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Abstract. The results of laboratory experiments on rock of solid rocks leads to the acoustic wave generation, whose
sample destruction and the observation data obtained frorperiods depend on the size of the destruction zones. The at-
several series of the hydro-acoustic observations in whichienuation of the acoustic signal increases with the increment
the researchers succeeded to register the signals in the crivf its frequency. Also the SAS decay quickly with the dis-
ical stage of the earthquake (EQ) preparation were comiance (Clay and Medwin, 1977; Sheriff and Geldart, 1995).
pared. According to theoretical research (Alekseev et al.,The attenuation of the acoustic signals at the frequency of
2001) two distinct dilatant zones occur in the EQ prepara-100 Hz in water layer is 100 times smaller than that in a hard
tion stage. The first one is located around the source and theock and 10 000 times smaller than that in the sediments.
second one represents the near-surface dilatant zone. Only Thus a seismic-acoustic emission radiated from a crust
high-frequency seismic-acoustic signals (SAS) radiated fromquake source, which is located under the sea bottom, gener-
the near-surface dilatant zone do not attenuate completely oates a hydro-acoustic (HA) signal in water, where this signal
the passage through a solid medium. Parameters of the SAfay propagate far due to weak attenuation of the signal in in-
such as the source depth under the ocean floor, frequenayompressible water. In a water layer, the HA signals can be
maximum and the signal power level were estimated. It wasecorded by hydro acoustic receivers. The acoustic signals,
shown that the critical stage of the EQ preparation continuesvhich are generated by micro-cracks in the near-focus zone
several tens hours and this process has a hierarchical naturef a future EQ, may be detected in the water only for shal-
Atfirst the micro-ruptures are formed over a large area. Therlow EQ’s (less than 10-15km). If the EQ source is located
the high frequency radiation begins to decrease, the SASleeper, the SAS will decay completely in the solid layers.
emission area begins to shrink and the micro-earthquakes ocFhe numerical simulation of the preliminary fracture process
cur in the area surrounding the epicenter. The obtained rein accordance with Shleicher-Nadai criterion was carried out
sults are in close agreement with the theoretical conceptionn theoretical research (Alekseev et al., 2001).

about the evolution of the SAS in the surface dilatant zone The Space_time density Of the Cracks is used as an integral
and with the results of laboratory experiments. 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-

The EQ preparation zones are characterized by increase@nt Zones were detected in the EQ preparation stage. The
value of the shear and tension stress in the Earth’s crust anffSt one is located around the source and the second one
the process of the micro-crack appearance. Such zones afgPresents the near-surface dilatant zone, whose horizontal
named the dilatant zones. An increase of seismic emissioXt€Nsion may be up to 500km and its depth is estimated
activity during the period of EQ preparation and a decreasé®S @bout Skm (Fig. 1). The dilatant zones are marked by
of this process immediately after the event has been observed increase of the micro-crack density and a crack system

(Michihiro et al., 1989; Sobolev, 1993). Partial destruction evolution (crack sizes grow progressively, and their num-
ber decreases). Only the high-frequency SAS radiated from
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km x same velocity. The difference in arrival times of these waves
0 40 30 20 10 0 10 20 30 50 (Tpps to the receiving array enables us to estimate the depth
s ——— ==/ / / of the seismic event focus under the bottom. It is possible
104 S Z\ to estimate the following parameters of seismic events by
154 7 a ) using the HA records (Sasorova et al., 2005): the depth of
20~ @‘ the source under ocean flodtdy); the maximum signal fre-
25 / /] guency Fmax) and a linear dimension of the sourdg f as a
vkm Z function of Fax (Sassorova et al., 2001); the duration of the

HA signal ¢s) which can specify the power level (magnitude
Fig. 1. Two specifically dilatant zones (dark gray areas) occurinthe[\/“) of the SAS registered by HA receivers. The Brocher
earthquake preparation stage. The first one locate around the fOCLé(preSSion MI=2.30k1, (Brocher, 1983) can be used for
(small black circuit) and the second one is the near-surface dilatantyents with duration above tens seconds and more, and we
zone. The figure was adopted from work (Alekseev et al., 2001). used the calibration graph proposed by (Soloviev and Ko-

vachev, 1996) if the signal duration was less than 40s. If the

The appearance of acoustic signals preceding the roc EQ focus is located not far from the HA receiver (no far-

sample destruction was studied in the laboratory experiment%oen:”:str;llogrlng;hﬁgt?scsg:gCt‘irlgg,,s?\;lsEm'C S_'Ighnealf;?m:'rns
in the works of numerous authors. Here we take into consid- P y ( Q).

