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Abstract. The goal of the study is to identify
the possible locations of strong M6+
earthquakes in the Altai-Sayan-Baikal region.
The first stage of the study is compiling the
morphostructural map of the region by means of
the morphostructural zoning method (MSZ).
The map presents the hierarchical block
structure of the region, the network of
morphostructural lineaments bounding the
blocks, and loci of the nodes forming around
lineament intersections. Epicenters of M6+
earthquakes reported by earthquake catalogues
nucleate at nodes. We apply the pattern
recognition approach to identify among all
nodes seismogenic nodes D capable of
generating M6+ earthquakes. This is done
based on the description of the nodes by a set
of geological and geophysical characteristics
measured uniformly for all nodes. The result of
the pattern recognition is twofold: (i) the rule of
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recognition that allows to recognize D nodes
among the whole set of nodes; (ii) the actual
division of nodes according to this rule into sep-
arate two classes: seismogenic D nodes and N
nodes where the target events are unlikely. In the
region under consideration, the whole set of 97
nodes has been divided into 33 D nodes and 64
N nodes. The target earthquakes have not yet
been recorded at 17 D nodes indentified in this
work. These susceptible nodes are located on
the high rank lineaments separating major mor-
phostructures of the region. High seismic poten-
tial of some of such nodes is confirmed by pale-
oseismic features defined in the region by other
researchers.

Introduction

For an adequate assessment of seismic hazard, it is
necessary to know the areas where strong earthquakes
are possible. Information on the strong earthquakes
recorded in the region under consideration is insufficient
to identify such areas, since instrumental seismological
observations were begun only a little earlier than 100
years ago, and it is reasonable to assume that not all po-



tentially hazardous areas had strong earthquakes during
this interval. Therefore, the problem arises of determin-
ing in the region the entire set of areas where strong
earthquakes are possible. One of the approaches to
solving this problem was formulated in the early 1970s
by Gelfand et al., [1972] and was further developed in
a series of studies [Gvishiani et al., 2020].

The initial idea of this approach is that the epicen-
ters of sufficiently strong earthquakes (with magnitudes
M ≥ M0, where M0 is a certain threshold) are confined
to the intersections of morphostructural lineaments,
called morphostructural nodes
[Gelfand at al., 1972]. The morphostructural linea-
ments are delineating in the region with the morphostruc-
tural zoning (MSZ) method. The morphostructural
map showing the results of the MSZ analysis presents
the hierarchical block structure of the region, the net-
work of morphostructural lineaments bounding blocks,
and loci of the nodes. The MSZ approach was de-
veloped by Rantsman, [1979] and its description can
be found in Alekseevskaya et al., 1977, Gorshkov et
al., [2003a], Rantsman, [1979], and Gorshkov, [2010].
Gvishiani and Soloviev, [1981] proposed a statistical
method that analyzes the mutual spatial distribution
of epicenters and intersections of morphostructural lin-



eaments to test the confinement of epicenters to in-
tersections. Application of this method to the region
studied in this work confirms the confinement. Thus,
the problem of determining areas where strong earth-
quakes are possible can be solved by identifying among
all nodes resulted from MSZ seismogenic D nodes at
which the target earthquakes are likely to occur.

The pattern recognition approach is used to deter-
mine seismogenic nodes. All nodes are considered as
recognition objects, and each of them is described by
a vector of geological and geophysical characteristics
measured for the corresponding nodes. The nodes host-
ing the epicenters of observed strong earthquakes form
a training set for the pattern recognition algorithm. As
a result of the algorithm application, the conditions for
the values of the characteristics (recognition rule) are
formulated, which allow us to classify the vectors cor-
responding to nodes and classification is obtained in
accordance with this rule of all nodes into two classes:
seismogenic nodes D where the target events may oc-
cur and nodes N, at which only the earthquakes of
M < M0 are possible.

