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Summary

Seventh U.S.-Japan Earthquake Prediction Research Seminar:
Use of Real-Time Earthquake Information
for Hazard Warning.

by
Carl Kisslinger, Takeshi Mikumo, and Hiroo Kanamori

For the seventh time since 1964, a seminar on earthquake
prediction has been convened under the U.S.-Japan Cooperation 1in
Science Program. The purpose of the seminar was to provide an
opportunity for researchers from the two countries to share
recent prodgress and future plans in the continuing effort to
develop the scientific basis for predicting earthquakes and prac-
tical means for implementing prediction technology as it emerges.
Thirty-six contributors, 15 from Japan and 21 from the U.S., met
in Morro Bay, California, September 12-14. The following day they
traveled to nearby sections of the San Andreas fault, including
the site of the Parkfield prediction experiment. The convenors of
the seminar were Hiroo Kanamori, Seismological Laboratory, Cal-
tech, for the U.S., and Takeshi Mikumo, Disaster Prevention
Research Institute, Kyoto University, for Japan. Funding for the
participants came from the U.S. National Science Foundation and
the Japan Society for the Promotion of Science, supplemented by
other agencies in both countries.

The special theme for this seminar was the use of real-time
information in the formulation of warnings of impending earth-
quakes and associated hazards. The papers and lively discussion
ranged over the whole subject of earthquake prediction, from the
fundamental physics of earthquake processes to the interface
between science and society in the implementation of prediction
technology. Tom Heaton, USGS, who chaired the concluding discus-
sion session, summarized the principal topics as:

* seismicity sequences: foreshocks, aftershocks, and their rela-
tion to background seismicity.

* characteristic earthquakes.

* slip in subduction-zone earthquakes: where does it occur and
how does it relate to the accretionary prism, sediment thickness,
and other geological wvariables?

* non-seismological precursory anomalies: strain, geoelectrical,
and geochemical.

* the present capability to process and use real time data for
predictions and warnings, including tsunami warnings.

* the fundamental physics of instabilities and creep (which
couples back into all of the above topics).

Other topics that were addressed included new results from
geological studies of active faults, advances in seismic instru-
mentation and technology for remotely accessing centralized digi-
tal data bases, and the correlation of Bouguer gravity anomalies
with seismogenic zones and subsurface faults in Japan.

The earthquake prediction problem is treated on three time
scales: long-term (decades), intermediate-term (a few years), and
short—-term (a few weeks to a few hours). The work reported during
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the seminar supports the general outlook that the most promising
approaches to prediction, each applicable to one or more of these
time scales, are (1) geological studies of fault systems and pal-
eoseismological studies, (2) analysis of the time-dependent dis-
tribution of seismicity in space and time, (3) observations of
crustal deformation, which may be manifested by a variety of phe-
nomena {(uplift, +tilt, strain, gravity changes, etc.). Specific
precursory anomalies that might arise from changes in rock prop-
erties or ambient conditions as a major event approaches are
still being sought and tested.

Real-time Data Processing and Short-term Warnings

The capability to treat data in real-time and use the results
for warnings, the special topic of this seminar, pertains pri-
marily to short-term predictions, or even warnings that an earth-
quake has already occurred and that its effects (strong shaking,
tsunami) will arrive soon at places away from the source. Modern
data acquisition and computational systems have made real-time
processing of earthquake-related data a reality in both coun-
tries, though not yet in general use in either.

Locations, magnitudes, focal mechanisms and other source par-
ameters can be known within some tens of minutes after an event
from the analysis of data telemetered to a suitably equipped cen-
ter from either teleseismic stations or regional networks.
Broadband data from even a single station can yield important
(though not unique) results quickly.

The Japan Meteorological Agency (JMA) has installed a system
called Earthquake Phenomena Observation System (EPOS) that can
process 512 channels of seismic data and 512 channels of other
data (e.g., strain, tilt, sea-level) on an on-line real-time
basis. EPOS is used for tsunami warning and earthquake predic-
tion services. Recent tsunami advisories, a primary JMA responsi-
bility, were issued within about 7 minutes of the earthquake
occurrence. JMA is also responsible for the short-term prediction
of the expected Tokai earthquake. For this task, the Agency moni-
tors the data continuously and if anomalous changes are seen, the
Earthquake Assessment Committee will be assembled promptly.
Almost any data in EPOS, including real-time data, can be dis-
played on a large screen in the specially equipped room in which
the Committee meets. Thus, the Committee can quickly and effi-
ciently assess the situation on the basis of the most recent
observations.

Current seismic activity in the Tokal region has also been
monitored continuously by university seismograph networks. The
characteristic features of this seismicity, together with
examples of focal mechanisms, were discussed in detail.

The National Oceanic and Atmospheric Administration and the
U.S. Army Corps of Engineers are cooperating in a recently estab-
lished program to monitor portions of the Aleutian Trench with
high potential for tsunamigenic earthquakes with bottom pressure
recorders. The devices are capable of detecting the tsunami in
deep water and the data can be rapidly transmitted to the Pacific
Tsunami Warning Center, which has responsibility for warnings for
the Pacific basin.

The current capabilities and the potential applications for
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the real-time processing of data from the dense regional univer-
sity networks in several parts of Japan and in the southern Cali-
fornia region of the U.S. were described to the meeting. The typ-
ical Japanese university analysis system, which is linked to the
telemetered station network, automatically detects events, reads
the arrival times of P and S waves, and locates the events. For
example, the Tohoku University system locates about 9000 earth-
quakes per year. Reliability checks carried out by comparison to
manual processing and comparison of the resulting seismicity dis-
tributions with those mapped from earlier work have shown the
systems to be functioning very well.

The Southern California system is based on 250 telemetered
stations, operated Jjointly by the USGS and Caltech. Currently
about 15,000 events are located each year, with analysis com-
pleted within several days of real time. Systems under develop-
ment should allow near real-time locations in the future.

From the prediction viewpoint, the payoff from near real-time
processing comes from the ability to recognize anomalies that
might denote the imminence of a strong event and to formulate a
warning. The science has not yet had a full test of its capabil-
ity to do this, but mechanisms to try are in place in both c¢oun-
tries.

The prediction experiment at Parkfield, Califormnia is the
centerpiece of the current U.S. program. The project is designed
to determine if short-term precursors to an earthquake in the
magnitude 6 range can be detected and interpreted rapidly, to
enable the U.S.G.S. to make a closely timed prediction. The data
from many sensors in the Parkfield area are telemetered to Menlo
Park, where they are processed in almost real time. The exper-
iment is an attempt at practical implementation of the results of
much research during the past decade, and, if the results are
positive, it is a step toward the development of an operational
earthquake forecasting system. The observation and data handling
system described to the seminar will certainly provide excellent
data for research on earthquake processes, even if short-term
prediction turns out not to work for the next Parkfield earth-
quake. The criteria established for making decisions on various
levels of alert called for by the observations will also be
tested as the experiment progresses. Finally, the effectiveness
of the system established to communicate the prediction to the
government of California and of their response will also be
tested.

Many earthgquakes are preceded by foreshocks, but the identi-
fication of an event as a foreshock prior to the occurrence of
the mainshock has proven to be a difficult and elusive task. An
alternative approach that is being tried is to estimate the prob-
ability that, given the occurrence of a small-to- moderate earth-
gquake, a larger event will occur near the same place shortly
afterwards. This approach is a key element in the Parkfield plan,
based on what occurred during the previous two Parkfield earth-
quakes. Determinations of the spatial and temporal behavior of
foreshock sequences and the regional history of foreshock occur-
rence are being combined in an effort to do real-time estimation
of the increase of hazard implied by the occurrence of a moderate
event in parts of California. A study of past foreshock sequences
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has revealed that, after the largest foreshock has occurred,
these sequences decay in a manner very similar to aftershock
sequences.

The California Earthquake Prediction Evaluation Council has
developed a procedure for real-time, short-term predictions of
large (M>7.0) earthquakes in eight identified seismic gaps in the
state. The basis of the procedure is the assumption that every
M>6 earthquake within 50 km of four gaps in southern California
and every M>5 earthquake within 20 km of four gaps in northern
California are foreshocks to a M>7 mainshock, to occur within 5

days. The predictions are issued as earthquake "advisories". The
false alarm rate, judged from historical data, should be accept-
able from the viewpoint of public reaction. Problems to be

solved include the decision as to which gap will rupture when a
postulated foreshock occurs, and what to do about differences in
magnitudes for the same earthquake determined by different orga-
nizations.

A search for systematics among a large number of reported
precursors to Japanese earthquakes, based on many different types
of geophysical, geochemical and geodetic observations, yvielded a
suggested relation, for short-term precursors (less than 40
days), for the probability of occurrence of a strong earthquake,
given the observation of one of these precursors. Discussion
brought out the principal problem with evaluating the signifi-
cance of reported anomalies as true precursors. Many published
reports, especially early ones, do not provide a basis for criti-
cally evaluating the validity of the report or any information on
false alarms or failures to predict when the particular phenome-
non is used.

The limit of a short-term real-time warning system is one
that responds within tens of seconds of the occurrence of an
earthquake, to provide a reliable estimate of the location, ori-
gin time, and size, and then calculate the area at risk, while
the rupture 1is occurring. Signals from a network of instruments
deployed along a fault (which, of course, must be pre-selected as
having a high potential for a damaging earthquake), are monitored
to detect promptly that something has occurred. The signals are
used to track the rupture, locate the source, and estimate the
seismic moment release in real time as the event progresses.
Information that a potentially destructive event has occurred can
be transmitted quickly to critical facilities, so that systems to
limit or prevent damage can be actuated before the ground motion
reaches the sites. A prototype system has been designed and
tested on data from two recent California earthquakes and simu-
lated data for the great 1857 event by a group at MIT.

Prediction Research

The empiricism that characterized early prediction research
is no longer acceptable in either country. Much of the research
discussed at the seminar is directed toward gaining a fundamental
understanding of seismogenesis that is adequate for interpreting
observations of anomalies preceding earthquakes and the co-
seismic and post-seismic phenomena associated with strong earth-
quakes, as well as for designing future observation programs.
Results of studies of subduction zones ( a subject that has not
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figured prominently in the U.S. program), the San Andreas and
associated faults in California, and intraplate events in the
Japanese islands were presented and debated.

Geological investigations of active faults are one source of
essential information. A seismotectonic zonation for upper plate
events within the Japanese Islands, based on a geological inves-
tigation of the regional characteristics of active faults was
offered. Improvements in dating techniques have 1led to a more
precise chronology of earthquake ruptures on the southern San
Andreas fault. A shorter average interval for the most recent 10
events (131 years) has been found, but also a much greater var-
iability of the inter-event times. The finding that these events
tended to cluster in time, with long intervals between, rein-
forces doubts about the validity of using long-term average rates
for estimating the current seismic hazard for this fault. On the
other hand, the more precise dates increase the ability to corre-
late events between sites in efforts to evaluate the size of pal-
eoseismic events.

Detailed gravity surveys in Japan revealed evidence of stri-
ke-slip movements on a latent active fault, as well as correla-
tions between short wavelength negative Bouguer anomalies and
microearthquake activity in some regions.

Hot discussion was provoked by a paper on the role of the
accretionary prism and sedimentation rates on the distribution of
seismic slip in subduction zones. In many subduction settings, an
aseismic strip is observed to lie betweeh the intra-plate acti-
vity near the trench and the abundant seismicity in the main
thrust zone. The debate focussed on whether this aseismic sec-
tion can be explained as due to the presence of weak materials in
the accretionary prism above the downgoing slab in all known
cases.

The distribution of co~seismic fault slip can be estimated
independently from: (1) direct geological observations, (2) mod-
elling of geodetic observations, and (3) modelling of waveforms
recorded by seismographs. A U.S.G.S. study has 1looked at what
each of these approaches reveals about the true fault slip. They
have examined how the distributions, which often look quite dif-
ferent, can be reconciled, and how the combination can be used to
document the complexities of fault rupture.

The details of the spatial and temporal distributions of
earthquake sequences provide constraints on theoretical models of
earthquake processes. Pre-mainshock distributions have been
demonstrated to be a promising basis for intermediate-term pre-
dictions. Patterns observed prior to mainshocks and during the
aftershock sequences were described for all of the tectonic set-
tings mentioned earlier, with examples drawn from California, the
Aleutian Islands, and Japan.

Results from Japan are mainly based on regional JMA observa-
tions and partly on local observations by university networks.
Data from a number of large earthquakes around Japan support the
concept that pre-event seismicity may vary according to three
different patterns (quiescence, gradual increase, or concentrated
swarm), depending on the region. In addition, there 1is evidence
that variations in the long—-term rate of seismicity observed con-
currently in different regions might be attributed to slight
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changes in tectonic stress.

During discussions of case histories from northern and cen-
tral California and from the central Aleutians, the participants
seemed to accept the evidence that clusters of aftershocks tend
to occur in the same places as clusters of events during the pre-
mainshock period, and that this behavior is closely tied to the
concept of a "characteristic earthquake". Rates of decay of
aftershocks with time are being studied for possible ways in
which to predict strong aftershocks in real time, as well as for
the information these rates may contain about fault zone proper-
ties.

The rate of decay of the seismic signal recorded at local or
regional distances is measured by an attenuation parameter called
"coda Q". Temporal variations in coda-Q have been tested in vari-
ous settings as a precursor. Recent work shows that the distribu-
tion of attenuation measured this way correlates well with seis-
micity, being low (high Q) in tectonically stable regions and
high in young active areas. The temporal correlation is more com-
plex, with cases of both higher and lower attenuation prior to a
mainshock having been detected. The <c¢lustering of fractures
before a mainshock may explain coda-Q changes, as well as seis-
micity precursors of wvarious kinds.

The capability to determine rapidly the source parameters of
large numbers of moderate to strong earthquakes, globally dis-
tributed, from broad-band digital seismograms has been put into
routine use in the past few years. The large data base, contain-
ing consistently determined focal mechanisms, is valuable not
only for general geodynamics research, but also for studies
directed towards intermediate-term prediction.

Crustal deformation observations have been a key element in
the Japanese prediction program from its beginning. Elevation
changes observed on the Boso and Miura Peninsulas since 1923 have
been interpreted in terms of subduction processes. This effort at
"peninsula tectonics" suggests a periodic modulation of the secu-
lar variation, with a period of 19-20 years, and short-period
variations related to time-dependent subduction processes. About
100 crustal deformation observatories use a variety of strainme-
ters and tiltmeters to monitor 2zones of seismotectonic impor-
tance. The data are telemetered to the Earthquake Prediction Data
Center at the Earthquake Research Institute, University of Tokyo.
Data showing the subsidence of Omaezaki in the Tokai district
since 1976 and uplift of the northeast sector of the Izu Penin-
sula since mid-1980 were displayed as products of levelling data
analysis.

Work on non-seismological precursors to earthquakes, reported
by Japanese participants, places more emphasis on fundamental
studies than on correlations of anomalies with subsequent earth-
quakes. The investigation of resistivity, electrical potential,
and geomagnetic anomalies in the neighborhood of faults are being
carried out in an effort to clarify the role of ground water in
earthquake processes and 1in accounting for geoelectromagnetic
changes that have been observed prior to some earthquakes.

Geochemical precursors, especially changes in radon concen-
tration in groundwater, have been controversial and poorly under-
stood (and often suspect) phenomena for a long time. No U.S.
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research on this topic was reported. One of the problems has
been that observations at two sites at about the same distance
from an epicenter might show an anomaly at one and not the other.
Evidence of co-seismic and pre-seismic changes in radon concen-—
tration in a well or in soils on active faults in northeastern
and southwestern Japan was presented. The observation of co-
seismic changes in the well is not only interesting in itself,
but the absence of any significant radon changes at another well
about 50 km away on the same fault shows that, indeed, some wells
are more sensitive than others to whatever produces the radon
fluctuations. Such observations seem useful for identifying the
best wells to use for future tests of the radon precursor
hypothesis.

Fault Physics and Instrumentation Development

Although many of the observational studies reviewed in the
seminar have produced results that are important for understand-
ing earthquake processes, few new theoretical results and no new
laboratory findings were included. Two U.S.G.S. papers considered
fundamental aspects of faulting. One of these examined the role
of fault creep, with emphasis on how creep acts to redistribute
and concentrate stress around the strong points on the fault that
ultimately fail to produce earthquakes. From the prediction view-
point, an important conclusion is that intervals of time during
which aseismic fault slip occurs should be regarded as periods of
enhanced probability for an earthquake. The other study is part
of a continuing effort to develop a comprehensive theory of
earthquake nucleation, one that will account for the time depen-
dence of foreshock and aftershock occurrence, as well as inter-
event times of mainshocks. An important suggestion from the work
is that the duration of aftershock sequences are directly related
to the recurrence time of mainshocks, a result that is supported
by the data shown.

Development of new instruments is important for future prog-
ress in the two national prediction programs. The National
Research Laboratory for Metrology, Tsukuba, has developed a
facility for comparative performance tests of devices for geod-
etic measurements. Results from two years of operation of a laser
extensometer and a laser distance measurement instrument in a
specially prepared tunnel showed the close correspondence of the
two, to within a few microstrains, but with an unexplained phase
shift of about 48 days between the two sets of measurements. The
multi-channel portable field unit that has been developed for the
PASSCAL program of the Incorporated Research Institutions for
Seismology was described and displayed.

Research on the social, economic, and political consequences
of earthquake predictions has been underway in the U.S. from the
earliest days of the prediction research program. A review of
findings during the past 15 years revealed that long-term and
short-term predictions, while eliciting different public
responses, are not likely to have serious impacts on the target
communities. Intermediate—-term predictions (a few years) may
have negative economic impacts, as well as positive effects.
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Future Plans

Plans for future prediction research efforts were discussed
for the U.S. by R.L. Wesson, U.S.G.S., and for Japan by K.
Otake, Geographical Survey Institute. The Sixth Earthquake Pre-
diction Plan of Japan was presented to the Government very
recently. The plan calls for a comprehensive program, in which
observations and analysis will continue for specified Areas of
Intensified Observation, with expanded efforts in both long-term
and short-term prediction. The effort is to be supported by a
variety of fundamental research studies, instrumentation develop-
ment projects, and work on the prediction system.

The U.S. Five Year Plan, 1989-1993, for the National Earth-
quake Hazards Reduction Program was in the late stages of prepa-
ration at the time of the seminar. Therefore, a less specific
program plan was outlined. Instead "likely candidates for
increased emphasis" during future years were put forward. These
include: geologic and seismologic studies for long-term predic-
tion, geodetic measurements, borehole observations, rheoclogy of
faults zones, combined use of short-period and broad-band net-
works, and computer modelling of earthquake processes.

The participants came away from the seminar with a general
feeling that, while there 1is very much work still to be done,
especially on short-term predictions, much progress has been
achieved in both national programs. Above all, there is no doubt
as to the value to both countries of these more-or-less regularly
scheduled opportunities for representatives of the active
research communities to come together in a relaxed atmosphere,
conducive to thorough airing of progress and problems.