eration series of the works (Smirnov et al., 1995; Ponomare\MEQ focus is located from the HA receiver, the more sig-

et al., 1997) because in these works, a loading regime witH]:cﬁC"’l.nt are the s<|aismic sigpal distortion's, ?ndhthe Hf‘A recorq,
negative feedback was used (the rate of the stress variatio Eselsmlc signal can attain a trapezoidal shape (‘remote
decreased with increasing acoustic activity). This allowed T(r?()e.n in the frame of this work. we carried out analvsis
to extend the micro-rupture process stage and to detect the . ! y:
micro-destructions along the body of the rock sample as aof dat_a obtained from several series of the _HA observatlon_s
function of time. Micro-destruction signals have small am- In which the researcherg succeeded .to register the SAS.S'g_
plitude, significantly high frequency and these signals decaynals from the surfgce dilatant zone n the EQ prgparatlon
very fast. Initially, the micro-destruction sources are IocatedStage' The comparison of HA data with ground seismic ob-

chaotically in the body of the rock sample. Then micro- servations was produced on the basis of the Kamchatka and

destruction clusterization arises in time, a linear size of theSakhalln Regional Earthquake Catalogs and the World Elec-

destructions increases and the destructions begin to conceH—O_rl_]r']C C?tatlog pt)roducgd by of thitU.SGdS ENEIC%' it If
trate in a zone of future macro-destruction. € first data series was obtained irom botlom Setl-

A main objective of our study was to trace the evolu- contained system (BSAS), which was deployed in the near

tion process of seismic-acoustic emission in the critical stageb ggngvgztigL?;eur;)l?snreeig-rzrg??r?el?ﬂoﬁl\qgig Eggr?g:;?iixvﬁs
from on EQ preparation area. It has been observed that the>eC: g P

. . 0 24h) in two frequency ranges (2 to 100Hz and 100 to
high frequency SAS could not be registered by Iand—baseciL o .
seismic stations because of fast decaying of such signals i 400 Hz) was produced. The BSAS was used in high-activity

solid medium and in the sediments. The acoustic receiverﬁe'sm'c area (Pacific Kamchatka coastline, Pacific Kuril Is-

located in the water layer can register seismic events withands coastline and Okhotsk sea).

very wide spectrum of the energy ranges (from large EQ up The HA records which were coincident with the seismic

to micro earthquakes and micro-rupture). In contrast net—events or preceded them (by no more than 3-4h) were ex-
works of ground-based seismic stations can register Onb}racted 1|‘or thde smrJ]bseql'Jent arr]1aly3|s. T:us several r((ajc%r%s
the EQ’s. Only hydro acoustic receivers can register micromirgesriee?g]?tﬁeTME SS SO%rl:tofetiZ rseeclg(r:tes dV\;Z::%rpdrseSv?the du-y
earthquakes and micro-ruptures. We call seismic event with_ "~ <= .
signal duration from one second up to tens seconds micro[at'on 15h and 20 min contains one EQ (date — 30.03.1988,

earthquake (MEQ), while the event with signal duration Iess?j%llgn&e 1_653(’322(? @;'2ﬁszgi?rh:izth gnig ZT,GCC)OI\C/)IrI(Ei: s
than 100 milliseconds are called micro-rupture (MRP). ) ! j : qu Q's.

The MEQ duration varies from 0.8 to 103s but the dura-

tion of the overwhelming majority of the MEQ's was 3-4s.

