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Abstract—Long-period earthquakes and tremors, on a par with volcano-tectonic earthquakes, are one of two
main classes of volcano-seismic activity. It is believed that long-period volcanic seismicity is associated with
pressure fluctuations in the magmatic and hydrothermal systems beneath volcanoes and can therefore be used
as a precursor of the impending eruptions. At the same time, the physical mechanism of the long-period seis-
micity is still not fully understood. In this work, we have studied the long-period earthquakes that occur at
the crust—mantle boundary beneath the Klyuchevskoi volcanic group in Kamchatka in order to establish
their recurrence law—the relationship between the magnitude and frequency of occurrence of the events. In
the region under study, the earthquakes pertaining to this type are most numerous and characterize the state
of the deep magma reservoir located at the crust—mantle boundary. The changes in the seismic regime in this
part of the magmatic system can be one of the early precursors of eruptions. For a more thorough character-
ization of the frequency—magnitude relationship of the discussed events, we compiled a new catalog of the
deep long-period earthquakes based on the matched-filter processing of continuous seismograms recorded
by the network stations of the Kamchatka Branch of the Geophysical Survey of the Russian Academy of Sci-
ences in 2011—-2012. For these earthquakes, we also used a magnitude determination method that provides
the estimates close to the moment magnitude scale. The analysis of the obtained catalog containing more
than 40000 events shows that the frequency—magnitude relationships of the earthquakes markedly deviate
from the Gutenberg—Richter power-law distribution, probably testifying to the seismicity mechanism and
peculiarities of the sources that differ from the common tectonic earthquakes. It is shown that the magnitude
distribution of the deep long-period earthquakes is, rather, described by the distributions with characteristic
mean values such as the normal or gamma distribution.
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INTRODUCTION

Active processes taking place in volcanoes fre-
quently lead to the generation of seismic waves which
are recorded by seismographs in the vicinity of the vol-
canoes. The recorded seismic signals are one of the
main data sources for the deep volcanic processes, and
the results of their analysis are vital for monitoring a
volcanic activity to detect the signs warning that a vol-
cano prepares to erupt. Seismic activity of volcanoes
produces very diverse manifestations in terms of signal
characteristics and probable generation mechanisms
(Tokarev, 1981; Gordeev, 2007; Chouet and Matoza,
2013). The detailed classifications of volcanic seismic-
ity strongly vary between different countries and even
between individual volcanoes; however, seismovolca-
nic phenomena overall are typically divided into two

main groups: (1) long-period (LP) events caused by
pressure fluctuations in magmatic and hydrothermal
fluids (Chouet, 1996); (2) volcano-tectonic earth-
quakes reflecting the relaxation of mechanical stresses
through strike-slip displacements on microfaults
(Roman and Cashman, 2006). The LP seismicity pri-
marily includes LP earthquakes and volcanic tremors.
The characteristics of the LP seismicity—intensity,
spectral content of signals, recurrence interval (fre-
quency) of the events, source location—provide direct
information about the state of magmatic and geother-
mal fluids which, in turn, largely control eruptive
activity. The LP earthquakes differ from moderate tec-
tonic earthquakes in that have a lower frequency range
(1-5 Hz) and, in some cases, a harmonic shape of
seismic waveforms. These earthquakes are most often
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observed in shallow parts of the volcano-magmatic
systems (e.g., (Iverson et al., 2006; Neuberg et al.,
2006; Bean et al., 2014)) and associated with irregular
magma movement through channels, degassing, or
interaction of hot magma with hydrothermal fluids
(Chouet and Matoza, 2013).

