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Abstract: This paper continues the series of publications by the authors on the recognition of areas
prone to the strongest, strong, and significant earthquakes using the FCAZ system-analytical method.
The areas prone to earthquakes with M > 5.5 in the eastern sector of the Arctic zone of the Russian
Federation were recognized. It is shown that certain potential high seismicity zones are well confined
to the boundaries of the Eurasian, North American, and Okhotsk tectonic plates. In addition,
according to the results of the FCAZ recognition, some areas located at a sufficient distance from the
main tectonic structures of the studied region were also recognized as highly seismic. The results of
the study, among other factors, justify the use of the assessment of the completeness magnitude in
the catalog for choosing the set of recognition objects for the FCAZ method.
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1. Introduction

The development of the Arctic zone of the Russian Federation (AZRF) is an important
area of economic and scientific progress for the country. This is determined, first of all,
by the significant reserves of minerals in the Russian Arctic. Today, the region produces
oil (80% of the total volume in the country), natural gas (93%), nickel and copper (90%),
diamonds and gold (33%), platinum, palladium, cobalt, tin, manganese, coal, etc. [1]. The
relevance of scientific research in the Russian Arctic is growing due to climate change
caused by global warming and the accelerated melting of Arctic ice [2-5].

Assessment of the hazards of geodynamical nature plays a significant role in determin-
ing the strategy for the industrial development of promising regions, which undoubtedly
includes the Russian Arctic [6]. The central role here belongs to seismic hazard, which is
taken into account both in determining urban planning policy and in planning industrial
and infrastructure network facilities.

In this paper, the area of seismic hazard assessment is the eastern sector of the Russian
Arctic. In its oceanic part, the Eurasian basin, the Gakkel Ridge, and the Canadian basin
can be identified. They are divided by the Lomonosov and the Alfa—Mendeleev Ridges,
which are separated from each other by the Makarov Basin and the small Mendeleev
abyssal plain.

The continental part is represented by accretion—collision structures. Among them is
the Verkhoyansk Range, which frames the Siberian platform from the east. This is followed
by is the Chersky Range. Further to the east, there is a series of arched ranges of Koryakia
and Chukotka [7,8] (Figure 1).
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Figure 1. The main structures of the eastern sector of the Russian Arctic. The yellow line is the
boundaries of tectonic plates, the light green dotted line is the polar circle, and the red stars are the
epicenters of earthquakes with M > 6.0 that occurred over the past two decades. The white frame
shows the boundaries of the studied region.

Seismogenic zones in the continental part are represented by the boundary between
the North American and Eurasian plates (Figure 1). The latter consists of several structures
extending from the Laptev Sea and the mouth of the river Lena to the coast of Okhotsk
and the Isthmus of Kamchatka. The transverse extent of seismogenic structures exceeds
1000 km. Some researchers distinguish here a collage of microplates, including the Amur,
Okhotsk, and Bering plates [9]. Some authors trace here several seismogenic structures,
including the Laptev Sea, Kharaulakh, Cherskiy seismotectonic zones, and the Arctic-Asian
seismic belt [8,10].

Over the past two decades, a number of strong earthquakes with a magnitude M > 6.0
have occurred in the studied region (Figure 2). Among them is the Olyutorsk earthquake
on 20.04.2006 with M = 7.6; the earthquake on 24.06.2012 near the northeastern coast of the
Kamchatka Peninsula with M = 6.0; two earthquakes with M = 6.5 and M = 6.3 that occurred
consecutively on 30.04.2010 in the Bering Sea; Ilin-Tas (Abyi) earthquake on 14 February
2013 with M = 6.6; earthquake on 09.01.2020 with M = 6.4 near the border of Kamchatka
and Chukotka [11-14], and others (Figures 1 and 2). Sufficiently detailed information
about strong earthquakes in the Russian Arctic that occurred before the mid-1970s can be
found in [15]. The foregoing emphasizes the existing high seismic hazard of the region and
substantiates the urgency of the problem of determining areas in the eastern sector of the
Arctic zone of the Russian Federation within which strong earthquakes can occur.
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Figure 2. The integrated earthquake catalog of the Eastern Sector of the Arctic zone of the Russian
Federation (1962-2020) [16]. The white frame shows the boundaries of the region (coincides with the
region marked in Figure 1), for which the catalog was created and within which FCAZ recognition
was performed.

