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Abstract—The dynamics of the seismic-energy structure state on the southwestern flank of the Baikal rift system (BRS) has been ana-
lyzed at three hierarchical levels based on the annual cumulative data on the earthquakes with energy class KR ≥ 8 for the period 1964–2013. 
Changes in the state are characterized by three key parameters: maximum energy class Kmax, the slope of the earthquake recurrence curve 
γ, and seismic activity A10. With an increase in the earthquake recurrence intervals and the quantity of the earthquakes analyzed, the param-
eters reach their maxima reflecting the regularity of earth shocks classification by long periods. Two attractors are clearly distinguished in 
the phase pattern, where they reflect general quasi-stationarity (limit cycle) and local instability (focus) of the seismic-energy structure. The 
specifics of the attractor formation suggest a cycle birth bifurcation (Andronov–Hopf bifurcation). For a detailed analysis of the dynamics 
of seismic-energy structure formation, the slopes of the earthquake recurrence rate curves were calculated in the simulation scenarios of 
“aftershocks” and “swarm” earth shocks. Comparison of the simulated and real changes in the earthquake recurrence rate slopes shows 
a correspondence of the “aftershock” model to the dynamics of the seismic-energy structure of the lithosphere on the BRS southwestern 
flank. 
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INTRODUCTION 

Monitoring of seismicity is an efficient tool used for 
studying seismotectonic processes, strong earthquakes pre-
diction, general seismic zoning and verification of geody-
namic and seismic models. So that, according to the seismic 
quiescence model, an increase in an average rate of the 
earthquake flow within the area of strong shock preparation 
(Keilis-Borok et al., 1988; Sykes and Jaume, 1990) will 
cause a decrease in the earthquake flow rate within the 
source zone (Wiemer and Wyss, 1994; Sobolev, 1999). 
A relation between variations in the velocity of the Earth’s 
axial rotation and changes in a time span of seismic process 
intensity has been demonstrated in (Gor’kavyi et al., 1999). 
A study of the Baikal rift system (BRS) has shown that its 
epicentral region is divided into three areas (southwestern 
and southeastern flanks, and the BRS central part) (Klyu
chevskii and Demyanovich, 2003); each area has a rifting 
attractor structures (RAS) (Klyuchevskii, 2011, 2014). 
Stress alternation in the BRS lithosphere tends to form syn-
chronization episodes of the seismic flow rate (Klyuchevskii 
and Klyuchevskaya, 2009). Furthermore, strong paired 
earthquakes appear to be a consequence of the stress alterna-
tion (Klyuchevskii, 2010; Klyuchevskii and Khlebopros, 
2013). The above-mentioned and many other findings indi-
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cate the dependence of seismicity and strong earthquakes on 
global, regional and local geodynamic events of different 
nature which lead to variations in the stress-strain and/or 
rheological medium state. To detect, identify, compare and 
explain these events and relations, we have to obtain reliable 
consistent data on the seismicity as a function of space, time 
and energy as well as proven, physics-based data processing 
and analysis techniques (Zav’yalov, 2006). 

Earthquakes classification by the energy class scale al-
lows us to determine earthquake recurrence parameters in 
order to compare the seismic-energy structure from different 
areas and to carry out the analysis of structure state varia-
tions in time. Earthquake recurrence graphs have long been 
used for studying seismic-energy and estimating an average 
recurrence rate of strong events. The slope of the recurrence 
curve g depends on the strong—weak earthquakes ratio. The 
graph level characterizes seismic activity as A—the number 
of the earth tremors/shocks of fixed energy class being nor-
malized on space and time bases, and Kmax is energy class of 
the maximally possible earthquake in the investigated litho-
sphere zone. Parameters (g, A and Kmax) reflect in the inte-
grated form elastic and rheological lithosphere properties 
and also the rate of its internal deformation increase (Gaiskii, 
1970).

To classify seismic events of the Baikal Region, 
T.G. Rautian (1964) energy class scale labeled as KR is used. 
Here for the whole period of instrumental observations, seis-
micity is conventionally characterized by earthquake recur-
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rence curves applying this scale (Golenetskii, 1989; 
Golenetskii et al., 1993; Klyuchevskii, 2005, 2007; Kly-
uchevskii et al., 2015). For the scale of energy classes KR the 
graph of the earthquake recurrence rate is represented as fol-
lows (Riznichenko, 1968):

lg N = lg A10 + g (KR – KR0
) at KR ≤ Kmax,	 (1)

N = 0 at KP > Kmax, 

where N denotes the number of seismic events, and KR0
 = 

10—a fixed energy class. Being statistically calculated by 
sampled space-time referenced data, the complex of expres-
sions (1) allows describing the state of the seismic-energy 
structure in the studied territory using the value—Kmax, the 
slope of the earthquake recurrence rate curve g and seismic 
activity—A10. Accumulated seismological up-to-date infor-
mation enables us to study, analyze and obtain a general es-
timator of the seismic-energy structure for the Baikal Re-
gion comprised of separate territories (Klyuchevskii et al., 
2012). Here, the states of the seismic-energy structure on the 
southwestern flank of the BRS (j = 49.0–54.0° N, l = 96.0–
104.0 °E) have been studied in three territories for the peri-
od of instrumental observations from 1964 to 2013. The 
main object characteristic is known to be its structure (Ste-
pin, 2010), i.e., the set of stable relations which allows pres-
ervation of key properties under conditions of internal/exter-
nal variations. A study of seismic-energy structure implies 
determination of a set of stable relations to distribute earth-
quakes on an energy class scale, which ensures identity and 
preservation of key properties on various spatial-time scales. 
Following this approach, using of the data sampled in differ-
ent territories or various time periods enables us to study the 
dynamics and understand the specifics of the parameters 
definition for the earthquake recurrence rate graph (i.e., 
characteristics of the seismic-energy structure) on different 
hierarchical lithosphere levels. It also allows one to estimate 
the parameters accuracy, to find the reasons of deviations 
from the stable state, to compare experimental results with 
numerical ones and to refine a final model of seismic-energy 
structure dynamics. 

MATERIALS AND METHODS 

The general structural condition and the BRS contempo-
rary dynamics are known (Logachev, 2003) to be deter-
mined by the relation with the suture zone of Precambrian 
Siberian Craton and the Central Asian mobile belt. The sin-
gle rift “stem” combining the South Baikal and Tunka de-
pressions is divided into the Busiingol, Darkhat and Hövs-
göl depressions with a sudden change of the strike (from 
latitudinal to longitudinal) at the southwestern flank of the 
BRS. The large Bolnai shear appears to be a growth border-
line for the rift faults and valleys to the south. In 1905, it 
was renewed by a strong earthquake over a length of 370 km 
with a left-side slip up to 6–8 m, so there are no typical rift 

valleys southwards of the Bolnai fault. The present study 
considers the BRS to be a separate element, whose current 
geodynamics and seismicity formation are predominantly 
affected by RAS in the area of Lake Hövsgöl (Klyuchevskii, 
2011, 2014). Furthermore, its stress-strain state lithosphere 
is spatially nonuniform and unstable in time (Dozer, 1991; 
Klyuchevskii and Demyanovich, 2006; Klyuchevskii et al., 
2009). 

