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Abstract—Data from the literature were used to systematize intermediate-term (with advance times of
1 month to ~2.5 years) precursors to the M > 6.6 Kamchatka earthquakes of 1987-2004. The precursors were
observed as changes in seismological, geodetic, geophysical, water-level, and hydrochemical parameters.
Retrospective assessment of the information content in these intermediate-term precursors for earthquake
prediction is in progress. The focus was on estimating the occurrence times of various precursors as functions
of earthquake parameters (magnitude M, hypocentral distance R, and epicenter location). In the conditions
of the Kamchatka observing network, precursors can be identified by a combination of methods, mostly

before M ~ 7 earthquakes or greater south of the Kronotskii Peninsula, for which M/logR > 3. It is shown
that the relative proportion of earthquakes for which precursors have been identified in the observations con-

sidered here is 0.43—0.86.
DOI: 10.1134/S0742046310040019

INTRODUCTION

Multidisciplinary geophysical observations have been
conducted in Kamchatka for several decades in the search
for precursors to large earthquakes. Detailed seismologi-
cal observations have been conducted since 1961 and geo-
dimeter, hydrochemical, and water-level observations
have been conducted since the late 1970s. In the 1990s,
the observations continued to grow in diversity, but most
observation sites were concentrated in the Petropavlovsk
Test Area (Fig. 1). At present the work in the test area is
concerned with the search for earthquake precursors
using approximately 20 methods [3]. The assessment of
earthquake hazard in the form of long-term, intermedi-
ate-term, and short-term forecasts is carried out by spe-
cialized expert councils on earthquake prediction based
on results from multidisciplinary geophysical monitoring
[3, 6, 7]. Nevertheless, the information on the precursors
that are being identified in real time is largely nonpublic,
while the amount of data on the precursors of large Kam-
chatka earthquakes for most kinds of observation that is
generally accessible is rather limited. As well, most pub-
lished studies that deal with the precursors to Kamchatka
earthquakes that have been identified in various fields of
the Earth consider the relationships of precursors to com-
paratively small seismic events, with magnitudes 5—6 at
the most, but the prediction of such events is mostly of
academic interest, since such earthquakes do not cause
catastrophic impacts on the population and the environ-
ment.

At the same time, there are several precursors that are
observed over time intervals of a few years to a few tens of
days before large (M > 6.6) Kamchatka earthquakes in
1987—2004, showing that the earthquakes are amenable
to intermediate-term prediction, whose practical signifi-
cance is in estimating the time of earthquake occurrence
with advance times that allow the necessary preventive
scientific and social measures to be taken. It is assumed
that intermediate-term earthquake prediction can be
developed by examining the precursors seen in various
terrestrial fields, whose times of manifestation and ampli-
tudes are connected through empirical relationships with
the magnitude and location of a future earthquake [15].
Up to now however, such relationships for individual
methods have either not been determined or are of limited
use for practical earthquake prediction work.

The present study uses literature data to carry out a ret-
rospective assessment of the information content for
intermediate-term precursors contained in changes of
several seismological, geodetic, geophysical, and hydro-
logic parameters for the prediction of large (M > 6.6)
Kamchatka earthquakes that occurred during the period
1987—2004 and were accompanied by shaking in conti-
nental areas of Kamchatka with intensities of at least [V—
VII on the MSK-64 scale. The choice of the precursors
we consider was governed by the existence of research
publications that are available to the general public and
that report detailed data on the precursors identified dur-
ing periods of many years, with a description of the pre-
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Fig. 1. Map of 1987—2004 M > 6.6 earthquake epicenters (identification numbers of the earthquakes correspond to those in
Table 1) and observation sites (the square encloses the Petropavlovsk Test Area). Insets: (a) the Petropavlovsk Test Area and obser-

vation sites, (b) geodimeter lines measured from the Mishennaya Observatory [1], (c) map position of the RTL anomaly preceding
the March 2, 1992 earthquake [9].