Those contributing to the seminar were: K. Aki (University of
Southern California), H. Aoki (Nagoya University), W.H. Bakun
(USGS), E.N. Bernard (NOAA/PMEL), A. Dainty (MIT), J.H. Dieterich
(USGS), A.M. Dziewonski (Harvard University), W.L. Ellsworth
(USGS), J. Fowler (IRIS), F. Gonzalez (NOAA/PMEL), R.E. Habermann
(NOAA/NGDC), Y. Hagiwara (University of Tokyo), K. Hamada
(National Research Center for Disaster Prevention), A. Hasegawa
(Tohoku University), T.H. Heaton (USGS), H. Ishii (University of
Tokyo), D. Johnson (NSF), L.M. Jones (USGS), H. Kanamori {(Cal-
tech), Y. Kinugasa (Geological Survey of Japan), €. Kisslinger
{University of Colorado), K.C. McNally (University of California,
Santa Cruz), T. Mikumo (Kyoto University), D. Mileti (Colorado
State University), K. Mogi (University of Tokyo), T. Oh'ishi
(National Research Laboratory of Metrology), K. Otake (Geographi-
cal Survey Institute), Y. Okada (National Research Center for
Disaster Prevention), K.E. Sieh (Caltech), L.R. Sykes (Columbia
University), M. Tanaka (Geographical Survey Institute), W.R.
Thatcher (USGS), K. Tsumura (JMA), H. Wakita (University of
Tokyo), R. Wesson (USGS), T. Yukutake (University of Tokyo).
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Opening Remarks by Mr. Kazuhiko Otake

It is my great pleasure to have an opportunity to greet you at the 6th Joint Meeting of
the U.J.N.R. Panel on Earthquake Prediction Technology here in Menlo Park.

On behalf of the Japanese members and their guests, I would like to convey my
gratitude to Dr. Wesson, the chairman of the United States U.J.N.R. Panel, and the Panel
members for inviting us to the meeting.

The panel was established in 1979 under the agreement between the two countries,
with the aim to work jointly towards the improvement of earthquake prediction technology,
and the current meeting marks the sixth, based on mutual understanding and efforts. At the
last joint meeting, many subjects were discussed, including the Parkfield earthquake
prediction experiment. Since then, various exchanges in research projects and a very active
extensive exchange of information have been in progress, including the laser ranging and
VLBI experiment between the two countries.

In Japan, after the last joint meeting, the 1986 eruption of I1zu-Oshima Volcano at its
summit crater occurred on November 15. By the fissure eruption on both the caldera floor
and the flank of the main cone, all the habitants were evacuated from the island. This
evacuation lasted about one month. The Japanese Government made an emergency plan to
establish a monitoring and observation system on the volcanic activity, for judging the
safety of the return of the people to the island. Fortunately, there was no human damages.

Concerning the earthquakes, middle class deep earthquakes occurred off the east
coast of Chiba prefecture (M6.7, d=58 km) on December 17, 1987 and in eastern Tokyo
(M6.0, d=100 km) on March 18, 1988. The east coast of Chiba prefecture suffered from
liquefraction failure and other damages by the earthquake. From this experience, it was
considered essential to also prepare a detailed land use plan from the viewpoint of disaster
prevention.

Needless to say, earthquake prediction is extremely important for reducing the loss of
life and property in Japan due to earthquake hazard.

Under these circumstance, the Sixth 5-year Earthquake Prediction Project of Japan
was authorized by the Geodesy Council in July 1988, which will be in effect April of
1989. In this project, the following points are emphasized,

(1) Since high accuracy in prediction of the time of the occurrence is rather more important
than that of location and size for long and short range prediction, the main theme on
prediction of earthquakes is shifted from "development and research” to "observation
and research”.

(2) Concerning observation and research, with respect to earthquake prediction of the
inland type originating directly beneath the Metropolitan and Urban areas, telemetering
system improving the routine monitoring system and research on the mechanism of
premonitory phenomena are strongly promoted for short range predition. However,
there are many problems which must be solved, especially in the Metropolitan area.

(3) For this purpose, intensive observation and research in the specified test fields with
high priority is carried out. As an example, the area near the northern Sagami trough
has been selected not only from the viewpoint of being a very important subject area but
also because of the fact that it was specified as a test field with high priority.
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(4) Application of space techniques to prediction research including GPS, VLBI, laser
ranging and use of telecommunication satellites for transmission of monitoring data.

This Joint Meeting is the first meeting which is held under the joint auspices of the
7th U.S.-Japan Seminar on Earthquake Prediction. I believe that the papers presented will
significantly contribute to earthquake prediction technology in the world.

Lastly, I would like to express our hearty gratitude to Dr. Wesson and the U.S. panel
members, including the seminar convener in making all necessary preparations for the
meetings.

I would like to introduce the members of the Japanese Panel and guests. The
members attending are Dr. Kazuo Hamada of the National Research Center for Disaster
Prevention, Dr. Minoru Tanaka of the Geographical Survey Institute, Dr. Tadanao Oh'ishi
of the National Research Laboratory of Metrology, Dr. Yoshihiro Kinugasa of the
Geological Survey of Japan, and I am from the Geographical Survey Institute.

Japanese Panel members have traditionally been affiliated with government agencies.
However, in view of the fact that important observations and research are also in progress
in the academic field, I welcome with great pleasure Prof. Takeshi Mikumo of Kyoto
University, who was the convener of the Japanese members for the 7th U.S.-Japan
Earthquake Prediction Seminar, and Prof. Harumi Aoki of Nagoya University, who was in
charge of summarizing the Sixth Earthquake Prediction Plan of Japan. Our other guest is
Dr. Yoshimitsu Okada of the National Research Center for Disaster Prevention.
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Regional Variation in the Seismicity Before Large Shallow Earthquakes
Kiyoo Mogi

Earthquake Research Institute, University of Tokyo, Tokyo, Japan

The seismicity before and after large shallow earthquakes around the
Japanese islands is examined systematically based on the revised JMA
earthquake catalog (1982) and the Seismological Bulletin of JMA until the
present time. In this paper, the seismicity pattern leading up to the
principal shock was compared with the aftershock region, which is
considered to be the focal region of the main shock.

The method used in this paper is as follows: Epicentral distribution
of earthquakes for each year was obtained for a rather long time span,
and the changes were observed. Next, similarly patterned periods were
combined in several pages of maps and finally refined to a few maps
showing the changes in seismicity pattern as simply as possible. In the
subduction zones, earthquakes of focal depth less than 80 km were plotted,
while earthquakes shallower than 40 km were plotted in other regions.

As the rupture zones of major earthquake, the most widely used method is
to plot the region of aftershocks immediately following the main shock,
usually for one day after. However, since the earthquakes under study in
this paper are relatively large (M 4-5), the number of aftershocks is low
in some cases, making it difficult to express the rupture region of the
main shock. Considering this difficulty, the aftershock region was
obtained from the distribution of aftershocks plotted for a two-day period
following the main shock in this paper. This is, for all practical
purposes, the same as plotting aftershocks within one day after the main
shock. A comparison was made of the aftershock region immediately
following the main shock and the seismicity pattern preceding the large
earthquake.

The results show a variety of differences in the change of seismicity
patterns over time. These different cases can be classified into three
types (A, B, C) (Figure 1). In Type A, seismic activity becomes very low
prior to a large earthquake in its focal region (creating a seismic gap of
the second kind). In Type B, a seismic quiescence in the focal region is
not observed before a large earthquake, and seismic activity rather
increases gradually in the focal region and its vicinity. In Type C,
seismic activity increases steadily without a predominant principal
earthquake ever occurring, i.e. a swarm pattern.

Locations of these three types of earthquakes are shown in Figure 1.
The results of this study show the close relationship between differences
in seismicity pattern prior to large earthquake and the submarime
topography. Type A earthquakes occur where the submarine topography is
quite simple, Type B earthquakes where it is complex, such as in a
subduction zone disturbed by oceanic ridges or active tectonic lines, and
Type C earthquakes where seamounts subduct beneath the continental plate
at the deep sea trench, creating very complex submarine topography. Where



the submarine topography in the focal region is simple and flat,
earthquake fault surface might be relatively homogeneous; where the
submarine topography is more complex, the fault itself is also more
complex. Thus, it is deduced that the differences in seismicity patterns
among these three types is due to the irregularity of their faults.

As an example of Type A, the case of the 1973 Nemuro-hanto-oki
earthquake is shown in Figures 2, 3, and 4. This earthquake occurred off
the southern coast of the Nemuro Peninsula, Hokkaido, on June 17, 1973.
This earthquake was of the low angle thrust type (Shimazaki, 1974), and
its magnitude was M 7.4, Mw 7.8. Figures 2a, b, and c show the
epicentral distributions of earthquakes of M 5.0 or larger before the
large earthquake in the region, while Figure 3 shows the location of the
main shock and the distribution of aftershocks in the two-day period
immediately following. For the seven-year period of 1952-1958 shown in
Figure 2a, seismicity within the aftershock region was high. For the next
7-year period shown in Figure 2b (1959-1965), seismic activity was low in
the southern half of the aftershock region, but remained active in the
northern half. However, from 1966 until the main shock occurred on June
17, 1973 (a period of 7.5 years) seismic activity within the aftershock
region became very low and the surrounding region was active (Figure 2c).
In this case, the area of the seismic gap is practically the same as that
of the aftershock region.

Utsu (1972) pointed out that seismic activity prior to the Nemuro-hanto-
oki earthquake was low for the period from 1961-1970. The seismic gap he
described is larger than the one indicated here, with a slightly more
southerly position and so somewhat differenet from the aftershock region of
this earthquake. This difference is due to the difference in period
observed (his being 1961) and illustrates the importance which must be
given to the selection of observation periods.

In Figure 2c, the quiescent region, just west of the aftershock region
of the 1973 earthquake, can be recognized. This corresponds to the rupture
zone of the 1952 Tokachi-oki earthquake of M 8.2.

In summary, a clear precursory seismic quiescence appeared before this
earthquake from 1966 and the quiescent region corresponds closely to the
aftershock region. This is a clear case of Type A. The submarine
topography in the focal region of this earthquake shown in Figure 4 is very
simple.

As an example of Type C, the case of the Ibaraki-ken-oki earthquakes is
shown in Figures 5 and 6. Figures 5a and b show the epicentral
distribution of the earthquakes (1960-1961) off the east coast of Ibaraki
prefecture, Honshu. In the Ibaraki-ken-oki region, activity including
earthquakes of M 6 ~7 has occurred repeatedly, showing the swarm type
pattern wherein seismicity builds gradually until a peak is reached, then
decreases gradually. A tendency for activity to concentrate along a belt
running NW-SE can be seen. Figure 6 shows the submarine topography in
this region, in which the axis of the Japan Trench is indicated by a solid
line. 1In this figure, we find several seamounts east of the trench and a
very complicated configuration of the sea bottom to the west. One seamount
in particular, the Kashima First Seamount indicated by a thick arrow,
breaks down at the trench axis. It is deduced that this seamount is
subducting beneath the Eurasia Plate as the Pacific Plate moves (A. Mogi



and Nishizawa, 1980). The complexity of the sea bottom configuration of
the landward side is most probably caused by seamounts similarly
subducting beneath the land. The region where seismic activity is high
runs northwest from the area where it is thought that seamounts are being
pushed under the upper plate. This is the same direction as the movement
of the Pacific Plate itself.

The results are summarized in Figure 1 and Table 1. In Figure 1, Type
A earthquakes are indicated by solid circles, Type B semi-solid and Type C
by open circles. Simplified structural characteristics are also shown.
Figure 1 clearly shows that almost every earthquake of M 7.5 or larger
around the Japanese islands has been of Type A. The appearance of a
seismic gap of the second kind is therefore a fairly common phenomenon, and
can be helpful for the long-term prediction of earthquakes.

Finally, a hypothesis is presented explaining the mechanism of these
different seismicity patterns prior to a large earthquake.

In the case of Type A, the fault surface is generally even, with small
undulations. In the initial stage, small-scale asperities, which
correspond to small contact portions on the fault surfaces, distribute at
random, and as stress increases, small to medium—-size ruptures occur at
stress concentrated portions. By this process, the fault plane becomes
more uniform and stronger, and so seismic quiescence appears in this part.
When the stress reaches the ultimate strength of the main asperity, a large
earthquake occurs by a rupture of the asperity. The mechanism of seismic
quiescence presented here is nearly similar to those by Mogi (1977) and
Kanamori (1981).

In the case of Type B, the fault surface is not even, but fairly
complex. As stress increases, contact areas between fault surfaces
increases also, but the fault plane does not become uniform. Stress
concentrates at many points on the fault plane, and small and medium-size
ruptures continue to occur. Then asperities combine, rupturing at the same
time causing a large earthquake. Examples of this type of irregular fault
surface are found at structurally complex areas, such as the subduction
zone disturbed by oceanic ridges or active tectonic lines.

In the case of Type C, the fault surface is extremely complex, and
ruptures of small and medium-size asperities continue to occur at points
where stress is concentrated. In this case, the predominant large rupture
can not occur. This type of extremely complex fault surface may be caused
by strong structural disturbances, such as subduction of an oceanic plate
with seamounts.

A final explanation in Table 1 is required regarding the normal fault
type of earthquake, which is shown to exhibit a seismicity pattern
resembling Type B. The above-mentioned cases were discussed in terms of
compressive stress fields; however, in this case, a tensile stress field
applies. As stress increases in a tensile stress field, structural
uniformity does not occur, and small to medium-size ruptures oeceur before
the main rupture. This would, therefore, show the same pattern of
seismicity as Type B.
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Figure 1  Epicentral distribution of earthquakes of Type A, Type B
and Type C. Triangle: seamount; chain line: oceanic ridge or active
tectonic line; solid curve: deep sea trench or trough; broken line:
plate boundary proposed by Nakamura (1983).
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Figure 2 Epicentral distributions of shallow earthquakes (focal depth
<80km) before the 1973 Nemuro-hanto-oki earthquake. The broken curve
shows the aftershock region of the 1973 earthquake and the solid line
shows the axis of the Kurile Trench. (a) 1952-1958; (b) 1959-1965;

~ (c) 1966-June 16, 1973.
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Figure 3 The main shock (double circle) and aftershocks
within a two-day period of the Nemuro-hanto-oki earthquake
of June 17, 1973.



Figure 4 Submarine topography in and around the focal region
of the 1973 Nemuro-hanto-oki earthquake. Solid line: the
axis of the Kurile Trench.
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Figure 5(a) Epicentral distributions of shallow earthquakes
which occurred off the east coast of the Ibaraki prefecture,
Honshu, during the period from 1960 to 1961. The solid line
shows the axis of the Japan Trench. (a) 1960; (b) 1961.



1961

142° 144°Z

Figure 5(b)

L1 baraki]

Figure 6
of Ibaraki prefecture.

1440 g

Submarine topography in the region off the east coast

A solid line shows the axis of the Japan

Trench and a thick arrow indicates the Kashima First Seamount.
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Relation of Aftershock Distribution in Time and Space to the Pre-Mainshock
Seismicity Pattern

C. Kisslinger (CIRES, University of Colorado, Boulder, CO 80309) and E. R. Engdahl (U.S.
Geological Survey, Denver, CO 80225)

The distribution in time and space of seismicity prior to a major earthquake, the details of
the rupture processes during the mainshock, and the characteristics of the aftershock sequence are
all manifestations of the physics of seismogenesis. The increasing availability of high-quality
data makes it possible to determine the details of all three of these phases of the earthquake cycle
with resolution and reliability that are adequate to provide meaningful constraints on models.
Here we investigate the relations among the phenomena observed during the three phases. The
quantitative understanding that will follow from the analysis of a number of cases, in various tec-
tonic settings, and the synthesis of the findings will provide an improved basis for approaches to
the prediction of future events.

In this study, the spatial distribution of the aftershocks of the Andreanof Islands earthquake of
May 7, 1986 (Mw 8.0) has been compared with the distribution of seismicity during the 22 years
prior to the event. The aftershock distribution has also been compared to the distribution of
seismic quiescence at the microearthquake level during 40 months before the mainshock, for that
part of the rupture zone for which data are available from the Central Aleutians Seismic Network,
and with the distribution of moment release during the mainshock, as derived by others.

The objectives of the study of the rate of decay of aftershock activity are: (1) to determine if the
rates are significantly different for different faults, (2) to interpret significant differences in decay
rates in terms of the mechanical properties of the fault, and (3) to search for changes in aftershock
occurrence rate that might be precursory to strong aftershocks. The temporal behavior of the
Andreanof aftershock sequence has been modelled by fitting the Modified Omori relation to the
teleseismically derived data for the first 350 days. The rate of decay of activity is expressed as the
p-value in n(t)=K(t+c)™®, where n(t) is the number of events per unit time at time t. The p-values
have been derived for the entire aftershock zone, as well as for subdivisions defined on the basis
of the seismicity distribution: the upper and lower parts of the main thrust plane, and the upper
plate.

The primary data base for this work was the catalog of central Aleutian earthquakes, January,
1964 - April, 1987, as re-located by Engdahl. A lower magnitude cutoff of my, 4.7 was applied to
this catalog, but in a modified form. A combination of the reported USGS m,, (minimum 4.3) and
the number of stations reporting the event (minimum 15) was used to either eliminate or include
some events for which the reported magnitude was almost certainly erroneous. The Central Aleu-
tians catalog, based on the CIRES network, was used to provide detailed data down to the Mp 2.3
level for the part of the rupture zone west of the May 7, 1986 epicenter, for August, 1974 - May
6, 1986 and for the earliest part of the aftershock sequence.

The principal conclusions of the analysis of the spatial distribution are:

(1) the overall distribution of aftershocks agrees closely with the seismicity distribution dur-
ing the preceding 22 years for the same section of the Aleutians seismic zone. Events are distri-
buted all along the upper thrust plane, but the lower thrust plane was active only in the segment
west of the mainshock epicenter.

(2) the aftershocks are concentrated in definite clusters, separated by regions of no activity.
With one exception, these clusters are in the same place as the clusters of events prior to the
mainshock. One group of aftershocks did fill in a hole in the pre-event distribution, in the upper
thrust plane, close to the epicenter to the southwest.
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(3) for that part of the rupture zone monitored by the local network, the early aftershocks in
the local catalog and the teleseismic aftershocks show a distinct concentration in the place in
which the sharpest and most persistent quiescence had occurred prior to the mainshock, and
where major moment release occurred during the event.

The results of the analysis of the temporal behavior and b-value determinations are summarized
in Table 1.

