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Abstract—This paper presents the results of a seismic hazard assessment for the Magadan region (quadrangle
58.5°—66.0° N, 143.3°—157.7° E) in terms of macroseismic scale units. The extent of the research corre-
sponds to the regional one (in the terminology framework accepted in Russia, this corresponds to the scale of
the detailed seismic zoning (DSZ)). The seismic activity matrix (A4; 3) is obtained and the following main seis-
micity parameters are estimated: the slope of the recurrence graph, the average thickness of the seismoactive
layer, and depth of this layer (/); on the basis of the obtained results, when constructing seismic intensity
maps, the focal depth we used was # = 10 km. Proceeding from the analysis of comprehensive seismological,
tectonic, and geological data, 13 zones of possible earthquake sources (PES zones) with M, = 6.5, 7.0 and
7.5 were distinguished in the Magadan region . Beyond the identified zones, the background seismicity was
assumed to be M, = 5.0. The study resulted in obtaining probabilistic seismic hazard maps of the Magadan
region in terms of macroseismic scale intensity units, calculated for average recurrence periods of 500, 1000,
and 5000 years.
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INTRODUCTION

The northeastern Russian Federation, a consider-
able part of which is occupied by the Magadan region,
is an area of high seismic hazard. According to the
GSZ-2015 (OSR-2015) General Seismic Zoning
maps, this region is characterized by zones with poten-
tial seismic shaking intensities of VII, VIII, and IX,
according to the current macroseismic scale (MSK-
64). This means that studies which aim to provide a
seismic hazard assessment for the Magadan region on
a scale close to that of detailed seismic zoning (DSZ),
are extremely topical.

According to (Seismicheskaya sotryasaemost’...,
1979), the Magadan region can be subdivided into
three parts in terms of macroseismic manifestations:
south, center, and northeast. The southern and north-
eastern parts of the Magadan region are seismic, while
the central one is nearly aseismic. Due to its relatively
denser population and quite intensive economic activ-
ity, the southern part is the most important for seismic
hazard assessment. The southern part of the Magadan
region is confined by the coordinates 58.0°—65.0° N
and 144.0°-162.0° E (Seismicheskaya sotryasae-
most’..., 1979). Six earthquakes with Mg > 6.0 (maxi-
mum magnitude was Mg = 7.1) have occurred here
over the past 170 years, indicating the moderately high
seismic activity of this area.
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Several works on the seismicity and seismic hazard
of the Magadan region have been published in recent
years (Sharafutdinov, 2009; Bespalov, 2015; Mishin
and Khasanov, 2016). These studies dealt with map-
ping seismic activity and its spatiotemporal changes in
the period from 1968 to 2013. Note that the boundaries
of the area studied in these publications approximately
fitted the aforementioned limits of the southern part of
the Magadan region.

The present work is dedicated to a seismic hazard
assessment of the southern part of the Magadan region
limited by coordinates 58.5°—66.0° N and 143.3°—
157.7° E, approximately fitting the areas studied in
previous works. The total area, for which seismic haz-
ard is to be assessed, is therefore about 618000 km?.

We present the results of the seismic regime study,
including the determination of recurrence law param-
eters, matrix of seismic activity, and distribution of
earthquake hypocenters in depth. Based on the analy-
sis of geological-geophysical and seismological data,
we propose a scheme of zones of possible earthquake
sources (PES zones), and the M,,, matrix is con-
structed by the digitization of this scheme. The final
result of the present work is a seismic hazard assess-
ment in terms of macroseismic intensity points. The
probabilities of these being exceeded are 1%, 5%, and
10% for the 50-year period. Macroseismic intensity is
determined by calculating seismic shaking using Yu.V.



94 LUTIKOV et al.

62° |

58°

160° E 164°

° ) (€] (@)
4.3-475 476-5.25 5.26-5.75 5.76-6.25 6.25-6.6
(58) (25) (11) 2) 3)

Magnitude and number of earthquakes
A Seismic

stations

Fig. 1. Map of epicenters of strong and moderate earthquakes (Mg = 4.3) for the entire time period of the UAC (99 earthquakes

in total).

Riznichenko’s method (Seismicheskaya sotryasae-
most’..., 1979). It should be noted that Riznichenko’s
method is, in our opinion, the optimal in the present
case for seismic hazard assessment in terms of macro-
seismic shaking intensity.

The methodical basis of the works carried out is the
new SP (Rules and Regulations) 408.1325800.2018:
Detailed Seismic Zoning and Seismic Microzoning for
the Territory Planning.