(1) data acquisition and processing center in the town of Petropavlovsk-Kamchatskii (a), (2) earthquakes with M/logR > 3,
(3) earthquakes with M/logR < 3, (4) radio telemetry seismic stations, (5) GPS sites, (6) Mishennaya Observatory (a), (7) obser-
vation sites for monitoring groundwater chemical composition (a), (&) observation wells where water-level variations are mea-
sured (a), (9) sites where HFSN is observed (a), (/0) rupture zone of the Kronotskii earthquake (December 5, 1997, My, 7.8).

cursors and estimates of the times the precursors were  the number of precursors, the time of precursor appear-
observed before specific earthquakes. In order to estimate  ance, and earthquake parameters: magnitude M and the
the information content of precursors, we systematized ~ M/logR ratio, where R is the hypocentral distance to the
the precursor data and analyzed the relationship between  town of Petropavlovsk-Kamchatskii (km) situated at the
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Table 1. Data on M > 6.6 earthquakes occurring in 1987—2004 (as reported by the KB GS RAS, GS RAS, and NEIC)
Row#| Dae | 1M nggtf‘%"" Loé‘egg‘f‘g‘e’ Depth. | Class Kg | R, km | My NEIC | M/logR 01?%31%%4
1 1987.10.06 | 20:11:36| 52.86 160.23 33 14.1 120 6.6%* 3.17 4—5 PET
2 1992.03.02 | 12:29:39| 52.76 160.20 20 14.6 110 6.9 3.38 5—6 PET
3 1993.06.08 | 13:03:37| 51.20 157.80 40 15.0 210 7.5 3.23 5SPET
4 1993.11.13 | 01:18:07| 51.79 158.83 40 14.6 140 7.0%% 3.27 5—6 PET
5 1996.01.01 | 09:57:46| 53.88 159.44 0 14.3 110 6.9%* 3.38 4—5 PET
6 1996.06.21 | 13:57:06| 51.27 159.63 2 13.9 210 7.0 3.01 3—5PET
7 1996.07.16 | 03:48:25| 56.00 165.05 40 13.4 540 6.6 2.42
8 1997.12.05 | 11:26:51| 54.64 162.55 10 15.5 200%* 7.8 3.39 5—6 PET
9 1998.06.01 | 05:34:03| 52.81 160.37 31 13.8 120 6.9 3.32 4-5PET
10 1999.03.08 | 12:25:43| 51.93 159.72 7 14.3 140 7.0 3.26 4—6 PET
11 2003.06.16 | 22:08:02| 55.30 160.34 190 14.7 340 6.9 2.73 3—4 PET
12 2003.12.05 | 21:26:14| 55.78 165.43 29 14.8 540 6.7 2.45 2—3 PET
13 2004.06.10 | 15:19:55| 55.68 160.25 208 14.9 380 6.9 2.68 3—4 PET

Notes: * Distance to the center of the earthquake source zone, ** Mg magnitude as reported by GS RAS, Obninsk, PET stands for the town

of Petropavlovsk- Kamchatskii.

center of the Petropavlovsk Test Area. The quantity
M/logR is used as a parameter that characterizes the
intensity of precursory processes, with due account of the
distance between the epicenter and the center of the test
area.

DATA SET AND METHODS OF STUDY

We consider the precursors of 13 M = 6.6—7.8 earth-
quakes that occurred in 1987—2004. The epicenters and
the basic data can be found in Fig. 1 and in Table 1. Tivelve
of the thirteen are interplate events that occurred in the
crust and upper mantle during interaction between the
Pacific plate and the continental Sea-of-Okhotsk and
Bering Sea microplates. Such earthquakes are confined to
the volume of the dipping seismic zone that plunges under
the continent. Earthquake 5 (Table 1) occurred in the
continental volcanic area and was accompanied by an
eruption on Karymskii Volcano and an underwater erup-
tion in the Akademii Nauk caldera.

