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Abstract—The paper presents the results of a study showing that anomalies in the seismic regime parameters
before earthquakes of various magnitudes occur in stages. The occurrence in stages means the correlation
between the times of formation and development of anomalies in various seismic regime parameters. Earth-
quakes in regions with two general types of tectonics are selected for analysis: in the subduction zone (Kam-
chatka and Japan) and in the rift zone (Iceland). The selection of regions is primarily based on the availability
and quality of regional seismic catalogs. GR b-value and the composite parameter known as the R7'L are used
as the seismic regime parameters. The detection of spatiotemporal anomalies before the selected earthquakes
is based on the known “precursory patterns” of the seismic regime parameters. Comparing the durations of
the detected anomalies shows that the anomalies of b-value generally occur earlier than the RTL anomalies.
Possible reasons why the anomalies occur in stages are suggested. In the vicinity of the studied earthquakes,
a change in the seismogenic rupture concentration parameter within the corresponding seismic cycles is also
estimated. Comparing the times at which the detected seismic regime anomalies occur with the values of the
seismogenic rupture concentration parameter corresponding to these times shows that the formation of seis-
mic regime anomalies occurs at a stage when the system of seismogenic ruptures accumulated during the seis-

mic cycle has almost reached its critical value.
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INTRODUCTION

Anomalies of seismicity are the most reliably
detectable geophysical effects associated with earth-
quake preparation processes. The vast majority of cur-
rently available prognostic algorithms analyze the data
from earthquake catalogs. On the one hand, this is due
to the fact that the processes of strong earthquake
source preparation are associated with a gradual devel-
opment of failures at smaller scales. On the other
hand, seismic catalogs contain data with the required
level of spatial detail for entire earthquake generation
areas. Detecting the spatiotemporal structure of a
prognostic anomaly in the source region of the stron-
gest earthquakes with a typical source size of 100 km
(magnitude 8 earthquakes) requires a 10—20 km level
of detail in the initial geophysical observation data. As
for weaker, but practically dangerous earthquakes with
a source size of 30 km (magnitude 6.5), the detection
requires a 3—5 km level of detail in the observation
data. This spatial resolution is provided by current
seismic catalogs based on data from world or regional
seismic networks, which everywhere have an accuracy
of locating epicenters of events no worse than 5 km
and depths, as a rule, no worse than 10 km. The level

of spatial detail in ground observations of other geo-
physical fields (deformation field, magnetic field,
gravity field, etc.) depends on the average distance
between the respective geophysical observatories,
which is usually hundreds of kilometers. This is one or
one and a half orders of magnitude worse than the res-
olutions of seismic catalogs. A number of remote sens-
ing satellite techniques for measuring geophysical
fields provide the necessary spatial resolution of less
than ten to the first tens of kilometers, but the effective
sensitivity of almost all of these techniques is still inad-
equate to detect anomalies caused by the preparation
processes of even the strongest earthquakes.

The world practice of prognostic studies has
revealed a number of statistical seismic regime param-
eters whose abnormal changes are considered to be
indicators of earthquake preparation processes. First
of all, they include the characteristics of the energy
“spectrum” of seismicity: Gutenberg-Richter b-value,
various characteristics of seismic activity; characteris-
tics of the spatial, temporal or spatiotemporal density
of released seismic energy; parameters of earthquake
clustering and interaction (Sobolev, 1993; Zavyalov,
2006; Sobolev and Ponomarev, 2003; Panza et al.,
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2022). For some of these parameters, “precursory pat-
terns” (i.e., characteristic temporal forms of anoma-
lies and their distribution in space in the earthquake
preparation region) are known.

This paper presents the results of a study showing
that anomalies of seismicity before relatively strong
earthquakes occur in stages. The occurrence in stages
means the correlation between the times of formation
and development of anomalies of various parameters
of seismicity. We have selected earthquakes in regions
with two general types of tectonics: in the subduction
zone (Kamchatka and Japan catalogs) and in the rift
zone (Iceland catalog). We have decided on these
regions primarily due to the availability and quality of
seismic catalogs.

It should be noted that we do not intend to develop
or modify prognostic algorithms and their practical
applications. At this point, the study aims to compare
the spatiotemporal regions in which seismic anomalies
occur and to find out if there are any patterns in the
evolution of the anomalies over time. We have selected
only those earthquakes before which reliable anoma-
lies of seismicity are detected, and have not considered
the question of when and why anomalies are observed
and when they are not. In the future, as we accumulate
more of this information, we plan to classify it in order
to find out whether or not there are specific features of
the occurrence of anomalies in stages. In selecting the
earthquakes of the regions under study, we have con-
sidered not only our own research findings, but also
literature data on the presence of prognostic seismic
regime anomalies before the earthquakes in question.