The original materials were taken from “Earthquakes Ca
talogue of the Baikal Region”, containing general informa-
tion on earthquakes in the region (Golenetskii et al., 1993). 
These catalogues have been prepared by the group members 
in charge of summary seismic data processing at the Baikal 
Department of the Federal Research Center of the Geophys-
ical Survey, Russian Academy of Sciences (http://www.
seis-bykl.ru). It should be noted, that since 2003 the materi-
als of “The Earthquakes Catalogue of the Baikal Region” 
have been presented within new borders of seismically ac-
tive Russia’s regions and territories (Earthquakes…, 2007, 
2010), where the western borderline of the Baikal Region is 
displaced from the longitude l = 96.0° to l = 99.0° E. The 
paper presents the analysis of changes in the state of the 
seismic-energy structure of the following lithosphere zones 
(Fig. 1): (1) the southwestern flank of the BRS (region); (2) 
two areas formed through division of the region territory 
into halves by the longitude l = 100.0°, and area numbers 
(1, 2) are indicated from the west; (3) two fault zones with 
the length L and the width W = ± 30 km from the fault axis 
(Klyuchevskii and Demyanovich, 2004; Demyanovich et 
al., 2008): the Belino-Busiingol zone (BB—fault, area 1, 
L  =  202  km), the Tunka zone (Тk—fault, area 2, L  = 
146  km). These geological areas could be considered as 
three consecutive hierarchical levels of lithosphere nonho-
mogeneities (Sadovskii, 1979). For detailed studies, the ter-
ritory of the southwestern flank was divided into 1° × 1° 
sites, which sizes approximately correspond to the third 
(fault) hierarchical level. We could also mention that the av-
eraged shock density over the whole territory is equal to 
about 280 events per square degree. Earthquake recurrence 
curves on 1° × 1° sites will be determined if the number of 
the earthquakes (happened during 1964–2013) amounts to 
N ≥ 13. It is a minimal quantity of shocks needed to form the 
first “equilibrium” state for the first three energy classes of 
the sampling (n8 = 9, n9 = 3, n10 = 1, γp ≈ –0.477, correlation 
coefficient r ≈ 1.0, see below).

The slopes of earthquake recurrence curves g and g were 
calculated by the root mean square (RMS, g) and by the 
method of maximum likelihood (MML, g) for annual and 
cumulative sampled data on earthquakes from all the territo-
ries over the period of 1964–2013. The MML is recom-
mended for g determination when the number of sampled 
earthquakes is not higher than 1000 events (Zhalkovskii and 
Muchnaya, 1987), that is frequently realized in the present 
study. The results of the numerical modeling of the earth-
quakes sequences (Demyanovich and Klyuchevskii, 2013) 
agree well with the conclusions made by N.D. Zhalkovskii 
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Fig. 1. Contour map of earthquake epicenters on the southwestern flank of the Baikal rift system and isolines of earthquake distribution density 
on 0.5° × 0.5° sites. The curves of the annual (а) and accumulated summarized over years’ time intervals (b) earthquake numbers in the investi-
gated territories. 1, main faults, 2, lakes, 3, depressions, 4, isolines of earthquake epicenters distribution density, 5, zones of the Belino-Busiingol 
(BB) and Tunka (Тk) faults, 6, paleoquakes with M ≥ 6 and at the age of up to two thousand years (Klyuchevskii et al., 2013), 7, earthquake 
epicenters with energy class KR ≥ 8 (1964–2013), 8, earthquake epicenters of the historical and instrumental period (1740–2013) with M ≥ 6. 
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and V.I.  Muchnaya (1987) and show that MML estimates 
are more stable and, consequently, more preferable for char-
acteristics of the long-term seismic-energy structure. The 
stability of RMS estimates tends to grow with an increase in 
data volume, and their high dependence on variations in 
shocks distributions makes the method more suitable for 
studying the dynamics of the seismic-energy structure. 
MML and RMS estimates tend to converge with an increase 
in samples volume. Calculations of seismic activity (A10) 
were done by the formula (Golenetskii, 1981), which differs 
from the known Yu.V. Riznichenko (1964) formula by the 
multiplier in square bracket and allows making A10 more 
precise for shocks samples within a small range of energy 
classes:

A10 = 1000 × N(1–10–g) / {10–g (Kmin–10)

× [1–10–γ (Kmax–Kmin+ 1)] × S × T}.	 (2)

Here, N is the number of shocks, g, the slope of the earth-
quake recurrence rate curve, Kmin and Kmax, maximum and 
minimum energy classes of shocks per site, S, km2, an area, 
T = 50, observations period. 

RESULTS 

Hundreds of underground shocks with different energy 
are annually recorded in the lithosphere of the southwestern 
BRS flank. At the beginning of the 20th century the most 
disastrous Tsetserleg (09.07.1905, j = 49.5° N, l = 97.3° E, 
M  =  7.6, K  =  17) and Bolnai (23.07.1905, j  =  49.3° N, 
l = 96.2° E, M = 8.2, K = 18) earthquakes took place. Fi
gure 1 presents a contour map of epicenters and isolines of 
earthquakes distribution density on the southwestern BRS 
flank with energy class KR ≥ 8. Here the data of instrumental 
observations are represented for the period of 1964–2013, 
when quite closely spaced shocks with KR ≥ 8 were recorded 
(Golenetsky, 1990). Hence shown on the map, the scattered 
field of earthquake epicenters represents the latitudinal-lon-

gitudinal distribution of the main faults, which is affected by 
rift stem division and characterized by the maximal Haus-
dorff fractal dimensionality D0 in the Baikal Region, mainly 
D0 = 1.60 (Klyuchevskii and Zuev, 2007). Figure 1 shows 
that epicenter distribution maxima are formed by after-
shocks of two Busiingol earthquakes in the west (01.04.1976, 
KR = 14, j = 51.15° N, l = 97.97° E; 27.12.1991, MLH = 6.5, 
KR = 16.2, j = 50.98° N, l = 98.08° E), but in the south they 
are formed by earthquakes in the zone of Tsetserleg and 
Bolnai faults, and in the northeast—by shocks within the 
Tunka fault zone and the western area of the Kultuk earth-
quake aftershocks (27.08.2008, MS  =  6.1, KR  =  15.9, 
j = 51.62° N, l = 104.06° E). The zones of shocks concen-
tration usually correspond to epicenters of strong earth-
quakes and paleoquakes. The isoline with N = 30 separates 
seismicity of the southwestern flank from the epicenter field 
of the central BRS part, the Altai–Sayan Region and south-
ern Mongolia to highlight the relative “independence” of 
this lithosphere part. 

