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Abstract. The results of laboratory experiments on rock
sample destruction and the observation data obtained from
several series of the hydro-acoustic observations in which
the researchers succeeded to register the signals in the crit-
ical stage of the earthquake (EQ) preparation were com-
pared. According to theoretical research (Alekseev et al.,
2001) two distinct dilatant zones occur in the EQ prepara-
tion stage. The first one is located around the source and the
second one represents the near-surface dilatant zone. Only
high-frequency seismic-acoustic signals (SAS) radiated from
the near-surface dilatant zone do not attenuate completely on
the passage through a solid medium. Parameters of the SAS
such as the source depth under the ocean floor, frequency
maximum and the signal power level were estimated. It was
shown that the critical stage of the EQ preparation continues
several tens hours and this process has a hierarchical nature.
At first the micro-ruptures are formed over a large area. Then
the high frequency radiation begins to decrease, the SAS
emission area begins to shrink and the micro-earthquakes oc-
cur in the area surrounding the epicenter. The obtained re-
sults are in close agreement with the theoretical conception
about the evolution of the SAS in the surface dilatant zone
and with the results of laboratory experiments.

1 Introduction

The EQ preparation zones are characterized by increased
value of the shear and tension stress in the Earth’s crust and
the process of the micro-crack appearance. Such zones are
named the dilatant zones. An increase of seismic emission
activity during the period of EQ preparation and a decrease
of this process immediately after the event has been observed
(Michihiro et al., 1989; Sobolev, 1993). Partial destruction
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of solid rocks leads to the acoustic wave generation, whose
periods depend on the size of the destruction zones. The at-
tenuation of the acoustic signal increases with the increment
of its frequency. Also the SAS decay quickly with the dis-
tance (Clay and Medwin, 1977; Sheriff and Geldart, 1995).
The attenuation of the acoustic signals at the frequency of
100 Hz in water layer is 100 times smaller than that in a hard
rock and 10 000 times smaller than that in the sediments.

Thus a seismic-acoustic emission radiated from a crust
quake source, which is located under the sea bottom, gener-
ates a hydro-acoustic (HA) signal in water, where this signal
may propagate far due to weak attenuation of the signal in in-
compressible water. In a water layer, the HA signals can be
recorded by hydro acoustic receivers. The acoustic signals,
which are generated by micro-cracks in the near-focus zone
of a future EQ, may be detected in the water only for shal-
low EQ’s (less than 10–15 km). If the EQ source is located
deeper, the SAS will decay completely in the solid layers.
The numerical simulation of the preliminary fracture process
in accordance with Shleicher-Nadai criterion was carried out
in theoretical research (Alekseev et al., 2001).

The space-time density of the cracks is used as an integral
earthquake precursor in the area of an earthquake prepara-
tion. The numerical simulation detected the distinct dilatant
zones, where the rupture process affected by stress increase
turns into the non-linear stage. An irreversible process of the
medium state change arises in these zones. Two distinct dila-
tant zones were detected in the EQ preparation stage. The
first one is located around the source and the second one
represents the near-surface dilatant zone, whose horizontal
extension may be up to 500 km and its depth is estimated
as about 5 km (Fig. 1). The dilatant zones are marked by
an increase of the micro-crack density and a crack system
evolution (crack sizes grow progressively, and their num-
ber decreases). Only the high-frequency SAS radiated from
near-surface dilatant zone do not attenuated completely on
the passage through a solid medium.
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Fig. 1. Two specifically dilatant zones (dark gray areas) occur in the
earthquake preparation stage. The first one locate around the focus
(small black circuit) and the second one is the near-surface dilatant
zone. The figure was adopted from work (Alekseev et al., 2001).

The appearance of acoustic signals preceding the rock
sample destruction was studied in the laboratory experiments
in the works of numerous authors. Here we take into consid-
eration series of the works (Smirnov et al., 1995; Ponomarev
et al., 1997) because in these works, a loading regime with
negative feedback was used (the rate of the stress variation
decreased with increasing acoustic activity). This allowed
to extend the micro-rupture process stage and to detect the
micro-destructions along the body of the rock sample as a
function of time. Micro-destruction signals have small am-
plitude, significantly high frequency and these signals decay
very fast. Initially, the micro-destruction sources are located
chaotically in the body of the rock sample. Then micro-
destruction clusterization arises in time, a linear size of the
destructions increases and the destructions begin to concen-
trate in a zone of future macro-destruction.