CHARACTERISTICS OF THE SEISMICITY
PARAMETERS USED

Anomalies of seismicity preceding strong earth-
quakes, which are the subject of the present study,
belong to the so—called physical precursors of earth-
quakes (Sidorin, 1992; Sobolev, 1993). Their origin is
associated with the development of failures in the local
region of the lithosphere, which eventually results in
this region being destroyed by the source of the earth-
quake. There are several known scenarios for the
development of such failures leading to a strong earth-
quake—qualitative models of earthquake preparation.
Two main models were proposed almost simultane-
ously in the early 1970s in the USA—the dilatancy-dif-
fusion model, and in the USSR—the avalanche unsta-
ble fracturing formation (AUF) model (Miachkin
et al., 1972; Schotz et al., 1973; Mjachkin et al., 1975).
Both models explained the properties of pre—earth-
quake geophysical field anomalies known at the time.
Later, these models were modified and developed the-
oretically and statistically. Both models have their
strengths and weaknesses and still compete in explain-
ing the effects found in the evolution of seismicity.
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The earthquake preparation models provided a set
of seismicity parameters that can be statistically esti-
mated from earthquake catalog data. The AUF and
similar models imply a gradual increase in the size of
seismogenic ruptures due to the accumulation and
coalescence of smaller ruptures when they reach a crit-
ical concentration where the anomalous stress fields
caused by the rupture formation overlap. Therefore,
the parameters reflecting the development of an
earthquake preparation process include characteristics
of earthquake source concentration, ratios between
the frequencies of earthquakes of various energies
(magnitudes), characteristics of the influence of pre-
vious earthquakes on subsequent ones, characteristics
of the spatiotemporal connectivity of earthquake
sequences, etc. Below are brief descriptions of the
three parameters selected for this paper.

Gutenberg— Richter b-value

The classic parameter of seismicity is the exponent
of the energy “spectrum” of seismicity. It character-
izes the ratio of probabilities for earthquakes of various
energies (magnitudes). Anomalies of b-value,
observed before strong earthquakes, are among the
most reliable indicators of instability forming in the
strong earthquake preparation region, which are most
often used in prognostic algorithms. The “precursory
pattern”, i.e., a decrease in the b-value (sometimes
preceded by its slight increase) before a strong earth-
quake, is explained by the scenario of accumulation
and coalescence of seismogenic ruptures leading to
the formation of larger seismic events. In seismic sta-
tistics, this is manifested by an increase in the relative
proportion of stronger earthquakes, which results in a
decrease in the b-value. To estimate the b-value, we
apply a technique based on maximum likelihood esti-
mation, modified for the case of truncated distribu-
tions of earthquakes by magnitude (Smirnov and

Ponomarev, 2020%).

RTL Parameter

The composite RTL parameter proposed by
G.A. Sobolev (Sobolev et al., 1996) is essentially a
total “seismic release” calculated for each selected
point in space and each selected moment in time, sta-
tistically weighted with the distance and time from the
earthquake that occurred to the selected point and
selected moment in time. The contribution of the
magnitude of the earthquake that occurred is
accounted for by the exponent to which the size of its
source is raised in the summation. Different values of
the exponents can be correlated with the summation of
different characteristics of “seismic release”: the value
of exponent 1— summation (accumulation) of move-
ments in the sources of earthquakes, 2—summation

! https://cloud.mail.ru/public/rfq3/CNDPQRZ7r
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(accumulation) of areas of ruptures, 3—summation of
energies (energy release). The distance between the
point in space and the moment in time being calcu-
lated and the point and time of the source of the earth-
quake that occurred is accounted for by exponential
factors. The “pattern” of the precursory anomaly is a
decrease in the RTL (seismic quiescence), followed by
its increase (foreshock activation) (Sobolev and
Ponomarev, 2003). Both effects—quiescence and acti-
vation—have a physical explanation under the AUF
concept of a strong earthquake source preparation
process (Sobolev, 2019). The RTL algorithm is quite
widely used both in Russia and abroad (Nagao et al.,
2011; Proskura et al., 2019; Zhang and Huang, 2022).
The RTL parameter can also be regarded as a charac-
teristic (function) of earthquake influence (Smirnov
and Ponomarev, 2020).

The RTL parameter is estimated with authoring
software, the first version of which was used in the
above—mentioned pioneer work by (Sobolev et al.,
1996). The latest, most advanced version was written
in 2022 by (Petrushov and Smirnov, 2022) and is cur-

rently supported?.

