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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 in 
Science Program. The purpose of the seminar was to provide an 
opportunity for researchers from the two countries to share 
recent progress 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 variables?
* 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



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 Tokai 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 jointly 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 coun 
tries .

The prediction experiment at Parkfield, California 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 earthquakes 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 
quake, 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 (MX7.0) 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 MX7 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, yielded 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 is 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 led 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 betweeri 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 looked 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 is evidence 
that variations in the long-term rate of seismicity observed con 
currently in different regions might be attributed to slight



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 clustering of fractures 
before a mainshock may explain coda-Q changes, as well as seis- 
micity precursors of various 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 zones 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 in 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, rheology 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 is 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), C. 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 UJ.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 UJ.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 Izu-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 
Hquefraction 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 
subduetion 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 submarine 
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. In 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 occur before 
the main rupture. This would, therefore, show the same pattern of 
seismicity as Type B.
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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.
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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.
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Figure 6 Submarine topography in the region off the east coast 
of Ibaraki prefecture. 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 (ORES, 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 L 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 mb 4.7 was applied to 
this catalog, but in a modified form. A combination of the reported USGS mb (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 ORES network, was used to provide detailed data down to the MD 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 thai part of the rapture zone monitored by the local network, the eariy 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, m^4.7, 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 

All aftershocks

Upper thrust 
Lower thrust 
Upper plate 
All-upper plate 
East of epicenter 
Upper thrust, east 
West of epicenter 
Upper thrust, west

No. events

238
95
163 (68.5%)
56(23.5%)
19(8%)

219 (92%)
89 (37.4%)
71
149 (62.6%)
92

0.868
0.918
0.935
0.719
1.262
0.876
0.982
0.994
0.835
0.942

1.27

1.30
1.73
0.95

Mean dif (number-FLT)

0.23614.410
0.36512.669
0.39612.871
0.37811.473
0.60011.885
0.11813.600
0.45313.960
0.48613240
0.41112.466
0.46111.568
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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, 1982-1987] 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 Earthquake Prediction in Japan

MINORU TANAKA and TETSURO IMAKIIRE (Geographical Survey Institute, Tsukuba, Ibaraki, 
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 fron about 1980 to detect a uniform deformation in the various 
fluctuations through the subduct ion 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 time dependent peninsula tectonics is as 

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

hypothesis,
(2) short-period variation related to tiae 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 defomation 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 fliura and Boso peninsulas, where they are regarded as 
large monitoring sensors to grasp short range prediction.
In the Miura peninsula, the southern tip of coastside near the Sagami trough continues 

subsiding uniformly 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 faulf 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 model for interpreting the tectonics was proposed by Kasahara
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and Hamada(1981) and Kasahara(1985). Tanaka et.ai.(1986) attempted to interpret the 
recent crustal deformation in the Mi Lira and Boso peninsulas by the time dependent plate 
bending model, in association with the above model.

In this investigation on the time dependent peninsula tectonics, the following three 
points are reported,
(1) secular change in height of datum related to some periodic change,* 19-20 years 

variation hypothesis,
(2) short period crustal deforiation 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 earthquake 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 86«m in average at the tiie of the 1923 Great Kanto Earthquake 
(M 7.9) i.e., 85.4mm froi the net adjustment by fixing many stable bench marks on the 
surrounding route in the northern Kanto district, and 87.3mni from the direct leveling 
from datum to Aburatsubo Tidal Station correcting the tidal difference at the time of 
the earthquake. Fig.2 shows the secular change in tidal level at Aburatsubo Tidal 
Station after the 1923 earthquake. 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 Tidal 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 naxiium peaks, i.e., about 1934, about 1953 and about 1970. 
On the other hand, tidal level has also iaxiinum peaks in about 1927, about 1944, about 
1963, and about 1985 as shown in Fig.2. Height change of datui relative to the fix 
point at Aburatsubo T.S. is expected to have so»e periodic changes such as about 19-20 
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 itself. 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 tiie dependent peninsula 
tectonics. According to this hypothesis, the next large sporadic change in height 
after the 1968-70 event lay be seen in about 1992-3. At any rate, secular change in 
geoidal undulation can also be pointed out from the above results. It 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(bottom). The bottom figure is given by Fujita and 
Kaidzu(1985) and fault creep dislocation model 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 lain fault is not clear at the present time, though 
recently, it has been pointed out that the contour line of the upper surface of the 
Philippine sea plate appears to be discontinued beneath the Tokyo Bay(lshida,1986).
Fig.6 shows two results of vertical changes obtained from net adjustment in the 

southern Kanto area during the periods from 1972-1977 and 1978-1981 and from 1978-81 to 
1984-85 relative to both datum and Uchiura Tidal Station. In 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 Ito, the eastern part of Izu 
peninsula. 3. upheavals near the eastern part of Tokyo near datura and near the south 
of Chiba city (recovery of ground subsidence ? ), 4. subsidence of tips of peninsulas, 
5. subsiding inclination toward Suruga trough at the western coast side of Izu 
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 Bore clearly, secular variations for the period from 1968 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-l(Fujisawa) and BMF25CYokohama) (upper figure), and the secular 
change in elevation of BM3880(Tateya»a) 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 (O) 

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 circle (©) shows the results by 
leveling carried out in stimmer(May-June). The difference between surveys in summer 
(O) and winter(0) 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(O) and black(0) circles. These seasonal variations are 
discussed in the following chapter.
Concerning short period variation related to time dependent subduct ion process, the 

tip of Miura shows the upheaval from 1968 to 1972 and the gradual subsidence from 1972 
to 1988, while the tip of Boso shows gradual subsidence from 1972 to 1973 and step-like 
upheaval from 1973 to 1988. 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 aoreover, regarded as being earthquake 
occurrences through their relative notion in plate boundary between the Philippine sea 
and the Pacific plates (Kasahara,1985).
Concerning the time dependent tectonic fluctuation on these peninsulas, tvo 
interpretations are possible, i.e., fault creep dislocation model and tire 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 

anomalously under the long-term slow subsidence, the phenomenon which seems to be
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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 extensoraeter data at the Tateyama Crustal Observatory in 
the tip of Boso (Fig.8), though this small earthquake is considered to be due to the 
internal deformation of Philippine sea plate (Kasahara,1988, 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 frow geodetic leans and predict 
the forthcoming Tokai earthquake, repetitions! precise leveling survey has been 
carried out since 1962 between Kakegawa(BM140-1) and Omaezaki(BM2595), 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 results are shown in Fig.9.
From these results, clear seasonal changes in height having the pattern of subsidence 
in winter and upheaval in suiwer were detected. Concerning the origin, ground water 
model 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 uonth's delay of 
elevation change from tidal change could not similarly output the amplitude (Tanaka, 
1981). Tajina 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 
timed0AM-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 froi 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.11.
From these investigations, the phases on seasonal vertical 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 loves from south to north, 
and is considered to agree with that in tidal change within an accuracy of about one 
month or so. Therefore waking choices of appropriate direction of leveling route, 
showing naximum inclination to tidal force, is very important for this investigation.
In the tip of the Miura peninsula, amplitude of seasonal 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 useful 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 secular changes in tidal level at Aburatsubo 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 plate 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 earthquake prediction in 
this area. It 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 wi11 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 pleased 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 annual mean sea level.

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.

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 southern 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 extensoneters at Tateyama Crustal Observatory, 
Monthly mean values (upper) and Daily mean values(bottcm).

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 (bottom).

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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Location map of the leveling route in the south Kanto district 
used for this investigation

Datum Tolcyo

Chiba C.

Katsuura
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Fig.2, Secular change in height of Aburatsubo tidal station (Fixed nark) 
relative to Aburatsubo annual nean sea level
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Fig.3, Secular change in height of Leveling Datum during the period of 64 years 
relative to the Bean sea level at the Aburatsubo tidal fixed mnrk
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Fig.4, Secular chnnge in height nf Minra Prninsnln (First, nrdrr leveling point)
relative to the Leveling Datua
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Fig.8, Secular change of extensonetcr at Tnteyaaa Crustal Obser 
( onthly Mean value)
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Fig.9, Secular change in height of Oaaer.ak i (BW2595 ) re In live to Kakegewa(BH14Q-1)
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LOQ AND MAXIMUM SIZE OF THRUST 
EARTHQUAKES AND THE MECHANICS OF THE 
SHALLOW REGION OF SUBDUCTION ZONES

Daniel E. Byrne, 1 *2 Dan M. Davis,3 
andLynnR. Sykes 1'2

Abstract. Earthquakes do not extend updip along the plate 
interface at most subduction zones all of the way to the plate 
boundary at the trench axis or deformation front Rather, the 
shallowest pan 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 eventually come into contact 
at depth across both sides of the plate boundary. From the 
point where sufficiently 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 is 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 pan 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 trenchward 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 convergent margins it is 
possible to make belter estimates of W and hence to deduce 
the maximum size of future interplate earthquakes. The 
average repeat time of such events is also related to W and so 
better estimates 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 depth 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 accreuonary wedge. We argue that that change is 
caused by a large arcward increase in the strength of the 
material within the overriding plate. That stronger material is 
called the backstop. Our laboratory modeling experiments 
indicate that a backstop with a trenchward-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
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develops trench ward of the backstop, an outer-arc high 
develops above the trenchward toe of the backstop, and farther 
arc ward a passive forearc basin forms above the stronger 
matenal of the backstop. This model is consistent with the 
observation that earthquakes do not extend updip along the 
plate interface all the way to the trench axis. We hypothesize 
that plate motion is accommodated seismically along the base 
of the consolidated backstop and mostly or entirely 
aseismically trenchward of the toe of the backstop along the 
base of the accreuonary 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

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 Scholz [1988]. The aseismic zone is 
probably caused by the presence of unconsolidated, 
overpressured sediment along the shallow pan of the plate 
boundary. Along the seismogenic zone, more consolidated

TRENCH
ACCRETIONARY WEDGE

APPROXIMATE HORIZONTAL SCALE Urn)
VERTICAL EXAGGERATION & * i

SEISMICITY
INTERPLATE T - TMUUST EVENTS *"0 AfTfRiHOC

* - SHALLOW UPPER-PLATE EVENTS 

INTRAPLATE \ O~ BENOWG-RELATED NORMAL EVENTS 

C - BCNOMG-RELATCO THRUST EVENTS

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 to total slip as defined by Sykes and Quiumeyer 
[1981] is OL 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 backstop 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 material of the backstop affects the style of deformation along the plate boundary in addition to influencing 
morphology. Interplate earthquakes do not occur below the brittle-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 fncuonai 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 subduciion .-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 downdrp width of the seismogenic 
zone. The aseismic zone can be very large in some margins 
and much if not all of it does not contribute appreciably to 
seismic moment release. Thus, we suggest that in future 
estimates of the potential rupture area of large interplate thrust 
earthquakes, 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 unconsolidated 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 
pan 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 accTetionary 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 a very simple model, we are able to 
reproduce all of the primary structures that are commonly 
observed in forearcs. The seismic front is interpreted to 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 multichannel 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 interpiate slip, for the formation 
of outer-arc highs and trench-slope breaks, and we suggest a 
relationship between these near-surface structures, the deeper 
structure of forearcs, and the distribution of shallow 
seismicity.

SHALLOW 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 totally or nearly totally 
by 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., Stauder, 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 shallowest 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 nucleate 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, to which we refer in 
this paper, at its trenchward end.

It 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 system 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.e., down to 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 ±2 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 studies 
indicate that the shallow aseismic region persists even in large 
earthquakes. 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 Valley 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 subduction 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 vertical 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 subduction 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 bottom 
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 bottom seismometer (OBS) studies 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 moderate-sized earthquakes from Engdahl and 
Gubbins [1987] shows the general distribution of seismicity 
(Figure 3). Both the local network and teleseismic data were 
used to 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 to extend trenchward beyond Hawley ridge [Scholl and 
Ryan, 1986].

Earthquakes are observed near the trench 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 venically exaggerated by a factor of 3; there is no vertical 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 magnitude 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 trench axis. At that point 
there is a sharp onset of seismicity that we define to be the 
seismic front Engdahl [1977] notes that although the Adak 
network has the sensitivity to detect small earthquakes 
between the trench and the seismic front, very few events have 
been reported from that area, an observation supported 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 
to the arc [LaForge and Engdahl, 1979]. Thrust-faulting focal 
mechanisms are found for events beneath the upper plate 
earthquakes, and these are interpreted to define the plate 
boundary [LaForge and Engdahl, 1979; Ekstrom 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 5). 
These investigations 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 
extension related to 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 Mw) and a large 
event in 1986 (8.0 Mw). Using data from the Adak network, 
C. Kisslinger and others (unpublished <*«?. 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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Eastern Limit 
of Rupture >-x

Fig. 4. Map of Central Aleutians showing the locations of the first 3 days of aftershocks of the 1986 Andreanof 
Islands earthquake (8.0 Mw). 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 indicated. 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 trenchward (<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 
to this magnitude difference. The locations of the aftershocks 
of the 1957 event are not well determined FBoyd, 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 Honshu is the site of a 
seismic network situated over a seismically very active 
subducuon 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 
transition 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 
subduction 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 two ocean bottom 
seismometer (OBS) arrays fFrolich et al., 1982). Triangles on ocean floor indicate OBS locations projected into 
section. Solid triangles and circles are OBS and earthquake locations from a 1978 survey, and open symbols are from 
a 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 trench 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.

250km

-50km

Fig. 6. Bathymetric profile and earthquake hypocenters along a cross section 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 vertically 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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-50km

Fig. 7. Bathymetric 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 trench 
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 [Hirata et al., 1983). 
A similar distribution of seismicity, although inferior to the 
local network locations, is seen from data compiled by the 
International Seismologies! Center [e,g., Yoshii, 1979).