The deep LP (DLP) earthquakes which are typi-
cally attributed to the processes taking place in the
deep magma reservoirs within the crust—mantle tran-
sitional layer are particular interesting (Aki and Koy-
anagi, 1981; Shaw and Chouet, 1989; White, 1996;
Power et al., 2004; Nichols et al., 2011; Aso et al.,
2013; Shapiro et al., 2017a; Hensch et al., 2019; Kuri-
hara et al., 2019). DLP seismicity is frequently consid-
ered as one of the earliest signs of activation of the
magmatic systems forewarning the future eruption and
can therefore play an important role in volcano moni-
toring. However, the physical mechanism generating
the DLP earthquake and the relationship between the
deep magma transport and seismic radiation remain
unclear. The hypotheses of the origin of these earth-
quakes, inter alia, include thermomechanical stresses
associated with cooling of deep intrusions (Aso and
Tsai, 2014) or avalanche-like CO, degassing from the
oversaturated basaltic magmas (Melnik et al., 2020).
However, the observational data existing to date are
insufficient for unambiguous identification of the
mechanism of DLP earthquakes.

Based on the statistical analysis of the main param-
eters of the tectonic earthquakes (magnitude, energy,
seismic moment, source size and duration), it is possi-
ble to reveal the similarity laws reflecting the physical
processes in the sources (e.g., (Kanamori and Ander-
son, 1975)). Among the main statistical relationships
characterizing the physics of seismic sources is the so-
called recurrence law which describes how the total
number of the occurred earthquakes changes with the
magnitude. In the case of the “classical” tectonic
earthquakes, this law is expressed by the Gutenberg—
Richter frequency—magnitude relationship (Guten-
berg and Richter, 1944):

logN =a—bM, (D)

where N is the number of earthquakes with magnitude
M; a is the parameter characterizing seismic activity;
and parameter b referred to as the b-value is the slope
of the frequency—magnitude graph. The b-value is
very close to 1. This relationship be explained in the
context of a scale-invariant model where the earth-
quakes occur as slips on the fault planes and their
probability is inversely proportional to the area of the
involved fault segment (e..g., (Stein and Wysession,
2003)). At the same time, the coseismic stress-drop is,
on average, independent on the earthquake size
(Shaw, 2009).

The results of statistical analysis in volcano seis-
mology are not unequivocal and not as clearly system-
atized as in the case of the tectonic earthquakes. For
example, some authors (Okada et al., 1981; Main,
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1987; Lahr et al., 1994, etc.) point out evident devia-
tions of the magnitude distribution of the volcanic LP
earthquakes from the Gutenberg—Richter relation-
ship. In other works, the attempts to describe the
observations by the Gutenberg—Richter frequency—
magnitude distribution lead to the h-value determina-
tions substantially larger than 1. These observations
show that the mechanisms of the volcanic LP earth-
quakes are not always fit by the scale-invariant model
suitable for the tectonic earthquakes. At the same
time, establishing a generally accepted form of the fre-
quency—magnitude relationship for the volcanic LP of
earthquakes will require a more detailed analysis of the
data recorded from different volcanoes.

In particular, a statistical analysis of the statistical
analysis of DLP earthquakes recurrences can contrib-
ute to better understanding of a physical mechanism
responsible for their generation. One of the world’s
most intense sources of volcanic DLP earthquakes is
located beneath the Klyuchevskoi (Klyuchevskoy)
volcano in Kamchatka at the depths of 30—35 km cor-
responding to the crust— mantle boundary (Gorelchik
and Storcheus, 2001; Gorelchik et al., 2004; Shapiro
etal., 2017a). Senyukov (2013) studied the dependence
of the b-value on the depth beneath the Klyuchevskoi
volcanic group. The analysis revealed higher b-values
in the region of a deep magma chamber located at the
crust—mantle boundary and generating the DLP
earthquake. Gorelchik and Storcheus (2001) suppose
that the frequency—magnitude relationship of the
earthquakes at these depths is better approximated by
a normal distribution. In this paper, we analyze the
frequency—magnitude distribution for the Kly-
uchevskoi DLP earthquakes on a more detailed basis.
To this end, we apply a sensitive detection method
based on a matched filter and use a magnitude scale
based on the estimates of the scalar seismic moment
from the records of S-waves. The sections below pro-
vide a detailed account of the analysis methods and
the results of their application to the continuous seis-
mic records for a period of 2011—2012.