Figure 1а presents graphs of annual earthquake numbers 
(N) in the investigated territories, where N tends to fluctuate. 
The most noticeable increases in shock flow rates were 
caused by the Busiingol earthquake aftershocks in 1976 and 
1991–1992, while in 2008 the maximum was reached due to 
the aftershocks of the Kultuk earthquake. The minimum 
quantity of annual earthquakes (Nmin  =  5) was observed 
within the Тk-fault zone in 1965, and the maximum (Nmax = 
1600) is labeled on the district curve in 1992. In 2003 a con-
siderable reduction in the earthquake flow rate is also seen 
over the region and the first area, and the shock number 
equals 0 in the BB-fault zone. These changes reflect the con-
sequences of the western Baikal Region border transition 
from the longitude l = 96.0° to l = 99.0° E. According to 
the earthquakes Catalogue of the Baikal Region, shocks 
have not been observed to the west of l  =  99.0° E since 
2003. In Fig. 1b you can see the curves of cumulated and 
annually summarized shock figures SN, which significant 
changes were caused by the Busiingol earthquake after-
shocks in 1976 and 1991–1992. Minimal earthquake quan-

Table 1. Parameters of earthquake recurrence curves and distribution of the earthquake numbers over energy class KR in different territories on  
the southwestern flank of the Baikal rift system for the 1964–2013

Terri-
tory

KR The total number 
of shocks 

g ±Dg g A10 Kmax KCat
max

8 9 10 11 12 13 14 15 16

R 7784 2531 750 241 92 34 9 0 1 11,442 –0.51 0.02 –0.49 0.05 16.2 18
A1 5951 1921 555 169 65 26 5 0 1 8693 –0.50 0.02 –0.50 0.08 16.2 18
A2 1847 613 198 72 27 8 4 0 0 2769 –0.45 0.01 –0.47 0.03 14.4 17
BB 3604 1131 310 97 32 16 2 0 1 5193 –0.48 0.02 –0.51 0.64 16.2 16.2
Tk 513 181 54 13 7 1 2 0 0 771 –0.45 0.03 –0.48 0.14 14.0 16
Average and standard deviation on the territories –0.48 ± 0.02 0.02 ± 0.01 –0.49 ± 0.01

Note. R, region, southwestern flank of the Baikal rift system; A1 and A2, area 1 and  2; BB and Tk, zones of the Belino-Busiingol and Tunka faults; g and 
±Dg, the slope of earthquake recurrence rate curve and its standard deviation (RMS); g, the slope of earthquake recurrence rate curve (MML); A10, seismic 
territorial activity; Kmax, maximum energy class against data of instrumental observations in this territory from 1964 to 2013; KCat

max, maximum energy class 
designated in the earthquakes Catalogue of the Baikal Region on the territory from 1740.
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tity (SNmin =  13) is marked on the Тk-fault zone curve in 
1964, and the regional maximum (SNmax = 11,442) is indi-
cated on the curve in 2013. 

Table 1 provides a distribution of the earthquake num-
bers by KR and recurrence graphs parameters of the investi-
gated territories over the period of 1964–2013. According to 
Table 1, fault zones are characterized by high values of g 

and A10, that points at weight dominance of strong earth-
quakes over weak shocks, so strong shocks tend to happen 
within a zone of a large fault, but weak shocks are scattered 
over the regional territory and caused by a network of small 
and active faults. The minimal slope of g ≈–0.51 ± 0.02 cor-
responds to the district, but the maximal one g ≈ –0.45 ± 0.03 
fits for the Тk-fault zone. Higher seismic activity is observed 

Fig. 2. Contour map of seismic activity A10 in the territory of the BRS southwestern flank plotted against the data on earthquakes (with KR ≥ 8) 
recorded for the period of 1964–2013 on 1° × 1° sites. The curves of the parameter A10, obtained by annual (а) and accumulated (b) earthquake 
samples in the investigated territories. 1, isolines of the parameter A10, 2, the isoline scale of the parameter A10. See Fig. 1 for other designations. 
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in the BB-fault zone, but the lowest one (A10 ≈ 0.03) is seen 
in the second area. According to historic data given in the 
earthquakes Catalogue of the Baikal Region (record from 
1740), the disastrous Bolnai earthquake with KCat

max
 = 18 hap-

pened on the southwestern BRS flank in 1905, and several 
strongest earthquakes with KCat

max = 17 were recorded in giv-
en time. The strong Busiingol earthquake was recorded on 

27.12.1991 with Kmax = 16.2. The magnitude of the strongest 
paleoquake reaches Mmax  ≈  7.8 (the Bolnai fault zone, 
Dzuunnuur seismic dislocation, j = 49.0° N, l = 99.8° E, 
age 300–500 years) (Dzhurik et al., 2009). 

A10 and Kmax were calculated by sampled data on earth-
quakes with N ≥ 13 on 1° × 1° sites; smoothing was done by 
the site displacement at 0.5° of the latitude and longitude 

Fig. 3. Contour map of maximum energy class Kmax on the territory of the BRS southwestern flank constructed against the data on earthquakes 
with KR ≥ 8, which were recorded on 1° × 1° sites over the period of 1964–2013. The curves of the parameter Kmax, plotted against annual (а) and 
accumulated (b) earthquake samples on the investigated territories. 1, isolines of the parameter Kmax, 2, the isoline scale of the parameter Kmax. See 
Fig. 1 for other designations. 
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(the contour maps with γ and g parameters were obtained in 
the same way. The map-diagram (Fig. 2) of seismic activity 
A10 was plotted in accord with the data on earthquakes re-
corded for the period of 1964–2013 on 1° × 1° sites. Nearly 
all the territory of the southwestern flank is covered by the 
isoline A10 = 0.01. Three areas of higher activity are clearly 
distinguished, such as the aftershock area of the Busiingol 
earthquakes (A10 ≈ 0.89), the Тk-fault zone (A10 ≈ 0.18) and 
the aftershock area of the Kultuk earthquakes (A10 ≈ 0.27) in 
the east. There exist two zones of lower activity to the east 
of Lake Hövsgöl. The curves of annual A10 values vary 
within notable limits (Fig. 2а): peaks of maximum activity 
are observed in the BB-fault zone in 1976 (A10 ≈ 2.63), in 
1991 (A10 ≈ 6.85) and in 1992 (A10 ≈ 9.63); minimum activ-
ity (A10 ≈  0.01) was detected in the second area in 1978. 
Variations in A10 curves on the accumulated seismicity are 
less significant: from A10 ≈ 0.01 in the second area in 1970 
to A10 ≈ 0.89 within the BB-fault zone in 1995 (Fig. 2b). It 
should be noted that A10 varies slightly within the time both 
in the region and the areas, but a dramatic rise of activity is 
recorded in the BB-fault zone owing to the impact of the 
strong earthquakes in 1976 and 1991 and their aftershocks, 
and then the peak is followed by a gradual fall of activity. 

