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Abstract—Spectral characteristics of the medium around 23 digital strong-motion seismic stations of Kamchatka region have been
studied from local earthquake data relative to a reference bedrock station (Petropavlovsk, PET). Spectra are determined by multiband filter-
ing. In each band peak velocity amplitudes, levels of Fourier S-spectra and mean-square coda amplitudes were compared. Average Fourier
spectra were obtained from S-wave energy using Parseval’s equation. The difference in hypocentral distances for pairs of stations was
compensated by empirical S-wave attenuation functions. Records of more than 300 events were processed, with M = 5-6 and hypocentral
distances mainly 100—600 km. The spectral ratios estimated by the three methods show behavior diversity. Some non-rock stations show
expected spectral characteristics at high frequencies. The conditions at other stations can be considered similar to those at PET. Some sta-
tions show amplifications of up to 10 times in the 20-30 Hz frequency range. In general, the obtained spectral characteristics within 3—5 Hz

are consistent with the expected trends corresponding to known local geology around strong-motion stations.

Keywords: S-wave, coda, reference station, spectral ratio, site response, strong-motion station, Kamchatka

INTRODUCTION

Investigation into site responses in a frequency range of
0.2 to 30.0 Hz is an indispensable step in seismic risk as-
sessment. A site response is meant as frequency-dependent
amplification observed in waves of different periods, which
is specific to a construction site or to a site where a seismic
station is installed. Such amplification can be estimated us-
ing ecither Fourier or response spectra. The estimates ob-
tained with the Fourier spectra with respect to a reference
station we would call “relative response spectrum of the me-
dium” or “empirical spectral characteristics of the medium
near seismic stations.

Most of ground studies for seismic risk assessment in Ka-
mchatka have been focused on the area of Petropavlovsk-
Kamchatsky city. Systematic work by Shteinberg and Fedo-
tov (1974), as well as Ershov (1974), revealed several ground
types with expected strong-motion spectra. Later, specific
ground responses were estimated with reference to data from
the permanent seismic station of Petropavlovsk (PET) for
several sites on contract (Gusev et al., 1980; Gusev, 1990).
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The deployment of a digital seismic network in Kamchat-
ka (Chebrov et al., 2013) has made it possible to study site
responses systematically in a large range of frequencies (0.2—
30.0 Hz) and to cover some sites outside Petropavlovsk-Ka-
mchatsky. These observations provide data for seismic risk
assessment in different areas throughout Kamchatka.

Small-scale seismic risk zoning has been conventionally
performed by computing Fourier and response spectra
(Medvedev, 1977). A response spectrum is a series of peak
amplitudes for a set of pendulums with the same attenuation
(Q) and different natural frequencies. In fact, the pendulums
of this kind make up a multiband filter with a fixed relative
bandwidth. Soviet seismologists had a large experience with
such filtering technique (Rautian et al., 1981) implemented in
frequency-selective seismic stations (Zapolsky, 1971). In this
study, a similar approach is applied to digital recordings.

Both approaches in engineering seismology use analysis
of P- and S-wave accelerograms. However, shear waves pay
major or predominant contribution to the energy and peak
amplitudes of waves, and to displacement (which is espe-
cially important in engineering applications), at short dis-
tances (Fedotov, 1972). Therefore, shear waves are used as
the main analyzed signal in this study.
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Although shear waves are the key component in seismic
risk assessment, site amplification can be also studied using
S-wave coda. As it was found out previously (Phillips and
Aki, 1986; Hua et al., 1993), spectral ratios of coda ampli-
tudes are applicable to obtain approximate site responses.
The amplitudes are measured as normalized coda spectra: a
set of actual mean-square coda amplitudes normalized to a
fixed lapse time after the origin time. The analogy of site
responses derived from coda and shear waves is physically
grounded because coda mainly consists of scattered shear
waves, with some contribution of high-frequency surface
waves below 2 Hz (Rautian et al., 1981), which also may
appear in S-waves. Yet, corrections obtained using coda and
S-wave methods are often poorly consistent (Margheriti et
al., 1994; Bonilla et al., 1997). This problem requires special
investigation for the conditions of Kamchatka. We present
relative response spectra of the medium estimated using
Fourier spectra, normalized coda spectra, and analog of
spectra recorded at frequency-selective stations which we
call “peak amplitude spectra”.

