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Abstract—Spatiotemporal variations in the Gutenberg–Richter (GR) b-value and in the minimum magni-
tude of a predicted earthquake (MPE) are studied in detail depending on the depth and lateral position of the
selected sample of earthquakes in the Garm region, Tajikistan. The time variations in b-value estimated
from the data on the earthquakes in the different depth intervals indicate that most of the “strong” events
with M ≥ MPE were preceded by the significant time anomalies localized in the vicinity of the source depths
of these earthquakes. The maximum amplitudes of these anomalies gravitate to the vicinity of the hypocenters
of the strong earthquakes and decay with distance from the hypocenter. The observed time anomalies in the
b-value, which have a shape of a positive bay, are not accidental, which is demonstrated by their sufficient
statistical representativeness (18 events). It is concluded that based on the used approach it will be possible to
estimate the source depth of a future strong earthquake. The estimate of earthquake prediction quality based on
38 “strong” earthquakes with M ≥ MPE that occurred in seven local regions during a 23-year observation period
shows that in 84% of cases, the emergence of b-value anomalies is accompanied by the successful forecasts. At the
same time, the overall probability estimate of a medium-term forecast of the “strong” earthquakes with false alarms
and missed events taken into account is 71%. Meanwhile, the forecasting quality of the strong earthquakes substan-
tially increases if the b-value time variations are monitored separately in the different depth intervals of the Earth’s
crust. It is shown that the parameter of the minimum MPE estimated from the rightmost part of the linear segment
of GR relationship is a characteristic of the structural blocks of the Earth’s crust and varies both across the area and
along the depth. It is hypothesized that the front of the deformation waves emerging on certain time intervals in a
number of the local regions of the sample has probably been detected. The supposed deformation waves propagate
with the velocities of 40–50 km/yr with their front moving NE to SE.The results of the study can be used for
medium-term forecasting of the earthquakes with M ≥ MPE, for estimating the depth of the expected earthquake,
and for overall seismic hazard assessment in the seismically active regions.
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1. INTRODUCTION
The relationship between the magnitudes of the

earthquakes and the frequency of their occurrence is
one of the remarkable laws in seismology which make
it possible to study the physical processes taking place
in the Earth’s crust. This relationship was discovered
by the Japanese and American scientists who pub-
lished in the middle of the 20th century their observa-
tions on the frequency–magnitude distribution
(FMD) of the earthquakes (Ishimoto and Iida, 1939;
Gutenberg and Richter, 1944). Subsequently, this
relationship was called the Gutenberg–Richter (GR)
law. This relationship has a simple and clear represen-
tation on the logarithmic scale:

(1)

where logN is the logarithm of the number of earth-
quakes with magnitudes M (or at least M in the case of
cumulative distribution), and parameters a and b are
equation constants referred to as the a- and b-value,
respectively. The a-value characterizes the degree of
seismic activity of the observation region or the pro-
ductivity of the studied sample’s size whereas b-value
is the slope of the linear part of the GR distribution.

From the physical standpoint, b-value reflects the
degree of the change in the number of earthquakes of
small and large magnitudes in a given time interval
within a fixed area. From the GR relationship it fol-
lows that high b-values characterize the relatively
small number of earthquakes of large magnitudes and,
correspondingly, low b-values testify to the opposite,
i.e., to a relatively large number of earthquakes of largelog – ,N a bM=
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magnitudes. Since the magnitude of the earthquakes is
proportional to the length of the faults, it was shown by
many authors that the b-value characterizes both the
degree of heterogeneity of the medium and the relative
intensity of tectonic stresses (Mogi, 1962; Scholz,
1968; Mori and Abercrombie, 1997; Schorlemmer
et al., 2004a; 2004c; 2005; Popandopulo and Baskou-
tas, 2011; Popandopulo and Lukk, 2014; Baskoutas
and Popandopoulos, 2014; Popandopulo, 2018).

The development of seismic observation networks
and the increase in the determination accuracy of
earthquakes’ parameters aroused interest in b-value
mapping over the area and along the depth of the
Earth’s crust (Mori and Abercrombie, 1997; Wiermer
and Wyss, 1998; Gerstenberger et al., 2001; Zhu et al.,
2005; Wyss and Stefansson, 2006; Wyss et al., 2008;
Popandopulo and Lukk, 2014; Popandopoulos and
Chatziioannou, 2014; Spada et al., 2013; Scholz, 2015;
Popandopulo et al., 2016). In these studies, the depth
changes in the b-value were considered in the context
of the spatial heterogeneity of the medium. As a rule,
it was observed that b-value decreases down to a depth
of 8–15 km and increases with the further increase in
depth.

The results of three-dimensional (3D) spatial map-
ping of b-value based on highly accurate seismological
observations in the Garm region, Tajikistan, were
published in (Popandopulo and Lukk, 2014). The
cited study revealed two horizons with different trends
of b-value behavior with depth above and below a
depth of 15–16 km. In the upper horizon, b-value
mainly decreases reaching minimum (0.8) close to a
depth of 15–16 km. In the lower horizon, b-value gen-
erally increases with depth; its average value f luctuates
within 1.2. It was established that in the lower horizon
below 15 km the earthquakes with M ≥ 3.0 were prac-
tically absent. It was found that the observed changes
in b-value are determined by the ratio of the numbers
of weak M ≥ 1.8 and moderate M ≥ 3.0 earthquakes at
different depths. Considering the sufficient statistical
significance of the results and high accuracy of hypo-
centers’ determination, the authors of the cited work
concluded that the observed changes in b-value with
depth are not accidental.

Using the same catalog of the Garm earthquakes,
Popandopulo (2018) analyzed the time variations in
the b-value in order to reveal the pattern of their
behavior before strong earthquakes. It was shown that
in most cases, the strong earthquakes with magnitudes
above the minimum magnitude of the predicted earth-
quake (MPE) are preceded by the bay-like convex
variations in this parameter exceeding the threshold of
statistical significance. In the cited paper, also the
phenomenological model of the preparation of strong
earthquakes explaining the time behavior of b-value
was proposed.

This work logically continues the study of the reg-
ularity in the time behavior of b-value published in
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(Popandopoulos, 2018) for exploring the geodynamics
of the Earth’s crust and forecasting the strong earth-
quakes. The purpose of this work is to try to expand
our understanding of the properties of b-value as a
function of the depth and lateral strike of the local
regions (LR) spanned by the sample. In addition,
based on the analysis of the space position of the LRs it
is possible to study the probable manifestations of
deformation waves in the Earth’s crust caused by the
migration of the sources of the weak earthquakes. As
previously, this work uses the catalog of the earthquakes
recorded by the seismic network of the Complex Geo-
physical Expedition (CGE) of the Schmidt Institute of
Physics of the Earth of the USSR Academy of Sciences
which was operating at the Garm geodynamic testing
site in Tajikistan from 1955 to 1992.

2. STUDY REGION AND OBSERVATION 
SYSTEM

The Garm region is located in the junction zone of
two largest mountain systems—the Pamirs and the
Tien Shan (Fig. 1). From the geological standpoint,
the region under study includes the adjacent parts of
the Pamir and Tien Shan separated by the Tajik
Depression. These structural elements are expressed
in the form of two largest fault zones—the Gissar–
Kokshal zone in the north and the Darvaz–Karakul
zone in the south of the region (Lukk and
Shevchenko, 1990; Hamburger, 1992).

The seismological observations at the Garm geo-
dynamic testing site were started in January 1955 when
seven permanent seismic stations were installed there.
From 1967 to 1992, 15 permanent recording stations
were operating at the testing site. The seismological
observations covered an area of approximately 120 ×
60 km and the average distance between stations was
10–15 km. The created system for recording the local
earthquakes provided the earthquake location accu-
racy at the center of the study area up to 1–15 km for
the epicenters and up to 2–3 km for the source depth
(Popandopulo, 1991).