The approach described above was successfully ap-
plied to determine the strong earthquake-prone areas
in many seismically active regions [e.g., Bhatia et al.,



1992; Caputo etal., 1980; Chunga et al., 2010; Cis-
ternas et al., 1985; Gelfand et al., 1972, 1976; Gor-
shkov et al., 2000, 2002, 2003b, 2004, 2009a, 2009b,
2010, 2012, 2017, 2019, 2020; Gorshkov and Gaude-
mer, 2019; Gvishiani and Soloviev, 1984; Gvishiani et
al., 1987, 1988; Kossobokov, 1983; Novikova and Gor-
shkov, 2013, 2016, 2018; Soloviev et al., 2013, 2016].
The locations of the earthquake epicenters that oc-
curred in these regions after obtaining the correspond-
ing results provide arguments in favor of the fact that
these results are reliable: about 87% of these epicenters
fall in the recognized earthquake-prone areas [Gorshkov
and Novikova, 2018; Soloviev et al., 2014].

The Altai-Sayan-Baikal region is considered in this
work. It is a region of moderate seismicity, and “strong”
earthquakes we determined by the magnitude thresh-
old M0 = 6.0. Recognition objects, morphostructural
nodes, were defined exploiting the MSZ method [Alek-
seevskaya et al. 1977; Gorshkov et al., 2003a; Gor-
shkov, 2010; Rantsman [1979]. Recognition objects
are described by a set geological and geophysical char-
acteristics that were previously used in similar studies
[e.g., Soloviev et al., 2016]. We use the CORA-3 pat-
tern recognition algorithm [Gelfand et al., 1976], which
was previously successfully applied to solve the same



problem for many other seismic regions. As Peresan
et al. [2011, 2015] demonstrated, the results of strong
earthquake-prone areas identification are very helpful in
assessing seismic hazard.

Morphostructural Zoning of the

Altai-Sayan-Baikal Region

The considered part of the of South Siberia moun-
tains encompasses the mountain systems of the Al-
tai, Western and Eastern Sayan, and the Baikal rift
depression. The formation of the Cenozoic structure
of this region developed under the influence of the
Indo-Eurasian collision, accompanied by the transfer
of deformations over long distances through the rigid
structures of the Precambrian microcontinent located
among the Paleozoic-Mesozoic folded zones [Dobretsov
et al., 1995, 2016; Buslov et al., 2008, 2013]. The
tectonic structures of Altai and Sayan were formed as
a result of the Hercynian and Caledonian folding, and
the formation of the recent relief took place in the Late
Cenozoic in the Oligocene-Quaternary time during 5–3
million years [Buslov et al., 2008; Dergunov, 1989]. In
the tectonic structure of the region, an important role



is played by the Paleozoic and Mesozoic faults, renewed
in the Cenozoic time [Dergunov, 1989; Dobretsov et al.,
1995, 2016]. These faults determine the block struc-
ture of the basement, which is clearly expressed in the
morphostructure of the study region [Novikov, 2004].
The study of active faults has shown their kinematic di-
versity and wide distribution in the region [Imaev et al.,
2006; Lukina, 1996; Sherman et al., 2015; Trifonov et
al., 2002]. The current regional geodynamics and seis-
micity is determined by regional compression created
by the ongoing interaction of the Eurasian and Indian
plates [Molnar and Tapponnier, 1975].

MSZ was exploited in this work for identifying ob-
jects of recognition. The method was developed by
Rantsman, [1979] and in every detail is presented in
[Gorshkov et al., 2003a; Gvishiani et al., 1988; Rants-
man, 1979]. Here, we introduce the basic definitions of
MSZ, the goal of which is delineating the hierarchical
lineament-and-block structure of the region. Three hi-
erarchical levels of morphologically homogeneous blocks
and lineaments bounding blocks are distinguished in
MSZ. Morphostructural nodes are formed around of
intersections of lineaments. The blocks are character-
ized by similar values of the quantitative relief indica-
tors (level of heights, orientation of linear relief forms).



Block boundaries are associated with sites where the
value of at least one indicator changes sharply and sig-
nificantly. Blocks and their boundaries are assigned
the third, lowest rank in the hierarchy. Blocks are
integrated into megablocks if the quantitative relief
indicators from one block to another change sequen-
tially. Megablock boundaries are established at sites
where the sequence breaks down. Megablocks and their
boundaries are assigned the second rank. In MSZ, the
first rank unit is a mountain country – a territory of a
single relief appearance (e.g. mountains or plain) and
one type of orogeny.