Theoretical predictions, e.g., using a layered-earth model
(Ratnikova, 1973; Joyner and Fumal, 1984), is an alterna-
tive to empirical relative response spectra of the medium.
Modeling is possible for 2D and 3D cases, but it requires
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reliable input data for such calculations, which are not
always available.

Modeling is critical for predicting strong ground motion,
where nonlinear behavior of grounds is important (Hudson,
1972; Pavlenko and Irikura, 2006). We investigate the
ground properties only in the linear approximation (for weak
motions), within magnitudes limited to M = 5-6.

The consideration below concerns the choice of digital
accelerograms of Kamchatka earthquakes; calculations of
S-wave Fourier, coda, and peak amplitude spectra; calcula-
tions of spectral ratios for target and reference sites, as well
as analysis of average spectral ratios.

INPUT DATA

Spectral characteristics of the media were studied in
Kamchatka were studied from data on 335 events with
M, =47-6.4 (M,, = 4.3-6.0; Ky = 11-14.3) events that oc-
curred at origin depths above 400 km in 2011-2016 (Abuba-
kirov et al., 2018), including the M, = 7.2 Zhupanovskoe
earthquake of 30.01.2016 (Chebrov et al., 2016). Altogether
we used 7000 records at 23 strong-motion seismic stations
(Table 1; Fig. 1); the selected range of magnitudes provided
a sufficient signal-to-noise ratio till long distances (Fig. 1d).
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Fig. 1. Data (335 M, = 4.7-6.4 earthquakes for 2011-2016). a, Location of seismic stations and earthquakes; b, seismic stations of Petropavlovsk
cluster (Table 1); ¢, distance (7, km) vs. magnitude (34;) diagram; d, distribution of records according to distance.
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Table 1. Summary of station sites and grounds

Station/Distance to Apgy 0,° A, © h, m N Grounds (http://emsd.ru/133-sd) ~ Local geology
PET 53.02 15865 68 335 Gabbro-dolerite Large (up to 1 km) gabbro-dolerite
Petropavlovsk intrusion in Cretaceous basement
Stations of Petropavlovsk cluster
ADM . Cretaceous basement covered with thin
Ciity administration/0.2 km 53.02 158.65 5 306 Soft ground, silt pebble fill colluvium
MSN Rocky eluvium upon Quaternary
Mishennaya/2.4 km 33.04 158.64 381 238 Hard rock andesite and dacite lavas
DCH 53.06 158.64 160 317 Average pyroclastics Volcanic-sedimentary deposits
Dachnaya/3.9 km ’ ' gepy Ty dep
Vs 53.07 158.61 160 321 Average pyroclastics Volcanic-sedimentary deposits
Institute/5.5 km ’ ' Verage py y cep
NII Consolidated sediments (blocks, . . .
NIGTC/6.4 km 53.08 158.64 190 282 debris, clay) Volcanic-sedimentary deposits
DAL Consolidated sediments (debris,  Cretaceous basement covered with thin
Dalniy/7.0 km 53.03 158.75 37 309 hard rocks) colluvium
SCH Consolidated sediments (blocks,  Cretaceous basement covered with thin
School/7.4 km 52.96 158.67 70 310 debris, clay) colluvium
AER 53.09 158.55 80 203 Average ground Volcanic-sedimentary deposits
Aerogeological station/9.5 km ' ’ £°8 Ty dep
RIB Consolidated sediments (blocks,  Cretaceous or Paleogene basement
Rybachiy/14 km 52.92 158.53 100 320 debris, clay) covered with thin colluvium
VIL Consolidated sediments (blocks,  Cretaceous or Paleogene basement
Viluchinsk/19 km 3293 158.40 40 320 debris, clay) covered with thin colluvium
KRM Consolidated sediments (blocks,  Cretaceous or Paleogene basement

