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The quantitative assessment of seismic hazard of Uzbekistan has been examined, and new maps of
seismic zoning has been developed. Quasihomogeneous seismological areas and seism-generating zones
are considered as seismic sources, based on the analysis of seismotectonic data. The seismological
parametrization of seismic sources has been carried out, including determination of parameters of
earthquake's reoccurrence for different power levels, seismic potential and a predominant type motion in
the source of occurring earthquakes. The reoccurrence parameters of seismic sources were both deter-
mined by directly from GutenbergeRichter dependence law and using summation and distribution
methods. Setting were conducted separately for a sample of strong (M � 5) and weak (М < 5) earth-
quakes. The seismic potential Mmax of seismic active zones was determined by seismological and seis-
motectonic methods. The predominant type of movement in the faulting for each seismic source is
reverse fault. Regional regularities of seismic intensity attenuation with distance of different power levels
are determined. The seismic hazard is expressed in points of a macro seismic scale, in velocities and
accelerations of ground motions, and it is characterized by calculated seismic intensity with the set
probability (Р ¼ 0.9, Р ¼ 0.95, Р ¼ 0.98 and Р ¼ 0.99) not exceed within 50 years in the constructed maps.
In seismic zoning map, the seismic intensity was in average soil conditions. The developed complex of
maps considers a number of uncertainties of the input parameters in relation to both incompleteness of
initial seismological and seismotectonic data, as well the probabilistic nature of seismic process and
seismic intensity. The factors of uncertainty of the input parameters are taken into account by con-
structing a logic tree. The constructed maps of the general seismic zoning are intended for implementing
antiseismic actions in Uzbekistan.
© 2020 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In Uzbekistan and surrounding regions, there have been several
earthquakes with magnitude ML � 7 and intensity of ground
shaking in epicentral areas I0 with 9e10 points by MSK-64 scale in
historical and modern times. Therefore, maintenance of seismic
safety of country is vital.
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The major element in a chain of the antiseismic actions, aimed
to provide seismic safety, is construction of reliable general seismic
zoning maps based on laws of seismic process development,
seismic load and forecasting based on reliable and comprehensive
seismic hazard research.

The study of seismic hazards of Uzbekistan and its surrounding
areas in last two decades has been done within the framework of
national programs on reducing consequences of strong earth-
quakes [1e4] and large international projects [5e9]. These re-
searches have been carried out on the basis of various
methodological approaches, using various seismological data and
a seismotectonic basis. Several software were used to define
quantitative characteristics of seismic hazard. Implementation of
these projects has allowed, on one hand, estimating advantages of
applied approaches, on the other hand, outlining directions of the
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further researches to enrich the methodology of construction of
general seismic zoning maps in the future.

The purpose of this work is to examine the assessment of
seismic hazard and construct new general seismic zoning maps of
Uzbekistan OSR-2017, taking into account the critical analysis of
previous researches in this sphere. In new maps, seismic hazard is
expressed by likelihood points of a macroseismic scale and in
engineering characteristics of seismic load. Quantitative charac-
teristics of seismic hazard are obtained by attraction of several
seismic sources, including uncertainty factors of the input pa-
rameters used in calculations, based on regional laws of
Fig. 1. The seismic sources used for seismic zoning of OSR-2017 i
attenuation of intensity of seismic load in space for earthquakes of
different energy levels.

2. Seismic sources

Quantitative assessments of seismic hazard of active seismic
regions is based on two interdependent models of seismic process:
models of seismic sources and model of seismic effect from the
selected set of sources of earthquakes. In implementation of OSR-
2017 project, the two types of seismic sources (Fig. 1) have been
considered:
n Uzbekistan: a) seismo-generating zones; b)- areas sources.
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- linear sources, representing active fault's buffer zones e seismic
generating zones;

- the space sources - quasi-homogeneous seismological provinces.

The seismic generating zone is an area of active dynamic in-
fluence of a large fault or system of closely located and equally
directed rupture of earth crust, which is at a stage of tectonic
activity of region generated strong earthquakes [10]. In terms of
seismogenic zones, they represent set of overlapped caused by
spread of Pleistos areas happened and expected strong earth-
quakes in the future. Contours of seismogenic zones are defined
by taking into account dimensional position of active faults. It
considered geometrical and morphological features of tectonic
infringements, and their ages. Analysis of the space distribution of
earthquakes that occurred in Uzbekistan for the historical and
instrumental period of time showed that, earthquakes withML < 5
can occur both within the seismogenic zones and beyond. Earth-
quakes with a magnitude ML � 5, as a rule, are closer to the zones
of active faults and occur within the seismogenic zones. It is
picked more than 30 seismogenerating zones on the basis of the
seismological and seismotectonic data [10] in Uzbekistan (Fig. 1a),
then they were ranked by seismic potential MLmax value. For the
areas located outside of seismogenic zones, in calculation of
seismic hazard in the linearly extended seismic sources, the value
was MLmax ¼ 4.5.

Consideration along with seismogenic zones, the area sources of
earthquakes pursues two main objectives: the first is to consider
potential seismic hazard of those areas which are seismotectonicly
scrutinized insufficiently (first of all, it concerns theWestern part of
Uzbekistan) and the second is to differentiate various fields of a
unified seismic active region by seismic activity degree.