Two types of morphostructural lineaments are distin-
guished: longitudinal and transverse. The longitudinal
lineaments are nearly parallel to the axes and foothills of
the ridges, the strike of the longitudinal valleys and in-
termontane basins; they usually include prominent fault
zones. Transverse lineaments cross large relief elements
obliquely or at right angles. They are traced at sites
where the values of quantitative relief indicators sharply
and significantly change. Zones of transverse linea-
ments include sections of rectilinear river valleys, faults
elongated in a single direction, and tectonic scarps.

Topographic and geological maps at scales
1:500,000–1:1,000,000, as well as satellite images and



literature data, formed the set of the initial data for
compiling the MSZ map.

According to the MSZ principles [Alekseevskaya et
al., 1977; Gorshkov et al., 2003], five territorial units
of the highest (first rank) were identified in the stud-
ied region (Figure 1). These are Gorny Altai, Western
Sayan, Eastern Sayan, Tuva Mountains, and the de-
pression of Lake Baikal.

Gorny Altai.

Within the study region, we consider Gorny Altai – the
northern (Russian) part of Altai. The mountain country
is represented by a system of ridges converging in the
south and fan-shaped in the north. In the south, the
number of ridges is 4–5, while in the north it increases
to 8 or more. In the north, the ridges rise above the
plains adjacent to Altai by about 1000 m, and in the
south up to 2000–2500 m. The ridges are separated
by wide rectilinear valleys and a large number of elon-
gated depressions, which distinguishes Altai from the
neighboring mountain country of the Western Sayan.

Lineaments of the first rank separate the Altai moun-
tain country from the adjacent large-scale structures:
Kuznetsk Alatau in the north, Rudny Altai in the west,
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Western Sayan in the east. In the south, a near-latitudinal
lineament 11–17 of the second rank separates the north-
ern Altai from the more elevated ridges of the Mongo-
lian Altai. Lineament zone 11–17 is traced along the
system of latitudinal sections of river valleys and cor-
responds to a large tectonic fault. Lineament 1–11,
traced along the valley of the Charysh River, separates
Gorny and Rudny Altai. The lineament is consistent
with the Charysh fault. The transverse lineament 17–
22 separates Altai from the Western Sayan and runs
from the basin of Lake Teletskoye in south-east direc-
tion along the valley of the river Kobda and small de-
pressions lying in the southeastern strike, up to the
basin of the Lake Achit-Nur. The lineament zone in-
cludes the Teletsky and Kuraisky faults.

The mountain country of Altai is divided into four
megablocks from A-I to A-IV in Figure 1. They differ in
the level of heights and dominate strike. The mountain
ranges in megablocks A-I and A-II are significantly lower
than the ridges that make up megablocks A-III and A-
IV. The boundaries of megablocks are lineaments of the
second rank. Lineament 2–14–18 separates the high
ridges of the southern Altai from the lower ridges of
the northern Altai. Lineament of the second rank 5–13
is traced along the Katun River valley and separates



megablocks with different dominant strike of ridges.
Longitudinal lineaments of the third rank are oriented
in the NW direction and separate ridges of different
height. The transverse lineaments have a near E-W
orientation and control local changes in the height and
strike of the Altai ridges.

Western Sayan.

The Western Sayan Mountains are represented by a
mountain range stretching in the near W-E direction
for 550 km with a width of about 150 km. The divid-
ing ridge of the Western Sayan Mountains in the west-
ern part has a height of 2800–3000 m. To the east of
the valley of the river Yenisei the relief acquires a mid-
mountain character, dropping to almost 2000 m. In the
north, the Western Sayan joins rather steeply the Mi-
nusinsk Basin, in the south it relatively smoothly passes
into the Usinskaya and Turano-Uyukskaya depressions
developed on the southern slope of the Western Sayan.
In the north, the lineament 22–59 of the first rank sep-
arates the Western Sayan from the Kuznetsk Alatau
ranges and Kuznetsk depression developed within the
Siberian plate, and corresponds to the North Sayan
fault. In the south, an extended first rank lineament



20–75 separates the Western Sayan from the Tuva Moun-
tains and from the Fore-Baikal ridges; it consistent with
the Okinsko-Zhomboloksky and Tunkinsky faults. First
rank lineaments 52–59 and 52–75 separate the West-
ern and Eastern Sayan. The transverse lineament 25–
28 of the second rank divides the Western Sayan into
two megablocks WS-I and WS-II. The height of the
ridges in the megablock WS-I is 2800–3000 m, while in
the WS-II megablock it sharply decreases to 2000 m.
Unlike megablock WS-I, large intramontane basins are
widely developed in the megablock WS-II.