. 2. 158.1 1 . . . .
Karymshina/41 km 52.83 S8.13 00 308 debris, clay) covered with thin coarse alluvium
Northern stations
NLC Cretaceous or Paleogene basement
Nalychevo/49 km S3.17 159.35 6 296 - covered with thin colluvium
SPN Cretaceous or Paleogene basement
Shipunskiy/91 km 341 160.01 95 282 Hard rock covered with thin colluvium
GPN 54.08 159.99 20 247 Hard rock Volcanic-sedimentary deposits
Zhupanovo/147 km ' ’ Ty dep
TUMD . . .
Tumrok Springs/268 km 55.20 160.40 478 268 - Volcanic-sedimentary deposits
KLY 56.32 160.86 35 323 - Volcanic-sedimentary d it
Kluchi/393 km . . olcanic-sedimentary deposits
UKl 56.26 16259 5 305 Sand Poorl lidated alluvial pebbl
UK administration/440 km ' ’ an oorly consohdaled alluvial pebble
KBG 56.26 162.71 30 317 Sand, gravel Poorly consolidated alluvial pebbl
Krutoberegovo/445 km ’ ’ » Brave oorly consohicated alluvial pebbie
BKI Conglomerates, medium-size clastic
Bering/535 km 55.19 165.98 12 339 Sand, gravel tuff
Southern stations
RUS Intrusive complex covered with thin
Russkaya/66 km 5243 158.51 125 295 a colluvium
KDT Cretaceous—Paleogene basement cov-
Khodutka/140 km S1.81 158.08 2 261 Hard rock, lava flow ered with thin colluvium
PAU 51.47 156.82 130 313 Sand. | Volcanic-sedimentary d it
Pauzhetka/283 km . . and, grave olcanic-sedimentary deposits
SKR 50.67 156.12 30 337 Sand, gravel Volcanic-sedimentary deposits

Severo-Kurilsk/321 km
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Each station is equipped with CMGS5T and CMG5TD broad-
band digital accelerometers which acquire data at a rate of
100 samples/s (Chebrov et al., 2013). Details of grounds at
the station sites are available at the website of the Kamchat-
ka Branch of the Geophysical Survey (http://emsd.ru/133-
sd, last visited on 19.11.2018).

Local geology of Petropavlovsk-Kamchatsky city. In
terms of local geology (Table 1; Fig. 1b), the area of Pet-
ropavlovsk-Kamchatsky city belongs to the Petropavlovsk
horst composed of folded Upper Cretaceous and Paleogene
metamorphic rocks covered with Quaternary sediments con-
solidated to different degrees varying geographically (Sinel-
nikova, 1986; Markovskii, 2000). The Late Cretaceous
greenstone-facies basement is the oldest in the area. The
metasedimentary rocks are intruded by gabbro dolerite, ba-
saltic andesite, and diorite. The reference station (PET) is
sited on hard igneous rocks of a gabbro-dolerite intrusion.
Cretaceous sediments are often overlain by up to 500 m
thick poorly consolidated volcanic sand, ash, and tuff. In the
vicinity of Petropavlovsk, these young volcanic-sedimen-
tary rocks appear at the foot of Avachinsky and Koryaksky
Volcanoes. They are their responses to seismic effects that
control ground motion in the city area. Volcanic-sedimenta-
ry rocks show weakly pronounced resonance and broadband
amplification effects. Seismic velocities are higher in shal-
low intrusions.