Seismogenic Rupture Concentration Parameter

The seismogenic rupture concentration parameter
was introduced in laboratory studies by S.N. Zhurkov
and V.S. Kuksenko (Zhurkov et al., 1977) and applied to
the seismicity scale by G.A. Sobolev and A.D. Zavyalov
(Sobolev and Zavyalov, 1980). It is used in prognostic
studies in combination with other characteristics to
construct prognostic maps of regions with high prob-
ability of expected earthquakes (Zavyalov, 2006). It is
essentially a ratio of the mean distance between earth-
quake sources to the size of the sources. It is a measure
of how close the failure regime is to the avalanche—like
increase conditions. When the distance between the
ruptures formed by a given time is much greater than
their size, the ruptures do not “interact”—the stress
fields distorted by the ruptures do not overlap. When,
due to an accumulation of ruptures and an increase in
their concentration, the distance between ruptures
becomes comparable to their size, the perturbations of
the local stress fields near the peaks of properly ori-
ented ruptures begin to overlap, which increases the
probability that the bridge between the ruptures will
fail and form a less stable rupture of a larger size.
According to the AUF concept, this state represents
the transition of the failure process to the avalanche—
like stage. The seismogenic rupture concentration
parameter was estimated according to the standard
technique (Zavyalov, 2006).

2 https://gitlab.com/Mr.Brain/PyRTL
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SPECIFIC FEATURES OF IMPLEMENTING
ALGORITHMS FOR ESTIMATING
THE PARAMETERS OF SEISMICITY

The parameters are calculated in spatiotemporal
windows, and the results are presented as distribution
maps of parameter values for each selected moment in
time. Changes in the parameters over time are given
for the selected local spatial regions.

According to the papers by (Sobolev et al., 1996;
Sobolev and Ponomarev, 2003), the RTL parameter is
calculated as the product of three functions:

RTL = RTL, (1)

(x,5,2.1) Zexp(——j - )

X y,za zexp(__j ) (3)
1Y

L(x,y,2,t) = Z(Zj - L, 4)

i
The RTL is calculated at a certain point in space
with the coordinates (x,y,z) and at a certain moment
in time ¢. Here: 7 is the distance from the i—th earth-
quake to the point (x,y,z); ¢ is the time interval from
the i—th earthquake to the specified time #; /; is the size

of the i—th earthquake source. The £, #, and /, factors
are parameters of the algorithm, they are chosen
empirically in the process of adapting the algorithm to
the regional seismicity characteristics and the magni-
tude range of the earthquakes studied according to the
maximum of the detected anomaly. The adjustments

R,, T, and L, are introduced to remove straight line
trends in time for each of the three functions.

The RTL algorithm is implemented as a PyRTL
software package in Python 3 using modern data pro-
cessing and visualization libraries (including numpy,
scipy, matplotlib). The technique for processing the
time dependences of the RTL parameter greatly affects
the stability of the algorithm, and special attention was
paid to the choice of the data processing method. The
RTL parameter is calculated for a given moment in
time ¢ in several steps.

a) Calculating the initial values of the R, T, L func-
tions. In this step, the three functions are calculated
separately according to formulas (2), (3), (4). The R
and L values are calculated from data of all earth-
quakes that have occurred by the moment in time .
These functions do not decrease monotonically with
time as more and more positive terms are added to
them. The T function behaves non—monotonically,
since the effect of earthquakes that have already
occurred decreases exponentially with time. All the
three functions are calculated at a given point in space,
and account for events whose epicenters are located in
a certain vicinity of the given point. To speed up the
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operation of the algorithm, we limited the calculation

area by a radius several times larger than the 7, value. A
similar time interval limit (several times larger than the
t, value) was applied for the 7 function. These assump-
tions are justified by the exponential weighting factors
in formulas (2) and (3).

b) Removing the linear trend. After the functions
R, T, and L are calculated at each point in space, their
linear trend is removed in time. The result is a time
series with a zero mean.

¢) Calculating and normalizing the RTL. The val-
ues of the R, T, and L functions obtained in the previ-
ous step without a linear trend are multiplied together
to form the RT'L parameter. The RTL is then normal-
ized by its standard deviation, calculated over the
entire time series since the start of the construction.
The final values are RT'L time series in units of their
standard deviation.

As noted above, a decrease in the values of the RTL
parameter relative to the long—term background level
in a spatiotemporal region is characteristic of the seis-
mic quiescence stage, while the subsequent recovery
to or above the background level occurs during the
foreshock activation stage. This behavior of the
parameter is considered an anomaly (in some cases,
only a drop below the background level is taken as an
anomaly). It should be noted that in recent years,
there has been a growing interest in analyzing the algo-
rithm and its parameters using machine learning tech-
niques (Proskura et al., 2019; Kali et al., 2021). The
authors of the latter paper considered the possibility of
applying neural network classifier models in which the
values of the RT'L function are used as input data. The
model trained in this way is as effective as the best of
the 7 models considered in the paper by (Kali et al.,
2021).

The specifics of constructing estimates of the
b-value are described in detail in the paper by
(Smirnov and Ponomarev, 2020). The b-value and its
error o, are often determined using the maximum

likelihood estimation for an ungrouped data sample
(AKki, 1965; Kendall and Stuart, 1973):

-1 1 (5)
M - M,1n10

o, = b/JIN, 5"

where: M is the mean magnitude; M, is the minimum
magnitude in the sample; N is the number of seismic
events used to estimate b.