Eastern Sayan.

In contrast to the near E-W strike of the Western Sayan,
the watershed ridge of the Eastern Sayan is oriented in
the north-western direction. In the northeast and east
of the Eastern Sayan, the first rank lineaments 53–
62 and 55–78 separate the mountain structure from
the plains of the Siberian platform. Lineament 55–
78 corresponds to the East Sayan deep-seated fault.
The transverse lineament 52–64 divides the mountain
country into two megablocks ES-I and ES-II (Figure 1)
differing in height and strike of the axial ridges



Tuva Mountains.

This mountain country includes the Tannuol Ranges
system and the Forebaikal ranges in its eastern part.
From the south, this area is limited by a longitudinal
lineament of the second rank 20–83 corresponding to
the Khangai fault zone. In the east, the boundary of the
mountain country is a transverse lineament of the first
rank 83–89, which runs just east of the valley of the Se-
lenga River and separates the different systems of the
Forebaikal and Transbaikal ridges. Three megablocks
have been delineated within the Tuva Mountains. Megablock
T-I includes the basin of Lake Uus Nuur. The linea-
ments bounding the basin are consistent with active
faults defined in the region [Sherman et al., 2015].
Megablok T-II includes the Western and Eastern Tan-
nuol Ranges. Megablock T-III is represented by moun-
tain ranges separated by large depressions. The eastern
boundary of the megablock is a second rank transverse
lineament 71–74, traced along Lake Hovsgol and corre-
sponding to a large active fault [Sherman et al., 2015].

Baikal.

This is the first rank unit presented by the deep-water
basin of the Lake Baikal. The depression is bounded



by the first rank lineaments 87–95 in the west and
79–94 in the east. The Baikal depression is divided
into two megablocks. The deeper-water part includes
megablock B-I. In megablock B-II, the depth of the
depression decreases and its strike changes from north-
eastern to near N-S. The megablock boundary, trans-
verse lineament 93–94, follows along Olkhon Island, the
strike of which is controlled by an active fault [Lunina
et al., 2012].

The third rank lineaments form the boundaries of the
blocks. They control changes in elevation and strike
of ridges within megablocks. Lineaments are traced
along rectilinear lengths of river valleys and usually cor-
respond to fault zones.

Each intersection of morphostructural lineaments shown
in Figure 1 we treat as a node. As it was demon-
strated in some previously studied regions [Gorshkov et
al., 2009b; Gvishiani et al., 1988; Rantsman, 1979],
node is an area of some extent, the natural boundaries
of which can be mapped during the time consuming
field works. When field works were not performed, we
threat as a node the circle of a certain radius centered
at the point of lineament intersection. The radius de-
pends on the target magnitude. In this work, we con-
sider circles of 25 km in radius. This is consistent with



the size of earthquake source of M6 earthquakes [Wells
and Coppersmith, 1994].

Figure 1 shows that earthquakes reported by earth-
quake catalogues [Kondorskaya and Shebalin, 1977; Kon-
dorskaya et al., 1982, 1993; the catalog of the U.S. Na-
tional Earthquake Information Center (NEIC)] correlate
with nodes.

Objects of Recognition and Characteris-

tics Describing Them

Objects of recognition are associated with the mor-
phostructural nodes. The number of nodes is 97. Each
of them is described by a vector with components that
are values of characteristics measured uniformly for all
nodes under consideration. Our problem is to separate
the vectors (and the respective nodes) into classes D
and N.

The following characteristics measured in circles of
25 km radius with centers in relevant intersections are
used in this study.

Topographic characteristics: the maximal (Hmax) and
minimal (Hmin) altitudes in the circle, ∆H = Hmax –
Hmin, l – distance between points where Hmax and Hmin

https://earthquake.usgs.gov/data/comcat/catalog/us/
https://earthquake.usgs.gov/data/comcat/catalog/us/


are measured, and gH = ∆H/l .
Geological characteristic (Q): the portion (in %) of

the circle area covered by soft (quaternary) sediments.
Morphological characteristic (Mor) that reflects the

main landform combination in the circle and takes on
the following four values: 1 – mountains/plains; 2 –
mountains/piedmont; 3 – mountains/mountains; 4 –
piedmont/plains.

