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The Komandorsky Islands region, tectonically, is unique, being at the junction of the
Pacific plate and Bering plate, surrounded by edges of two subduction zones. The
tectonic deformation is distributed in the region between a few sub parallel shear
faults, of which the Aleutian transform is the most evident. Another one, the Bering
fault, was activated again in 2017, when on its section the Mw7.8 earthquake caused
a tsunami of limited scale. In this paper for the first time for earthquakes of this
region with Mj, of 3.0-7.0, using more than 500 records of 6 stations equipped by
accelerometers, within 300 km from the epicenters, source spectra of S-waves were
recovered. The seismic moment and two corner frequencies were determined. Also,
the presence of two separate corner frequencies were checked with the spectral ratio
method. The estimates of the first, f.;, and second, f., corner frequencies were used
to study their scaling properties. We found that f. scales as M, 0-31£0.02 what agrees
with assumption of source similarity, and f.y scales as M **¥*%% what disagrees. In

few cases, the third corner frequency of source acceleration spectra were observed.
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1. Introduction

Earthquakes recordings of the western edge of
Aleutian Arc, next to the northern edge of Kurile-
Kamchatka subduction zone, differ from ones of
neighboring areas. Focal mechanisms gradually
changes from thrusts of subduction zones to trans-
form faults near Komandorsky Islands (Bering and
Medny Islands), at the boundary of the Pacific and
Bering plates. The existence of Bering plate was
disputable, however, nowadays the fact is usually
accepted [Mackey et al., Cross and Frey-
mueller, . The tectonic deformation is dis-
tributed in the region between a few sub parallel
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shear faults, of which the Aleutian transform is the
most evident.

Another such shear fault, the Bering fault, was
activated, after December 2003 (MS“MT 6.6), only
in 2016-2017, when in July 2017 on its section with
the length of 400 km, the strongest M,, 7.8 earth-
quake [Lay et al., caused a tsunami of lim-
ited scale [Chebrov et al., [2017]. Then, the seis-
mic sources shifted to the west, with strong earth-
quakes (Table 1)) in January 2018 (MSCMT 6.2)
and December 2018 (MSCMT 7.2). These earth-
quakes, their aftershock sequences and background
seismicity within the region during 2010-2018
have been recorded at regional hypocen-
tral distances by the digital seismic stations of the
Kamchatka Branch of Geophysical Survey, Russian
Academy of Sciences.

Traditionally, the earthquakes of this region are
classified by the regional magnitude scale based on
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Table 1. Information on strong earthquakes near the Bering fault during 2008-2018
Date Lat Lon Depth, km My, M. Mg M ijM T
2014.07.03 12:05 55.18 167.06 40 6.0 6.5 5.7 -
2016.09.05 22:54 54.42 168.53 34 6.3 6.7 6.3 6.8
2017.07.17 23:34 54.35 168.90 7 7.3 8.2 7.5 -
2018.01.25 02:10 55.37 166.65 46 6.3 7.1 6.3 6.2
2018.12.20 17:01 54.91 164.71 54 7.3 7.7 7.5 7.2

energy class estimates, within 0.3—4 Hz [Abubakirov
et al., and, additionally, about one third of
events (when it is possible) are evaluated via the
coda magnitude scale, which characterizes the sig-
nal in the frequency range of 0.2-0.5 Hz ([Figure 2]).
In addition, for strongest events there are esti-
mates based on teleseismic recordings. Thus, mag-
nitude estimates given in the are compiled
from three different sources: Mp, and M, as well
as hypocenters information are from the regional
earthquake catalog of Kamchatka (http://emsd.ru),
Mg are from Geophysical Survey catalog (http://
www.gsras.ru)), and Mw are from Global CMT cat-
alog [Dziewonski et al., Ekstrom et al., .

Regularly observed magnitude discrepancies in
the region, with discrepancies up to 1.2 magnitude
units , might be considered as an indica-
tor of complex spectra shape [Duda, , when,
for example, the low-frequency part of a spectrum
(M., 0.2-0.5 Hz) scales differently than medium-
frequency part (M, 0.3-4 Hz). Previously, study
on determination of corner frequencies for source
spectra of Kamchatka earthquakes revealed that a
three-corner frequencies shape is preferred for ap-
proximation of source spectra of thrust earthquakes
from the Avacha Gulf with M,, = 3-6 [Skorkina

and Gusev, Gusev et al., 2017]. The earth-
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Figure 1. The locations of the selected stations
and earthquakes epicenters.

quakes from transform faults near the Bering Is-
land were not considered earlier and are of interest
in this paper.