In total, 93035 earthquakes were recorded during
the period of seismological observations at the Garm
testing site. All the earthquakes’ seismograms were
simultaneously processed by a single team of the
researchers guided by T.F. Kotlyar, and the main
parameters of the earthquakes were determined by a
unified algorithm (Popandopoulos, 1991). The con-
sistent processing of seismological data throughout
the entire observation period and the use of a unified
processing algorithm make the earthquake catalog
obtained in CSE highly pertinent for studying seismic
processes. These features of the catalog data are espe-
cially important for studying fine details such as, e.g.,
time variations in b-value depending on the source
depth of the earthquake and spatial location of the
local region (LR) of the sample of events under study.
SICS OF THE SOLID EARTH  Vol. 56  No. 3  2020
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Fig. 1. Tectonic elements and seismological observation system at Garm geodynamic test site of CGE IPE USSR Acad. Sci. Tri-
angles with numbers are seismic stations. Small circles are epicenters of earthquakes with M ≥ 0.5 that occurred from January 1,
1955 to March 31, 1992. The box in center is Kaudal local region (LR) considered for studying time variations in b-value with
depth.
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Figure 1 shows the spatial distribution of all the
earthquakes with M ≥ 0.5 that occurred from 1955 to
1992 (hereinafter M denotes local magnitude Мl).
More detailed information on the study area, observa-
tion system and processing procedure are presented in
(Lukk and Popandopoulos, 2012; Popandopoulos and
Lukk, 2014; Popandopoulos, 2018). In particular, in
these works it was shown that, within the observation
system, the most uniform earthquake data with a min-
imum magnitude of completeness Mc ≈ 1.0 are in the
time interval from 1967 to 1992.

3. THE TECHNIQUE FOR CALCULATING
THE b-VALUE AND CONSTRUCTION

OF TIME SERIES

For calculating the selected b-values and for con-
structing the time series, the FastBEE program (Popan-
dopoulos and Baskoutas, 2009) was used.

The b-value is calculated by the well–known Aki’s
formula (Aki, 1965) using the maximum likelihood
method:

(2)=
− − Δ

log( ) ,
( ) ( 2)

eb t
M t Mc M
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where loge is a constant, Mc is the minimum magni-
tude of completeness, and  is the mean magni-
tude of the earthquakes obtained from the earthquake
sample in the averaging time window w, for M ≥ Mc;
ΔΜ is the magnitude bin, in our case ΔΜ = 0.1. The
root mean square error of b-value is calculated by the
modified formula proposed in (Shi and Bolt, 1982):

(3)

One of the necessary conditions for calculating
b-value is that the minimum magnitude of complete-
ness Mc for the specific earthquake data sample
selected for the study should be known. Many meth-
ods have been proposed in the literature for estimating
this magnitude (Gomberg, 1991; Kijko and Sellevoll,
1992; Rydelek and Sacks, 1989; Smirnov, 1997;
Wiemer and Wyss, 2000; 2002; Wiemer, 2001; Woess-
ner and Wiemer, 2005; Papadopoulos and Baskoutas,
2009; Mignan and Woessner, 2012). At the same time,
it is known that the simplest and most reliable way to
estimate the Mc magnitude is to use the FMD of the
earthquakes (Wiemer and Wyss, 2000; Popandopou-
los and Lukk, 2014).
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Fig. 2. Frequency-magnitude distributions (FMD) of earthquakes for two depth intervals in Kaudal LR. Determination of min-
imum magnitude of completeness Mc, Gutenberg–Richter b-value, and minimum magnitude of predicted earthquake (MPE). 1,
discrete FMD; 2, cumulative FMD; 3, position of midpoint M* and logN*. 
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In the FastBEE program, the Mc value is deter-
mined by visual scanning of the magnitude on the dis-
crete FMD of the earthquakes directly displayed on
the PC’s monitor and by detecting the starting point of
the linear trend of the decrease in the number of earth-
quakes with the increase in their magnitudes (Fig. 2).
As the reliability criterion of Mc determination, the
coefficient of correlation r between the observed FMD
and the approximating line corresponding to the GR
law is used. In the previous works (Popandopoulos
and Baskoutas, 2009; Lukk and Popandopoulos,
2012) it was shown that reliable Mc determination is
achieved at the correlation coefficient r ≥ 0.95.

The calculation accuracy of the minimum magni-
tude of completeness Mc is determined by the magni-
tude bin value used in the construction of FMD and is
equal to half of its value. In our case, the magnitude
bin is ΔΜ = 0.1, which indicates that the Mc is deter-
mined accurately to ±0.05. The detailed description of
the FastBEE algorithm and the analysis of determina-
tion reliability of the Mc and b-value are presented in
(Papadopoulos and Baskoutas, 2009; Lukk and Popan-
dopoulos, 2012; Popandopulo and Lukk, 2014; Popan-
dopoulos and Chatziioannou, 2014; Popandopoulos
et al., 2016; Popandopoulos, 2018).

In order to more fully describe the results of the
analysis, let us briefly outline the technique of the
study. The FastBEE menu offers the options to specify
the spatial characteristics of the local area (LR) of the
sample, the parameters of the earthquake data, and
the parameters of the filter for constructing the time
series.

The LR location and size are, as a rule, determined
by the a priori seismological and geotectonic features
of the region. The LR can be specified by a rectangle
of any size oriented in the arbitrary azimuth (Fig. 1).
Depending on the objectives of the study, the LR can
IZVESTIYA, PHY
be oriented both along and across the strike of the seis-
motectonic structures (Fig. 1). The parameters of the
sample of earthquake data which include the time
interval T of the study, the magnitude range of interest
Mmin and Mmax, the interval of the source depths of the
earthquakes Hmin and Hmax, and the averaging time
window w, are selected in such a way as to satisfy the
criteria of the experiment and then stored in the infor-
mation file for the subsequent use.

In addition, for each LR, the parameter determin-
ing the threshold of the minimum magnitude of the
predicted earthquake (MPE) is specified. The MPE
parameter indicates the minimum magnitude of a
strong earthquake whose preparation process probably
begins to manifest itself in the time series of the stud-
ied parameters. Similar to the Mc determination, this
value is calculated based on the discrete FMD of the
earthquakes constructed for the studied time interval T.
To this end, the largest magnitude Mlarg over the sam-
ple under study is determined. This magnitude corre-
sponds to the intersection of the GR graph with the
axis of magnitudes M (Fig. 2). The minimum MPE
value is selected within Mlarg ≈ ±0.3. From the physical
standpoint, the selection of the minimum MPE is
motivated by the fact that the analysis of time varia-
tions in various prognostic parameters should rely on
a predicted earthquake whose magnitude should be
fairly large compared to the magnitudes of the back-
ground earthquakes. At the same time, the occurrence
of the MPE events should be relatively rare in order
that it would be possible to analyze the time variations
of the studied parameters during the preparation of
these events. Examining the FMD overall, we see that
such earthquakes fall in the right segment of the GR
graph in the region of its intersection with magnitude
axis M. Clearly, if the sample contains one earthquake
of maximum magnitude that occurred during the
SICS OF THE SOLID EARTH  Vol. 56  No. 3  2020
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studied period of time, this event will not be recorded
in the FMD because log(1) = 0, and only starting from
two or more earthquakes, do they affect the construc-
tion of the GR graph. It is these largest magnitudes of
the earthquakes that are of interest for us from the
standpoint of analyzing the behavior of the time vari-
ations in b-value. The time interval of the study at
which the MPE events relatively reliably appear in the
b-value time series depends on the saturation time at
which the FMD of the earthquakes is formed (from
the standpoint of determination of its parameters).
For the Garm region, the saturation time is 23 years.
The program automatically marks the occurrences of
the earthquakes with M ≥ MPE on the time axis of the
time series.

The time series are constructed by averaging the
monthly sums of ΔΜ (the magnitudes falling in the
given magnitude bins) using a triangular filter, and
then the b-value is calculated (Popandopoulos and
Baskoutas, 2011; Popandopoulos, 2018). As known, a
triangular filter is a low-pass filter that passes the sig-
nals with the periods higher than half the length of the
smoothing window without distortion and is practi-
cally free of side effects (Bath, 1974). The resulting
b-values are attributed to the end of the smoothing
window. We note that the length of the smoothing
window Wmonth depends on the seismic activity of the
LR sample and is determined by the minimum num-
ber of the data falling in this window. We recall that the
minimum number of earthquakes N falling into the
smoothing window should be at least 50, which is one
of the main conditions for estimating the uncertainty
of b-value calculation (Marzocchi and Sandri, 2004;
Sandri and Marzocchi, 2007; Woessner and Wiemer,
2005; Mignan and Woessner, 2012).

4. TIME VARIATIONS IN b-VALUE
AS FUNCTION OF DEPTH LEVEL 

IN THE EARTH’S CRUST
In (Popandopoulos, 2018), the time variations in

b-value were studied in detail in one of the seismically
most active local regions (LR Kaudal) of the Garm
testing area. In particular, it was shown that before
most strong earthquakes with magnitudes M ≥ MPE,
characteristic anomalies exceeding one-sigma level of
statistical significance were observed in the time
behavior of the b-value. It was shown that the precur-
sory b-value variation has a positive bay-like shape.
The study in the cited work was based on the data for
the earthquakes that occurred in the depth interval 0–
16 km. At the same time, it is known that one of the
remarkable properties of the GR relationship is that it
contains information on the tectonic stresses in the
Earth’s crust directly in the area spanned by a given
sample of the earthquakes (Mogi, 1962; Scholz, 1968;
2015; Main et al., 1992; Mori and Abercrombie, 1997;
Wyss, et al., 2001; Schorlemmer et al., 2004a; 2004c;
2005; Spada, 2013). This factor can be used for study-
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ing the time changes in the tectonic stresses at differ-
ent crustal depths. In the other words, the GR rela-
tionship provides the possibility to conduct sort of
“deep sounding” of the LR zones of the sample for
studying the geodynamic processes in the different
depth intervals.