More accurate near-trench locations are provided by the 
OBS surveys of Kirata et aL f 1983,1985] that were conducted 
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 studies found a large number 
of small earthquakes near the trench 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 better resolution of near-

trench 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 transition 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 a 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 Aiaskan 
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 magnitude 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 trace 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 shelf 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 trench axis is made up of accreted 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 oriented in the direction of 
relative plate convergence. Reyners and Coles found focal 
mechanisms of the thrust type for a number of earthquakes 
within the arc ward 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 down go ing Pacific

plate. An earthquake occurred trenchward of the seismic front 
(Figure 8) in 1946 (7.4 Ms) that was unusual in many 
respects. It generated a tsunami comparable to that expected 
for a magnitude 92 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) 
earthquakes 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 
earthquake, 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 venical 
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from local stations of this study, and they indicate an aseismic 
zone along the shallowest pan of the plate boundary (Figure 
10). The relocated aftershocks extend closer to 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 truncation with renewed accretion 
commencing in the Late Miocene fKarig et al., 1978]. The 
Oaxaca region is therefore another example in which 
seismicity extends trench ward 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 trenchward (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 to the Barbados Ridge Complex, a broad outer-arc high

[Westbrook et al., 1984). Epicentre! locations for events 
recorded by local networks between 1977 and 1981 [McCann 
and Ryan, 1984] illustrate the wide aseismic zone that also 
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]. It 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.

All of the above subduction zones exhibit an aseismic zone 
along the shallowest pan of the plate boundary. That zone 
gives way to the seismogenic zone at the seismic front 
Available evidence indicates that the seismic front is a fixed
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96.8°W in southern Mexico. Hypocenters are aftershocks of the 1978 Oaxaca event located by Stewart et al. [1981]. 
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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.

Shallow Seismicity 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 pan 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 rKanamori, 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

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 trench where neither plate age nor convergence velocity 
change significantly along the arc. In the northern pan of that 
subduction zone, earthquakes greater than magnitude 8 occur, 
but farther south only events up to magnitude 7.8 are 
observed (and most are smaller than 7.5) [Kawakatsu and 
Seno, 1983]. Mogi [1987] attributes this change in seismic 
potential to 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 
earthquake, a more direct way of estimating the size of future 
or potential large earthquakes may be to 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 important parameter in 
estimating the size of large earthquakes because seismic 
moment, MQ, is very sensitive to it, as shown below. The
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Fig. 11. Map of earthquake epicenters in the Lesser Antilles. Earthquake locations are from local networks for 
events occurring between 1977 and 1981 as compiled by McCann and Ryan [1984]. Symbols indicate earthquake 
depth: plus sign, 0-50; circle, 51-100; cross.101-150; asterisk, 151-200; and Y, greater than 200 km. Relative 
size of symbol reflects number of stations reporting. Most events are of magnitude 3 and greater. Note the decrease 
in seismicity trenchward (eastward) of the outer-arc high. The seismic front, i.e., eastern limit of high seismic 
activity near 60°, is coincident with the outer-arc high in the southern Lesser Antilles. North of 14° the bathymetry 
indicates more complexity, probably caused by the subduction of aseismic ridges such as the Tiburon Rise. The stars 
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 portion of the plate interface extends all the 
way to 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 trenchward limit 
of the seismogenic zone, a better estimate of W and therefore 
of MQ 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 pan of the interface. The seismic moment of

an earthquake is proportional to the rigidity of the material 
through which the event ruptures. The rigidity of the 
sediments along the shallow pan of the plate boundary is 
much lower than that of deeper, more consolidated rock. 
Thus, this low-rigidity pan 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 
location of that deep limit. Laboratory experiments indicate 
that a transition from velocity weakening to 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 appicx:.^  'V thrce 
times greater. Because the dip of the plate interface generally 
increases with depth, a small error in the depth estimate of the 
shallow 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

MO = M.ULW (i)
where p. is rigidity, U is the average slip over the rupture 
zone, and L times W is the rupture area (length along strike 
times 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 to conclude that U is proportional to Wn , where n £1. 
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 structural 
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, to first order, we can wriie L = kW where k, the aspect 
ratio, is generally equal to 2 to 3. Substitution of these 
functions of W into (1) yields

M0« w(2+n) (2)

where n >1.
Equation (2) indicates that MQ is proportional to at least W 

cubed for most large earthquakes and is therefore very 
sensitive to W. Several other authors have found that MQ is 
proportional to rupture area to the three-halves power [e.g., 
Aki, 1972; Abe, 1975; Kanamori and Anderson, 1975; 
Kanamori, 1977] which is the same as W^ for rupture zones 
with a nearly constant aspect ratio and n=l (i.e., Ao constant). 
Thus the ability to 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. It should be realized that W has previously been

seriously overestimated for many large thrust events. This in 
turn has resulted in incorrect estimates of the average slip and 
the static stress drop since they have usually been calculated 
from estimates of MQ, L, and W. Unlike W, L is usually 
relatively well determined eiihcr 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 Quittmeyer, 1981; Astiz and Kanamori, 1984]. 
Average repeat time, Tr, is equal to the average seismic slip, 
U, divided by the convergence velocity, Vc , divided by the 
ratio of seismic slip to total slip, a. Again, writing U in 
terms of W1* and assuming that a is nearly constant, we can 
write average repeat time as

TrSbW/V (3),

where b is constant. If one assumes that stress drop is 
approximately constant (n=l), then repeat time is proportional 
to W. Astiz and Kanamori [1984] derive an equivalent 
relation between Tr and MQ.

Thus, by defining the location of the seismic front for a 
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 
pan 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 to these as young sediments in order to distinguish 
them from older (e.g., Cretaceous), lithified sediments that 
make up pan 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 to an effective normal stress 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 turn 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 thai low normal stress favors stable, aseismic 
sbp 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 toe 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 fluid 
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. 
At lower porosity, strain softening 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 at 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 slip.

At some convergent plate margins the presence of marine 
clays may also affect the nature 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

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 nature 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 example, 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 decollemem. The decollemem 
preferentially occurs along the weakest available interface, 
which is likely to be that with the highest pore-fluid pressure 
[von Huene and Lee, 1983]. As sediment near the 
decollemem is dewatered and compacted, it becomes stronger 
than adjacent, less deformed sediment. When this happens the 
decoUement will abandon that interface and slip will begin to 
occur within deeper, weaker material [Moore and Byme, 
1987]. Thus the plate boundary steps farther downsection with 
distance from the trench axis, resulting in accretion to 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 
decollemem 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 unconsolidaied sediment

SHALLOW SEISMICTTY AND THE 
MECHANICS OF FOREARC REGIONS

Forearc Mechanics

The mechanics of accretionary wedges have been well 
studied using various assumptions about rheology [e.g., 
Chappie, 1978; Davis et al., 1983; Emerman and Turcotte, 
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, indirectly, to infer the gross 
state of consolidation of material there. In this paper we use 
the critical taper model proposed by Davis etal. [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 structure 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 to 
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 situation 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 a wedge shape is a simple consequence 
of the forces acting on the wedge and can be explained by 
considering two adjacent vertical columns in an accretionary 
wedge. Any given vertical 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 pan 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 borne by the first and, in addition, 
to 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

column has reached a sufficient height for slip to occur along 
the base of the wedge trenchward of it This mechanical 
requirement for increasingly taller columns leads to 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 latter type of profile is observed for many accretionary 
wedges.

At the arcward end of accretionary wedges, outer-arc highs 
or trench-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 to 
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 flattening 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 because 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 trenchward 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 iithifled, and possibly overpressured sediments. 
Thus a column of sediment underlain by stronger material 
gains a large boost in integrated strength and therefore no 
longer needs additional height to provide increased strength.
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The Backstop

We follow previous workers [e.g., Silver ei 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 aicward. 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 ei al., 1980; 
Lewis and Hayes, 1985). The fact that weak sedimentary 
basins can remain essentially undeformed in the midst of 
strongly compressional convergent margins indicates 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. It 
may be a sharp lithologic change, for example, from arc rock 
to sediment or from lithified sediment to 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 too 
incomplete or too limited in depth to clearly show the

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 etal., 1983], available 
multichannel seismic (MCS) lines show a reflector that dips 
trenchward and that appears to 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., Silver 
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 to 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 geometry 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., Ernst, 1970; Cloos, 
1982]. Recent deep-penetration seismic studies in central 
California, however, show reflectors at depth that dip 
southwestward (trenchward) beneath both the Great Valley 
sequence and the Franciscan melange [Zoback and Wentworth, 
1986]; these reflectors may mark the top of a trenchward- 
dipping backstop [Silver and Reed, 1988]. A backstop that 
dips trenchward beneath the accrenonary wedge has sometimes 
been used in schematic cross sections [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 
trenchward-dipping. Such a backstop produces a topographic 
high above its intersection with the subducted plate, 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 to being accreted above it, resulting in a forearc 
that is intermediate in configuration between Figures 13a and 
b. A trenchward-dipping backstop seems applicable to 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 
to investigate the effects of lateral variations 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 to 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 pan of the accreuonary wedge are interpreted to be top of backstop. Note these reflectors and 
those from the top of the plate being subducted appear to 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 convened to depth. Note the trenchward dipping reflectors thai, if 
extended, intersect the subducted plate beneath the outer-arc high. This forearc is approximately three times the size 
of that in 1 la. 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 trenchward-dipping reflectors beneath the forearc basin, interpreted to be from the top of the Zambales 
ophiolite, would intersect the subducting plate approximately beneath the trench-slope break.
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Fig. 13. Schematic illustration of two potential geometries for the backsuy of forearcs. Hatched region represents 
the stronger material of the overriding plate; dotted region, accreted and M***!"-"^ sediments. Downgoing plate is in 
white. In top drawing the upper surface of the backstop dips trenchward beneath the accraionary wedge (stippled) 
while at bottom accretionary wedge dips arcward beneath backstop, in T*"? paper we favor the upper, trenchward- 
dipping model for a number of the margins discussed in the text

TAKE UP SPOOL 

RIGID BACK

MOVING MYLAR SHEET

Hg. 14. Schematic diagram of laboratory sandbox model used to study the mechanical effects of a backstop within a 
forearc. Underlying Mylar sheet is pulled horizontally to right beneath origmaBy 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 texi
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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 
dilatations! 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 strength 
contrast) illustrates this development (Figure 15). The 
'trenchward' op 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 ISb). 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 ISc). 
Further accretion of sand at the toe is accommodated by 
deformation along new slip planes that develop progressively 
farther trenchward. 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 trenchward 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 resulted 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 
strength 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

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 
trenchward-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 fricoonal resistance of the wedge trenchward of it Thus 
the outer-arc high forms arcward of the toe of the backstop 
rather man directly above it (Figure 16c), and both dry and wet 
sand contribute to its formation through uplift along 
trenchward-dipping thrust faults. After the backtop is steep 
enough to be sufficiently strong, accretion steps out farther 
trenchward (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 strength 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 to 
occur 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 pan 
of the plate interface.

Effect of Subduction of Massive Amounts 
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 Cxsa&A\» 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 accreoonary wedge 
along the shallowest pan of many subduction zones may 
persist to 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 pan 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 
experiments is the same as in Figure 14. Sand, undeformcd and flat in the upper photograph, is increasingly 
compressed and deformed (subsequent pictures) until a criucal taper is attained in the accrclionary wedge. Dark wedge 
in the lower right corner of each picture is composed of wood and simulates a backstop whose upper slope dips 
trenchward (to the left). Note that a topographic high develops over the toe of the backstop, and behind this high an 
undeformcd region of sand remains, rcminisccni of an outer-arc high/forearc basin pair. Black layers 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 to 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, aseismic 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 to 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 to the 
width of the seismogenic zone, it is important to make 
accurate estimates of W when W is used to 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 to account for the development of major 
forearc features such as outer-arc highs and forearc basins 
through the presence of a body of stronger material within the 
forearc called the backstop. Laboratory modeling is also used 
to investigate the effects of backstop geometry and strength 
contrasts 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 trenchward, with its trenchward toe coming into contact 
with the subducting plate beneath the outer-arc high. Arcward 
of that point the stronger backstop supports the bulk of the

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, to 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 potential 
large earthquakes.
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Seismic Activity in the Tokai Area, Central Japan

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

The seismic activity in the southern area is 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.

The majority of the events deeper than 30km seem to occur 
on a curved plane with a bend along a seismic belt extending 
XNW-SSE \Aoki , 1980)  Yamazaki and Ocida(1984), adding new 
data, proposed a more complicated model for the plate, in 
which the subducted plate is devided into three slabs, 
(TonankaiCTN), Tokai(TK) and Suruga(SR) slabs) as shown by 
two chain lines in Fig.l. The boundary between SR and TK is 
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(1985). A more convincing evidence for the boundary is 
the east margin of the 1944 Tonankai earthquake constrained 
by revised data (Iwata and Hamada,1986).

Subcrustal earthquakes do not spread northward but 
confined within an area shown by a dotted line in Fig.l. 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-v 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 act.ivi.tx in ihe ip_wer crusi
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 area 
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 Izu 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 beyond S is the shallow part of SR slab but the 
western side bewteen S and MIL 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 (ERI,1987) and in Shikoku 
(Kochi Univ.,1988).
The focal mechanisms near MIL are characterized by an E-W 

compression, whereas an E-W extension predominates in the 
subducting plate. Various focal mechanisms are observed in 
S, where seismic activity has been steadily high. S might be 
a point of collision between two 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 lOOyr, though not 
uniform in time. The latest was an event of M=6.0 in 1983. 
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 aciiYiiy. in iht up_p_e_r crus_i
Events at depths between 0-15km are shown in Fig.3. Shallov 

earthquakes are liroitted to the northwest of the Tokai area 
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>6.5 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 yr.
The 1945 Mikawa earthquake: The rate of recorded after 
shocks during 200 days were reported by Utsu(1961). 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 available. 
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 
MS and also on a belt trending towords the Mikawa aftershock 
area. No historic great-earthquake has been reported in this 
area. It reaches the subducting plate in a similar manner as 
mentioned above. Both activities are likely constrained by 
tectonic lines or large-scale faults.