THE KLYUCHEVSKOI VOLCANO GROUP

In this work, we study the Klyuchevskoi volcanic
group (KVG) in Kamchatka. KVG is one of the
world’s largest and most active subduction zone volcanic
clusters which comprises 13 closely spaced stratovolca-
noes and covers a region with a diameter of ~70 km. The
extraordinary volcanic activity of this region is associ-
ated with the tectonic setting of KVG (Fig. 1) which is
determined by the processes in the junction zone of the
Kuril—Kamchatka and Aleutian island arcs (Shapiro
et al., 2017b). This region is also host to the subduction of
the Hawaiian—Emperor Ridge, and KVG in this frame-
work is located above the edge of the sinking plate.

Thus, the geodynamic models seeking to explain
the volcanic activity of this group are complex and
incorporate many factors: fluid release from a thick
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Fig. 1. Map of Klyuchevskoi volcanic group. Triangles show locations of KB GS RAS network stations. The main active volcanoes
are indicated by arrows, red dotted line shows approximate position of cluster of DLP events (# = 30—35 km).

and highly water-saturated crust of the Hawaiian—
Emperor Ridge (Dorendorf et al., 2000), mantle flow
around the edge of the Pacific Plate (Yogodzinski
etal., 2001), or slab detachment from a subducting
plate due to the recent structural rearrangement of the
subduction beneath Kamchatka (Levin et al., 2002).

KVG volcanoes feature different eruption types
ranging from the Hawaiian type effusive eruptions as
those during the two recent Tolbachik eruptions to the
catastrophic explosive eruptions, for example, the
Bezymyannyi eruption in 1956. Numerous eruptions
and other volcanic manifestations are accompanied by
seismic activation (Ozerov et al., 2007; Ivanov, 2008;
Senyukov et al., 2009; Senyukov, 2013; Droznin et al.,
2015). A very interesting feature of KVG is the presence
of one of the world’s most active clusters of DLP earth-
quakes (Gorelchik and Storcheus, 2001; Gorelchik

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56

et al., 2004; Shapiro et al., 2017a). Previous studies
have shown that the hypocenters of these earthquakes
are localized within a small spatial domain beneath the
Klyuchevskoi volcano at the crust—mantle boundary
(at the depths of 30—35 km). In this work, we use the
approximate position of the cluster of DLP events
determined based on (Shapiro et al., 2017) (Fig. 1).

DATA

Seismic monitoring at KVG is conducted by a net-
work of permanent seismic stations of the Kamchatka
Branch of the Geophysical Survey of the Russian
Academy of Sciences (KB GS RAS) (Chebrov et al.,
2013). The data from all seismic network stations are
transferred to Petropavlovsk- Kamchatskii and uploaded
to the servers of the regional information processing
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center of the KB GS RAS in close-to-real-time mode.
The data acquisition and transfer system is organized
on the basis of the KB GS RAS local network using
the Internet channels of two digital services providers
(Rostelecom and InterKamService), RadioEthernet
communication networks, OAO SetTelecom VSAT
network, OAO Satis VSAT network based on “Idirect”
technology with a hub in Petropavlovsk—Kam-
chatskii. The main file depot is a specialized seismic
data archive servers based on two RAID 6 arrays. The
data are stored in the form of daily files for each chan-
nel of each station (Chebrov, 2010, 2020).

In this work, we use radio telemetric seismic sta-
tions (RTSS) the signals from which are transmitted
via radio channel with FM-FM modulation, directly
or through a repeater, to the receiver centers in
Kozyrevsk and Klyuchi villages where they are con-
verted into digital records with a sampling frequency of
128 Hz. In this work, we used the records of the three-
component CM3KYV veloci meters with a frequency
band of the recorded seismic signals of 0.7—20 Hz.
The RTSS environment was developed in 1974—1982
for the purposes of on-line monitoring of active volca-
noes (Gavrilov, 1987). The seismic stations used in
this study are shown in Fig. 1.