For performing this experiment, we studied the
time variations in the b-value using the data for the
earthquakes that occurred in the depth interval from 0
to 21 km within the same Kaudal LR (Fig. 1). As noted
above, this region is located in the center of the system
of seismic observations where the hypocenter location
accuracy varies within ±(1–2) km, and the minimum
magnitude of completeness is Mc ≈ 1.0 (Popandopoulos,
1991; Popandopoulos and Nersesov, 1991; Popando-
poulos and Lukk, 2014; Popandopoulos, 2018).

Let us illustrate the technique of this “deep sound-
ing” by the example of two data samples of the earth-
quakes pertaining to the different depth intervals.
Figure 2 shows the FMD of the earthquakes con-
structed for two depth intervals from 0 to 5 and from 16
to 21 km, respectively. The obtained FMD show that
the minimum magnitude of completeness is Mc = 1.0
for the both horizons whereas the average b-values are
substantially different in the upper and lower depth
intervals (0.89 and 1.02, respectively). During the
period under study, the total number of earthquakes
(NΣ) that occurred in the upper layer of the LR sample
is 4214, whereas in the lower layer there were NΣ = 286
events. An important fact is that the MPE magnitudes
significantly differ in the two horizons pertaining to
the same Kaudal LR: the MPE magnitude is 4.4 in the
depth interval ΔH = 0–5 km and 2.8 in the depth
interval ΔH = 16–21 km.

Figure 3 illustrates time variations in b-value for the
corresponding depths. The time series were con-
structed with a smoothing window of 17 months
moved with a step of one month. We note that when
the analysis is conducted for the time series having dif-
ferent statistical characteristics, the length of the
smoothing window should be universal (i.e., identical)
for all the time series for which at least 50 earthquakes
should fall in the smoothing window throughout the
entire study interval (Marzocchi and Sandri, 2004). In
other words, in the joint analysis of the time series, the
length of the smoothing window for reducing these
time series to a unified frequency content is deter-
mined based on the time series with fewest data for
which the condition N ≥ 50 is satisfied. In our case, the
minimum length of the averaging window at which the
requirements for obtaining statistically significant
results are satisfied for all the considered time series
was 17 months.

In the figure, vertical lines in the b-value graphs
show the 70% confidence interval corresponding to
the σb value, which is calculated at each step of data
averaging by formula (3). Vertical arrows show the
strong earthquakes with M ≥ MPE that occurred
 No. 3  2020
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Fig. 3. Time variations in b-value from earthquake data in Kaudal LR (Fig. 1) for depth intervals 0–5 km (top) and 16–21 km
(bottom). Arrows indicate “strong” earthquakes with magnitude M ≥ MPE. Vertical lines in graphs mark 70% confidence interval.
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within the studied horizon. Above the arrows are the
numbers of earthquakes in the order of their occur-
rence, and below the arrows are the magnitudes of
these events. It can be seen that, five earthquakes with
M ≥ MPE = 4.4 occurred during the study period in
the depth interval ΔH from 0 to 5 km and only two
events with M ≥ MPE = 2.8 occurred in the depth
interval ΔH from 16 to 21 km.

The curves presented in Figure 3 show that among
the five events that occurred in the depth interval ΔH
from 0 to 5 km, only three (nos. 1, 2, and 5) were pre-
ceded by positive bay variations in b-value exceeding
the significance level of 2σb. It can be seen that before
earthquakes nos. 3 and 4, significant variations in
b-value are not observed. The probable causes of this
time behavior of b-value before the earthquakes with
M ≥ MPE will be discussed later.

The similar b-value anomalies are observed in the
depth interval ΔH from 16 to 21 km before earthquakes
nos. 1 and 2 which, however, have the magnitudes
M = 2.8 and M = 3.4, respectively. Here, the statisti-
cally significant observed variations in b-value in this
depth interval in the period of 1982 and 1984 are not
accompanied by the strong events with M ≥ MPE. The
pattern and probable causes of this behavior of the
b-value will also be considered below. However, it is
worth noting that during the 23-year study period,
only two earthquakes with M ≥ 2.8 took place in this
depth interval, and these events were preceded by the
most intense bay anomalies in the time behavior of
b-value. It can be said that the earthquakes of this
magnitude are almost as rare of a phenomenon for this
depth as the earthquakes with M ≥ 4.4 for the depths
ΔH from 0 to 5 km where only five such events them
occurred. From this it follows that the emergence of
IZVESTIYA, PHY
the earthquakes with M ≥ MPE = 2.8 in the depth
interval of 16–21 km is, from the standpoint of time
variations in the tectonic stresses of the medium
within this horizon, equally significant as the occur-
rence of the earthquakes with M ≥ MPE = 4.4 in the
depth interval from 0 to 5 km. We also note that a vis-
ible correlation between the curves shown in Figure 3
for two conditional horizons (0–5 and 16–21 km) is
absent. This analysis illustrates the technique for
studying the time changes in the b-value for different
horizons. It is shown that the time variations in
b-value and the FMD of the earthquakes have a differ-
ent character for two depth intervals pertaining to the
same LR of the sample of the earthquakes.

Extending this technique of the analysis to the
entire depth range from 0 to 21 km, we have studied
the time variations in b-value in a moving sequence of
the conditional horizons with a thickness of 5 km
shifted along the depth with a step of 2 km. As previ-
ously, for each conditional horizon, we constructed
the FMD of the earthquakes based on which we deter-
mined the minimum magnitude of completeness Mc,
the average b-value and its root mean square error σ,
the minimum MPE, and the total number of earth-
quakes NΣ (Table 1). We note that for all the condi-
tional horizons of a given LR, the Mc is 1.0. The root-
mean-square error σ of calculation of b-value pre-
sented in Table 1 for each conditional horizon testifies
to the significant changes in this parameter with
depth.

According to the data presented in column 2 of
Table 1, in the upper horizons of the crust within the
depths from ΔH = 0–5 km to ΔH = 4–9 km, the
b-value varies from 0.90 to 0.94. In the deeper horizon
ΔH from 10 to 15 km, the b-value sharply drops to 0.83
SICS OF THE SOLID EARTH  Vol. 56  No. 3  2020
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Table 1. Depth ranges ΔH of conditional horizons, average b-value and its variance σ, time series variability Var(%), min-
imum magnitude of predicted earthquake MPE, number NΣ of earthquakes with M ≥ Mc in conditional horizon ΔH

No.
ΔH, km b ± σ Var( %) MPE NΣ

1 2 3 4 5

1 0–5 0.906 ± 0.0086 9.5 4.4 4214
2 2–7 0.922 ± 0.0082 8.9 4.4 4936
3 4–9 0.941 ± 0.0077 8.15 4.2 4923
4 6–11 0.890 ± 0.0085 9.55 4.1 3633
5 8–13 0.878 ± 0.0125 14.2 4.1 2383
6 10–15 0.833 ± 0.0115 13.9 4.1 1559
7 12–17 1.047 ± 0.0253 24.1 3.7 851
8 14–19 1.170 ± 0.0280 23.9 3.0 464
9 16–21 1.283 ± 0.0349 27.2 2.8 286
and then again increases to 1.23 at the depths of 16 to
21 km. Similar results for the depth dependence of the
time variations in the b-value in the discussed Kaudal
LR (Fig. 5c) were obtained in our previous work
(Popandopoulos and Lukk, 2014) where we studied
the spatial variations of this parameter in the Garm
region. The results presented in Fig. 5c are obtained by
averaging the data in the depth interval of 1 km. Given
the different averaging methods used in these studies,
the obtained results agree quite well.

With the obtained seismicity parameters taken into
account, we constructed the graphs of time variations
in b-value for each conditional horizon (Fig. 4). In this
context, it is interesting to study the variability of the
b-value time series depending on the depth interval of
the selected conditional horizons. We recall that the
variability Var(%) of a time series is the ratio of the
average amplitude of the fluctuations in the time series
to its average value expressed in percent. According to
the data presented in Table 1 it can be seen that the vari-
ability Var(%) of the time series increases with increas-
ing depth. In the depth intervals down to 11 km, the
variability of the time series varies within 8.1–9.55%,
slightly increases to 14.2% in the depth intervals ΔH
from 8 to 15 km, and sharply grows below a depth of
15 km reaching 24–27%.