Estimate (5) corresponds to the true b-value under
the assumption that the magnitude values are not

bounded from above. The M estimate as a mean over a
finite sample turns out to be biased because the sample
turns out to be actually censored from above by some

magnitude. In this case, the mean M value for this
sample will be less than the mathematical expectation,
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which means that estimate (5) will give an overesti-
mate of b. Therefore, when calculating b-value, we use
the following maximum likelihood estimation for the
censored sample:
1 1 AM In10
— = + , AM =M,—- M, (6)
Boin  Bax 107 —1 o

max

where M, is the upper threshold of magnitude in the
sample, the b, .. value is calculated by formula (5), the

bnin value is obtained from the solution of algebraic
equation (6). The derivation of equation (6), the his-
tory of the matter, and the description of applications
can be found in the paper by (Smirnov and
Ponomarev, 2020).

Considering (5) and (6) as estimates of b-value
from above and below, respectively, we calculate the
final b value as their semi—sum:

bzm

min . 7

5 (7

The Z parameter (Z criterion) is often used to

detect anomalies in b-value (Saltykov and Kon-

ovalova, 2010; Saltykov et al., 2013). The Z value is a

measure of the statistical significance of deviations of

b-value from its long—term values. b-value is calculated

in the large window (reflecting its background values)

and in the working window reflecting the current value,
and then the Z value is calculated as follows:

b~ b
oirol ®)
o, +0,

where b, and b, are the values of the recurrence curve
slopes in the background and working windows,

7 =

respectively; o,2 and 0% are the dispersions (squares of
errors) of the b and b,estimates.

The values of the seismogenic rupture concentra-
tion parameter were calculated according to the for-
mula:

1
3
K, = 'Ll‘— 9)

av

where: u is the volume density (concentration) of rup-

n . . .
tures; /,, = 1 E , 11" is the mean size of the rupture in a
n=""=
given area; n is the number of events in a given area

(Zavyalov, 2006). From the start, we set a threshold for
the magnitude of the events to be analyzed. Each time
an event above the specified energy threshold
occurred, the calculation was reset. Such a technique
for calculating K, is conditioned by the notions of the
seismic cycle and is described in the paper by
(Zavyalov, 2006). The seismically active regions under
consideration were divided into elementary seismi-
cally active cells with the area dimensionsAX , AY and
the depth size AH . For each elementary volume, we
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calculated the values of the K, parameter as a function
of time. We smoothed out possible errors in determin-
ing the hypocenters by overlapping half the cells
(Zavyalov, 2006).

From a physical point of view, the failure concen-
tration criterion reflects the loss of stability of the frac-
ture system in the stress field (Zavyalov, 2006;
Smirnov and Ponomarev, 2020). Fractures lose stabil-
ity, grow exponentially and merge into larger fractures
when they are located close enough to each other, i.e.,
when there is quite a high concentration of fractures in
some spatial region. The process is accompanied by a

decrease in the value of the K, parameter over time.

The critical K, value, at which the main earth-
quake occurs, varies for different seismically active
regions. In case of nonuniform and fractal distribution

of earthquakes in space, the K:; value also depends on
the size of the cell for which the estimate is made
according to formula (9) (Smirnov and Zavyalov,
1996).

The calculation of the seismogenic rupture length
included in (9) is based on the correlation between the
source size and the earthquake magnitude (or energy
class):

log/, = oM, +c, (10)

where M, is the energy characteristic of the earth-
quake (magnitude or energy class). The a and ¢ fac-
tors in equation (10) were selected according to the
recommendations given in the paper by (Smirnov and
Ponomarev, 2020), based on Sadovsky’s formula
(Sadovsky et al., 1983) and generally accepted correla-
tions between earthquake magnitudes and energy.

INITIAL DATA

All earthquake catalogs used in this study were
obtained from public sources. During the preparation
step, the catalogs were stored in specialized databases
and subjected to the standard procedure of primary
analysis, which included checking the input data for-
mat, checking for duplicates, identifying and exclud-
ing aftershocks, estimating the representative magni-
tude, and analyzing its changes (Smirnov and
Ponomarev, 2020).

Kamchatka Catalog

The regional catalog of Kamchatka earthquakes
was obtained from the website of the Unified Seismo-
logical Data Information System of the Kamchatka
Branch of the Federal Research Center “Unified
Geophysical Survey of the Russian Academy of Sci-

ences”?. The seismological observation system in
Kamchatka and the above information system are

3 https://sdis.emsd.ru/info/earthquakes/catalogue.php
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described in the papers by (Chebrov et al., 2013; Che-
brov et al., 2020). The information contained in the
catalog is described on the website of the Unified Seis-
mological Data Information System of the Kam-
chatka Branch of the Federal Research Center “Uni-
fied Geophysical Survey of the Russian Academy of

Sciences”*. We downloaded the catalog of non—vol-
canic earthquakes (as classified in the Unified Seis-
mological Data Information System of the Kam-
chatka Branch of the Federal Research Center “Uni-
fied Geophysical Survey of the Russian Academy of
Sciences”) for the entire observation period.

