junction zone
between the Southern Tien Shan and the Northern
Pamirs, the piedmont of the western Kirgizsky moun-
tain range); horizontal compression (the east side of
the Fergana Basin, the Chatkal Mountains, the Talas,
Zailiisky, and Kungei Alatau mountain ranges); trans-
pression (the southern Talas—Fergana fault, the east-
ern Kirgizsky mountain range, the Kochkor Basin, the
Syndyk, Kyzart, and Terskei Alatau mountains, the
eastern part of the junction zone between the South-
ern Tien Shan and the Tarim); horizontal shear regime
(the southern Talas—Fergana fault, the Suusamyr
Basin, and the central Kirgizsky mountain range, the
Chu—Ili mountains).

An analysis of STD modes and the directions of
shortening axes in different areas over the region of
study for the earthquake-generating layer (5—25 km) is
displayed in Table 5. The dark blue in the first column
denotes the total deformation of horizontal shorten-
ing, light blue indicates the presence of horizontal
shear regimes. The text color in the second column
corresponds to that of STD regime according to the
classification of STD regimes. The third column has
the directions of shortening axes marked.
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An Analysis of STD Parameters

We examined the various STD parameters for the
5—25-km layer, which generated 7327 earthquakes
present in the catalog of focal mechanisms, thus total-
ing 64% of all events.

The Lode—Nadai coefficient. The distribution of
the Lode—Nadai coefficient is shown in Fig. 10A(a).
The red color in this figure marks the regime of simple
compression (0.6 <, < 1), yellow indicates the regime
of pure shear (—0.2 < p, < 0.2), the regime of simple
tension is marked by blue (—1 <y, £ —0.6), the domi-
nance of simple compression (compression combined
with shear) (0.2 < U, < 0.6) by red-yellow tints, and the
dominance of simple tension (tension combined with
shear) by green tints (—0.6 < 1, < —0.2). According to
the Legend (see Fig. 10A(a), at bottom), the regime of
simple compression (0.6 < 1, < 1) characterizes several
areas. One of these includes the eastern Kirgizsky
mountain range, the Kochkor Basin and its immediate
circumference. The next includes the eastern Terskei
Alatau. The junction zone between the Southern Tien
Shan and the Northern Pamirs in its central and east-
ern parts is also characterized by the regime of simple
compression. This list terminates in individual areas

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

that are disposed in a fragmentary manner along the
Talas—Fergana fault. The regime of simple shear
occurs in the territory of the Chu, Issyk Kul, and
Suusamyr basins, as well as in the Alai valley. The north
side of the Fergana Basin is characterized by simple ten-
sion combined with shear (—0.6 <, < —0.2).

The vertical component, which is not displayed
visually in STD maps, has positive values everywhere
over the area of study, except for the northern Chu
Basin (see Fig. 10A(b)), which provides evidence of
crustal uplifting nearly everywhere in the area of study.

Comparing the Crustal Deformation Results
Based on Seismic and GPS Data

The distribution of the sum of horizontal compo-
nents in the strain rate tensor (XX + YY, the maximum
shortening rate) was derived from seismological data
in the limits indicated in (Zubovich and Mukhame-
diev, 2010), with the distribution of maximum short-
ening rate being based on GPS observations for the
most effective comparison between the results derived
by the two methods (see Fig. 10B). One notes that the
parameter of interest is inhomogeneous over the area
of Tien Shan. Maximum shortening in the horizontal
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Table 5. The STD regimes in the crust (5—25 km) for various areas in the region of study, and the directions of shortening axes

Area

STD regime (see inset in Fig. 8b)

Direction of shortening axes

Compression, transpression

North, north-northwestern
(eastern part)

Intermediate regime between vertical shear
and horizontal compression,
horizontal compression, transpression

Northwest
(north and west sides of basin),
north (central part of basin),
north—northwestern

(east side of basin)

Kirgizsky mountain range
(Northern Tien Shan)

Transtional regime between vertical shear
and horizontal compression, horizontal
compression (western part),

horizontal shear (central part),
transpression (eastern part)

North (western part),
north-northwestern
(central part),
northern (eastern part)

Talas-Fergana fault

Horizontal shear and transpression

(southern part) horizontal compression
(central part), transpression and oblique shear
(northern part)

North—northwestern

Transitional regime between vertical shear
and horizontal compression,
horizontal compression

North—northwestern
(western part) and
northern and north—
northeastern (eastern part)

Junction of Southern
Tien Shan and Pamirs

Horizontal compression , (ecasternmost part),
transpression (eastern and western parts),
horizontal shear (central part)

North (easternmost part),
north—northwestern
(eastern and central parts),

northwestern
(western part)

plane is characteristic for the sides of the Issyk Kul
Basin (Kungei and Terskei Alatau, as well as the Zaili-
isky mountain range), for the northeast sides of the
Fergana Basin (the Baubashata, East Alai, and Fer-
gana mountain ranges), for the western Chu Basin, as
well as for the junction zone between the Southern
Tien Shan and Tarim.