INITIAL SEISMOLOGICAL DATA

The data for the present study were taken from the
following sources:

(1) catalog of the Magadan Branch of the Geo-
physical Survey, Russian Academy of Sciences (MB
GS RAS), with the removed aftershocks;

(2) Unified Catalog of Earthquakes in Northern Eur-
asia since Ancient Times through 2013 (hereinafter,
UCENE), beginning from magnitudes M = 3.5 (Ulo-
mov and Medvedeva, 2013);

(3) CMT catalog (Global CMT..., 2019).

Based on these sources, the aggregated earthquake
catalog was compiled for the purpose of the present
study; it included all events that occurred within the
latitude and longitude ranges of @ = 58.0°—66.0° N
and A = 142.0°—160.0° E, respectively, in the period

from 1735 to 2015. After the exclusion of all earth-
quakes which were a priori not representative for the
entire area under study (Mg < 1.7), the aggregated cat-
alog included 3052 events with 1.8 < Mg < 7.1.

The accuracy of the determination of earthquake
parameters changed as the seismic network developed
in the region. The parameters of historical earth-
quakes, as estimated by B.M. Koz’min and T.A.
Andreev [1977], presented in (Novyi katalog..., 1977)
and later in the UCENE, according to expert assess-
ment, had errors in the determination of epicentral
coordinates 8¢ and dA = £0.5° or even £1.0°, while
errors in determination of depths were +4 km. Later,
with the development of regional seismic networks in
the 1960s, these errors were reduced: d¢ and OA
became +0.2° or, rarely, £0.1°, the determination of
depth was £0.5/4 and +0.24. For the present-day net-
work (Fig. 1), using the processing techniques at MB
GS RAS and based on knowledge of the velocity char-
acteristics of the medium (Mackey et al., 1998), the
completeness of earthquakes with K \j,eadan) = 7 is pro-
vided in the territory of Magadan region; errors in
determining coordinates 8¢ and dA are no more than
+0.1°, while errors in determining depth are no more
than *+0.54 (Aleshina et al., 2018).

Energy class K \jygagany Was used in the MB GS RAS. In
the aggregated catalog, all data were unified on mag-
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Fig. 2. Distribution of epicenters of earthquakes with Mg =
2.0in 2011—2015 within the study area.

nitude Mg. The dependence between magnitude Mg
(Ulomov and Medvedeva, 2013) and energy class
K Magadan) Was calculated by the following correlation
formula obtained for 53 pairs of events:

Mg = 0.5481 K, —2.1271; R =0.958. (1)

Magadan)

The magnitude-unified aggregated catalog for the
period from 1735 to 2015 (hereinafter, UAC), com-
piled with the use of the sources mentioned above, was
used for the seismic hazard assessment of the
Magadan region.

ANALYSIS OF THE SEISMIC REGIME

The territory under seismological study approxi-
mately covers the southern zone of the Magadan
region. To analyze the seismic regime, we used the
UAC whose compilation principles were described
above. To recall, it includes 3052 events with 1.8 <

Table 1. Distribution of the number of events in the catalog by years and magnitude (V,

Mg < 7.1 and covers the time period from 1735 to 2015.
The map in Fig. 1 shows the epicenters of strong and
moderate earthquakes (Mg = 4.3) for the entire period
of time covered by the UAC (99 events in total).

Table 1 shows how earthquakes from the catalog
are distributed in terms of time and magnitude. The
periods of representative observations for different
magnitudes are marked in bold. The lowest represen-
tative magnitude for the entire territory under consid-
eration is bound to Mg = 2.0 (in the period from 2011
to 2015). Its representativeness in time is supported by
Table 1, whereas Fig. 2 demonstrates the spatial
homogeneity of the UAC in 2011-2015 on Mg = 2.0
over the entire area under study.

An analysis of Table 1 shows that the available seis-
mological database is insufficient for including earth-
quakes with larger magnitudes (Mg > 6.0) in analysis
when constructing the recurrence graph. In this
respect, to avoid omitting events with larger magni-
tudes (with the respective distortion of the recurrence
graph), earthquakes with Mg > 6.0 were excluded
when constructing the recurrence graph.

After specifying the periods of representative
recording of different magnitudes, the Aggregated
Representative Catalog of Regional Earthquakes
(ARCRE) was compiled in accordance with Table 1; it
includes 2016 events in the magnitude interval of 2.0 <
Mg < 6.0 and bracketing the period from 1910 to 2015,
which was used when constructing the recurrence
graph. The map showing the epicenters of weak earth-
quakes (Mg < 4.2) for the same period is presented in
Fig. 3.