The energy characteristics in the Kamchatka cata-
log are given in energy classes, and the corresponding
magnitude values are recalculated according to the
correlation dependence. We used the initial values of
the energy classes.

We examined the spatiotemporal variations of the
class of completeness in the regional catalog of Kam-
chatka earthquakes in detail in the paper by (Smirnov
et al., 2019). Figure 1 shows the change in the repre-
sentative class over time from the paper by (Smirnov
et al., 2019), supplemented with data for 2019—2023, as
a general characteristic. The paper by (Smirnov et al.,
2019) indicated that the representative class ranges from
6.5 to 9.5, depending on time and place, and exceeds

the level K, = 9.5 only at certain moments in time in
the southernmost part of the region.

Japan Catalog

The regional catalog of Japan, as well as the Kam-
chatka catalog, was studied in detail for a magnitude of
completeness estimate in the paper by (Smirnov et al.,
2019). It stated the following: “Records from the
International Seismological Center (ISC) catalog?,
which were provided by the Japan Meteorological
Agency (JMA), were used as initial data. The catalog
contains local magnitudes. The orthogonal regression
of the values M, from the Harvard centroid moment
tensor catalog and the magnitude M from the JMA
catalog that we selected gives the relationship
My, =(0.98+0.02)M +(0.24 £ 1), which is close to
the relationshipM = M), . A magnitude of complete-
ness analysis showed that, since 1981, events with
M > 3.3. have been completely detected for the entire
area”.

Iceland Catalog

The regional catalog of Iceland is freely available
on the website of the Icelandic Meteorological

Office®. The catalog contains data from 1995 to 2023.

4 https://sdis.emsd.ru/info/earthquakes/catalogue.php?out=info
5 ftp://isc-mirror.iris.washington.edu/pub/
6 http://hraun.vedur.is/ja/viku/
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curve.

It has a total of over 500000 entries. The catalog lists
local and moment magnitudes; we used the latter. The
seismic network and the seismic service of Iceland are
described in the paper by (Stefansson, 2011).

Figure 2 shows the change in the magnitude of
completeness of the Iceland catalog over time. We can
see that events with My, > 2.4 can be considered rep-
resentative of the entire observation interval. An anal-
ysis of the magnitude of completeness distribution in
space indicates that this threshold is acceptable for the
entire catalog.

RESULTS

Table 1 provides information about the selected
earthquakes, and their location on the map is shown in
Fig. 3. To ensure comparability, the energy class K
from the catalog of Kamchatka earthquakes was recal-
culated to the moment magnitude M, by formulas
used in the Unified Seismological Data Information
System of the Kamchatka Branch of the Federal
Research Center “Unified Geophysical Survey of the
Russian Academy of Sciences””: M, = 0.5K —0.75
and M,, = M, —-0.4.

7 https: //sdis.emsd.ru/info/earthquakes/cata-
logue.php?out=info&informationShow=show#Mw=f(MI)
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For each earthquake under study, we plotted maps
ofthe RTL and b-value distribution in space at succes-
sive moments in time before the earthquake, and visu-
ally identified their pre—earthquake anomalies. Then,
we plotted the curves of changes in the parameters
over time for the central part of the anomaly. These
curves were plotted up to one day before the date of the
earthquake.

Catalog selection thresholds and calculation win-
dows for the algorithms were varied for different earth-
quakes in order to obtain the most pronounced and
stable anomalies (Tables 2 and 3). In choosing the
threshold of selection by magnitude, we considered
not only a general estimate of the catalog’s representa-
tiveness, but also an estimate of the representative
magnitude in the spatiotemporal vicinity of the
respective earthquake. To calculate the RTL in for-
mula (4), we set the p parameter equal to 1 in accor-
dance with common practice (Sobolev and
Ponomarev, 2003). It should be noted that, in a statis-
tical sense, this value ensures the stability of the mean
“energy release” estimate (Mikhailov et al., 2010;
Smirnov and Zavyalov, 2012). From a physical point
of view, the p =1 value represents the sum of move-
ments in the earthquake sources (taken as propor-
tional to the rupture lengths) (Smirnov and

Ponomarev, 2020). The value of the /, coefficient is
not important in this implementation of the algo-
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Fig. 2. A change in the magnitude of completeness over time for the Iceland catalog: 1 are the initial estimates, 2 is the smoothed curve.

rithm, because it introduces a straight line trend into
(4), which is later removed before the RTL parameter
is calculated.