A large number of scientific papers are devoted to the analysis of the seismic regime of
the Arctic zone of Russia and the construction of corresponding seismic hazard maps (see,
for example, [17-21], and others). Here it is necessary to note the systematically updated set
of maps of the General Seismic Zoning (GSZ) [22-26] on the scale of the whole of Russia. On
the GSZ maps that regulate construction in the country, the territory of the Russian Arctic
belongs to zones with an estimated intensity of five to six or more points [27]. Nevertheless,
the question of the boundaries of the zones prone to strong earthquakes in the Russian
Arctic remains open. This article is devoted to its study.

Since the 1970s, seismic hazard assessment studies have been actively applying pattern
recognition methods [28-30]. Created in the mid-2010s and currently being developed,
the FCAZ (formalized clustering and zoning) system analysis method turned out to be
universal and effective [29,31]. Its application is based on topological filtering of a point set
of epicenters of sufficiently weak earthquakes, which serve as recognition objects. FCAZ is
based on the composition of DPS (discrete perfect sets) [32,33] and E2XT [31] algorithms.
The subject of the FCAZ study is the nontrivial recognition of areas prone to strong (the
strongest, significant) earthquakes in the studied region [34].

The objective of this study is to recognize strong earthquake-prone areas in the eastern
sector of the Russian Arctic (Figure 1). Recognition is performed using the FCAZ method.

2. Materials and Methods
2.1. System-Analytical Method FCAZ

The system-analytical method FCAZ (formalized clustering and zoning) was created
in 2012-2016 at the Geophysical Center of the Russian Academy of Sciences [31,33-41] (and
others). Some ideas of the mathematical construction of the method can be observed in
earlier publications [42-44]. The basic idea of the FCAZ study is the topological filtrational
clustering of the seismic catalog—a finite set W of epicenters of known earthquakes in the
studied region. As already noted, FCAZ makes it possible to efficiently recognize areas
prone to the strongest, strong, and significant earthquakes [29].
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The FCAZ system represents a sequential application of 2 algorithms: DPS (discrete
perfect sets) [31-33,37,45,46] and E2XT [31,34]. In a finite set W of the Euclidean space, DPS
selects regions with a given density level «. The output is a set of points that is x-dense
in each of its elements. The task of the DPS algorithm is to construct such a set W(«) that
its density is not less than the level « at all its points. The DPS algorithm, in particular, is
effective in the current task because it “attracts” recognition objects (earthquake epicenters)
into dense clusters, leaving no isolated points [35].

At the next, second stage of FCAZ recognition, the EXT algorithm formalizes and
implements the construction of a unique mapping of discrete DPS clusters into flat zones
of nonzero measure, inside and at the boundaries of which earthquakes with a magnitude
M > My can occur [31]. Here Mj is a given magnitude threshold, which depends on
the seismic regime of the considered region [29] and determines which earthquakes we
consider strong.

The algorithms that form FCAZ have a number of input parameters: DPS-q < 0 to
calculate the localization radius and the maximum density level B € [—1, 1] to determine the
required density level of DPS clusters a(B); E2XT-v < 0 and w < 0 to calculate the scannability
of DPS clusters and the connectivity of calculated flat high seismicity zones [33]. Another
parameter for DPS is the number of iterations of applying the algorithm in one task. In
2016, the DPS and E?XT algorithms were equipped with artificial intelligence blocks [31].
The latter allows it to automatically choose the optimal values of the free parameters. This
makes the result of FCAZ recognition more objective and reproducible [34].

Previously, using the FCAZ method, earthquake-prone area recognition in the follow-
ing seismically hazardous regions of the world was successfully performed:

e  The mountain belt of the Andes of South America (M, = 7.75) [31,34];

e  Pacific coast of the Kamchatka Peninsula (M = 7.75) [34-36] and the Kuril Islands
(Mg =7.75);

e  (alifornia (M = 6.5) [34,36,37];

e  (isbaikalia—Transbaikalia (M = 5.5; My = 5.75, My = 6.0) [34,39];

e  Altai-Sayan (M = 5.5) [34,40];

e  Caucasus (M =5.0) [31,33,34,37,38];

e  Crimean Peninsula and northwestern Caucasus (Mg = 4.5; My = 5.0) [34,41].

In these regions, the reliability of the FCAZ results was assessed using control experi-
ments of the “seismic history” type [29]. Naturally, the recognized high seismicity zones
were also compared with the location of the actual epicenters of the strongest, strong, and
significant earthquakes that occurred after the end of the catalog used for recognition [31].
Thus, in each of the 8 regions noted above, a high degree of reliability of FCAZ recognition
was substantiated [34].

A detailed description of the mathematical and algorithmic construction of the FCAZ
method and the results obtained earlier with its help is given in [31,33,34].