This study is based on publications dealing with five
kinds of observation (geodimeter measurements [4, 11],
hydrogeochemical [8, 18, 19], water-level observations
[5], the RTL method [9, 16, 17], and the HFSN (high-
frequency seismic noise) method [10, 12, 13, 14]).

Our chosen quantitative parameter for precursory
anomalies was the time (duration) of their appearance 7,
this was estimated as the length of time between the start
of an anomaly and the earthquake occurrence time.

Based on geodimeter measurements of the lengths of
lines conducted from the Mishennaya Observatory in
1979—1998 (Figs. la, 1b), the precursory anomaly was
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taken to be a baylike shortening, which indicates the hor-
izontal contraction of the test area [1]. Such contraction
bays are related by the authors of [4, 11] to the precursory
periods of earthquakes 1, 2, and 8 (Table 1). The duration
of this precursor varied between 8—9 and 24 months.

Based on hydrogeochemical observations, the charac-
teristic precursor was taken to be a decreased concen-
tration of chlorine ions in the water of well GK-1 at the
Pinachevo station (Fig. 1a). The authors of [8, 18, 19]
estimate that the duration of this precursor before six
large Kamchatka earthquakes of 1987—2003 was 1.5—
9 months.

Based on observations of water level in well EI
(Fig. 1a) from 1987 to March 1998, the precursor was
taken to be a water-level drop at a rate of at least
0.06 cm/day during a few weeks to a few months [5]. The
duration of this precursor before six large earthquakes of
the seven that occurred during the period of continuous
observation varied between 5 and 36 weeks.

Based on the variations of the RTL predictive param-
eter, the precursor is taken to be its baylike change [9, 16,
17]. The RTL parameter is calculated from data of the
Kamchatka regional earthquake catalog, which is
routinely produced by the Kamchatka Branch of the
Geophysical Service (KB GS) of the Russian Acad-
emy of Sciences (RAS). Calculations of the RTL
parameter are based on data for earthquakes with
energy classes 13 > K > 9 at depths of 30—100 km in
areas with a radius as great as 100 km from the epi-
centers of earthquakes 1 through 13 (Table 1). A
decrease and a subsequent increase in the RTL
parameter indicate the successive alternation of qui-
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Table 2. Composition and time of appearance of precursors before M > 6.6 earthquakes (Table 1)

Precursor duration by methods considered T
Row # Earthquake | RTL method, months HFSN meth- [Variation in concentration| Geodimeter
date Water-level drop | od, Nachiki | of chlorine ionsin well | observations
after after in well E1 [5], weeks| station [10, | GK-1 at Pinachevo sta- [3, 10],
[16, 17] [9] 12—-14], days |tion [8, 18, 19], in months| in months
1 1987.10.06 5 5 6.5-7 8-9
2 |1992.03.02 ~5 6 9.5 ? 9 8-9
3 11993.06.08 ~13 10 36 34 1.5
4 |1993.11.13 ~12 15 12 ? 1.5
5 11996.01.01 14 n.d. 28 3
6 |1996.06.21 11 14 23
7 11996.07.16 6
8 |1997.12.05 ~31 24 ? ~35 5-6 ~24
9 11998.06.01 25
10 | 1999.03.08 27
11 | 2003.06.16 41
12 | 2003.12.05
13 | 2004.06.10 ~7 48

Note: ? precursor has been identified, but there are no data on its duration; n.d. means “no data.”

escences and foreshock activations in the source area
of the future earthquake.

The duration of precursor occurrence based on the
RTL parameter was estimated from the data of two
sources. Sobolev [16, 17] gives calculations of the RTL
parameter until the 1990s. The anomalies that were iden-
tified are only compared with the larger earthquakes (2—4
and 8 in Table 1). Sobolev’s estimates [ 16, 17] give M>7.0
for these earthquakes.