Figure 10B(b) presents the map of maximum
shortening rate from (Zubovich and Mukhamediev,
2010), who note that the Kazakh Shield north of Tien
Shan is nearly free of shortening, while Tien Shan
itself shows a rather inhomogeneous E2 field, with sta-
ble areas being adjacent to zones of higher shortening
rates. Considerable shortening deformation E2 is

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

observed near Lake Issyk Kul where eastern and
southwestern zones are clearly seen upon the back-
ground of a moderate nearly north—south shortening.
Another example of a zone characterized by high
shortening rates is the Naryn Basin. One also notes
two areas of moderate negative values of E2 in north-
ern Tien Shan. The one lies near Bishkek and is obvi-
ously related to the movement on the Issyk—Ata fault.

Comparison of the distribution of maximum short-
ening based on seismic (see Fig. 10B(a)) and GPS
observations (see Fig. 10B(b)) showed fairly good con-
sistency between the results. One also notes that arcas
that were identified to have maximum shortening
based on both seismic and GPS data are characterized

No.6 2021
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by maximum positive values of the vertical component
(see Fig. 10A(b)).

The directions of shortening and lengthening axes
as obtained from seismic and GPS observations were
compared in (Kostyuk et al., 2010; Sycheva and Mans-
urov, 2016; Sycheva and Mansurov, 2017; Sycheva and
Mansurov, 2020). These studies were concerned with
Northern Tien Shan, Central Tien Shan, and with the
Pamirs and adjacent areas. It was shown that the
directions of shortening axes as determined by the two
methods, not only are well consistent among them-
selves, but can also complement each other.

Figure 11 presents the distribution of the crustal
strain rate tensor based on GPS data from (Mansurov,
2017) along with the distribution of the generalized
plane part of the STD direction tensor for the depth
range 5—25 km as derived in the present study. In con-
trast to STD where the intensity of seismotectonic
deformation is found by summing seismic moments,

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 15

resulting in a distribution of that field, the deformation
intensity based on the GPS method is expressed in the
lengths of shortening and lengthening axes. Even
though the seismic data are used for the depth range
5—25 km, the overall visual inspection reveals a good
consistency between the directions and the type of
horizontal deformation as derived by the two methods.
This consistency may provide evidence that GPS data
reflect deformation, not only of the shallow layer, but
also of the deformed crust as a whole.

We compared numerically the directions of short-
ening axes based on GPS and STD data by considering
segments where the two fields are present (rectangles,
see Fig. 11). For these segments we found the mean
azimuths of shortening axes based on GPS and STD
data, as well as determining, at each grid point, the dif-
ference between the azimuths of shortening axes, and
calculating the mean difference for the segment. The
results of this calculation are presented in Table 6,
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Fig. 11. The results of STD calculation for depths of 5—25 km (this differs from Fig. 9b in color only; light blue denotes shortening
axes and raspberry color denotes lengthening axes) superimposed on the map of present-day crustal strain rate tensor based on
GPS observations (Mansurov, 2017). Red arrows show the direction and intensity of shortening, blue arrows show the direction
and intensity of lengthening based on GPS observations according to the scale in the top right corner. Rectangles mark the seg-

ments from Table 6.

while Fig. 11 displays averaged directions of shorten-
ing axes for the segment (those marked red are based
on GPS data, with blue marking STD observations).
The lowest difference between the mean values is 0°
(the segment in the right part of the map, see Fig. 11),
the highest is 11° (the top segment, see Fig. 11). The
difference between the directions of shortening axes
may range between 0.1° and 25° at some grid points,

with the averaged value of the deviation varying
between 6.5° and 11.1°. These results can be related to
the peculiar properties of each method, as well as to
the quality of the data used. As an example, the maxi-
mum difference in the directions of shortening axes is
characteristic for the northern piedmont of the Kir-
gizsky mountain range (the top segment, see Fig. 11).
The discrepancy can be explained by the fact that the

Table 6. Segment coordinates, number of grid points, mean value of directions of shortening axes based on GPS and STD data for
a segment and the difference between these, minimum, maximum, and mean difference of point-by-point comparison

Mean d1rect10n ofcomprfssmn Value of [GPS-STD], ° at grid point
No. | 9.°N|@,°N|[ME | ML°E | N axis based on data,

GPS STD |GPS-STD| Min. Max. Mean
1 424 | 432 | 734 | 76.0 | 23 358 347 11 1.13 20.43 11.1
2 41.4 43.0 | 76.0 | 79.0 | 43 354 354 0 0.09 16.73 6.5
3 40.6 | 422 | 73.0 | 76.0 | 37 345 343 2 0.37 25.34 6.96
4 39.0 | 40.0 | 75.0 | 76.0 | 11 358 354 2 0.24 20.72 6.83
5 39.0 | 40.0 | 70.0 | 74.0 | 80 330 334 4 0.02 22.84 6.78
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STD calculation for the area mainly relied on the cat-
alog of focal mechanisms based on the KNET network
data with 10 seismic stations, with most mechanisms
being based on 7—8 P-wave first motions. As well, the
catalog mostly contains low magnitude events, which
reflect local deformation regimes, while large events
that are mostly used to find regional directions of
compression axes have not occurred in the area for the
period of interest.