2.2. Earthquake Catalog of the Eastern Sector of the Arctic Zone of the Russian Federation

The basis for the recognition of potential high seismicity zones by the FCAZ method is
the most complete earthquake catalog of the studied region. In this paper, epicenters from
the original, integrated earthquake catalog of the eastern sector of the Arctic zone of the
Russian Federation are used as recognition objects. The catalog contains information on
23,254 seismic events for the period 1962-2020 [16]. It was created by the system analysis
method as a result of a formalized combination of earthquake data from the regional
catalogs of the Geophysical Survey of the Russian Academy of Sciences (GS RAS, http:
/ /www.gsras.ru/new/eng/catalog/, accessed on 1 October 2022) and the International
Seismological Center (ISC, http:/ /www.isc.ac.uk/, accessed on 1 October 2022).

Different seismic agencies can both register and skip events. This happens due to
network configurations, the specifics of processing methods, as well as the procedures
for transferring information to data centers. When catalogs are merged, the problem
of identifying and removing the resulting duplicates naturally arises. The problem is
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complicated by the need to distinguish duplicates from aftershocks [47] since the latter are
also events close in space and time. The problem of merging these catalogs was solved
using the author’s technique [48]. It is based on a modification of the nearest neighbor
method [49,50] for the recognition of duplicates. Namely, correspondence is built for events
from two catalogs, after which earthquakes are classified into unique and duplicates using
the Euclidean metric. Consistent application of the technique makes it possible to combine
any number of earthquake catalogs [48].

When creating an integrated earthquake catalog of the eastern sector of the Arctic
zone of the Russian Federation [16], the following were sequentially combined:

The regional catalog of Yakutia from the annual journal “Earthquakes in Northern Eurasia”
The regional catalog of the northeast of Russia from the annual journal “Earthquakes
in Northern Eurasia”

The earthquake catalog of Kamchatka of the Kamchatka Branch of GS RAS

The ISC catalog, which is a composite catalog containing data from many world and
Russian agencies

Different agencies define, generally speaking, different magnitude types of seismic
events. At the same time, for a rigorous formulation of the problem of earthquake-prone
areas recognition, which is determined by the threshold M), it is necessary to provide all
records of the catalog with a magnitude of the same type. In this regard, the magnitude
scale in the integrated catalog was unified [16]. This was undertaken for the first time with
the problems of the FCAZ cycle. This was a fundamental step forward in the development
of the system analysis method.

When analyzing various magnitude scales, preference is usually given to the moment
magnitude: M = Mw [16,51,52]. In the integrated catalog, My was defined only for
earthquakes with M > 5.0. For events with magnitudes up to M ~ 4.0, the magnitude
mb was mainly defined, and in such cases, M = mb. Weak earthquakes had magnitudes
defined by local networks, with a large variety in their types [16]. Most of the weak
earthquakes had an energy class estimate, and only for 7% of the events were other types
of magnitude calculated. In this regard, the following magnitude priority system was used
in the integrated catalog [16]:

M = My MT or

M = Ms"C for strong earthquakes before 1976 or

M = mb™C or

M =b x Ks—a, regression coefficients a and b are given in [16]
M =b x M| —a, regression coefficients a and b are given in [16].

SR

The formalized construction of the author’s technique for merging earthquake catalogs
is described in detail in [48]. The stages of merging the integrated catalog of the eastern
sector of the Arctic zone of the Russian Federation and unifying the magnitude scales are
described in [16]. The catalog is available to the public on the website of the World Data
Center for Solid Earth Physics, Moscow, at http:/ /www.wdcb.ru/arctic_antarctic/arctic_
seism.html, (accessed on 24 October 2022). The map of earthquake epicenters from the
integrated catalog is presented in Figure 2.

The catalog of strong earthquakes of the eastern sector of the Russian Arctic, start-
ing from 1900, was formed based on 3 main sources: the integrated catalog [16], New
Catalog of Strong Earthquakes in the USSR from Ancient Times through 1977 (hereinafter
“New Catalog ... ”) [15] and the catalog of the International Seismological Center (ISC).

It should be noted that in the “New Catalog...” [15] there are many cases when coor-
dinates of strong earthquakes correspond to low-seismicity areas, according to modern
instrumental data. In the description of the “New Catalog...” it is said that “the least reliable
is the assessment in the presence of intensity data in one observation site. In such cases, the value
obtained under the assumption that the source was located under the given observation site at the
average depth for the region was taken as its lower limit. The value corresponding to the epicenter at
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the nearest point of a large seismically active zone was taken as the upper limit, and the average was
taken as the final estimate. The error in such cases could be two units.”