It is difficult to estimate energy class Kmax of the maxi-
mally feasible earthquake in the lithosphere on the south-
western flank of the BRS by the available instrumental ma-
terials. Within the determination error limit, the magnitude 
of the Bolnai earthquake (in 1905; M = 8.2) corresponds to 
the magnitude (Mmax ≈ 8.5) of the maximally feasible earth-
quake in the Baikal Region (Ruzhich et al., 1998). Figure 3 
shows a contour map of maximal energy classes of the 
earthquakes, which took place on the 1° × 1° sites over the 
period from 1964 to 2013. The isoline (Kmax = 16) delineates 
the Busiingol earthquake (1991) zone and the zone of the 
Kultuk earthquake (2008) on the map; several areas with 
Kmax = 14 are also seen. Almost all the territory is covered 
with the isoline (Kmax = 12), and the only site with Kmax = 10 
is found to the west from Lake Hövsgöl. The curves of an-
nual values tend to vary from Kmax  =  9 within the Tunka 
fault zone up to Kmax = 16.2 in 1991 on the three territories 
(Fig. 3а). Variations in the curves of the accumulated seis-
micity are also considerable—from Kmax = 10 in the Tunka 
fault zone to Kmax = 16.2 on the three territories; the trend of 
Kmax growth within the time is being observed on all the ter-
ritories (Fig. 3b). It should be mentioned that the contour 
map and curves (Fig. 3) reflect the main features of the spa-
tial-time distribution of the seismic energy E ≈ 10Kmax. 

Figure 4a represents annual estimates obtained from the 
slopes of the earthquake recurrence curves, where the values 
vary from γ = –0.15 in the Tk-fault zone (1964) to γ = –0.80 
in the second area (1979). Changes in g are less signifi-
cant—from g = –0.26 (2003) to g = –0.76 (1973) within the 
Tk-fault zone (Fig. 4b). It should be mentioned that varia-
tions in g and g are getting greater with a decrease in the 
territory sizes when taking maximum values for small sam-

ples of earthquakes in the Tk-fault zone. The curves (Fig. 5) 
constructed using cumulative sampled data demonstrate ab-
solutely different behavior. The slopes of the earthquake re-
currence curves differentiate significantly for the first ten 
years (from γ  =  –0.15 in the Tk-fault zone in 1964 to 
γ = –0.58 in the second area in 1972, from g = –0.34 in the 
Tk-fault zone in 1964 to g = –0.50 in the BB-fault zone in 
1966); within the time they approach γ and g regional values. 
In 2013 we find the coincidence between the slopes of the 
earthquake recurrence curves for all the territories within the 
limits of standard deviation. In the early 1980s, a slight grad-
ual decrease in g and g is observed both in the region and ar-
eas within the time. The abrupt “jump” in g and g values oc-
curs in the BB-fault zone (1991) as a result of the strong 
Busiingol earthquake, and a less significant variation in the 
curve slope is specified by the earthquake recorded in 2003 
(17.09.2003, KR = 13.8, j = 51.75° N, l = 101.53° E). The 
trend (Fig. 5) towards smoothing and stabilizing the slopes of 
earthquake recurrence curves is relevant to summarized seis-
micity (Zav’yalov, 2006). It indicates that the slopes of 
earthquake recurrence rate curves commonly tend to ap-
proach extreme values with an increase in areas and/or in ob-
servation intervals, and generally with a rise in the number 
(N) of earthquakes for the sample available. 

Figures 6 and 7 represent contour maps of γ and g param-
eters on the southwestern flank of the BRS. The bar chart 
represents the distribution of sites quantities (n) depending 
on the number of shocks (N) per site (Fig. 6а); it illustrates 
that not more than 400 events have happened on the most 
sites. N exceeds one thousand events on seven sites, and the 
ground shaking reaches its maximum (N = 4749 shocks) in 
the aftershock zone of the Busiingol earthquakes. Note that 
isolines γ, g ≥ –0.40 along the exterior outline appear to be 
an extrapolation result and nearly all the territory with 
shocks density (N ≥ 30) lies in the range of –0.55 ≤ (γ, g) 
≤ –0.45. Maps comparison shows that the distribution pat-
tern is the same for γ and g in the area, and the contour map 
for g parameter is less differentiated, and g value is less than 
the value of γ by about 0.05 (Figs. 6b and 7, insert). The 
slopes of earthquake recurrence curves on 1° × 1° sites tend 
to vary within the ranges: –0.63 ≤ γ ≤  –0.19 and –0.84 ≤ 
g ≤ –0.35; and the bar charts acquire the form close to nor-
mal distribution with an average value and standard devia-
tion, where γ = –0.42 ± 0.09 and g = –0.48 ± 0.07 (Fig. 6b 
and 7, insert). The variance of slopes might be explained by 
inferior data representation, so the quantity of shocks does 
not exceed a hundred on 100 sites. The territory located 
eastwards from Lake Hövsgöl is distinguished by significant 
variations, where the maximum and minimum values of γ 
and g are determined on the adjacent sites at low density of 
shocks (Fig. 1). 