Three mega zones have been marked in Eastern part of Uzbe-
kistan: Tashkent (I); Talas-Fergana (II); the Fergana depression and
its mountain frame (III). The South Uzbekistan mega zone (IV) is
considered in Southern part of Uzbekistan. TheWestern (V) and the
Northwest (VI) mega zones are marked in Western part of
Fig. 2. The map of historical and instrumental recorded earthquake sources with K ranging
times.
Uzbekistan. The area of Gazli (VII) was considered separately, due to
the special seismological conditions. The source density of strong
earthquakes within a megazone can be significantly different
(Fig. 2), thereforemega zones have been also divided into subzones,
i.e. different seismic activity fields.
3. Earthquakes catalog and general characteristic of the
seismic data

Information used was the earthquakes catalog of Uzbekistan
and its surrounding areas, compounded in Institute of seismology
of Academy of science of Uzbekistan. The catalog includes historical
and instrumental recorded earthquakes. As the basic characteristic
for earthquakes classification, the power class of earthquakes K is
used in the regional catalog. It is determined by the sum of the
amplitudes of the bulk P- and S-waves, registered by short-period
equipment. The energy class of earthquakes K was introduced
into seismological practice by T.G. Rautian in 1964 [11]. It is asso-
ciated with the seismic energy E released by earthquakes in the
formula K ¼ lgE (J). Transition from energy class K to a local
(Richter) magnitude ML (hereinafter simply M), that determines by
measurements of displacement amplitudes of bulk waves by short-
period equipment, has been carried out on the basis of T.G. Rau-
tian's nomogram for the area of Central Asia [11,12]:

K ¼1:8 ML þ 4:0 (1)

The error in the transition from one value to another in this
relation is about s, ranging from 0.4 to 0.5 [12]. Data about strong
earthquakes occurred in the Central Asia since historical times has
been taken from the catalog of N.V. Kondorskaya and N.V. Shebalin
[13]. For the earthquakes classification by magnitude, the magni-
tude of MLH is used [13] in this catalog. In the regional catalog,
transition from MLH magnitude to the energy class K was on the
basis of A.S. Mukambaev and N.N. Mikhailov's relations [14]:
MLH ¼ �0.82 þ 0.45K; s ¼ 0.36.
from 9 to 17 (M ranging from 2.5 to 7.5) in Uzbekistan (East of 63� E) since historical
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In N.V. Shebalin's dependence, the attenuation of macroseismic
magnitude with distance is based on the results of macroseismic
surveys of strong earthquakes of different seismic active regions of
the globe [15], and it is compared with dependencies obtained in
this research, the magnitude MS is used. Finally, to derive the
ground motion prediction equation (GMPE) in the values of
maximum velocities and accelerations of ground motions, the
magnitude of the moment magnitude MW is used to classify
earthquakes by the magnitude. The relationship between the en-
ergy class K and magnitude MS is based on T.G. Rautian's ratios for
Central Asia [16]: MS ¼ 5.36 þ 0.594 (K-14) and subsequent
recalculation of the MS magnitude into MW by A.S. Mukambaev
and N.N. Mikhailov's dependencies [14]: MW ¼ e
(�0.222þ0.223Ms) þ2.863. The value of the standard deviation in the
transition from one type of magnitude to another varies from
s ¼ 0.27 to s ¼ 0.51 [14].

Thus, the basic characteristic of the regional catalog for clas-
sifying earthquakes by size is the energy class of earthquake K.
Magnitudes ML, MLH and MS have been calculated through the
energy class of earthquake K using above relations and magni-
tude MW for each earthquake was calculated through magnitude
MS. Comparison results of magnitudes MLH, MS, MW when
magnitude ML changes in the range of 4e7.5 are presented in
Table 1.

Distribution of strong earthquake sources by area (Fig. 2) is
rather odd. In the east of theWestern Tien Shan lineament [17] that
is the border between underground structure of Tien Shan and flat
Fig. 3. Time interval for different power level earthquake

Table 1
Conversion results of various magnitudes through magnitude ML.

ML MLH MS MW

4 4.22 3.70 4.69
4.5 4.63 4.23 4.92
5 5.03 4.77 5.18
5.5 5.44 5.30 5.47
6 5.84 5.84 5.81
6.5 6.25 6.37 6.18
7 6.65 6.90 6.60
7.5 7.06 7.44 7.07
area of the Turkistan plate, seismic activity is very high and in the
west of the lineament is low. In the Western part of Uzbekistan,
Gazli and Bukhara areas are characterized by the high density of
strong earthquake sources. Some strong earthquakes are noted
around Central Kyzylkum.

Assessment of representativeness of earthquakes with different
energy levels based on studies [18]. From them, one can see how
number and location of seismic stations in Uzbekistan have
changed over the years. In addition, by taking into account the level
of interference at each seismic station, its registration radius of
various energy level earthquakes was determined in Ref. [18]. This
information was used to construct a set of maps showing contours
of the lower threshold of magnitudes of representative earthquakes
in each section in different time periods.

These maps are constructed by data of the seismometric
network operated in 1930, 1940, 1950, 1955, 1965, 1975 and 1985.
After 1985, for a long time, the lower threshold of representa-
tiveness of earthquakes (K ¼ 8.6, M ¼ 2.5) allover of Uzbekistan
practically did not change. In second half of 2000s, it was a
transferring to digital recording of earthquakes and starting
reorganization of the network. Some seismic stations have been
closed and some stations have been moved to new positions.
During this period (introduction of digital seismometry), seismic
records deteriorated temporarily, and the lower threshold of
representativeness of earthquakes has been raised. Therefore, for
correct assessments of long-term characteristics of a seismic
mode, the discussed period of earthquakes with power class K ¼ 9
has been constrained by 2005 and earthquakes with K ¼ 10 by
2010. Now, earthquakes with K ¼ 8.6 (M ¼ 2.5) are representative
for all area of Uzbekistan.