Accordingly, it was decided not to include in the formed catalog of strong earthquakes
the events with the accuracy of £2 of the indicated magnitude in the “New Catalog...”.
Thus, 53 events were taken from the “New Catalog...”, given in the sections “Arctic Basin,”
“Chukotka,” “Kamchatka,” and “Yakutia and the North-East.” At the same time, even
though data from international agencies have already been used in compiling the “New
Catalog ... ”, we have identified several cases where the final magnitude estimate was
lower than the available instrumental estimate. In such cases, preference was given to the
highest magnitude, namely, the recalculated Mg according to the ISC data [53].

All events with M > 5.0 were selected from the integrated instrumental catalog [16]. In
this case, events with My > 5.0 or Mg > 5.0 were included in the formed catalog of strong
earthquakes automatically, and M = M,, or M = Mg, respectively. For events with mb > 5.0,
an additional check was carried out, after which such events fell into one of two categories:

e  If there was an estimate of Mg > 5.0, earthquakes were included in the formed catalog
of strong events, and M = Mg, since the saturation effect of magnitudes for mb > 5.0 is
known.

e If there was an estimate of Mg < 5.0, earthquakes were not included in the catalog
of strong earthquakes. Indeed, such a combination of Mg-mb often corresponds to
deep earthquakes, for which the applicability of the FCAZ method is not clear, since
devastating consequences after deep events are observed rarely.

Thus, the formed catalog of strong earthquakes includes 166 events with M > 5.0. Due
to the remoteness of many seismic stations from the studied region, as well as its relatively
weaker seismicity, it was decided to consider earthquakes with M > 5.0 for the studied
region as strong.

Due to the a priori lack of objects for FCAZ recognition, strong events, the epicenters
of which are located outside the area covered by the integrated catalog, were excluded
from consideration [16] (limited by the white frame in Figures 1 and 2). Strong events in
the waters of the seas and oceans at a relatively long distance from the coast were also
excluded. The final catalog of strong earthquakes used in this work contains 130 events
with M > 5.0 (Table 1). The epicenters of such earthquakes are shown in Figure 3.

Table 1. The catalog of earthquakes with M > 5.0 in the eastern sector of the Russian Arctic
(1900-2020).

No. Date @° A° M
1. 18.03.1913 63.4 145.8 6.2
2. 07.06.1914 73.0 119.0 55
3. 30.11.1918 71.2 134.0 6.4
4. 13.03.1924 63.0 150.0 5.5
5. 27.05.1924 62.0 1355 52
6. 18.02.1925 69.0 145.0 5.0
7. 07.01.1927 82.0 126.0 5.1
8. 14.11.1927 69.9 129.9 6.8
9. 14.11.1927 70.1 129.2 6.8
10. 15.11.1927 70.5 128.5 5.8
11. 03.02.1928 70.5 128.8 6.2
12. 21.02.1928 66.5 —173.0 6.9
13. 24.02.1928 67.2 —-1734 6.3
14. 26.02.1928 66.7 —172.5 6.5
15. 01.05.1928 66.8 —172.0 6.2
16. 16.08.1928 70.0 126.0 5.6
17. 15.07.1931 58.9 149.0 6.2
18. 10.10.1931 59.3 147.8 6.6
19. 14.08.1932 62.8 154.6 54
20. 03.11.1936 59.0 151.2 5.7
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Table 1. Cont.