4. Foreshock acjtivijties j>rior io induced ear_thg.uakes
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 to 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-ken-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 east. 
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.(1985), 
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

Takes! 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 sarth, 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-l, 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.
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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 
A 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,

; E-2

E-1

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. Foresnocks 
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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Figure 2 A 4:1 reduction of part of "The California Earthquake 
Prediction"., a multicolor foldout information brochure 
mailed in May 1988 by the Governor of California's 
office of Emergency Services to 122,000 residences in 
Monterey Co., San Benito Co., Fresno Co., San Luis Obispo 
Co., and Kings Co., and Kern Co., California.
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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 750 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 
arconst., b=0.926, 0.1<;Tp^40 days.

Approximately 50 % of Tp for short-term precursors are less than 3 days and 
90 % of them are less than 30 days.

Comparing and discussing this formula with the empirical formula of 
probability^) of fracture occurrence in rock with respect to applied 
stress(CJ-) by Mogi, the following relationship was derived, when Pd was 
assumed to be U.:

logPd=A'+B':r 
T=A"-B"logTp 

A',A",B f ,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 Office(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 % of the short-term precursors, the Tp is not 
greater than 30 days, while for only 14 % 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 M^6 group, 7, 
and that of all the data, 6, as is seen in Fig. 2. Therefore, the PC 
indicated by A,  , 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.l£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: 

log 10Pd(Tp)=a-b log 10Tp (1) 
a, b: const. ,

i x 
Pc(Tp)=10a (l/(l-b))Tp 1 -b+A (b^l) (2)
Pc(Tp)=10alnlO log 10Tp+B (b=l) (3)
A,B:const. , 3<;Tp^/g; -r

where, according to the definition, Pc(Tp)=)oF 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>l), or a downward convex curve (if b>l), or a 
straight line (if b=l) 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 eye 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 %.

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 % 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 
O.l^Tp^lO 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 called 
the "stress accumulation -^-progress of strain ^commencement of pre- 
fracture and/or dislocation ^main rupture that is the main shock," and 
most of the short-term precursors appear corresponding to the phase of 
"pre-fracture and/or dislocation" which implies foreshocks and/or crustal 
deformation just prior to the mainshock.

A discussion related to the probability factor
The probability density function(Pd) was compared with the following 

formula of fracture-occurrence probability by Mogi(1962). 
>tf(<J>Aexp(B<r) (4) 
rr rstress 
A,B:const. 

This Formula(4) was rewritten as:
log, 0 ^=A'+B'<T (5) 
A' ,By :const.

A beautiful linear relationship between loglL and <Thas been obtained for a 
granitic sample(Mogi, 1962). As discussed in the previous section if the 
short-term precursor is a reflection of a pre-fracture and/or dislocation 
in the source region, there is a possibility that the Pd is to be /£ in
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formula (5). If the assumption Pd=/6 is permitted, the following can be 
derived from formulae (1) and (5):

log 1DPd=A'+B'0- (6)
CT=AW-B"log 10Tp (7)
A',A",B',B"7const.

That is, approaching the main shock, increasing logPd corresponds to a 
linear increase of CT, which corresponds to linearly decreasing logTp.

Conclusion
1. A total of 750 precursory phenomena to earthquakes have been 

collected, which consisted of 40 items from many disciplines. These items 
were classified into either short-term or long-term precursors, as seen in 
Table 1, depending upon whether the majority of the precursor times(Tp) 
were 30 days or less, or greater than that, respectively. These short-term 
precursors, having been defined in this way, were clearly separated from 
the long-term ones in terms of the probability distribution function(Pc) 
and the frequency distribution with the mainshock magnitude as shown in 
Figs. 1 and 2.

2. For the short-term precursors, the difference in PC between mean 
magnitudes of 5 and 7 events is at most 20 % and the variation in Tp is 
about a factor of 4 over the central half of the data, as seen in Fig.3.

3. It was shown that the probability density function(Pd) and the 
probability distribution function(Pc) for short-term precursors could be 
excellently expressed by formulae (1) and (2), as illustrated in Figs. 4 
and 5, respectively, for the range 0.1£Tp^40 days.

4. It was also shown that no significant difference exists between the 
foreshocks which were considered to be representative short-term precursors 
and other short-term ones in terms of PC, as is shown in Fig. 6. This leads 
to the suggestion that varieties of short-term precursors in different 
disciplines are a reflection of the common preparation process of the shock 
and correspond to a phase of "pre-fracture and/or dislocation" leading to 
the main shock.

5. If Pd is assumed to be /L which is the fracture-occurrence 
probability under stress(CT) derived by Mogi(1962), linear relationship 
related to logPd, logTp, and CT can be derived as formulae (6) and (7).
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Table 1. Precursors to Earthquakes Occurring in and around Japan

Classification of Earthquake Precursors

Disciplines Coda
Gravity GR
Geodesy GD

Tide Gauge TD

Continuous Measurements CN 
of Crustal Movement

Seismology SS

Geo-electromagnetism EL

Geo-chemistry CH

Volcanic Activity VL
Unusual Animal Behavior AN
Anomalous Potential BT 
of the Plant
Observation by the eye NK

CPT: Classification by Tp, 
Tp: Precursor times in day 
Numbers in parentheses are

Classification items Coda

Levelling, uplift 
Triangulatiion, trilateration 
Others

Uplift 
Others

Strainmeter 
Pendulum tiltmeter 
Water-tube tiltmeter 
Volume strainmeter

Anomalous seismic activity 
Microtremore 
b value change 
Foreshock sequences 
Seismic wave from 
Microearthquake swarms 
nu value change 
Pattern of seismic activity 
Seismic gap and quiescence 
Attenuation of seismic waves 
Ground rumbling 
Focal mechanism change 
Utsu's criterion for foreshocks 
Change of seismic wave velocity

Geomagnetism 
Earth current 
Potential at the sea bed 
Resistivity, Variometer 
Resistivity, Long-distance 

electrodes 
Radio wave emission

Radon 
Chlorine ion 
Groundwater temperature 
Groundwater level 
Others

Albizzia plants

Uplift 
Others
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Number of 
. Precursors

CRT Total
S

L 
L 
L

L 
L

S 
S 

SS 
SS

L 
SS 
S 

SS
s
L 

SS 
L 
L 
L 
S 

SS 
SS 
L

L 
SS 
SS 
SS

L 
SS

S 
L 
L 
L 
S
L

SS
S

SS
S

1
(20) 
16 
1 
3

(ID 
9 
2

(108) 
21 
51 
11 
25

(504) 
71 
1 

25 
287 

7 
16 
14 
31 
20 
2 
5 
1 

11 
13

(63) 
4 

11 
1 

30

10 
7

(44) 
15 
5 

11 
7 
6
1
2
2

(5) 
4 
1

Tp<30 Tp<3
1

(2) 
2 
0 
0
(2)
1 
1

(77) 
16 
32 
6 

23
(331) 

4 
1 

13 
265 

4 
8 

14 
0 
5 
0 
5 
1 

11 
0

(50) 
0 
9 
1 

30

3 
7

(21) 
11 
0 
3 
3 
4
0
2
2

(5) 
4
1

0
(0) 
0 
0 
0
(2)
1 
1

(39) 
5 
9 
6 

19
(181) 

0 
1 
8 

151 
2 
1 

12 
0 
3 
0 
2 
1 
7
0

(47) 
0 
8 
1 

30

1 
7

(10) 
3 
0 
2 
2 
3
0
2
1

(4) 
4 
0

L(Long-term), S(Short-term), SS(Immediate short-term); 
from the commencement of the precursor to the main shock; 

subtotal in that discipline.
FN:TPRC
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CONCUJSIONS FROM SOCIAL SCIENCE RESEARCH ON EARTHQUAKE
PREDICTION RESEARCH IN THE UNITED STATES

FOR THE PERIOD OF 1974 THROUGH 1988

Dennis S. Mileti
Director, Hazards Assessment laboratory 

Professor, Department of Sociology
Colorado State University 

Fort Collins, Colorado 80523, USA

The Prediction Research Record

The earliest efforts to estimate the social aspects of predicted 
earthquakes in the United States was by the Panel on Public Policy 
Implications of Earthquake Prediction in the National Research Council. 
This panel was established in 1974. The panel drew "... widely on 
experience with warning of other types of disaster ..." and made research 
recommendations including "... the need to study response to actual 
instances of earthquake prediction and warning as they occurred" (Turner 
et al. 1986:5). At about the same time a study of behavioral intentions 
in response to predicted earthquakes was performed (Mileti et al. 1981). 
This study was on key decision makers in commercial and noncommercial 
sectors and gathered data on anticipated measures that organizations 
thought would be adopted in response to a scientifically credible 
earthquake prediction. This study also estimated public prediction 
response. The major conclusions was that scientifically credible 
predictions for great earthquakes (with time, place and magnitude 
specified) would cause pre-event economic losses of major proportions. In 
1978, the National Research Council issued a second report on the topic 
which was the result of the Committee on Socioeconomic Effects of 
Earthquake Prediction (1978). The Committee called for study of response 
to near predictions as well as to predictions. A third non-empirical 
report was also issued at about this same time; it was a technology 
assessment on earthquake prediction (Weisbecker et al. 1977).

In early February 1976, the U.S. Geological Survey reported that a 
land uplift about 25 centimeters in height was detected along a portion of 
the San Andreas fault just north of Los Angeles. The uplift was centered 
near the town of Palmdale in the Mojave desert. The Survey stated that 
the uplift was not fully understood; that is, it may or may not be a 
precursor of an earthquake. The USGS, however, did express concern 
because the uplift had occurred along a section of the San Andreas fault 
that has been inactive since the great 1857 earthquake in that area. This 
news lead to a major social research effort by Ralph Turner and others 
(Turner, Nigg and Paz 1986). These researchers classified the 
announcement of the Palmdale Bulge as an approximate prediction since 
neither the place, time, nor magnitued was precisely stated. It was, in 
effect, earthquake hazard information that constituted a near prediction 
(1986:5). The investigation was intended, according to the authors, "... 
as a first step toward understanding how communities respond to the 
announcement of near predictions, and by inference, how they may respond 
to earthquake predictions in the future (1986:6). The major conclusion of
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this work was that there was little evidence of serious individual or 
household preparedness for the earthquake despite the fact that nearly 
everyone believed that the quake was coming soon.

In 1980, Brady and Spence predicted an earthquake for Lima, Peru to 
occur in the summer of 1981. The former scientist's affiliation with the 
U.S. Bureau of Mines and the latter's with the U.S. Geological Survey gave 
the prediction scientific credibility. Assessment of the socioeconomic 
consequences of the prediction were performed by several researchers. 
Publications issued to date (cf. Echevarria, Norton and Norton 1986) 
suggest that "... over half of the population in Lima took some 
precautionary measures, that the total economic damage from the prediction 
was very roughly $50 million, and that the poorer groups in society bore a 
disproportionate share of the prediction costs (1986:175).

The brief record in the U.S. regarding the social aspects of 
earthquake prediction suggests that on the one hand predictions may 
resemble disaster warnings with large-scale public response, while on the 
other hand predictions may resemble hazards or risk education with some 
potential for increased public awareness and, possibly, even preparedness 
and mitigation behavior. In fact, the conclusion which can be drawn from 
this research record is straightforward. It is likely that scientifically 
credible earthquake predictions vary from a social viewpoint in terms of 
specified time until the quake. First, long-term predictions (many years) 
are likely similar to general hazards education, increase public 
awareness, but do not elicit much public preparedness. Second, 
intermediate-term predictions (a couple of years) could have negative 
economic impacts as well as positive effects. Third, short-term 
predictions (a few days or hours) are likely similar to warnings of other 
disasters, for example, hurricanes.

Public Risk Communication Research

Earthquake predictions of any sort are efforts to cxammunicate risk to 
the public. Much research has been performed on this topic. Findings 
suggest that people who receive risk information go through a sequential 
process that shapes their risk perceptions and subsequent behavior. A 
model of this process is the sequence hear-perceive (understand, believe 
and personalize)-respond (decide about alternative preparedness and/or 
mitigation actions and perform them). The sequence may not be the same 
for every person. The first stage is hearing the risk information. 
Second, the risk information must be understood. Understanding is not 
simply interpretation, but also the attachment of meaning to the 
information. Those meanings can vary among people and may or may not 
conform to the understandings intended. A 50 percent probability may be 
interpreted as certain by some or unlikely by others. In this sense, 
understanding includes the perception of risk. The third stage is belief 
in the risk information and in the accuracy of what is being conmunicated; 
in this way, belief also includes risk perception. The fourth stage is 
the personalization of risk; that is, the perceived implications of the 
risk being (^cmmunicated on the receivers themselves; thus, personalization 
includes risk perception. The fifth stage is that people must decide what 
to do about the risk, and then, sixth, perform that behavior. Throughout
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risk information cxmnunication a person typically goes through the stages 
of the model each time that new information is received. Thus, response 
to risk information follows from a series of decisions. The formation of 
perceived risk is not a single consequence of a singular corarnunication but 
is instead the result of an emerging process. Additionally, people do not 
passively await the arrival of more information; most people actively seek 
out more. This results in what has typically been referred to as the 
confirmation process (Drabek 1969; Mileti et al. 1975).