Earthquakes with a power class K ¼ 15 were considered, since
1901 (the beginning of instrumental recording seismology in the
Central Asia). Earthquakes with K ranging from 16 to 17 are
considered since 1850 because such level seismic events have been
noted in literature (documentary records), and hence fully included
in the strong earthquakes catalog by N.V. Kondorskaya and N.V.
Shebalina's edition [13], in particularly, if they happened near to
such cultural centers of Uzbekistan, as Tashkent (earthquakes 1868,
1886), or Samarkand (Uratjubinsky earthquakes of 1897). Fig. 3
s for constuction the OSR-2017 maps of Uzbekistan.
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shows the time intervals of seismic records with different energy
levels. The earthquakes catalog of Uzbekistan which was used for
the further constructions contains 9248 events.

Removal of strong earthquake aftershocks was made by using of
different spatial and time windows for earthquakes with different
energy levels. The dimensions of these windows are from Ref. [19].
The catalog is divided into the main pushes and earthquakes,
shown in Fig. 4. Red color demonstrates strong earthquakes, and
their aftershocks have been removed; dark blue color demonstrates
aftershocks, and green color is for weak and moderate earthquakes
which remained after a filtering of aftershocks.

Table 2 shows the average recurrence interval of earthquakes
with different energy level in Uzbekistan. The average recurrence
interval of earthquakes is obtained by standardizing the represen-
tative recording interval of each power level event and the number
of earthquakes reaching the energy level interval.

Earthquake reoccurrence figures have been constructed to obtain
quantitative characteristics of seismichazard fromthe catalogfiltered
off from aftershocks. At the magnitude classification of earthquakes,
GutenbergeRichter relation binding number of earthquakes of
different energy levels with magnitude dependence is [20]:

lgNM ¼ a� bM (2)

In power classification of earthquakes used by authors, the
equation of this straight line usually refer to power class K0 ¼ 10,
and this dependence is [21]:

lg Nk ¼ lg N10 � gðK � 10Þ
K ¼ lgE;K � Kmax

(3)

The value of A10 ¼ N10
1000
ST that representing an average number

of earthquakes, occurring in one year on the area of 1000 km2, is
Fig. 4. Division of the catalog into

Table 2
Average periods of reoccurrence of earthquakes of different energy levels in Uzbekistan.

K K ¼ 9 K ¼ 10 K ¼ 11 K ¼ 12 K

Т 2.5 days 11 days 1.5 months 6 months 1
called seismic activity, and value of slope of this straight line g is
seismic divisibility (g-factor) of environment [22]. Here S is the area
(in km2) of a seismic source, and T is period of the used seismo-
logical data (in years).

Earthquake reoccurrence figures for all area of Uzbekistan were
constructed by total set of earthquakes with K in the interval of
9e17, taking into account terms of their representative registration,
separately weak andmoderate earthquakes with K in the interval of
9e13, and the moderate and strong earthquakes with K in the in-
terval of 12e17 (Fig. 5). In the same figure, there are values of
seismic activity A10 and seismic divisibility g, calculated by using
seismic events of different power classes. It should be noted that
the values A10 and g, calculated from strong earthquakes, were
below the values of the value corresponding to weak and moderate
earthquakes.

There is a debatable issue that, what part of the reoccurrence
figure is necessary to be used in the assessment of seismic hazard:
statistically provided with seismic events, with power classes K
within interval of 9e13, or statistically considerable worse events
with power classes K within interval of 12e17, but representing
information about the most important earthquakes, intensity of
shakes exceeded by 6e7 points. The researches made by authors
[23,24] showed that parameters definition errors of earthquake
reoccurrence, related to incompleteness of the initial data, may lead
to essential errors in assessments of seismic hazards. Discrepancies
in identification of earthquake reoccurrence figure slope (param-
eter g) lead to considerably large contribution to hazard assess-
ments errors than a variation of seismic activity А10.

Distribution of seismic events by depths is presented in Fig. 6. In
the figure, there is a equation set using least squares method to find
the most likely depth of earthquake occurrence with different en-
ergy levels, which was used subsequently in calculation of seismic
main shocks and aftershocks.

¼ 13 K ¼ 14 K ¼ 15 K ¼ 16 K ¼ 17

.5 years 4.5 years 7.5 years 23.5 years 55 years



Fig. 5. Earthquake repeatability graphs had been constructed by earthquakes of
different energy levels considering the periods of their representative registration: a) K
ranges from 9 to 13; b) K ranges from 12 to 17; c) K ranges from 9 to 17 for all territory
of Uzbekistan.
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hazard. Fig. 6 also shows the value of the standard deviation for
each energy class in green. It is obvious that by increasing power
class of earthquake, the most likelihood of occurrence depth in-
creases non-linearly. Use of uniform, so-called “average” depth of
the source (usually assumed Н ¼ 15 km) for earthquakes of all
energy levels, can lead to essential errors in an assessment of
seismic hazard [23,24].

4. Seismological parameterization of seismic sources

Seismological parameterization of seismic sources includes
defining the parameters of earthquake reoccurrence with different
energy levels, discovering the seismic potential andmotion type for
each considered sources. When there is significant statistics of
seismic events, seismic activity A10 and seismic divisibility g is
usually obtained directly from earthquake reoccurrence figure. If
the number of seismic events is not large enough to determine
reoccurrence parameters of seismic sources, A10 and g can be
determined independently from each other. In this case, seismic
divisibility g finds the area essentially exceeding the dimension of a
seismic source by least squares method or a method of Kulldorf
[25,26]. Seismic activity A10, with known parameter g, can be
calculated from sample of the earthquakes getting immediately in
the area of averaging. For definition of A10, allocation and sum-
mation methods [3,21,27,28] were used.