Local geology of Northern Kamchatka. Northern Kam-
chatka (Table 1) is mainly a mountainous territory consist-
ing of Cretaceous-Paleogene gabbro, ultramafic rocks, si-
licic volcanics, and volcaniclastics (Sladnev, 2007) and late
Pliocene—early Quaternary sediments that fill depressions.
Seismic tomography data from the area (Gorbatov et al.,
1999) reveal low-velocity zones at depths to 30 km (occa-
sionally as deep as 150 km), which fall within fields of ac-
tive volcanism, and high-velocity zones, especially in the
Commander Islands (BKI station). This area stands out
against the remainder peninsula territory in lower velocity
ratios of vp/vg = 1.71 against 1.73 (Kuzin, 1974) and a thin
crust of ~25 km. The Commander Islands are composed of
Paleogene and Neogene sediments, tuff, and lavas, about
5 km of total thickness. The BKI station is sited on con-
glomerates and medium-size tuff (Sidorenko, 1964).

Local geology of Southern Kamchatka. Southern Kam-
chatka (Table 1) is the southern end of a horst anticlinal
structure of betwixt mountains (Sredinnyi Massif) where the
crystalline rocks of the uplift join a Late Cretaceous sedi-
mentary basin (Vereshchagin, 1956). The area is free from
seismic anomalies (Gorbatov et al., 1999): seismic veloci-
ties generally correspond to average values over the Kam-
chatka Peninsula.

METHODS

Wave spectra. At the first step, S-wave spectra are deter-
mined for fragments of group S-wave records, with estima-
tion of amplitude and frequency-dependent signal-to-noise

(S/N) ratios (Skorkina and Gusev, 2017); noisy data of S/N
< 3 are rejected. Then spectral analysis is performed for
each frequency band of the bandpassed signals at an approx-
imately logarithmic interval of central frequencies: 24
bands, 1/3 octave each (0.1 log,, unit), spaced at 0.1 along
the log frequency axis.

The amplitude spectra are determined in filtered data for
each band, with

— mean-square noise amplitude in a 60 s window prior to
P arrival,

— square velocity integral over the S-wave window (ES
hereafter);

— S-wave peak amplitude (A4S hereafter);

— mean-square coda amplitude normalized to 100 s lapse
time (CS hereafter), in a window varying from band to band
(see below).

The ES value is used to estimate square amplitude spectra
within a bandpass. For the specific case of Parceval’s theo-
rem (Jenkins and Watts, 1968), the mean-square signal
(mean signal energy) can be expanded into a harmonic se-
ries. Thus, the time integral of the current square S velocity
for each band is converted to a frequency integral of the
square amplitude spectrum. The procedure yields central
frequencies of the multiband filter; their interpolation is
equivalent to a smoothed amplitude spectrum.

A previous study (Gusev and Guseva, 2014) showed that
the choice of an individual window for S waves in each re-
cord is not advantageous much over automatic choice by a
certain algorithm. In the conditions of Kamchatka, the
length of an S wave train is proportional to traveltime due to
scattering effects (Petukhin and Gusev, 2003). Note that this
approach is valid only for small and medium earthquakes
(analyzed in this study), whereas the wave-train length for
events larger than M = 6.5-7.0 comprises effects of source
duration. Therefore, ES were estimated by integration over a
window of (1.0-1.8) ¢, where ¢ is the S-wave traveltime.

Distance-dependent attenuation. Commonly, local-
scale seismic risk zoning is performed for closely spaced
target and reference stations recording distant earthquakes.
This approach may pose problems with scarce seismological
networks in areas of high seismicity, such as the Kamchatka
Peninsula (Table 1; Fig. 1a). The distance difference for a
pair of stations can be compensated using the attenuation
function. Such empirical functions were plotted for Fourier
amplitude spectra in each band (Gusev et al., 2017).