From Table 1 it also follows that MPE magnitude
decreases with depth. For example, MPE = 4.4 within
the depths of the first two horizons 0–5 and 2–7 km,
MPE = 4.1 in the deeper horizons from ΔH = 6–11 to
ΔH = 10–15 km; and MPE = 3.0–2.8 at the large
depths within the horizons ΔH = 14–19 and 16–21 km
where crustal seismicity is significantly reduced (Fig. 5b).

For comparing the time series along the depth, we
need to have an idea of the statistics of the   earthquakes
for each conditional horizon. Figure 5b shows the dis-
tribution of the number of earthquakes with depth for
the selected LR. It can be seen that most events in the
studied period of time fall in the depth interval from 4
to 8 km, which is reflected in the number of events in
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56 
the conditional horizons ΔH = 2–7   km and ΔH = 4–
9 km (Table 1). The burst in the number of earth-
quakes at a depth of 0–1 km is probably associated
with the errors in hypocenter location due to the emer-
gence of a local minimum of the functional in the cal-
culation of the residuals of arrival times of the waves in
the near-surface layer (Popandopoulos, 1983; 1991).

Let us consider the time variations in b-value
shown in Fig. 4. Here, an important fact is that, since
the graphs of the b-values were constructed in the
moving depth intervals, the same hypocenters of the
“strong” earthquakes with M ≥ MPE could fall simul-
taneously in the overlapping depth intervals of the
neighboring horizons. Therefore, these earthquakes
were indicated by arrows only once only on the graphs
of b-value time variations for which the center of
thickness of the horizon (horizon’s midpoint along
the depth) was closest to the depth position of the
hypocenter of the event. In other words, the vertical
arrows in Fig. 4 indicate the time of the strong earth-
quakes with M ≥ MPE whose hypocenters were located
in the vicinity of the midpoint of the depth interval
occupied by the corresponding conditional horizon.

Figure 5a shows a schematic vertical cross section
of the LR for the discussed sample of the earthquakes.
The hypocenters of the “strong” events corresponding
to MPE for each depth interval are indicated by circles.
However, due to the fact that MPE decreases with
depth according to the data presented in Table 1, the
absolute magnitude of a “strong” earthquake, in our
understanding of this word, also decreases with depth
remaining at the same time equally significant within its
horizon. For example, in Fig. 4, in the depth interval ΔH
from 0 to 5 km, all earthquakes with M ≥ MPE = 4.4 are
shown; indicated in the depth interval ΔH from 6 to
11 km are all earthquakes with M ≥ MPE = 4.1 are
shown; in the depth interval ΔH from 14 to 19 km, the
events with M ≥ MPE = 3.0 are presented, etc. (Fig. 5a,
Table 1). From this it follows that the earthquakes with
magnitudes 4.1 ≤ M ≤ 4.3 that occur in the depth inter-
 No. 3  2020



344 POPANDOPOULOS

Fig. 4. Time variations in b-value in different depth intervals from earthquake data in Kaudal LR (Fig. 1). Vertical arrows indi-
cate “strong” earthquakes with magnitudes M ≥ MPE. Numbers at arrows correspond to earthquake numbers in Table 1 and
Fig. 5a. Vertical lines in graphs mark 70% confidence interval.
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val ΔH from 0 to 5 km are not considered “strong”
because, by definition, this magnitude range for this
horizon is below the minimum MPE. In the other
words, it is possible that the earthquakes in the magni-
tude range 4.1 ≤ M ≤ 4.3 are not indicated as strong
events for the depth interval from 0 to 5 km but such
events are considered strong for the depths ΔH from 6
to 11 km.

The analysis using the described procedure
revealed 18 earthquakes with M ≥ MPE for all the con-
ditional horizons. The catalog of these events in
chronological order is presented in Table 2. In Fig. 5a,
the numbers in the circles correspond to the numbers
in the catalog (Table 2) and to the numbers of the
IZVESTIYA, PHY
arrows in Fig. 4. The size of the circle conditionally
shows the relative magnitude of the “strong” event.

The analysis of the graphs in Fig. 4 shows that the
time variations in b-value are not coherent along the
depth, i.e. synchronous time changes in b-value are
not observed in the depth range from 0 to 21 km. At the
same time, it can be seen that during some periods of
time, synchronous variations of the same type with the
amplitudes exceeding the significance level (1σ) cap-
ture several neighboring horizons. Moreover, these
anomalies are present in the overall depth interval that
is larger than the selected thickness 5 km of one con-
ditional horizon, which means that the emergence of
these anomalies is not an occasional event because it
SICS OF THE SOLID EARTH  Vol. 56  No. 3  2020
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Fig. 5. Depth distribution of seismic parameters for Kaudal LR (Fig. 1): (a) hypocenters of earthquakes with M ≥ MPE for moving
depth intervals ΔH = 5 km. Circles with numbers correspond to earthquake numbers shown in Table 2; (b) distribution of numbers N
of earthquakes; (c) b-values depending on depth in Kaudal LR (Popandopulo and Lukk, 2014).
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reflects at least two independent realizations of data
samples. For example, before the earthquake no. 1
with magnitude M = 4.4 and source depth H = 4 km
(the hypocenter in Fig. 5a is overlapped by the fore-
ground hypocenters), an anomaly is observed in the
depth intervals from 0–5 to 4–9 km with the highest
amplitude localized within the upper two horizons
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56 

Table 2. Catalog of earthquakes with M ≥ MPE in different de

No.  Date Lat., North

1     2   3

1 Feb. 10, 1971 38.878
2 Apr. 23, 1973 38.934
3 Nov. 13, 1973 39.031
4 Aug. 13, 1975 38.963
5 Sept. 3, 1976 38.950
6 Sept. 30, 1976 38.974
7 Dec. 25, 1977 38.966
8 Sept. 26, 1978 38.973
9 Oct. 20, 1979 38.934

10 May 19, 1980 38.914
11 Feb. 26, 1983 38.937
12 Feb. 19, 1984 38.943
13 Feb. 21, 1984 38.886
14 Mar. 12, 1984 38.877
15 Feb. 23, 1987 38.968
16 July 17, 1987 38.955
17 Sept. 30, 1990 38.948
18 Apr. 26, 1991 39.003
close to the hypocentral depth of this event. At the
same time, this anomaly disappears at the depths of
6–11 km and below. Before earthquake no. 2 with M =
2.8 and H = 21 km (Fig. 5a), a significant anomaly is
only observed in the depth interval ΔH from 16 to
21 km. The anomaly before earthquake no. 3 with M =
4.1 and H = 11 km is clearly seen at the depths of 4–9
 No. 3  2020

pth intervals in Kaudal LR from 1970 to 1992

Long., East Depth, km Magnitude

  4 5 6

70.526 4 4.4
70.571 21 2.8
70.861 11 4.1
70.540 12 3.7
70.590 3 5.2
70.627 15 3.0
70.613 4 5.0
70.674 0 4.7
70.602 15 4.6
70.357 20 3.4
70.508 5 5.2
70.459 9 4.1
70.468 15 3.4
70.379 12 3.9
70.585 7 4.9
70.582 6 4.1
70.895 10 4.5
70.913 10 5.2
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and 6–11 km; however, the anomaly with a character-
istic shape, albeit not so significant, is also distin-
guished at the depths of 0–5 and 10–15 km.

The anomaly that precedes earthquake no. 4 with
M = 3.7 with H = 12 km is visible at a depth of 12–17
and 14–19 km. Interestingly, the anomaly before
earthquake no. 5 with M = 5.2 and H = 3 km is only pres-
ent in the b-value graph for the depth interval 0–5 km. At
the same time, the characteristic precursory bay-like
variation in the b-value behavior before the earth-
quake no. 8 with M = 4.7 and H = 0 km is absent. The
absence of the anomaly in this case is probably associ-
ated with the location of the preparation zone of the
source of a strong earthquake which is most likely to be
in the near-surface layer. Earthquake no. 7 with M = 5.0
and H = 4 km is preceded by the anomalies that are
clearly manifest in the depth intervals of 4–9 and 7–
11 km. The characteristic positive anomalies in the
b-value are present before earthquake no. 9 with M =
4.6 and H = 15 km where the highest amplitudes of the
statistically significant anomalies are observed in the
graphs for the depth intervals ΔH from 8–13 km to
ΔH = 16–21 km. At the same time, the characteristic
features of the curves are preserved up to the upper
horizon ΔH = 2–7   km.

