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For the first time, the methods of fractal theory were
applied to the study of seismicity dynamics of the
Baikal region and its three areas. Estimates of the Haus-
dorff dimensionality (D) show self-similarity of the
seismic process in 1967-2002 with a 10% significance
level. The most prominent Hurst index (H) and D vari-
ations correspond with the aftershock series of strong
earthquakes, while regions of high H and D values are
congruent with the concentration zones of earthquake
groups, suggesting a high influence of shock clusters on
the regional seismicity. In general, the Baikal region
and its three areas are characterized by a persistent seis-
mic process with long-term memory.

Modern theoretical and numeric simulations of seis-
micity are developing as a new basis for the study of
spatiotemporal and energy structure of seismicity and
prediction of strong earthquakes [1]. These models pro-
vide for an expansion of principal features of seismicity
diagnostics by the joint analysis of models and phe-
nomenology: scaling, similarity, self-similarity, and
predictability on different averaging scales. It is well
known that invariance relative to multiplicative scaling
is governed by the self-similarity of spatiotemporal
processes [2]. Self-similarity in application to random
sets is not a rigorous concept, because parts in such a
case must not be inevitably and exactly similar to the
whole and is sufficient if parts and the scaled down
whole have the same distributions. Notwithstanding
their fundamental importance, such procedures of the
diagnosis of a natural seismicity pattern were practi-
cally never applied for investigating the structure of
seismicity dynamics (seismic process) in the Baikal
region. Analysis of the seismic regime made it possible
to identify periods of high seismic activity in the region
[3]. During the instrumental observation period, the
strongest earthquakes (energy class Kp > 14) generally
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followed geodynamic activation in some parts of the
region and represented responses to the geophysical
medium excitation owing to the stress field inversion
during the self-organization of the Baikal rift system
(BRS) [4, 5]. Excitation of the active geophysical
medium was accompanied by an increase in the number
of seismic event groups and shocks in earthquake
swarms. The abundance of aftershocks and swarm
events in the BRS lithosphere ([6, 7]) predetermines a
priori the complicated spatiotemporal relationship of
the seismic process with earthquake clusters and com-
plicates analysis of dynamics of the regional seismicity,
because estimation of the influence of shock groups of
various energy classes on its variations becomes the
priority issue.

The most hazardous (in terms of seismicity) area of
the Baikal region is represented by the rift zone extend-
ing as a depression system from northern Mongolia
along Lake Baikal to southern Yakutia [4]. Earthquake
epicenters are mainly concentrated as sublatitudinal
and NE-oriented bands, while local high-density shock
groups are most often related to aftershock and swarm
shock activity. Figure 1 shows the distribution of the
annual number of representative Kp = 8 earthquakes
registered in 1967-2002 in the Baikal region (¢ =
48.0°-60.0° N, A = 96.0°-122.0° E), along with the
southwestern (area 1, @ = 48.0°-54.0° N, A = 96.0°—
104.0° E) and northeastern (area 3, ¢ = 54.0°-60.0° N,
A =109.0°-122.0° E) flanks and the central part (area 2,
¢ =51.0°-54.0° N, A = 104.0°-113.0° E) of the BRS.
These large geological areas can be considered two
adjacent hierarchical levels of lithospheric inhomoge-
neities [8] marked by recent structure-attractors of rift-
ogenesis [4, 5]. It is obvious from Fig. 1 that the major-
ity of earthquakes occur in area 3. The maximum number
of annual shocks were recorded in 1991-1992 (area 1)
and 1999 (areas 2 and 3). They were governed by after-
shocks of the Busiingol (December 27, 1991; K; =
16.2; @ = 50.98° N, A = 98.08° E), South Baikal (Feb-
ruary 25, 1999; Kp = 14.6; 9 =51.64° N, A = 104.82° E),
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Fig. 1. Distribution of annual counts N of representative Kp = 8 earthquakes registered in the Baikal region and its three areas in

1967-2002.

and Kichera (March 21, 1999; Kp = 14.5; ¢ =55.83° N,
A = 110.34° E) earthquakes.