No. Date o,° A° M
21. 21.09.1937 58.0 165.0 5.6
22. 22.01.1943 59.0 151.0 5.0
23. 20.01.1944 60.0 152.0 5.0
24. 14.02.1944 61.0 147 .4 5.0
25. 25.06.1945 59.0 160.0 5.0
26. 07.01.1951 57.9 163.2 5.2
27. 09.01.1951 81.0 126.5 5.6
28. 12.02.1951 65.8 137.0 6.5
29. 04.04.1951 65.0 136.0 5.2
30. 14.04.1951 61.3 137.4 7.1
31. 29.04.1951 81.5 131.0 5.3
32. 07.1954 66.0 141.0 5.0
33. 10.12.1955 64.0 152.0 5.2
34. 27.09.1957 64.2 178.2 5.7
35. 30.10.1959 65.9019 136.8772 5.3
36. 04.03.1962 67.5 —-172.9 5.0
37. 19.04.1962 69.7372 138.7082 5.7
38. 20.05.1963 72.1598 126.4704 5.0
39. 21.07.1964 71.9745 129.9732 5.4
40. 13.12.1964 64.8511 —165.719 5.5
41. 09.09.1968 66.1953 142.192 5.1
42, 22.11.1969 57.6661 163.5126 75
43. 27.11.1969 58.0029 163.2877 5.0
44. 23.12.1969 57.6 163.41 5.8
45. 05.06.1970 63.3638 146.1613 5.6
46. 19.06.1970 57.77 163.65 5.5
47. 18.05.1971 63.9304 145.9633 7.0
48. 30.09.1971 61.6821 140.3041 5.8
49, 05.10.1971 67.3875 —172.689 5.3
50. 13.01.1972 61.9098 147.063 5.7
51. 03.08.1972 59.4635 163.2362 5.4
52. 19.06.1974 63.1401 150.8163 5.0
53. 21.01.1976 67.6968 140.0102 5.1
54. 21.01.1976 58.8296 163.7961 6.2
55. 22.01.1976 58.8758 163.6817 5.3
56. 17.02.1977 58.9873 163.759 5.1
57. 19.08.1979 61.3151 159.334 5.3
58. 01.02.1980 73.0967 122.5227 5.3
59. 08.11.1981 61.8134 153.8102 5.4
60. 22.11.1984 68.4472 140.951 5.1
61. 10.09.1985 60.2631 169.1538 5.2
62. 01.03.1991 72.1393 126.8703 5.3
63. 08.03.1991 60.828 167.0754 6.6
64. 08.03.1991 60.8046 167.1495 5.9
65. 10.03.1991 60.9156 167.252 52
66. 12.03.1991 60.7718 167.1724 5.4
67. 17.04.1991 60.7056 166.9719 5.3
68. 17.04.1991 60.6803 166.9327 5.2
69. 18.04.1991 60.8177 167.0288 5.5
70. 27.04.1991 60.7949 167.1015 53
71. 12.06.1991 58.3428 163.2646 5.3
72. 17.07.1992 60.8576 167.3209 5.2
73. 26.03.1994 58.2648 164.1291 5.5
74. 02.10.1995 66.5262 179.2814 5.2
75. 07.07.1996 58.5323 157.8279 5.7
76. 08.08.1996 58.6572 157.7733 5.1
77. 24.10.1996 66.9183 —173.041 6.0
78. 03.01.1997 60.7922 167.4344 5.4
79. 24.03.1997 67.1386 —173.197 5.0
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Table 1. Cont.

No. Date o,° A° M
80. 15.04.1998 58.433 164.6887 5.8
81. 07.01.1999 67.6958 141.2996 5.2
82. 07.01.2001 59.4549 147.2577 5.4
83. 25.01.2005 69.6608 138.5656 5.1
84. 20.04.2006 60.8802 167.0464 7.6
85. 20.04.2006 60.8857 167.2848 59
86. 21.04.2006 61.1195 166.9906 5.8
87. 21.04.2006 60.5932 166.2015 5.4
88. 21.04.2006 60.4496 165.9587 6.1
89. 21.04.2006 61.3001 167.7524 6.0
90. 21.04.2006 60.6778 165.886 52
91. 21.04.2006 60.9465 166.8856 5.0
92. 22.04.2006 61.1619 167.3084 5.5
93. 26.04.2006 60.9509 166.6578 5.0
94. 29.04.2006 60.9127 165.799 5.2
95. 29.04.2006 60.4481 167.6232 6.6
96. 29.04.2006 60.6655 166.0764 5.2
97. 09.05.2006 60.6836 165.9512 5.7
98. 18.05.2006 60.7608 165.9845 5.0
99. 22.05.2006 60.7339 165.8081 6.6
100. 22.05.2006 60.7847 165.9961 5.3
101. 24.05.2006 60.8614 165.5075 5.0
102. 06.09.2006 61.5752 168.6293 53
103. 04.10.2006 60.6272 165.7793 5.0
104. 19.10.2006 64.1002 148.8337 5.2
105. 11.01.2007 60.8981 165.6173 5.0
106. 24.05.2007 62.2792 171.7404 5.3
107. 13.04.2008 67.6428 —166.86 5.2
108. 22.06.2008 67.6952 141.3933 6.1
109. 21.04.2009 64.5778 168.6858 5.0
110. 08.05.2009 58.0536 164.3764 54
111. 02.08.2010 61.9985 145.6676 53
112. 21.05.2011 65.4772 —166.857 5.0
113. 16.11.2011 65.1751 146.0932 5.1
114. 21.02.2012 67.5811 —166.561 5.1
115. 26.03.2012 66.2727 —174.545 5.1
116. 24.06.2012 57.5012 163.4145 6.0
117. 20.01.2013 64.8134 146.554 5.6
118. 14.02.2013 67.5173 142.7017 6.7
119. 05.03.2013 67.661 142.6265 5.1
120. 13.03.2013 60.1064 163.5095 5.8
121. 10.05.2013 67.5282 139.1438 5.2
122. 25.08.2014 67.6471 142.4612 5.0
123. 06.03.2017 60.8706 167.2633 5.0
124. 12.06.2017 60.9257 167.2364 5.1
125. 16.01.2018 63.1535 —172.293 5.0
126. 27.08.2018 58.7283 158.8544 5.0
127. 26.12.2019 58.8313 158.7925 5.2
128. 09.01.2020 62.358 171.0611 6.4
129. 09.01.2020 62.2438 170.9805 5.2
130. 01.09.2020 58.82 159.002 5.6
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Figure 3. FCAZ zones prone to earthquakes in the eastern sector of the Russian Arctic and epicenters
of earthquakes with M > 5.0.