4.1. Parameters of reoccurrence and seismic potential of
seismogenerating zones

If there are at least 20 representative earthquakes with power
classes K within interval 9 to 14, the reoccurrence parameters for a
particular seismogenerating zone can be possible. Distribution of
reoccurrence parameters in seismogenic regions of Uzbekistan is in
Figs. 7e8. For two seismic active zones, Sultanuizdag and
Kyzyldarinsko-Lyangar, by reason of statistical restrictions, defini-
tion of seismic activity А10 and seismic divisibility g are unreliable.

The seismic potential of seismogenic zones is estimated by
complex of seismological and seismotectonic methods [3,10].

Themajor factor indefining theМmax is the large scale level of rock
deformation and failure process, which are described by following
parameters, like length of fault, depth, the dimensions and degree of
consolidation of the blocks which are exposed to shift together as a
unit [10]. The fault movement depends on amplitude and speed of
tectonic movements, composition and strength properties of rocks.
Themore strength of rocks and higher speed of tectonicmovements,
themore energy released atmotions on a seismogenic fault. The size
of themaximum possible earthquakewas defined as the upper limit
ofmagnitudes recorded in each seismogenerating zoneswith similar
seismotectonic parameters. As the basic characteristics in structure
comparison, in Ref. [10] It was considered: history of geological
development, intensity and orientation of the newest and modern
movements, scale comparability of tectonic frames and their integ-
rity from passing positions of seismotectonic processes. For Uzbeki-
stan and its surrounding regions, three categories of seismogenic
zones are set [10], where by set seismotectonic laws, it is possible
earthquakes with the maximummagnitude (Mmax� 5.5,Mmax� 6.5
and Mmax � 7.5) may occur (Fig. 9).

Seismological methods of maximum possible earthquake
assessment are based on physical and statistical regularities of
rocks destruction process in the tectonic deformation, specified by
the analysis of seismic catalogs. The applied methods are based on
correlation of seismic zones activity with the maximum size of
possible earthquake, arising within their borders [3,21]; a method
is based on an assessment of a thickness and linear extent of
seismic active bed [29]; a method of an assessment of Мmax, is



Fig. 6. Distribution of earthquakes with different energy levels by depths.

Fig. 7. Seismic activity of seismogenic zones in Uzbekistan.
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based on the statistics of the maximum likelihood from the right
parts of earthquake reoccurrence figures [30]. The Gumbel method
is based on the statistics of extreme values [31] and other methods
[3,4] were applied too. Fig. 10 shows the complex variant of Мmax
constructed on the basis of seismological design techniques.

In majority of cases, values of Мmax calculated by seismological
and seismotectonic methods, fits each other (deviations were in
range 0.2e0.4 magnitude units), which confirms reliability of made
constructions. When deviation in assessments of seismic potential
of seismic active zones by various methods was significant, these
zones (Sandalash, Chatkal, North-Kuldzhuktau-Turkestan) were a
subject for further study and discussion by experts.

4.2. Parameters of reoccurrence and seismic potential of the areal
sources

Table 3 shows seismic activity А10 and seismic divisibility g for
each research megazones taken directly from earthquake reoccur-
rence figures. There are definition errors of seismic divisibility
(parameter g) of each megazone. Within each megazone, value of



Fig. 8. Seismic divisibility of seismogenic zones in Uzbekistan.

Fig. 9. Uzbekistan seismic potential of seismogenic zones on the basis of seismotectonic methods of Mmax assessment (according to R.N. Ibragimov, etc. [10]).

Fig. 10. Seismic potential of seismogenic zones in Uzbekistan by using a complex of the seismological data.

T.U. Artikov et al. / Geodesy and Geodynamics 11 (2020) 273e292280



Table 3
Allocation of reoccurrence parameters of earthquakes (А10 and g) by the area megazones used for power classes calculation.

No. K ¼ 9-13 K ¼ 12- Kmax K ¼ 9- Kmax

I megazone g ¼ 0.45 ± 0.02
А10 ¼ 0.043

g ¼ 0.26 ± 0.042
А10 ¼ 0.012

g ¼ 0.37 ± 0.016
А10 ¼ 0.037

II megazone g ¼ 0.49 ± 0.019
А10 ¼ 0.197

g ¼ 0.3 ± 0.056
А10 ¼ 0.046

g ¼ 0.39 ± 0.015
А10 ¼ 0.163

III megazone g ¼ 0.55 ± 0.008
А10 ¼ 0.25

g ¼ 0.46 ± 0.035
А10 ¼ 0.119

g ¼ 0.49 ± 0.007
А10 ¼ 0.228

IV megazone g ¼ 0.57 ± 0.02
А10 ¼ 0.048

g ¼ 0.29 ± 0.038
А10 ¼ 0.011

g ¼ 0.37 ± 0.013
А10 ¼ 0.036

V megazone g ¼ 0.63 ± 0.041
А10 ¼ 0.008

g ¼ 0.35 ± 0.106
А10 ¼ 0.0005

g ¼ 0.46 ± 0.03
А10 ¼ 0.007

VI megazone g ¼ 0.41 ± 0.051
А10 ¼ 0.005

Definition is impossible about statistical regulations g ¼ 0.41 ± 0.049
А10 ¼ 0.005