Kravchenko [9] gives maps of the spatial positions and
estimated durations of the RTL anomalies for the depth
range 30—100 km prior to the M > 6.0 Kamchatka earth-
quakes of 1980—2003. The present study estimates the
duration of that precursor (5—31 months) from the time
that the RTL parameter reaches its minimum until the
occurrence time of the earthquake [9, 16, 17]. The rela-
tionship between the time of precursor appearance 7'and
earthquake parameters was estimated for each of the two
options separately. When estimating the number of pre-
cursors N before earthquakes (Table 1) with the RTL
parameter taken into account, we used data from both
sources, i.e., the method was considered as a single one.
Since both options for calculating the RTL parameter
yield consistent results, this approach is justified.

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol. 4

The HFSN method is based on the study of variations
in the phase of the high- frequency seismic noise compo-
nent related to the action of the O, tidal wave [10, 12—14].
A characteristic feature for the precursory process of a
large earthquake is phase stabilization at some level during
at least 3 weeks. For the earthquakes we considered here
(Table 1) the precursor duration is 23 to 48 days.

For each earthquake we determined the content and
time of precursor appearance (7) using the five methods
considered here (Table 2). Figures 1c and 2 give one
example of precursory anomaly appearance before the
March 2, 1992, M,, = 6.9 earthquake. Before that event
the duration of precursory variations by the methods
under consideration varied between 1 and 9 months. As
the occurrence time of the earthquake approached, the
number of methods that revealed precursors did so too; as
well, the number of observation sites where the anomalies
were recorded was gradually increasing and reached the
maximum approximately a month before the event. The
best-pronounced anomalies were seen in variations of the
concentrations of components in the chemical composi-
tion of underground water and gases in the flowing well
GK-1 at the Pinachevo station and well 1 at the
Moroznaya station (Fig. 1a) [8].
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Fig. 2. Observed precursors before the March 2, 1992 My, = 6.9 earthquake; R is the distance to the Test Area center. Grey hor-

izontal bars mark the intervals of precursor observation.

For earthquakes with a parameter measuring the
intensity of seismic excitation M/logR > 3, the number
of methods for which precursors were seen varies between
three and five. The only exceptions are two events, June 1,
1998 and March 8, 1999 (Table 1). The first of these was
preceded by a precursor based on HFSN data only and
the second by that identified by the RTL parameter
(Table 2). These two events occurred 6 and 15 months

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol. 4

after the great Kronotskii earthquake of December 5,
1997. For this reason it may be supposed that the precur-
sory processes occurred upon the background of postseis-
mic variation.

For earthquakes where the parameter of intensity of
seismic excitation M/logR < 3 the number of methods
that revealed precursors varied between zero and two. It
should be noted that all these earthquakes occurred north
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Fig. 3. The number of precursors N detected by the meth-
ods considered here as a function of earthquake parame-
ters M (a) and M/logR (b): (I) earthquakes with
M/logR > 3, (2) earthquakes with M/logR < 3. r is sam-
pling correlation coefficient and p Spearman rank corre-
lation coefficient.

of 55.0° N (Fig. 1). Consequently, the decrease in the
intensity of seismic excitation M/logR was largely caused

by the comparatively great epicentral distances of these
earthquakes (R = 340—540 km).

Figures 3—5 show diagrams that characterize the rela-
tionship between precursor parameters (the number of
methods AN that revealed precursory anomalies and pre-
cursor time 7) and earthquake parameters (magnitude M
and the quantity M/logR). The diagrams in Figs. 3—5 are
based on data from Table 2.

The correlation analyses of the 7—M and 7—M/logR
relations for four methods are given in Table 3. The geo-
dimeter method was not considered because of the few
precursors identified (k = 3). The quantities that were
used to characterize the statistical relationship between
precursor time and earthquake parameters were chosen to
be the sampling correlation coefficient » (whenever its
value was equal to or greater than >|+0.5|) and the Spear-
man rank correlation coefficient p with statistical signifi-
cance P < 0.05 for sample sizes k > 4 [2].