One can assume that diversity of source mech-
anisms in the region should be reflected in source
spectra parameters as well. The goal is to deter-
mine such additional source parameters as seismic
moment (M) and moment magnitude (M,,) for
earthquakes of the region, then, check the scal-
ing properties of two corner frequencies. Also, the
magnitude relationships with moment magnitudes
are an issue to check.
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Figure 2. Relationships between regional and

coda magnitudes (M and M.), for the area of
study; estimates obtained during 2011-2018 for
My, > 4 are compared. The average relationship is
given by solid line y = x + const, where const = p,
dashed-dotted lines are graphs with const = u+o,
where ¢ is standard deviation. Solid grey line
corresponds to 1 : 1 type of relationship (when
My, = M,.). Shown in left upper corner values of
1, o obtained by data approximation using linear
orthogonal regression with fixed b = 1.0.
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Table 2. Instrument location, number of records
used, and ground conditions

Station Lat Lon Hm N, Soil

Code conditions

SPN 53.11 160.01 95 229 Rock

GPN 54.08 159.99 20 209 Rock

TUMD 55.20 160.40 478 220 Pyroclastic
deposits

KBG  56.26 162.71 30 244 Medium

UK1 56.26 162.59 5 238 Medium

BKI 55.19 165.98 12 293 Rock

2. Input Data

By 2011, several stations of Kamchatka seismic
network was upgraded with CMG-5TD accelerom-
eters [Chebrov et al.,[2013], including Bering (BKI)
set up in 2008, Krutoberegovo (KBG), Ust-Kam-
chatsk (UK1), Tumrok (TUMD), Gupanovo (GPN)
and Shipunskii (SPN) stations (Table 2f), closest
to the Bering fault (Figure 1f). During 2010-2018,
when most of the stations have been operated,
within 54-56 °N and 162.5-169.5 °E, about 500
earthquakes with My > 4.0 have been recorded.
The range of hypocentral distances is from 20 km
at the BKI station to 300-400 km at others, the
depths are up to 90 km, mainly 30-40 km, and
the range of magnitudes My, is 3.5-7.0. Records
of more than 240 earthquakes with signal-to-noise
ratio > 3 were processed. Observed multiple events
or events well recorded by the only station (BKI)
were excluded.

3. Determination of Source Spectra and
Corner Frequencies

Spectra calculation. Spectra were calcu-
lated using a specialized interactive program writ-
ten in Matlab, the description of which can be
found in [Skorkina and Gusev, [2017]. In brief,
the program performs visualizing of seismic traces,
selecting time windows for signal and noise, im-
plying instrument corrections, estimating of signal-
to-noise ratio, calculating Fast Fourier Transform,
smooth spectra over bands of 2/3 octave wide, and
visualizing of spectra.

Since waveforms of earthquakes near Kamchatka
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peninsula can look like either strongly scattered
signal or with an evident peak, different procedure
of choosing the time window length can be consid-
ered. To calculate spectra of earthquakes near the
Bering Island, we selected the time window length
for S-waves within 3-5 sec depending on magnitude
and hypocentral distance in order to include the
maximum energy of peak-like S-waves and before
surface waves arrive. At the next step, frequency-
dependent signal-to-noise ratio technique was im-
plied, with noise windows of the same length se-
lected automatically before P-onset. The record-
ings with SNR > 3, at least within the frequency
range of 0.5-10 Hz, where used.

To reduce the observed spectra to the conditions
of homogenous media and recover source spectra,
we need to evaluate the contributions of such fac-
tors as near-surface attenuation and inelastic loss
in the media. The @ function was assumed to have
the form, following the technique implied earlier to
earthquakes of the Avacha Gulf and described in
[Skorkina and Gusev, [2017]:

Q=@ - (Do T
fo T
where fo = 1 Hz, ¢ = 30 km, @y = 156, ¢ =
—0.08; and kappa equals to 0.01 for rock stations
(including pyroclastic one) and 0.03 for medium
soils, respectively.

To pick three corner frequencies at the source
spectrum (corrected for propagation effects), the
interactive mode was used (Figure 3|and [Figure 4]).
The first corner frequency (f.1) was determined us-
ing a displacement spectrum mostly, and checked
using a velocity spectrum. The second corner fre-
quency (fe2) was determined using the velocity
spectrum and an acceleration spectrum. In some

cases (Figure 1f), when SNR was high enough up to
15-25 Hz, the third corner frequency [Skorkina and

Gusev, Gusev et al.,[2017] could be observed.