Research on how risk information affects risk perceptions and response 
clearly catalogues that variation in public perceptions and response are 
the result of risk information factors (Sorensen and Mileti 1987). 
Empirical findings suggest that message attributes important to consider 
vary in reference to both message content and style. Message content is 
relevent to consider along three lines: information about risk location, 
the character of that risk (for example, effects of impact and time to 
impact), and guidance about what people should do before impact. Message 
style is also important. Important style attributes are:

  specificity (the degree to which the message is specific about 
risk, guidance, and location);

  consistency (the degree to which a message is internally 
consistent, as well as consistent across separate messages 
regarding risk, guidance, and location);

  accuracy (the extent to which message content about risk,
location, and guidance is and is not perceived to be accurate);

  certainty (the degree to which those giving the warning message 
seem certain about what they are saying about risk, location, and 
guidance); and

  clarity (the degree to which risk, location and guidance
information in the message is stated in words that people can 
understand).

Sender characteristics are as important as message attributes to 
consider in cataloging determinants of human response to warning response 
process factors. These include:

  channel attributes (the type of channel used for example,
personal versus impersonal and the number of different channels 
used);

  frequency attributes (the number of times a particular message is 
conveyed, the number of different messages, and the pattern 
between difference conveyances for example, every 15 minutes, 
randomly and so on); and

  source attributes (the level of familiarity of those giving the 
message to those receiving it, the degree to which the message 
giver is an official, and the credibility level of the message 
giver to those who receive the message).
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Conclusions

Each prediction type (long-term, intermediate-term, and short-term) is 
an attempt at public risk communication. Each prediction type raises 
different public response goals and problems. For example, long-term 
prediction raises awareness but little desired mitigation and 
preparedness, and short-term prediction requires quick public response.

The effect of risk communication factors on public response 
(preparedness and mitigation or protective action) has been documented in 
numerous studies. Although much more elaborate summaries are available 
elsewhere (Sorensen and Mileti 1987; Drabek 1986; Perry, Lindell and 
Greene 1981), the following conclusions illustrate this knowledge base 
regarding risk osrarriLinication with the public. Public understanding of 
communicated emergency risk information and earthquake predictions would 
be enhanced if it is:

  specific regarding the risk, the hazard, what the public should 
do and how much time is available;

  consistent;

  certain;

  delivered personally;

  osrarmanicated over multiple channels;

  frequently disseminated

  from official sources; and

  confirmed.
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Temporal Variations in Seismic Activity and Some Precursors 

before Recent Intraplate Earthquakes in Southwest Japan

Takeshi Mikumo 
Disaster Prevention Research Institute, Kyoto University, Uji,Kyoto,Japan

Temporal variations in seismic activity during the recent 7 years up to 
1987 and some precursory phenomena observed before three moderate-size 
earthquakes in Southwest Japan are discussed here on the basis of regional 
and local seismic and geophysical observations.

1. Space-Time Distribution of Major Earthquakes

It has been pointed out ( Mogi, 1985 ) that major intraplate earthquakes 
with magnitudes greater than 6.0 that occurred along and near the Japan Sea 
coastal regions show alternate temporal variations of high activity and 
quiescence over Northeast and Southwest Japan. A more detailed space-time 
plot of seismicity including major to moderate-size events shows that these 
earthquakes in Northeast Japan are temporarily clustered around five 
periods, 1890-1900, 1910-1918,1939-1950, 1960-1966 and after 1983, at about 
every 20 years ( Oike & Huzita, 1988 ). It also appears that the activity 
migrates from Northeast Japan to the northern Fossa Magna and even to South 
west Japan. It has also been suggested (e.g. Shimazaki, 1976 ; Mogi, 1981) 
that the space-time patterns of intraplate seismicity in Southwest Japan 
are closely related with large interplate earthquakes along the Nankai 
trough. The alternate temporal variations and apparent migration of the 
intraplate seismicity might be an indication of some enhancement and 
transfer of tectonic stress, which is possibly due to minor fluctuations of 
relative movements between the Pacific, Philippine Sea and Eurasian 
plates. These possibilities would be elucidated in a future from 
numerical modelling based on realisticcrust and upper mantle structures 
composed of visco-elastic and visco-plastic materials.

The latest high seismic activity over the Japan Islands appears to have 
started some time in 1983, and one of the largest event was the May 26,1983 
earthquake ( M=7.7 )that occurred off the west coast of Northeast Japan.

2. Temporal Variations of Recent Intraplate Seismicity in Southwest Japan

Since 1983* three major to moderate-size intraplate events took place in 
Southwest Japan ; the Tottori earthquake (M=6.2) in late 1983, the lamasaki 
fault earthquake (M=5.6) in mid-1984., and the Western Nagano earthquake (M= 
6.8) in late 1984 (See Fig.1),all of which have similar type of strike-slip 
mechanism. During the period between 1981 and 1987, more than 2000 local 
shocks with magnitudes greater than 3.0 occurred over the inland regions 
during the period between 1981 and 1987.

We investigate here detailed temporal variations of seismicity for 
earthquakes with magnitudes greater than 3-0 mainly on the basis of JMA 
data ( Ishikawa et al.,1985 )  The purpose here is to see if there is any 
correlation in the seismicity and hence in the stress state between several 
regions of Southwest Japan, and also to see if any seismicity quiescence 
can be identified before the three larger events. One of the reasons for
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the choice of a magnitude threshold 3-0 is based on the detection capa 
bility of minor shocks by the JMA seismograph network, which provides 
homogeneous data set above this magnitude. Another reason comes from 
a recent work of Cao & Aki(l987), which correlates seismicityqueiscence 
for acertain magnitude threshold with a slip-weakening friction law.

We divide Southwest Japan into several sub-regions as shown in Fig. 2, 
taking into account the spatial distribution of seismicity and also the 
tectonic features. Region 1 is the zone close to the northern Fossa Magna 
and Region 2 includes its southern part and the eastern section of the 
Median Tectonic Line (MTL). Regions 3 and 4- cover the northern and 
southern parts of Quaternary active region, and Regions 5 and 6 are the 
central and western parts of the Inner Zone in Southwest Honshu. Regions 
7 and 8 include the central and western sections of MTL.

Figure 3 shows the cumulative number of events included in each of the 
subdivided regions, plotted against time from 1981 to 1987, which indicates 
long-term seismicity. No techniques have been applied to remove dependent 
events such as swarms and aftershocks. It can be seen that Region 7 shows 
an extremely high seismicity and its rate of increase changed quite sharply 
in early 1983. Regions 1, 2 and 3 indicate a similar pattern of 
seismicity up to late 1936 with slight changes of its rate around mid-1983 
orin early 1984.. Likewise,a nearly parallel seismicity canbe recognized 
in^ three adjacent regions, 4., 5 and 6 , with a remarkable change of rate in 
early 1984.. Region 8 also shows a similar trend to that in Region 6. Thus, 
the long-term seismicity in Southwest Japan consistently shows an apprecia 
ble increase over several regions around early to mid-1983 or early 1984..

The temporal behaviors of seismicity patterns observed before large 
earthquakes have been elaborately reviewed by Kanamori (1981). We 
classified these patterns into several categories, which may be expressed 
schematically in the form of cumulative seismicity diagram as shown in 
Fig. 4.. Our numerical simulations ( Mikumo & Miyatake, 1983 ) on a three- 
dimensional fault subjected to a constant shear stress suggest that there 
could be several different types of seismicity patterns (See Table 1),which 
sometimes include  precursory swarms, preseismic quiescence and 
foreshocks as in Case I t depending on the degree of fault zone 
heterogeneities. If the fault zone is extremely nonuniform including a 
number of small-scale heterogeneities, gradually increasing seismicity 
would be expected as in Case IV.

However, since the change in the long-term rate of seismicity in 
Fig. 3 can be recognized throughout all the regions in early to mid-1983 or 
in early 1984., this might be regarded as an indication of slight increase 
of regional tectonic stress. If this is actually the case, Region 7, which 
started to be active in early 1983 about 5 months before the largest event 
in N.E. Japan (J), appears to be most sensitive to the change of tectonic 
stress. Then, Regions 1 and 2 located close to the tectonic boundary bet 
ween N.E. and S.W. Japan became activated in mid-1983. Although no precur 
sory increase of seismicity has been observed before the 1983 Tottori 
earthquake (T) in the surrounding regions, the change of seismicity rate or 
the slight increase of tectonic stress prevailing over Regions 3-6 might 
havehad some effects on the two moderate-size earthquakes in 1984. (Y & N).

The next two diagrams given in Fig. 5 show more detailed, cumulative
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seismicity in two regions which are the sites of the above three earth 
quakes. Since these earthquakes were followed by a number of aftershocks, 
the two regions are treated separately. The lower one indicates the seis 
micity in Regions6 and T which cover the site of the 1983 Tottori and 
the 1984. lamasaki fault earthquakes. From this diagram, seismicity 
quiescence lasting for about 8 months may be identified before the 1983 
event, but not before the 1984. event. The lower diagram shows the 
seismicity in Region N which is the site of the 1984. Western Nagano 
earthquakes. The rapid increase of seismicity in late 1978 is due to 
swarm earthquakes, but cannot be regarded as precursory activity to the 
1984. event. The activity may be more or less related with the volcanic 
eruption of Mt. Ontake in October, 1979 located within this region. The 
seismicity rate in this region also increases in mid-1983 as in Regions 1 
and 2,suggesting again a slight enhancement of tectonic stress over these 
regions. A clear seismicity quiescence can be identified for about 6 
months before the 1984- event.

Besides the regional seismicity observations made by JMA, our local 
microearthquake observation network ( of the Disaster Prevention Research 
Institute, Kyoto University ) provided some additional evidence for the 
seismicity quiescence prior to the three events described here.

1) In the Tottori region, a large number of aftershocks, including micro- 
earthquakes, of the previous 194.3 Tottori earthquake ( M=7.4. ) have been 
taking place for 4-0 years in the western section of the aftershock zone. 
Our recent observations indicate that microearthquake activity around there 
became inactive during 1978-1980 and completely quiet from mid-1982 to the 
October 31, 1983 event ( Oike, 1987 ).

2) Microearthquake activity around the lamasaki fault show alternate 
temporal variationsof high and low seismicity at every 12-13 years, and 
the latest high activity was in 1979-1980. A minor swarm took place in 
1982 near the southeastern section of the fault, and after this time a 
complete seismic gap was formed there during 1983 up to the event on May 30 
1984 ( Tsukuda, 1985 ).

3) In the Hida region, central Honshu, high seismicity has been observed 
just beneath the Hida mountain range extending in the N-S direction, and 
its southern end was the site of swarm earthquakes lasting since 1978. The 
space-time diagram of the seismicity plotted along the N-S profile clearly 
shows seismicity quiescence for larger shocks with magnitudes greater than 
3.0 for about 5 months prior to the event on September H, 1984., while this 
cannot be identified if all shocks down to a magnitude 0.5 are included 
( Mikumo et al.,1985 ). This is consistent with the seismicity pattern 
derived from JMA data.

4.. Other Short-Term Precursors

Besides the temporal variations of seismicity, several short-term 
precursors have been recorded by different types of observations before the 
three events in Southwest Japan.

(1) Geochemical observations for chloride ion contents involved in under 
ground water, which have been continuously made at several sites close to
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the epicentral area of the 1983 Tottori earthquake, appear to indicate some 
variations after mid-1982 ( loshioka et al., 1984 ).

(2) 1) Geodetic distance-measurements, which have been repeated along 
several short-baselines across a part of the lamasaki fault ( about 3 km 
from the epicenter ),indicate small contraction in areal strains around 
late 1983 about 6 months before the 1984 event ( Fujimori & Tanaka, 1985 ).

2)Apparent resistivity of rock materials observed close to the fault 
zone indicates a gradual decrease around mid-March to early April, 1984- and 
a rapid increase 10 days before the May 30 event ( Sumitomo, 1985 )  Also, 
the horizontal gradient of total magnetic force show a slight increase from 
mid-March up to the time of the earthquake ( Sumitomo, 1985 ) 

3) A more pronounced precursory change has been identified in electric 
self-potential difference between two sites across the fault zone after 
mid-April to the time of the earthquake ( Miyakoshi, 1985 ).

(3) 1) Temporal variations of hydrogen gas contents observed at a hot 
spring 50 km apart from the epicenter indicate a rapid increase in early 
August, 1984. about one month before the September 14 event, and died out in 
mid-November. Also, a remarkable change in gas compositions such as He/Ar 
and H2/Ar has been observed at fumaroles on Ontake Volcano a week before 
the earthquake ( Sugisaka.fc Sugimura, 1986 ). Observations of radon 
concentration involved in soils, which have been made at 5 sites 60 km away 
from the epicenter, shows a consistent increase about 2 months before this 
event and decreases about three months later ( Ui, 1986 ).

5. Summary

Major intraplate earthquakes in the Japan Islands appear to indicate 
alternate temporal variations of high activity and quiescence, and the 
latest high activity appears to have started in 1983- The long-term rate 
of seismicity in Southwest Japan shows an appreciable increase around early 
to mid-1983 or in early 1984, suggesting slightly enhanced tectonic stress. 
A few regions close to tectonic boundaries appear more sensitive to the 
change of the tectonic stress. After this time three moderate-size 
events with magnitudes up to 6.8 occurred between late 1983 and late 1984- 
Seismicity quiescence has been identified from regional seismicity 
observations for magnitudes greater than 3 for several months before the 
two larger events, and also from local seismicity observations before all 
the three events. Several different types of precursors have been detected 
from geodetic, geochemical or geoelectro-magnetic observations before the 
three events.
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Figure Captions

Fig. 1. Major to moderate-size earthquakes with magnitudes larger than 5.5
that occurred during the 7 years between 1981 and 1987, and the
focal mechanism of four larger earthquakes. 

Fig. 2. Seismicity ( M = 3 ) in Southwest Japan during the period between
Jan. 1, 1981 - Dec. 31, 1987 (upper), and tentatively sub-divided
regions based on the seismicity and tectonic features (lower). 

Fig. 3. Cumulative number of events included in each of the sub-divided
regions. Regions 1-8 refer to Fig. 1. 