Considering that some kinds of observation have data
for a limited time interval that is shorter than the period
1987—2004, we also used the ratio s = n/m to characterize
the relationship between earthquakes and precursors,
where 7 is the number of earthquakes with precursors
observed prior to it and m is the number of earthquakes
that occurred during the period of observation considered
here (Table 4).
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Fig. 4. Precursor time 7 as a function of earthquake mag-
nitude M: (a) the RTL parameter based on low-magnitude
events, (b) shortening of geodimeter lines, (c) water-level
drop in well El, (d) O; phase stabilization in HFSN
changes, (e) drop in chlorine concentration in well GK-1.
(1) earthquakes with M/logR > 3, (2) earthquakes with
M/logR < 3 (a, c, d), (3) M >7 earthquakes (after [16, 17],
(4) relationship trend for sampling correlation coefficient
r>0.5 and the Spearman rank correlation coefficient p at
significance levels P < 0.05 (a, ¢).
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RESULTS AND DISCUSSION

Figure 3 shows diagrams that characterize the rela-
tionship between the number of precursors N and earth-
quake parameters: magnitude M and the quantity
M/logR. Comparison of Figs. 3a and 3b shows that the
use of the M/logR parameter, which incorporates the dis-
tance between earthquakes and the center of the Petro-
pavlovsk Test Area, somewhat enhances the relationship
and increases the correlation coefficient » from 0.52 to
0.68, with the Spearman rank correlation coefficient
p increasing from 0.46 to 0.62. The tendency towards a
direct statistical relationship between the number of pre-
cursors NV and the earthquake parameters M and M/logR
indicates that the number of precursors N carries suffi-
cient information in intermediate-term terms for predict-
ing earthquakes that are larger and relatively “closer” to
the Petropavlovsk Test Area.

An analysis of the 7—M relations for individual meth-
ods indicates a direct relationship between precursor time
T and the magnitude of the subsequent earthquake, as
predicted by the RTL parameter, which is based on low
seismicity data (Fig. 4a), as well as for water-level drops in
well E1 (Fig. 4c). At the same time, there is no relation-
ship between the times of phase stabilization for the O,
component in HFSN changes and in decreases of chlo-
rine concentration in well GK-1 and the magnitudes of
subsequent earthquakes (Figs. 4d, 4e). This shows that the
precursor time for most of the precursors considered here
is not informative for estimating the magnitude of the sub-
sequent earthquake.

The use of the M/logR parameter, which incorporates
the distance of the earthquakes to the center of the Petro-
pavlovsk Test Area and to the relevant observation sites,
does not produce any significant improvement in the sta-
tistical relationship between the precursor times for indi-
vidual methods and the parameter in question. Its use
reveals an inverse relationship between the duration of O,
phase stabilization in HFSN changes and the M/logR
parameter (Fig. 5¢); no relationships between the precur-
sor times for the three other kinds of observation and the
parameter in question were detected (Figs. 5a, 5b, and
5d). This result indicates that the use of the precursor
duration parameter based on individual methods 7 can-
not furnish a simultaneous prediction of earthquake mag-
nitude and distance to the center of the Petropavlovsk Test
Area at present.

The relationship of precursors in the variation of
observable parameters and the Kamchatka earthquakes
(Table 1) that occurred during the observation time is
characterized by values of s = 0.38—0.75 (Table 4), that is,
precursors appeared before 38—75% of the large seismic
events.

If we consider only the larger earthquakes that
occurred comparatively close to the Petropavlovsk Test
Area (M/logR> 3, R=110—210 km) (Fig. 1), we find that
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Fig. 5. Precursor time T as a function of the parameter
M/logR: (a) shortening of geodimeter lines, (b) water-level
drop in well E1, (c) O; phase stabilization in HFSN
changes, (d) drop in chlorine concentration in well GK-1.
(1) earthquakes with M/logR > 3, (2) earthquakes with
M/logR < 3 (b, ¢), (3) relationship trend for sampling cor-
relation coefficient » > 0.5 and Spearman rank correlation
coefficient p at significance level p < 0.05 (c).