(1) for all aftershocks, my24.7, the rate of decay, as given by the p-value in the Modified
Omori relation, is 0.87, with a b-value of 1.27. For the upper thrust plane, within which 68.5% of
the aftershocks occurred, p=0.94, b=1.30. For the lower thrust plane, with 23.5% of the aft-
ershocks, p =0.72, b=1.7 (this high b-value is suspect because of the narrow range of magnitudes
in the data set). For the small group of upper plate events, most of which occurred in a short time
interval, p=1.26, b=0.95.

(2) the upper plate activity is interpreted as triggered activity and not part of the primary
aftershock sequence. If these events are removed, the p-value hardly changes, but the fit to the
Modified Omori relation is improved, as indicated by the smaller value of the mean difference.

(3) The low p-value and high b-value in the lower thrust plane indicate that this part of the
fault zone has significantly different properties than the upper thrust plane. Both values point to a
heterogeneous fault surface, containing a large number of small asperities scattered over it. The
absence of activity on the eastern part of the lower plane is still to be explained.

(4) the b-value for the whole aftershock zone during the 22 years before the mainshock was
1.15. For the thrust zone only, b was 1.20. No significant difference in pre-event and aftershock
b-values is seen.

The concentration of aftershocks, as well as of major moment release in the mainshock, within
the zone of pronounced quiescence, lends support to the interpretation of the quiescence as an
intermediate-term precursor to this major earthquake.

Table 1

Summary of Modified Omori Fits to Subsets of the Aftershocks

Subset No. events p b Mean dif (number-FLT)
All aftershocks 238 0.868 1.27 0.23614.410
All m25 95 0.918 0.36512.669
Upper thrust 163 (68.5%) 0935 1.30 0.396+2.871
Lower thrust 56 (23.5%) 0.719 1.73 0.378+£1.473
Upper plate 19 (8%) 1.262 095 0.600+1.885
All-upper plate 219 (92%) 0.876 0.11843.600
East of epicenter 89 (374%) 0.982 © 0.45343.960
Upper thrust, east 7 0.994 0.4861+3.240
West of epicenter 149 (62.6%) 0.835 0.4111+2.466

Upper thrust, west 92 0.942 0.4611+1.568
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Seismotectonic Zonation based on the Characteristics
of Active Faults in Japan

Yoshihiro KINUGASA
Geological Survey of Japan
1-1-3 Higashi, Tsukuba, Ibaraki, 305 Japan

One of the major themes of the Sixth Earthquake Prediction Plan of
Japan is the earthquake prediction research of intra-plate earthquakes.
Seismotectonic study provides basic data for this research as well as
being one of the major products of the research itself. This paper deals
with seismotectonic zonation based on the regional characteristics of active
faults.

The definition of an active fault in this study follows that of
Bonilla [Bonilla, 1970]. The distribution of active faults was re-examined
by the staff of the Geological Survey of Japan [GSJ, 1982-18987] during
the period of the Fifth Earthquake Prediction Plan and summarized in
the Quaternary Maps of Japan [JAQR, 1987].

Active faults in Japan are scattered over the country as shown in
Fig.l-a. However, careful examination of the active faults reveals certain
regional characteristics. For instance, dip~-slip faults are predominant in
northern Japan and strike-slip faults in western Japan. Also, the distribu-
tion density of active faults shows a remarkable contrast between the
coastal area of the Japan Sea and that of the Pacific Ocean.

In this study, fault length is also used as one of the factors of
regional characteristics because fault length is the function of earthquake
magnitude as shown in the empirical relations between the length of
earthquake surface breaks and the magnitude of historical earthquakes.

Grouping and segmentation are important factors in the evaluation
of fault length. In this study, faults along the same geological structure
are considered as a group, and the length of this group which includes
individual fault segments is evaluated.

Evaluation of the length of very long faults such as the Median
Tectonic line requires the concept of segmentation. Although a significant
amount of work has been undertaken on this concept much still remains
to be investigated. Also, because such long faults usually take the role of
seismotectonic boundaries, they are shown as seismotectonic boundaries in
this study.

Based on these regional characteristics of active faults, seismotec-
tonic provinces and boundaries are defined as shown in Fig.l-b. Within
each province active faults have similar characteristics such as slip sense
and length. The characteristic length of faults in a region implies the
characteristic magnitude of earthquakes in that region.
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Boundaries can be classified into two kinds, active boundaries which
accompany active faults and inactive boundaries without active faults. An
active boundary is considered to be a seismotectonic province without
width because it has earthquake potential in the same manner as a seis-
mic province.

Some distinctive features of the regional characteristics of active
faults can be summarized as follows:

1: High distribution density in central Japan (Kinki and Cyubu regions)
and these regions are broken into small pieces of seismotectonic
provinces.

2: Distribution density contrast between the coastal area of the Japan Sea
and that of the Pacific Ocean, which can be seen in the northern part of
the main island (Tohoku region) and central Japan.

3: Coincidence of major active faults with the above mentioned boundary
of the distribution density. The boundary can be described as an "Active
Fault Front" in a similar sense to the Volcanic Front and the Aseismic
Front.

4: Discontinuity of the Active Fault Front behind the junction of trenches
is notable, such as Kuril-Japan trench junction and Japan-Bonin junction,
while no remarkable discontinuity can be seen behind the Nankai-Ryukyu
junction.

5: Zonation map of Hokkaido (Northern Island) shows peculiar features in
comparison with other areas, and it is thought that these features might
have been caused by interaction of the Pacific, Eurasian and North-
American Plates.

6: Coincidence of the seismotectonic boundaries with older geologic struc-
tures such as the boundary of the Neogene volcanic and non-volcanic
regions. Not only the active parts of the Median Tectonic Line but also
the inactive parts of it takes the role of the boundary and of the Active
Fault Front.
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Time Dependent Peninsula Tectonics and Earthguake Prediction in Japan

MINORU TANAKA and TETSURQ IMAKIIRE (Geographical Survey Institute, Tsukuba, lbaraki,
305 ,Japan)

ABSTRACT

For earthquake prediction through the detection of an anomalous crustal deformation,
it is considered to'be a very useful method to closely examine the present state of
crustal deformation on peninsulas jutted out into the trench or the trough, where they
are regarded as very large monitoring sensors in detecting the anomalous deformation.
In the southern Kanto and Tokai region, peninsulas are confronted with the Philippine
sea plate, and located under the influence of the Pacific plate, and moreover, their
tectonic behaviors show the various fluctuations due to these subducting plates. We
call them "Time Dependent Peninsula Tectonics” and have been investigating them mainly
by geodetic means from about 1980 to detect a uniform deformation in the various
fluctuations through the subduction process. As an example of the investigation,
Miura and Boso peninsulas are selected, because many geodetic data on them have been
accumulated since the 1923 Great Kanto Earthquake(M7,9).

The outline of this investigation on the iime dependent peninsula tectonics is as
follows;

(1) secular variation related to some periodic change, i.e., about 19-20 years variation
hypothesis,

(2) short-period variation related to time dependent subduction process, i.e., fault
creep dislocation model or time dependent plate bending model,

(3) annual variation related to seasonal change in groundwater or tide.

These results are reported as preliminary ones.

1. Introduction

Detection of long term anomalous variation of crustal deformation from precise
repetitional geodetic surveys is very important for earthquake prediction in Japan,
especially in the southern Kanto-Tokai area. Therefore, investigation on peninsula
tectonics was carried out in the Miura and Boso peninsulas, where they are regarded as
large monitoring sensors to grasp short range prediction.

In the Miura peninsuia, the southern tip of coasiside near the Sagami trough continues
subsiding uniformiy relative to the north inland side, and large sporadic changes in
this uniform subsiding trend have been observed by the repetitional leveling surveys.
These sporadic vertical changes have been pointed out recently by Fujita(1978) to
correlate with large earthquakes(M>7.5) which occurred along the Japan trench or Sagami
trough. In interpreting this phenomenon, the fault creep dislocation model was
proposed by Fujita and Kaidzu(1985) on the assumption that the main faul¥ plane (right
lateral fault) at the time of the 1923 Great Kanto Earthquake as calculated by Kanamori
and Ando(1973) is divided into three segments and some parts of the segment continues
to creep slowly in the direction of the landward side along the fault.

On the other hand, based on the mechanism of earthquake generation in the Kanto-Tokai
area, the unified plate mode! for interpreting the tecionics was proposed by Kasahara
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and Hamada(1981) and Kasahara(1385). Tanaka et.al.(1986) attempted to interpret the
recent crustal deformation in the Miura and Boso peninsulas by the time dependent plate
bending model, in association with the above model.
In this investigation on the time dependent peninsuia tectonics, the following three
points are reported,
(1) secular change in height of datum related to some periodic change; 18-20 years
variation hypothesis,
(2) short period crustal deformation in the Miura and Boso peninsulas related to time
dependent subduction process,
(3) annual variation related to seasonal changes in height and tide.
Investigations have been carried out since 1980 and are still continuing. We report
the results obtained so far on earthguake prediction.

2. Secular change in height of the tip of the Miura peninsula

Fig.l shows the location map of the leveling route in the southern Kanto district
used for this investigation. Secular change in height of leveling datum showed the
abrupt subsidence of 86mm in average at the time of the 1923 Great Kanto Earthquake
(M 7.9) i.e., 85.4mm from the net adjustment by fixing many stable bench marks on the
surrounding route in the northern Kanto district, and 87.3mm from the direct leveling
from datum to Aburatsubo Tidal Station correcting the tidal difference at the time of
the earthguake. Fig.2 shows the secular change in tidal level at Aburatsubo Tidal
Station after the 1923 earthguake. |In this figure, about 19-20 years variation due to
secular change in ocean tide is seen. Fig.3 shows the secular change in height of
datum obtained from direct repetitional precise leveling between datum and the fixed
point at Aburatsubo Tida! Station, and corrected by only a linear gradient of Fig.2
without considering the individual changes in large tidal variations. The obtained
secular trend has three maximum peaks, i.e., about 1934, about 1853 and about 1970.

On the other hand, tidal level has also maximum peaks in about 1927, about 1944, about
1863, and about 1985 as shown in Fig.2. Height change of datum relative to the fix
point at Aburatsubo T.S. is expected to have some periodic changes such as about 18-20
years variation. Fig.2 is considered to show the tidal variation having about 7-8
years deviation to Fig.3, though it may be a half cycle deviation in itseif. Fig.4
shows the secular changes in height of BMF25, BM35-1 and BM5367-2 relative to datum for
reference. From these results, the macroscopic tidal loading effect in the southern
Kanto area is suggested to play an important role in the time dependent peninsula
tectonics. According to this hypothesis, the next large sporadic change in height
after the 1968-70 event may be seen in about 1992-3. At any rate, secular change in
geoidal unduiation can also be pointed out from the above results. |t was found that
the interaction between oceanographic effects (Nishi and Tanaka, 1974) and time
dependent peninsula tectonics through subduction process is very important for long
range prediction.

3. Short period crustal deformation in the Miura and Boso peninsulas

In order to detect the different short period crustal deformation between the tips of
the Miura and Boso peninsulas, we investigated the leveling results obtained in the
southern Kanto area. Fig.5 shows the secular variation of the tip of Miura(BM5367-2)
relative to BMF25(upper) and BM35-1(boitom). The bottom figure is given by Fujita and
Kaidzu(1985) and fault creep dislocation mode! was proposed to interpret the large
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sporadic change in about 1968 in this figure. This evidence that their presented

fault segment is creeping along the main fauli is not clear at the present time. though
recently. it has been pointed out that the contour 1ine of the upper surface of the
Philippine sea plate appears to be discontinued beneath the Tokyo Bay(lshida,1986).

Fig.8 shows two results of vertical changes obtained from net adjusiment in the
southern Kanto area during the periods from 1972-1977 and 1978-198! and from 1978-81 to
1984-85 relative to both datum and Uchiura Tidal Station. {n these figures, the
phenomena which appear commonly as a tectonic variation can be pointed out in the
following areas,

1. upheaval near Katsuura Tidal Station, 2. upheaval near |to, the eastern part of lzu
peninsula. 3. upheavals near the eastern part of Tokyo near datum and near the south
of Chiba city (recovery of ground subsidence ? ), 4. subsidence of tips of peninsulas,
S. subsiding inclination toward Suruga trough at the western coast side of lzu
peninsula.

These short period variations on peninsula tectonics suggest the time dependent
bending effect produced by the Philippine sea plate under the influence of the Pacific
plate, when referred to the unified plate model.

In order to show this more clearly, secular variations for the period from 1368 to
1988 in the tips of the Miura and Boso peninsulas were investigated.

Fig.7 shows the secular change in elevation of BM5367-2 near Aburatsubo T.S.
relative to BM36-1(Fujisawa) and BMF25(Yokohama) (upper figure), and the secular
change in elevation of BM3880(Tateyama) in the tip of Boso peninsula relative to BM3864
(Futtsu) in the middle part of the Boso peninsula (bottom figure).

In the upper figure, the difference given by black circle (@) and white circle (QO)
is considered to show that BMF25 side has a tendency of upheaving relatively to BM36-1
side after 1975, because the difference is larger than the propagation error between
these BM points by precise leveling. The double circlie (@) shows the results by
leveling carried out in summer(May-June). The difference between surveys in summer
(O) and winter(@®) shows seasonal change in height, which is very likely to have
tendencies of being small, when Miura’s tip shows the upheaval for the period from 1983
to 1985 and moreover, of being large when Miura’s tip shows the gradual subsidence
during the period from 1986 to 1988. This is seen in the tip of Boso as shown by the
difference between white(Q) and black(@®) circles. These seasonal variations are
discussed in the following chapter.

Concerning short period variation related to time dependent subduction process, the
tip of Miura shows the upheaval from 1968 to 1972 and the gradual subsidence from 13872
to 1988, while the tip of Boso shows gradual subsidence from 1972 to 1973 and step-like
upheaval from 1973 to 13988. The surrounding earthquakes are represented
by arrows in the bottom figure. The Off East of Hachijojima earthquakes(1972 M7.0 and
M7.2) have been regarded as a start point to the recent active crustal deformation near
the southern Kanto area(Mogi,1979) and moreover, regarded as being earthquake
occurrences through their relative motion in plate boundary between the Philippine sea
and the Pacific plates (Kasahara,1985).

Concerning the time dependent tectonic fluctuation on these peninsulas, two
interpretations are possible, i.e., fault creep dislocation model and time dependent.
plate bending model. Because of insufficient detailed survey data in The Boso
peninsula to obtain any decisive results, no conclusion has been reached now. However,
recent deep earthquake occurrences near the plate boundary are suggested to be produced
as a phenomenon in releasing the increasing bending effect . of Philippine sea plate from
the Pacific plate.

Under these circumstances that the tip of Boso near Tateyama continues upheaving
anomaicusly under the long-term siow subsidence, the phenomenon which seems to he
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related to the forerunner of the earthquake of just under Tateyama(M5.3, d=70km, Aug.12.
1988) was detected from the extensometer data at the Tateyama Crustal Observatory in
the tip of Boso (Fig.8), though this smal! earthquake is considered to be due to the
internal deformation of Philippine sea plate (Kasahara,1888, private communication).

4. Seasonal change in height of the tips of peninsulas in the southern Kanto-Tokai area

In order to detect an anomalous crustal deformation from geodetic means and predict
the forthcoming Tokai earthguake, repetitional precise leveling survey has been
carried out since 1962 between Kakegawa(BM140-1) and Omaezaki(BM25385), and specifically
done four times a year since 1981. Moreover, this detailed precise leveling with a
short period and a short distance has been carried out by Shizuoka prefecture since
1982. The recent resulis are shown in Fig.S.

From these results, clear seasonal changes in height having the pattern of subsidence
in winter and upheaval in summer were detected. Concerning the origin, ground water
mode!l could not output the amplitude of this seasonal change. The tidal loading model
using the Voigt model to explain the phase difference of about 2-3 month’s delay of
elevation change from tidal change could not similarly output the amplitude (Tanaka,
1981). Tajima et.al.(1984) presented elastic buoyancy deformation model to explain
both the phase and amplitude. Their analyzed elevation data is in disagreement with
recent tidal phase as far as phase difference is concerned. Inouchi and Hosono
(1987) found strong correlation of the phase between changes in elevation and in day
time tidal level. They pointed out that it is due to the difference between the day
time(10AM-4PM) survey value and all day mean values of tidal level. However, a little
difference is still observed from their phase comparison between changes in height of
BM2595 and day time mean sea level at Omaezaki Tidal Station, and another important
problem on output of amplitude has been left unsolved. In order to detect each proper
vertical variation of a peninsula from the detailed precise leveling in various
peninsulas other than Omaezaki peninsula, the detailed precise leveling has been
carried out in the Miura and Boso peninsulas as an example to compare with the phase of
vertical variation in Omaezaki. The results are shown in Fig.10 and Fig.l1.

From these investigations, the phases on seasonal vertica! variations in Miura and
Boso peninsulas were curiously found to have the tendency of being delayed about 7 days
and 20 days in comparison with the phase in Omaezaki, respectively. The phase
in Miura varies with the direction of leveling route, which moves from south to north,
and is considered to agree with that in tidal change within an accuracy of about one
month or so. Therefore making choices of appropriate direction of leveling route,
showing maximum inclination to tidal force, is very important for this investigation.

In the tip of the Miura peninsula, amplitude of seasona!l change in elevation became
small when showing upheaval during the period from 1983 to 1985. That is, as shown in
Fig.7, it is found that the amplitude of seasonal change in elevation becomes small
when ground level ascends (increasing bending mode), and vice versa (releasing bending
mode) and only then, these investigations are pointed out to be very usefu] in short
range prediction as seen also in the example of August in 1986(Fig.9).

5. Conclusion
The outline of the investigation on time dependent peninsula tectonics is as follows.
(1) Secular crustal deformation related to about 19-20 years variation was detected
from both secuiar changes in tidal level at Aburaisubo and in height of datum. These
facts are considered to show the long term time dependent geoidal undulation. Then.
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it is very important for long range prediction to make clear the interaction between
ocean tide and time dependent peninsular tectonics through subduction process,
especially in the Kanto-Tokai area.

(2) It is possible to interpret the recent crustal deformation on peninsular tectonics
in the southern Kanto area by the time dependent piate bending model, when
considering recent deep earthquake occurrences through their relative motion in the
plate boundary between the Philippine Sea plate and the Pacific plate.

(3) Detection of secular changes in amplitude from seasonal changes in height given by
detailed precise leveling is very important for short range earthguake prediction in
this area. |t was found that this method is also very useful in detecting seasonal
geoidal undulation. In this type of investigation, the choice of the leveling route
is a problem in itself.

Such an investigation on time dependent peninsula tectonics through geodetic means
including detection of seasonal variation will be a great help in solving the problem
of short-range earthquake prediction for practical use in the Kanto-Tokai area, though
there are many points which must be solved.

We are pieased to acknowledge the considerable assistance of Mr. T.Gomi.
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Figure Captions

Fig.l, Location map of the leveling route used for this investigation in the
sotuern Kanto district.

Fig.2, Secular change in height of Aburastubo Tidal Station(Fixed mark)
relative to Aburatsubo anrual mean sea level.