VII megazone g ¼ 0.53 ± 0.015
А10 ¼ 1.035

g ¼ 0.39 ± 0.044
А10 ¼ 0.255

g ¼ 0.46 ± 0.013
А10 ¼ 0.74
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reoccurrence А10 and g parameters strongly varies depending on a
range of the power classes. For some megazones, the difference in
definition of parameter g by strong and weak earthquakes exceeds
Dg ¼ 0.1. In turn, this may mean that errors in definition of seismic
hazard because of discrepancies in definition of parameter g, ob-
tained by allocation of only strong earthquakes, can reach one
macroseismic point. Reasonable solution to this situation is the
combination of reoccurrence assessments of the seismic events
based on regional value g, obtained from all range of power classes
K within interval 9 to 17 (that raises accuracy of hazard assess-
ments, but worsens details of definitions at the area mapping) and
the reoccurrence assessments obtained by individual values g of
each megazones, according to weak and moderate earthquakes
with K in the interval 9 to 13 (that raises details, but reduces some
accuracy of definitions).
Fig. 11. a,b)-Maps of seismic activity of regional area sources,c,d)- local value for megazon
method.
The combination of such assessments was made by making a
logic tree.

Assessments of reoccurrence parameters А10 and g for the
subzones of a megazone, taken directly from figures, by statistical
reasons, as a rule, are not steady. Therefore, seismic activity А10 in
each subzone is determined by known value of seismic divisibility
using summation and allocation methods.

In various variants of seismic activity calculation, summation
and allocation methods are used as regional value of parameter g,
obtained from all set of earthquakes with K in interval of 9e17, and
value g, calculated by weak and moderate earthquakes with K in
range of 9e13, occurred direct in the megazone where research
subzone is located. Thus, four variants has been obtained for the
area sources (Fig. 11), and each of them can be used for calculation
of seismic hazard according to the weight.
es of seismic fractionality, a,c)-calculated by a distribution method; b,d)- summation
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Seismic potential of this megazonewas determined, considering
the observed maximum magnitude of one megazone, as well
seismotectonic and seismological Mmax of those seismogenic zones
that are in the research megazone. Each megazone has taken value
of Mmax, the greatest of these three values. So, for example, in
Tashkent megazone, there is a series of seismogenerating zones
with different seismic potential, the greatest value of them
Mmax ¼ 6.5 according to the seismotectonic data andMmax ¼ 6.8 by
a complex of seismological parameters.

The observed maximum magnitude earthquake in this mega-
zone isMmax

obs ¼ 6. Therefore, in calculation of seismic hazard for this
zone, Mmax ¼ 6.8 was taken. Mmax for other megazones are shown
in Table 4.Within subzones of eachmegazone, the seismic potential
Mmax was not varied.

During determination of general type of motion in the source of
the selected megazones, authors used researches of E.M. Bezrodniy
[32], L.M. Matasova [33] (the data till 1985), as well the Harward's
the earthquake mechanisms catalog HGT (Harvard Global Centroid
Moment Tensor Catalog) (the data from 1976 to 2015) [34]. Fig. 12
shows the fragment of sources mechanisms of strong earthquakes
in HGT catalog for Uzbekistan. Dark blue color shows earthquakes
with reverse fault type in the source, red color is normal fault, green
color is strike-slip.

Prevailing type of a motion in the source for all megazones is
reverse fault. Individual earthquakes occurring with a motion of
normal type fault, practically it is not marked strike-slip earth-
quakes. Absolutely similar pattern is noted in data about earlier
earthquakes in E.M. Bezrodniy and L.M. Matasova's works
[32,33].

5. Seismic intensity attenuation

For earthquakes with different energy levels, the relationship
between macroseismic intensity and distance considered by
following equation:
Table 4
Observed maximum magnitude of earthquakes Mmax for different megazones.

Megazones No. I II III IV V VI VII

Seismic potential of megazones (Mmax) 6.8 7.5 7.5 7.5 7.5 6.0 7.5

Fig. 12. Strong earthquakes focal mechanism i
I � I0
lgR� lgH

¼ � ðdM� elgHþ f Þ (4)

where I0 ¼ aM� blgHþ c, R ¼ ðD2 þ H2Þ1=2
in which, the attenuation factor of seismic intensity with dis-

tance is assumed to depend onmagnitudeM and depthH. Choosing
this dependence allows to consider the known empirical fact that at
equal magnitude of seismic event, earthquake with smaller depth
have greater macroseismic effect in near source areas, than deeper
earthquakes, but in the surface layer earthquake, the reduction
points moving outward from the source is faster than that in the
earthquakes located on the deeper layers.

Obtain I by:

I¼ aM � blgH þ c� dMlg
R
H
þ elgHlg

R
H
� f lg

R
H

(5)

Dependence coefficients is based on the macroseismic data of
Central Asia (over 160 schemas isoseists of earthquakes have been
analyzed). Fig. 13 shows the distribution of strong earthquake
sources in Central Asia. Dependence coefficients have beenmapped
and calculated according to available macro seismic data.

The following relationship between seismic load intensity
attenuation and distance for earthquakes with different energy
levels was obtained by the least square method:

I ¼ 1.475M-2.646lgHþ1.905e0.498Mlg(R/H)þ1.159lgHlg(R/H)-
1.401lg(R/H) (6)

The value of standard deviation in the dependence is s ¼ 0.565.
Earlier in Refs. [3,4], when assessing the seismic hazard of

Uzbekistan, the Black e Shebalin type dependence was used to
calculate seismic load: I ¼ aМ-blgR þ c. In Ref. [15], Shebalin N.V.
determined the coefficients for Central Asia as: a ¼ 1.5; b ¼ 3.5;
c ¼ 3.0. Taking into account additional macroseismic data of last 50
years, we renewed these coefficients: a ¼ 1.32; b ¼ 3.01; c ¼ 3.55.
The standard deviation of the dependence is s ¼ 0.728.