The fractal measure can be represented by interre-
lated fractal sets with different indices depending on
the power law. This concept offers new opportunities
for the application of fractal geometry to geophysical
seismogenerating systems [9]. We believe [4, 5] that
long-term (millions of years) synergic processes, which
started at the terminal Late Cretaceous—Paleocene
(since the origin of the South Baikal Depression, the
historical BRS core [10]) in the rift zone lithosphere,
create natural spatiotemporal fractal structures. The
term natural fractal is applied for denoting natural
structures that can be represented as a fractal set for
some purpose [2]. Natural fractals incorporate an ele-
ment of randomness, and their regularity and/or irregu-
larity obeys statistical laws. The R/S analysis shows that
experimental signals from many natural phenomena
have a fractal time dependency [11]. The fundamental
characteristics of a stochastic time process are the Hurst
index (H) and Hausdorff dimensionality (D) [2]. We
calculated these parameters using methods of the index
of dispersion for IDC counts [12] and cell counts [11].
For the specified time interval ¢, IDC is determined as
the ratio of the dispersion of the number of earthquakes
(N,) for this interval to the statistical expectation of N,.
In the process of scaling, self-similar processes yield
monotonously increasing IDC of type m™'#?H~'. Having
drawn the logIDC (#)-log(#) plot, we obtain a straight
line with a 2H-1 inclination. The cell count method is
based on analysis of variation in the share of filled cells
in the object-hosting domain. For each ¢, the number of
filled cells C[f] is estimated upon the following condi-
tion: a cell shall be considered filled if the number of
earthquakes therein exceeds one-half of the average
number; otherwise, the cell is considered empty. Hav-

ing drawn the log C [f]-log(¢) plot, we obtain a straight

line, the inclination of which is the fractal Hausdorff
dimensionality (D). Dimensionality D is applied to
evaluate the self-similarity of seismic process in the
Baikal region, while index H makes it possible to eval-
uate the impact and role of seismic event groups of var-
ious energy classes in the regional seismicity dynamics.

Figure 2 shows variations of H and D values
obtained in 1967-2002 for annual earthquake sam-
plings of Kp =26, Kp 27, Kp = 8, and Kp 29 in the Baikal
region. It is obvious that the time variations of H in gen-
eral have the same trends for shock samplings of differ-
ent classes. However, the H level decreases in stronger
earthquake samplings. For shocks of Kp > 9, the aver-
age H = 0.5 £ 0.1 and the seismic process is close to
deterministic chaos [13]. The maximum level of H =
0.88 recorded in 1992 for shock samplings of Kp = 6
correlates with the most active aftershock phase of the
Busiingol earthquake (Fig. 1). It is worth noting that
time variations of H in the studied areas have in general
similar trends, despite a higher scatter of data points
and standard deviations owing to a lesser number of
shocks in the respective data array. In plots showing D
variations, the trends mentioned above are less obvious:
the D level decreases insignificantly for higher classes
and is equal to ~0.8 £ 0.1 for shocks of Kp = 9. It is note-
worthy that parameter D is more stable in time than
index H. Moreover, D and H poorly correlate, although
both parameters responded to the aftershock series of
the 1991-1992 and 1999 strong earthquakes.

Since index H inversely correlates with Kp and has a
maximum level at Kp > 6, clusterization of seismicity
intensifies when the range of energy classes is
expanded toward weaker shocks. For shocks of Kp =9,
H =0.5; i.e., the clusterization is weak and independent
events predominate in the seismicity pattern. Therefore,
in order to characterize the seismicity dynamics at the
flanks and in the central part of the BRS at a minimized
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Fig. 2. Annual variations of the Hurst index (H) and Hausdorff dimensionality (D) of seismic process in the Baikal region. (/—) H value
of earthquake samplings of Kp = 6, Kp =27, Kp = 8, and Kp 2 9, respectively; (5-8) D value of the same earthquake samplings;

(9) H = 0.5 level characterizing the seismic process stability.
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Fig. 3. Variations in the Hurst index (H) and Hausdorff dimensionality (D) values of cumulative seismic process with Kp = 9 in the
Baikal region and its three areas: (/—4) H value of earthquake samplings of Kp =9 in the Baikal region, area 1, area 2, and area 3,
respectively; (5—8) D value of the same earthquake samplings; (9) H = 0.5 level characterizing the seismic process persistence.

level of available data clusterization, Fig. 3 presents
H-D variation plots for cumulative (1-yr interval) sam-
plings of Kp > 9 earthquakes recorded in 1967-2002 in
the Baikal region and its three areas. It is obvious that
the plots of H variations in the three areas up to the mid-
1970s show random wandering with high standard
deviations, probably, caused by a low representative-
ness of data. However, this time interval also shows a
close correspondence of H plots for areas 1 and 3 and
their substantial difference relative to the area 2 plot. H
plots for areas 1 and 3 subsequently maintain the simi-
larity trend and resemble H plots for the Baikal region.