Characteristics reflecting the geometry of the lin-
eament-block structure: the number (Nl) and the high-
est rank (Rh) of the lineaments forming the node; dis-
tances from the nodes to the nearest other node (Dint),
to the nearest first rank (D1) and second rank (D2)
lineament, and the number of lineaments in the circle
(Nlc).

Gravitational characteristics: the maximal (Bmax)
and minimal (Bmin) Bouguer anomalies in the circle,
and ∆B = Bmax – Bmin.

Geomagnetic characteristics: the maximal (Amax)
and minimal (Amax) magnetic anomalies in the circle,
and ∆A = Amax – Amin. The source of the data on
the magnetic field anomalies is the digital map that
was recently prepared under the World Digital Mag-
netic Anomaly Map (WDMAM) international scientific
project [Dyment et al., 2015]. The WDMAM map is



represented in the form of the grid data with the reso-
lution of 3 arc min over the entire surface of the Earth,
which determine the intensity of the magnetic anoma-
lies at a height of 5 km above the new World Geodetic
System (WGS84) ellipsoid for the continental part and
at sea level for the oceanic regions. The values of the
anomalies are the total intensities of the field minus
the main magnetic field model CM4 for 1990 [Sabaka
et al., 2004].

After measurement of these 19 characteristics for all
nodes the respective vectors with 19 components are
treated as objects of recognition.

Selection of Training Sets

Application of the CORA-3 algorithm requires a train-
ing set of objects (vectors), for which we assume a priori
the class (D or N) they belong to. This training set
consisting of two subsets D0 and N0 is formed on the
basis of the data on seismicity observed in the region.
In the case of the Altai-Sayan-Baikal region the training
objects of class D (the subset D0) are all nodes that
host epicenters of reported shallow earthquakes with
M ≥ 6.0 within a 50 km radius. The training objects
of class N (the subset N0) are all nodes that do not



contain epicenters of reported shallow earthquakes with
M ≥ 5.0 within a 50 km radius.

The catalog of earthquakes with M ≥ 5.0 used for
forming the training sets is given in Table 1. It was
compiled on the basis of the regional earthquake cat-
alogs [Kondorskaya and Shebalin, 1977; Kondorskaya
et al., 1982, 1993] and the data provided by the U.S.
National Earthquake Information Center (NEIC) for the
period of 1900–2013.

As a result the subset D0 consisted of 16 objects (15,
17, 31, 44–46, 48, 49, 70, 74–76, 78, 79, 83, 91) and
the subset N0 consisted of 51 objects (1–12, 21–24,
27–30, 35–37, 40–42, 51–56, 58–64, 69, 71–73, 80–82,
84–86, 93, 95). The rest of 30 objects (the set X) are
not included in the training set and classified only. It is
necessary to emphasize that N0 is not “pure” training
set in the sense that some of its members may belong
to class D, i.e. earthquakes with M ≥ 6.0 can occur
near of some of these objects but are not known, as
the interval of observations is short. Such a fussy type
of learning highlights a specific difficulty in locating
possible earthquake-prone areas by pattern recognition
techniques.





Discretization of Characteristics and Their

Informativity

The CORA-3 algorithm, which is used to investigate
the problem, works in a binary vectors space. There-
fore, prior to applying the algorithm the objects of
recognition that are vectors with real components (val-
ues of the characteristics) should be converted in vec-
tors with binary components. For this purpose, the
characteristics are discretized, i.e. ranges of their values
are represented as the union of disjoint parts. Usually
the number of the parts is 2 or 3. Then for each char-
acteristic its values are substituted by values of com-
ponents of a binary vector that indicate the part which
contains the characteristic value. This procedure is de-
scribed in details, e.g., in [Gelfand et al., 1976; Gor-
shkov et al., 2003a; Gorshkov, 2010; Gvishiani et al.,
1988]. After discretization the data become robust.
If a range of a characteristic is divided into two parts,
then only two gradations (“small” and “large”) are used
after the discretization instead of the exact characteris-
tic’s value. If the range is divided into three parts then
the number of gradations is 3: “small”, “medium”,
and “large”. The discretization causes the loss of in-
formation but makes results of recognition stable to