The attenuation functions for peak amplitudes are cali-
bration curves like those used for the classical magnitude
scales. To obtain empirical attenuation functions, S-wave
peaks and spectra were normalized to the level of mean-
square coda amplitudes in the same record, at a fixed lapse
time after the origin time (100 s in this study, with the level
Ag00)- as in (Aki and Chouet, 1975; Rautian and Khalturin,
1978). It is often hard to sample this level with a 100 s lapse
time but may be possible at a different lapse time; the re-
spective estimate is then converted to that for 100 s using
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Fig. 2. Energy of shear waves normalized to coda level as a function of distance (1), its smoothed version (2), standard deviation (3), and calibra-

tion function (4) for S waves at 1.6 Hz and 16 Hz.

average regional coda envelopes. The window for coda am-
plitude estimation is at least [¢, — £,] = 6 s long, where ¢, = L,
t, with L, depending on frequency (L, = 2.3 for 0.25 Hz and
L, = 1.7 for 40 Hz); ¢, depends on noise. The window may
be shorter in the presence of aftershocks detected by the au-
tomatic algorithm. The attenuation function is found by
smoothing the coda-normalized S-wave spectral levels
(Figs. 2, 3).

The obtained attenuation functions were used to normal-
ize all spectra and amplitudes to a fixed distance of
Phgs = 50 km:

= (Bg (50)/ By (” D) Sz,k(” ,,)
= (B (50) By (ryp) ) Aylry)s

where S, is the Fourier spectra level in a band with the cen-
tral frequency J; recorded at the jth station during the ith
earthquake, r; is the distance of the jth station to the ith
earthquake; BSk(r) is the normalized attenuation function of
the Fourier spectrum for the kth band; S 5, is the normal-
ized spectrum. Similar equations for peak amplitudes obvi-
ously have A4 instead of S. Further, only normalized spectra
and amplitudes were used. Dividing the normalized spec-
trum for the station p by the respective spectrum for the ref-
erence station (number 0), for the same event, gives

= (Bg(ry) / By, 5,7)) (Sipk(r 5,;)/ SioiTi0) )s

where the right factor is the ratio of actual spectra and the
left one is the distance correction (zero for the reference sta-
tion). The same notations are valid for peak amplitudes. The
recovered coda levels need no normalization.

To study site responses, the logarithms of the calculated
spectra

AlgS,,

t]k 50

ljk 50

Slpk,SO /S, i0k,50

=lg (S, pk50 '0k,50)

were averaged:

Alg =(1 /npk) 2 Alg S, ks

where n,, is the number of recordings. In our case, medians
were used instead of mean values, as they are less sensitive
to occasional spikes. The variance of Alg S, was character-
ized by the standard deviation o(Alg S;,,) estimated by a ro-
bust algorithm uisng the interquartile range. In the same way,

Alg Apk (1 /npk) 2 lg( kaO

Alg

’Ok,SO)ﬂ

Cu=( / ) Z; lg (A.100,ipk / A cro0,ion)-

The functions of S-wave attenuation and energy and the
coda decay functions were plotted by summation of three
components. The Fourier and coda spectra were analyzed
for mean-square values over horizontal components. The
peak amplitudes and mean values were analyzed along the
largest horizontal component.

RESULTS

The site responses from records of strong-motion stations
operated by the Kamchatka Branch of the Geophysical Sur-
vey (Fig. 4) look like smooth curves but they are not actu-
ally. The bands do not overlap and the neighbor points are
independent, while amplitudes change smoothly in typical
cases at the chosen resolution (0.1 stepsize along the log
frequency axis). The resolution is illustrated by a few ex-
amples of stepwise behavior (KRM, MSN) and spikes, ap-
parently due to resonance (NLC, DAL). The results provide
important reference for practical applications, e.g., for seis-
mic risk zoning over Kamchatka or for site corrections in
magnitude estimation, etc.
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The ground behavior at the sites relative to that at the
PET reference station is as follows.

1. The site responses from the ADM and DAL stations
are similar to those at the PET station below 1 Hz. There-
fore, the subsurface structure beneath these stations differs
only within the uppermost 1.2 km, assuming average vg
of 1.2 km/s (Sinelnikova, 1986), but is similar below. The
stations are sited on Cretaceous bedrock, which agrees with
the State Geological Map (Markovskii, 2000).