METHODS
Matched Filter Earthquake Detection Method

Among the most common algorithms of automatic
event detection, we selected the matched filter method
(Van Trees, 1968) considering its main advantages:
high sensitivity required for detecting weak LP earth-
quakes and relatively low computational costs. Thus,
this algorithm searches for a priori known signal
(waveform template) in the noisy time series by calcu-
lating the cross-correlation functions of the template
signal with the successive segments of the incoming
data stream. The fragments of the signal that have a
high degree of similarity with the template waveform
give a high value of the cross-correlation function. The
detection sensitivity substantially increases in the case
of simultaneous use of multicomponent seismic array
records (Gibbons and Ringdal, 2006). In our study,
the matched filter detection proves to be efficient due to
a characteristic feature of the LP of earthquakes—the
similarity of their waveforms (Shapiro et al., 2017a).

The first step in processing seismological data is
bandpass filtering from 1 to 5 Hz and decimation.
Figure 2 shows an hourly record (KMN station, N-com-
ponent) containing several LP events. The template
signal used for detection and the comparison of its
waveform with the waveform of the selected earth-
quake are also displayed in this figure. The records of
the template earthquake by all stations are presented in
Fig. 3.

According to the selected algorithm, a window with
a length of the template signal moves along the seis-
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mogram shifting at each step by one data count. Each
time and at each component, the coefficient of cor-
relation is calculated between the template and a signal
segment of the same duration by the following for-
mula;

_(xY)

CC(X,)Y) =,
(x.r) Delhyl

(2)

where (X, Y) is the dot product of two vectors and ||X],
| Y| are their norms. If we represent vectors X, Yin the
form of the sets of the counts x;, y;, i =1, ..., n in time

Y=|...|, 3)

Xn Vn

the dot product and the norms of these vectors are cal-
culated by the following formula:

(X.Y) = xy. ()
i=1

X1 = JZx,-z, A ENDIS (5)
=1 =1

For example, when applied to one component
data, the algorithm yields a time series of the correla-
tion coefficients for one day (Fig. 4a). In the case of
the analysis of multicomponent records, the time
series of the correlation coefficients for individual
components are averaged. In this work, we used the
records from ten stations of KB GS RAS seismic net-
work. Thus, with the use of the described algorithm for
seismogram processing, 30 time series of the correla-
tion coefficients for each day of the studied period
were averaged. The example illustrated in Fig. 4b
shows that simultaneous analysis of multicomponent
data results in a more to a more precise detection and
makes the algorithm more selective.

As a result, the algorithm detects the signals whose
quite complex waveforms including direct seismic
waves and the code closely coincide with the initial
template simultaneously in many components
(including the correction for time delays between
components). This waveform coincidence is only pos-
sible in the case when the sources of all the detected
signals are located very close to each other (at least,
not farther than within half a wavelength) and have
almost identical mechanisms. Such a group of the
earthquakes can be considered as highly probably
being the result of the action of one source with very
frequent recurrence.

The initial template used for detecting a group of
the earthquakes generated by the same recurrent
source (or by a group of identical and very closely
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Fig. 2. Example of matched filter earthquake detection (all seismograms are band filtered from 1 to 5 Hz): (a) one hour of con-
tinuous seismic recording of N-component, KMN station; (b) template used for detection (June 26, 2012 12:26:10 PM), three
components, KMN station; (c) example of detection at KMN station (event is shown in blue in panel (a)).

located sources) was selected, in a sense, at random.
Therefore, for improving the detection quality, an
averaged (stacked) template which is more representa-
tive of the entire group of the earthquakes is con-
structed. To this end, at the previous step, one should
select all the detections which meet the condition
CC > 0.3 and then average their waveforms. This aver-
aging (stacking) reduces the contribution of the inco-
herent noise and constructively sums the correlated
signals. Figure 5 shows the signals of the original and
averaged templates for one component. After this, the
procedure of calculation of the correlation coefficients
is repeated with the averaged (stacked) template.