The similar pattern of time variations in b-value is
also observed before all the other earthquakes with
M ≥ MPE. However, there is yet another remarkable
characteristic example which is observed in the case of
the earthquakes nos. 17 and 18 with M = 4.5 and 5.2,
respectively, which occurred at a depth of 10 km. The
clearly pronounced anomalies before these events are
only present in the curves constructed in the depth
interval 6–11, 8–13, and 10–15 km, respectively, i.e.
for the depths in the close vicinity of the hypocentral
depths of these strong events. Meanwhile, in the upper
and lower horizons (0–7 and 14–21 km, respectively),
the anomaly that is observed in the intermediate hori-
zons before earthquakes nos. 17 and 18 disappears.

According to our analysis, the time behavior of
b-value for different depth intervals indicates that
most of the 18 earthquakes with M ≥ MPE in the Kau-
dal LR are preceded by significant anomalies in the
form of positive bays, which are localized in the vicin-
ity of the sources of these events. Moreover, the maxi-
mum amplitudes of these anomalies are concentrated
close to the hypocenters of the strong earthquakes and
decay with distance from the source.

The picture presented in Fig. 4 helps us to explain
the absence of the anomalies in the time behavior of
b-value before earthquakes nos. 3 and 4 in the depth
interval ΔH from 0 to 5 km considered above in Fig. 3.
(We note that earthquakes nos. 3 and 4 in Fig. 3 corre-
spond to earthquakes nos. 7 and 8 in Fig. 4 and Table 2.)
It can be seen that the precursory anomaly before
earthquake no. 3 (Fig. 3) is absent in the depth interval
of 0–5 km; however, a clearly pronounced anomaly is
seen at the depths of 4–11 km (Fig. 4). From this it fol-
IZVESTIYA, PHY
lows that the probable process of the preparation of
earthquake no. 7 does not capture the near-surface
layer in the depth interval from 0 to 5 km (earthquake
no. 3 in Fig. 3) but is localized at the depths of 4–11 km.

At the same time, the fact that all the curves in
1972–1984 are correlated (with a certain phase shift in
1975–1978 in the lower horizons from 4 to 11 km)
allows us to interpret the overall pattern of the time
variations in b-value before earthquakes nos. 5 and 7
(Fig. 4) as reflecting a single process of the changes in
the tectonic stresses in the depth interval from 0 to
11 km. In this case, earthquakes nos. 5 and 7 can be
considered as paired events at which after the first
earthquake no. 5, the stresses in the upper horizon
were dissipated whereas in the lower horizons they
were preserved forming the condition for the emer-
gence of earthquake no. 7. At the same time, the
absence of the anomaly before earthquake no. 4 in Fig. 3
(i.e., no. 8 in Fig. 4) can probably be associated with
the preparation of this event in the near-surface zone
because the hypocentral depth of this event is 0 km.
The absence of the earthquakes before the observed
anomalies of 1982 and 1984 in the curves of Figure 3
in the depth interval from 16 to 21 km can be associ-
ated with the occurrence of the strong earthquakes
nos. 13 and 14 (Fig. 4) whose sources had the hypo-
centers at the depths of 12 and 15 km.

Thus, our analysis suggests that the differentiation
of the time variations in the b-value along the depth
confidently reveals positive bay-like anomalies before
the earthquakes with magnitudes M ≥ MPE. One of
the important conclusions is that in the vast majority
of cases, the highest amplitudes of the b-value anom-
aly before the strong earthquakes with M ≥ MPE are
observed in the depth intervals close to the depths of
the preparation of the sources of these events. As a
result, based on the conducted study, we may state that
the differentiation of the time variations in b-value
along the depth will allow us to estimate the depths of
impending strong earthquakes.

5. TIME VARIATIONS IN b-VALUE ALONG 
LATERAL STRIKE OF THE EARTH’S CRUST

One of the purposes of this work is to study the time
variations in b-value depending on the lateral position
of the LR of the sample. This analysis is interesting
from the standpoint of revealing the general regulari-
ties in the b-value time variations before the “strong”
earthquakes with M ≥ MPE whose FMD characteris-
tics are spatially different. Another important feature
of this analysis is that it can help detecting the proba-
ble deformation fronts in the Earth’s crust caused by
the migration of the sources of the weak earthquakes
(Kasakhara, 1985; Turcotte and Schubert, 1985;
Bykov, 2005; Sherman, 2013). For solving this prob-
lem, we selected seven LRs along and approximately
across the strike of the geotectonic structures located
SICS OF THE SOLID EARTH  Vol. 56  No. 3  2020
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Fig. 6. Schematic layout of earthquake data sample’s local regions (LRs) located along lateral strike of geotectonic structures. Des-
ignations are indicated in Fig. 1. Open circles with numbers are earthquakes’ epicenters with M ≥ MPE within LR.
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in the regions with relatively high seismicity of the
observation region (Fig. 6).

Figure 7a illustrate the time variations in b-value
calculated from the data on the weak earthquakes that
occurred in the T3_2, T3_3, T3_4, and T3_5 LRs
(Fig. 6) located along the strike of the main geotec-
tonic structures aligned with the Peter the First Range.
Figure 7b shows the b-value variations according to
data from the T3_1, T3_3, T3_6 and T3_7 LRs (Fig. 6)
located practically across the strike of the above struc-
tures. The analysis was conducted for the events that
occurred in the depth interval from 0 to 30 km. The
parameters of the filter of the time series were the
same as in the previous Section.

Initially, for each LR of the sample, the FMDs of
the earthquakes were constructed, and the parameters
of seismicity were determined (the average b-value
and its root mean square scatter σ, the minimum mag-
nitude of completeness Mc, the minimum magnitude
of predicted earthquake MPE, and the number NΣ of
the earthquakes used in the analysis) (Table 3). The
data presented in Table 3 show that the average b-value
for each LR of the sample is different and varies from
0.882 ± 0.0101 to 1.121 ± 0.017. This corresponds to
the spatial heterogeneity of the b-value in the Garm
region which has been studied in detail and presented
in (Popandopulo and Lukk, 2014). The Mc value, as is
known, depends on the LR’s location relative to the
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56 
observation system and varies from 1.0 to 1.4 (Lukk
and Popandopulo, 2012). An important fact is that the
minimum magnitude of the predicted earthquake
(MPE) is individual for each LR of the sample and var-
ies from 3.3 to 4.3. The number NΣ of the earthquakes
with magnitude of at least Mc that occurred between
1967 and 1991 in each LR varies from 894 to 3313. It
can be seen that the variability Var(%) of the time
series is also different in spatial terms and varies from
7.65 to 18.78%. However, in contrast to the distribu-
tion of this quantity along the depth, no apparent reg-
ularity is observed in its relation with geotectonics or
with other parameters—the average b-value, Mc,
MPE, and Nearthq. We note that in most of the LRs of
the sample, more than one hundred earthquakes fall in
the selected averaging window (17 months). The T3_6
LR is the exception: here, the average number of
earthquakes in the averaging window varies about 50.
We recall that this number of the events is sufficient for
ensuring statistically reliable estimation of b-value in
the selected averaging window (Marzocchi and San-
dri, 2003).

Vertical arrows in Figs. 7a and 7b mark the time of
the earthquakes with magnitudes M ≥ MPE for each
LR of the sample. In the upper part of each curve, the
sequence number N of each “strong” event is indi-
cated, and the magnitudes M of these events are indi-
cated on the corresponding time axis in the lower part
 No. 3  2020
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Fig. 7. (a) Time variations in b-value based on earthquake data in LRs (Fig. 6) located along strike of geotectonic structures. Vertical
arrows mark earthquakes with magnitudes M ≥ MPE within each LR. Numbers at arrows correspond to earthquakes’ numbers indi-
cated in Table 4. Vertical lines in graphs mark 70% confidence interval. Dashed lines indicate probable signs of propagation of
deformation wave front; (b) time variations in b-value based on earthquakes in LRs (Fig. 6) located across strike of geotectonic
structures. Designations are same as in Fig. 7a. 
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Table 3. Characteristics of b-value time series depending on lateral strike of local region of earthquake sample

LR is code of local region, b and σ are average b-value and its variance, Var(%), is time series variability, Mc is minimum magnitude
of completeness, MPE is minimum magnitude of predicted earthquake, NΣ is number of earthquakes with M ≥ Mc in LR.