A main objective of our study was to trace the evolu-
tion process of seismic-acoustic emission in the critical stage
from on EQ preparation area. It has been observed that the
high frequency SAS could not be registered by land-based
seismic stations because of fast decaying of such signals in
solid medium and in the sediments. The acoustic receivers
located in the water layer can register seismic events with
very wide spectrum of the energy ranges (from large EQ up
to micro earthquakes and micro-rupture). In contrast net-
works of ground-based seismic stations can register only
the EQ’s. Only hydro acoustic receivers can register micro
earthquakes and micro-ruptures. We call seismic event with
signal duration from one second up to tens seconds micro-
earthquake (MEQ), while the event with signal duration less
than 100 milliseconds are called micro-rupture (MRP).

2 Analysis of observation data

Seismic signals originated in solid medium reach the ocean
floor and, after transforming on the water/bottom boundary,
propagate in the water layer. Only compression waves (P )
are propagating in water, the transverse waves (S) convert
at the water/bottom boundary into compression waves (PS)
and then both waves propagate in the water layer with the

same velocity. The difference in arrival times of these waves
(Tpps) to the receiving array enables us to estimate the depth
of the seismic event focus under the bottom. It is possible
to estimate the following parameters of seismic events by
using the HA records (Sasorova et al., 2005): the depth of
the source under ocean floor (Hs); the maximum signal fre-
quency (Fmax) and a linear dimension of the source (Ls) as a
function ofFmax (Sassorova et al., 2001); the duration of the
HA signal (tS) which can specify the power level (magnitude
Ml) of the SAS registered by HA receivers. The Brocher
expression Ml=2.30+lgts (Brocher, 1983) can be used for
events with duration above tens seconds and more, and we
used the calibration graph proposed by (Soloviev and Ko-
vachev, 1996) if the signal duration was less than 40 s. If the
MEQ focus is located not far from the HA receiver (no far-
ther than 100 km) then the structure of seismic signal remains
completely on the HA record (“close” MEQ). The farther
MEQ focus is located from the HA receiver, the more sig-
nificant are the seismic signal distortions, and the HA record
of seismic signal can attain a trapezoidal shape (“remote”
MEQ).

Then in the frame of this work, we carried out analysis
of data obtained from several series of the HA observations
in which the researchers succeeded to register the SAS sig-
nals from the surface dilatant zone in the EQ preparation
stage. The comparison of HA data with ground seismic ob-
servations was produced on the basis of the Kamchatka and
Sakhalin Regional Earthquake Catalogs and the World Elec-
tronic Catalog produced by of the USGS (NEIC).

The first data series was obtained from bottom self-
contained system (BSAS), which was deployed in the near
bottom water layer. One all-around looking hydrophone was
used. The continuous record of the HA signals (duration up
to 24 h) in two frequency ranges (2 to 100 Hz and 100 to
1400 Hz) was produced. The BSAS was used in high-activity
seismic area (Pacific Kamchatka coastline, Pacific Kuril Is-
lands coastline and Okhotsk sea).

The HA records which were coincident with the seismic
events or preceded them (by no more than 3–4 h) were ex-
tracted for the subsequent analysis. Thus several records
were selected. The EQ’s on these records were preceded by
the series of the MEQ’s. One of the selected records with du-
ration 15 h and 20 min contains one EQ (date – 30.03.1988,
local time – 23:26:27.9;KS=9.2, depth – 34 km, coord.:
54.510 N, 161.620 W) and a time sequence of 60 MEQ’s.
The MEQ duration varies from 0.8 to 103 s but the dura-
tion of the overwhelming majority of the MEQ’s was 3–4 s.
TheFmax value for MEQ varies from 3 to 100 Hz. A clearly
expressed tendency to MEQ clusterization was evident; the
density of events in time unit before EQ was increased as
well as the number of MEQ’s with duration over 30 s. The
other selected records also contain the EQ’s and the MEQ’s
which preceded the EQ’s (but a number of the MEQ’s was
less than that in the previous example).
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The MEQ’s preceding the main shock were detected in
the HA records by Mogi (1988) and Spindel (Spindel et al.,
1974). Mogi registered the MEQ’s in the near epicentral zone
by one hydrophone, which was deployed in the water layer
from the ship. They considered the “close” and the “remote”
MEQ’s as different types of the MEQ’s.

The second data series was obtained in the framework of
International Program ATOC (Acoustic Thermometry of the
Oceanic Climate). The records registered by an HA array lo-
cated near the eastern coast of Kamchatka Peninsula in the
Pacific Ocean were analyzed. The array was deployed in the
near bottom water layer. It was composed of several hun-
dreds of hydrophones which were grouped in separate blocks
(channels, clusters) that allowed us to derive the direction to
the source from the time lags of signal arrivals in different
channels.