Overall, even though there are appreciable differ-
ences in the data for some grid points, the averaged
directions of shortening axes based on GPS and STD
data are in good agreement (see Fig. 11).

There are grid points in Fig. 11 where the data came
from a single one of the two methods. As an example,
it was only GPS data which were used to find the
directions of shortening and lengthening axes at sev-
eral grid points in the northwestern Tarim, while on
the other hand, it was only by the STD method that
the deformation regime was determined for the eastern
part of the junction zone between the Southern Tien
Shan and Tarim, as well as at the circumference of the
Fergana Basin. The results of the numerical compari-
son presented in Table 6 and in Fig. 11 lead us to con-
clude that the lack of data on deformation regime for
one of the methods can to a certain degree of confi-
dence be supplemented with data of the other method.

CONCLUSIONS

We used seismic data (the ISC catalog with over
84000 events for 1902—2019) and data on focal mech-
anisms of earthquakes (11376 events for 1946 to 2020)
to examine the state of crustal stress and strain for
Western and Central Tien Shan. Integral projections
onto the vertical plane were used to find that earth-
quakes in the area of study occurred at depths of 0—
50 km. The 5—25-km layer shows the highest seismic
activity. Some of the earthquakes also occurred in the
shallow layer (0—5 km) and at depths greater than
25km (mostly in the south of the study area). Seismic
activity (number of earthquakes), STD intensity, and
the concentration of earthquake-generating ruptures
were calculated for three depth ranges, 0—5, 5-25,
and over 25 km. At all of these depths, the highest STD
intensity and the largest numbers of earthquakes
occurred in the zone where the Southern Tien Shan is
adjacent to the Northern Pamirs and Tarim. Down to
25 km depth in the north of the study area, high values
of STD intensity are observed in the western Terskey
Alatau and in the eastern Kirgizsky mountain range,
high seismic activity occurred in the Northern Tien
Shan earthquake-generating zone. At depths of 0—
5 km, high levels of the concentration of earthquake-
generating ruptures is characteristic for the entire area
of study, except for its northwest. At depths of 5—
25 km, the areas having high levels of crack concentra-
tion are smaller, while at depths greater than 25 km a
high level of that parameter only remains along the
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zone where the Southern Tien Shan is adjacent to the
Northern Pamirs and Tarim.

We estimated parameters of the state of stress and
strain for the area of study using the STD method. The
catalog of focal mechanisms was used to make dia-
grams showing the directions of the principal stress
axes. For most of the earthquakes, the compression
axis changes direction from northwestern when west of
the Talas—Fergana fault to north—south when east of
the fault. Most of the axes are nearly horizontal. Maps
of averaged focal mechanisms and STD maps were
made for depths of 0—5 km and 5—25 km. The shallow
layer shows a great diversity of STD regimes, including
as they do, not only compression combined with vari-
ous levels of strike slip components, but also tension
combined with various fractions of the shear compo-
nent. The earthquake-generating layer (5—25 km)
shows compression regimes combined with various
levels of the shear component, viz., the transitional
regime from vertical shear to compression, horizontal
compression, transpression, and horizontal shear. The
construction of the distribution of the Lode—Nadai
coefficient showed that simple compression involves
an area that includes the eastern Kirgizsky mountain
range, the Kochkor Basin and its immediate sur-
roundings, the eastern Terskei Alatau, as well as the
junction zone between the Southern Tien Shan and
the Northern Pamirs in its central and eastern parts,
and fragmentary areas along the Talas—Fergana fault.
Simple shear is observed in most basins and in the Alai
valley, while the Fergana Basin is characterized by ten-
sion combined with shear.

Maximum shortening affects the northern circum-
ference of the Issyk Kul Basin (Kungei Alatau and Zai-
liisky mountain range); the northwest side of the Fer-
gana Basin (the Baubashata, East Alai, and Fergana
mountain ranges), and the eastern part of the junction
zone between the Southern Tien Shan and Tarim. The
entire area of study, except for the northern Chu
Basin, experiences uplifting (the ZZ component): the
maximum uplifting occurs in the same areas where the
maximum change in area has been identified.

The deformation models for the area of study using
the STD method and GPS data were compared to
show good agreement: the directions of the principal
axes in the horizontal part of the tensor are either iden-
tical or similar, the deformation regimes over most of
the area are identical as well.
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