Since the used spatial-time samples of earthquakes differ 
by volume, we can analyze the relationship of γ and its stan-
dard deviation σ with the quantity of shocks N in the sam-
ples. Based on annual and summarized information, a total 
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time sample was obtained, where the bar chart of samples 
quantities (n) distribution with the number of shocks (N) in 
them, takes the following form (Fig. 8а). In a few samples, 
N is higher than 10,000 although in most cases N < 1000. 
The distribution of n numbers over γ parameter approaches 
the normal one with an average value and standard deviation 
γ = –0.45 ± 0.09 (Fig. 8b). Figure 8c represents distribution 
of γ versus N for the total time sample of materials. Signifi-
cant variation of γ is seen in small data volumes—N < 1000. 
However, scattering tends to reduce with an increase of N. 
The graph (Fig. 8d) characterizes the relationship of stan-
dard deviation σ for γ determination with the sample volume 
(N) in the form of power-law dependence: σ  ≈  0.12N–0.22 
with correlation index ρ ≈ 0.57. We can see that s tends to 
increase mostly for N < 1000. However, the presence of low 
s for small-scale data samples points at the fact that the 

“right” (with regard to the indicating lgN values of each KR 
on the earthquake recurrence curve or in proximity to it) dis-
tribution of a small sample lgN over KR could result in low 
s. Note that for the total sampling of area data, standard 
deviation over γ determination tends to decrease with the 
increase of N in the form of power-law dependence: 
σ ≈ 0.13N –0.22 with correlation index ρ ≈ 0.53 and the num-
ber of samples N = 182. This equation is consistent with the 
estimates obtained over the total time data sample 
(σ ≈ 0.12N –0.22 with ρ ≈ 0.57, N = 470 (Fig. 8d)); that could 
point at ergodicity of the dynamic system of seismogenesis.

To characterize the relationship of s and γ, Fig. 9 repre-
sents correlation curves over 470 data samples in time 
(Fig. 9а) and 182 space/area samples (Fig. 9b). In both cases 
s does not depend on the value of  γ, because maximal and 
minimal values of s are both observed within the whole 

Fig. 4. The slopes of γ(а) and g(b) earthquake recurrence curves versus annual shock samples in the investigated territories. 1, region, 2, area 1, 
3, area 2, 4, BB-fault, 5, Тk-fault.
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range of γ variations. Moreover, correlation and proportion-
ality coefficients are low. Consequently, high and low values 
of γ sometimes can be determined with minor standard de-
viations for the “right” lgN distribution over KR even for a 
small amount of ground shaking. In this case, standard devia-
tion can’t be a measure of γ-parameter validity. 

Comparison of Figs. 2 and 3 illustrates that maximum or 
high seismic activity is observed in those places where the 
strongest earthquake and aftershock series are realized, but 
minimum seismic activity conforms to the absence of quite 
strong earth shocks. The relation analysis of γ with the num-
ber of shocks (N) and the value of maximum energy class 

(Kmax) on 1° × 1° sites reveals the significant scattering of γ 
for samples with N < 1000 (Fig. 10a, b). The variance of γ 
tends to reduce with the increase of data volume. The pres-
ence of sampled strong earthquakes with Kmax ≥ 13 results in 
a rise of γ. Figure 10 shows that the upper contour of 
γ-values is represented only by such data samples; more-
over, strong earthquakes will have greater effect on γ esti-
mation and the slope will increase with a decrease in the 
sample volume. The equation of correlation relationship for 
the slope of the earthquake recurrence curve and maximum 
energy class of the sampled earthquakes will take the fol-
lowing form: γ ≈ –0.621 + 0.016Kmax.

Fig. 5. The slopes of γ(а) and g(b) earthquake recurrence curves versus accumulated shock samples in the investigated territories. See Fig. 4 for 
other designations.
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DYNAMICS MODEL  
OF SEISMIC-ENERGY STRUCTURE 

The variable systems (Prigozhin and Stengers, 1985) are 
known to be identified as dynamic, provided that physically 
it is a model of matter motion/displacement in the force 

field, but mathematically it is an operator functioning in 
space of states (phase space). The system states form a vec-
tor x = (x1, x2, …, xn) and are the axes of this space, and re-
late to the observed quantitative characteristics of the sys-
tem. According to the theory of dynamic systems, a change 
in the vector state is defined by the vector field of velocities 

Fig. 6. Contour map with the slope of γ earthquake recurrence curve on the southwestern flank Baikal rift system constructed against the data on 
shocks with KR ≥ 8 recorded on 1° × 1° sites from 1964 to 2013. The bar chart of the sites quantities (n) distribution depending on the number of 
shocks (N) per site (а) the bar chart of γ distribution (b). 1, isolines of the parameter γ, 2, the isoline scale of the parameter γ. See Fig. 3 for other 
designations
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f(x(t)), which appears to be an operator of the evolution sys-
tem (Malinetskii and Potapov, 2000; Nikolis and Prigozhin, 
2003). Such a dynamics model corresponds to the differen-
tial equation: 

d
dt
x f x� � �( ),t � ,	 (3)

where α denotes a control parameter. On condition that time 
changes discretely, the dynamics will be described by the 
Poincare mapping as: 

x Fk k� � � �1 0 1 2( ), , , ,x k  ,	 (4)

which may be either a result of equation (3) approximation 
or Poincare mapping or the only possible model of dynam-
ics, in case the states are to be fixed only in isolated mo-
ments of time: k = 0, 1, 2, … The discrete maps of the dy-
namic system can be represented by law by connecting 
sequential points of the phase trajectory. The maps must 
be produced by the flow, and they are often used as the 
only technique to study structures and dynamics of natu-
ral systems. 

Fig. 7. Contour map with the slope of g earthquake recurrence curve across the southwestern flank Baikal rift system plotted against the data on  
shocks with KR ≥ 8 recorded on 1°×1° sites over the period of 1964–2013. The bar chart of g distribution. 1, isolines of the parameter g, 2, the 
isoline scale of the parameter g. See Fig. 1 for other designations.
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As shown in the study, the main variations in the state of 
the seismic-energy structure take place due to the occur-
rence of earthquakes with maximum energy class within a 
certain period of time. Since the earthquakes exceeding 
maximum-permissible energy class (or magnitude) cannot 
happen in the lithosphere (see formula (1)), jump-like varia-
tions in parameters on the earthquake recurrence curve (typ-
ical for these earthquakes realization) will tend to decrease 
with an increase in volume of sampled data within the time. 
In case the data samples are too large, the jumps in data are 
unlikely to find proper reflection in parameters variations on 
the earthquake recurrence curve. Consequently, we will 
probably have to change scales and a presentation form of 
energy structure state parameters, and switch to phase dia-
grams. This suggests that the use of a phase portrait for rep-
resentation of energy structure dynamics could enable us to 
assign a stable attractor whose type and parameters are still 
unknown (limiting cycle, according to (Riznichenko and 
Artamonov, 1975)). However, the trend to forming the at-
tractor is clearly traced on the graphs (Fig. 5). To illustrate 
the specifics of dynamics formation of the seismic-energy 
structure, a phase diagram of γ parameter for summarized 

regional earthquakes is given in Fig. 11 with 10-year inter-
vals. With an increase in volume of the used data, the γ pa-
rameter is noticed to approach the attractor characterizing 
regularities in long-time shocks distribution on the available 
scale for estimation the earthquake size, whose basin is 
delineated with a small circle and labeled as “2013”  
(� � � �0 505 0 02. . ). Trajectory contraction reflects a dissi-
pative energy character of the dynamic seismogenesis and 
indicates that the relationship between the numbers of 
shocks of different energy classes becomes statistically in-
variable with an increase in duration of observations. It is an 
indicative of quasi-stationarity of the seismic-energy struc-
ture which confirms stable energy state conservation of re-
gional seismogenesis as a whole. At the same time, the sec-
ond localization zone of γ is present on the diagram, where 
the system is introduced through a “jump” after realization 
of strong earthquakes (a big circle labeled as “1967”, 
� � � �0 470 0 015. . ) and over time it has been withdrawn 
from this segment. The attractor is likely to be more consis-
tent with the long-term distribution of strong earthquakes; 
and this value should be used to estimate recurrent intervals 
and the probability of strong earthquakes by means of the 