The data contained 162 digital records obtained during
the period from 12.07.1998 to 21.03.1999. The length of
each hydro-acoustic record (HAR) was 1323.73 s (slightly
above than 22 min). The sampling rate was 300 per second;
the instrumental band-pass filter isolated the frequency range
from 40 to 110 Hz. Every day there were up to 6 scheduled
records (performed at 2:54:20, 6:54:20, 10:54:20, 14:54:20,
18:54:20, and 22:54:20 UTC). The HA records which were
coincident with the seismic events or preceded them (by no
more than 3–4 h) were selected for the subsequent analysis.
Two types of seismic acoustic signals, namely MEQ’s and
MRP which preceded the EQ’s, were detected in the selected
records.

The MEQ’s occurred from several minutes up to three
hours before the main shock. The signals have very sharp
amplitude variations within the first 1–2 s (20 times HA sig-
nal amplitude amplification over the background level). Ac-
cording to our estimates, the MEQ’s originate not so far un-
der the ocean floor (theHs value≤500 m) whereas the EQ
hypocenter locations may be significantly deeper (tens of
kilometers). The azimuths from the HA receiver to the MEQ
sources and to the epicenter of the future EQ demonstrate
close agreement. In most cases, the MEQ’s occur as a set of
events from the closely located sources. The MEQ duration
varies in the most cases from1 to 4 s, therefore, the Ml value
of the MEQ’s varies from−2.5 to−1.8. TheFmax value for
MEQ varies from 60 to 75 Hz. TheLs values vary accord-
ingly from 1 to 0.4 m.

The MRP’s with duration from 0.01s to 0.05 s. also were
detected in this data series. The MRP occurred in the most
cases as a train of signals. The Ml value for MRP can be esti-
mated from−10 to−8. These signals have also a very sharp
amplitude jump. A MRP signal contains high-frequency
components. But the frequency range above 110 Hz was in-
accessible in this data series and it is therefore, impossible to
estimate the linear size of the MRP sources, as well as theHs

value in the frame of this experiment.
The typical record without seismic events and the record

with EQ onset in the very end of the record are presented in

Fig. 2. Two ATOC records: the typical record without seismic
events(a) and the HA record with EQ which starts in the very end
of the record(b). The MEQ’s are labeled as triangle star and the
MRP’s are identified as arrows. One MEQ with duration 3 s is pre-
sented on the Fig. 2c and the sequence of the MRP’s is shown on
the Fig. 2d. The horizontal axes for all fragments are time axes in
samples (300 samples per sec.); the vertical axes for all fragments
are in mV.

Fig. 2a and b, respectively. The set of MEQ’s and MRP’s
signals are depicted in Fig. 2b. The horizontal distance from
the epicenter to the receiving array was 50.4 km. The signals
have very sharp amplitude variations within the first 1–2 s (20
times the HA signal amplitude amplification over the back-
ground level). The Fig. 2d contains a sequence of MRP’s,
whose frequency is estimated as 100 Hz, and its sources are
located directly under the receivers.

In those cases when the EQ started several tens of minutes
after the end of the observation session, we also detected the
MEQ’s preceding the main shock if the time interval between
the record termination and the EQ start did not exceed 3–4 h.
The analysis of the second observation series was described
in detail by (Morozov, 2002; Sasorova et al., 2002; Lappo et
al., 2003).

The third set of HA observations analyzed in this work was
obtained by Kamchatka research team (Kuptsov et al., 2005)
into a water reservoir (lake) not far from the Pacific coast of
Kamchatka, in the area with very high seismic activity. The
observations were carried out from 2000. About 60 EQ’s
were registered and processed. Several HA receivers with
the frequency pass band from 0 up to 10 kHz were deployed
in the water layer not far from the lake bottom.

The sharp increase of the MRP signal density in time unit
was noticed 20–30 h before the EQ’s, whose epicenters were
located in the Pacific near the Kamchatka coastline. The ra-
diation of these signals continued several hours (10–15 h.)
and after that the density of the MRP signals vanished almost
completely 10–17 h before the main shock. The set of MRP
signals may either be chaotically distributed in time (Fig. 3b)
or form a train of signals of the same type (Fig. 3a).
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Fig. 3. Three fragments of the HA records: the typical train of
signals(a), the set of MRP signals, chaotically distributed in time
(b), and one signal in very detailed time scale(c). Adopted from
(Kuptsov et al., 2005).