3. Results

As the magnitude threshold Mg, starting from which the earthquake epicenters are
used as objects of FCAZ recognition of strong earthquake-prone areas, was chosen, Mg = 2.5.
The combined catalog contains 10,486 crustal events with M > 2.5, which made up the set
of recognition objects W.

At the first step of the set W, which is a subset of the set of earthquake epicenters
shown in Figure 2, the topological filtering algorithm DPS was applied. Three iterations
of the algorithm were performed. The optimal values (q; = —2.0, g2 = —2.5, g3 = —2.5;
B1 =0.1, B = 0.1, B3 = 0.05) of the input parameters of the algorithm were chosen by
artificial intelligence blocks [34]. DPS clusters (Figure 3) included 67.2% of the epicenters of
earthquakes with M > 2.5 used in the problem as objects of FCAZ recognition. In other
words, |DPS(W)| = 67.2%|W|.

In the second step, the E2XT algorithm was applied to the recognized DPS clusters.
The optimal values (v = —4.0 u w = —2.25; the geographical grid spacing is 0.25°) of its input
parameters were also selected automatically using blocks [31]. In Figure 3, a combination
of green and red colors shows the result—the strong earthquake-prone areas in the eastern
sector of the Russian Arctic, recognized by the FCAZ method.

As can be seen from Figure 3, the recognized FCAZ zones are in good agreement
with the location of the epicenters of historical and instrumental earthquakes with M > 5.0
(Table 1). In addition, certain potential high seismicity zones (Figure 3) are well confined to
the boundaries of the Eurasian, North American, and Okhotsk tectonic plates. In the zone
of contact of all three plates and the Okhotsk Plate with the North American Plate (Figure 3),
the FCAZ system recognized very large FCAZ zones containing half of the known strong
earthquakes (Table 1). This is especially true for the northeastward elongated margin of
the Okhotsk Plate, where more than a third of the known events with M > 6.0 occurred.
Furthermore, FCAZ zones are recognized within the Cherskiy Range, which is one of
the main geomorphological structures (Figure 1) of the region. Within this range, a fairly
large number of instrumentally registered strong earthquakes are known (Figure 3). The
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consistency of FCAZ zones with the boundaries of tectonic plates is a significant argument
in favor of the reliability of the recognition [9,54].

Out of 130 events with M > 5.0, only 19 (14.6%) epicenters are located outside the
FCAZ zones. Note that 14 of them occurred before 1962, i.e., long before the start of
systematic instrumental observations of the seismicity of the region. Their epicenters
and magnitudes were determined with a significant error [15]. Thus, for six events with
M = 5.0-5.2, the magnitude error is £0.5-0.7, and for eight events, the epicenter coordinates
are determined with an error of £1-2° [15]. At the same time, exactly half of the latter is
located at the very border of the recognized FCAZ zones. Thus, with a high probability,
some of the earthquakes that make up “missed target” errors may not be such.

Let us now consider the epicenters of stronger earthquakes. Out of 54 considered
events with M > 5.5 8 epicenters (14.8%) are located outside the zones recognized by
the FCAZ method. All such events occurred before 1957, i.e., before the beginning of
the instrumental earthquake catalog, and therefore, belong to the historical part of the
used catalog of strong earthquakes (Table 1). The coordinates of their epicenters were
determined with an error from 0.5° to 2°. At the same time, half of the events have
magnitudes M = 5.5-5.8, estimated with an error of £0.3-0.5. Thus, it is very likely that
some events that did not fall into the FCAZ zones may not be missed targets of recognition.