The detection criterion is that the averaged (mean)
correlation coefficient over all stations exceeds a given
threshold. At CCyerage < CClpresnolas the detection is
considered false and the corresponding CC value in
the series is zeroed (Fig. 6). If the detection proves to
be reliable, the moment magnitude of the detected
event is calculated by the algorithm described in the
Section below.
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Determination of Earthquake Magnitudes

Currently, it is common in Kamchatka to use the
classification of the regional earthquakes in terms of
their energy class Ks (Rautian, 1960; 1964) (the S-wave
class determined from S.A. Fedotov’s nomogram
(Fedotov, 1972)). This quantitative characteristic was
defined as

Ks = logE, (6)

where F is the energy (in joules) of seismic waves. The
relationship between energy class and magnitude
m®M is described by the following formula (Gusev
and Melnikova, 1990):

Ks = 2.00m“ ™ +1.68+0.55, (7)

where m©*M = m, +0.18, m, < 5.6. The energy class K
is determined from the nomogram constructed for the
earthquakes of a given region based on the maximum
ratio of the amplitude in the S-wave to its period
(A/ 7). and the epicentral distance for the earth-
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Fig. 3. Record of template earthquake at all stations (June 26, 2012, 12:26:10 PM).

quakes with a source depth 4 = 0—200 km. The nomo-
gram was calibrated against the earthquakes with K =
10—11 which corresponds to the magnitudes 4.2—4.7.
The magnitudes of the volcanic earthquakes are sub-
stantially lower which challenges the applicability of
this magnitude determination method to the studied
type of seismic events. Therefore, in this work, we use
the classical definition of the moment magnitude
(Kanamori, 1977; Hanks and Kanamori, 1979) with
the calculation of the seismic moment. Despite the
fact that the mechanism of the LP volcanic earth-
quakes highly likely differs from a pure shear along a
fault (an idealized mechanism of tectonic earth-
quakes) and contains a significant volumetric compo-
nent, it can be described by a seismic moment tensor
(Wech et al., 2020) (in some cases, a superposition of
this tensor and a force vector is considered) (Chouet
and Matoza, 2013; Wech et al., 2020). In the case of
tensor description of the source, it is possible to deter-
mine a scalar seismic moment. The latter will not nec-
essarily be associated with the magnitude of the slip on
the fault (as in the case of the tectonic earthquakes)

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 56

but, rather, e.g., with a change in volume. For exam-
ple, at the propagation of a magmatic melt through a
system of microfaults, a probable geometry of a seis-
mic source could be an opening crack. If so, the seis-
mic moment tensor M is written out as (Aki and Rich-
ards, 2002)

MV 0 0
M= 0 AV 0 , (8)
0 0 (A+2u)dV

where A and p are the Lamé constants; dV is the
change in the volume of a crack. In the case of a Pois-
son medium (A = W), the scalar seismic moment M, is
0.6AdV. The sources having this type of the mecha-
nism emit more S-waves than P-waves (Shi and Ben-
Zion, 2009), consistent with the observed signals of
from DLP earthquakes (Shapiro et al., 2017; Wech
et al., 2020). Based on these considerations, we pro-
pose to use the moment scale of magnitudes for the
DLP earthquakes:
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The hypocenters of the studied DLP earthquakes
are localized within a small spatial domain beneath the
Klyuchevskoi volcano at the crust—mantle boundary
(at the depths from 30 to 35 km) (Shapiro et al.,
2017a). Thus, the distance from these hypocenters to
the recording seismic stations is above ten wavelengths
(for the frequencies on the order of 1.5 Hz used in this
study). Therefore, the estimate of the seismic moment
was obtained from the equations for ground surface
displacements from S-waves in the far zone (Aki and
Richards, 2002):