No. LR b ± σ Var(%) Mc MPE NΣ

1 T3_1 0.919 ± 0.0087 10.94 1.4 4.2 2020
2 T3_2 0.918 ± 0.0113 15.08 1.1 3.8 1769
3 T3_3 0.882 ± 0.0101 13.22 1.1 4.3 3313
4 T3_4 0.937 ± 0.0060 7.65 1.0 3.6 3162
5 T3_5 0.994 ± 0.0102 11.59 1.0 3.9 2886
6 T3_6 1.121 ± 0.0170 18.78 1.2 3.3 894
7 T3_7 1.086 ± 0.0148 15.16 1.1 3.3 1705
of the curves. The catalog of the “strong” earthquakes
for each LR of the sample is presented in Table 4. The
numbers in Table 4 (N) correspond to the numbers N
shown in Figs. 7a and 7b.

The behavior of the b-value curves calculated for
the LRs aligned with the strike of the Peter the First
Range (Fig. 7a and Fig. 6) show that in the vast major-
ity of the cases, anomalous positive bay-like variations
in the b-value are observed before the “strong” events
with M ≥ MPE. We note that, as previously (Popando-
pulo, 2018), a single “strong” event is understood here
as a group of the earthquakes that are spaced in time by
less than the length of the averaging window.

For example, the T3_2 LR with M ≥ (MPE = 3.8)
was struck by ten strong events (Table 4). Among these
earthquakes, a group of the events N1–N4 was pre-
ceded by a significant biennial anomaly. A similar sit-
uation is observed before each of the events N5, N6,
N7, N8 and N9. The anomaly before the N10 earth-
quake is absent; however, in the neighboring region
T3_3 LR, this event is preceded by a significant anom-
aly which is most likely to be related to this earthquake.
And vice versa, the anomaly observed in 1969–1970 is
not accompanied by a strong event. This anomaly
most probably marks the preparation of the strong
event N1 with M = 4.4 which took place in the neigh-
boring T3_3 LR. As a result, during the 20-year observa-
tion period, among seven “strong” events with M ≥ MPE
that occurred in the T3_2 LR, five events were suc-
cessfully forecast, one event was missed, and one
anomaly was false. Moreover, the missed earthquake
N10 and the false anomaly of 1969–1970 can be
accounted for by the processes taking place in the
neighboring LR.

In T3_3 LR, six “strong” events with M ≥ (MPE = 4.3)
occurred. Earthquake N1 is not preceded by an anom-
aly; however, as mentioned above, the anomaly in the
neighboring LR T3_2 of 1969–1970 can be considered
as a sign of the preparation of this event. Before the
earthquake N2, with M = 5.2, a characteristic biennial
b-value change is observed. Earthquakes N3 and N4,
N5 are not preceded by characteristic variations b.
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56 
Before the earthquake N6 with M = 5.2, a natural two-
year anomaly is observed. And finally, before the
earthquake N7 with M = 4.9, a small anomaly can be
distinguished. The end of the anomaly of 1990–1991. it is
not accompanied by an earthquake with M ≥ MPE; at
the same time, event N6 with M = 5.3 (Table 4)
occurred in the neighboring T3_5 LR, the preparation
zone of which could also cover the T3_3 LR zone. In
general, it can be said that for 6 “strong” events with
M ≥ 4.3 that occurred in this LR, one can predict with
confidence 3 events, three events are not preceded by
anomalies and one anomaly is false, after which a
strong event does not occur.

The analysis of the time variations for the T3_4 LR
shows that during the study period, four strong events
M ≥ (MPE = 3.6) occurred in this region, and each of
these events was preceded by a characteristic bay-like
anomaly in the b-value. The same also applies for
T3_5 LR where the minimum MPE is 3.9. Here, sim-
ilar anomalies lasting up to three years are observed
before three strong events. However, against the back-
ground decrease in the b-value curve in 1987–1990,
two “strong” events N3 and N4, 5, 6 took place.

Let us now consider the b-value curves calculated
for the LRs oriented across the strike of the geological
structures (Fig. 7b). The T3_1 LR was struck by five
events with M ≥ MPE (Table 4). It can be seen that four
of them are preceded by distinct anomalies; before one
event Ν3,4 significant changes in the b-value are
absent, and two false anomalies are observed in the
period 1970–1971. The b-value curve of the T3_3 LR
was considered above and is presented here for conve-
nient analysis of the profile across the strike of the
geological structures. Among the six “strong” earth-
quakes in the T3_6 LR, four events had the clear pre-
cursory anomalies and two events (N2, N3 and N4)
occurred without any significant changes in the b-value.
Finally, 7 “strong” events occurred in T3_7 LR; four
of them (N1, N2, N7, N8 and N9, N10) are preceded
by the significant anomalies in the b-value, and three
events N3, N4, N5 and N6 are not accompanied by the
marked anomalies.
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Table 4. Catalog of earthquakes with M ≥ MPE in LRs located along and across strike of geological structures from 1967 to 1992

No. Date Lat., North Long., East Depth, km Magnitude

1 2 3 4 5 6

T3_1
1 Nov. 2, 1975 38.596 70.635 4 4.2
2 Jan. 23, 1976 38.542 70.560 0 4.7
3 Nov. 17, 1978 38.552 70.513 3 5.0
4 Dec. 30, 1978 38.531 70.524 2 4.5
5 Apr. 4, 1983 38.503 70.520 4 4.2
6 Feb. 18, 1988 38.556 70.479 5 4.3
7 Feb. 20, 1988 38.599 70.532 7 4.6
8 Mar. 15, 1992 38.573 70.522 5 4.2

T3_2
1 Apr. 21, 1973 38.886 70.429 3 4.1
2 May 21, 1973 38.884 70.424 3 4.0
3 Sept. 13, 1973 38.906 70.447 0 4.2
4 June 13, 1974 38.882 70.478 11 4.0
5 Dec. 19, 1976 38.973 70.393 8 4.1
6 May 19, 1980 38.921 70.404 8 3.8
7 Feb. 19, 1984 38.943 70.459 9 4.1
8 Mar. 12, 1984 38.877 70.379 12 3.9
9 July 10, 1985 38.862 70.455 9 4.1

10 Nov. 4, 1990 38.885 70.382 5 4.0
T3_3

1 Feb. 10, 1971 38.878 70.526 4 4.4
2 Sept. 3, 1976 38.950 70.590 3 5.2
3 Dec. 25, 1977 38.966 70.613 4 5.0
4 Apr. 16, 1979 38.860 70.556 6 4.3
5 Oct. 20, 1979 38.934 70.602 15 4.6
6 Feb. 26, 1983 38.937 70.508 5 5.2
7 Feb. 23, 1987 38.968 70.585 7 4.9

T3_4
1 July 26, 1973 38.960 70.772 5 4.1
2 Sept. 26, 1978 38.973 70.674 0 4.7

3 Apr. 12, 1984 38.980 70.739 7 3.6

4 July 1, 1990 38.979 70.780 5 3.6

T3_5

1 Nov. 13, 1973 39.031 70.861 11 4.1

2 May 26, 1983 38.929 70.934 7 3.9

3 June 7, 1989 39.007 70.856 10 3.9

4 Sept. 30, 1990 38.948 70.895 10 4.5

5 Mar. 30, 1991 39.045 70.987 3 4.1

6 Apr. 26, 1991 39.003 70.913 10 5.3
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Above, we examined the emergence of the anoma-
lous period with a positive bay-like variation before
the earthquakes with magnitudes M ≥ MPE in the LRs
within the observation region. Since the timespan of
our analysis is relatively large (it covers 23 years and
includes quite a few anomalous periods accommodat-
ing 38 “strong” events with magnitudes M ≥ MPE), we
may try to estimate the quality of the medium-term
earthquake forecast using the FastBee algorithm
(Papadopoulos and Baskoutas, 2009). For doing this,
we use the well-known formulas for the reliability of
the alarms of anomalous periods (p1) and the total
(overall) reliability of the forecast of the strong earth-
quakes (p2) proposed in (Kasahara, 1981):

(4)

where F = M + n and M = M + μ are the total number
of the alarm messages and the total number of the
occurred events, respectively. Here, m is the number of
the true (successful) forecasts, n is the number of false
alarms, and μ is the number of missed events. The val-
ues   of these parameters for each LR separately and
their total number are presented in Table 5. From the
presented data it follows that the alarm reliability is
p1 = 0.844 and the overall reliability of the forecast is
p2 = 0.71. Hence, in 84% of cases, the emergence of
the observed b-value anomalies in the LR ends in the

= =1 2,   ,p m F p m M
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occurrence of the strong earthquakes with M ≥ MPE
whereas the average probability of successful forecast-
ing of the event is 71%.