Fig. 14 shows the attenuation curves of macroseismic points
with distance, calculated for author's dependence, for earthquakes
with magnitudes М ¼ 7.5, М ¼ 6.5 and М ¼ 5.5, occurring at
different depths and the similar curves of the N.V. Shebalin's Cen-
tral Asian dependence [15].
n the HGT catalog from 1976 to 2013 [6].



Fig. 14. Macroseismic point attenuation with distance for the earthquakes occurring at different depths. a)-N.V. Shebalin's Central Asian dependence, b) author's dependence.

Fig. 13. Distribution of strong earthquake sources in Central Asia based on available macro seismic data.

Fig. 15. Experimental data of ground fluctuation velocity amplitude attenuation for
earthquakes with magnitude М4-М6 in the Fergana intermountain depression.
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One can see in figures that the author derived dependence I ¼ I
(M,R,H), when a source depth increases, a macroseismic effect in
the epicentral area decreases. By moving away from source areas,
attenuation of points is faster for earthquakes at small depths than
those with deeper depths, which coincide with the empirical facts.
N.V. Shebalin's dependence I]I (M,R), more macroseismic effect is
in near zones for earthquakes with small depths, but attenuation in
far zones is similar to earthquakes with various depths. Within a
near zone, both dependences have confirming results.

Determining attenuation of groundmotion velocity and regional
relationship between spectral amplitude and distance [35], a
component of seismogram with the greatest amplitude of trans-
verse wave has been analyzed. We studied more than 1000
velocigrams and 300 record spectra of ground motion velocity
produced by earthquakes in the range of ML3.8 to ML6.2, with
epicentral distances from 12 to 500 km [35]. All set of analyzed
earthquakes have been divided into several magnitude group, with
discretization step of 0.5М. For example, in Fig. 15, there is exper-
imental data (v,R) for earthquakes magnitude groups M4.0- M6.0,
occurred within the Fergana intermountain depression (Megazone
III). In Fig. 16, it is shown the experimental log of the spectral
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amplitudes of the ground oscillation velocities lgSV (m/s) of earth-
quakes, which occurred in the East of Uzbekistan (megazones IeIII).

For each magnitude group that has been constructed by least
square method, dependence of lgv ¼ a-blgR, where v is the
maximum value of amplitude of a S-wave (in microns per second),
R is source to site distance (in kilometer). By combining these
equations, the ground fluctuation velocity attenuation with dis-
tance is obtained. For East Uzbekistan, the equation is:

lgv ¼ М e 1.7 lgR e 3.09 (s ¼ 0.11) 10 < R � 100 km (7)

lgv ¼ М e 2.35 lgR e 1.74 (s ¼ 0.08) 100 � R � 500 km

where the velocity v is in centimeters per second (cm/s).
Under different periods of vibration T, the attenuation of the

spectral amplitudes of ground motion velocities, and the vibration
ST with distance from the source are as follows:
Fig. 16. The experimental values and linear approximations of the logarithms of spectral a
magnitude group.
lgS0.05 ¼ 1.021M-3.000lgR-2.206 ± 0.18

lgS0.1 ¼ 1.072M-3.162lgR-1.641 ± 0.16

lgS0.2 ¼ 1.073M-2.575lgR-2.154 ± 0.14

lgS0.3 ¼ 1.184M-2.318lgR-2.983 ± 0.15

lgS0.5 ¼ 1.260M-2.009lgR-3.902 ± 0.11

lgS0.75 ¼ 1.316M-1.767lgR-4.650 ± 0.13

lgS1.0 ¼ 1.328M-1.556lgR-5.061 ± 0.08

lgS1.5 ¼ 1.402M-1.399lgR-5.828 ± 0.12

lgS2.0 ¼ 1.443M-1.434lgR-6.131 ± 0.08
mplitudes (lgS, m/s) recorded at different distances from the epicenters R (km) of each
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lgS2.5 ¼ 1.464M-1.557lgR-6.129 ± 0.09

where the source to site distance R is expressed in kilometers, and
the amplitude of the velocity spectrum of the ground oscillations ST
is in centimeters per second.

Fig. 17 shows system smoothed source spectrums of velocities
for earthquakes of East Uzbekistan with M5 - M7, and trans-
formation features of source spectrums when moving away from a
seismic source [3].

In order to construct the relation between the maximum ac-
celerations of ground motions and magnitude M, and the hypo-
central distance R. Experimental data including analog recordings
of the basic pushes accelerations and numerous aftershocks of Pap
and Gazli earthquakes (over 200 records in the range of M3.8 to
M7.3 with epicentral distances up to 150 km) [2,36] and digital
records of accelerograms, recently obtained by seismic stations in
the Central Asian. The available regional accelerograms did not
cover all necessary magnitudes range and epicentral distances.
Taking into account the additional data of the European strong
motions database and some digital records of earthquakes in China
under similar geologic-tectonic conditions, an assessment of the
maximum accelerations dependence [4] is obtained:

lgаmax ¼ 0.452Me0.993 lgRþ0.796 ± 0.18 (8)

Fig. 18 shows the comparison of amplitude attenuation char-
acteristics of peak accelerations for earthquakes with the magni-
tude 4e7 with distance, and calculation different seismic active
regions of the globe, and according to their correlation. It can be
seen from the accelerograms of researching region that differences
are significant.