M, (t - r/B)
4mp [33r

where M, is the seismic moment; 7 is time; [ is the
S-wave velocity; p is density of the medium; r is the
distance from the hypocenter to the observation point x;
vis a factor associated with the radiation pattern of the
source. In the practical calculations of magnitudes,
the full seismic moment tensor and the corresponding
radiation pattern are not estimated (largely due to the

u(x,t)=vy , (10)
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complexity and instability of the estimation proce-
dure). Instead, it is assumed that the use of the records
from multiple stations and components averages this
factor. Therefore, in the subsequent analysis, we use
the approximate value y = 1. Thus, from formula (10)
it follows:

MO ~ 4Ttp[53rus. (11)

Calculating the derivative of the displacement in
the Fourier domain, we obtain:

v ~u® ~2mfu®, (12)

where 5 and v° are the amplitudes of the displace-

ment and velocity records, respectively; fis the charac-

teristic signal frequency for S-waves. The final esti-
mate of the seismic moment is

Vinax|» (13)

M, ~ 4an3ruS _ pB3r‘
mf wf?
where ‘vs

—ax| 1S the maximum amplitude in the record

of the earthquake. The distances r are calculated from
the known depth (2 = 32 km) of the magma reservoir
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and the coordinates of seismic stations. In our calcu-
lations, we assumed the following parameters of the

medium: p = 3000 kg/m?, B = 3500 m/s.

Based on the results of visual inspection of the
amplitude Fourier spectra at different stations and
components (example in Fig. 7), we decided to use the
value of the characteristic frequency f= 1.5 Hz.

The maximum displacement velocities at an indi-
vidual station were calculated from three components:
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v, (14)

Jmax

1

3
N
Vmax

J

where v, is the maximum displacement velocity in
the jth component of the station. From the obtained
‘ S

Vmax >

the seismic moments (13) and moment magni-

tudes (8) are calculated at each station, and the
obtained values are then averaged over all stations:

No. 6 2020



RECURRENCE OF DEEP LONG-PERIOD EARTHQUAKES

The result of processing by algorithm with averaged template for entire day,
correlation coefficients are averaged over ten stations and three components

e e
N

coefficient
Scoocooo
— N WA

T 1T 1T 7T

Averaged correlation

(=
T

Il
0 20000

Il
40000
Time, s

Il
60000 80000

Fig. 6. Result of detection with the stacked template over all stations and components CCyyerage < CCipreshola (in this case, thresh-

old value of correlation coefficient is 0.12).

Spectrum of template event of June 26, 2012
Station KMN, N-component

F0)

0 1 2 3

4
Frequency, Hz

5 6 7 8

Fig 7. Example of amplitude Fourier spectrum from DLP earthquake (station KMN, N-component; template is shown in Fig. 2).

(15)

DISCUSSION AND CONCLUSIONS

We have processed the seismograms obtained by
the KB GS RAS network stations from January 1, 2011
to December 31, 2012 using more than 400 template
earthquakes selected from the KB GS RAS catalog of
volcanic earthquakes (Senyukov et al., 2013; 2014).
The result of the processing for each template is earth-
quake subcatalog in which each seismic event has in
correspondence the value of the coefficient of correla-
tion between its signal and the template used in its pro-
cessing as well as the value of the moment magnitude.
The minimum threshold value of the correlation coef-
ficient for including an earthquake is the catalog is
CC,.i, = 0.08. For each CC, value, starting from CC,,
with a step of 0.02, we compiled a set of the earth-
quakes whose correlation coefficients were higher
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than CC,. Based on the results of the performed statis-
tical analysis, for the subsequent study we decided to
use the samples composed of the seismic events with
CC = 0.12. As a result, for the period 2011—-2012, we
obtained a catalog of 48915 earthquakes with the use
of all templates.