variations of data.
If the discretization is made for a characteristic then

the characteristic informativity can be preliminarily es-
timated. This is done as follows. For all discretization
parts we calculate PD

i – the percentage of the objects
of the training set D0 which have the corresponding
characteristic values falling into part number i. Similar
percentages PN

i are calculated for the training set N0.
The value of

P = max
i

∣∣PD
i − PN

i

∣∣
is regarded as a measure of the characteristic informa-
tivity for separating the recognition objects into classes
D and N.

For the characteristic two and three discretization
parts have been considered. The discretization thresh-
olds are computed so as to equalize for parts the num-
bers of the recognition objects with the characteristic
values within each part. Table 2 contains the discretiza-
tion thresholds and values of P that have been obtained
for the characteristics listed above.

The characteristics for that P < 20% have been ex-
cluded from the further analysis. Exception has been
made for Amin to leave characteristic that reflects anoma-
lies of geomagnetic field. Such characteristics showed



Table 2. Discretization Thresholds and Values of P

Discretization into 2 parts Discretization into 3 parts
Characteristic

Threshold P, % Thresholds P, %
Hmax, m 2082 13 1740; 2372 20
Hmin, m 684 26 509; 916 31
∆H, m 1298 9 1099; 1496 22
l , m 37990 9 31700; 42790 18
gH 0.03887 15 0.02772; 0.05143 29
Q, % 19 7 10; 30 18
Mor 2 36 2; 3 36
Nl 2 7 2; 3 17
Rh 1 2 1; 2 3
Dint, km 64 5 47; 84 4
D1, km 0 4 0; 70 4
D2, km 83 16 0; 107 14
Nlc 3 4 2; 3 12
Bmax, mGal –144.17 36 –161.22; –118.80 41
Bmin, mGal –200.72 44 –225.84; –182.44 57
∆B, mGal 55.52 26 43.51; 66.49 12
Amax, nT 117.97 10 83.29; 172.62 3
Amin, nT –123.46 3 –169.54; –103.81 14
∆A, nT 269.11 3 200.27; 332.02 8



Table 3. Conversion of the Characteristic Values into Compo-
nents of Binary Vectors

Characteristic values
Characteristics “small” “medium” “large”
Hmax, Hmin, ∆H, gH, Bmax, Bmin, Amin 11 01 00
Mor 100 010 001
∆B 1 – 0

their usefulness in solving the similar problem for the
Caucasian region [Soloviev et al., 2016]. Thus the fol-
lowing 9 characteristics are left: Hmax, Hmin, ∆H , gH ,
Mor , Bmax, Bmin, ∆B , and Amin. The discretization
has been made with two parts for ∆B and with three
parts for other characteristics.

After the discretization the characteristic values are
converted into components of binary vectors as shown
Table 3. After this conversion a vector with 18 binary
components corresponds to each object of recognition.

Application of the Pattern Recognition

Algorithm

The CORA-3 algorithm is applied to 97 vectors with bi-
nary components corresponding to the objects of recog-
nition to classify them into classes D and N. The deci-



sive rule for the classification is composed of the vot-
ing threshold ∆ and two sets of characteristic traits:
the characteristic traits of class D (or D-traits) and
the characteristic traits of class N (or N-traits). The
recognition object is put into class D if the difference
in the number of the D-traits and N-traits possessed
by it does not less than ∆. If this difference is less than
∆ then the object is put into class N.