2. The responses from DCH, IVS, NII and AER show
similar amplification in the 0.3—1.0 Hz range, which may
represent a layer of lower density, at least 1.2—4.0 km thick
(assuming v¢= 1.2 km/s). This pattern likewise agrees with
the State Geological Map (Markovskii, 2000): the Nikolsk
Fm. crops out at none of these sites.

3. The records at the RUS station show anomalous spec-
tral ratios >1 at 0.2—0.5 Hz, which mean larger amplitudes at
the reference station and confirm the presence of a high-ve-
locity layer (higher than beneath PET), at least 2.4-6.0 km
thick (assuming vy = 1.2 km/s) corresponding to a large

granite, granodiorite, and alaskite intrusion of the Akhomen
complex (Markovskii, 2000). Similar but less pronounced
responses in the same band (at 0.2—0.5 Hz) appear at NLC
and KRM.

4. The data from southern sites (RUS, KDT, PAU, and
SKR) show spectral ratios increasing steadily with frequen-
cy above 1 Hz.

5. The responses of northern sites (TUMD, KLY, UKI,
KBG, and to a lesser degree GPN) show a distinct decrease
in spectral ratios within 1-10 Hz and make up a separate
group.

The estimates by different methods (4S, ES, CS) for the
same stations agree at some frequencies but more often
show different amplifications: the highest for the coda spec-
tra, intermediate for the S-wave Fourier spectra, and the
lowest for peak amplitudes. The same distribution can be
expected for response spectra. Note that the very presence or
absence of difference in the estimates by the three spectral-
ratio techniques (4S, ES, CS) correlates with the available
knowledge of local geology. The difference is vanishing for
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hard rock sites (ADM, DAL, KDT, KRM, NLC, RIB, RUS,
SCH, SKR, SPN, and VIL) but is significant for sites on
volcanics (IVS, DCH, NII, KLY, and KBG).

Thus, the near-surface structure beneath the ADM, SKR,
and NII stations remains poorly resolved (Table 1) and the
revealed site responses (Fig. 4) have to be correlated with
other data (e.g., drilling). Other features of site responses are
interpreted below.

DISCUSSION

The central part of Petropavlovsk-Kamchatsky city was
previously divided into six (Shteinberg and Fedotov, 1974)
to nine (Ershov, 1974) engineering geological zones. The
larger number of zones in the latter case was due to addi-
tional measurements at predominant periods, which revealed
bedrock outcrops at the SCH site (Ershov, 1974) and has
been confirmed by this study. Other site responses from re-
cords of PET, ADM, MSN, and DCH accelerometers dis-
tributed according to the map of Ershov (1974) roughly
agree with rock complexes revealed earlier. The PET and
DCH site responses correspond, respectively, to the expect-
ed patterns of type 1 (monolith or slightly fractured rocks)
and 5 (unconsolidated pyroclastics).

Some observed spectral characteristics may be interpret-
ed differently (Kotha et al., 2016; Alcik, 2018) and thus re-
quire additional checks against well-log or core data. For
instance, the 1-100 Hz responses of sites in Italy and Turkey
reported by Kotha et al. (2016) correlate with average S ve-
locities in the upper 30 m (v430) over the rest of the Europe—
Middle East region. Since no systematic data on the velocity
structure beneath the seismic stations of Kamchatka are
available, the interpretation of the obtained site responses
can be only preliminary.

1. The amplification in a large band within 10 Hz record-
ed at MSN may be due to the effect of low impedance, as
well as to the effect of topography (Geli et al., 1988): the site
is located at the top of a hill with a relative elevation of
350 m (Table 1). The low impedance hardly can be the only
cause of amplification: MSN and AER have the same value
according to (Shevchenko and Yakovenko, 2018) but the
site responses from the two stations are different (Fig. 4).