The dependence of the number of earthquakes on
earthquake magnitude N(M) is called the Gutenberg—
Richter recurrence law and represents one of the fun-
damental laws of seismology. In Table 2, events from

cpr 18 the number of representative

events)

Years/Mg 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 N
1701—1800 0 0 0 0 2 1 0 0 0 0 0 3
1801—1850 0 0 0 0 1 0 0 0 0 0 0 1
1851—1900 0 0 0 1 3 0 0 0 0 1 0 5
1901-1950 0 0 0 0 2 1 7 3 3 0 0 16
1951—-1961 0 0 0 0 1 1 1 0 0 0 0 3
1962—1970 0 0 2 29 19 13 3 2 0 0 0 68
1971—1980 0 0 0 59 23 10 2 3 0 0 1 97
1981—1990 85 214 110 41 20 5 3 0 0 0 0 478
1991—-1995 33 88 80 19 10 5 0 0 0 0 0 235
1996—2000 32 83 113 65 24 6 1 0 1 0 0 325
2001—-2005 140 180 98 46 10 2 1 0 0 0 0 477
2006—2010 296 189 74 35 7 3 1 0 0 0 0 605
20112015 435 198 73 15 11 2 3 1 0 0 0 738
N 1021 952 550 310 133 49 22 9 4 1 1 3052
Neepr 435 567 548 280 105 46 22 9 4 1 1 2018

SEISMIC INSTRUMENTS Vol.56 No.1 2020
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Fig. 3. Map of epicenters of weak earthquakes (1.8 < Mg < 4.2) for the period of 1910—2015 (1589 events in total).

the ARCRE are grouped on the number of events in
the respective magnitude ranges, taking the period of
their representative observation into account.

In Table 2, T, is the period of representative
observations, in years; N, the total number of events in
the respective magnitude range; and N/ T}, the aver-
age number of events per year in the respective magni-

tude range.

Based on the data from Table 2, the non-normal-
ized recurrence graph was constructed using the linear
orthogonal regression method; it gives us some idea
about the mean recurrence interval of earthquakes of

the respective magnitudes over the entire area under
study (Fig. 4).

In its analytical form, the recurrence graph is writ-
ten as follows:

10g(N/Tepr) =— (0.880 + 0.022) M
+3.799 + 0.147; R, =0.998.

A high value of linear correlation factor R, indicates
a quite high reliability of the obtained result. Based on
studies in the 1960s—1970s (Seismicheskaya sotryasae-
most’..., 1979), the angular factor of the recurrence
graph relative to the energy class was Y = 0.48. Given
relation (1), this parameter of the recurrence graph on

(2

Table 2. Distribution of the number of events on intervals of representative observations and magnitudes

Mg Years Tiepr» yeQrs N N/ Tepr 1og(N/ Trepr)
2.0 2011-2015 5 435 87.0 1.939519
2.5 2001—-2015 15 567 37.8 1.577492
3.0 1981-2015 35 548 15.65714 1.194713
3.5 1971-2015 45 280 6.222222 0.793946
4.0 1971-2015 45 105 2.333333 0.367977
4.5 1951-2015 54 46 0.851852 —0.06964
5.0 1901—-2015 115 22 0.191304 —0.71828
5.5 1901-2015 115 9 0.078261 —1.10646
6.0 1901—-2015 115 4 0.034783 —1.45864
SEISMIC INSTRUMENTS  Vol. 56 No. 1 2020
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Fig. 4. Recurrence graph for the magnitude interval of
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magnitude Mg equals b = y/0.5481 = 0.876, which is
almost identical to the value b in formula (2). The last
point indicates a high temporal stability of angular fac-
tor b.

Seismic Activity

To obtain the detailed recurrence patter of earth-
quakes with different magnitudes in the studied area,
we constructed the matrix of seismic activity A,
which is an analog of seismic activity A,, (Seismich-
eskaya sotryasaemost’..., 1979), also used, in combina-
tion with matrix M,,,, to calculate seismic shaking
intensity. Magnitude Mg = 3.3 was chosen because it
corresponds to earthquakes with energy class K = 10,
therefore, the seismic activity assessed in earlier stud-
ies remains comparable to modern results. In the seis-
mic activity matrix A; 5, the values of seismic activity
are assigned to the centers of cells of the coordinate
mesh. Calculations were made for cells with sizes of
1/6° on latitude and 1/3° on longitude. To recall, seis-
mic activity is determined as follows

(1 — lOib) T.S.