Fig. 4-. Schematic diagram of cumulative seismicity for several different
precursory patterns expected from numerical modelling. 

Fig. 5. Cumulative seismicity in Region N and Regions 6+T.
Note the seismicity quiescence prior to the two larger events.
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Table 1. Different types of precursory changes of observed seismicity. ( after Mikuno t Miy.ataka, 1983

Case

I

r

II 
II'

III

IV

V

Normal stage

Normal background
seismicity
Normal background
seismiciiy
Normal background
seismicity
Normal background
seismicity
Normal background
seismicity
Normal background

Precursory stage Main event

Precursory swarms - Pre-seismic - Foreshocks - Main shock 
or clustering quiescence or clustering 
Precursory swarms-Pre-seismic - - - - Main shock 
or clustering quiescence
- - - Pre-seismic - Foreshocks - Main shock 

quiescence or clustering
- - - Pre-seismic - - - - Main shock

quiescence
Precursory swarms - Normal seismicity - - Main shock 
or clustering
- Gradually increasing seismicity - Main shock

seismicity
- -No background seismicity or precuisory phenomena

fault properties

heterogeneous, including 
small to moderate-size 
asperltiea with aedium 
to high strengths

heterogeneous, including 
noder«te-»iz» asperities 
with high strengths
extremely heterogeneous
on small scales

- Main shock relatively homogeneous
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Prediction of Large Aftershocks on the Basis of Quiescence

R.E. Habermann 
NOAA / National Geophysical Data Center, Boulder, Colorado

Frederic H. Creamer 
CIRES, NOAA / University of Colorado, Boulder, Colorado

Seismic quiescence has been clearly demonstrated prior to some large mainshocks 
and has been used to successfully predict several others. Matsu'ura (1986) proposed that 
quiescence may also occur prior to large aftershocks that follow many major earthquakes. 
It is clearly important to test this proposal carefully, for predicting the occurrence of large 
aftershocks would obviously be significant. We have expanded and improved on the 
foundation laid by Matsu'ura in several important ways. First, we have substantially 
expanded the data base used in the study, including primarily modern data from both 
teleseismic and local networks. Second, we have conducted a study which is aimed at 
testing the real-time application of the concepts which Matsu'ura developed. Finally, we 
have systematically determined success rates, false alarm rates, and missed event rates.

METHOD

The general approach to identification of quiescence in aftershock sequences is 
similar to that used in studies of precursors to mainshocks. The principal task is the 
definition of an expected rate of occurrence and the recognition of deviations in observed 
activity from that expectation. In aftershock studies the expected rate is determined using 
Omori's law of aftershock decay. The steps taken in this study were:

1) Aftershocks were isolated from normal seismicity.
2) The Gu.2nberg-Richter cumulative frequency versus magnitude relation was used to 

determine the minimum magnitude of completeness and a magnitude cutoff was 
made at that level.

3) The modified Omori formula parameters (K, c, and p) were estimated by the maximum 
likelihood technique developed by Ogata (1983).

4) An expected cumulative number (ECN) was computed and compared to the observed 
cumulative number (OCN) of aftershocks.

5) Thirty aftershock sequences were used to test various alarm criteria for identifying 
quiet periods in a simulated real-time experiment. When the alarm criteria were 
satisfied the quiet period was classified as a successful prediction or as a false 
alarm.

DIFFERENCES BETWEEN OUR TECHNIQUE AND MATSU'URA'S

There are two principal differences between Matsu'lira's study and ours. First, the 
emphasis in our study was on the real-time identification of quiescence. Second, the 
details of the aftershock sequence models were different. Matsu'ura modeled an aftershock 
sequence using only data prior to the onset of a particular quiet period. During the quiet 
period, the sequence was modeled by setting the rate of decay (p) = 0. This allowed any 
quiescence to be identified by a large negative residual. In our study, all data available 
up to a given time were used to model the aftershock sequences, including the quiet 
period. This degraded the fit prior to the quiet period, bui improved it over the entire
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time period. This also alleviated the problem of explicitly modeling every quiet period 
between aftershocks. Warnings were issued on the basis of a decrease in residuals rather 
than on large negative residuals.

ALARM CRITERION

It is clearly important to determine the success rate (number of successes / number of 
alarms), the false alarm rate (1 - success rate), and the missed aftershock rate (number of 
successes / number of targets) associated with any proposed precursor. In order to do this, 
one must construct a quantitative description of an alarm, an alarm criterion, and then 
systematically search many data sets for occurrences of alarms. In this research the 
principal parameter examined for variations was the residual between the observed and 
expected numbers of events. When the derivative of this residual reached a minimum (- 
1), a potential alarm was started and the amount of decrease in subsequent time steps was 
computed in units of standard deviations of the residuals. If the amount of decrease was 
larger than the threshold being tested, an alarm was declared.

Figure 1A shows residuals versus ECN for the first 48 hours of the Livermore, 
California aftershock sequence of January, 1980. The upper and lower lines are drawn at 
two standard deviations above and below the mean to provide a scale. Figure IB shows 
the derivative of the residuals. This derivative reaches -1 at 41 hours, indicating the onset 
of quiescence. The residuals at 40 and 48 hours are 6.9 and 0.10, so a drop of 1.42 
standard deviations occurred during the last 8 hours of this sequence (see Figure IB). 
These numbers, a drop of 1.42 and a duration of 8 hours, describe this quiet period. One 
other number which was used to describe the quiescence was the position of the start of 
the quiescence in the sequence. In this case, the quiescence starts 83% of the way 
through the sequence.

It is worth noting that the largest aftershock of the Livermore sequence (ML=5.3) 
occurred 55.5 hours after the mainshock. This quiet period, therefore, might be 
considered as a precursor. In this study, however, the secondary aftershock is not large 
enough, and the decrease in residuals is not large enough to predict the aftershock with a 
reasonable false alarm and missed event rate.

SUCCESS, FALSE ALARM AND MISSED AFTERSHOCK RATES

In order to simulate a real-time environment in the search, only events which 
occurred prior to some time in a sequence were considered. That time was moved through 
the sequence in 12 hour increments to create a series of data sets. Each data set was fitted 
using the maximum likelihood scheme and the last half of each data set was searched for 
quiet periods. The alarm criterion was varied from a decrease in residuals of more than 
1.4 standard deviations to a decrease of more than 3.6 standard deviations. When quiet 
periods which satisfied a warning criteria were identified, tlicil UUUIUMUT limr wns noted 
and they were classified as successes or false alarms. Successes were followed within 21 
hours by an aftershock with a magnitude within 0.5 units of the mainshock magnitude. 
False alarms were not followed by such events. A major aftershock that did not have 
quiescence that was recognizable at the time increments described above, was counted as 
a missed event.

The search for quiet periods was carried out on thirty aftershock sequences from 
teleseismic and local catalogs and the success, false alarm, and missed aftershock rates 
were determined for any combination of amount of residual decrease and start time of the 
quiet periods. Figure 2 shows the success rates for the western Pacific region. We will 
discuss the results for a drop of at least 2.2 standard deviations beginning no earlier than 
at 78% of the observed lime period. This warning cliteiiii waa uiiixessl'ul in four of eleven
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occurrences and twelve of 16 large aftershocks were missed.
A clear regional variation in occurrence of large aftershocks and performance of 

this alarm criteria was observed. In the West Pacific region, many events are followed by 
large aftershocks. This warning criteria was successful in four of six occurrences and 
eleven of fifteen large aftershocks were missed. In the East Pacific and California, only 
one event was followed by a large aftershock (Michoacan, 1985). This aftershock was 
preceded by quiescence which lasted six hours and was recognized 5 hours before the 
large aftershock. This quiescence was missed in our systematic study because of the time 
of occurrence (from 24 to 30 hours). These numbers show that if an anomaly is observed, 
there is a fairly good chance that it will be followed by a large aftershock, particularly in 
the western Pacific. On the other hand, many large aftershocks are not preceded by 
anomalies of this magnitude.

The following major aftershocks were preceded by a decrease of 2.2 standard 
deviations during the last 22% of the time period between the mainshock and the 
aftershock which was recognized successfully in our search:

Region
New Ireland
Kuriles
Kuriles (Figure 3)

Mainshock
July 14, 1971 (7.9 Ms) 
June 10, 1975 (7.0 MS) 
March 23, 1978 (7.5 Ms)

Aftershock
July 19 (7.1 Ms), 26 (7.9 Ms)
June 13 (6.4 Ms)
March 24 (7.6 Ms)

The following large aftershocks had precursory quiescences which satisfied the 
criteria but were not recognized in the systematic search.

Santa Cruz
Nihonkai-Chubu
Michoacan

July 8, 1980 (7.5 Ms) 
May 26, 1983 (7.7 Ms) 
Sep. 19, 1985 (8.1 Ms)

July 17 (7.9 MS)
June 9 (5.6 Ms, 6.3 mb)
Sep. 21 (7.6 Ms)

The following large aftershocks had precursory quiescence which was identified, 
but did not satisfy the criterion. The drops (D) and start times (S) are given.

Nemuro-oki Japan
Livermore, Calif.
T'ang-shan China
Kuriles
New Hebrides

June 17, 1973 (7.7 Ms) 
Jan. 24, 1980 (5.9 MJ 
July. 27, 1976(8.1 Ms) 
June 13, 1975 (6.4 Ms) 
Dec. 28, 1973 (7.5 MS)

June 24 (7.1 Ms) S=39% 
Jan. 28 (5.3 MJ D=1.8 
July 28 (7.4 Ms) D=2.0 
June 15 (6.2 Ms) D=2.0 
Jan. 10 (7.2 Ms) Late

The following major aftershocks were not preceded by quiescence:

Region
Nemuro-oki Japan 
Kuriles 
Kuriles 
Mindanao 
Santa Cruz 
New Hebrides

Mainshock
June 17, 1973 (7.7MS) 
March 23, 1978 (7.5 Ms) 
June 13, 1975 (6.4 Ms) 
Aug. 16, 1976 (7.9 Ms) 
July 8, 1980 (7.5 Ms) 
Dec. 28, 1973 (7.5 Ms)

Aftershock
June 17 (7.1 M3)
Mar. 23 (6.8 Ms)
June 15 (6.2 Ms), 22 (6.1 Ms)
Aug. 17 (6.8 Ms), 29 (5.4 Ms)
July 9 (6.7 Ms)
Dec. 30 (6.6 Ms)

Matsu'ura, R.S., Precursory quiescence and recovery of aftershock activities before some 
large aftershocks, Bull. Earthquake Res. Inst. University of Tokyo. 61, 1-65, 1986.

Ogata, Y., Estimation of the parameters in the modified Omori formula for aftershock 
frequencies by the maximum likelihood procedure, J. riiva. Em til. 3_L 115-124, 1983.
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Figure 3. Precursory quiescence prior to the March 24, 1978 aftershock 43.28 hours after 
the March 23, 1978 Kuriles mainshock. (A) Observed versus expected cumulative number 
of events for the first 43 hours of this sequence. If the observed cumulative number fit the 
expected exactly this curve would be a straight line with a slope of one. (B) Residuals for 
the first 43 hours of this sequence. The vertical lines show the initial alarm recognized 24 
hours into the sequence.-The quiescence continues after it is initially identified, providing 
over 19 hours of warning prior to this aftershock.
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Coseismic Changes in Groundwater Radon 

H. Wakita, G. Igarashi, Y. Nakamura, Y. Sano and K. Notsu

Laboratory for Earthquake Chemistry, Faculty of Science, 
University of Tokyo, Bunkyo-ku, Tokyo, Japan

Coseismic changes in the radon concentration of groundwater 
were consistently observed at a sensitive observation station for 
nearby earthquakes with magnitudes of 6.0 and over and were 
observed for most earthquakes of a similar size occurring up to 
about 400 km away. A total of 14 coseismic changes were observed 
for 16 earthquakes which occurred during the observation period, 
between January 1984 and July 1988. A similar change was also 
found for an M7.9 earthquake with a hypocentral distance of about 
1000 km. The decreases in radon concentration lasting a few days 
which were observed for most changes can be interpreted to be 
caused by changes in the stress field.

It is well known that precursory changes are only observed at 
extremely small numbers of observation sites. Even coseismic 
changes are observed at only a few of many stations. This 
suggests the presence of a site sensitive to earthquake 
occurrence. The detection of a sensitive site by coseismic 
changes is important to earthquake prediction study.

Continuous measurements of the radon concentration of ground- 
water have been carried out by the University of Tokyo for over 
ten years at nine stations in Japan. Precise description of the 
measuring method (NOGUCHI and WAKITA, 1976), type of groundwater 
and characteristics of background flactuations in the observed 
data (WAKITA et al., 1985; 1986) have already been reported. 
During the observation period precursory changes of the 1978 Izu- 
Oshima-kinkai earthquake with a magnitude of 7.0 were also 
observed at one of the stations (WAKITA et al., 1980).

Long-term variations in the radon data from the KSM observation 
site were examined in terms of occurrence of nearby earthquakes. 
The site, with a 200-meter-deep drilled hole, is positioned on 
the fracture zone of the Futaba fault (Fig. 1), one of the major 
active faults in Northeast Japan, with a length of about 60 km 
trending in a north-south direction parallel to the Japan trench. 
The upper layer is composed of sandstone and shale; mylonite 
granodiorite is found in the layers deeper than 130 m.

An iron casing pipe with a diameter of 10 cm is installed in 
the hole. The extremely small amounts of groundwater with a flow 
rate of about 30 ml/min that issue from the strainer positioned 
between 124 and 129 m is used for the radon measurement. Because 
such a small amount of water is used, several changes were made 
in the usual measuring system. In order to quicken response time 
to the possible changes in radon concentration, flowing water at 
the strainer position is siphoned, through a small pipe with a
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diameter of 13 mm, to the measuring chamber, which was also 
modified for the small quantity of water. As a result of these 
modifications, the measuring system was too easily affected by 
change in external conditions. The observed radon data fluctuate, 
most notably affected by temperature changes in the measuring 
system, since emanation of radon depends on temperature changes. 
In spite of this fluctuation, however, several significant 
decreases in the radon concentration are observed. These are 
likely to correlate with large earthquakes that occurred in the 
adjacent region.