2. The TUMD and KLY site responses would be attrib-
uted to the effect of proximal volcanoes (Kluchevskoy and
Kizimen) were they not similar to those of KBG and UK1
located far away on the coast. Another possible cause is that
the average attenuation functions like those of Fig. 3 might
be poorly applicable to these sites, but the attenuation uncer-
tainty does not influence CS results which generally agree
with the ES-based estimates. Anyway, the preliminary re-
sults have to be checked.

3. The spectral characteristics obtained for BKI are even
more raw, since they show anomalous coda envelope shapes
(Lemzikov and Gusev, 1989) besides the doubts in attenua-
tion function applicability. The responses with such coda

envelope shapes would mean greater corrections for coda
than for direct S-waves, but the situation is actually inverse.

4. The estimates based on different methods (£S, AS and
CS) are markedly dissimilar within certain bands (mainly
0.5-2.0 Hz) for some stations (IVS, DCH, AER, NII, PAU,
GPN, TUMD, KLU, and KBG). They are up to twice great-
er for coda (CS) than for direct § waves (ES, AS), in the
bands of highest amplification. The coda amplitudes (i.e.,
scattered waves) may be greater than expected as a result of
superposed slow surface waves (Rautian et al., 1981) that
arise in layered basin sediments, but there are no such basins
in East Kamchatka. On the other hand, the dissimilarity may
be a signature of nonlinear behavior of grounds (Hudson,
1972; Pavlenko and Irikura, 2006), which has to be taken
into account in local-scale seismic risk zoning and means
that the use of coda amplitudes alone is unacceptable in such
areas. In some cases, site effects are estimated using the
microtremor technique (Abudeif et al., 2019). However, this
method of seismic risk zoning likewise may yield ambigu-
ous results because coda and microtremor signals are of
similar nature.

5. The responses of southern sites (RUS, KDT, PAU, and
SKR) with spectral ratios increasing with frequency above
1 Hz have never been reported before from Kamchatka.
They may represent either some grounds markedly different
from those at the reference PET site or strong attenuation at
high frequencies beneath PET, which requires further
checks.

CONCLUSIONS

1. The suggested and tested multiband method for esti-
mating site effects in spectral responses of grounds implies
the use of S-wave peak amplitudes and Fourier spectra, as
well as mean-square coda amplitudes. The method allows
using records from target and reference stations located at
markedly different distances from earthquakes due to em-
pirical regional attenuation functions.

2. The method has been implemented in an automatic
mode and tested on hundreds of M = 5-6 earthquakes in
Kamchatka. Distortions produced by aftershocks superim-
posed on coda records are removed automatically during
amplitude sampling.

3. The collected empirical spectral characteristics of the
medium near seismic stations are diverse over a large fre-
quency range of 0.2 to 30.0 Hz and some show resonance
amplification effects.

4. The empirical spectral characteristics of the medium
near seismic stations obtained in different ways agree quali-
tatively though there is systematic quantitative difference.
Amplification effects are the highest in the coda spectra, in-
termediate in the S-wave Fourier spectra, and the lowest in
the spectra of peak amplitudes. The CS estimates are most
often the upper bound for those from S waves, though the
amplitudes may be sometimes overestimated (10-20% or
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occasionally 100%). The use of coda or microtremor records
for seismic risk zoning in Kamchatka may lead to notable
errors unless reference to S-wave data is made.

This study would be impossible without continuous seis-
mic monitoring of Kamchatka at the Kamchatka Branch of
the Geophysical Survey, and the work of its team is greatly
appreciated. We wish to thank T.K. Pinegina for advice con-
cerning ground properties at some sites and N.M. Shapiro
for valuable discussions. The manuscript profited much
from constructive comments by V.A. Saltykov. The empiri-
cal spectral characteristics of the medium near northern seis-
mic stations were collected under financial support from the
Russian Foundation for Basic Research (grant 18-35-00029).
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