Fig.3, Secular change in height of Leveling Datum during the pericd of 64 years
relative to the mean sea level at the Aburatsubo tidal fixed mark.

Fig.4, Secular changes in height of Miura Peninsula(First order leveling point)
relative to Leveling Datum.

Fig.5, Secular changes in height of the tip of Miura(BM5367.2) relative to
BMF25 and BM35.1.

Fig.6, Vertical changes obtained by the net adjustment in the scuthern Kanto
district relative to Uchiura tidal station( ) and Datum).

Fig.7, Secular changes in height of the tips of Miura and Boso peninsulas.

Fig.8, Secular changes of extenscmeters at Tateyama Crustal Observatory,
Monthly mean values (upper) and Daily mean values(bottam).

Fig.9, Secular changes in height of Omaezaki(BM2595) relative to Kakegawa(BM
140-1) by G.S.I. (upper) and Seasonal changes in height between short
route(2 km) by the detailed short period repetitional leveling carried
out by the Shizuoka prefecture relative to BMSF2129(bottam).

Fig.10, Changes in height of BM5364(Hayama) and BM5364-1(Yokosuka)
relative to BM5363-1 in the tip of Miura peninsula.

Fig.11, Changes in height of BM3877(south) relative to BM3876(
north) in the tip of Boso peninsula.
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Fig.l, Location map of the leveling route in the south Kanto district
used for this investigation
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Fig.2, Secular change in height of Aburatsubo tidal station (Fixed mark)
relative to Aburatsubo annual mean sea level
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Fig.3, Secular change in height of Leveling Datum during the period of 64 years
relative to the mean sea level at the Aburatsubo tidal fixed mark
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Fig.4, Sccular change in height of Miwra Peninsnla (First order leveling point)
relative to the Leveling Datusn
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Fig.5, Secular change in heighi of the tip of Miura(BM5367.2)
relative to BMF25 and BM3S5.1,

o 1930 1940 1850 1960 1970 1980
T T T - T M T
-5»
-10}
-15t
Tokyo Bay
-zo.
o =]
g_ 5 2 3
2 g 2 b3 b3
&s‘f 2 2
e < o Q
1930 1960 ¥ Z 195012 1960 1870 1880
m : > . ; & : ; -
-stKanlo M728 Iy ' i
Sanriky MB3 Lyr I
=10 ]
Beso-oki M7.5 Lyr |
{(NionkaiChuby M7.7)
1968 Tokachi-oki M79
l‘(;:n /}
BM2ELS fjtk 8
f et (After Fujita and Kaidzu (1986))

BME3ESY

28




fi0.6 MADE FROM BEST
e AVAILABLE COPY

Vertical changes obtained by net ad justment 1in South Kanto region
(Fixed points. Uchiura tidal staion and Datum)

1978~81 — 1972~77

29



Fig.7,

Secular changes in height of the tips of Miura and Boso

peninsulas
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Fig.8, Secular change of extensometer at Tatevasa Crustal Obs”\%m N
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Fig.9 Secular change in height of Omaezaki(BM2595) relative to Kakegewa(BM140-1)
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Fig.10, Changes in height of EX5364 (llayaea) and BM3364-1(Yoknsnka) relative b
BM5363-1 in the Lip of Miura Peninsula
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Fig.11, Changes in height of BH3877(south) relative to BM387G(north) in the
tip of Boso Peninsula
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LOCI AND MAXIMUM SIZE OF THRUST
EARTHQUAKES AND THE MECHANICS OF THE
SHALLOW REGION OF SUBDUCTION ZONES

Daniel E. Byrm’.,l'2 Dan M. Davis,3
and Lynn R. Sykes-2

Abstract. Earthquakes do not extend updip along the plate
interface at most subduction zones all of the way 10 the plate
boundary at the trench axis or deformation front. Rather, the

shallowest part of that interface moves mainly through stable,

aseismic slip. That part of the plate boundary, referred to here
as the aseismic zone, occurs along the base of an accreted
wedge of young sediments. The probable primary cause for
the existence of this aseismic zone is the stable slip properties
of the unconsolidated and semiconsolidated sediments in that
zone. Subducted sediment is progressively dewatered and
underplated to the base of the overriding plate. Through this
process, more consolidated rocks evenmally come into contact
at depth across both sides of the plate boundary. From the
point where sufficientdy hard rock is found across the plate
interface, that interface will change its slip behavior to
unstable stick-slip sliding, which is characteristic of
consolidated material under most conditions. This type of
motion 1s accommodated seismically as episodic slip in large
earthquakes. The location of this transition to seismic
behavior, referred to as the seismic front, marks the deep end
of the aseismic zone and the top of the seismogenic zone, i.e.,
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that part of the plate interface that moves primarily in thrust
earthquakes. Several convergent plate margins are discussed
to illustrate the seismic front and the aseismic zone. We find
that the seismic front defined by smaller earthquakes that
occur during the interval between large events is nearly the
same as that for large events as inferred from the locations of
their aftershocks. The location of the seismic front is
important for making estimates of the maximum possible
size of thrust earthquakes along the plate boundary because it
delimits the renchward limit of the potential rupture area of
these events. The size of large thrust earthquakes is
proportional to rupture area and to at least the cube of the
downdip width, W, of that area. Thus by defining the
location of the seismic front for convergem margins it is
possible 10 make better estimates of W and hence 1o deduce
the maximum size of future interplate earthquakes. The
average repeat time of such events is also related to W and so
better estumates of average repeat time are possible from
improved knowledge of W. The hypothesis that the location
of the seismic front is related to the maximum dcpth of
subduction of unconsolidated sediment has implications for
forearc mechanics. We use a mechanical analysis, laboratory
modeling, and multichannel seismic information to develop a
simple model explaining the growth of forearcs. The outer-
arc high or trench-slope break that occurs arcward of most
accretionary wedges represents an abrupt change in the critical
taper of the accretionary wedge. We argue that that change is
caused by a large arcward increase in the swength of the
material within the overriding plate. That stronger matenial is
calied the backstop. Our laboratory modeling experiments
indicate that a backstop with a renchward-dipping upper
surface results in the development of an overlying structure
that includes all of the primary morphologic features observed
in modern forearcs. In our modeling an accretionary wedge



develops wenchward of the backstop, an outer-arc high
develops above the trenchward toe of the backstop, and farther
arcward a passive forearc basin forms above the stronger
material of the backsiop. This model is consisient with the
observation that earthquakes do not extend updip along the
plate interface all the way to the rench axis. We hypothesize
that plate motion is accommodated seismically along the base
of the consolidated backstop and mostly or entirely
aseismically renchward of the toe of the backstop along the
base of the accretionary wedge. At several margins the
seismic front is approximately coincident with the outer-arc
high, supporting this interpretation.

INTRODUCTION

The plate boundaries at subduction zones are the loci of the
largest known earthquakes and of many smaller magnitude
events as well, but the shallowest parts of the same plate
boundaries are often areas of persistent aseismicity. The
observation that interplate seismicity does not extend updip
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all the way to the outcrop of the plate boundary near the
trench axis or deformation front has been made by workers at
a number of subduction zones [e.g., Engdahl, 1977; Frolich et
al., 1982; Chinn and Isacks, 1983; Hirata et al., 1983). The
presence of this shallow aseismic region indicates that the
seismogenic zone (i.e., that part of the plate boundary that
moves predominantly in large or great thrust earthquakes) is
limited in its updip extent by a transition in the mode of
interplate slip. In this paper we call the location of the
trenchward limit of seismicity within the overriding plate and
along the plate interface the seismic front after the usage of
House and Jacob [1983], and we refer to the region between
the trench axis and the seismic front as the aseismic zone
(Figure 1). We conclude that the seismic front marks a
transition from stable to stick-slip frictional sliding along the
plate boundary similar to that described for strike-slip faults
by Marone and Schoiz [1988]. The aseismic zone is
probably caused by the presence of unconsolidated,
overpressured sediment along the shallow part of the plate
boundary. Along the seismogenic zone, more consolidated
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Fig. 1. Schematic cross section of the shallow (approximately the upper 50 km) pan of a subduction zone
illustrating our forearc model. Major features are named, a schematic distribution of earthquakes is shown, and some
representative P wave velocities are given. The ratio of seismic slip 1o total slip as defined by Sykes and Quiumeyer
[1981] is e The backstop consists of stronger material, and has an upper surface that dips trenchward beneath the
weaker sediments of the forearc basin and accretionary wedge. The backsiop affects the mechanics of the overlying
sediments and is responsible for the development of the outer-arc high and the relatively undisturbed sediments of the
forearc basin. Interplate thrust earthquakes, T, do not occur along the entire plate interface but stop at a point that we
define as the seismic front. Earthquakes within the upper plate also occur mainly arcward (i.e., to the left) of this
point. The seismic front is coincident with the outer-arc high at many margins, suggesting that the presence of the
stronger matenial of the backstop affects the style of deformation along the plate boundary in addition to influencing
morphology. Interplate earthquakes do not occur below the brittie-ductile transition where higher temperatures favor
stable sliding. The location of this transition and of the seismic front determine the width of the seismogenic zone,
W, the downdip extent of rupture in large thrust earthquakes. '
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rock is in contact along both sides of the boundary resulting
in stick-slip frictional behavior.

The rupture area of an earthquake is proportional to its
seismic moment. This fact has been used in previous studies
in assessment of the seismic potential of sutduction ~ones
(i.e., the maximum Size of interplate thrust events) by
estimating the potential rupture area of future large
earthquakes [e.g., Sykes and Quittmeyer, 1981; Chinn and
Isacks, 1983; Peterson and Seno, 1984]. These studies,
however, did not take the shallow aseismic zone into account
in their estimates of the downdip width of the seismogenic
zone. The ascismic zone can be very large in some margins
and much if not all of it does not conwribute appreciably 10
seismic moment release. Thus, we suggest that in future
estimates of the potential rupture area of large interplate thrust
carthquakes, workers must recognize and remove the aseismic
zone from consideration of potential rupture area.

Unconsolidated sediment along the plate boundary results
in aseismic slip as discussed below [Marone and Scholz,
1988]; therefore we infer that the seismic front marks not
only a transition in frictional slip stability, but the deep limit
of unconsolidaied material along the plate boundary as well.
The presence or absence of earthquakes as a function of depth
along the plate boundary can therefore shed light on the
distribution of failure modes within the rocks in the shallow
part of subduction zones. To develop this idea we extend the
mechanical analysis of Davis et al. [1983] for accretionary
wedges to include the entire forearc. Our analysis indicates
that the large decrease in the slope of the ocean floor
represented by outer-arc highs or trench-slope breaks arcward
of accretionary wedges may be explained by the presence of
stronger material below these features. This stronger material
at depth within the forearc is referred to as the backstop. We
compliment our mechanical analysis with laboratory
modeling. Using 2 very simple model, we are able to
reproduce all of the primary structures that are commonly
observed in forearcs. The seismic front is interpreted 1o be the
shallow Limit of the contact between the consolidated material
of the backstop and consolidated material of the lower plate.,

This paper brings together seismological and
morphological information bearing upon the modes of
interplate slip at convergent plate boundaries and on the
mechanics and structure of forearcs. We employ earthquake
locations, a simple mechanical analysis, laboratory
experiments, and some muitichannel seismic profiles to
develop and discuss a simple model for forearc morphology
and mechanics. With the resultant model we offer an
explanation for the modes of interplate slip, for the formation
of outer-arc highs and ench-slope breaks, and we suggest a
relationship between these near-surface structures, the deeper
structure of forearcs, and the distribution of shallow
seismicity.

SHALILOW DISTRIBUTION OF EARTHQUAKES

IN SUBDUCTION ZONES

Earthquakes occur.in three different settings within the
shallow (upper 50 km) pan of subduction zones: within the

overriding plate, along the plate interface, and within the plate
being subducted (Figure 1). These three zones vary between
and along convergent margins in their extent and in the
relative intensity of their seismic activity. Thrust-faulting
earthquakes occur along the plate boundary, defining the
seismogenic zone. The world's largest known earthquakes are
of this type. Earthquakes within the overriding plate have
various focal mechanisms that are indicative of the state of
stress within the upper plate, and only occur arcward of the
seismic front. Trenchward of the seismic front, within the
accretionary wedge, sediments deform towally or nearly totally
bv aseismic processes [Chen et al., 1982]. Most margins
also have earthquakes that occur within the lower plate with
normal faulting focal mechanisms that are thought to be
caused by bending [e.g., Stander, 1968; Ward, 1983].

In most subduction zones, however, earthquakes do not
occur within the upper plate or along the plate interface near
the trench axis or deformation front and for some distance
arcward of that point. This area lacks both smaller magnitude
events that occur during the interseismic period between large
or great thrust events as well as aftershocks of large or great
earthquakes [Chen, 1981). The shaliowest part of the upper
plate is commonly built primarily from unconsolidated
sediments that have been accreted onto the overlying plate and
underplated beneath it forming an accretionary wedge. The
absence or near absence of events within the accretionary
wedge and along its underlying plate boundary indicates that
motion in this region occurs mainly or totally in an aseismic
manner. Large thrust earthquakes that pucleate at depth may
propagate updip into this zone, but the slip properties of
unconsolidated sediment, which we describe in a later section,
lead us to conclude that earthquakes will not nucleate along
the part of the plate boundary that is rich in unconsolidated or
semiconsolidated sediments. Because of the very low rigidity
of these sediments any motion of this shallowest part of the
plate boundary during large earthquakes would not contribute
significantly to the total seismic moment release. Thus the
seismogenic zone is limited in depth extent, with a shallow
cutoff that occurs at the seismic front. The distance between
the seismic front and the trench axis can be quite large for
some margins, reaching distances of over 200 km in extreme
cases. The term seismic front should not be confused with
the aseismic front {e.g., Yoshii, 1979], which is the limit of
upper plate seismicity toward the arc (Figure 1). The seismic
region of most forearcs is bounded by this aseismic front at
its arcward end and by the seismic front, 10 which we refer in
this paper, at its renchward end.

1t is useful to describe the distribution of earthquakes in
tectonic settings where event locations are very accurate such
as the San Andreas strike-slip fault sysiem for comparison
with the distribution observed at subduction zones where most
locations are not as accurate. Earthquake locations are very
accurate along much of the San Andreas system because of the
high density of nearby seismometers. An example of the
depth distribution of earthquake hypocenters there is provided
by the work of Doser and Kanamori [1986], who relocated
over 1000 earthquakes recorded in the Imperial Valley of
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Fig. 2. Cross sections of relocated earthquakes (right diagram) and percentage of events as a function of depth for the
San Andreas strike-slip fault system in the Imperial Valley of southern California. Structural interpretation is based
on a large refraction study of Fuis et al. [1982]. Note that the aseismic zone extends from the surface to a depth of
about 4~5 km, i.c., down 10 the velocity transition that marks the deep limit of the shallow sedimentary sequence.

Figure from Doser and Kanamori [1986].

southern California. The resulting focal depths have a .

precision of 22 km. The frequency-depth distribution of these
events (Figure 2) indicates an aseismic zone within the
uppermost 4-5 km. The seismogenic zone (defined here by
small-to-moderate-sized events) extends between depths of
approximately 5 and 15 km. A large earthquake occurred in
1979 along the Imperial Valley fault. Studies of this event
indicate that maximum coseismic displacement occurred at
depths greater than 5 km [Hartzell and Helmberger, 1982] and
that the maximum stress release was concentrated between 9
and 11 km [Quin and Boatwright, 1987]. Such swudies
indicate that the shallow aseismic region persists even in large
carthquakes. The aseismic zone in this example occurs within
and is probably caused by the presence of unconsolidated
sediment that is approximately 4 to 5 km thick in the
Imperial Valiey as determined by a large refraction experiment
[Fuis et al., 1982]. At the deeper limit of the seismogenic
zone higher temperatures cause aseismic slip, resulting in a
second transition in frictional slip stability {Scholz, 1988].

In subducuon zones the plate boundary dips at a very
shallow angle; consequently, the plate boundary is much
wider in downdip extent than it is for nearly venical strike-
slip faults. The subduction and accretion of young sediments
along the shallow pan of that boundary cause the aseismic
zone to be disproportionately wider in subducuon zones than
that observed along strike-slip faults. The deeper frictional
transition at the base of the seismogenic zone also occurs very
deep in subduction zones because the subduction of the cold
slab lowers the geothermal gradient {e.g., Watanabe et al.,
1977). We show below that the seismic front and aseismic
zone are observed in subduction zones where well-located

hypocenters are available. Accurate hypocentral locations in
subduction zones generally require a local network on the arc
combined with event relocations and, ideally, an ocean botiom
seismometer study. In the following sections the distribution
of shallow seismicity is described for some of those arcs for
which the most accurate hypocentral locations are available.

Adak Region, Central Aleutian Arc

The University of Colorado has maintained a seismic
network in the Adak Island area of the central Aleutian arc
near 177°W for nearly a decade [Scherbaum and Kisslinger,
1984]. In addition to a local network on the volcanic arc,
several ocean bottiom seismometer (OBS) smdies have been
conducted over the forearc and trench axis seaward of Adak
[Chen et al., 1982; Frolich et al., 1982]. A cross section of
hypocenters of moderaie-sized earthquakes from Engdahl and
Gubbins [1987] shows the general distribution of seismicity
(Figure 3). Both the local network and teleseismic data were
used 1o relocate these events. They occurred in the period
between the large shocks of 1957 and 1986, and are therefore
called interseismic events. The location of this cross section
is shown in Figure 4. Multichannel seismic (MCS) studies
across the forearc in that region show an accretionary wedge
approximately 60 km wide abutting the Hawley Ridge outer-
arc high at its arcward (northward) end; arc basement does not
appear 10 extend trenchward beyond Hawiey ridge [Scholl and
Ryan, 1986).