DOKLADY EARTH SCIENCES Vol. 409 No.5 2006

In these years, the average level of index H on these
plots is H = 0.6, indicating the presence of shock
swarms in the cumulative seismic series. The correla-
tion coefficient varies from p = 0.80 (areas 1 and 3) to
p = 0.50 (areas 2 and 3). The significant decrease
recorded in 1991 in area 1 (H = 0.46) and the Baikal
region (H = 0.5) coincided with the start of the after-
shock series of the Busiingol earthquake. Such an
extraordinary decrease is noteworthy, because other
aftershock series of strong earthquakes reflect the inten-
sification of clusterization and correlate with the H
increase. This effect can be explained in the following
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Fig. 4. Spatial structure of seismicity dynamics of the Baikal region in the Hurst index (H) isolines: (/) major faults; (2) H isolines;
(3) lakes; (4) depressions; (5-7) sites of aftershocks, shock swarms, and explosions, respectively, (8) H scale.

way: aftershock series of the Busiingol earthquake do
not correspond to seismicity dynamics of the Baikal
Rift and the southwestern flank of the BRS [4] or the
velocity of shock series that exceeded the maximum
level for this process and the system ceased to respond.
In the northeastern area, the Hurst index achieved a
maximum value (H = 0.72) in 1999. This event contem-
porizes with the aftershock series of the Kichera earth-
quake. The high H level maintained in subsequent years
indicates the presence of a long-term memory of this
aftershock series of earthquakes in the Baikal region
and area 3. In the central BRS, the average level of H
varied within 0.51-0.53 from the mid-1970s; i.e., the
seismic process in this territory was generally close to
deterministic chaos. Significant H increases observed
in 1989 and 1998 are likely to be a consequence of the
North Mongolian (May 13, 1989; Kp = 15; ¢ =50.17° N,
A = 105.34° E) and a forerunner of the South Baikal
earthquakes. The possibility of a predicting sign is
based on the effect of seismic calm within the source
zone [14] and the increase of the average velocity of
earthquake series within a vast area around an expected
strong shock [15]. This was typical for the North Mon-
golian earthquake with its epicenter situated beyond

area 2. In the central BRS, no earthquake groups were
registered in 1989 and 1998. Therefore, H maximums
in these years could not have been caused by clusters
situated in this territory. Thus, the most significant vari-
ations of the H value of the seismic process in the
Baikal region and its three areas correlate in time with
aftershock series of strong earthquakes (Fig. 1). How-
ever, shock groups show different patterns of variation
in parameter H. In 1967-2002, Hausdorff dimensional-
ity changed from D = 0.92 to D = 0.85, and the annual
D variation did not exceed the standard deviation. In
general, differences in the Hausdorff dimensionality in
the studied period at the flanks and central part of the
BRS did not exceed two standard deviations, thus indi-
cating self-similarity of seismic process in the Baikal
region with a 10% confidence level.

Figure 4 shows a map of H isolines characterizing
the spatial structure of seismicity dynamics in the
Baikal region. The map was compiled for n > 100 shock
samplings of Kp =8 recorded from 1967 to 2002 within
2.0° x 2.0° grids. Data were smoothed with 1° spacing
along latitude and longitude, and the H values were
attributed to the grid centers. For the sake of demon-
strating the impact of earthquake groups on seismicity
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dynamics, the map shows 496 different-size grids with
records of aftershocks, shock swarms, and explosions
in the Baikal region in 1967-2002 [7]. It is obvious that
sites of increased density of earthquake groups gener-
ally correspond to high H zones, thus testifying to the
strong impact of earthquake clusters on the seismic pro-
cess of the Baikal region. A similar pattern is seen on
the map characterizing the spatial structure of seismic-
ity dynamics of the Baikal region in D isolines.

In theoretical studies, the 0.5 H < 1.00 range implies
a persistent (stable) time series characterized by long-
term memory effects; i.e., processes of the present time
will influence the future [2, 11]. Persistent time series are
the most common natural processes. The 0 < H < 0.50
range shows a time series antipersistence characterized
by unstable wanderings of the system. If we look at
seismicity dynamics of the Baikal region from this
point of view, antipersistence appears in the case of a
low representativeness of initial data. Generally, the
seismic process of the Baikal region and its three areas
is a persistent process with effects of long-term mem-
ory about the most significant earthquake groups.
Therefore, the seismic process has a persistent statisti-
cal multiplexing formed by superposition of after-
shocks coupled with swarm and background shocks.
Their superposition produces an integrated self-similar
process. However, velocity jump in the shock series in
the beginning of an aftershock series will produce an
additional nonlinearity with possibilities of various
styles of dynamic behavior of the geophysical system
of seismogenesis reflected in parameters D and H.
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