In order to remove the temperature effects, a Baysian approach 
developed by ISHIGURO et al. (1983) was applied. The computer 
program "BAYTAP (Baysian Tidal Analysis Program)", was success 
fully used to analyze earth tide data (ISHIGURO et al., 1984). 
Since the tidal component in the radon data at KSM site is not 
significant, the original radon data were decomposed into the 
trend, the temperature response, and the irregular (residual) 
components by "BAYTAP 11 . In contrast with the conventional 
filtering method, the procedure is based on a time domain model 
which includes the response of radon variation to the observed 
temperature input. The basic assumption of this approach is 
smoothness of the trend component, and this requirement is repre 
sented in the form of prior probability of the Baysian model. The 
method allows an objective decision on the choice of the maximum 
lag of the response functions as a problem of selecting a statis 
tical model. A precise description of the application of this 
procedure, including the selection of various parameters, will be 
reported elsewhere.

Radon data collected between January 1 984 and July 1 988 were 
processed by "BAYTAP". Downward spike-like changes were clearly 
observed in the temporal variations of the trend component (Fig. 
2) . Some of them were matched to those previously recognized in 
the original data. These radon changes were compared with occur 
rences of earthquakes in the region close to the KSM site.
Northeast Japan is situated in a typical island arc system. 

This region is characterized by the double-planed structure of 
its deep seismic zone. Many large earthquakes occur as a result 
of the coupling of the descending Pacific plate and the Eurasian 
plate. Owing to slab pull force, the stress distribution of the 
upper seismic plane is dominantly down-dip compression; that of 
the lower plane is down-dip extension (HASEGAWA et al, 1985). 
Figure 1 shows the epicentral distribution of M>6.0 earthquakes 
in the region during January 1984 and July 1988. A total of 16 
earthquakes, including 7 nearby earthquakes with magnitudes of 
6.0 to 6.7, are plotted. Their focal mechanisms are much more 
complicated in the southern region where three plates converge: 
the Pacific plate, the Eurasian plate and the Philippine Sea 
plate. In addition, volcanic activities are significant in the 
area along the Izu-Mariana arc. Coseismic changes are observed 
for 14 earthquakes: 13 caused substantially by movements of the 
Pacific plate and one related to the 1 986 eruption of Izu-Oshima 
Volcano. For two earthquakes related to the movements of the
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Philippine Sea plate, radon changes are not significant. A 
similar change was found for the largest earthquake with a 
magnitude of 7.9 and hypocentral distance of about 1000 km.

Some other changes in the trend also coincide with smaller 
earthquakes, for example, a change caused by an M5.8 nearby 
earthquake on November 29, 1986. Other observed changes not 
associated with earthquakes may be attributed to crustal move 
ments reflecting changes in the stress field but not resulting in 
an earthquake.

No relationships between the amplitude of the radon change and 
hypocentral distance and earthquake magnitude are observed. No 
simple correlation is found to the direction of P wave first 
motion. The magnitudes of nearby earthquakes are not large enough 
to allow analysis of the relation to estimated principal strain 
and dilatation using a computer program based on SATO and MATSU 1 - 
URA (1975). A peculiarity of the KSM site   the presence of the 
fault, which may act to either amplify or distort small strain 
changes -- has to be considered. In fact no meaningful radon 
changes were observed at the NRH site positioned at the southern 
part of the Futaba fault.

Figure 3 shows the result of statistical treatment by "BAYTAP". 
The occurrences and patterns of the radon decreases in the trend 
component differ with earthquakes. The observed lag in response 
time which exceeds the 9 hours required in the present system 
owing to the low flow rate of the water, and the presence of a 
kind of relaxation process suggests that the mechanism causing 
radon changes is not related to direct propagation of seismic 
waves but is likely to reflect viscoelastic movements with a 
certain time constant. A decrease in radon emission eliminates 
the possibility that the change is due to ground vibration 
originating from the shock events, when the radon emission is 
enhanced.

This is the first paper reporting systematic observation of 
coseismic radon changes. Complete understanding of the mechanism 
causing decrease in radon emission remains in the future. In 
order to clarify the mechanism, field experiments changing 
hydraulic pressure and precise study of crustal deformations 
are needed. The detection of precursory changes will be 
facilitated by improving measuring conditions.
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T. ASADA, M. ISHIDA, M. MATSU'URA, S NIHEI and A. TAKAGI.

REFERENCES
HASEGAWA, A. N. UMINO, and A. TAKAGI, Seismicity in the 

Northeastern Japan Arc and seismicity patterns before large 
earthquakes, Earthq. Predict. Res., 3_, 607-626 (1985).

ISHIKAWA, Y., K. MATSUMURA, H. YOKOYAMA, and H. MATSUMOTO, SEIS- 
PC -Its outline-, Geol. Data Process., 10, 19-34 (1985).

ISHIGURO, M.,H. AKAIKE, H. OOE, and S. NAKAI, A Baysian approach

101



to the analysis of earth tides, Proc. 9th Intern. Symposium on
earth tides, Ed. J.T. KUO, 283-292, E Schweizerbart'sche
Verlagsbuchhandlung, 1983, Stuttgart. 

ISHIGURO, M., T. SATO, Y. TAMURA, and M. OOE, Tidal data analysis
-An introduction to BAYTAP-, Proc. Inst. Stat. Math., 32 f 71-85
(1984). 

NOGUCHI, M. , and H. WAKITA, A method for continuous measurement
of radon in groundwater for earthquake prediction, J. Geophys.
Res., 82., 1353-1357 (1977). 

SATO, R., and M. MATSU'URA, Strains and tilts on the surface of a
semi-infinite medium. J. Phys. Earth, 22, 213-221 (1974). 

WAKITA, H., Y. NAKAMURA, K. NOTSU, M. NOGUCHI, and T. ASADA,
Radon anomaly: A possible precursor of the 1978 Izu-Oshima-
kinkai earthquake, Science, 207, 882-883 (1980). 

WAKITA, H., Y. NAKAMURA, and Y. SANO, Groundwater radon varia 
tions reflecting changes in regional stress fields, Earthq.
Predict. Res., 3., 545-557 (1985). 

WAKITA, H., Y. NAKAMURA, and Y. SANO, Background fluctuations in
groundwater radon observation, J. Phys. Earth, 34, S81-S89
(1986).

130 134 138 142 146

N34

138' 140' 142°E

Fig. 1. Epicentral distribution of M>6.0 earthquakes (January 
1984 and July 1988), including a M7.9 earthquake (JMA). Drawing 
made by the computer program "SEIS-PC" (ISHIKAWA et al., 1985).
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A MORE PRECISE CHRONOLOGY OF EARTHQUAKES 
PRODUCED BY THE SAN ANDREAS FAULT IN SOUTHERN CALIFORNIA

Kerry Sieh, 1 Minze Stuiver2 and David Brillinger3

ABSTRACT

Improved methods of radiocarbon analysis have enabled us to date more precisely 
the earthquake ruptures of the San Andreas fault that are recorded in the sediments at 
Pallett Creek. Previous dates of these events had 95-%-confidence errors of 50 to 100 
calendar years. New error limits are less than 23 calendar years for all but two of the 
dated events. This greater precision is due to larger sample size, longer counting time, 
lower background noise levels, more precise conversion of radiocarbon ages to calendric 
dates and better stratigraphic constraints and statistical techniques. The new date ranges, 
with one exception, fall within the broader ranges estimated previously, but the average 
interval between the latest 10 episodes of faulting is now about 132 years, which is about 
a decade less than previous estimates. Coincidentally, the new mean interval equals the 
present period of dormancy. This reduction of the mean interval does not result in a 
higher probability of a large earthquake during the next few decades, however, because 
variability about the new mean is much greater than was suspected previously. Five of the 
nine intervals are shorter than a century; three of the remaining four intervals are about 
two to three centuries long. Despite the wide range of these intervals, a pattern in the 
occurrence of large earthquakes at Pallett Creek is apparent in the new data. The past 10 
earthquakes occur in four clusters, each of which consists of two or three events. 
Earthquakes within the clusters are separated by periods of several decades, but the clusters 
are separated by dormant periods of two to three centuries. This pattern may reflect 
important mechanical aspects of the fault's behavior. If this pattern continues into the 
future, the current period of dormancy will probably be greater than two centuries. This 
would mean that the section of the fault represented by the Pallett Creek site is currently 
in the middle of one of its longer periods of repose between clusters, and sections of the 
fault farther to the southwest are much more likely to produce the next great earthquake in 
California. The greater precision of dates now available for large earthquakes recorded at 
the Pallett Creek site enables speculative correlation of events between paleoseismic sites 
along the southern half of the San Andreas fault. A history of great earthquakes with 
overlapping rupture zones along the Mojave section of the fault remains one of the more 
attractive possibilities.

1 Division of Geological and Planetary Sciences, 170-25, California Institute of 
Technology, Pasadena, California 91125

2 Dept. of Geological Sciences and Quaternary Research Center, AK-60, University 
of Washington, Seattle, WA 98195

3 Department of Statistics, University of California, Berkeley, CA 94720
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New Directions in the U.S. Earthquake Prediction Program
by

Robert L. Wesson 
U.S. Geological Survey 
Reston, Virginia 22092

This paper briefly highlights areas of research that seem to be 
likely candidates for increased emphasis in the earthquake 
prediction program in the United States in the years ahead. Over 
the last decade progress has been more rapid than originally 
anticipated in some areas and less rapid than anticipated in 
others. Perhaps most rapid progress has been made in the areas of 
geologic studies for long-term prediction, seismologic studies of 
the earthquake source, and geodetic studies of strain accumulation 
and release. Significant progress has been made in continuous 
instrumental measurements of strain, although this has proved to 
be a more difficult problem than perhaps originally anticipated. 
The reliable detection of short term precursors has also proven to 
be more difficult than was anticipated a decade ago, although the 
Parkfield Earthquake Prediction Experiment is designed to make 
progress in that area. Wesson and Filson (1981) outlined the basic 
strategy of the U.S. earthquake prediction program as it was 
formulated in the late 1970's. Hanks (1985) and Wesson and Wallace 
(1985) presented reviews of progress through about 1984. 
Maintaining a sound strategy for earthquake prediction research 
requires a continuing analysis of scientific results and a posing 
of new questions, and of the opportunities for new measurements, 
analysis and understanding presented by technological advances. 
This paper attempts to highlight several areas where scientific and 
technological advances present exciting opportunities in U.S. 
earthquake prediction studies.

Geologic and seismologic studies for long-term prediction

The original ideas about seismic gaps proposed by Mogi and Fedotov 
and first applied in the United States by Sykes and Kelleher 
provided a starting point for a rich collection of geological and 
seismological studies leading to estimates of the long-term 
probabilities for large earthquakes in several parts of the western 
United States and Alaska. Recent estimates for the probabilities 
of large earthquakes in the next few decades in California (Working 
Group on California Earthquake Probabilities, 1988) and Alaska 
(Nishenko and Jacob, 1988, submitted) incorporate geologic and 
seismologic estimates of recurrence intervals and identify 
candidate areas for increased emphasis in intermediate and short- 
term earthquake prediction studies. In California increasing 
emphasis will be placed on extending these studies to other faults, 
to attempting to refine the long-term estimates by obtaining more 
recurrence data, and to develop studies for intermediate and short- 
term prediction studies in some of the most critical areas, 
particularly in southern California and the eastern portion of the 
San Francisco Bay region.
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New opportunities for geodetic measurements

At present most geodetic measurements for regional strain and 
earthquake prediction studies in the United States are carried out 
by the relatively tedious and expensive techniques of leveling for 
vertical deformation, and geodolite surveys with airplane or 
helicopter temperature measurements along the line of sight for 
horizontal deformation. The new Global Positioning System (GPS) 
utilizing a system of satellites flying in known orbits 
broadcasting signals and sophisticated ground receivers offers the 
possibility for increasing the speed and efficiency of these 
measurements, without compromising accuracy. Initial experiments 
comparing GPS and classical geodolite surveys in the San Francisco 
Bay region area and elsewhere in California are very promising 
(Prescott and others, in press). While considerable work remains 
to be done, GPS technology clearly will be playing a larger and 
larger role in geodetic measurements for earthquake prediction 
studies.

Measurements of stress and other borehole measurements

The Cajon Pass scientific borehole (DOSECC, 1987) was originally 
intended to reach a depth of about 5 km adjacent to the San Andreas 
fault in southern California and was designed to sample and measure 
the physical and geological environment in an active seismic zone 
at seismogenic depths (4-10 km). Although funding limitations did 
not allow completion of the hole, the efforts surrounding the 
project have already added considerable vigor to the discussion of 
the state of stress in a seismically active region of the Earth's 
crust and the physical and mechanical processes operating there. 
Preliminary results of the investigations will appear soon in a 
Special Issue of Geophysical Research Letters. Despite the 
expense, future efforts to obtain direct measurement at seismogenic 
depths are critical in order to constrain the largely speculative 
models of the processes and conditions at these depths.