Eanhquakes are observed near the rench within the Pacific
plate as it bends downward just prior to being underthrust
beneath the North American plate. Within and along the base
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Fig. 3. Bathymetric profile and cross section of earthquake hypocenters in the central Aleutians along line A-B of
Figure 4. Upper figure shows bathymetry vertically exaggerated by a factor of 3; there is no ventical exaggeration in
the lower figure. Hypocenters were relocated by Engdahl and Gubbins [1987) using local network and teleseismic
arrival times for the time period of approximately 1975-1985. Most of the events are of magnimde 4.8 and greater.
The hypocenters define a sharp seismic front. Note the absence of seismicity in the region between the trench axis
and the seismic front. The seismic front defined by these larger earthquakes is slightly arcward of that in Figure 4.
In this and following figures the 0—km horizontal reference is placed at the trench axis. Solid line marked network

shows aperture of seismic net on Adak.

of the upper plate, an aseismic zone extends north
approximately 60 km from the wench axis. At that point
there is a sharp onset of seismicity that we define 10 be the
seismic front. Engdahl [1977) notes that although the Adak
network has the sensitivity to detect small earthquakes
berween the trench and the seismic front, very few events have
been reported from that area, an observation supporied by the
OBS surveys described below. This indicates that the
aseismic zone is not an artifact of detection capability. The
available focal mechanisms of earthquakes within the upper
plate indicate predominantly normal faulting with a minor
strike-slip component, suggesting east-west extension parallel
10 the arc [LaForge and Engdahl, 1979]. Thrust-faulting focal
mechanisms are found for events beneath the upper plaie
carthquakes, and these are interpreted to define the plate
boundary [LaForge and Engdahl, 1979; Ekstrdm and Engdahl,
1987]. Thus the seismic front delimits both interplate and
upper plate earthquakes

Two OBS studies in the Adak Island area, one over the
forearc and one near the trench axis [Frolich et al., 1982],
confirm the observations from the Adak network (Figure S).
These invesugations located a number of small, shallow
earthquakes in the subducting plate seaward of and beneath the
trench axis. Composite focal mechanisms of these events
show normal faulting that is indicative of north-south
exiension related 1o the bending of the Pacific plate [Chen et
al., 1982; Frolich et al., 1982]. While the OBS arrays were
sensitive enough to detect very small events within the
forearc, no earthquakes were observed in the zone that is
aseismic in Figures 3 and 5.

In addition to the earthquakes described above, the Adak
region experienced a great shock in 1957 (8.6 M) and a large
event in 1986 (8.0 M,,). Using data from the Adak network,
C. Kisslinger and others (unpublished data, 1987) located the
first three days of aftershocks of the 1986 earthquake (Figure
4). The trenchward limit of these aftershocks is quite sharp
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Fig. 4. Map of Central Aleutians showing the locations of the first 3 days of aftershocks of the 1986 Andreanof
Islands earthquake (8.0 M,). Locations are from Adak network (C. Kisslinger, unpublished data, 1987). Events
outside the network to the east are not located by the net; hence the easternmost limit of rupture as defined by the
Preliminary Determination of Epicenters of the U.S. Geological Survey is indicaied. These events clearly define a
seismic front that is coincident with the trenchward edge of Hawley Ridge, the outer-arc high. Line A-B is the
location of the cross sections in Figures 3 and 5. Triangles indicate active volcanoes. Contour interval is 1200 m.

and defines a seismic front that is approximately coincident
with that defined by the interseismic events in Figure 3. The
1986 aftershock and the OBS data sets both show a seismic
front that is slightly renchward (<10 km) of that indicated by
the events in Figure 3. The interseismic-period events
(Figure 3) are generally larger than most of the 1986
aftershocks and OBS events. The small difference in the
estimates of the location of the seismic front may be related
1o this magnitude difference. The locations of the aftershocks
of the 1957 event are not well determined [Boyd, 1986], but
they do indicate an aseismic region between the seismic front
and the trench axis. The correlation between the seismic front
of these data sets indicates that hypocenters of smaller,
interseismic events can be used to delimit the trenchward limit
of seismic rupture in large earthquakes.

The hypocentral locations provided by the different data sets
in the Adak region-are among the best available for a

subduction zone. These data show a clear aseismic zone
approximately 60 km in width ending in a sharp seismic front
arcward (northward) of which is the seismogenic zone.

Japan Trench, Tohoku District, Honshu

The Tohoku District in northeastern Honsbu is the site of a
seismic network situated over a seismically very active
subduction zone. The wide forearc there is interrupted by a
midslope terrace [von Huene et al., 1982] that occurs
approximately 35-km arcward (westward) of the trench axis
(Figure 6). The midslope terrace is coincident with a
ransition from continental to intermediate crustal velocity
structure [Murauchi and Ludwig, 1980] and may mark the
trenchward limit of older material that was accreted during a
subducton episode that ceased in the Paleocene {von Huene et
al., 1982]. )
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Fig. 5. Cross section along line A~B of Figure 4 of earthquake hypocenters located by 1wo ocean botiom
seismometer (OBS) arrays [Frolich et al., 1982). Triangles on ocean floor indicate OBS locauons projected into
section. Solid triangles and circles are OBS and earthquake locations from a 1978 survey, and open symbols are from
2 1979 survey. In both studies, OBS observations were supplemented with data from the Adak network. Seismic
front is same as that identified in Figure 3 and is not as sharply defined with this data set Note, nevertheless, that a
region of little or no detectable seismicity between the rench and the seismic front is still clearly observed. OBS
surveys were able to detect earthquakes down to very small magnitudes; thus even small events occurring in this quiet
region would have been observed. This indicates that the trenchward toe of the forearc is relatively aseismic for
earthquakes of all magnitudes. ’
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Fig. 6. Bathymetric profile and earthquake hypocenters along a cross seclion perpendicular to the Japan Trench at
40°N latitude. Earthquake hypocenters located by the Tohoku seismic network [Hasegawa et al., 1976; Abe, 1978].
Upper figure shows bathymetry ventically exaggerated by a factor of 3; there is no vertical exaggeration in the lower
figure. The locations are not very accurate near the trench axis but clearly indicate a region with little or no
seismicity arcward of the trench axis. The position of seismic front is taken from the data shown in Figure 7.
Bathymetry is from MCS line 78—4 [Nasu et al., 1979].
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Fig. 7. Bathymerric profile and hypocentral cross section as in Figure 6. Hypocenters are from OBS surveys [Hirata
et al,, 1983, 1985]). Triangles on the ocean floor indicate the locations of OBS sites projected into section. Note the
region of low seismicity between the seismic front and the trench axis. The seismic front occurs near the midslope
terrace that appears to mark the trenchward extent of continental crust as discussed in text. The hypocenters are more
accurate than those of Figure 6, and the location of the seismic front for this region of the Japan trench is based on

these events.

The locations from the Tohoku network (Figure 6) have
not been relocated as have events from the Adak region
(Figure 3). Thus network locations for events near the wench
are probably not as accurate. This is evidenced by the large
range in earthquake depths beneath the trench, which is
probably an artifact of poor depth control [Hiraia et al., 1983].
A similar distribution of seismicity, although inferior 10 the
local network locations, is seen from data compiled by the
International Seismological Center [e.g., Yoshii, 1979).

More accurate near-trench locations are provided by the
OBS surveys of Hirata e al. {1983, 1985] that were conducied
near the axis of the Japan Trench in 1980 and 1981.
Locations of events from these studies are shown in cross
section in Figure 7. The OBS smdies found a large number
of small earthquakes near the wench axis within the lower
plate as well as a nearly aseismic zone just arcward of the
trench with little or no interplate or upper plate seismicity.
All the locatabie events beneath the aseismic zone are deep
enough to clearly be within the lower plate. We define the
seismic front to occur 45 km from the trench axis based on
the onset of seismicity. Arcward of that position, earthquakes
occur within the upper plate and probably along the plate
boundary (Figure 7). The aseismic zone as determined by the
OBS data is not as wide as one would estimate from the local
network data of Figure 6. Given the betier resolution of near-

wrench events detected by the OBS arrays, we use those
locations to define the seismic front. The location of the
seismic front is nearly coincident with the midslope terrace,
which suggests that a wransition in plate boundary slip mode
occurs in the vicinity of a transition to stronger forearc
material. This combined data set thus indicates a clear,
aseismic zone and 2 seismic front for the subduction zone of
northeastern Japan.

Examples From Other Subduction Zones

A seismic network has been operated in the Shumagin
Islands of the Aleutian arc near 160°W on the Alaskan
Peninsula since 1973 [Davies and House, 1979]. No OBS
experiments have been conducted there to supplement the data
from the network. Nonetheless, a nearly aseismic zone
approximately 60 km in width is observed arcward of the
trench (Figures 8 and 9). Seismic activity increases greatly
just trenchward of the shelf edge. We take the location of this
increase to be the seismic front Because the network is able
to detect events above magnitude 2.5 throughout this area, and
because normal faulting events are observed within the Pacific
plate near the trench axis (Figure 9), we conclude that the
aseismic zone is real and not an artifact of detection
capability. )
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Fig. 8. Map of earthquakes located using data from the seismic network in the Shumagin Islands of the eastern
Aleutian arc. Data shown represent all events of magnitde 2.5 and greater observed between 1979 and 1985 within a
150-km-wide region from the central part of network, which includes best hypocentral locations. Note that level of
seismicity greatly decreases seaward of 200—m contour. Line A-B is the race of the cross section shown in Figure
9. Except for 200 m, the contour interval is 800 m. Asterisks indicate active volcanoes. Star is the epicenter of the

unusual 1946 earthquake.

The Shumagin shell is composed of a thick Cretaceous
sequence of accreted sediments that is intruded by quartz-
dioritic batholiths of Tertiary age {Burk, 1965). MCS lines
farther east suggest that the bulk of the forearc between the
shelf edge and the wench axis is made up of accreied and
underplated sediment {von Huene, 1986). Reyners and Coles
[1982] determined that earthquakes within the upper plate
involve predominantly strike-slip faulting with the P axis (a
rough estimate of the direction of maximum compressive
stress) being nearly horizontal and orienied in the direction of
relative plate convergence. Reyners and Coles found focal
mechanisms of the thrust type for a number of earthquakes
within the arcward dipping zone of events between depths of
15 and 45 km arcward of the seismic front. These earthquakes
are taken to define the plate boundary. Seismicity deeper than
these interplate events occurs within the downgoing Pacific

L2

plate. An earthquake occurred trenchward of the seismic front
(Figure 8) in 1946 (7.4 M) that was unusual in many
respects. It generated a tsunami comparable to that expected
for a magnitde 9.2 earthquake [Davies et al., 1981], and may
be related to the subduction of a seamount [Sykes, 1971].
The seismicity of the Shumagin region otherwise exhibits a
well developed aseismic zone and a clear seismic front.

As in the central Aleutians, an example of an aseismic
zone delimited by the aftershocks of a large earthquake is seen
in the Oaxaca region of southern Mexico. Four large (M > 7)
carthquakes have occurred along this section of the southern
margin of Mexico since 1960. A study of the seismicity in
the region of the largest of these events, the 1978 Oaxaca
carthquake, began just 20 days prior to the occurrence of the
main shock [Singh et al., 1980; Stewart et al.,, 1981]. The
earthquakes of the 1978 sequence were well located using data
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Fig. 9. Cross section of bathymetry and earthquake hypocenters along line A-B of Figure 8. As in Figure 3, the
upper figure shows bathymetry vertically exaggerated by a factor of three, and the lower figure has no vertical
exaggeraton. Note the region of low seismicity between the trench and the seismic front and the much higher
activity arcward of the seismic front. The shelf edge and reismic front are nearly coincident.

from local stations of this study, and they indicate an aseismic
zone along the shallowest part of the plate boundary (Figure
10). The relocated afiershocks extend closer 10 the trench axis
than in any of the other margins described thus far.
Nonetheless, an aseismic zone approximately 25 km wide is
observed, arcward of which the shallowest aftershocks occur.
Only a small and relatively young accretionary wedge has
developed along this margin [Moore et al., 1982b], and
schists have been cored 35 km from the trench axis in Deep
Sea Drilling Project site 489 [Watkins et al., 1982]. The
narrowness of the sedimentary portion of the forearc has been
attributed to continental runcation with renewed accretion
commencing in the Late Miocene [Karig et al., 1978). The
Oaxaca region is therefore another example in which
seismicity exiends trenchward only as far as consolidated

forearc material.
An example of a very wide aseismic zone comes from the

southern Lesser Antillean subduction zone. Because of the
massive amount of sediment supplied by the Orinoco River in
South America the southern pan of this margin has developed
a forearc that extends renchward (eastward) over 350 km from
the volcanic arc. The sediments are sufficiently thick that no
bathymetric expression of a trench occurs; rather, an
accretionary wedge extends arcward from a deformation front
(i.e., the outcrop of the plate boundary) for approximately 200
km 10 the Barbados Ridge Compiex, a broad outer-arc high
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[Westbrook et al., 1984]. Epicentral locations for events
recorded by local networks between 1977 and 1981 [McCann
and Ryan, 1984] illustraie the wide aseismic zone that aiso
extends arcward over 200 km from the deformation front
(Figure 11). Most events are of magnitude 3 and greater. The
accuracy of these locations is poor in comparison to those for
the margins discussed previously. However, the forearc in the
southern Lesser Antilles is sufficiently wide that the features
of interest are, nonetheless, easily discerned. A marked
increase in seismicity, the location of which we define as the
seismic front, extends along the entire arc. The same
seismicity pattern is seen in locations of teleseismic data (not
shown in Figure 11) [e.g., Stein et al., 1982]. 1t is not clear
how many of these earthquakes are interplate thrust events and
how many are intraplate because hypocentral depths are
generally not very accurate. But because few events occur
within the lower plate as it bends beneath the accretionary
wedge arcward of the outer-arc high, there is no reason to
expect a sudden increase in such events at the seismic front.
Therefore we infer that most of the events associated with the
seismic front occur within the upper plate or along the plate
interface.

Al of the above subduction zones exhibit an aseismic zone
along the shallowest pan of the piate boundary. That zone
gives way to the secismogenic zone at the seismic front
Available evidence indicates that the seismic front is a fixed
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slope break approximately 25 km from the trench axis.

boundary for both interseismic events and for large and great
earthquakes at any given place. We suggest further that
neither the aseismic zone nor the seismic front are unusual
features and that they would be observed at most convergent
margins given sufficiently accurate earthquake detection and
location.

Shaliow Seismiciry and the Seismic
Potential of Subduction Zones

A great deal of variability exists among and along
subduction zones in the maximum size of plate boundary
earthquakes. A part of this variability has been ascribed to
differences in some key parameters, the most important being
the age of the plate being subducted and the convergence
velocity [Kanamori, 1971; Uyeda and Kanamori, 1979; Ruff
and Kanamori, 1980, 1983]). A regression relation for the
maximum Size thrust event based on these two parameters
alone, however, indicates considerable scatter of the data
points. We think that other factors may play more dominant
roles for some margins, and hence must be considered in
studies of seismic potential. In particular, we conclude that

44

the nature of the zone of plate contact is a major factor in
controlling the maximum size and the average repeat time of
thrust events. An example of such dependence is the observed
variation in the maximum size of thrust earthquakes along the
Japan rench where neither plate age nor convergence velocity
change significantly along the arc. In the northem part of that
subduction zone, earthquakes greater than magnitude 8 occur,
but farther south only events up 1o magnitude 7.8 are
observed (and most are smaller than 7.5) [Kawakatsu and
Seno, 1983]. Mogi [1987) atiributes this change in seismic
potential 1o a variation along strike in seafloor topography,
with smooth seafloor being subducted in the north and rough
seafloor characterized by many seamounts being subducted in
the south.

Because rupture area ultimately determines the size of an
carthquake, a more direct way of estimating the size of future
or potential large earthquakes may be 1o estimate the
maximum rupture area. This area is the product of the
downdip width, W, of the seismogenic zone (Figure 1) and the
length along strike, L. W is a very imporant parameter in
estimating the size of large earthquakes because seismic
moment, My, is very sensitive to it, as shown below. The
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near 59.7°W are the epicenters of the 1969 sequence of events within the downgoing plate; the open star is the main

shock. Contours are in meters.

location of the shallow limit of seismic slip has not been
considered previously, yet its location is crucial in making
accurate determinations of W. Many studies have assumed
that the locked ponion of the plate interface extends all the
way o its outcrop at the trench axis [e.g., Robinson, 1978,
1986; Sykes and Quittmeyer, 1981; Reyners and Coles, 1982,
Peterson and Seno, 1984], thereby seriously overestimating
W. By taking the seismic front to define the renchward limit
of the seismogenic zone, a better estimate of W and therefore
of My can be made.

The shallow, sediment-rich portion of the plate boundary
does not contribute significantly to the seismic moment
release in large earthquakes even if such ruptures propagate
updip into that part of the interface. The seismic moment of
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an earthquake is proportional to the rigidity of the material
through which the event rupwures. The rigidity of the
sediments along the shallow part of the plate boundary is
much lower than that of deeper, more consolidated rock.
Thus, this low-rigidity part of the plate boundary should be
removed from W in making estimates of the maximum
possible seismic moment release in large earthquakes.

The downdip width of the seismogenic zone is delimited by
the seismic front at its shallow end and by the temperature-
controlled transition to stable sliding at depth. A complete
determination of W therefore also requires an estimate of the
iocation of that deep limit. Laboratory experiments indicate
that a transition from velocity weakening 10 velocity
strengthening occurs at high temperature {Stesky, 1978). Tse
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and Rice [1986) show that the deep limit to seismic rupture
along strike-slip faults in continental rocks occurs at
approximately the 300°C isotherm. The same is expected in
subduction zones except that the thermal gradients are lower,
and so the depth of the 300°C isotherm is apmoxine 2ty dree
times greater. Because the dip of the plate interface generally
increases with depth, a2 smali error in the depth estimate of the
shaliow limit will be more significant in a determination of
W than an equivalent error for the deeper limit.

Given improved estimates of W, better determinations of
seismic moments of future large thrust earthquakes are in turn
possible because moment is related to W through

Mg = WULW [0))
where  is rigidity, U is the average slip over the rupture
zone, and L times W is the rupture area (length along strike
tumes downdip width).

Chinnery [1969] and others find that average slip, U, is
proportional to the product of static stress drop, downdip
width, and a geometrical constant that is a function of the
aspect ratio L/W. Sykes and Quittmeyer [1981] used
available repeat time information and this relation to study
large plate boundary earthquakes. They found that static stress
drop, Ac, increases with increasing W for thrust events. Even
though they probably overestimated W for several events, it is
safe 1o conclude that U is proportional to WP | where n 21.
Other workers have argued that the gross static stress drop is
approximately constant for large earthquakes {e.g., Kanamori
and Anderson, 1975; Kanamori, 1977], in which case n would
be equal to 1. The rupture length is controlled by strucwral
features transverse to the trench, by major changes in the
subduction zone strike [Davies et al., 1981], and by the
locations of the rupture zones of previous earthquakes. In
addition, L usually increases with W [Sykes and Quittmeyer ,
1981]. Thrust earthquakes at subduction zones generally have
rupture areas with lengths roughly two or three times their
widths [e.g., Abe, 1975]). This is true even for most of the
greatest earthquakes, with notable exceptions being the 1960
Chile and the 1957 and 1965 Aleutian events for which L was
considerably greater. Thus L increases roughly linearly with
W and on rare occasions somewhat faster than linearly.
Hence, 10 first order, we can write L = kW where k, the aspect
ratio, is generally equal 1w 2 to 3. Substitution of these
functions of W inwo (1) yields

Mg= W (2+n) @
where n 21.