Fig. 8. The relation of γ parameter and its standard deviation σ with the quantity of shocks N over the “total” time sample. а, the bar chart of 
samples quantities (n) distribution with the number of shocks in the samples (N); b, the bar chart of γ distribution; c, distribution of γ versus N, d, 
the relation of standard deviation s with the sample volume (N).
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γ-parameter. Note that recurrent intervals and strong earth-
quakes probabilities are considered to be a framework for 
construction the maps of general seismic zoning, where the 
choice of γ value is of primary importance. 

According to (Andronov et al., 1981), the limiting cycle 
is an isolated closed trajectory in in the phase space of a 
dynamic system, which represents a periodic motion. In 
neighborhood of the limiting cycle, the phase trajectories ei-
ther move away from it (unstable cycle) or come arbitrarily 
close to it (stable cycle). Simple analytical methods are not 
available either for finding the limiting cycles or for study-
ing equilibrium positions (stationary points) and analyzing 
their stability. However, the study of the system phase por-
trait allows finding the answer to the question about the 
presence or absence of the limiting cycle in this system. The 
singularities of two attractors allocation on the phase dia-
gram (Fig. 11) suggest that the second solution for bifurca-
tion of the cycle origin (Andronov–Hopf bifurcation, where 
α > 0), will be mostly suitable for its description. According 

to the theory of dynamic systems, the Andronov–Hopf bi-
furcation tends to arise in the typical one-parameter families 
and appears to be local bifurcation of the vector field in the 
plane, in course of which the critical point-focus loses its 
stability under transition of a pair of its complex-conjugate 
proper values through an imaginary axis. Whereby, either a 
short stable limiting cycle originates from a critical point 
(mild loss of stability, supercritical Andronov–Hopf bifurca-
tion), or a short stable limiting cycle collapses to this point 
(stiff loss of stability, subcritical Andronov–Hopf bifurca-
tion). A set of equations takes the following form in polar 
coordinates for the Andronov–Hopf bifurcation:

�

�

� � � �� �
� � �

�
�
�

��

r t r r

t

�

�

2

1

,

.
	 (5)

Solution (5) indicates that the dynamic system can have 
only one equilibrium position, which appears to be a stable 
focus if α ≤ 0. The second solution (α > 0) implies that the 

Fig. 9. Correlation of s and γ over 470 time samples (а) and 182 space/area samples (b).

Fig. 10. The relation of γ with the number of shocks N and the value of maximum energy class Kmax of earthquakes happening on 1° × 1° sites. а, 
over all available data samples, b, over samples N ≤ 1000.
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dynamic system can have only one equilibrium position, 
which appears to be an unstable focus (Fig. 11, γ ≈ –0.470 

± 0.015), and a stable limiting cycle (γ ≈ –0.505 ± 0.02). The 
terms of “mild” and “stiff” losses of stability relate to the 
system behavior description from the point of view of an 
external observer under conditions of slow (compared with 
the system dynamics) evolution of the system parameter (α) 
and the system noise contamination with negligible random 
perturbations. In case of mild loss of stability, the solution 
will make a transition from the equilibrium position (which 
becomes unstable) to the limiting cycle: an external observ-
er will notice periodical “trembling” of the system state in 
vicinity of the equilibrium position, which will grow with 
an increase of the parameter. In case of stiff loss of stability, 
the solution skips suddenly and shifts to the position beyond 
the boundary of the repulsion basin for the disappeared lim-
iting cycle: from the point of view of an external observer 
the solution has changed the setting by a leap. Presence of 
two γ-parameter attractors, generation of the limiting cycle 
from unstable focus, jump-like transition from the limiting 
cycle to unstable focus under realization of strong earth-
quakes and gradual transition from focus-point to the limit-
ing cycle are the indicatives of close conformity of seismic-
energy structure behavior on the BRS southwestern flank 

(Fig. 11) with the Andronov–Hopf bifurcation model, where 
α > 0.

To study the cyclic instability of the γ-parameter, two 
simple scenarios of seismic process development were mod-
eled in correspondence with mild and stiff losses of stability. 
The initial selection of 13 earthquakes was obtained with 
distribution by classes in the form: n8 = 9, n9 = 3, n10 = 1, 
γp  ≈  –0.477, r  =  1.0. This sample reflects a stable energy 
state where within the whole range of energy classes, one 
earthquake of the next energy level (marked as the “right” 
lgN distribution over KR) falls at three earthquakes of each 
class. We call this state as the first “equilibrium”, because 
all lgN points lie on the curve and there are no moments 
causing a pivoted shift of the earthquake recurrence rate 
curve, i.e., the equilibrium exists in distribution between 
strong and weak earthquakes, and standard deviation σ = 0. 
According to the first scenario, seismicity is “smoothly” 
withdrawn from this stable energy state by three earth-
quakes, starting from the minimum class. A gradual increase 
of the γ trembling is observed during the earthquakes whose 
energy class is one unit higher the center of classes distribu-
tion; and return to the stable state of the limiting cycle oc-
curs under realization of the shock with maximum class. 
The sample of the second equilibrium tends to form at the 

Fig. 11. The phase diagram of γ earthquakes parameter on the southwestern flank of the Baikal rift system. At the beginning the trajectory is la-
beled with “1967”; a circle with “1967” points at the position of the attractor basin (“unstable focus”); a circle labeled with “2013” designates the 
position of the attractor basin (“limiting cycle”) and the end of the phase trajectory. 
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end of the first cycle: n8 = 27, n9 = 9, n10 = 3, n11 = 1, γ = γp, 
r = 1.0, at the end of the second cycle: n8 = 81, n9  = 27, 
n10 = 9, n11 = 3, n12 = 1, γ = γp, r = 1.0, etc. According to the 
second “stiff” scenario, seismicity is withdrawn from the 
stable energy state with a jump into the basin of unstable 
focus by means of one “the strongest” earthquake whose en-
ergy class is a unit higher than in the initial selection 
(K = 11). Return to the stable state of the limiting cycle is 
fulfilled by weak earthquakes in the mode of the first sam-
ple. The sample of the second equilibrium tends to form at 
the end of the first cycle: n8 = 27, n9 = 9, n10 = 3, n11 = 1, 
γ  =  γp, r  =  1.0, at the end of the second cycle: n8  =  81, 
n9 = 27, n10 = 9, n11 = 3, n12 = 1, γ = γp, r = 1.0, etc. The 
difference between the models lies in the mechanism of exit 
and return to equilibrium, which is predetermined by the 
physical nature of this mechanism. The first scenario re-
flects, in general terms, a gradual increase and stress relax-
ation (swarming process); the second scenario implies sud-
den stress relieving and gradual stress restructuring 
(aftershock process). 