Figures 4 and 5 show the distribution maps of the
studied seismicity parameters at the moment of the

Table 1. Characteristics of earthquakes selected for analysis

largest anomaly value and the plots of parameter
changes over time in the regions of the largest anoma-
lies in the respective parameter. It should be noted that
the regions of the largest » and RTL values in space do
not always coincide. The time scale is given in years up

. . Energy class
Kamchatka Date Longitude Latitude Depth (magnitude Mw)
1 Mar. 2, 1992 160.20 52.76 20 14.6 (6.2)
2 June 8, 1993 157.80 51.20 40 15.0 (6.4)
3 Nov. 12, 1993 158.83 51.79 40 14.6 (6.2)
4 Dec. 5, 1997 162.55 54.64 10 15.5 (6.6)
5 Feb. 20, 2011 162.47 55.73 49 14.1 (5.9)
6 Feb. 28, 2013 157.77 50.67 61 15.2 (6.5)
Japan Date Longitude Latitude Depth Magnitude Mw
7 Oct. 4, 1994 147.68 43.37 28 8.1
8 Sept. 25, 2003 144.10 41.78 45 8.0
9 Mar. 11, 2011 142.86 38.10 24 9.1
Iceland Date Longitude Latitude Depth Magnitude Mw
10 June 17, 2000 —20.37 63.975 6.35 5.5
11 May 29, 2008 —21.068 63.973 5.14 5.3
12 June 20, 2020 —18.551 66.254 10.01 5.6
IZVESTIYA, PHYSICS OF THE SOLID EARTH Vol.59 No.5 2023
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Fig. 3. Maps of the epicenters of the selected earthquakes: (a) Kamchatka and Japan; (b) Iceland. The size of the symbols is pro-
portional to the magnitude, the numbers correspond to Table 1.

to the time of the respective earthquake. The RTL ofthe Zparameter (formula (8)). This parameter takes
parameter is normalized to its long—term standard into account both the values of b-value and their sta-
deviation (see the description of the RTL estimation tistical errors compared to their long-term values. In
procedure above). For the recurrence curve slope, this sense, the Z parameter is comparable to the RTL
instead of the b-value maps, Figs. 4 and 5 show maps (which is also normalized to its long—term standard
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Table 2. Catalog selection parameters and calculation windows of algorithms for Japan and Iceland earthquake analysis

S— e | Mo | e | St [ | M
RTL calculation parameters
M i, 2 2 3 4.3 5 5
H,, km 0 0 8 0 0 0
H,,km 150 100 100 150 150 150
ry, km 20 20 20 50 50 50
1y, days 365 365 365 365 365 365
Time limit, days 700 700 700 700 700 700
Space limit, km 100 100 200 200 200 300
b-value calculation parameters
M in 1.8 1.5 1.5 4.5 4 5.4
H,;, km 0 0 0 0 0 0
H,, km 150 150 8 150 200 200
Calculation window, number of events 200 200 200 110 110 110
Background window, number of events 600 600 400 330 330 330
SS(i)ie; Coef ;[ik;e; calculation region, units of the 7 15 g 7 3 5

M i, is the threshold of selection by magnitude from below; H| and H, are the thresholds of selection by depth; 7y, #, are the parame-
ters of the RT'L algorithm (formulas (2) and (3)). b-value was calculated from formulas (6) and (7) in sliding windows containing a given
number of events; the table shows the sizes of the working calculation windows and the background windows used to obtain an estimate
of the parameter (formula (8)). The size of the spatial region has been given in the sizes of the principal earthquake source.

deviation), and its maps have greater contrast than the
maps of the b-values.

Figures 4 and 5 also show curves of changes in the

seismogenic rupture concentration parameter K, over
time. This parameter was estimated in the selected
spatial windows over the time interval up to the studied
earthquake. According to the recommendations of
(Zavyalov, 2006), the calculation of K, was started
from the previous strong earthquake in the studied
spatial region.

The red segments of the time plots in Figs. 4 and 5
show the RTL and b-value anomalies detected accord-
ing to their “precursory patterns” Unlike the RTL and
b-value, the K, value does not have a “precursory pat-
tern”. This is a cumulative parameter for which a crit-
ical value is empirically determined in prognostic
studies and then used for prediction. The critical value
is determined during the algorithm training step and is
set by the K, value at the moment of the earthquake
before which it is calculated. This critical value is used

to select the level of K, at which the alarm is triggered
(Zavyalov, 2006). We did not use the ideology of the

prognostic investigation in this paper. The K, param-
eter is important to us as an indicator of how close the
failure regime is to avalanche—like increase condi-

tions. We estimated the K, values, corresponding to
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the moments at which the RTL and b anomalies were
formed. These estimates are given and discussed
below.

DISCUSSION

According to the “precursory pattern”, we
assumed that the time at which the anomalies in the
RTL and b parameters, highlighted in red in Figs. 4
and 5, began was the time at which the respective
parameter started to decrease. The durations of the
anomalies (time intervals from the beginning of the
anomalies to the time of the earthquake) are given in
Table 4 and graphically presented in Fig. 6.