— 0~0

AO - lo,b(Mmi“,Mn) TS NS’ (3)
where b is the angular factor of the recurrence graph
(in the present case, b = —0.880); M, = 2.0, the least
representative magnitude (representativity level);
M, = 3.33, the earthquake magnitude, to which the
calculated activity 4, (in the present case, A3 33 or 4;;)
corresponds; S, the area of site of averaging, km?;
T, the period of representative observation of earth-
quakes, years; .S, the unit of normalization on area,
assumed in accordance with A4, (in present case, S, =
1000 km?); Ty, the time unit (1 year); Ny, the total
number of earthquakes of various magnitudes M >
M., observed for the time 7 within the area S.

In fact, seismic activity A, is the average number of
earthquakes with magnitude M, that occurred over
one year in the area of 1000 km?. Seismic activity was

SEISMIC INSTRUMENTS Vol.56 No.1 2020

calculated using SEIACT2m software written in FOR-
TRAN programming language.

To exemplify, Table 3 lists a fragment of the matrix
of seismic activity A;; calculated by formula (3),
because the entire matrix is too big to be provided
here.

The full matrix A4, ; was calculated for coordinates
58.5°—66.0° N and 142.33°—157.67° E. The maximum
values of seismic activity As; in the considered area
reach 0.103. The matrix of seismic activity we used to
calculate seismic shaking was slightly corrected, taking
the scheme of PES zones into account.

Distribution of Hypocenters on Depth

The distribution of earthquake hypocenters on
depth is an important element of seismic regime stud-
ies, which allows researchers to infer the depths of the
seismoactive layer and its thickness in the area under
study. These data are also necessary for calculating
seismic shaking.

When determining hypocentral depths, MB GS
RAS researchers use velocity characteristics of the
medium (Mackey et al., 1998), which provide accu-
racy in determining hypocentral depth of +0.54; for
hypocentral depths determined earlier, this accuracy is
lower, up to *A. Thus, the distributions presented
below are only approximate images of the real depth
distribution of seismicity, however, no other data are
currently available.

An idea about the depth distribution of seismicity
within the study area can be gained from Fig. 5 which
shows hypocentral depths of moderate to strong (4.3 <
Mg < 7.1) and weak (2.3 £ Mg < 4.2) earthquakes.
These distributions are constructed based on 84 and
1544 seismic events, respectively. Note that in both
cases we excluded the events with zero and standard
crustal focal depths (2 = 33 km) from consideration.

It is seen in Fig. 5a that about 87 percent of all
hypocenters are clustered in the surface layer of 20 km
thick; at greater depths, the number of hypocenters
quickly decreases. The maximum of hypocenters is
observed at depths of 5—20 kilometers, concentrating
about 74 percent of hypocenters. This depth interval
can be considered the seismoactive layer for strong
and moderate earthquakes.

The depth distribution of hypocenters of weak
(2.3 < Mg £ 4.2) earthquakes (Fig. 5b) shows that in
this case about 78 percent of hypocenters are clustered
in the uppermost 10-kilometer crustal layer. Below it,
the number of hypocenters quickly decreases with
depth, so that only rare seismic activity is observed at
depths of more than 40 kilometers.

In our calculations of seismic shaking, hypocentral
depth is assumed to be 2 = 10 kilometers, correspond-
ing to the maximum distribution in Fig. 5.



98 LUTIKOV et al.
(a) (b)
0+ 9 0- ?
3 ? 3
ERUE I'I 10 4
< 20 : 203
SN Tl :
3 30 E
—_ 3 E
g 40 40 3
3 K
ESS 50 %
2 3
:>~ 60-5 603
70 T T T T T T T [ T T T T T T T T [ T T T T [ T T 17T 70-||||||||||||||||||||||||||||||||||||||l
0 005 01 015 02 025 03 0 005 01 015 02 025 03 035 04
N/Ny N/Ny

Fig. 5. Distribution of hypocenters of earthquakes on depth: (a) moderate and strong (4.3 < Mg <7.1); (b) weak (2.3 < Mg<4.2).

SEISMOTECTONICS AND PES ZONES

Distinguishing zones of possible earthquake
sources (PES zones) for the Magadan region was done
on the basis of seismological and geological data. PES
zones differ in classes based on maximal magnitude
M., of the earthquake that can occur there. In turn,
the M, value is defined from the complex of geolog-
ical-geophysical, geomorphic, and neotectonic data,
namely, from the length and segmentation of seismo-
active faults, level of seismicity, dimensions of ancient
and modern seismodislocations, and results of tec-
tonophysical studies.