In Fig. 8, we analyze the recurrence of the earth-
quakes from one of the largest subcatalogs obtained
with the initial template which is shown in Figs. 2, 3,
5, 7 and includes 11627 events. We consider the prob-
able ways to approximate the obtained frequency—
magnitude graph. It is logical to begin with the power-
law testing (Fig. 8b); however, the b-value of the
resulting linear relationship proves to be overestimated
(b= 3.4), consistent with the results obtained from the
catalogs of the volcanic earthquakes in several previ-
ous works, e.g., (Senyukov, 2013). The b-value was
estimated by the least square technique in the interval
of magnitudes starting from M,, = 1.40. In this case, we
do not intend to find the best approximation of the
frequency—magnitude dependence but, rather, show
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that the b-value is in any case strongly above 1 (a line
with the corresponding slope is drawn on the graph).
The graph has a break which divides the distribution
into two parts, each of which can also be approximated
by the straight lines with different slopes (b, = 1.8 for
M, = 1.40—1.90 and b, = 5.4 for M,, = 1.90-2.35,
Fig. 8c). Vorobieva et al. (2016) associate these breaks
with the lack of the strong earthquakes: a rapid creep
reduces the probability of a large seismic rupture to
emerge. However, this theory was developed for the
tectonic earthquakes and, hence, it is barely applicable
for the studied LP events. The authors of (Okadaet al.,
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1981; Main, 1987; Lahr et al., 1994) note that the fre-
quency—magnitude graphs of the volcanic earth-
quakes obviously deviate from the Gutenberg—Richter
distribution.

The frequency—magnitude graph obtained in this
study can also be described by the distributions other
than power-law (Fig. 8d), for instance, by the normal
distribution:

(x-w)’

fe(x)=——e (16)
oV 27
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Fig. 9. Frequency—magnitude graph for complete catalog
of DLP earthquakes obtained in this work.

with the standard deviation ¢ = (.27 and the mean u =
1.35. The gamma distribution

k-1 e—x/e
X . , x=20
Sy (x)= 0T (k) (17)
0, x<0

with parameters 6 = 0.09 and k£ = 3.88, where I'(k) is
the Euler function, is another probable model.

From Fig. 8d it can be seen that the left branch of
the observed frequency—magnitude graph is more
accurately approximated by the gamma distribution,
whereas a better fit for the right branch is provided by
the normal distribution. From the general consider-
ations, it is barely plausible that a physical process
responsible for seismicity associated with a magma
source can be described by a combination of two dis-
tributions. Thus, for the subsequent statistical general-
izations, we must decide in favor of some either one of
the distributions. At this stage of the study, we prefer
the normal distribution considering the following
arguments: (1) it has a higher level of significance in
the approximation of the right branch of the observed
frequency—magnitude graph; (2) there are reasonable
doubts about the completeness of the sample of the
low-magnitude earthquakes (left branch) because of
the o insufficient sensitivity of the network (or the
effects of network blinding due to volcanic tremors);
(3) the weak physical validity of the application of the
gamma distribution, whereas in the case of a homoge-
neous source, there is grounds to expect a normal dis-
tribution of the parameters of seismic events.

The distributions obtained for the group of the sim-
ilar DLP earthquakes beneath the Klyuchevskoi vol-
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cano substantially differ from the Gutenberg—Richter
relationship by the fact that for these earthquakes it is
possible to determine a scale parameter that corre-
sponds to a certain characteristic source size. This
characteristic size scaling is fairly consistent with the
generation of numerous recurrent earthquakes by a
single source. The existence of these sources is
described by the models considering pressure varia-
tions in magma. Seismic waves in these models can
either be generated by a periodic pressure drop
through mechanical barriers/valves (Shapiro et al.,
2018; Wech et al., 2020) or by rapid avalanche-like
degassing leading to a growth in pressure (Melnik
et al., 2020). We note that for this type of the earth-
quakes, the “standard” analysis of the frequency—
magnitude relationship with estimation of the b-value
is meaningless as the obtained values will vary depend-
ing on the used magnitude range.

In Fig. 9, we present the frequency—magnitude
graph for the complete catalog of DLP earthquakes
beneath the Klyuchevskoi volcano, which combines
the subcatalogs obtained based on all the selected tem-
plates. The resulting distribution has a complex shape
with several local maxima. We interpret this effect as
the result of overlapping of the distributions from the
sources with several characteristic sizes.
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