Table 4 and Figure 6 show that the durations of the
anomalies lie in the range from half a year to several
years, which is typical of medium—term precursory
anomalies (Sobolev, 1993; 2011). It should be noted
that in prognostic studies, the “anomaly time” is often
assumed to be the time from the anomaly maximum to
the earthquake (Sidorin, 1992; Sobolev, 1993; 2011;
Sobolev and Ponomarev, 2003). This is quite reason-
able in prognostic studies as it helps to more reliably
algorithmize the automatic detection of an anomaly.
We will use our chosen definition of the duration of an
anomaly from its beginning (rather than from its max-
imum) because we are interested in the physical aspect
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Table 3. Catalog selection parameters and calculation windows of algorithms for Kamchatka earthquake analysis

Date Mar. 2, June 8§, Nov. 12, Dec. 5, Feb. 20, Feb. 28,
1992 1993 1993 1997 2011 2013
RTL calculation parameters
Koin 8.5 9 9 10 10 10
H,, km 0 0 0 0 0 0
H,, km 100 200 150 150 150 100
ry, km 50 50 50 50 50 50
1y, days 365 365 365 365 365 365
Time limit, days 700 700 700 700 700 700
Space limit, km 130 100 150 200 200 100
b-value calculation parameters
Koin 8 8.5 8.5 9.4 8 8
H;,km 0 0 0 0 0 0
H,, km 200 200 200 200 200 200
Calculation window, number of events 100 100 100 180 100 100
Background window, number of events 500 400 400 540 300 500
Calculation region, units of the source size 5 6 6 8 3 3
The legend is the same as in Table 2.
Table 4. Durations of anomalies in b-value and RTL parameter and their difference
Region Date Magnitude Duration of the b-value | Duration of the RTL | T, — Tryy,
anomaly 7}, years anomaly, Txy;, years years
Kamchatka Mar. 2, 1992 6.2 1.42 1.71 —0.29
June 8, 1993 6.4 4.55 2.56 1.99
Nov. 12, 1993 6.2 4.77 3.52 1.25
Dec. 5, 1997 6.6 2.04 1.31 0.73
Feb. 20, 2011 5.9 2.74 2.57 0.17
Feb. 28, 2013 6.5 2.42 2.17 0.25
Median 6.3 2.58 2.36 0.49
Japan Oct. 4, 1994 8.1 2.24 0.98 1.26
Sept. 25, 2003 8.0 3.41 1.79 1.62
Mar. 11, 2011 9.1 2.86 0.95 1.91
Median 8.1 2.86 0.98 1.62
Iceland June 17, 2000 5.5 1.3 0.44 0.86
May 29, 2008 5.3 0.63 2.19 —1.56
June 20, 2020 5.6 1.61 1.32 0.29
Median 5.5 1.3 1.32 0.29

of anomaly formation, rather than the convenience of
its use in practical earthquake prediction algorithms. If
we compare our estimates from Table 4 with the
“prognostic” anomaly durations, our estimates should
be divided by about half.

The last column in Table 4 shows the difference
between the durations of the » and RTL anomalies. We
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can see that this difference is positive for all but two
earthquakes, i.e., the b-value anomaly occurs earlier
than the RTL anomaly.

The selected earthquakes in the three regions have
different magnitude ranges: 5.3—5.6 for Iceland, 5.9—
6.6 for Kamchatka, and 8.0—9.1 for Japan. Figure 7
shows a summary of the mean anomaly durations and
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their differences depending on the mean magnitude
according to Table 4. We estimated mean durations
using the median, which is a more robust estimate for
small sample sizes.
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Figure 7 shows that the durations of the b-value
anomalies for the weakest earthquakes (Iceland) are
shorter than those for the stronger earthquakes in
Kamchatka and Japan. No systematic differences in
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the durations of the R7L anomalies are observed. The
difference between the durations of the » and RTL
anomalies increases as the magnitude increases.

It should be noted that the small statistics of the
studied earthquakes does not yet allow us to make a
statistically valid conclusion about whether or not
there is a difference in the durations of anomalies
before earthquakes of different magnitudes. In addi-
tion, we cannot yet distinguish between the possible
magnitude dependences of the anomaly parameters
and their possible regional characteristics in the sub-
duction zones (Kamchatka and Japan) and in the rift
zone (Iceland).

As noted above, the seismogenic rupture concen-
tration parameter can be used as an indicator of
whether the system of accumulating ruptures is unsta-

ble. The K, value is essentially a ratio of the average
distance between existing ruptures R to their average
length /,,. Theoretically, two fractures on the same line
lose stability when the ratio R/ l,, is close to 2. This

makes the theoretical critical value equal to K:: = 2.
Let us ask ourselves the question: at what K, values do
the b and RTL anomalies occur?

The paper by (Smirnov and Zavyalov, 1996) shows
that the estimates of the K, values and, therefore, the
critical K:: values at the time of the earthquake,

obtained from formula (9), depend on the ratio
between the size of the averaging cell and the size of
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the earthquake source. The index of this scale depen-
dence is determined by the fractal dimensionality of
the set of earthquake hypocenters. In particular, by
varying the ratio of cell sizes and earthquake sources,
the authors (Smirnov and Zavyalov, 1996) found that

the critical K:: values before the same earthquakes in
the Kamchatka region change by more than three
times.