Equation (2) indicates that My, is proportional to at least W
cubed for most large earthquakes and is therefore very
sensitive to W. Several other authors have found that My is
proportional 10 rupture area to the three-halves power [e.g.,
Aki, 1972; Abe, 1975; Kanamori and Anderson, 1975;
Kanamori, 1977] which is the same as w3 for rupture zones
with a nearly constant aspect ratio and n=1 (i.c., AG constant).
Thus the ability 1o define the width of the seismogenic zone,
W, can be very important in determining the maximum
seismic moment for a given segment of a convergent plate
boundary. 1t should be realized that W has previously been

seriously overestimated for many large thrust events. This in
wrn has resulted in incorrect estimates of the average slip and
the static stress drop since they have usually been caiculated
from estimates of My, L, and W. Unlike W, L is usually
relatively well detcrmined either from aftershock locations or
from direct measurements of very long-period seismic waves.
W is also proportional to the average repeat time of large
earthquakes along given segments of convergent margins
[Sykes and Quittneyer, 1981; Astiz and Kanamori, 1984].
Average repeat time, Ty, is equal to the average seismic slip,
U, divided by the convergence velocity, V.., divided by the
ratio of seismic slip to total slip, a. Again, writing U in
terms of WP and assuming that « is nearly constant, we can
Wrile average repeat time as
Tr=b Wh/V @3
where b is constant. If one assumes that stress drop is
approximately constant (n=1), then repeat time is proportional
to W. Astz and Kanamori [1984] derive an equivalent
relation between T, and M,

Thus, by defining the location of the seismic front for 2
convergent margin, we are able to estimate better the width of
the seismogenic zone and hence to calculate both the
maximum size of possible interplate events and their average
repeat times.

Causes of the Aseismic Zone Within and
Along the Base of Accretionary Wedges

Accretionary wedges make up the shallowest, near-trench
part of forearc regions (Figure 1). They are commonly
composed of sediments that are accreted to the toe of the
overriding plate, underplated along its base, and/or deposited
along its upper surface. Significantly, it is this shallow
region of the overriding plate and of the plate boundary that
behaves aseismically. We thus conclude that it is the
unconsolidated and overpressured nature of the newly accreted
sediments that is responsible for the existence of the aseismic
zone within and along the base of accretionary wedges.

The sediments that make up accretionary wedges are derived
from the plate that is being subducted, from the adjacent
volcanic arc or continent, or from both. In this paper we have
referred 10 these as young sediments in order to distinguish
them from older (e.g., Cretaceous), lithified sediments that
make up part of the backstop at a number of convergent
margins. The abundance of such sediment determines the rate
at which an accretionary wedge develops. The sediments
available for accretion commonly include pelagic and
hemipelagic marine sediments with varying amounts of
terrigenous sediments. They generally have very high initial
porosity and very low permeability. The process of accretion
subjects these sediments to increasing pressure resulting in
dewatering and consolidation. When accretion occurs rapidly,
however, which is the case for most active convergent plate
boundaries, low-permeability sediments are not able to drain
fast enough to follow a normal compaction process, and high
pore fluid pressures develop. Pore fluid pressures in excess of
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hydrostatic lead 10 an effective normal swess within the
sedimentary matrix that is less than lithostatic. As pore
pressure approaches the lithostatic value, effective normal
stress approaches zero. Low effective normal stress results in
low shear strength, which in tum means that such a material
is not able to store up the high level of shear stress released as
sudden slip during large earthquakes. Experimental work
further suggests that low normal stress favors stable, aseismic
slip rather than simply decreasing the size of potential stick-
slip events [Dieterich, 1978). Many and perhaps most
modem accretionary wedges are likely sites of very high pore
fluid pressures. Evidence from deep sea drilling is suggestive
of pore fluid pressures near lithostatic within the toc of the
Lesser Antilles accretionary wedge [e.g., Moore, Biju-Duval
et al.,, 1982a). Highly elevated pore fluid pressures are
probably present within accretionary wedges at a number of
other subduction zones as well [von Huene and Lee, 1983].
Hence, the shallowest portions of many subduction zones are
particularly well suited for the presence of elevated pore fiuid
pressures and should thus be expected to deform aseismically
as is observed.

Recent laboratory experiments provide another explanation
for the aseismic zone by suggesting that unconsolidated
materials experience inherently stable, aseismic slip behavior
[e.g., Logan et al., 1981; Zhang et al., 1987; Marone et al.,

1988]. Zhang et al. [1987] find that there is a transition,

which is dependent upon porosity and effective confining
pressure, from 'ductile’ to ‘brittle’ behavior in highly porous
sandstone. At higher porosity, earthquake instability can be
ruled out because there is no shear localization or stress drop.
Al lower porosity, strain sofiening makes a runaway
earthquake instability possible. Marone et al. [1988]
investigated the frictional properties of unconsolidated quartz
gouge under saturated drained conditions and constant normal
stress during triaxial shear. Other studies of gouge have often
used very thin layers and may therefore have observed the slip
between gouge and hard rock rather than slip within the gouge
itself [e.g., Byerlee and Summers, 1976; Dieterich, 1981].
Marone et al. found stable sliding at approximately constant
shear stress after a peak stress was reached. They also found
that slip occurs with a higher coefficient of friction for higher
slip rates, thus exhibiting velocity strengthening. Slip is
therefore stable in unconsolidated quartz gouge in that it
requires more energy to slip ai higher velocities.
Consolidated or solid samples of quartz and granite, on the
other hand, exhibit unstable, stick-slip behavior [Dieterich,
1979; Ruina, 1983; Tullis and Weeks, 1986}. The difference
observed in the slip stability between consolidated and
unconsolidated samples suggests that consolidation is
primarily responsible for the change in frictional skip.

At some convergent plate margins the presence of marine
clays may also affect the namre of slip. Summers and Byerlee
[1977) showed that expanding clays such as montmorillonite
and smectite exhibit stable sliding and low friction because
the layers of molecular water within their structure cause them
to act as solid lubricants. Higher pressures and temperatures
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dehydrate the clays and cause them to lose their lubricating
property [Logan et al., 1981]. Thus such clays provide
another reason to expect stable slip at shallow depth at
margins in which the sediment column on the subducting
plate includes a high percentage of expanding clay.

The primary factor that determines the namre of slip within
the sediments seems to be the state of their compaction.
Several secondary parameters interact to influence that state at
a given subduction zone. The type of material making up the
sedimentary column is one such parameter because the
material properties of initial porosity and permeability
determine the rate at which the sediment can be drained and
compacted. Another obvious parameter that determines
sediment consolidation is the thickness of the sediments
available for subduction. A thick sequence of clastic material
with high permeability, for exampie, may be dewatered and
consolidated under relatively low pressures, while an equally
thick sequence of highly impermeable clay will drain only
very slowly. In this instance the clay sequence would cause
an aseismic zone that is much wider than the clastic sediment.
Therefore through the combined effects of pore fluid pressure,
velocity strengthening behavior, and low friction clays, the
sediments along the shallow part of the plate boundary cause
stable, aseismic slip; earthquakes (which are essentially
unstable slip events) of any size should not be expected to
nucleate there. This would explain the absence of seismicity
along the sediment-lined portion of the plate boundary at
subduction zones.

The shallowest portion of the plate boundary at subduction
zones is often called a decollement. The decollement
preferentially occurs along the weakest available interface,
which is likely 1o be that with the highest pore-fluid pressure
fvon Huene and Lee, 1983]. As sediment near the
decollement is dewatered and compacted, it becomes stronger
than adjacent, less deformed sediment. When this happens the
decollement will abandon that interface and slip will begin to
occur within deeper, weaker material [Moore and Byme,
1987). Thus the plate boundary sieps farther downsection with
distance from the trench axis, resulting in accretion 10 the
base of the upper plate (i.e., underplating) [e.g., Aoki et al.,
1983; Westbrook and Smith, 1983; Fisher and Byme, 1987).
At margins where an extremely large volume of sediment is
being subducted (>3 km at the deformation front) the
decoliement may never step downsection through the entire
sediment column. Thus at such zones, semiconsolidated
sediment may line the plate boundary to great depths. At
most margins, however, a more moderate amount of sediment
is present Therefore, the bulk of the sediment that is
subducted past the deformation front will eventually be
underplated, compacted and lithified. Once the bulk of the
unconsolidated sediment is compacted and/or removed from
the active slip boundary we should expect the plate boundary
to begin exhibiting unstable, stick-slip behavior [Marone and
Scholz, 1988]. Because a seismic front marks the trenchward
extent of stick-slip frictional behavior, we hypothesize that it
also marks the trenchward limit of contact of consolidated
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rock across the plate boundary; the aseismic zone then
approximately delimits that pan of the plate boundary that is
lined with unconsolidated sediment.

SHALILOW SEISMICITY AND THE
MECHANICS OF FOREARC REGIONS

Forearc Mecharics

The mechanics of accretionary wedges have been well
studied using various assumptions about rheology [e.g.,
Chapple, 1978; Davis et al., 1983; Emerman and Turcotie,
1983]. Such studies, however, have not considered the entire
forearc. The distribution of seismicity along the plate
boundary and within the overriding forearc can be used to map
out frictional instability and, indirecdy, to infer the gross
state of consolidation of material there. In this paper we use
the critical taper mode! proposed by Davis et al. [1983]. After
a brief description of the main elements of that model, we
apply it to the entire forearc and discuss the resulting
implications for forearc strucwre and seismicity.

Accretionary wedges are considered to be analogous to
snow or soil being pushed by a bulldozer. These deforming
masses acquire a wedge shape as a consequence of forces
exerted upon them, primarily shear along their bases {Davis et
al., 1983). Pushing a sufficiently weak layer of material
forward will result in the layer deforming internally, rather
than sliding en masse. The layer becomes shorter and thicker
near the end that is being pushed while the distant end of the
layer remains motionless. This process eventually leads 1o
the formation of a wedge. The wedge continues to grow by
internal deformation without sliding along its base until a
critical taper is reached, at which time it will be the thinnest
body that is sufficiently strong to slide along its base without
further internal deformation. At subduction zones this steady
state sitsation is generally not achieved. Erosion and/or
continued accretion in addition to time-dependent sedimentary
behavior require some deformation to continue within the
wedge.

The development of a2 wedge shape is a simple consequence
of the forces acung on the wedge and can be explained by
considering two adjacent vertical columns in an accretionary
wedge. Any given vercal column must have an integrated
strength sufficient to overcome the basal frictional resistance
of the entire extent of the wedge trenchward of itself if it is to
push that part of the wedge forward. The required strength is
related to the distance of the column from the toe of the wedge
and to the frictional resistance along the decollement. A
second column immediately behind the first must be strong
enough to support the load bome by the first and, in addition,
1o overcome the additional frictional resistance along the base
of the first column. All else being equal, the integrated
strength of a column increases with its height, and so, if the
wedge is at its minimum possible (critical) taper, the second
column must be taller than the first If it is not, internal
deformation will take place within the wedge until the second
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column has reached a sufficient height for slip to occur along
the base of the wedge wenchward of it. This mechanical
requirement for increasingly taller columns leads 10 the
formation of a body that is wedge shaped in cross section. An
accretionary wedge with a planar decollement will have an
upper surface (the seafloor) with a constant dip if it is made of
a noncohesive material, a concave upward profile if it has a
constant, nonzero cohesion, and a convex upward profile for
the case in which cohesion increases with distance from the
trench [Dahlen et al., 1984; Dahlen, 1984; Zhao et al., 1986).
The laner type of profile is observed for many accretionary
wedges.

At the arcward end of accretionary wedges, outer-arc highs
or wench-slope breaks occur [Karig, 1974]. Trench-slope
breaks and outer-arc highs form an abrupt change in the
critical taper of the accretionary wedge; hence they indicate
large changes in the factors controlling wedge taper. One
possible explanation for that change is a steepening of the dip
of the decollement. This would allow a wedge to continue 10
thicken arcward and maintain a critical taper even though the
slope of the water-sediment interface decreases. Neither the
distribution of seismicity nor mechanical considerations of a
bending plate, however, indicate any sudden steepening of the
subducting slab beneath the outer-arc high. Another possible
explanation is that the change in slope is an expression of the
base of the accretionary wedge, the decollement, reaching the
brittle-ductile transition. This would lower the friction along
the decollement, producing a flauening of the surface of the
accretionary wedge [Davis et al., 1983]. While this may be
an explanation for a few of the largest accretionary wedges, it
alone cannot be a general explanation for the development of
trench-slope breaks becanse both large and small wedges show
similar morphology, albeit on different scales. Other
explanations for the change in slope that we consider unlikely
include a sudden change to a lower coefficient of friction or to
higher pore fluid pressures along the decollement beneath the
topographic high because basal friction generally increases and
pore fluid pressure generally decreases with distance from the
deformation front.

An alternative cause for the development of an outer-arc
high, and the one that we favor, is a relatively large horizontal
gradient in shear strength within the overriding plate. The
near-trench convexity of the cross sectional shape of many
accretionary wedges has been attributed to a similar, but less
marked, horizontal gradient in strength [e.g., Zhao et al.,
1986]. The mechanical requirement that each successive
column must be stronger than the one menchward of it can be
accomplished either by increasing height or, obviously, by
increasing shear strength. We suggest that the change in
slope of the forearc is a reflection of a change to more
consolidated rock within the upper plate. Depending on the
strength contrast, stronger material could support the same
differential stress as several times its own height of weak,
incompletely lithified, and possibly overpressured sediments.
Thus a column of sediment underlain by stonger material
gains a large boost in integrated strength and therefore no
longer needs additional height 10 provide increased strength.



The Backstop

We follow previous workers {e.g., Silver et al., 1985;
Brandon, 1986] in using the term backstop to describe the
stronger basement material presumed to exist below the
arcward end of forearcs (Figures 1 and 2). This term is
sometimes applied to the interface between strong and weak
material, but in this paper we use it to describe to strong
material itself. The backstop acts mechanically as a load-
bearing member, supporting an increasing amount of the
compressive stress as it thickens arcward. Weak sediments are
thus allowed to ride passively on top of the stronger material
of the backstop, shielded or isolated from shear stresses along
the base of the backstop. Forearc basins occur arcward of
accretionary wedges and outer-arc highs and are commonly
much less intensely deformed than the sediments of the
accretionary wedge. Some landward tilting of originally
horizontal layers accompanies the uplift of the back of the
accretionary wedge [e.g., Karig, 1977; Karig et al., 1980;
Lewis and Hayes, 1985]. The fact that weak sedimentary
basins can remain essentially undeformed in the midst of
strongly compressional convergent margins indicaies that they
are largely decoupled or isolated from the lateral stress
transmitted from the plate boundary. While forearc basins
have been observed and commented upon for many years, few

previous attempts have been made to explain mechanistically -

their presence and general lack of deformation. We interpret
the relative lack of deformation within forearc basins to
indicate that a backstop beneath them supports and carries the
compressional stress. We hypothesize that a backstop of
strong material whose upper surface dips trenchward explains
the development of common morphologic features of forearcs
as well as the distribution of shallow seismicity.

The property that distinguishes the backstop is its higher
state of consolidation compared to that of the sediments above
and arcward of it. Its actual lithology is not very important
from a strength point of view, and it may be composed of a
number of lithologies, from those associated with volcanic arc
rocks to various sorts of well-lithified sediments. Likewise, a
number of possibilities exist for the character of the boundary
between the backstop and the overlying weaker material. 1t
may be a sharp lithologic change, for example, from arc rock
to sediment or from lithified sediment 10 newly accreted
sediment; alternatively, it may be either a transitional
boundary across which sediments become metamorphosed or
further lithified (a lithification front as proposed by Byme and
Hibbard [1987]), or the surface of a previous convergent
margin or truncated continental block now buried by
sediments. The depth and dip of the top of the backstop are
not known at most margins. We maintain, however, that
because a stronger backstop at depth causes changes in
morphology and in seismicity, its gross orientation and
location might be inferred from observations of these
phenomena.

Seismic imaging at many convergent margins is either 100
incomplete or too limited in depth to clearly show the
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relationship between basement and shallow structures at the
arcward end of forearcs. In some instances, however, such as
the Lesser Antilles [Ladd et al., 1986), the Manila trench
[Lewis and Hayes, 1985], the Peru margin [von Huene et al.,
1987}, and the Sulawesi trench [Silver et al., 1983], available
multichannel] seismic (MCS) lines show a reflector that dips
trenchward and that appears 10 intersect the downgoing plate
approximately beneath a major morphological or structural
feature. A few examples of line drawings from MCS profiles
that have such reflectors are shown in Figure 12. One
interpretation of these reflectors is that they represent the
upper surface of backstops within these forearcs {e.g., Siiver
et al., 1985].

Two commonly suggested alternative configurations for the
backstop, those in which the backstop dips trenchward
beneath the accretionary wedge and those in which the
accretionary wedge dips arcward beneath the backstop (Figure
13), lead 10 quite different structures within the forearc [Silver
et al., 1985, 1986]. This is also indicated in our simple
laboratory models which are described below. The mechanics
of a backstop geomerry in which the bulk of the accretionary
wedge dips arcward beneath the backstop (Figure 13b) fail to
produce a forearc basin or an outer-arc high [Le Pichon et al.,
1982; Silver et al., 1985]. Such a geometry has been
proposed for the Franciscan Complex of California and
Oregon based on surface geology [e.g., Emst, 1970; Cloos,
1982]. Recent deep-penetration seismic studies in central
California, however, show reflectors at depth that dip
southwestward (renchward) beneath both the Great Valley
sequence and the Franciscan melange [Zoback and Wentworth,
1986]; these reflectors may mark the 10p of a trenchward-
dipping backstop [Silver and Reed, 1988]. A backstop that
dips trenchward beneath the accretionary wedge has sometimes
been used in schematic cross sectons [e.g., Westbrook, 1975;
Le Pichon et al., 1982; Davis et al., 1983], and more
recently, it has been discussed explicitly [e.g., Westbrook et
al., 1984; Silver et al., 1985; Silver and Reed, 1988]. Here
we will refer to this type of backstop as one that is
wenchward-dipping. Such a backstop produces a topographic
high above its intersection with the subducted plaie, and a
passive basin develops arcward of that point as discussed
previously. When a massive thickness of young sediment is
present, large amounts may be subducted beneath the backstop
in addition 10 being accreted above it, resulting in a forearc
that is intermediate in configuration between Figures 13a and
b. A trenchward-dipping backstop seems applicable t0 many
forearcs in which the abundance of young sediment is small to
moderate [Silver and Reed, 1988].