At the same time, it should be born in mind that,
based on the conclusions made in the previous sec-
tion, i.e. in the case of differentiated monitoring of
time variations in b-value at different depths, the prog-
nostic estimates can be significantly improved.
Besides, a better forecasting quality can be achieved by
joint consideration of the time variations in b-value
calculated from the earthquake data from the neigh-
boring LRs of the sample.

Let us now consider the probable manifestations of
the deformation waves in the Earth’s crust caused by
the migration of the sources of weak earthquakes.
Visual examination of the time variations in the
b-value in Figs. 7a and 7b shows that, generally, the
correlation between the curves obtained in the neigh-
boring LRs is not observed. However, it can be seen
that that on some intervals, there is a remarkable sim-
ilarity between the shapes of b-value anomalies in the
neighboring LRs. For example, the curves for the
Т3_2, Т3_3, and Т3_4 LRs which are located along
the Peter the First Range (Fig. 6) have a fairly good
visual correlation during the period from 1977 to 1984;
the curves for the T3_3 and T3_4 LRs are closely cor-
related between 1986 to 1991. In the selected time peri-
T3_6
1 Oct. 3, 1973 39.215 70.828 7 3.5

2 May 20, 1975 39.213 70.832 10 3.3

3 July 2, 1975 39.237 70.829 9 4.4

4 Oct. 21, 1978 39.146 70.901 9 3.4

5 July 2, 1982 39.198 70.820 9 3.3

6 Dec. 28, 1985 39.201 70.832 9 3.3

7 May 14, 1991 39.232 70.873 6 3.3
T3_7

1 Oct. 3, 1973 39.215 70.828 7 3.5

2 Dec. 24, 1973 39.220 70.676 9 3.4

3 May 20, 1975 39.213 70.832 10 3.3

4 July 2, 1975 39.237 70.829 9 4.4

5 July 10, 1976 39.279 70.670 5 4.8

6 Sept. 5, 1978 39.286 70.645 6 3.5

7 July 2, 1982 39.198 70.820 9 3.3

8 Dec. 28, 1985 39.201 70.832 9 3.3

9 Oct. 23, 1988 39.227 70.754 6 3.3

10 Jan. 30, 1989 39.280 70.698 10 3.6

No. Date Lat., North Long., East Depth, km Magnitude

1 2 3 4 5 6

Table 4.   (Contd.)
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Table 5. Alarm (p1) and reliability (p2) parameters for esti-
mates of occurrence of earthquakes with M ≥ MPE for dif-
ferent LRs 

M is number of correct (successful) forecasts, n is number of false
alarms and μ is number of missed events.

LR m n μ

Т3_1 4 2 1
Т3_2 5 1 2
Т3_3 3 1 3
Т3_4 4 0 0
Т3_5 3 0 1
Т3_6 4 0 1
Т3_7 4 1 3
Σ = 27 5 11
ods, there is also a certain evident time shift between
the anomalies so that the characteristic forms of the
variation initially emerge in T3_4 LR and then propa-
gate towards T3_2 LR (Fig. 6), i.e., the so-called
deformation front propagating from NE to SW along
the Peter th First Range is observed (Kasahara, 1985;
Turcotte and Schubert 1985; Nikolaev, 1996; Bykov,
2005; Sherman, 2013). However, we cannot but note a
singular type of the time variations in the curve
obtained from the T3_5 LR data, where no correlation
with the other curves is observed. One of the probable
explanations of this behavior can be proposed based
on the early studies conducted in this region relying on
the data of time variations in seismic velocities (Ners-
esov and Popandopulo, 1988). According to this work,
the boundary between the T3_4 and T3_5 LRs coin-
cides with the boundary separating the different types
of time variations in seismic velocities. This coinci-
dence of the results of two studies that use fundamen-
tally different seismological parameters may indicate
the presence of the boundary of two structural blocks
of the Earth’s crust of the Garm region between the
T3_4 and T3_5 LRs. In this case, we may hypothesize
that the synergy of the structural blocks at their con-
tact results in energy dissipation leading to the change
in the type of tectonic deformations at the passage of
the fronts of deformation waves through the boundar-
ies of these blocks.

The apparent cross-correlation between the curves
on some time intervals can also be observed in the data
for T3_3, T3_6 and T3_7 LRs (Fig. 7b). Here, there is
also a phase shift between the curves in the time inter-
val 1979 to 1991. Interestingly, in this case again the prob-
able front of the deformation wave propagates from NE
to SW. Based on the existing data, i.e., the coordinates of
the centers of the LRs and the time marks tracking the
movement of the slow fronts (Figs. 7a, 7b), we can deter-
mine the propagation velocity of the hypothesized
fronts. According to the estimates made in this way,
the slow deformation waves propagate at a rate of 40–
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50 km/yr, which is fairly consistent with both the the-
oretical data and the existing field observations (Kasa-
hara, 1985; Turcotte and Schubert, 1985; Nikolaev,
1996; Bykov, 2005). A more detailed analysis of the
detection of the slow deformation waves is beyond the
scope of this work; however, the approach used in this
work seems promising for these studies.

6. DISCUSSION

The detailed study of the b-value spatiotemporal
variations shows that an anomaly of a regular charac-
teristic shape appears in this parameter before
“strong” earthquakes with M ≥ MPE. In our case,
“strong” earthquakes are understood as all the earth-
quakes that occurred in a local region (LR) or in a
conditional depth horizon if the sample of the earth-
quakes whose magnitudes exceed the minimum mag-
nitude of the predicted earthquake (MPE). The MPE
value is typically determined at the intersection of the
line of the GR relationship with the magnitude axis.
Determination of these magnitudes requires a rela-
tively long time interval of observations (saturation
time for the reliable construction of FMD of the
earthquakes) on the order of dozens of years (in our
case, 23 years).

It is known that seismicity is extremely spatially
heterogeneous. The seismic process mainly reflects
the structural heterogeneity of the medium and
exposes the characteristic properties of the hierarchi-
cal system in the distribution of earthquakes in space,
in time and in energy (Sadovskii and Pisarenko, 1991).
From the physical standpoint, the processes taking
place in each structural block have a property of self-
similarity. Therefore, a structural block (LR) possess-
ing its own geotectonic properties is characterized,
inter alia, by the individual frequency-magnitude dis-
tribution (FMD) of earthquakes; besides, under time
variations in the tectonic stresses, the hierarchical self-
similarity of the block manifests itself, which deter-
mines the individual minimum MPE in each struc-
tural block. Thus, the results of spatial mapping of the
minimum MPE again indicate that the geodynamic
processes in the Earth’s crust are hierarchically self-
similar in a wide range of magnitudes, which is clearly
seen from the data presented in Figs. 4 and 7 and in
Tables 1 and 3.

The main pattern of the GR b-value precursor of a
“strong” earthquake has a form of a positive semi-
sinusoidal bay-like variation. The physics of this
behavior of b-value can be explained based on the
phenomenological model described in (Popandopulo
and Baskoutas, 2011; Popandopulo, 2018). This model
fits well within the “hard inclusion” model or consol-
idation model (Kasahara, 1981; Dobrovolsky, 1983;
1991; Ruff; 1992) and the classical model of the prepa-
ration of tectonic earthquakes known as the ava-
lanche-unstable fracture formation model (AUF)
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(Kostrov and Das, 1988; Myachkin et al., 1975;
Sobolev, 1993).

The curves shown in Fig. 7a and 7b with a proba-
bility above 71% indicate that the earthquakes with
M ≥ MPE occur in the second phase of the anomaly
during the decrease in the b-values which is in turn pre-
ceded by a period of increase. This probability of the
medium-term seismic hazard assessment is ensured by
the high statistics in the analysis of 38 earthquakes with
magnitudes M ≥ MPE. At the same time, if a positive
bay-like anomaly is detected in the graphs of time vari-
ations of the b-value, the probability of a “strong”
earthquake reaches 84%.

Another important point is that the “strong” earth-
quakes barely occur in the first phase of this process,
i.e. during the increase in the b-value. Examining all
the curves shown in Figs. 4, 7a, and 7b, we can see that
the “arrows” indicating the occurrence of a “strong”
earthquake with M ≥ MPE are absent during the
increase in the b-value. This regularity, in turn, can be
used for medium-term of seismic hazard assessment as
a period of quiescence or unlikely occurrence of a
strong event (Popandopulo and Baskoutas, 2011;
Popandopulo, 2018).