2 Analysis of observation data The Fyax value for MEQ varies from 3 to 100 Hz. A clearly
expressed tendency to MEQ clusterization was evident; the

Seismic signals originated in solid medium reach the oceardensity of events in time unit before EQ was increased as

floor and, after transforming on the water/bottom boundary,well as the number of MEQ's with duration over 30s. The

propagate in the water layer. Only compression wav®s ( other selected records also contain the EQ’s and the MEQ's

are propagating in water, the transverse wavscbnvert  which preceded the EQ’s (but a number of the MEQ’s was

at the water/bottom boundary into compression waves)(  less than that in the previous example).

and then both waves propagate in the water layer with the
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The MEQ'’s preceding the main shock were detected in 20 17 pen 1990 02) |
the HA records by Mogi (1988) and Spindel (Spindel et al., ] L R
1974). Mogi registered the MEQ's in the near epicentral zone ’ -m bt L
by one hydrophone, which was deployed in the water layer -0
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 7]
International Program ATOC (Acoustic Thermometry of the

200—720 Oct. 1998 (02) A4
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g
Oceanic Climate). The records registered by an HA array lo-  ° o— £
cated near the eastern coast of Kamchatka Peninsula in th*” ] MEQA ) | Mrek d) %
Pacific Ocean were analyzed. The array was deployed in the | o =

near bottom water layer. It was composed of several hun-
dreds of hydrophones which were grouped in separate blocks,y, | |
(channels, clusters) that allowed us to derive the directionto o 20 4w 0 sw 100
the source from the time lags of signal arrivals in different
channels. Fig. 2. Two ATOC records: the typical record without seismic
The data contained 162 digital records obtained duringevents(a) and the HA record with EQ which starts in the very end
the period from 12.07.1998 to 21.03.1999. The length ofof the reco.rd(b).. .The MEQ'’s are labeled as.triangle'star apd the
each hydro-acoustic record (HAR) was 1323.73s (inghtIyMRP’s are |dent|_f|ed as arrows. One MEQ with durat|,on_ 3sis pre-
above than 22 min). The sampling rate was 300 per :~3econcfeme.oI on the Fig. 2.C and the sequence of the MRPS_'S shown on
the instrumental band-pass filter isolated the frequency rang he Fig. 2d. The horizontal axes for all frggments are time axes in
gamples (300 samples per sec.); the vertical axes for all fragments
from 40 to 110 Hz. Every day there were up to 6 scheduled,;a in mv.
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 nd=ig. 2a and b, respectively. The set of MEQ's and MRP’s
more than 3—4 h) were selected for the subsequent analysisignals are depicted in Fig. 2b. The horizontal distance from
Two types of seismic acoustic signals, namely MEQ’s andthe epicenter to the receiving array was 50.4 km. The signals
MRP which preceded the EQ’s, were detected in the selectetiave very sharp amplitude variations within the first 1-2 s (20
records. times the HA signal amplitude amplification over the back-
The MEQ's occurred from several minutes up to threeground level). The Fig. 2d contains a sequence of MRP'’s,
hours before the main shock. The signals have very shargvhose frequency is estimated as 100 Hz, and its sources are
amplitude variations within the first 1-2 s (20 times HA sig- located directly under the receivers.
nal amplitude amplification over the background level). Ac- Inthose cases when the EQ started several tens of minutes
cording to our estimates, the MEQ’s originate not so far un-after the end of the observation session, we also detected the
der the ocean floor (th&, value <500 m) whereas the EQ MEQ's preceding the main shock if the time interval between
hypocenter locations may be significantly deeper (tens othe record termination and the EQ start did not exceed 3—4 h.
kilometers). The azimuths from the HA receiver to the MEQ The analysis of the second observation series was described
sources and to the epicenter of the future EQ demonstraten detail by (Morozov, 2002; Sasorova et al., 2002; Lappo et
close agreement. In most cases, the MEQ's occur as a set @fl., 2003).
events from the closely located sources. The MEQ duration The third set of HA observations analyzed in this work was
varies in the most cases from1 to 4 s, therefore, the Ml valuebtained by Kamchatka research team (Kuptsov et al., 2005)
of the MEQ's varies from-2.5 to—1.8. TheFyax value for into a water reservoir (lake) not far from the Pacific coast of
MEQ varies from 60 to 75Hz. Thé; values vary accord- Kamchatka, in the area with very high seismic activity. The
ingly from 1to 0.4 m. observations were carried out from 2000. About 60 EQ’s
The MRP’s with duration from 0.01s to 0.05s. also were were registered and processed. Several HA receivers with
detected in this data series. The MRP occurred in the mosthe frequency pass band from 0 up to 10 kHz were deployed
cases as atrain of signals. The Ml value for MRP can be estiin the water layer not far from the lake bottom.
mated from—10 to—8. These signals have also a very sharp The sharp increase of the MRP signal density in time unit
amplitude jump. A MRP signal contains high-frequency was noticed 20—30 h before the EQ’s, whose epicenters were
components. But the frequency range above 110 Hz was inlocated in the Pacific near the Kamchatka coastline. The ra-
accessible in this data series and it is therefore, impossible tdiation of these signals continued several hours (10-15h.)
estimate the linear size of the MRP sources, as well a&the and after that the density of the MRP signals vanished almost
value in the frame of this experiment. completely 10-17 h before the main shock. The set of MRP
The typical record without seismic events and the recordsignals may either be chaotically distributed in time (Fig. 3b)
with EQ onset in the very end of the record are presented iror 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 450
(b), and one signal in very detailed time scé® Adopted from
(Kuptsov et al., 2005).