The above-mentioned regional relationship of intensity atten-
uationwith distance have been used for calculation andmapping of
seismic hazard of Uzbekistan, expressed in points of a macro-
seismic scale, velocities and accelerations of ground fluctuations,
and spectral amplitude of seismic fluctuations.

In this paper, seismic hazard assessment was carried out in the
framework of the probabilistic-deterministic approach described in
Fig. 17. a)-Source spectra of ground motion velocity for earthquakes with magnitu
Refs. [3,5,21]. Calculations have been done by using SEISMHA-
ZARD_UZ software package, developed by the Laboratory of
Regional Seismicity and Seismic Zoning of the Institute of Seis-
mology of Academy of Sciences of Uzbekistan [37]. As input pa-
rameters for calculation, a long-term characteristics of seismic
process in each source was used (seismic activity А10, seismic
divisibility g, seismic potential Мmax, distribution of earthquakes
with different energy levels by depthsH¼ f (M), prevailing type of a
motion in the sources).

Unit grade square of a geographical grid was broken into 16
parts by latitude and longitude, i.e. 256 cells which were attributed
by input parameters values.

In the first stage for each fixed level of seismic load intensity, I
ranges from 5 to 10 points (amax ¼ 1e900 cm/s2, vmax ¼ 1e300 cm/
s) with discrete (DI¼ 0.01 point,Damax¼ 0.1 cm/s2,Dvmax¼ 0.1 cm/
s) in each knot of a grid calculated the periods of shakes repetition
TI. The following integral is the core of frequency calculation of
shaking BI (BI ¼ 1/TI), with set intensity I � I0 (amax � a0, vmax � v0):

BI ¼
ð

V

NPdV (9)

where NS is a time unit; the volume of the expected number of
earthquakes, with the source in elementary volumes dV, can cause
shakes with intensity not less than I points (amax � a0, vmax � v0)
[3,21,37] in observation point.

Considering frequency of earthquake occurrence in each unit
cell (GutenbergeRichter dependence), the recurrence frequency of
BI tremors with an intensity of I � I0 (amax � a0, vmax � v0) is
determined by the formula [21]:

BI ¼
1

100:5g � 10�0:5g

ð

V

A10

h
10�gðK1�K0Þ �10�gðKmax�K0Þ

i
dV

(10)

where K0 is a class to which seismic activity is converted (in this
case, K0 ¼ 10);
de М5 -М7; b),c),d)- their transformation when moving away from a source.



Fig. 18. Comparison of the maximum acceleration of different epicentral distances of different magnitudes according to global and regional data.
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K1 is a class that can cause shaking at a given point with I � I0
(amax � a0, vmax � v0);

Kmax is the maximum magnitude of the possible earthquake;
A10 is seismic activity;
g is slope of the recurrence graph in the distribution of earth-

quakes by energy classes.
The value of K1 is a calculated characteristic that obtained on the

basis of the laws of seismic load attenuation in distance.
The authors of this study recognize that within the framework

of the used approach, the aleatory uncertainties associatedwith the
stochastic nature of seismic load are not fully taken into account,
which may lead to some underestimation of seismic hazard.
Therefore, in the calculations of groundmotion prediction equation
(GMPE), one standard deviation swas added to themedian value of
the velocities and maximum accelerations of ground motions.
At the second stage, zones of the maximum intensity with the
mean return periods of Т ¼ 500, Т ¼ 1000, Т ¼ 2500 and Т ¼ 5000
years have been marked out. These zones are areas in which
probability not exceeding of seismic load during a term t ¼ 50
years, accordingly Р ¼ 0.9, Р ¼ 0.95, Р ¼ 0.98 and Р ¼ 0.99.

6. Seismic hazard in the area of Uzbekistan

Seismic hazard calculation of Uzbekistan was made separately
for different types of seismic sources. On the basis of intensity
attenuation laws, the assessments of earthquakes reoccurrence
parameters and seismic potential, with with reverse faults and
strike-slip type in the focal area is carried out. For an example,
Fig.19 is map of seismic hazard in points of a macroseismic scale for
probability P ¼ 0.98, not exceeding level of seismic intensity within



Fig. 19. Maps of seismic zoning of Uzbekistan (East of 63� E) for Р ¼ 0.98 for the selected seismic sources of a)-quasihomogeneous seismological provinces b)-seismogenic zones.
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50 years as seismic sources of quasi-homogeneous seismological
provinces (a) and seismogenic zones (b).

The influence factors of input parameters uncertainty on the
results of seismic hazard assessment is made in Refs. [23,24]. It is
discovered that the maximum deviation can arise if there is sig-
nificant difference between actual and calculated depths of the
earthquake sources (DI ¼ 1.5 points), statistical errors in defining
slope of reoccurrence curve g (DI ¼ 0.96 points), and definition
discrepancies of possible maximum size earthquake Мmax

(DI ¼ 0.84 points). The contribution of factors uncertainty is
smaller, such as the inexact set of seismic activity А10; choice of an
incorrect prevailing type; using not local, but regional laws of in-
tensity attenuation of seismic loads in distance, and the values are
DI ¼ 0.24; DI ¼ 0.34 and DI ¼ 0.22 points respectively.
Uncertainty factors of the input parameters is necessary for
seismic hazards assessment (the epistemic uncertainties), and OSR-
2017 is obtained by building a logic tree during construction maps
of seismic zoning (Fig. 20).

Weights to tree branching were obtained from the parameters
distribution function (depth, the source mechanism etc.), and
heuristic reasons (source type choice, repeatability parameters
definition methods etc.).