Figure 12а represents the model slopes of γ and g for 
several cycles of exit/return to equilibrium state per ten 
thousand events. Figure 12b shows variations in γ and g for 
one thousand events in order to provide high solvability of 
extremely changing starting portion of the curve. Compari-

son of the γ and g curves points at their correspondence to 
the form, although γ is much stronger than g by a variation 
degree. It is seen that in the field of big numbers, the behav-
ior of model curves γ is usually similar consequently, their 
identification is impossible if γp is unknown. Nevertheless, 
at the beginning curve segments take different forms for a 
small quantity of shocks (Fig.  12b): according to the first 
scenario the slopes approach γp from the side of lower val-
ues and do not cross it. According to the second scenario, 
the slopes approach γp from the side of higher values and 
cross it. These different initial curve segments allow us to 
find better scenario correspondence for the dynamics of the 
real seismic-energy structure state along the BRS south-
western flank. The curves presented in Fig. 13a, b character-
ize time changes of γ and g on the investigated territories for 
the period of 1964–2013. Then, the 14th sampled shocks are 
included into distribution, γ and g are calculated, and the 
procedure is repeated for each following earthquake. Com-
parison of γ and g regional curves confirms the conclusion 
of numeric modeling (Zhalkovskii and Muchnaya, 1987; 
Demyanovich and Klyuchevskii, 2013) and the results pre-
sented in Fig. 13: estimates by MML are more stable, and 
stability of estimates by RMS tends to rise with an increase 

Fig. 12. Variations of the slopes on the curves γ (model 1 and model 2) 
and g (model 1 MML and model 2 MML) for “swarming” (model 1) 
and “aftershock” (model 2) sequences of shocks. The graphs are plot-
ted against ten thousand (а) and one thousand (b) events. γ = –0.477 in 
the “equilibrium” state. 1, model 1, 2, model 2, 3, equilibrium, 4, mo
del 1 MML, 5, model 2 MML.

Fig. 13. Variations of the slopes on the curves γ and g (MML region) 
in the investigated territories on the southwestern flank of the BRS. 
The graphs are plotted for 11,442 (а) and one thousand (b) shocks. The 
dashed curve and the label (region 2013) represent the value γ = –0.51, 
that corresponds to the slope of the earthquake recurrence rate curve on 
the BRS southwestern flank for a period of 1964–2013. 1, region, 2, 
area 1, 3, area 2, 4, BB-fault, 5, Тk-fault, 6, MML region, 7, region 
2013.
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in data volume, and g and γ are getting closer. Comparison 
of model and original γ, g curves (Figs.  12, 13) indicates 
better agreement of the second scenario with the energy 
state dynamics of the natural seismicity nearly on all the in-
vestigated territories (the initial curve segment of site 2 
shares common traits of the first scenario). Therefore, the 
seismicity state dynamics on the southwestern flank of the 
BRS fits more the aftershock process model and it is no 
great surprise, because about the half of all the earthquakes 
account for aftershocks on this territory (Klyuchevskii et al., 
2011, 2013). The main findings of the numeric modeling are 
consistent with real seismic-energy patterns and allow pre-
senting more informative and justified illustration of γ insta-
bility and evaluation methods properties due to determinacy 
of the model events array.

DISCUSSION 

Statistic regularities (Lvovskii, 1982; Aivazyan et al., 
1983), are known to characterize empirical relations more 
precisely with an increase of data array and the range of in-
vestigated parameters. Ideally, these data arrays should be 
infinite or complete, but seismological practice implies the 
use of earthquake databases are limited in space and time. 
Therefore, the first shocks usually correspond to the begin-
ning of instrumental data collection, but the sampling of the 
last ones depends on the availability of processed records. 
The sampling limitations lead to additional deviations from 
regulations, which are created not only by errors in determi-
nation of experimental data, but by incompleteness of the 
used statistic, i.e., obtained estimates are biased and depend 
on the sampling volume N. Since a correct statistic descrip-
tion of the energy structure states depends on the number of 
earthquakes (N) in the used sample, the obtained γ, g, A10 
and Kmax parameters will be more approximated to true val-
ues with an increase of N. Since a rise of N is feasible only 
with an increase of instrumental monitoring duration, a com-

plete representative materials sample will be generated dur-
ing a complete seismic cycle. The time span of the studies is 
equal to 50 years, and it is significantly shorter compared 
with the strong earthquake recurrence period on the southwes
tern flank of the Baikal Region (370 years), which is com-
monly characterized in terms of a seismic cycle (Klyuchev
skii et al., 2005). Since the states of the seismic-energy 
structure are defined for a short time interval, the estimates 
obtained in the study appear to be different from the long-
term parameters of the actual seismic-energy structure for
med for a continuous seismic process period of 1000 years. 