Seismic moment and moment magnitude.
Using the level of source displacement spectra, one
can estimate the seismic moment, and based on
seismic moment the moment magnitude [ Kanamori,
Hanks and Kanamori, . This tradi-
tional approach uses the theoretical model [Brune,
: the amplitudes are determined based on the
ray seismic, and spectral levels on the different rays
are averaged, with focal-sphere-averaged radiation
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M, =50,2018/101/10 04:11, BKI (A =34 km)
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Figure 3. Processing of S wave records, earthquake of 2018.01.10 at 04.11, My = 5.0,
r =34 km, H =39 km. A copy of the dialog box is given. From top to bottom: AO(t)
and DO(t) for the Z, E, and N components are given, BKI station. The segments of the
S group and noise are indicated by pairs of vertical lines. Below, there are graphs of the
spectra displacement, velocity, and acceleration. Curves in three boxes, from bottom to
top: noise spectrum, observed spectrum, and recovered spectrum

pattern for the squared amplitudes of the S-waves.
The seismic moment My (Nm) is estimated by the
formula [Hanks and Wyss, [1972]:

Ood 3
My = ~02TPToYs mproVs : (2)
0.63 x 2.0

where )y is the level of the flat spectral segment
of the total S-wave displacement vector (m-s) re-
duced to the conditions of an elastic uniform half-
space; p is the density of the medium (3.3 kg/m3);
7o is the standard distance (3000 m); Vg is the ve-
locity of S-waves (4500 m/s after [Kuzin, [1974]);
0.63 is the focal-sphere root mean square radia-
tion pattern for the S-wave total vector [Boore and
Boatwright, [1984]; and 2.0 is coefficient that ac-
counts for the free surface effect.

Using Kanamori’s formula [ Kanamori, {1977], mo-
ment magnitudes can be estimated:

Mw = (2/3)([0910M0[N : m] - 91), (3)

For the period of 20102018 there are about 30
estimates of M,, obtained by the GCMT agency
[Dziewonski et al., Ekstrom et al., . We
compared all available estimates of moment mag-
nitudes for earthquakes near the Bering fault
. Also, relationships between moment magni-
tudes and regional magnitude scales (My, and M,)
have been checked.

Scaling properties of corner frequencies.
After obtaining data on seismic moment and two
corner frequencies of source spectra, we studied
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Figure 4. Processing of S wave records, earthquake of 2013.11.07 at 13.45, M = 4.0,

r = 25 km,

H =41 km
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Figure 5. Relationships between regional and GCMT moment magnitudes, between
regional moment magnitude and M., and between regional moment magnitude and M,
for the area of study; estimates obtained during 2010-2018. The average relationship is
given by solid line y = x + const, where const = u, dashed-dotted lines are graphs with
const = pu + o, where o is standard deviation. Solid grey line corresponds to 1 : 1 type
of relationship (when M; = Mjy). Shown in left upper corner values of p, o obtained by
data approximation using linear orthogonal regression with fixed b = 1.0.
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Figure 6. The scaling properties of the first and second corner frequencies, observed for

earthquakes near Bering fault.

scaling pattern for f. and fem. The scaling be-

haviour for M,, > 6 is usually close to f. ~ M, 1/3
what indicates similarity between source processes
of different magnitudes, while for M <6 such de-
pendence on seismic moment is controversial. De-
pendence of the estimates of f.; and f.o on M,,, ob-
tained for earthquakes of Bering fault and around
are presented in

4. Ratio of Source Spectra

Since one can expect high level of anisotropy
around the Aleutian and Bering faults, we checked
the existence of two separate corner frequencies by
the spectral ratio method, which theory was pro-
posed in [ Yokoi and Irikura, and successfully
implemented using observational data in [Imanishi
and FEllsworth, . The key advantage of the
method is that all uncertainties caused by media
inhomogeneous and respective wave propagation
can be neglected because we divide the spectra ob-
tained for hypocenters closely located.