The trait is described by six numbers: three integer
numbers i , j , k (1 ≤ i ≤ j ≤ k ≤ L where L is the
length of the binary vector corresponding to the object
(L = 18 in our case) and three binary numbers δ1, δ2,
δ3 that are either 0 or 1. The recognition object that
is the binary vector (ω1, ω2, ..., ωL) has the trait if
ωi = δ1, ωj = δ2, and ωk = δ3. The trait is the D-
trait if the number of the objects from the training set
D0 that have this trait is not less than the threshold k1

and the number of the objects from the training set N0

that have this trait does not exceed the threshold k̄1.
Correspondingly, the trait is the N-trait if the number
of the objects from the training set N0 that have this
trait is not less than the threshold k2 and the number
of the objects from the training set D0 that have this
trait does not exceed the threshold k̄2. The thresholds
k1, k̄1, k2, and k̄2 are the parameters of the algorithm



and their values should be specified during its applica-
tion. The subordination and equivalence relationships
between the characteristic traits of classes D and N are
introduced. The characteristic trait A is called as sub-
ordinate to another characteristic trait B of the same
class if all the objects of the training set of this class
that have the trait A also have the trait B and if at
least one object of the training set that has the trait B
does not have the trait A. Two characteristic traits are
equivalent if they are possessed by the same objects of
the corresponding training set. When forming the sets
of the D- and N-traits that compose the decisive rule
for the classification, the algorithm excludes from the
lists of characteristic traits those that are subordinate
to any other characteristic trait and selects and only
one trait from the group of the equivalent traits.

In our study the CORA-3 algorithm was applied with
the following values of its parameters:
k1 = 3, k̄1 = 1, k2 = 15, k̄2 = 0, and ∆ = 1. Ten
D-traits and nine N-traits have been selected by the
algorithm. They are given in Table 4 in the form of
inequalities on the values of the characteristics in ac-
cordance with the interpretation of the binary vector
components (Table 3) and the discretization thresholds
(Table 2).





The classification of the objects is reported in Table 5
where the voting (the numbers of D-traits nD and N-
traits nN that the objects have) is given and objects
that are put in class D are marked by “+”. These nodes
are also shown in Figure 2. Of 97 objects, 33 (34%) and
64 (66%) are classified D and N, respectively. Class D
is formed by 16 objects originally in D0, 3 originally in
N0, and 14 not belonging to the training set. Nodes
of class D are shown by circles in Figure 2.

Reliability Evaluation of the Result Ob-

tained

A set of control tests is usually executed to evaluate in-
directly the reliability of the determination of earthquake-
prone areas by pattern recognition methods [Gelfand
et al., 1976; Gorshkov et al., 2003a, 2004; Gorshkov,
2010; Gvishiani et al., 1988]. Describing the tests that
have been run in our case we call the classification re-
sult given in Table 5 as the main result.
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In the first test, the recognition has been performed
with a modified training set (D0 and N0). The sub-
set D0 has been formed by the objects from the set X
which were recognized D in the main variant. Corre-
spondingly, subset N0 has been formed by the objects
from the set X which were classified N in the main vari-
ant. Classification of 6 objects (6% of the total number
of objects) is changed in the test compared with the
main variant. These are the objects with the following
numbers: 44, 45, 73, 78, 83, and 91.

In the second test the subsets D0 and N0 include
all objects recognized in the main variant as D and N,
respectively. Classification of 3 objects (3% of the total
number of objects) is changed in this test compared
with the main variant. These are the objects with the
following numbers: 72, 73, and 91.

The next test has been done to check dependence of
the recognition result on specific traits that are selected
from the equivalent trait groups. In this test the recog-
nition object is put into class D if for it uD − uN ≥ ∆,
otherwise the object is put into class N. Here

uD =

nD∑
i=1

mi
D/niD, uN =

nN∑
i=1

mi
N/niN,

nD and nN are the numbers of characteristic



D- and N-traits selected by the CORA-3 algorithm (10
and 9 in the main variant, Table 4), niD and niN are the
numbers of characteristic traits in the groups of traits
that are equivalent to the D-trait numbered i in Ta-
ble 4 and to the N-trait numbered i respectively, mi

D
and mi

N are the numbers of characteristic traits that
the object has from the relevant groups of equivalent
traits. Classification of only one object numbered 21 is
changed in this test compared with the main variant.

The results of the tests described above are indirect
arguments favoring the validity of the main variant; the
changes, with respect to the main variants, during these
tests do not exceed 6%. Such insignificant changes
with respect to the main variant are in agreement with
the empirical stability criteria developed by Gvishiani et
al., 1988.

One more test is devoted to estimate contributions
of the individual characteristics listed in Table 2 to the
result obtained. For this purpose each of the nine char-
acteristics used in the main variant is eliminated from
consideration one at a time and classification is made
by means of the CORA-3 algorithm. The results of this
test are presented in Table 6.