The structural (spatial) peculiarities of seismic
activity distribution in the Magadan region are pre-
sented in the map of seismolineaments of East Siberia,
compiled by V.S. Imaev and his co-authors (2015).
This map became the basis of distinguishing PES
zones for the seismic hazard assessment of the region
under study (Imaev et al., 2015). The small scale of this
map taken as the basis, a high degree of generalization
of the initial data, and a low accuracy of data binding
lead to the necessity of specifying faults positions in
accordance with the collected geological-geophysical
data, and this is a necessary stage of a detailed seismic
hazard assessment.

Seismolineaments distinguished in the map by
Imaeyv et al. (2015) were compared to the faults imaged
in the respective state geological map (Gosudarstven-
naya..., 1992) and maps from the database in (Bach-
manov et al., 2017), and their positions were specified
from topography, satellite images, and large-scale
overview geological maps. In addition, we took into
account the tectonic positions, kinematics, and ages of
the most recent displaced units, slip rates, and mani-
festations of recent and Holocene activity (Gosudarst-
vennaya..., 1992; Smirnov, 2000). The magnitude
potential of seismolineaments was estimated from the
data of earthquake catalogs (for example, UAC), con-
taining information about the earthquakes of the
instrumental period, and from the presence of paleo-
seismodislocations (Vazhenin, 2000; Smirnov, 2000).

We also took into account magnitudes, positions,
kinematics, and earthquake focal mechanisms (Imaev
et al., 2000). The magnitude of individual seismogen-
erating segments was estimated from their lengths in
accordance with the known dependence (Wells and
Coppersmith, 1994), M, ,, = 4.38 + 1.491og L, where
L is the length of near-surface fault (in kilometers).

The widths of PES zones were estimated by the
dependence proposed by Yu. V. Riznichenko (1976):
logh = 0.405M,,,, — 1.464, where W is the width of
PES zone (in kilometers).

Note that axes of PES zones were assumed to be the
respective active faults and seismolineaments. We also
took into consideration the scatter in locations of
active faults, an in some cases several faults were
united within the limits of one PES zone.

In accordance with the above, 13 PES zones were
distinguished for the studied region; their seismic
potentials were assessed, their orientations (trends)
and probable seismogenic slip kinematics were
revealed. Table 4 summarizes these data.

Figure 6 illustrates the map of PES zones of the
Magadan region with indicated epicenters of moder-
ate to strong (Mg > 4.3, Fig. 6a) and weak (Mg < 4.2,
Fig. 6b) earthquakes. We can see that earthquake epi-
centers, given the errors in determination of their
coordinates, predominantly coincide with the distin-
guished PES zones. This is especially relevant to the
strong and moderate earthquakes (Fig. 6a). Such a
coincidence is far from ideal, but it would be unrealis-
tic to expect a different pattern, given the degree of
tectonic knowledge of the region and the accuracy of
epicenter determination.

Let us briefly characterize the PES zones presented
in Table 4 (the numerals in text correspond to them in
the table).

(1) The Ulakhan zone was distinguished on the
basis of the largest seismoactive fault of the same
name. The zone trends to the northwest and extends
more than 700 kilometers. The different kinematics of
recent motions is reported in the zone, with the pre-
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Table 3. Fragment of the matrix of seismic activity 43 ;

o/A 143.70 | 144.00 | 144.30 | 144.70 | 145.00 | 145.30 | 145.70 | 146.00 | 146.34 | 146.70 | 147.00
59.00 | 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
59.17 0.003 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001
59.33 | 0.004 0.005 0.001 0.004 0.007 0.003 0.001 0.001 0.001 0.002 0.005
59.50 | 0.001 0.004 0.002 0.004 0.007 0.003 0.001 0.001 0.003 0.013 0.028
59.67 | 0.001 0.005 0.004 0.001 0.003 0.003 0.002 0.011 0.01 0.014 0.025
59.83 | 0.001 0.003 0.003 0.001 0.004 0.004 0.005 0.017 0.013 0.003 0.003
60.00 | 0.001 0.001 0.004 0.004 0.006 0.007 0.006 0.01 0.005 0.001 0.006
60.16 | 0.007 0.01 0.01 0.006 0.004 0.005 0.004 0.003 0.001 0.001 0.004
60.33 | 0.007 0.009 0.006 0.003 0.001 0.001 0.001 0.001 0.001 0.001 0.001
60.50 | 0.003 0.004 0.001 0.001 0.001 0.001 0.001 0.003 0.009 0.008 0.006
60.66 | 0.003 0.004 0.002 0.009 0.015 0.009 0.001 0.003 0.012 0.01 0.007
60.83 | 0.001 0.001 0.004 0.011 0.017 0.009 0.001 0.001 0.004 0.004 0.003
61.00 | 0.001 0.008 0.009 0.004 0.006 0.005 0.005 0.006 0.003 0.001 0.001
61.16 0.002 0.008 0.012 0.016 0.014 0.008 0.01 0.012 0.007 0.001 0.001
61.33 0.002 0.005 0.01 0.024 0.025 0.016 0.01 0.009 0.008 0.001 0.001
61.50 | 0.001 0.009 0.018 0.021 0.023 0.017 0.006 0.006 0.006 0.001 0.002