Figs. 20e22 show the average seismic effects in the logical tree
branches in terms of the macroseismic scale, the velocities and
accelerations of ground motions; different probabilities (P ¼ 0.90;
P ¼ 0.95; P ¼ 0.98 and P ¼ 0.99) will exceeding the seismic load
within 50 years. The constructed maps are seismic zoning maps of
Uzbekistan (Fig. 23).



Fig. 20. Logical tree for accounting uncertainty factors of input parameters in seismic hazad calculation.

Fig. 21. General seismic zoning of Uzbekistan (East of 63� E) in macroseismic scale MSK-64, with different probabilities not exceeding the seismic load within 50 years: a) P ¼ 90%;
b) P ¼ 95%; c) P ¼ 98%; d) P ¼ 99%.
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Seismic hazard curves for some large cities of Uzbekistan are
presented in Fig. 24.

7. Seismic hazard assessment ofwesternUzbekistan from63 �E

Fig. 25 shows the fragment of strong earthquake sources in the
Central Asia since historical times. The area inwestern Uzbekistan
Fig. 22. General seismic zoning of Uzbekistan (East of 63� E) in ground fluctuation velociti
P ¼ 90%; b) P ¼ 95%; c) P ¼ 98%; d) P ¼ 99%.

Fig. 23. General seismic zoning of Uzbekistan (East of 63� E) in amplitudes of the maximum
50 years: a) P ¼ 90%; b) P ¼ 95%; c) P ¼ 98%; d) P ¼ 99%.
(from 63� E) is framed. The instrumental data about earthquakes
with 8.6 (the minimum energy level of the regional catalog) in
Aral area is few. Meanwhile, presence of historical earthquakes
(for example, around Urgench, 1207e1208, M ¼ 6.1), there is no
doubts that strong and moderate earthquakes will occur here in
the further. Obtaining statistically reliable parameters assess-
ments of the seismic mode is necessary for seismic hazard
es (cm/s) for different probabilities not exceeding the seismic load within 50 years: a)

accelerations (cm/s2) for different probabilities not exceeding the seismic load within



Fig. 24. Seismic hazard curves for some large cities of Uzbekistan.

Fig. 25. Strong earthquakes epicenters' distribution of the Central Asia since historical times. The frame noted the west of Uzbekistan from 63� E.

T.U. Artikov et al. / Geodesy and Geodynamics 11 (2020) 273e292290
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assessment of these areas, which is impossible currently. There-
fore, according to the relation between the seismic potential of
seismic active zones and the repeatability parameters of strong
earthquakes, the seismic activity and seismic divisibility of the
zone are defined.

Within the research area, by the seismotectonic and geologic-
geophysical data [10], the seismogenerating zones with seismic
potential estimated value Мmax ¼ 5.5 and fragmentary Мmax ¼ 6.5
are marked.

Seismological parameterization of marked seismic active zones
was carried out as follows. On the basis of comparison of parame-
ters of repeatability of earthquakes to size of seismic potentialМmax
in the seismogenerating zones of eastern Uzbekistan located to 63
�E, it has been revealed [3,4] that seismic activity А10 increases with
growth of seismic potential of a seismic active zone, and seismic
divisibility g, oppositely decreases. The constraint equations be-
tween considered parameters are:

lg A10 ¼ 0:825Mmax � 6:387
Y ¼ �0:075Mmax þ 1:063

(11)

Values А10 and g, describing seismic activity and seismic
divisibility of the seismogenic zones located to the west from 63
�E, fitting to seismic potential Мmax marked for the seismic active
regions by the above relation have been taken. As laws of mac-
roseismic intensity attenuation in distance, dependence of Blejk-
Shebalin for the area of the Western Uzbekistan [3] was used.
Fig. 26 shows results of seismic hazard calculation in points of a
macroseismic scale for Uzbekistan located to the West from 63 �E,
where zones with equal probability (Р ¼ 0.9, Р ¼ 0.95, Р ¼ 0.98
Fig. 26. Maps of seismic zoning of the Western Uzbekistan (west of 63о E) with different p
P ¼ 98%; d) P ¼ 99%.
and Р ¼ 0.99) not exceeding seismic intensity within 50 years.
Thus, quantitative characteristics of seismic hazard have been
obtained for all areas of Uzbekistan.
8. Conclusion

Assessment of seismic hazard and construction of the seismic
zoning maps of Uzbekistan have been done on the basis of the
revealed regional laws of seismic process and seismic ground mo-
tions. In the developed seismic zoning maps, seismic hazard is
expressed in points of a macroseismic scale, velocities and accel-
erations of ground motions. It is also characterized by calculated
intensity of seismic load which in average soil with the set proba-
bility (Р ¼ 0.9, Р ¼ 0.95, Р ¼ 0.98 and Р ¼ 0.99) will not be exceeded
within 50 years.

All kinds of seismic sources are used in the seismic zoning map,
considering the uncertainty of input parameters due to the
incompleteness of original seismic structure information, the
likelihood of seismic process and seismic load. Based on the
experience of international seismic risk assessment andmapping, a
new seismic zoning map is developed, which fully describes the
actual seismic risk of the study area. They reflect structure of crust
and differentiation of seismic active zones by degree of seismic
activity. In new general seismic zoning map, an intensity of mac-
roseismic loads in points of MSK-64 are related to average soil
conditions. The developed seismic zoning maps are designed for
carrying out antiseismic measures.
robabilities not exceeding the seismic load within 50 years: a) P ¼ 90%; b) P ¼ 95%; c)
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