Laboratory Modeling of Forearc Development

We conducted a series of laboratory modeling experiments
10 investigate the effects of lateral vanations in strength
within the forearc. In particular, we studied how the presence
and geometry of a backstop can influence forearc morphology.
This modeling is similar 10 that used by Davis et al. [1983]
to study the mechanics of accretionary wedges.
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Fig. 12. Line drawings of multichannel seismic profiles across several forcarcs. (a) Line 25 across the Sulawesi
trench north of the north arm of Sulawesi, Indonesia, from Silver et al. {1983]. Trenchward-dipping reflectors
beneath the southern part of the accretionary wedge are inuprct\ed 10 be 10p of backstop. Note these reflectors and
those from the 1op of the plate being subducted appear 1o intersect directly beneath the outer-arc high. Vertical scale
is two-way travel time from the surface of the ocean in seconds. (b) Shell line C2114 across the Lesser Antilles
island arc near }4°N. Travel time has been converted to depth. Note the menchward dipping reflectors that, if
extended, intersect the subductied plate beneath the outer-arc high. This forearc is approximately three times the size
of that in 11a. More recent observations [Ladd et al., 1986) confirm the existence of the reflectors shown in this
figure and trace them farther arcward. (c) Profile G across the Manila trench from Hayes and Lewis [1985]. Again,
note that renchward-dipping refleciors beneath the forearc basin, interpreied 1o be from the top of the Zambales
ophiolite, would intersect the subducting plate approximately beneath the rench-siope break.
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the stronger material of the overriding plate; dotted region, accreted and subdwcied sediments. Downgoing plate is in
white. In top drawing the upper surface of the backstop dips renchward bemeath the accretionary wedge (stippled)
while at bouom accretionary wedge dips arcward beneath backstop. In this paper we favor the upper, trenchward-
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Fig. 14. Schematic diagram of laboratory sandbox model used to sudy the mechanical effects of a backstop within a
forearc. Underlying Mylar sheet is pulled horizontally to right beneath origimally flat-lying sand, backstop, and rigid
ends of box (horizontal ruling) by the take-up spool, simulating motion along plate interface. Various geometries
and materials were used for the backstop as described in the t2xt. .
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A simple mechanical model with dry cohesionless sand was
used to study the growth of forearcs with varying backstop
configurations. The use of dry cohesionless sand as a
modeling material has the advantage that, except for small
dilatational effects, the behavior of the sand is independent of
both time and length scales. The sandbox is an open-
bottomed box with transparent side walls that is restrained
against horizontal motion. A sheet of Mylar is placed
between the box and the rigid base beneath it. A dipping
backstop structure consisting of a material stronger than dry
sand is placed on top of the Mylar and then the dry sand is
added above it (Figure 14). Subduction is simulated by
pulling the Mylar sheet horizontally under the box.

Experiments using a backstop with an upper surface
dipping toward the incoming sand (trenchward) result in the
development of a morphology highly reminiscent of many
forearcs. A sequence of photographs of an experimental run
using a wooden backstop (essentially infinite swength
contrast) illustrates this development (Figure 15). The
‘renchward' tip of the backstop is a line of discontinuity both
in the dip and in the velocity of the basement with respect to
the sand. As convergence begins (Figure 15a), the sand above
the tip of the backstop undergoes substantial uplift
accommodated by both forward and backward dipping slip
planes (Figure 15b). This results in the development of an

outer-arc high centered over the intersection of the toe of the

backstop and the moving Mylar sheet. At the same time a
critically tapered wedge of sand develops in front of this high
along trenchward verging slip planes or thrusts (Figure 15¢).
Further accretion of sand at the toe is accommodated by
deformation along new slip planes that develop progressively
farther wenchward. The topographic high grows with time
and overthrusts the undeformed sand behind it along a narrow,
arcward vergent shear zone (Figure 15c). Since the backstop
material shields the sand above it from the movement of the
Mylar sheet, that sand remains undeformed, resembling a
forearc basin. The relative lack of slip along this backward
vergent zone (compared to the total shortening in the
accretionary wedge) causes it to act rather like a hinge as the
greater slip on the renchward side of the high, really a large
pop-up feature, causes it to tilt away from the accretionary
wedge (Figure 15d).

Modeling of cases in which the bulk of the accretionary
wedge dips arcward beneath the backstop resulied in sand
being underthrust beneath the backstop causing arcward
rotation of the backstop. Such models do not produce a well-
developed outer-arc high or forearc basin made up of sediment
as is observed for most subduction zones.

Experiments such as those described above were conducted
with a backstop made of wood, a material that has an
essentially infinite-scaled strength compared to dry sand. The
sength difference between actual materials of an accretionary
wedge and backstop must be far less. To model the case of a
smaller contrast in strength across a trenchward-dipping
backstop, we used slightly dampened sand for the material of
the backstop. Given the model length scale factor of

52

approximately 10, the cohesive strength of the damp sand
scales to nearly a kilobar, making it considerably stronger
than the cohesionless dry sand above it

In the experiments with wet sand (Figure 16a) the
renchward-dipping backstop itself is deformed and steepened
during the early stages of convergence (Figure 16b). Because
the backstop is not infinitely strong, a vertical column made
up of just the toe of the backstop and dry sand does not have
an integerated vertical strength sufficient to overcome the
basal frictional resistance of the wedge trenchward of it Thus
the outer-arc high forms arcward of the toe of the backstop
rather than directly above it (Figure 16¢c), and both dry and wet
sand contribute to its formation through uplift along
trenchward-dipping thrust faults. After the backtop is steep
enough w0 be sufficiently strong, accretion steps out farther
renchward (Figure 16d). The passive region arcward of the
high is similar to that observed in the wooden backstop
experiments except that the backstop is involved in the
thrusting at the arcward end of the high. The major
differences between the infinite and finite swrength contrast
models are the arcward displacement of the high and the
deformation within the backstop in the finite strength contrast
model.

These simple laboratory models illustrate that a trenchward-
dipping backstop that is stronger than the material above and
trenchward of it is sufficient to account mechanically for the
prominent forearc features commonly observed. Such a
backstop also explains the distribution of forearc and plate
boundary seismicity. Seismic activity would be expected 10
occwr within the consolidated, lithified material of the
backstop and along the plate boundary beneath it but not
within the newer accreted sediments of the accretionary wedge
and forearc basin or along the shallowest, sediment-lined part
of the plate interface.

Effect of Subduction of Massive Amounis
of Sediment on the Seismogenic Zone

In the southern Lesser Antilles, the Hikurangi subduction
zone of New Zealand, the Makran margin of southern Iran and
Pakistan, and the Cascadia subduction zone of North America
few or no interplate thrust events are observed. These
margins also all have large accretionary wedges with an
abundance of young sediments. We think that the conditions
favoring aseismic subduction beneath the accretionary wedge
along the shallowest part of many subduction zones may
persist 1o greater depths when sufficient amounts of young
sediment are subducted, thereby decreasing the downdip width
of the seismogenic zone. Given enough high-porosity
sediment, it may be possible to reduce the width of the
seismogenic zone to essentially zero, resulting in completely
aseismic subduction [Byme et al., 1987; Sykes et al., 1987).

CONCLUSIONS

An aseismic zone is observed at subduction zones along the
shallowest part of the plate interface and in the overlying
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Fig. 15. Photographs of stages in deformation of sand during a run of the sandbox experiment. Configuration of
experniments is the same as in Figure 14. Sand, undeformed and flat in the upper photograph, is increasingly
compressed and deformed (subsequent pictures) until a criucal tper is atained in the accretionary wedge. Dark wedge

in the lower right cormer of cach picture is composed of wood and simulates a backstop whose upper slope dips
renchward (1o the left). Note that a topographic high develops over the toc of the backstop. and behind this high an T
undeformed region of sand remains. reminiscent of an outer-arc high/forearc basin pair.  Black lavers are passive
marker beds.
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Fig. 16. Photographs of deformation in sand during an experiment run with a backstop of wet sand with a
trenchward-dipping upper surface. Wet sand is intermediate in strength between dry sand and wood. Note that outer-
arc high is located arcward (right of) the trenchward tip of the backstop and that deformation has occurred within the
backstop itself. Otherwise, morphology is similar o that of Figure 15.
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accretionary wedge. The shallowest part of the overriding
plate at subduction zones is commonly composed of young,
newly accreted and underplated sediments. Experimental
work indicates that the slip properties of such unconsolidated
material favor stable, ascismic slip. The aseismic zone is
most likely caused by the presence of this unconsolidated
sediment In addition to the inherent slip properties of such
material, the presence of elevated pore fluid pressure and, in
some cases, an abundance of saturated marine clays, may also
contribute to aseismic slip. The width of the aseismic zone is
related 1o the abundance and state of sediments at any given
margin, and may be quite large, exceeding several hundred
kilometers in extreme cases. At the arcward end of the
aseismic zone an onset of seismicity occurs, which we call
the seismic front The seismic front marks the transition
between the shallow aseismic zone and the seismogenic zone
that typically extends to greater depths along the plate
interface.

The size of an earthquake is proportional to the area that it
ruptures, and in subduction zones the size is very sensitive to
the downdip width of the seismogenic zone, W. In fact, we
argue that seismic moment is proportional to W to at least
the third power. Because earthquake size is so sensitive 1o the
width of the seismogenic zone, it is important 1o make
accurate estimates of W when W is used 1o assess the seismic
potential of regions. To that end, any estimate of the width
of the seismogenic zone must not include the aseismic zone
because that region does not contribute significantly to the
seismic moment of large earthquakes. Previous studies that
have made estimates of the seismic potential of various
subduction zones based on parameters such as W have
included the aseismic zone and have thus overestimated width
and hence the maximum size of potential earthquakes and
underestimated the average displacement, stress drop, and ratio
of seismic to total slip, a.

The distribution of seismicity within forearcs and along the
plate interface is indicative of the distribution of material with
unstable slip properties, and through inference, of the
distribution of unconsolidated and semiconsolidated sediments.
Information about the gross distribution of weaker sediments
within forearcs is useful in modeling the mechanics of
forearcs. We have used the critical taper wedge model of
Davis et al. [1983) along with morphologic information and
inferences about the distribution of relative material strength
to develop a simple model for the growth and mechanics of
forearcs. We are able 10 account for the development of major
forearc features such as outer-arc highs and forearc basinsg
through the presence of a body of stronger material within the
forearc calied the backsiop. Laboratory modeling is also used
to investigate the effects of backstop geometry and strength
conwrasts within the forearc on surface morphology. The
model that is most consistent with the observed morphology
of most forearcs uses a simple backstop whose upper surface
dips renchward, with its oenchward toe coming into contact
with the subducting plate beneath the outer-arc high. Arcward
of that point the stropger backstop supports the bulk of the
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shear stress related to the convergence of the two plates, thus
allowing weak sediments on top of the backstop, i.e., those
of a forearc basin, 10 remain relatively undeformed (Figure 1).
This model is oversimplified in that it does not consider the
specific tectonic complexities of individual margins, but it is
useful in illustrating how a backstop can produce an outer-arc
high.

Basic observations about the distribution of seismicity in a
number of subduction zones are therefore useful in
understanding forearc mechanics and in the assessment of the
seismic potential of subduction zones based on physical
parameters such as the size of the rupture area of potenial
large earthquakes.
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Seismic Activity in the Tokai Area, Central Japan

H.Aoki, F.Yamazaki, and T.Ooida (Schooul of Science, Nagova
University, Nagoya, Japan, 464-01)

The seismic activity in the southern area i1s related with
the subducting Philippine Sea (PHS: plate, whereas the ac-
tivity in the northwest seems to occur within the upper
crust. A relatively high activity in the lower crust is also
recognized in some areas. In order to see these activities
in more detail, epicenters of best deternined events are
classified acording to the depth and shown in Figs. 1-3.

1. Sub-crustal activity

The majority of the events deeper than 30km seem to occur
on a curved plane with a bend along a seismic belt extending
NNW-SSE (Acki,i1980). Yamazaki and 0cida(1984), adding new
data, proposed a more complicated model for the plate, in
which the subducted ©plate is devided 1into three slabs,
{Tonankai{TN), Tokai{(TK) and Suruga(SR) slabs) as shown by
two chain lines in Fig.l. The boundary between SR and TK 1is
a sharp bend, whereas the boundary between TK and TN is a
big tear in the PHS plate. The bend or tear bears high
potential to stop the rupture of great earthquake along the
Nankai trough, along which seismic zoning was proposed by
Ltsu(l983). A more convincing evidence for the boundary is
the east margin of the 1944 Tonankai earthquake consirained
by revised data (Jwatz and Hamada,1986).

Subcrustal earthquakes do not spread northward but
confined within an area shown by a dotted line in Fig.1l. A
sharp contrast of seismicity across the boundary may sugests
the northern margin of the PHS plate, but it does not
necessarily imply the lack of a sinking slab beyound the
northern margin of the activity, as suggested by an extended
H-Y zone to the north of Izu peninsula (Ishida and Hasemi,
1988).

Another outstanding feature is the concentration of events
within a narrow belt trending north and downward in the TK
slab. The deepest point reaches 70km at the northern end.

Focal mechanism solutions between normal and strike-slip
faultings with tention axes nearly perpendicular to the belt
are predominant. An offset of depth contour such as the one

between TK and TN is not found at the seismic belt.

2. Seismic activity in the lower crust
Fig.2 shows a foci distribution at depths between 15 and
30km. Events in the lower crust are occurring in two areas:
one is a triangle bounded by two tectonic lines (MTL and
ISTL) and the Pacific coastline, and the other, a small aresa
locating above the TK-TN boundary. Foci in the east area are
shallow in the northwest, deepest near Shizuoka (S), where
activity is high, and become shallow toward the lzu penin-
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sula. Similar tendency is also recognized in the west area.

A cross section of foci distribution suggests that the
eastern part bevond S is the shallow part of SR slab but the
western side bewieen S and MTL is an inclined seismic zone
dipping toward the Suruga trough. A similar feature of
focal depth variation is recognized not only in the west
area but also in the Kii peninsula (ER1,198%7) and in Shikoku
(Kochi Lniv.,1988.

The focal mechanisms near MTL are characterized by an E-¥
compression, whereas an E-¥ extension predominates in the
subducting plate. VYarious focal mechanisms are observed 1in
S, where seismic activity has been steadily high. S might be
a point of collision between twoe plates. There are two other
seismic spots Y and H. Y is a seismic spot where events of
M>6 occurred eight times in the last 100yr, though not
uniform in time. The latest was an event of M=6.0 in 1883.
Most of events shown at Y in Fig.2 are its aftershocks. The
activity at H seems lower but more stable than at Y.

3. Seismic activity in the upper crust

Events at depths between 0-15km are shown in Fig.3. Shallow
earthquakes are limitted to the northwest of the Tokai aresa
and in the Izu peninsula (some of the active spots in the
central part are quarry blasts). Although many events have
been registered, the activity seems not stable in terms of a
historical time span, since most of them are aftershocks of
remarkable earthquakes. It is important to elimiate or
predict aftershock activity in order to find abnormal seismic
activity prior to a great earthquake.

Recent shallow earthquakes of M>6.35 in the northwestern
area of MTL are the 1891 Nobi(M=8.0), 1945 Mikawa(M=6.8),
1961 Kitamino(M=7.0), 1969 Gifu-ken-chubu (M=6.6), and the
1984 Nagao-ken-seibu(M=6.8) earthquakes. The biggest cluster
of events in the figure is the aftershock activity of the
1984 event. Other aftershocks are shown by N, M, K, and G

The 1891 Nobi earthquake:The aftershock sequence during 30yr
was given by the rate of felt earthquake at Gifu (Utsu,1961).
Considering the relative location of Gifu, we estimated the
average lower limit of magnitude as 3 for felt earthquakes.

The present activity is estimated as 0.03/day for M>2.
Assuming b=0.9, the rate for M>»3 is estimated as 0.004/day,
which indicates a slightly lower level than expected from
the data during {first 30 vyr.

The 1945 Mikawa earthquake: The rate of recorded after-
shocks during 200 days were reported by Utsu(l961). The
average lower limit of magnitude is estimated as 2.8 from
the number of events whose magnitudes are known. Present
activity for M>2 is 0.02,/day, which implies a normal decay.

The 1969 Gifu-ken-chubu earthquake: Aftershocks recorded by
a sensitive seismograph at Inuyama (Aoki,1970) are avaiiable.
Assuming that any event of similar size can be located by the
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present seismic network, yearly numbers of events are direct-
ly compared with the past data. The present activity is normal.

Thus shallow activity in the northwest area seems mainly
consists of aftershocks of past remarkable earthquakes, except
for the area shown on the left margin of Fig.3, where a
number of events, though small in magnitude, were located
along a remarkable active fault system (Isshi F.S.) striking
NS and also on a belt trending towords the Mikawa aftershock
area. No historic great-earthquake has been reported in this
area. It reaches the subduciing plate in a similar manner as
mentioned above. Both activities are likely constrained by
tectonic lines or large-scale faults.

4. Foreshock activities prior to induced earthguakes

The 1945 Mikawa earthquake occurred 35 days after the 1944
Tonankai earthquake {M=7.9) near the northwest corner of
the 1944 rupture. According to Iwata and Hamada (1986),
spreading of aftershocks or induced earthquakes were recog-
nized not only in the middle of Shizuoka prefecture but also
in the area around the southern Izu peninsula and inland
area of central Honshu. The 1945 event, the greatest among
the induced earthquakes, is known as a typical case of
foreshock activity. The roar of ground began toc occur from
two days before the mainshock. Several shocks <could be
recognized as foreshocks, because most of aftershocks
concentrated in an area west of Mikawa but few in the Mikawa
area. The 1984 Nagano-kKen-seibu earthquake induced two
events outside of the mainshock area. An event of M=6.2
occurred 24 hr after the mainshock to the west and preceded
by foreshocks {from 2 hr before the event. Another event of
M=5.3 occurred 18 days after the mainshock to the weast.
Foreshocks began to occur within 13 hr and increased in
number 3 hr before the event.

The common features between these induced earthquakes are
1) lack of foreshock activity prior to mainshock, and 2) the
occurrence of event near the tip of main fault. These
features are consitent with the results from rock failure
experiments in laboratory. According to Mizutani et al. (1983},
acoustic emission (AE) rate is very high for a high strain-
rate experiment, compared with those for a low strain-rate
experiment. If the data from laboratory experiment are eXtra-
porated to a natural strain rate, the difference between the
failure strength and AE threshhold stress is so small that
the main failure might occur without appreciable AE. Very
low strain-rate in the nature may be one of the reasons why
foreshocks are hardly observed in nature.

If this is the case for a main sock, we can expect a high
probability of foreshock activity for the induced earthquake
which is the most likely result of the rapid strain increase
due to the main shock.
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Recent Progress of Electromagnetic Studies for the Earthquake Prediction in
Japan

Takesi Yukutake (Earthquake Research Institute, University of Tokyo, Tokyo)

In Japan the electromagnetic study for the earthquake prediction has
been pushed forward mainly along two lines. One is geoelectric, and the
other is geomagnetic. Geoelectric study includes studies of resistivity and
electrical potential of the earth, and the geomagnetic those of magnetic
structure and its time variation. There are some others which are not
classified into these categories, such as electromagnetic wave emission. In
this paper studies of the geoelectrical aspects will be described.