dominance of left-lateral strike-slips and oblique
(with a normal-dip component) strike-slips. This zone
hosts several sources of strong earthquakes and a series
of weaker ones (UAC, Fig. 6). In addition, tectonic
and gravitational paleoseismodislocations have been
revealed here. In this respect, the seismic potential of
this zone is assessed as very high, with M, ,, = 7.5.

(2) The Dapir zone joins the Ulakhan zone at an
acute angle. It was named after the large regional fault,
500 kilometers in length. The predominant kinematics
in the zone are oblique (reverse-dip) strike-slips. The

Table 4. PES zones in the territory of Magadan region

zone is well traced in satellite images, and swarms of
paleoseismodislocations were revealed here (Vazhenin
et al., 1997). The seismic potential is assessed at
M, .. =75.

(3) The Chai-Yur’ya zone trends to the northwest
and can be seen well in satellite images. It was named
after the large active fault of the same name and is 750
kilometers long. The zone hosts many earthquakes
and their traces; one of the strongest events was the
Artyk one with M = 7.1 (Kondorskaya and Shebalin,

Nos. PES zone Trend Slip type Mk
1 Ulakhan NW Sinistral strike-slip and oblique thrust 7.5
2 Dapir NwW Oblique strike-slip 7.5
3 Chai-Yur’ya NW Oblique strike-slip transiting to thrust 7.5
4 Yana NW Strike-slip with a thrust component 7.0
5 Arga-Tas NW Sinistral strike-slip 7.0
6 Umara NW Reverse dip and thrust 6.5
7 Omchak NW Listric normal dip 6.5
8 Inya NE — 6.5
9 Inya-Yama E—W — 6.5

10 Pautovaya NE Thrust 6.5

11 Chelomdzha-Yama E—W Thrust 7.0

12 Siglan NE Strike-slip, oblique strike-slip 7.5

13 Lankovaya-Omolon NE Oblique strike-slip 7.0

SEISMIC INSTRUMENTS Vol.56 No. 1
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Fig. 6. PES zones of Magadan region. The numbers of PES zones correspond to those in Table 4, where the seismic potentials of
the respective zones are given. (a) Epicenters of moderate and strong earthquakes (4.5 < Mg < 7.0); (b) epicenters of weak earth-
quakes (2.5 £ Mg < 4.0). Diameters of circles are proportionate to magnitudes.
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1977). Based on these data, the seismic potential of
this zone is M,,,, = 7.5.

(4) The Yana zone trends to the northwest; it was
distinguished on the basis of the fault zone of the same
name. Kinematic slip type within this zone is a strike-
slip with a thrust component. The zone is well
expressed in topography and hosts several strong
earthquakes. The seismic potential is assessed at
M,..=170.

(5) The Arga-Tas zone trends to the northwest; it
was distinguished along the large fault of the same
name. The chain of magnetic field anomalies fits this
zone (Imaev et al., 2000). The morphology of this
zone suggests sinistral strike-slip kinematics. Its seis-
mic potential is M,,, = 7.0.

(6) The Umara zone was distinguished on the basis
of the deep fault of the same name, dividing recent
uplifts which sharply differ in amplitude. The differ-
ence in amplitude of neotectonic movements is up to
1000 meters, and kinematics of slips are represented by
upthrow and thrust. The NW-trending zone is well
expressed in topography. Its seismic potential is
M, .= 6.5.

(7) The Omchak zone trends to the northwest. Its
kinematic slip type is a listric upthrow. This zone hosts
several large earthquakes and a series of weaker ones
(Fig. 6). The seismic potential of this zone is assessed
at M., = 6.5.

(8) The Inya zone trends to the northeast and was
distinguished predominantly from satellite images and
paleoseismodislocations. The seismic potential is
assessed at M, ,, = 6.5.