Let us consider the case where My = 6.0. In turn, four (14.8%) out of 27 events with
M > 6.0 are errors of the “missed target” type. Here, all missed earthquakes occurred
before 1930. The coordinates of their epicenters were determined with an error of £0.5°-1°,
and the magnitudes—=0.5. The latter is also confirmed by the work [55], where for these
events the estimates of magnitudes are given that are 0.2-0.4 less than in [15] (Table 1). It
should also be noted that three of the four missed epicenters are located within a fairly
small area (the maximum distance between the epicenters is ~80 km). These events have
the same magnitude estimates and occurred within three and a half months (the first two
with a difference of less than five hours). These three events should likely be considered as
one missed target of recognition. Thus, interpreting the result (Figure 3) for earthquakes
with M > 6.0, we can speak of only two (8.0%) misses.

Considering only strong events that occurred after the start of systematic seismological
observations in 1962 (the beginning of the used instrumental catalog), and which have
reliable instrumental estimates of the magnitude and coordinates of the epicenter, we have
the following positive results. Out of 95 earthquakes with M > 5.0, epicenters of five (5.26%)
are located outside the FCAZ zones, and for earthquakes with M > 5.5 and M > 6.0, in this
case, there are no “missed target” errors.

It should be noted that, according to the ANSS and EMSC catalogs, after the end of the
integrated catalog used for FCAZ recognition, events with M > 5.0 have not yet occurred
in the continental part of the studied region (the catalog ends in 2020). Therefore, the use of
a direct control sample to assess the reliability of this recognition is impossible.

Figure 3 shows that the recognized FCAZ zones contain not only the epicenters of
earthquakes with M > 5.0, which are directly confined to the boundaries of the Eurasian,
North American, and Okhotsk tectonic plates; they also contain some events that occurred
at a sufficient distance from the main tectonic structures of the studied region. This
emphasizes the nontriviality of the result of the performed FCAZ recognition. Note that
the FCAZ zones occupy only =~ 10% of the continental part of the region within which
recognition was performed (shown by the white frame in Figures 1 and 2) and contain
68.4% of events with M > 3.0, 68.9% with M > 3.5, 70.5% with M > 4.0, and 69.8% with
M > 4.5 from those available in the instrumental catalog used for recognition. This once
again indicates the nontriviality of the obtained result of FCAZ recognition (Figure 3).

Note that FCAZ zones for My = 5.0, My =5.5, and My = 6.0 declare the same territory as
hazardous. Moreover, if the percentage of “missed target” errors is equal when considering
all strong events from Table 1 their number is reduced to zero for earthquakes with M > 5.5
and M > 6.0 when the historical part of the catalog (which contains possible significant
errors in determining the coordinates of epicenters and estimating magnitudes) is discarded.
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The foregoing allows us to interpret the recognized FCAZ zones (Figure 3) as areas prone to
earthquakes with M > 5.5 in the eastern sector of the Arctic zone of the Russian Federation.
Note that the result of FCAZ recognition shown in Figure 3 can be interpreted in
another way. For example, the territory of the studied region not covered by recognized
high seismicity zones can be considered as areas where only earthquakes with a magnitude
M < 5.0 can occur. Thus, according to the results of this work, strong earthquakes cannot
occur in ~90% of the territory of the eastern sector of the Arctic zone of the Russian
Federation. At the same time, the hazardous areas of ~ 10% are outlined in Figure 3.

In the eastern sector of the Russian Arctic, it is impossible to perform control ex-
periments of the “seismic history” type [29], which substantiate the reliability of FCAZ
recognition by demonstrating the stability of the recognized zones in space and time. This
is due to the lack of recognition objects (earthquake epicenters with M > 2.5) to perform
control experiments on in such a large territory as the studied region of the eastern sector
of the Russian Arctic. As mentioned above, there were no strong events in the region
that could form material for conducting a pure experiment (checking the correspondence
between the recognized FCAZ zones and the epicenters of earthquakes that occurred after
the end of the catalog, which is a set of recognition objects).

To substantiate the reliability and optimality of the recognized FCAZ zones (Figure 3),
we compared them with the zones recognized using other (smaller) values of the Mg
threshold, which determines a set of objects. In other words, the number of recognition
objects varied. Figures 4-7 show the FCAZ zones prone to strong earthquakes in the eastern
sector of the Russian Arctic, mapped using thresholds: Mg = 2.0, Mg = 1.5, Mg = 1.0, and
Mg = 0.5, which determine the set W.