One signal from the set of signals presented in Fig. 3b is
shown (Fig. 3c) in more detailed time scale (the arrival time
of theP and thePs can be determined). According to our es-
timates the acoustic signal sources were located not far from
the receivers directly under the lake bottom (from 3 to 20 m).
The average value of one signal duration was about 15 ms,
thus average Ml value can be estimated as Ml=−8. Acoustic
signals radiated at this stage are characterized by high fre-
quency from 1 to 6 kHz. The consistent registration was re-
alized if the distance between EQ epicenter and HA receivers
did not exceed 260 km.

The MPR’s originated from the large area (the linear size
<=520 km) tens hours before the main shock, and vanished
several hours before the EQ. The observed stage of the EQ
preparation continues several hours. The MRP’s occur in
solid media permanently, but the density of these signals is
small and insignificant in comparison with the MRP density
in the EQ preparation stage. The MEQ’s were not observed
in this series of observations.

The fourth series of HA observations. On August 2006
we carried out an experiment in which we established for the
first time a scheme of integrated (operative and long-term)
earthquake forecast based on the hydro-acoustic and seismic
data obtained during field measurements in the region of the
expected event (Levin et al., 2007). While analyzing the spa-
tiotemporal EQ distribution in the southern part of Sakhalin

Fig. 4. Sakhalin Isl. and its southwestern part. Black seven-point
star is the EQ epicenter; black three-point star is the mobile station
location; bold white rectangle is the seismic gap of the first type.

in 2005 (Fig. 4), seismic gaps of type 1 (based on strong
earthquakes) and type 2 (based on weak events) were found
in the Kholmsk region (forecasted parameters: time – Jan-
uary 2006 up to July 2013;M=6.0 to 7.2; andH=0–30 km).

A mobile station for simultaneous recording of seismic
and hydro-acoustic signals was deployed in a closed water
reservoir near Kholmsk (coord.: 47.117 N and 142.096 E) in
mid-August 2006 (Levin et al., 2007). All channels were
synchronized. The station was located in a securely guarded
zone, and the probability of generation of anthropogenic sig-
nals is insignificant. The permanent registration started on
11.08.2006.

The series of similar signals (trains) appeared in the hydro-
acoustic channels (Fig. 5) starting from 16.08.2006. The first
train appeared at 18:57:05.5 (hereafter, UTC), i.e., 21:22:40
before the EQ start. 17 August after 05:13:04 (i.e. 11:6:03
before the main shock) the signals of this type were no longer
recorded. In the subsequent records, 243 trains of simi-
lar signals were distinguished. The number of signals in
the train varied in a broad range (from 7 to 130). No sig-
nificant changes were observed at this time in the seismic
channels. The earthquake (Mb = 5.6, coordinates of the epi-
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Fig. 5. Series of signal trains recorded by the HA channel of the
station. The fragment(a) shows the compressed record (duration
02:53:20) with the series of signal trains. The fragment(b) shows
one train of signals from the presented series (duration 50 s). The
number of counts is shown along the horizontal axis for all frag-
ments (one counts is 0.005 s). the amplitude of the signal is shown
along the vertical axis (in mV).

center 46.586 N and 141.857 E,H=12 km.) occurred on the
17.08.2006 and was recorded at 16:20:08 by all channels of
the seismic hydro-acoustic station. The distance between the
station and the EQ epicenter was 61 km.

3 Summary

The sketch of the SAS evolution in the EQ preparation zone
is shown in the Fig. 6. The EQ preparation area is presented
for 6 moments of time fromt0 to t5. The sequence of the
SAS, which may be registered in different points of the EQ
preparation area, is shown in the left part of the sketch. The
SAS in point A, B, and C appears several tens hours before
the EQ and disappears a few hours before the EQ, but the
durations of the SAS in point A are significantly shorter than
the signal durations in points B and C. The SAS in the epi-
center area (point E) continues up to the EQ start. Both the
beginning and the end of the record of the seismic-acoustic

Fig. 6. The sketch of the SAS evolution in the EQ preparation zone.

signals can indicate that the earthquake preparation is in the
critical stage.

Thus it was shown that the critical stage of the EQ prepa-
ration continues a few tens hours and this process has a hi-
erarchical nature. At first time the micro-ruptures occur over
a large area. Then the high frequency radiation begins to
decrease, the SAS emission area begins to shrink, and the
micro-earthquakes occur in the area surrounding the epicen-
ter of the preparing EQ. The obtained results are in close
agreement with theoretical conception about the appearance
and the evolution of the SAS in the surface dilatant zone and
results of laboratory experiments on rock sample destruction.
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