(9) The Inya-Yama zone was distinguished on the
basis of the active fault of the same name, consisting of
several en echelon fragments, each tens of kilometers
long. The zone trends sublatitudinally by a distance of
400 kilometers. Gravitational and tectonic seismodis-
locations are revealed here. Its seismic potential is
assessed at M, ,, = 6.5.

(10) The Pautovaya zone trends to the northeast. It
was distinguished from paleoseismodislocations and
satellite images. The series of rock falls and a large
NE-trending fault of up to 40 kilometers long were
distinguished within the limits of this zone (Vazhenin
et al., 1997). This zone hosts one large earthquake and
a series of weaker ones (Fig. 6). Its seismic potential is
M, .= 6.5.

(11) The Chelomdzha-Yama zone is of sublatitudi-
nal trend. It was distinguished on the basis of the large
fault of the same name and is about 800 kilometers
long. The slip kinematics are of oblique thrust type,
with a sinistral strike-slip component. The zone is well
expressed in satellite images; additionally, tectonic
and gravitational paleoseismodislocations were
revealed here (Vazhenin et al., 1997). Its seismic
potential is M, = 7.0.

(12) The Siglan zone was distinguished on the basis
of the large fault of the same name. It trends to the
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northeast, is well expressed in topography, and is
clearly distinguishable in satellite images. It hosts
strong earthquakes and magnitudes of up to Mg = 7.0
(UAC) occurred in recent years. In this respect, its
seismic potential is assessed at M,,,, = 7.5.

(13) The Lankovaya-Omolon zone was distin-
guished on the basis of the fault zone of the same
name. It trends to the northeast and can be generally
considered a system of elongated deep oblique (nor-
mal-dip) dextral strike-slips, inherited from the
Paleogene and causing the formation of different dis-
locations. This zone also contains swarms of paleo-
seismodislocations, revealed by B.P. Vazhenin et al.
(1997). Its seismic potential is M,,,,, = 7.0.

The background seismic level assumed for the rest
of the area is M,,,, = 5.0. The scheme of PES zones
(Fig. 6) was digitized with the same step as the
matrix A4; 3, and then converted to the matrix of M,
which, in turn, was used to calculate seismic shaking
intensity.

PROBABILISTIC SEISMIC HAZARD
ASSESSMENT FOR THE MAGADAN REGION

The probabilistic seismic hazard assessment
(PSHA) is based on the calculation of seismic shaking.
The initial data for assessing seismic shaking (Seismi-
cheskaya sotryasaemost’..., 1979) were the following.

(1) The scheme (matrix) of M,,,,, where cells char-
acterized by some maximal expected magnitude
(inferred from seismological and geological-geophys-
ical data) were distinguished. The map of M_,,, for the
Magadan region is shown in Fig. 6.

(2) The scheme (matrix) A4, of seismic activity,
which enables us to assess the inherent earthquake
recurrence interval, depending on magnitude M <
M_..., for each PES zone.

max»
(3) The slope factor b of the recurrence graph,
which determines, along with seismic activity, recur-
rence intervals for earthquakes of different magnitudes
within the distinguished zones. In this case, in accor-
dance with formula (2), we assumed b = —0.880.

(4) The macroseismic field equation providing the
correlation between the observed macroseismic inten-
sity, earthquake magnitude, epicentral distance, and
focal depth. In our calculations we used the macro-
seismic field equation proposed for the Russian
Northeast (Seismicheskaya sotryasaemost’..., 1979):

I =1.5Mg —3.0logR + 2.5, 4
where R is the distance between earthquake hypocen-

ter and observation point, i.e., R = \/(A2 + hz), where,
in turn, A and 4 are the epicentral distance and focal
depth, respectively, both in kilometers.

(5) The data on average depths of earthquake
sources. In our calculations, in accordance with the
obtained distributions of hypocenters on depth, we
assumed 4 = 10 kilometers.
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Fig. 7. Map of seismic activity A5 5 of the Magadan region.

When calculating seismic shaking, we used the map
of seismic activity A; ;, slightly altered in accordance
with the map of PES zones (Fig. 6): the same seismic
activity was assumed for each PES zone and numeri-
cally it equaled the maximum activity reported in this
zone according to A; ;. The map of 45 3, converted that
way, is presented in Fig. 7, where one can see that the
converted A5 ; map is similar to the map of PES zones
to a certain degree.