Atlasovp

Fig. 4. Sakhalin Isl. and its southwestern part. Black seven-point

One signal from the set of signals presented in Fig. 3b isstar is the EQ epicenter; black three-point star is the mobile station
shown (Fig. 3c) in more detailed time scale (the arrival time location; bold white rectangle is the seismic gap of the first type.
of the P 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 20m).in 2005 (Fig. 4), seismic gaps of type 1 (based on strong
The average value of one signal duration was about 15 Msgarthquakes) and type 2 (based on weak events) were found
thus average Ml value can be estimated as-M8=Acoustic  in the Kholmsk region (forecasted parameters: time — Jan-
signals radiated at this stage are characterized by high fregary 2006 up to July 2013¢=6.0 to 7.2; and4=0-30 km).
quency from 1 to 6 kHz. The consistent registration was re- - o mopjle station for simultaneous recording of seismic
a!ized if the distance between EQ epicenter and HA receivers, 4 hydro-acoustic signals was deployed in a closed water
did not exceed 260 km. reservoir near Kholmsk (coord.: 47.117 N and 142.096 E) in

The MPR's originated from the large area (the linear sizemid-August 2006 (Levin et al., 2007). All channels were
<=520km) tens hours before the main shock, and vanishedynchronized. The station was located in a securely guarded
several hours before the EQ. The observed stage of the EQone, and the probability of generation of anthropogenic sig-
preparation continues several hours. The MRP’s occur imals is insignificant. The permanent registration started on
solid media permanently, but the density of these signals is11.08.2006.
small and insignificant in comparison with the MRP density  The series of similar signals (trains) appeared in the hydro-
in the EQ preparation stage. The MEQ's were not observedycoustic channels (Fig. 5) starting from 16.08.2006. The first
in this series of observations. train appeared at 18:57:05.5 (hereafter, UTC), i.e., 21:22:40

The fourth series of HA observations. On August 2006 before the EQ start. 17 August after 05:13:04 (i.e. 11:6:03
we carried out an experiment in which we established for thebefore the main shock) the signals of this type were no longer
first time a scheme of integrated (operative and long-termyecorded. In the subsequent records, 243 trains of simi-
earthquake forecast based on the hydro-acoustic and seismliar signals were distinguished. The number of signals in
data obtained during field measurements in the region of thehe train varied in a broad range (from 7 to 130). No sig-
expected event (Levin et al., 2007). While analyzing the spa-ificant changes were observed at this time in the seismic
tiotemporal EQ distribution in the southern part of Sakhalin channels. The earthquake (Mb = 5.6, coordinates of the epi-
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01 Fig. 6. The sketch of the SAS evolution in the EQ preparation zone.
ﬂf b) signals can indicate that the earthquake preparation is in the
critical stage.
04— Thus it was shown that the critical stage of the EQ prepa-
: ration continues a few tens hours and this process has a hi-
02— erarchical nature. At first time the micro-ruptures occur over
a large area. Then the high frequency radiation begins to
e decrease, the SAS emission area begins to shrink, and the

2000 4000 6000 8000 10000 12000 micro-earthquakes occur in the area surrounding the epicen-
ter of the preparing EQ. The obtained results are in close
Fig. 5. Series of signal trains recorded by the HA channel of the agreement with theoretical conception about the appearance
station. The fragmena) shows the compressed record (duration and the evolution of the SAS in the surface dilatant zone and
02:53:20) with the series of signal trains. The fragm@jtshows  resylts of laboratory experiments on rock sample destruction.
one train of signals from the presented series (duration 50s). The
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