In association with an earthquake that took place in the central part
of the Yamasaki fault on May 30, 1984, several kinds of electromagnetic
phenomena were observed, changes in the resistivity, the electric potential
differences and the magnetic field., Some are believed to be caused by
movement of groundwater through the fault,

However, it is not known how the groundwater flows through the fault
at the time of an earthquake. Since the electrical resistivity highly
depends on the distribution of water, recent efforts have been concentrated
on the study of the resistivity structure of the crust. Many faults are
characterized by low resistivity. Some parts of the lower crust are
confirmed to be low resistive, coincident with regions of aseismicity in
the lower crust. The subducting oceanic plate has been found to have a thin
low resistivity layer at its top surface, which is supposed to be caused by
high water content,

Role of fluid in the deep crust is not well known. Clarification of
detailed structures near the interface between high and low resistivity
layers in the crust will be a task for the coming several years.

1. Electromagnetic phenomena observed before and after the earthquake in
the central part of the Yamasaki fault on May 30, 1984

Located in the western part of Japan, the Yamasaki fault is a fault
that has been most extensively investigated as a test site for the
earthquake prediction. Several types of geomagnetic and geoelectric
instruments are deployed in this area. On May 30, 1984, an earthquake of M
5.6 took place at a depth of about 17 km below the fault near its center.

Across the fault the electrical potential differences are being
measured in a vault [Miyakoshi, 1986]. A notable change was observed for
the electrode pairs of 34.4m separation. As shown in Fig. 1 by E-1, the
change started about 55 hours preceding the earthquake, and recovered to
the normal level 13 hours after the earthquake. Miyakoshi (1986) considers
that this precursory change is likely due to an electrokinetic origin
called streaming potential that was induced by movement of groundwater
through the fractured zone along the fault.

63



It is widely known that the electrical potential at the earth's
surface is often influenced by rainfall. Actually significant changes were
observed in the potential difference across the fault at the time of
rainfall as shown in Fig. 2, but there was no rainfall to be related to the
precursory change [Miyakoshi,1986]. One thing to be noted is, however, that
such close relationship to rainfall is observed only during the period of
about two months before the earthquake occurrence. No clear changes were
recognized before in association with rainfall.

Change in the electrical resistivity was remarkable. The resistivity
is being measured by a direct current method with Schlumberger electrode
arrangements in two directions, one in parallel with the fault and the
other orthogonal to it [Sumitomo and Noritomi, 1986]. Measurement along the
fault showed a conspicuous variation as in Fig. 3. The apparent resistivity
increased from about 300 ohm.m to 1500 ohm.m after the earthquake. Although
not so large, there was a significant change before the earthquake. Figure
4 shows that the apparent resistivity began to decrease about 70 days
before the earthquake and reached a minimum around 30 days before. The
decrement was about 30 percent of the original resistivity. Sumitomo and
Noritomi (1986) attempt to explain this change by resistivity change of the
outer part of the fault fractured zone,

It is noted that some of the anomalous changes mentioned above started
about two months before the earthquake, resistivity change, change of
relationship between the electric potential and rainfall, They are likely
to be related to movement of groundwater. This seems to suggest that
groundwater began to flow at some depths in the fault area two months
preceding the earthquake.

2. Resistivity structure of the crust

It is not known, however, how the groundwater flows through the fault
at the time of an earthquake. Many faults are known to have low
resistivity zones along the faults, which are supposed to be caused by high
water content of fractured rocks in the fault area [Research Group for
Active Fault, 1982]. This implies that the fault can act as a water
conduit. However it is not yet clarified to what depth the low resistivity
nature of the fault extends. Considerable efforts are now concentrated on
investigation of the resistivity structure of the crust.

Studies of the resistivity structure of the Japan island have been
conducted under cooperative projects between universities and government
institutions. The results so far obtained strongly suggest existence of
low resistivity region in the lower crust [Research Group for Resistivity
Structure, Japan, 1983: Yukutake, 1985: Ogawa et al., 1986: Utada et al.,
1986]. Figure 5 shows a profile of the resistivity structure across the
Japanese island arc in the Northeast Japan [Utada, 1987]. Low resistivity
region extends in the lower crust from the aseismic front toward inland,
The low resistivity is likely to be caused by fluids in the deep crust, and
related to aseismicity of the lower crust.

Existence of a thin low resistivity layer has been also found at the
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top of the subducting oceanic plate (Fig. 5). This is again considered to
be caused by high water content. Consequently it is not unreasonable to
suppose that at the time of an inter-plate earthquake considerable amount
of water is squeezed out through this layer. Then electromagnetic changes
like electric potential and resistivity would be expected if the
measurements are conducted on the ocean floor.

3. Future programs

Although some of the low resistivity nature of the lower crust has
been revealed, there are many things to be solved, such as what is the
shape of the boundary between the resistive and the conductive crust,
whether the low resistivity region along the fault reaches this layer or
not. Since most of the large earthquakes occurs in the upper crust close to
the upper and lower crust boundary, it seems highly important to clarify
the resistivity structure near the boundary, and for the earthquake
prediction particularly important to examine its time variation.
Investigation of near-boundary structure is attempted by use of artificial
as well as natural sources,

For prediction of the inter-plate earthquakes below the Japan island,
it seems urgent to begin the ocean floor observation of the electric
potential and the magnetic field. It is also important to develop
techniques to measure the resistivity continuously of a shallower part of
the oceanic crust.
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Fig. 1 Changes in the electric potential difference across the
Yamasaki fault. E-1: Potential difference for the longer electrode
separation, 34.4m. E-2: Potential difference for the shorter electrode
separation, 23.0m. A precursory change started about 55 hours before
the earthquake for E-1, whereas no remarkable change was recognized
for E-2. Precipitation is plotted at the bottom. [Miyakoshi, 1986]
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2 Changes in the electric potential difference across the Yamasaki
fault., Large changes have become to be observed since two months
before the earthquake. Precipitation is plotted at the bottom.
[Miyakoshi, 1986]
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Fig. 3 Change in apparent resistivity obtained by a direct current method
with electrodes aligned along the Yamasaki fault by Schlumberger
arrangements. [Sumitomo and Noritomi, 1986]
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Fig. 4 Change in apparent resistivity before the earthquake. The
resistivity started to decrease about 70 days preceding the
earthquake., [Sumitomo and Noritomi, 1986]
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Fig. 5 Conductivity structure across the Japanese island arc in the
Northeast Japan. Conductivity is given in the unit of S/m, which

is

inverse of resistivity (ohm.m). [Utada, 1987] The lower crust to the
west of the aseismic front (AF) is conducting (low resistivity). VF
denotes volcanic front, and T trench.

A thin conducting layer exists at the top of the subducting oceanic
plate.
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PARKFIELD, CALIFORNIA EARTHQUAKE PREDICTION EXPERIMENT - A STATUS
REPORT

BAKUN, W. H., U.S. Geological Survey - 345 Middlefield Rd.,

MS 977, Menlo Park, CA. 94025

In 1985 the U.S. Geological Survey (USGS) issued a long-term
prediction for an earthquake of about magnitude 6 to occur before
1993 on the Parkfield section of the San Andreas fault in central
California. The rationale for the long-term prediction is
outlined in Bakun and McEvilly (1984) and Bakun and Lindh (1985).

The prototype earthquake prediction experiment now in
operation near Parkfield is designed to document the details of
the final stages of the earthquake generation process. The
design of the prototype prediction experiment is largely based on
observations and accounts of historic Parkfield earthquakes,
particularly the most recent shock on June 28, 1966. Foreshocks
in 1966 and in the June 1934 sequence, as well as the main shocks
in 1934 and 1966, were located beneath Middle Mtn. in the
earthquake preparation zone at the northwest end of the rupture
zone; monitoring of seismicity within the preparation zone is an
important element of the prediction experiment. An irrigation
pipeline that crosses the rupture zone broke and separated 9
hours before the 1966 main shock, and fresh en echelon cracks
were observed near the center of the rupture zone 12 days before
the 1966 main shock by Japanese seismologists visiting the
Parkfield area as part of the Second US-Japan Earthquake
Prediction Research Seminar. The broken irrigation pipeline and
the observations of fresh cracks along the fault trace suggest
significant precursory fault creep in 1966, and are a basis for
detailed monitoring of crustal deformation along the Parkfield
section of the San Andreas fault.

The prediction experiment includes active and passive
borehole and surface seismic monitoring networks, creepmeters, a
two-color laser geodimeter network, borehole volumetric and
tensor strainmeters, borehole water level, geochemistry, and
precision temperature measurements, tiltmeters, magnetic and
electrical resistivity sensors, a radio frequency monitor, and
leveling, alignment and geodimeter surveys (see Figure 1). The
instrumentation is described in detail by Bakun et al. (1987).

The USGS, the Governor of California's Office of Emergency
Services, the affected counties in central California and local
officials have developed coordinated earthquake prediction
response plans that will be implemented if the USGS issues a
short-term prediction (see Bakun et al., 1987). Any short-term
predictions will be based on a set of predetermined thresholds of
unusual tectonic conditions detected by the geophysical networks
listed above. Information material has been prepared and
distributed to residents in areas near Parkfield likely to be
affected by the predicted earthquake (see Figure 2).
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CLASSIFICATION OF EARTHQUAKE PRECURSORS AND
REGULARITY OF PRECURSOR APPEARANCE

Kazuo Hamada

National Research Center for Disaster Prevention
Tsukuba Science City, 305 Japan

Abstract. A total of 730 precursory phenomena to earthquakes occurring in
and around Japan were collected from literature. These phenomena are
grouped into 40 items from many disciplines, such as geodesy, seismology,
geo-electromagnetism, geo-chemistry and others. These items were classified
into two categories according to their precursor times(Tp), which were
defined as the time length from the commencement of the precursory
phenomenon to the main shock, and the categories were labeled short-term
precursors and long-term precursors. The short-term precursors included
foreshocks, all kinds of anomalies detected by instruments for continuous
measurements of crustal movement, most anomalies of geo-electromagnetism
such as earth current, resistivity, and radio wave emission. They were
clearly separated from the long-term precursors in terms of the frequency-
distribution pattern with respect to Tp.

From the analysis of the frequencies of all the short-term precursors
with Tp, the following probability density function(Pd) of Tp was derived:

logPd(Tp)=a-b-logTp
a:const., b=0.926, 0.1<Tpg40 days.
Approximately 50 Z of Tp for short-term precursors are less than 3 days and
90 7 of them are less than 30 days.

Comparing and discussing this formula with the empirical formula of
probability(#4) of fracture occurrence in rock with respect to applied
stress( @) by Mogi, the following relationship was derived, when Pd was
assumed to be/L:

logPd=A"'+B'>"
0 =A"-B"logTp
A' ,A",B' ,B":const.
Such a relationship probably holds in the source region during a short
period of time, approximately 40 days prior to the main shock.

Introduction

A number of precursory phenomena to earthquakes which occurred in and
around Japan were collected from literature. The collected precursors,
which are probably the real precursors in the strictest sense, are
complicated in terms of the way they appear. There seems to be no
deterministic precursors so far. Therefore, a probabilistic approach based
on observational facts seems to be the most practical way to predict
earthquakes for the time being.

The collected precursors were classified into either short-term or
long~-term ones by each item, according to the precursor time(Tp) which is
defined as the time interval from the commencement of the precursor to the
mainshock. Then the frequency distribution of the short-term precursors
with respect to the precursor time(Tp) was investigated from a macroscopic
view point, where a variety of precursors in different items to different
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earthquakes were treated together. Consequently, experimental probability
density function(Pd) and distribution function(Pc) with respect to the Tp
were derived for all the short-term precursors. And the Pd and Pc were
found to be weak functions of the mainshock magnitude(M).

This is the first study which attempts to find a regularity in the
appearance probability of short-term earthquake precursors in this way. It
is hoped that this study will not only help to understand the source
process at the preparation stage of an earthquake, but will also assist in
predicting earthquakes in a practical way.

Data

All the data used in this paper were of precursory phenomena to
earthquakes occurring in and around Japan in the past 100 years or more,
which were collected and selected by the author from literature, reports
and other documents in many geo-science fields, as given in Table 1.
Recently, an increasingly large number of precursory phenomena including
even unusual behavior or the responses of animals or plants before
earthquakes have been reported. In almost all these cases, the phenomena
were recognized and reported by the observer after the main shock (Hamada,
1987). Since there is no established method of selecting real precursors
from other anomalies which come from different sources, reported precursors
possibly include noises. All the data sources could not be cited here
because of space limitations, however, the main sources were the Earthquake
Countermeasures Section of the Shizuoka Prefectural O0ffice(1985),
Suzuki(1985), and many of the Reports of the Coordinating Committee for
Earthquake Prediction. Particularly, the last "Report" was a treasure house
of information regarding precursory phenomena to earthquakes in Japan.

Classification of earthquake precursors

The selected precursors for which precursor times(Tp) are known are
given in Table 1. In the case of foreshock sequences, the number of
precursors is not that of foreshocks but that of the sequences, and the
commencement of the precursor is the first foreshock recognized. Out of
the total 750 precursors, the majority(504) were seismological. Among the
seismological precursors, more than half(287) were foreshocks.

At first, the earthquake precursors were classified by disciplines and
items by instruments or apparent patterns of the precursors themselves.
Then each item was classified into either short-term(S) precursors or long-
term(L) ones. Where the majority of Tp was not greater than 30 days, the
precursor was classified as short-term; where the majority of Tp was
greater than 30 days, the precursor was classified as long-term. Immediate
short-term(SS) precursors were considered as part of the short-term(S)
ones. In those cases, a majority of Tp was not greater than 3 days. The
short-term precursors included foreshocks, all kinds of anomalies detected
by instruments for continuous measurements of crustal movement, most
anomalies of geo—electromagnetism such as earth current, resistivity, and
radio wave emission. All geodetic precursors were long-term. Precursors in
seismology, geo-electromagnetism, and geo-chemistry were included in both
the short-term and long-term categories. This classification however might
be revised in the future according to the accumulation of observed data and
knowledge or instrumental development.

The item of Utsu's criterion for foreshocks in seismology in Table 1
is not independent from the item of foreshock sequences. Therefore, this
criterion of Utsu's was not counted as independent precursors in the
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statistical investigation.

There is a very obvious difference in the probability distribution
function(Pc) with Tp between the short-term and long~term precursors, as
illustrated in Fig. 1. Where Pc(Tp) means a rate of the number of the
short(or long)-term precursors whose precursor times are equal to or less
than Tp per the total number of the short(or long)-term precursors in Table
1, respectively. For 85 7 of the short-term precursors, the Tp is not
greater than 30 days, while for only 14 Z of the long-term precursors, the
Tp is not greater than 30 days.

Figure 2 illustrates the frequency distribution of the short-term and
long-term precursors in Table 1 with respect to the mainshock magnitude.
This figure also shows a significant difference in the distribution
pattern. That is, the long-term precursor has a tendency to appear for
larger events than those for which the short-term precursor appears. Such
differences between the short-term and long-term precursors seen in Figs. 1
and 2 may suggest different physical bases for them.

Figure 3 illustrates the Pc for the short-term precursors, where
precursors are grouped according to the magnitude(M) of the main shock.
The mean M of the M<6 group is approximately 5, that of the M26 group, 7,
and that of all the data, 6, as is seen in Flg 2. Therefore, the Pc
indicated by 4, e, and o represent approximately those for M=5, 6, and 7.
The difference in Pc between mean magnitudes 5 and 7 events is at most 20
%, and variation in Tp is about a factor of 4 over the central half of the
data, as seen in Fig. 3.

Regularity of precursors-appearance probability

Figure 4 illustrates the probability density for all the short-term
precursors which was derived from the probability distribution in Fig. 1,
where Tp is divided at 0.1, 0.3, 1, 3, 10, 30, and 100 days. The averaged
probability density in the partitioned Tp is plotted at the middle of these
Tp ranges. The figure shows an obvious linear relationship between logPd
and logTp in the range roughly 0.1¢Tp<30 days. For Tp> roughly 30 days, the
logPd decreases more rapidly as the logTp increases.

The best fit straight line for the five plots for all the short-term
precursors was derived by the least squares method as shown in Fig. 4. The
empirical formula in Fig. 4 represents a drastic increase in the precursor-
appearance probability with respect to time, approaching the main shock.

Here we consider, as a general problem, the probability distribution
function(Pc) when the probability density function(Pd) is given by the
formula in Fig. 4. The Pc is derived by integrating the Pd as follows:

logpPd(Tp)=a-b logygTp (1)
a,b: const., x>LTps@

A

Pe(Tp)=102(1/(1-5))Tp ~>+4 (b£1)  (2)

Pc(Tp)=1021n10 log 107p+B (b=1) (3)

A,B:const. ngpgr,
where, according to the definition, Pc(Tp)ﬁ) Pd(Tp)dTp and Tp is the
precursor time. The Pd given by formula (1) is expressed with a straight
line on the logPd-logTp planes. And the corresponding Pc is expressed with
an upward convex curve (if b>1), or a downward convex curve (if b>l), or a
straight line (if b=1) on the Pc-logTp planes.

The Pc value of formula (2) was calculated and compared with the

observed data as illustrated in Fig. 5, where the b value was the same as

that shown in Fig. 4, and "A" and "a" were determined by eve measurements
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on the Pc-logTp plane. There is an excellent agreement between the
calculated Pc and the observed ones for 0.1{Tp<40 days, where the average
discrepancy is only 1.2 7.

Such remarkable agreements as those in Figs. 4 and 5 suggest the
existence of a simple regularity expressed by formula (1) for about 40 days
prior to the main shock, in which approximately 90 7 of all the short-term
precursors are included.

Reliability and meaning of short-term precursors

One of the most important and most basic problems is the reliability
of reported precursors. Unfortunately, since there is no established method
to reject noises which come from different sources, noise contamination
within the reported precursors is unavoidable, particularly just prior to
earthquakes. Therefore, as the second best method, foreshocks, which most
seismologists probably think are reliable precursors, and other short-term
precursors were compared with each other in terms of Pc with respect to Tp.

Figure 6 shows the result of this comparison, where data from 287
foreshock sequences and 241 other short-term precursors were plotted
together. As we can see in the figure, there is a suprisingly good
agreement between the two, with no particular difference in the range
0.1£Tpg10 days. Most seismologists probably do not believe in the
reliability of the anomalous precursor-like phenomena described in geo-
chemistry geo-electromagnetism, continuous measurement of crustal
deformation, and other fields to the same degree that they believe in
foreshocks. However, Fig. 6 does not show a significant difference between
foreshocks and the other phenomena mentioned. This suggests that noise
contamination does not seriously affect Pc.

Thus far, the characteristic features of short-term precursors have
been clarified; that is they have been clearly separated from long-term
precursors in terms of Pc, their precursor-appearance regularity has been
shown to be remarkable, and it has been shown that there is no significant
difference between foreshocks and other short-term precursors in terms of
Pc. These facts lead to the suggestion that a variety of short-term
presursors in different disciplines are reflections of the common process
in the preparation stage of the earthquake, namely, what has been <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>