The calculation of seismic shaking in a particular
point (cell of seismic shaking matrix) was performed
by numerical integration of seismic effects from all
seismic sources (cells of the matrix M,,,,) within the
study area at this point, taking into consideration the
average recurrence interval for earthquakes with dif-
ferent magnitudes at these points (respective cells of
the seismic activity matrix), from the lowest represen-
tative one to M,,,, inclusively. Notably, the average
recurrence interval for earthquakes with M < M, was
determined in every cell of the matrix M, based on
the value of seismic activity 4; ; in the same cell and on
the slope factor of the recurrence graph (Seismich-
eskaya sotryasaemost’..., 1979).

The calculation of macroseismic intensity in the
Magadan region was performed using special software
implemented as a MS Excel macros (facilities of the
GS RAS and Schmidt Institute of Physics of the
Earth, RAS), whose core was the algorithm for calcu-
lating seismic shaking (B;). The initial data for this
software were (1) the matrix of seismic activity A4; 3
(digital analog of Fig. 7), (2) the matrix M, (digital
analog of Fig. 6), (3) slope factor b = —0.880,
(4) parameters of the macroseismic field equation in
the form as in Eq. (4); and the depth of seismoactive
layer 7 = 10 kilometers. Also, the average recurrence
interval T, is set in years (for example, 7,, = 500,
1000 years, and so on), for which the matrix of shaking
intensity (with the same structure as the matrices A 3
and M,,,,) is calculated.

Figure 8 presents the probabilistic maps of seismic
hazard for the Magadan region, in macroseismic
intensity points, calculated for average recurrence
intervals of 500, 1000, and 5000 years.

As was to be expected, the obtained maps of seis-
mic shaking intensity generally repeat the maps of
M, and A;;. The highest values of macroseismic
intensity are observed in the zones with high seismic
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potential (M,,,, ~ 7.0—7.5). The maximum shaking
intensity changes from /= 7.5 at 7, = 500 years to / =
8.8 at T,, = 5000 years. In general, the calculated shak-
ing intensity appeared to be slightly lower than that in
the GSZ-97 and GSZ-2015 maps, and the obtained
maps of shaking intensity are more differentiated than
those in the GSZ-2015 set.

In Fig. 8 one can see that the city of Magadan is
characterized by quite a high level of seismic hazard: it
is located at the boundary between two zones with
intensities (hereinafter, fractional intensity is pro-
vided) 7.0 and 7.5 at T,, = 500 years, 7.5 and 8.0 at
T,, = 1000 years, and 8.0 and 8.5 at 7}, = 5000 years.

CONCLUSIONS

A seismic hazard assessment for the Magadan
region (58.5°—66.0° N, 143.3°—157.7° E) in terms of
macroseismic intensity points was carried out using
Riznichenko’s method (Seismicheskaya sotryasae-
most’..., 1979), which is based on the calculation of
seismic shaking. We estimated the main parameters
of seismic regime: slope of the recurrence graph (b =

—0.880), matrix of seismic activity 455, and average
thickness of the seismoactive layer and its average
depth £ (on the basis of these, the value assumed in
shaking intensity maps is # = 10 kilometers).

Based on the analysis of the complex of seismolog-
ical, tectonic, and geological data, 13 PES zones with
M. = 6.5, 7.0, and 7.5 were distinguished in the ter-
ritory of the Magadan region. Beyond the distin-
guished PES zones, background M,,,, was assumed to
be 5.0.

An important element of the present work is that
when calculating the seismic intensity maps, we used
the matrix of seismic activity, corrected in accordance
with the map of PES zones: within the limits of each
PES zone, the same seismic activity was assumed,
namely, the one equal to the maximum observed in
the given zone.

As a result of the present work, we have obtained
the probabilistic maps of seismic hazard for the
Magadan region in terms of macroseismic scale units,
for average recurrence intervals of 500, 1000, and 5000
years. These shaking intensity maps generally fit to the
maps of M,,,, and seismic activity 45 ;. The highest val-
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ues of macroseismic intensity are observed in the
zones with high M, values (M,,, ~7.0—7.5). The
maximum intensity units ranges from / = 7.5 at aver-
age recurrence interval T,, = 500 years to [ = 8.8
at7,,= 5000 years. In general, the -calculated
intensity values appeared to be slightly lower than in
the GSZ-97 and GSZ-2015 maps.

Owing to a high degree of detail of the seismologi-
cal and seismotectonics studies conducted in the
framework of the present work, the obtained maps
have been more differentiated than those in the GSZ-
2015 set.

The city of Magadan is characterized by quite a
high level of seismic hazard: it is located at the bound-
ary between two zones with intensities 7.0 and 7.5 at
T,,= 500 years, 7.5 and 8.0 at 7}, = 1000 years, and 8.0
and 8.5 at T,, = 5000 years.
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