Characterizing the rheology of fault zones

Geodetic studies of regional deformation, geologic and seismologic 
studies of fault displacement during and following earthquakes, and 
fault creep studies all suggest the importance of understanding the 
aseismic processes of fault deformation and their 
interrelationships with the generation of earthquakes. The 1987 
Superstition Hills earthquake provides a striking example of these 
aseismic processes in that at least 80% of the surface fault 
displacement (approaching a maximum of nearly 1 m) occurred as 
afterslip. Previously minor "sympathetic" fault displacement 
occurred along the Superstition Hills fault associated with the 
1968 Borrego Mountain and 1979 Imperial Valley earthquakes. A 
collection of studies of the 1987 earthquake will appear in a 
Special Issue of the Bulletin of the Seismological Society of 
America early in 1989. Fault creep may provide important clues
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in intermediate-term earthquake prediction (Wesson and Nicholson, 
1988) . Detailed field studies and computer modeling of aseismic 
deformation will provide opportunities to deduce models of fault 
zone rheology and to test models based on laboratory measurements. 
Obviously characterizing the aseismic processes that lead to the 
redistribution and concentration of stress is important to a 
mechanistic approach to earthquake prediction.

Opportunities for combined use of short-period and broad-band 
seismic networks

During the 1970's and 1980's significant advances were made in 
developing and deploying telemetered, short-period seismic 
networks, and in analyzing their data output. These networks have 
proven invaluable as tools to study the details of the space-time 
patterns of seismicity and their relationship to geologic 
structure. Now technology is becoming available to compliment 
these networks with digital, broadband, high-dynamic range seismic 
systems. Such systems, which are becoming available as parts of 
the National Science Foundation/Incorporated Research Institutions 
for Seismology Global Seismographic Network and the U.S. Nuclear 
Regulatory Commission/U.S. Geological Survey National Seismographic 
Network, will provide capability for studies of seismic source 
processes and seismic wave propagation.

Computer modeling of earthquake processes

Fortunately, just as the measurement and observation systems are 
beginning to provide measurements to constrain models of the strain 
accumulation and earthquake generation processes, computers are 
becoming widely available that can make realistic predictions of 
measurable quantities from physically-based models of these 
processes. The increasing availability of such computers will 
provide the opportunity to greatly increase intuition and 
understanding of these processes through computer modeling.

The Parkfield Earthquake Prediction Experiment

The Parkfield Earthquake Prediction Experiment will be described 
in more detail at this meeting in the paper to be presented by 
Bakun and has been described previously by Bakun and Lindh (1985 
a and b) . The Parkfield experiment is particulaly important to 
the U.S. earthquake prediction program for several reasons. First, 
it provides a unique opportunity to test the emerging ideas about 
the mechanics and interrelation of seismic and aseismic deformation 
processes along the San Andreas fault. Second, the Parkfield 
experiment provides a critical opportunity to deploy, test and 
compare various techniques for instrumental measurement of crustal 
strain in a very active tectonic environment. Instruments deployed 
at Parkfield for strain measurement include borehole dilatometers 
and tensor strainmeters, water level recorders, creepmeters and a 
two-color laser strainmeter. Evidence is beginning to accumulate 
for episodes of crustal deformation that can be detected on several 
kinds of instruments. Third, because of the commitment to a short-
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term prediction of the next Parkfield earthquake, the experiment 
provides an opportunity to explore the communication and public 
utilization of a short-term earthquake prediction.
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THE OUTLINE OF 
THE SIXTH EARTHQUAKE PREDICTION PLAN OF JAPAN

Kazuhiko Otake 
Geographical Survey Institute

Introduction

The Geodesy Council of the Ministry of Education, Science and Culture has 
proposed the 1st - 5th Earthquake Prediction plans to the Cabinet Ministers 
concerned, since July 1964. The 5th Plan expiring in this fiscal year, the 
Council made an evaluation of progress under this plan, base on which studies on 
a new plan (fiscal 1989 -1993) were conducted. The plan was approved at the 
plenary meeting held on July 28, 1988, and was subsequently proposed by the 
Chairman of the Council to the Prime Minister, the Minister of Education, 
Science and Culture, the Minister of International Trade and Industry, the 
Minister of Transport, the Minister of Posts and Telecommunications, and the 
Minister of Construction.

The Sixth Plan is summarized in the following.

Policies underlying the Plan

Under the former earthquake prediction plans, periodic surveys and 
observations have been conducted on a nationwide scale for long-term 
predictions, followed by concentrated observations looking for short-term 
precursory phenomena. At the same time, basic research on explanations of 
various phenomena preceding the occurrence of earthquakes had been promoted.

The Sixth Plan proceeds in accordance with the same fundamental concept. 
Focus on observations and researches in the Area of Intensified Observation and 
such areas (Fig. 1) will be further emphasized. For a more precise understanding 
of short-term precursory phenomena, the development of comprehensive analyzing 
method should be encouraged. Also on the basis of wide fundamental research on 
earthquake prediction, the research on inland earthquake prediction, active 
application of space techniques and other new techniques, and comprehensive 
utilization of various observation data should be especially encouraged.

Contents of the Plan
1. Intensification of Observation and Research Effective for Long-term 

Prediction

In order to improve accuracy in the prediction of the location and 
magnitude of earthquakes by the quantitative evaluation of long-term crustal
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activities, efforts in nation wide observation and mobile observations aimed at 
identifying the regional characteristics should be made in parallel.

For that purpose, promoting application of new techniques, such as the 
space techniques, further repletion should be made in geodetic survey and 
seismological observation, conducted on a nationwide scale. At the same time, 
comprehensive mobile observation and research should be undertaken in the Areas 
of Intensified Observation, the Areas of Specified Observation, and other areas 
by mobile parties, especially observations on the sea bottom are emphasized.

Furthermore, surveys of active crustal techtonics and historiographical 
researches, which play important roles in the quantitative evaluation of 
characteristics of crustal activities, should be further promoted.

1) Periodic surveys and observations 
A. Geodetic surveys
a)Precise geodetic survey (GSI)
b)High density and short-term periodic geodetic survey (GSI,HD)
c)Gravity and magnetic surveys (GSI, HD) 
B.Observation by space techniques, such as VLBI, SLR, GPS (CRL, GSI, HD)

2) Continuous observations 
A. Seismological observations
a) Large, moderate and small scale earthquake observations (JMA)
b) Microearthquake observation (Univ., NRCDP) 

B. Tide gauge observation (GSI, JMA, HD) 
C. Geomagnetic observation (JMA, HD, GSI, Univ.)

3) Mobile observation
A. Comprehensive overland observation (Univ., NRCDP, JMA, GSI, HD) 
B. Various observations at ocean bottom (Univ., NRCDP, HD)

4) Fundamental investigations
A. Survey of active techtonics (Univ., GSI, NRCDP, JMA, GSJ, HD) 
B. Histriographical investigation (Univ., NRCDP)

2. Intensification of Observation and Research Effective for Short-term 
Prediction

In order to detect the precursory phenomena and to grasp their 
characteristics, high density long-terra observations of various items should 
be made in different areas. Improvement of observation and data analysis 
methods against the decrease of S/N ratio due to environmental changes, and 
renewal of observation facilities should be promoted.

In order to reinforce the monitoring system for the Tokai region, 
precise observations of various items which may be effective for short-term 
prediction should be made, and also data collection and processing ability 
should be improved.

With respect to the Metropolitan area, various observations with new 
techniques should be done on the basis of preceding results, such as the
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development of observation methods and research and development aimed at 
improvement of detecting ability of short-terra precursory phenomena and data 
accumulation should be also priorities.

1) Continuous observations of crustal movements 
A. Observation by bore-hole volume strainmeter (JMA) 
B. Composite observations by bore-hole type meters (NRCDP) 
C. Observation by tiltmeter and extensometer (Univ., JMA, GSI) 
E. Comprehensive survey of crustal activity along observation arrays (Univ.) 
F. Tide difference observations (GSI, JMA, HD)

2) Gravity change measurements (GSI, JHA, Univ.)
3) Seismological observations (JMA, NRCDP, Univ.)
4) Geoelectromagnetic observation (JMA, Univ., HD, GSI, NRCDP, CRL)
5) Earth chemistry, ground water observation (GSJ, Univ.)
6) Observation and Research for earthquake prediction in the Metropolitan area 
A. Deep well observation in the central area, composite observation surrounding

area and GPS observation at fixed points (NRCDP) 
B. Precise strain, precise levelling and gravity surveys in the Metropolitan

area. Application of GPS (GSI) 
C. Strain survey by GPS and active fault study by magnetic survey and

geological survey (Univ.) 
D. Research and development of various observation methods in high noise

areas (JMA) 
E. Intensification of ground water observation on the basis of geological

structure survey (GSJ) 
F. Survey of submarine topography and geological structure (HD)

3. Promotion of Fundamental Research in Earthquake Prediction and Development 
of New Techniques

In order to understand the phenomena preceding earthquakes, further 
rock-breaking tests should be promoted.

In order to map the concentration of stress, further measurement of 
crustal stress, and detailed surveys of the crust and upper mantle as well as 
crustal activities should be made.

Especially for inland earthquake prediction, in order to carry out 
efficient study, surveys for selecting the study areas should be done. And also 
comprehensive observation and research should be tried in the area where 
seismological activities reflect the field of the complex plate motions.

Furthermore, to improve the study on earthquake prediction, development 
of techniques including space technique, and improvement and development in 
ocean bottom observation technique should be highly promoted.

1) Rock-breaking test (Univ., GSJ, NRCDP, JMA)
2) Measurement of crustal stress (Univ., NRCDP, GSJ)
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3) Survey and research on crustal structure and physical property(Univ., GSJ, 
GSI, JMA, HD, NRCDP)

4) Fundamental research on inland earthquake
a)Precise survey for crustal, physical properties and regional characteristics 

of crustal activities (Univ.)
b)Geological structure survey, related to inland earthquake (GSJ, JMA, GSI)
c)Various observations and researches in high density and high accuracy 

in the Sagami Bay region (NRCDP, GSJ, HD, GSI, Univ.)
5)Development of new techniques
a)Developraent of small VLBI equipment, improvement of GPS observation 

accuracy (CRL, NRCDP, GSI)
b)Developraent and improvement of submarine observation technique (NRCDP, HD, 

Univ, JMA)

A. Reinforcement of Earthquake Prediction System

1) Reinforcement of data collection and processing system in earthquake, crustal 
deformation and ground water (JMA, NRCDP, HD, GSJ, Univ.)

2) Preservation and application of various materials concerning earthquake 
prediction

3) Strengthening the routine monitoring system
For short-term prediction of the Tokai area, observation data thought to 

be effective are successively concentrated to JMA..
Concerning the South Kanto area, necessary data should be concentrated to 

JMA successively and reinforce the monitoring under intimate cooperation 
with the Coordinating Committee of Earthquake Prediction, and prompt and 
adequate application for the observation research should be reinforced.

4) Reinforcement of the organizations involved in earthquake prediction
5) Promotion of training and acquisition of staffs
6) Promotion of International Cooperation

International exchange of information about seismic observation data, 
symposiums, cooperative research and international cooperation at various 
aspects

NRCDP: National Research Center for Disaster Prevention
GSJ: Geological Survey of Japan
CRL: Communications Research Laboratory
JMA: Japan Meteorological Agency
HD: Hydrographic Department, Maritime Safety Agency
GSI: Geographical Survey Institute
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ESI

area of specified 
observation

area of intensified 
observation

SOUTHWESTERN M1IGATA PREF. AND 
NORTHERN NAGANO PREF.

WESTERN NAGANO PREF. AND 
EASTERN GIFU PREF.

TERN HOKKAIDO

(-TESTERN AXITA PREF.
NORTHWESTERN 

YAMAGATA PREF.

EASTERN M1YACI PREF.
EASTEP.S' FUKUSHI.MA 

PREF.

EASTERN SHIMANE 
PREF SOUTH !CA.MTO REGION

400 km

IYO-NACA
HYUGA-NAOA
REGION

Fig. 1. Areas of Specified Observation 
and Intensified Observation
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Rapid Determination of Source Parameters
Adam M. Dziewonski, Harvard University, Cambridge, Ma. 02138

Rapid determination of earthquake parameters, including the source mechanism and an 
initial estimate of the source time function are of practical significance. The technological 
developments of the last few years provide new opportunities to shorten the interval between 
the occurrence of an event and the time that its tectonic significance can be assessed. For large 
events, MS > 6.5, inclusion of data from globally distributed stations is important, because 
the local arrays are likely to be saturated and the finite spatio-temporal dimensions of the 
source complicate interpretation of local or regional data.

A new generation of seismographic stations is now being deployed. In addition to the 
dynamic range in excess of 200 db and the pass band from some tens of Hertz to the tidal 
frequencies, these stations are equipped with micro-computers having the capabilities of the 
mainframes of one decade ago. These micro-computers can perform varied, multiple tasks 
including 'houskeeping' duties, event detection, real-time filtration, internal and external com 
munications and intensive 'number crunching'. With the availability of the automated, public 
access, international communication systems allowing for data transmission (telex, telephone, 
packet switching networks), there is an opportunity to consider the new global seismographic 
network as a distributed computer system. However, the transmission is <*-*n be slow, intro 
duce errors and is expensive. It is desirable, therefore, to minimize the number of transmitted 
bits.