The present state dynamics study of the seismic-energy 
structure on the BRS southwestern flank complies with-
statistic regularities, and the state estimates are maximally 
approximated to long-term parameters and obtained over a 
complete selection of regional earthquakes for the time in-
terval of 1964–2013: γ ≈ –0.51, g ≈ –0.49, A10 ≈ 0.05 and 
Kmax  =  16.2 (Table 1). Deviations (sometimes rather big) 
from these values are observed at all levels of the spatial-
time organization structure of seismicity. Annual estimates 
on the slopes of earthquake recurrence curves vary from 
γ ≈ –0.15 to γ ≈ –0.80, from g ≈ –0.26 to g ≈ –0.76; they fall 
in the range for seismic activity from A10 ≈ 0.01 to A10 = 9.6, 
and for maximum energy class from Kmax = 9 to Kmax = 16.2. 
In accordance with the data on 1° × 1° sites the slopes tend 
to vary in the range of 0.63 ≤ γ ≤ –0.19 and –0.84 ≤ g ≤ –0.35, 
seismic activity—0.01 ≤ A10 ≤  0.89, and maximum energy 
class—10 ≤  Kmax ≤  16.2. Statistical annual average values 
obtained over the region, in two areas, in the BB- and Tk-
fault zones, on 1° × 1°sites of the earthquake recurrence rate 
curves demonstrate (Table 2) their difference from long-
term statistics. Rapid and considerable spatial-time changes 
of parameters are caused by realization of strong earth-
quakes followed by series of aftershocks, but some addi-
tional fluctuations are also due to small volumes of sampled 
data. The results obtained by accumulated selected data are 
certain to be convincing indicators of this fact since the 
slopes of earthquake recurrence curves in the investigated 

Тable 2. The average annual and average areal parameters of the earthquake recurrence curves and their standard deviations

Territory Incline Activity Maximum class

γ σγ g σg A10 σA Kmax σK

Average annual

R –0.44 0.07 –0.48 0.05 0.06 0.07 12.5 1.1
A1 –0.42 0.10 –0.48 0.06 0.10 0.13 12.0 1.4
A2 –0.41 0.12 –0.48 0.07 0.03 0.01 11.6 1.2
BB –0.47 0.11 –0.52 0.08 0.91 1.79 11.5 1.4
Tk –0.34 0.14 –0.47 0.11 0.22 0.09 10.2 1.1

Average areal (in 1° × 1° sites)

R –0.42 0.09 0.06 0.11 12.5 1.4

Note. σγ, σg, σA, and σK, standard deviations of the slope of the recurrence curves (RMS, MML), seismic activity, and the maximum energy class of earth-
quakes.
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territories differentiate significantly for the first ten years 
with the use of small data volumes. However, in due time, 
they tend to approach γ and g of the region and stabilize 
around this value (Fig. 5). The observed trend towards pa-
rameters stabilization and a decrease in their spatial-time 
fluctuations due to an increase of data volumes agrees well 
with common views on stationarity of open dynamic sys-
tems. It is known (Chereshnev, 2006) that different kinds of 
processes take place inside the open stationary systems par-
ticipating in energy exchange with the environment, but 
their average parameters change slightly in the definite time 
interval though they stay unchanged in various parts of the 
system. The methods of statistical analysis illustrate the sta-
tionarity of the seismic mode (population of earthquakes be-
ing studied in time and space) (Gaiskii, 1970), so a phenom-
enological model of a stationary seismic process has been 
developed, where seismic activity of the lithosphere is con-
sidered to be a sum total of small spatial-time fluctuations of 
the evolutionary planet process (Sadovskii et al., 1987). The 
analysis of the seismic process energetics on the assumption 
of its stationarity is based on the fact that “…the sources of 
the tectonic process energy, which engender seismicity, ap-
pear to be inexhaustible for a certain period of time; and a 
part of the tectonic process energy participating in seismic-
ity, including the potential energy of the imminent earth-
quake sources, remains constant on an average for the whole 
process period” (Riznichenko, 1968, p. 18). Polyperiodicity 
of the Earth’s geological history gives evidence in favor of 
tectonic processes nonstationarity. Based only on the fact 
that they change in time very slowly, steady-state approxi-
mation is admitted by the analyses of the present time seis-
micity (at least the Holocene). The steady-state approxima-
tion allows correct seismic zoning and evaluation of seismic 
territorial hazards by the analysis of spatial-time variations 
in the seismic-energy structure of different hierarchical lev-
els in relation to parameters of the long-term seismogenesis. 
However, the lower time limit should correspond to the seis-
mic cycle of the investigated territory, because it is the only 
case when the structures of natural and recorded seismicity 
will be identical to each other. 

Knowledge and consideration of fundamental laws of 
nonlinear nature allow us to improve our understanding of 
the system dynamics and predict its behavioral characteris-
tics in bifurcations when it changes its trajectory, commonly 
in a disastrous way. Understanding of seismic-energy struc-
ture dynamics to the extent of the Andronov–Hopf bifurca-
tion leads to necessity of considering important theoretical 
and application problems in the field of seismic intensity. 
The presence of two attractors in the dynamics of the seis-
mic-energy system structure raises the question which at-
tractor should be considered for general seismic zoning. 
Since the limiting cycle represents a stationary mode with 
the definite amplitude which does not depend on the starting 
conditions, the condition of ergodicity will be met in the 
dynamic system. A.T.  Winfree (1980) called the domains 

where two modes/settings are possible (focus and the limit-
ing cycle) a black hole. According to him, in this parameter 
domain the excitation could be as applied to the oscillating 
system, that it will get into the domain of the rest point at-
traction, thus it will result in vibration damping. In particu-
lar, it is illustrated for equations modeling the behavior of 
the first pulse (Riznichenko, 2011). In relation with the re-
sults obtained, it may indicate the probability of the seismic 
process realization without disastrous earthquakes under 
certain conditions.

CONCLUSIONS

To study the state dynamics of the seismic-energy struc-
ture on the southwestern flank of the BRS, the statistical
analysis has been performed for the parameters of the earth-
quake recurrence curves with KR

  ≥  8 for a period of 
1964–2013. It has been found that the most significant vari-
ations of maximum energy class Kmax, the slopes of g and g 
recurrence curves and seismic activity A10 occur in presence 
of strong earthquakes. We evaluated the dependence on the 
ways of the parameters calculation and the N volumes of 
sampling estimation. The variation of estimates has been 
shown to decrease at N exceeding one thousand events. 
Consequently, the determination of parameters for earth-
quake recurrence curves becomes stable for this quantity of 
shocks; and standard deviation from g tends to decrease by 
power law. The observed trend towards parameters stabili-
zation and a decrease in their spatial-time fluctuations due to 
an increase of data volumes agrees well with the common 
views on the stationarity of open dynamic systems. The 
presence of two γ-parameter attractors, a jump-like transi-
tion from one attractor (the limiting cycle) to another (un-
stable focus) under realization of strong earthquakes and 
gradual transition from the focus-point to the limiting cycle 
are the indicatives of close conformity of seismic-energy 
structure behavior on the BRS southwestern flank with the 
Andronov–Hopf bifurcation model. To study the character-
istics and process formation specifics, calculations of γ and 
g were done, where they characterize the state dynamics of 
the seismic-energy structure in the scenarios of “aftershock” 
and “swarming” series of shocks. Comparison of model and 
original variations of γ and g curves indicates better agree-
ment of the aftershock model with the energy state dynam-
ics of the natural seismicity in all the investigated territories 
on the southwestern flank of the BRS.
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