One can see that the maximum number of objects
classification of which is changed in this test is 14,
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that is less than 15% of the total number of objects. It
means that the recognition result is rather stable when
one characteristic is eliminated. Note that classification
is changed for the maximal number of objects when
characteristic Bmin is eliminated. This characteristic
has the largest value of P (Table 2), which is regarded
as a measure of the characteristic informativity.

Discussion and Conclusion

Most of the recognized D nodes are located on the lin-
eaments of the highest, first and second, ranks, which
divide the largest morphostructures.

In Altai, D nodes are recognized in its southeastern
part. Nodes 19, 20, and 21 are located on the border
of Altai with the Western Sayan; nodes 17 and 18 sit
on the border with the Great Lakes basin, and nodes
13 and 16 are at the boundary with Mongolian Altai.

High-seismic nodes 45, 49, 66, 67, 74, 75 and 78,
located on the lineament of the first rank, which sepa-
rates the Western and Eastern Sayan Mountains from
the Tuva Mountains and the intermountain depressions
between them. This lineament is consistent with the
Bolnisi and Tunkin faults. Seismogenic nodes 38, 46,
70, 71 and 83 are situated on the southern border of



the Tuva Mountains that corresponds to the Khangai
fault. In Baikal Lake, D nodes, 78, 79, 87, 88 and 91,
are concentrated on the borders of the South Baikal
Basin.

Most nodes situated in the Western and Northwest-
ern Altai, in the inner areas of the Western Sayan, in
the almost entire Eastern Sayan, as well as at the west-
ern boundary of the Baikal Lake have been assigned to
N.

D nodes, where events with M ≥ 6.0 have not yet
been documented, spread over the region as follows.
D nodes 18–21 sit on the eastern boundary of Gorny
Altai, and D nodes 13 and 16 are located on the limit
between Gorny and Mongolian Altai. The high seismic
potential of the western and southern boundaries of
Gorny Altai is confirmed by paleoseismic studies [Deev
et al., 2012, 2013; Rogozhin et al., 2002].

Nodes 44, 51, 68 are located in the inner areas
of the eastern part of the Western Sayan where no
strong events have been observed so far. However,
near node 44, paleoseismic features associated with
an earthquake in the magnitude range of 6.9–7.4 were
found by Arzhannikov, 2000, 2003. At node 68, the pa-
leoseismic features likely caused by M6.5 tectonic earth-
quake was mapped by Arzhannikov, 2000. Nodes 38



and 71 are located on the southern border of the Tuva
Mountains in the Khangai fault zone. Arzhannikova
and Arzhannikov, 1999; Arzhannikov and Arzhannikova,
2011 found the paleoseismic features a little to the
north of node 38 suggesting an earthquake of mag-
nitude 7.5–7.8. Several closely located paleoseismic
features were found by Kochetkov et al., 1993 in the
area of node 71. They could have been generated by
earthquakes with M = 6.8–7.3. Nodes 87 and 88 are
located at the southern end of the Baikal depression,
which is characterized by high rate of seismic activity.
Sankov et al., 2014 suggest the possible occurrence of
an earthquake with M = 7.5–7.6 in the southern part
of Baikal Lake. D node 97 is located in the northern
part of Lake Baikal, where it joins the seismically active
zone of the Upper Angara rift system.

The characteristic features of classes D and N se-
lected by the CORA-3 algorithm presented by num-
bered lines in Table 4. Their assemblage point out
that seismogenic nodes are characterized by the in-
creased contrast of the neotectonic movements and an
increased tectonic fragmentation of seismogenic nodes.

The results of the study reveal a high seismic po-
tential of the studied region and provide locations of
potential sources of earthquakes with M ≥ 6.0. The



information on the potential earthquake sources is im-
portant for calculating seismic hazard assessments us-
ing both probabilistic and deterministic methods. In
particular, the data on seismogenic nodes for M ≥ 6.0,
which were recognized in the Italian region [Gorshkov
et al., 2002, 2004], were then used in the calculations
of seismic hazard using the NDSHA method [Peresan
et al., 2011, 2015].

Locations of seismogenic nodes can be helpful in the
selecting a perspective target sites for paleoseismic re-
search.
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