All epicenters of more than 240 earthquakes,
with good quality of spectra, were divided by sec-
tors and that epicenters with differences less than
5 degrees of azimuth and 10 km differences were
used to obtain spectral ratio. Before dividing, the
magnitudes M were compared, and then, a spec-
trum of the strongest earthquake was divided by a

spectrum of smaller event. The spectral ratio are
shown in

The presence of the third corner frequencies or
“source-controlled fy,q.” of source acceleration spec-
tra also can be seen for ratios between spectra of
earthquakes near the Aleutian fault (grey dashed
lines in , though the closeness to the fre-
quency band limit at high frequencies does not al-
low answering this question using this data set.

5. Results and Discussion

On scaling pattern of corner frequencies.
The dependence of the first and second corner fre-
quencies on moment magnitude (related to seismic
moment) have been studied. The scaling patterns,
b1 and by equal to 0.34 and 0.18. The by estimate
is not within similarity assumption and, moreover,
is less than 0.23 as observed for subduction earth-
quakes near Kamchatka peninsula [Skorkina and
Gusev, .

Also, as it can be seen in not all of

the spectral ratio shapes indicate the presence of
the separate second corner frequency. For example,
spectra ratio of 45, 46, 50-52 sectors in[Figure 7] are
well within the Brune model [Brune, [1970].

This observation can indicate that sources of
earthquakes for the region may be interpreted ei-
ther as from a circular fault (following to the Brune
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Figure 7. The spectral ratio by sectors for source spectra of earthquakes near the
Aleutian fault (sectors 9-16) and the Bering fault (sectors 45-52). The scale for ordinates
is arbitrary to focus on the shape differences of determined spectral ratio. The blue
stripes indicate the presence of the first corners, green stripes - of second corners, grey
one — of the third corners or “source-controlled f,q,” which is present only for sector
9. The main reason for absence of f,q: is low SNR after 10 Hz for majority of records.
Solid stripes are for clear evidences (as humps on the figures), while dashed stripes are
cases that show insignificant humps for a sector

model) or an extended fault (in cases when we
clearly see several corner frequencies at source spec-
tra). It can be noted that majority of two-corners
source spectra are for earthquakes of the Aleutian
fault, while the Bering fault produces many one-

corner shapes ([Figure 7)).

On M,,-M;, and M,,-M,. relationships. Pre-
vious magnitude relationships [Abubakirov et al.,
2018| revealed stronger differences between levels of
magnitudes scales, when M, was found to be equal
to My, — 0.4, while for Bering area it is 0.22. The
difference can be interpreted in terms of complex
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source spectra observed near the Avacha Gulf what
has not been considered in calibration curves for re-
gional magnitude, or in terms of medium-frequency
(0.3-4 Hz) attenuation which can be higher for sub-
duction earthquakes near the Avacha Gulf, than
within interior under the Bering Island.

The relationship between moment magnitude M,
and coda magnitude M, revealed less discrepan-
cies what can be explained by a close frequency
range used for determining both moment magni-
tudes and coda magnitudes. Though, stable M,
estimates can be obtained only within the range of
4-6 . The estimates for M. < 4, com-
pared to the moment magnitudes, look like noise-
effected, while estimates for M. > 6 look like sat-
urated what is unexpected because the scale was
developed for stronger earthquakes.

Another explanation can be based on the pecu-
liar site effect of the “Bering” station [Gusev and
Skorkina, and also the coda pattern observed
near the “Bering” station [Lemzikov and Gusev,
1991], when for records of the “Bering” analog seis-
mic station, the increasing of mean coda envelopes
were observed at time delays as 100-400 sec. Thus,
the scale based on coda estimates without correc-
tions for this effect is unable to classify the earth-
quakes of the region.

6. Conclusion

Firstly, using about 500 records of 6 stations
equipped by CMG-5TD for earthquakes of 2010-
2018 with M, of 3.5-7.0, near the Komandorsky
Islands, source spectra of S-waves were recovered,
with determining of seismic moment and two cor-
ner frequencies.

Secondly, the presence of two separate corner
frequencies have been checked with spectral ratio
method. Clear evidences for two corner frequencies
are shown, while the existence of the third corner of
source acceleration spectra cannot be proven with
this data set.

Thirdly, more than 240 moment magnitudes have
been estimated for the region. Such estimates have
been compared to regional magnitudes My, and M,.

Fourthly, the estimates of the first and second
corner frequencies were used to study their scaling
properties, b; equals to 0.34 (with standard devi-
ation of 0.02), and by is 0.18 (with standard de-

SKORKINA: SOURCE SPECTRA SCALING FOR BERING
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viation of 0.01) what is not within assumption of
similarity.
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