To ensure the statistical validity of the estimates, we
calculated the K, values for different earthquakes with
different ratios of the cell size to the earthquake
source. However, we did not estimate and did not take
into account the scale dependence, so the K, values,
corresponding to the beginning of the b-value and
RTL anomalies for different earthquakes and for dif-
ferent regions, should not be compared. It is possible

to compare the ratio of the K, values, corresponding

to the beginning of the anomaly, to the critical K:;
value at the time of the principal earthquake. This
ratio eliminates the dependence of estimate (9) on the
size of the cell and the earthquake source. The corre-
sponding ratios are shown in Table 5.

Table 5 shows that the K, values at the times when
the b-value and RTL anomalies occur differ from the

critical K:: values (exceed them) on average by no
more than 5%. The last column in Table 6 shows the
range of K, variations within the corresponding seis-
mic cycle—the ratio of K, at the beginning of the cycle
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Table 5. Ratios of seismogenic rupture concentration values K, at the times b-value and R7L anomalies started and at the
time the earthquake occurred

Region Date Magnitude KL / K KRt / K. Kk / K
Kamchatka Mar. 2, 1992 6.2 1.026 1.031 4.01
June 8, 1993 6.4 1.025 1.014 6.55
Nov. 12, 1993 6.2 1.037 1.029 4.87
Dec. 5, 1997 6.6 1.015 1.009 4.89
Feb. 20, 2011 5.9 1.019 1.016 4.42
Feb. 28, 2013 6.5 1.010 1.009 7.63
Japan Oct. 4, 1994 8.1 1.041 1.010 1.93
Sept. 25, 2003 8.0 1.094 1.044 2.91
Mar. 11, 2011 9.1 1.056 1.002 3.83
Iceland June 17, 2000 5.5 1.026 1.002 2.14
May 29, 2008 5.3 1.010 1.023 2.44
June 20, 2020 5.6 1.098 1.083 4.00
Mean 1.038 1.023 4.14

[(S*r is the critical K, value at the time the earthquake occurred; K Sbr isthe K or value at the time the » anomaly started; Kslf TL iS the K,

value at the time the RTL anomaly started; I(SOr is the K value at the beginning of the seismic cycle.
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to K. This ratio is on average about 4, i.e., 400%.
Therefore, a difference of less than 5% between the K:;

values and the critical K:; values can be considered
small. This means that anomalies in the values of the b
and RTL parameters occur when the seismogenic rup-
ture concentration is close to the critical value.

CONCLUSIONS

By analyzing data from regional earthquake cata-
logs, we were able to detect seismicity anomalies
before earthquakes of various magnitudes in regions
with two general types of tectonics: in the subduction
zone (Kamchatka and Japan catalogs) and in the rift
zone (Iceland).

Comparing the durations of the anomalies in
b-value and the RTL parameter, we found that they
occur in stages. The b anomalies are generally
observed earlier than the RTL anomalies. The ques-
tion of why and how they are formed in stages is still
unknown, but we will speculate on the subject.

The anomalies in b-value reflect changes in the
energy spectrum of seismicity. A decrease in the b-val-
ues indicates an increasing proportion of stronger
events and a decreasing proportion of weaker events.
In terms of the physics of the source preparation pro-
cess, in the context of AUF and similar fracture
coalescence and growth concepts, this redistribution is
associated with the formation of larger ruptures due to
an increased interaction between the ruptures as their
concentration increases, resulting from a greater over-
lap of stress field anomalies caused by the ruptures.

The RTL anomalies reflect the formation of seis-
mic quiescences and the subsequent foreshock activa-
tion of seismicity. According to the AUF concept, the
formation of seismic quiescences in the range of rela-
tively weak earthquakes and the subsequent foreshock
activation are associated both with a redistribution of
the failure process from lower to higher scales and with
the failure localization—the division of the metastable
source region of a future earthquake into “passive”
and “active” parts. The failure localization triggers an
avalanche—like failure process in the weakened zone,
the development of failures leads to a further decrease
in the strength of this zone and, consequently, to a fur-
ther avalanche—like activation of failures (Sobolev,
1993).

Our results indicate that the localization process
occurs later than the energy spectrum of seismicity
begins to change. It is possible that this delay increases
as the earthquake magnitude increases, because we
can see in Fig. 5 that the difference between the dura-
tions of the anomalies in b-value and the RTL
increases as the earthquake magnitude increases.

Comparing the times at which seismicity anoma-
lies (b-value and the RTL) occur with the values of the
seismogenic rupture concentration parameter corre-

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 59

731

sponding to these times indicates that the formation of
seismicity anomalies occurs when the system of seis-
mogenic ruptures has almost reached its critical value
in the seismic cycle.
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