the relationship between precursors and earthquakes is
somewhat improved (s' = 0.43—0.86). This indicates that
the observing network in the Petropavlovsk Test Area is
mostly oriented toward detecting the precursors of large
earthquakes within that fragment of the Kamchatka
Benioff zone, which includes the southern Kronotskii
Bay, the Avacha Bay, and southern Kamchatka (about
51°—54°N).
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Table 3. Correlation analysis of how precursor duration 7' depends on earthquake parameters M and M/logR

RTL method | RTLmethod | HFSN method | 1YroChemical e, ey gbser-| ~ Geodimeter
after [9] after [16, 17] | after [10, 12—14] after [8, 18, 19] vations after [5] after [4, 11]
0.56 0.8 0.95
M r 9 9
P 0.62 1.0 0.94
n 9 4 7 6 6 3
r —0.67
M/logR
p
n 7 6 6 3

Note: ris the sampling correlation coefficient (values presented here are not below [£0.5]) and p is the Spearman rank correlation coefficient
(with statistical significance p < 0.05) for sample sizes k > 4 [2], n is the number of earthquakes preceded by precursors with identified

advance time.

Table 4. Estimates of the relationship between intermediate-term precursors detected by individual methods and the large

Kamchatka earthquakes of 1987—2004

RTL method RTL method HFSN Hydrochemical Water-level Geodimeter
after [9] after method after observations observations observations
[16, 17] [10,12-14] | after[8, 18, 19] after [3] after [4, 11]
Piralggrf’f;‘;f 1987-2003 | 1987—-1999 | 19922005 1987—2003 19871997 1987—1998
n 9 4 9 6 5 3
m 12 10 12 12 7 8
s=n/m 0.75 0.40 0.75 0.50 0.71 0.38
n' 4* 7 6 5 3
m' 6* 8 9 6 7
s'=n'/m' 0.67 0.86 0.67 0.83 0.43

Note: 7 is the number of earthquakes preceded by a precursor, m the number of earthquakes (Table 1) recorded during the time period under
consideration, #' the number of earthquakes with M/logR > 3 preceded by a precursor, m' the number of earthquakes with M/logR > 3 dur-
ing the time period under consideration, * the number of M > 7.0 earthquakes after [16].

CONCLUSIONS

(1) We have systematized the precursors identified by
five observation methods for the M 6.6—7.8 Kamchatka
earthquakes occurring in 1987—2004, determined their
content and time of appearance.

(2) Analysis of the relationships between precursor
duration T'and the magnitudes of subsequent earthquakes
indicates a direct statistical relationship between these for
the RTL parameter based on low-magnitude events and
for water-level drops in well E1. Looking at the relation-
ship between the time of contraction of geodimeter lines
and the magnitudes of subsequent earthquakes, one is
merely entitled to say that a tendency toward such a rela-
tionship exists (Fig. 4b). At the same time, no relationship
has been detected between the time of O, phase stabiliza-
tion in HFSN changes and drops in the concentration of
chlorine in the water of well GK-1 on the one hand and
the magnitudes of subsequent earthquakes on the other.

(3) In the conditions that prevail for the Kamchatka
observing network, precursors can be detected by a com-
bination of methods, mostly before magnitude 7 or

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY Vol. 4

greater earthquakes in areas south of the Kronotskii Pen-
insula (M/logR > 3). For such events we found a closer
relationship between the precursors identified by several
methods and earthquakes, with s reaching 0.43—0.86. At
the same time, the duration of these precursors, as well as
the very fact of their being identified, are not at present
sufficient to estimate the magnitude of a subsequent large
earthquake in and around the Petropavlovsk Test Area (in
the magnitude range 6.6—7.8).

(4) One important requirement for further develop-
ment of intermediate-term prediction of Kamchatka
earthquakes is to set up a publicly-accessible database on
intermediate-term precursors with detailed descriptions
of these involving all observation methods that have been
used.
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