S5°N

50° N

il ) Sourc nallParkiSeivice

120°E 130°E 140° E 150° E 160° E 170° E

Figure 4. FCAZ zones prone to earthquakes (calculated at Mg = 2.0) in the eastern sector of the
Russian Arctic and earthquake epicenters with M > 5.0. Designations as in Figure 3.



Appl. Sci. 2022, 12, 11990

12 of 16

S5°N

130° E 140° E 150° E 160° E 170° E

120°E
Figure 5. FCAZ zones prone to earthquakes (calculated at MR = 1.5) in the eastern sector of the
Russian Arctic and earthquake epicenters with M > 5.0. Designations as in Figure 3.
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Figure 6. FCAZ zones prone to earthquakes (calculated at MR = 1.0) in the eastern sector of the
Russian Arctic and earthquake epicenters with M > 5.0. Designations as in Figure 3.
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Figure 7. FCAZ zones prone to earthquakes (calculated at MR = 0.5) in the eastern sector of the
Russian Arctic and earthquake epicenters with M > 5.0. Designations as in Figure 3.

From Figures 5-7, it can be seen that FCAZ zones recognized using Mg = 1.5, Mr = 1.0,
and MR = 0.5 have almost the same number of “missed target” errors as the main variant
(Figure 3). Outside the recognized zones are located 20 out of 130 earthquake epicenters
with M > 5.0, 11 out of 54 with M > 5.5, and five out of 27 with M > 6.0. It should be noted
that the area of these zones is 25-30% larger than the area of FCAZ zones in Figure 3. That
is, in the case of low values of the Mg threshold, the number of false alarms increases, which
negatively affects the recognition reliability. In this case, the values Mr = 1.5, Mg = 1.0,
and MR = 0.5 are significantly less than the magnitude M. (completeness magnitude) in
the catalog [56-58]. This means, with such values of Mg, the set of recognition objects
is an incomplete sample of earthquake epicenters, with a high probability containing
numerous errors in the values of seismicity parameters. The latter affects the result of
FCAZ recognition.

The high seismicity zones recognized using Mg = 2.0 (Figure 4) are comparable in area
to the main FCAZ zones (Figure 3). The area difference is less than 1%. At the same time, we
note that these zones have the following number of “missed target” errors: 22 earthquake
epicenters with M > 5.0, 14 with M > 5.5, and seven with M > 6.0, which is significantly
more than the main variant.

Zone analysis in Figures 3-7, the results of comparison of their areas, and statistics of
“missed target” errors show that the FCAZ zones recognized using the threshold My = 2.5
with the smallest area of false alarms are in the best agreement with the epicenters of
known strong earthquakes in the studied region. This substantiates the reliability of the
interpretation of high seismicity zones shown in Figure 3 as earthquake-prone areas with
M > 5.5 in the eastern sector of the Arctic zone of the Russian Federation. It should also be
noted that the obtained results substantiate the correct choice of the threshold value Mg
based on the assessment of the completeness magnitude M. in the catalog.

4. Conclusions

In this paper, using the FCAZ system-analytical method, strong earthquake-prone
areas in the eastern sector of the Arctic zone of the Russian Federation were recognized. As
shown in the text of the article and Figure 3, FCAZ zones are in good agreement with the
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epicenters of earthquakes with M > 5.5 and M > 6.0. Interpreting FCAZ zones as areas
prone to earthquakes with M > 5.5, and substantiating their reliability, it should be noted
that they can also be interpreted as areas prone to events with M > 6.0. This is confirmed
by the statistics of “missed target” errors given in the paper.

For the first time, the high seismicity zones determined by the FCAZ method were
interpreted for two thresholds M, when recognizing in the Crimean Peninsula and the
northwestern Caucasus [41]. In the same paper [41], a mathematical theory was constructed
which makes it possible to represent FCAZ zones as a fuzzy set to consider areas in which
earthquakes with a magnitude of M} < M < M3 can occur.

Another important result was obtained in the present paper. The classification shown
in Figure 3 turns out to be stable for the variation of the threshold My in the interval
AMp =~ 1 (5.0 < My < 6.0). Such stability of the solution for the My threshold, which was
not observed in previous FCAZ regions, serves as a weighty argument in favor of the
reliability of the solution presented in Figure 3.

Note that the results of this paper point to the need to use the completeness magnitude
estimate M in the catalog as the magnitude threshold My (starting from which the earth-
quake epicenters are used as FCAZ recognition objects). This will make it possible to use in
FCAZ recognition the data set that is the most complete and contains the minimum number
of errors in the values of the seismicity parameters of the considered high seismicity region.
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