The time variations in b-value obtained from the
realizations of the events in the different depth inter-
vals are particularly interesting (Fig. 4). A careful
examination of the behavior of b-value variations
shown in Fig. 4 reveals relative similarity of the curves
localized in certain horizons. All the curves clearly fall
into three groups. The first (upper) group includes the
first 4 curves in the depth intervals ΔH from 0–5 to 6–
11 km. The second (middle) group includes the curves
corresponding to the depth intervals ΔH of 8–13 and
10–15 km, and the third group comprises the curves
for the depths below 12–17 km. It is remarkable that
approximately the same division of the Earth’s crust in
this region into three horizons can also be inferred
from the depth distribution of the average b-values
shown in Fig. 5c obtained in (Popandopulo and Lukk,
2014). Here again, three horizons are distinguished.
The top horizon with an average b-value of 0.82 covers
the depth interval from 0 to 9 km. The middle horizon
where the average b-value is 0.78 corresponds to the
depths from 10 to 16 km. Finally, the bottom horizon
is located below a depth of 16 km, and the b-value in
this horizon is 1.2. In the cited work, the depth behav-
ior of the b-value was interpreted from the standpoint
of the hypothesis suggesting the existence of a brittle–
ductile transition (BDT) zone in the Earth’s crust
(Dragoni, 1993; Amitrano, 2003; Jin et al., 2004;
Gueydan et al., 2004; Doglioni et al., 2010; Dinkel-
man et al., 2010; Daub et al., 2011; Spada et al., 2013;
Schoulz, 2015). According to this hypothesis, the state
of the crustal material along the depth is mainly deter-
mined by the lithostatic pressure and temperature. As
a result of the interplay between these two factors, the
strength of a brittle material increases with depth due
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56 
to an increase in the confining pressure, whereas the
ductile strength of the material decreases with an
increase in temperature. It is hypothesized that the
BDT zone itself is characterized by high strength of
crustal material and accommodates the most severe
earthquakes. Typically, the bottom of the BDT zone
corresponds to the lower boundary of the seismogenic
layer in the upper part of the brittle crust within the
depths of 15–16 km. The region between the middle
and bottom horizons in the crust (~16–18 km) is
marked by a sharply weakening seismicity level due to
the presence of the phase transition zone from the
elastic brittle to the plastic state of the crustal material.
At the large depths below 15–16 km, the conditions for
the intense accumulation of elastic stresses and their
release in the form of the strong seismic events are
absent. This situation emerges because of the
enhancement of yielding properties (plasticity) of the
material at these depths.

From this standpoint, it is possible to explain the
uniform type of the time variations in b-value observed
in the different layers of the crust. Under the change in
the tectonic stresses, the upper brittle horizons of the
Earth’s crust in the depth interval of ~0–9 km can be
assumed to behave as a single elastic layer. Moreover,
the differences in the amplitude of the time variations
in b-value arise in the consolidation zone in the
sources of the future strong earthquakes. The interme-
diate zone at the depths of 10–16 km includes the
BDT zone where the medium has more rigid proper-
ties. Here, the response of the medium to the changes
in the tectonic stresses somewhat differs from that in
the overlying layer. Finally, the lower layer, due to a
sharp increase in the plasticity of the crustal material
weakly interacts with the upper BDT layer, and the
small f luctuations in the tectonic stresses cause rela-
tively strong variations in the b-value. The division of
the Earth’s crust in this local area of   the sample into
the three layers could also be performed based on the
analysis of the range of variability of the time series
presented in Table 1. It can be seen that the variability
of the time series in the upper layer for the first four
horizons varies within 9%. The variability sharply
increases to 14% in the intermediate horizons (nos. 5
and 6, Table 1) and has a significant jump to 24% in
the lower horizons,.

Interestingly, at approximately the same depths,
three horizons were also identified in the study of the
focal mechanisms of the Garm earthquakes where
these horizons sharply differ in terms of the type of the
deformation state of the Earth’s crust (Lukk, 2011).

The existence of the BDT zone can also explain the
sharp decrease in the minimum MPE and the increase
in the variability of the b-value time series below a
depth of 16 km (Table 1 and Figs. 4 and 5c). Due to the
fact that below the BDT zone, the state of the medium
sharply changes from brittle to ductile, the Earth’s
crust at the large depths exceeding 16 km is mainly
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plastic. At the same time, the high-density inhomoge-
neities penetrate to the lower crust and, therefore, at
these depths, rigid structural blocks are preserved
within which a certain fraction of tectonic stresses can
be accumulated and then released by the earthquakes
with the magnitudes corresponding to the sizes of
these blocks. It is most likely that the largest solid (not
melted) structural blocks at these depths have the sizes
corresponding to the minimum MPE. It can be
hypothesized that the gaps between these rigid struc-
tural blocks are abundantly filled with ductile material
containing the inclusions of smaller structural blocks,
which is reflected in the shape of the FMD of the earth-
quakes. Under the change of tectonic stresses at these
depths, this state of the medium leads to a relatively
large variability of the GR b-value. As a result, we see
that the range Δb of the variations in the GR b-value in
the lower crustal layers reaches 1.2, i.e. the amplitude
of the curves of the b-value varies within 0.8 to 2.0.

At the same time, the variability of the b-value
curves at these depths can be associated with the influ-
ence of purely technical (methodological) factors. The
magnitude range of the earthquakes included in the
sample of earthquake data for constructing the FMD
at these depths is ΔМ = 2 and varies within 1 to 3,
which is, to some extent, insufficient for reliable esti-
mating of b-value (Marzocchi and Sandri, 2004; San-
dri and Marzocchi, 2007). According to the cited
works, the minimum range of the magnitudes required
for reliable estimating the b-value is at least 2.5.
Hence, one may suppose that the determination of
b-value at these depths raises certain doubts. However,
the similarity of the pattern of b-value variations before
the earthquakes with M ≥ MPE at these depths with the
behavior of the curves for the upper horizons suggests
that the character of the observed process of preparation
of a “strong” earthquake is similar for all the studied
depth intervals, i.e. it has a property of self-similarity and,
hence, reflects the physics of the process at these depths.

And finally, the differentiated analysis of the time
variations in the b-value in the different depth intervals
has shown that the probability of successful predicting
a medium-term estimate of the time period for the
occurrence of a “strong” earthquake with M ≥ MPE
can be higher than 71%. The studies have shown that
the time anomalies in the b-value are localized in the
vicinity of the hypocenter of a future earthquake. The
statistics obtained by the analysis of 18 earthquakes
with M ≥ MPE that occurred at different depths indi-
cates that the results are reliable and physically mean-
ingful. Based on this, we may conclude that the used
approach is very promising for estimating the depth of
a predicted earthquake.

CONCLUSIONS
The detailed studies of spatiotemporal variations in

the Gutenberg–Richter b-value depending on the
depth and lateral position of the sample of the earth-
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quakes in the Earth’s crust are conducted for the
Garm region, Tajikistan.

The parameter of the minimum magnitude of a
predicted earthquake (MPE) determined from the
rightmost segment of the linear part of the Guten-
berg–Richter relationship is studied across the area
and along the depth. It is shown that this parameter is
a characteristic of the structural crustal blocks and
varies both areally and along the depth.

The quality assessment of earthquakes’ prediction
based on 38 “strong” earthquakes with M ≥ MPE that
occurred in seven local regions during a 23-year obser-
vation period by the FastBee algorithm (Papadopou-
los and Baskoutas, 2009) shows that the emergence of
the b-value anomalies is accompanied in 84% of cases
by a successful prediction. At the same time, the over-
all assessment of the probability of a medium-term
prediction of “strong” earthquakes, with false alarms
and missed events taken into account, is 71%.

The time variations in the b-value in the different
depth intervals show that in the vast majority of cases,
the earthquakes with magnitudes M ≥ MPE are pre-
ceded by the significant time anomalies in the b-value
in the vicinity of the hypocenters of these events.
Moreover, the maximum amplitudes of these anoma-
lies are concentrated closely around the seismic source
and decay with distance from the source. The observed
time anomalies in the b-value have a positive bay-like
shape and are not accidental which follows from their
sufficient statistical representativeness (18 events with
M ≥ MPE). It is shown that the quality of forecasting
the “strong” earthquakes with M ≥ MPE can be sig-
nificantly improved by differentiated monitoring of
time variations of b-value separately in the different
depth intervals. It is concluded that with this approach
it will be also possible to estimate the source depth of
a future strong earthquake.

It is hypothesized that the front of the deformation
waves appearing on certain time intervals in the neigh-
boring local regions of the spatial sample of the earth-
quakes is detected. The supposed deformation waves
move with a rate of 40–50 km/yr with the propagation
direction of the wavefront from NE to SW.

The results of the study can be used for medium-term
forecasting the “strong” earthquakes with M ≥ MPE, for
estimating the depth of the forecast earthquake and for
the assessment of overall seismic hazard in the seismi-
cally active regions.
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