The example given here deals with determination of the seismic moment tensor, but the 
extension of the outlined approach to other tasks is straightforward. The inverse problem for 
seismic moment tensor consists of finding the lm«w combination its six independent compo 
nents, /i, that minimizes the expression:

V /*H - V 2
£^ J I **V / £^ *  "rt«V /J ' \ )

where tifc(£) is the fc-th observed seismogram and t/to is the excitation function for the t-th 
component of the moment tensor appropriate for the fc-th record. The excitation functions 
depend on the (known) Earth structure, locations of the source (xf ) and the receiver (x,.). 
The time is measured with respect to the origin time, £<j» t^ and £&, are the time intervals for 
which the fc-th waveform is considered. The least squares approach leads to:

_ . _ _ ( 2 ) 
=1 \ k J k

where:
/ *«

^hi

f^i 
t>ih = / Uh'tfrikdt (4)

fci

It is only computation of the elements of the b-vector that requires the observed waveforms. 
If the hypocentral location (xt , £4) is transmitted to the station, then the excitation kernels t/> 
and the integral (4) can be computed there, and instead of transmitting several hundred, or 
even thousand, data points per component, only six or five numbers need to be transmitted 
from the station to the central location.
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EARTHQUAKE PHENOMENA OBSERVATION SYSTEM (EPOS)

   NEW JMA SYSTEM FOR EARTHQUAKE PREDICTION 
AND TSUNAMI WARNING SERVICES   

Kenshiro Tsumura 
Japan Meteorological Agency 

Tokyo, Japan

1. Introduction
The Japan Meteorological Agency (JMA) is responsible for tsunami warning 

services in Japan. The JMA operates nationwide seismological observation 
network and six local tsunami warning (forecasting) centers to which 
seismic and tidal data in each area are telemetered. These local centers 
issue tsunami warnings and/or advisories as quickly as possible, whenever a 
large earthquake occurs, using telemetered data and telegrams sent from 
meteorological offices.( Figure A )

The JMA is also responsible for the short-term prediction of the coming 
Tokai earthquake. The JMA continuously monitors various data telemetered 
from observation stations in the Tokai and surrounding areas, including 
those maintained by related institutions and universities. ( Figure B ) 
When anomalous changes are found in the data, the Earthquake Assessment 
Committee (EAC) will be summoned promptly and evaluate the possibility 
of occurrence of the Tokai earthquake. On basis of the EAC's assessment, 
the Earthquake Warnings Statement will be announced by the Prime-Minister.
The JMA has developed and installed a new comprehensive data processing 

system, Earthquake Phenomena Observation System (EPOS) in the 
Headquarters,Tokyo,in March 1987. Main purposes of EPOS are;(l) to shorten 
the time for issuance of tsunami warnings/ advisories and 
earthquake/tsunami information, and (2) to enhance the capability to 
monitor large amount of telemetered data for the Tokai earthquake 
prediction and to provide materials necessary for the assessment by the EAC 
more quickly and comprehensively. EPOS aims at a system for practical uses 
to issue warnings for the prevention and mitigation of seismic and tsunami 
disasters, especially loss of lives. Therefore, EPOS has been designed as 
a reliable and easy operational system that functions well in case of 
emergency.

EPOS can process maximum 512 CH seismic data and 512 CH other (crustal) 
data such as sea-level, strain, tilt, groundwater etc. on an on-line 
realtime basis. The results of processing can be shown on many color 
graphic displays.

2. Configuration of EPOS
The configuration of EPOS is schematically given in Figure 1. The main 

processing unit is composed of three sets of super-mini-computers (MELCOM 
350/60-300,16MB); the first for seismic data processing, the second for 
crustal data processing and the third for data editing/storing 
respectively. The interface unit is composed of several sets of 
telemetering units and two communication control units linked with high 
speed optical bus. The interface unit receives large amount of seismic and 
crustal data telemetered from various observation networks, converts them 
into unified format data in EPOS, and inputs them into the main processing 
unit. The interface unit is also linked to the ADESS (Automated Data
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Editing and Switching System for meteorological data communication 
services) to receive and transmit telegrams concerning seismological 
services.

The peripheral devices of EPOS are installed in groups for each major 
specified purposes. Each group is mostly composed of several sets of color 
graphic displays with semi-functional keyboard, a color hardcopy device and 
a laser-beam printer. A large panel installed at the center of 
surveillance room is linked to the main unit and displays such essential 
information as state of tsunami forecasting, seismic intensity 
distribution, abnormality in monitored seismic activity and/or crustal 
activity in the Tokai region, and various alerts for duty personnel.

A special console is provided for preparing and sending tsunami 
warning/advisory telegrams instantaneously by the simplest operation.

In the meeting room for the EAC, a large screen is installed, on which 
almost all the information processed in EPOS can be directly displayed 
easily.

Magnetic disk units and optical disk unit with large capacity are used 
as the temporal and final storage of original and processed data.

3. Processing of seismic data
Main flow of the seismic data processing in EPOS is shown in Figure 2.
(1) Processing for seismic event detection
Signals telemetered from seismic stations are continuously checked in 

order to monitor the function of telemetering devices and to detect arrival 
of seismic waves examining STA/LTA ratio, then approximate onset times are 
estimated examining the variations in amplitude and frequency of input 
signals. The occurrence of a major earthquake is monitored by checking the 
number of stations at which seismic waves are detected and the maximum 
amplitudes at selected stations. When some conditions on these elements 
are satisfied, the "major earthquake mode processing" for emergent 
determination of hypocenter and magnitude is initiated automatically.
(2) Processing of seismic wave signals (First Processing) 
The portion of telemetered signals which has been judged to includes 

seismic waves in the previous processing, are analized by the method using 
the AR-model ( Yokota et al., 1981 ) to determine accurate onset times of P 
and S waves, the maximum amplitude and period, sense of initial motion and 
duration. Then the hypocenter and magnitude are determined using these data 
and the results are displayed on the graphic displays and the panel. If the 
magnitude thus determined exceeds 4.0, the "major earthquake mode 
processing" is also activated immediately. These processes are executed 
immediately after the detection of seismic waves within 2-3 minutes, while 
the secondary processing for revisional determination is executed after the 
end of the event with more delay.
(3) Major earthquake mode processing (Emergent processing for tsunami

warning and earthquake information services)
To issue tsunami warnings/advisories and earthquake information promptly, 

the " major earthquake mode processing " is started as soon as the 
recognition of major earthquake is obtained in the previous processes and 
executed with highest priority. Telemetered data from selected 30 stations 
and seismic telegrams are used to reduce the calculation time. To get 
better result, the calculation is repeated when the time elapsed a 
constant interval or new data from additional 5 stations are available. The 
results of the calculation with seismograms used are displayed on the

116



graphic displays on an on-line realtime basis. Besides, operators can 
modify the results with interactive procedure confirming the results on the 
display to get final estimates. When the hypocenter and magnitude are 
determined with sufficient accuracy, tsunami grade on each coastal area is 
estimated automatically on the same principle as used in the conventional 
procedure using tsunami forecasting chart and the result is indicated by 
lighting the lamps of corresponding keys on tsunami forecasting console. 
The operator may modify the result on his experience by setting other 
key(s) indicating different grade. Confirming final decision the operator 
push down the release key to send out warnings/advisories which have been 
automatically composed as telegrams. Then they are disseminated 
immediately to meteorological offices, disaster prevention organs and the 
mass media through ADESS. Simultaneously, EPOS compiles and disseminates 
related information in the form of facsimile and international telegrams to 
PTWC etc. with minimum operation.

4. Processing of crustal data
Non-seismic data such as volume strain, linear strain, tilt, sea-level, 

groundwater-level etc. are called as "crustal data" in EPOS, and treated in 
unified procedure. The original crustal data with different sampling rates 
are averaged into minutely, hourly and daily values, and these values are 
used for monitoring and analysis with different time spans. EPOS 
automatically corrects barometric and tidal effects on crustal data on an 
on-line realtime basis and displays the results as colorful graphics, of 
which parameters can be easily changed. These corrections are very 
effective for detection of minute strain changes especially at stations 
near the coast as shown in Figure 3. The rate of variation of corrected 
values are checked regularly to alert the operator when it exceeds 
predetermined threshold. Since the technique to correct the effect of 
rainfall has not yet been established well, hourly amounts of 
precipitation, of which data are supplied to EPOS from AMeDAS (Automated 
Meteorological Data Acquisition System ) are displayed with strain data to 
check the possibility of rainy effect visually.

5. Conclusion
By the introduction of EPOS, the time for issuing tsunami 

warnings/advisories is expected to be shorten by about 5 minutes compared 
to the conventional system. Actually, average time for the recent six cases 
issuing tsunami advisories with EPOS was 7 minutes as shown in Table 1. 
EPOS has made it possible to offer high quality data to the EAC very 
quickly. The committee members can examine almost any data in EPOS 
including realtime ones on the large screen in the meeting room, although 
,in case of emergency, how to select most effective data for the evaluation 
from huge amount of data in limited time is to be studied further.

Reference

Yokota,T., S.Zhout, M.Mizoue, and I.Nakamura, An automatic measurement 
of arrival times of seismic waves and its application to an on-line 
processing system, Bull.Earthq.Res. Inst.,56,449-484,1981.
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Table 1. Tsunami forecast with EPOS at the JMA Headquarters,Tokyo 
( E:Elapsed Time in minutes, F: Tsunami Forecast, T: Tsunami Observed, 
A:Tsunami Attention, N:No tsunami ) ( August 1987 -September 1988 )

Date

1987/9/24

/12/17

1988/3/18

7/31

8/12

9/ 5

Time 
(JST)

1355

1108

0534

0840

1415

0049

E

8

6

8

9

6

7

F

N

A

N

N

N

N

T

N

N

N

N

N

N

Hypocenter & Magnitude
Emergent

Lat Long Depth M

36.6 141.3 30 5.6

35.3 140.5 70 6.6

35.7 139.7 90 6.1

34.9 139.3 10 5.4

35.1 139.9 70 5.3

35.5 139.0 40 5.4

Final

Lat Long Depth M

36.71 141.31 43 5.8

35.37 140.50 58 6.7

35.66 139.65 96 6.0

-''-34.93 139.22 19 5.2

*35.10 139.54 66 5.3

-"-35.48 139.03 31 5.6

-^semi-final

A T\ "T*C* C* / T \A ANDESS (JMA)

FAX (Organs 5t Media)

Interface 
Processor (B)telegram p rocessor (A)

Monitoring Unit 
(Recorders)

Main Processing 
Unit 1
Earthquake & 
Tsuna mi 
(Real Time)

Main Processing 
Unit 2 

Tokai
Crustal Movement 
(Real Time)

Main Processing
Unit 3 

Data Editing
(Back Up)

Supervising 
Display

Tsunami 
Surveillance 
Display

Tokai 
Earthquake 
Surveillance 
Display

Display for 
Earthquake 
Assessment 
Com mittee

Display for 
Data Analysis

& Editing

Input/Output
Unit 
(Printer, MT, 
Optical Disk, 
Digitizer etc)

Figure 1. Schematic configuration of Earthquake 
Observation System (EPOS).
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ta and processing flow of EPOS for tsunami warning, 
surveillance and information services.

cectiveness of the tidal and barometric corrections for 
ta. A minute volume strain change at Toi station due to 
Dshima eruption, November 21, 1986, impossible to be 
the original data, is easily detected on the corrected 
n.
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(B)

^-T3

Figure A. The JMA seismic(A) and tidal(B) observation networks 
for tsunami warning services, telemetered to six local tsunami 
warning centers.

C7>;V^< o:j

Other org»nli»cto«» 
O Seluotnph X 
A Exttnsio* Mt*r 6 
it Tilt««t«r 9 
V Tide »»ug« S 
Q Underground wctcr Maicor 11 

total 61

Figure B. Continuous earthquake observation network in the Tokai 
area and its vicinity.(Other organizations:Earthquake Research 
Institute of Tokyo Univ., Nagoya Univ., National Research 
Center for Disaster Prevention, Geographical Survey Institute, 
and Geological Survey of Japan).
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Appendix

Recent results of the volume strainmeter observation

The following two results obtained by the JMA volume strainmeter 
network in the Tokai and South Kanto areas proved reliability of the 
instrument and suggested possibility of detecting minute precursors of the 
comniing Tokai earthquake with much more reality than ever imagined.

(1) Before and after the large eruption of Izuoshima island on 
November 21, 1986, strain changes not coseismic but gradual, were 
recorded at several stations, not only at Oshima station located very 
close to the valcano but also at other stations located as far as 60 km 
from the volcano. (Figure A-l,A-2)

(2) Since 1978, active earthquake swarm activities have repeatedly 
occured in the area east off the Izu Peninsula, central Honshu. The volume 
strainmeter at Higashiizu station, located about 20 km from the epicentral 
area of these swarms, recorded strain changes clearly related to the 
seismic activities three times; in October 1986, October 1987 and July- 
August 1988. The largest earthquakes in these activities were M 3.8, 4.6 
and 5.2, respectively. (Figure A-3) But there were other earthquake swarm 
activities in the same region without any strain changes at the station. 
The reason of such difference is not clear at present.

The corrections for tidal and barometric effects on the strain data are 
indispensable for the detection of very minute strain changes as in these 
cases.
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STRAIN CHANGES AT OSHIMA AND 
IT'S SURROUNDING STATIONS

MIURA

TOI 
YUGAWARA

HIGASHIIZU

OSHIMA 1/100

i j.
5.0E-07

NOV.11 21 DEC.1
1986

VALUES AND SENSES

THE SHADES SHOW THE CONTRACTIVE 
ZONE CALCULATED BY THE OPEN CRACK

O Expantion 

Contraction

Figure A-l. Strain changes before and after the large eruption of 
Izuoshima on November 21,1986.

122



STRAIN CHANGES AT OSH1MA AND 
IT'S SURROUNDING STATIONS

EXP.

OSHIMA

HIGASHIIZU
YUGAWARA

AJIRO

TOI

IROZAKI
SHIMIZU

FUJI

18 
1987 NOV.17

00 
NOV.18

VALUES AND SENSES

THE SHADE SHOW THE CONTRACTIVE ZONE

EXPANTION 

  CONTRACTION
10KM

Figure A-2. Strain changes before and after the small eruption of 
Izuoshima volcano on November 18,1987.
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On Mitigating Rapid 
Onset Natural Disasters: 
Project THRUST
(Tsunami Hazards 
Reduction Utilizing 
Systems Technology)
E. N. Bernard,1 R. R. 
Behn,1 G. T. Hebenstreit,2 
F. I. Gonzalez, 1 P. Krumpe,3 
J. F. Lander,4 E. Lorca,5 
P. M. McManamon,6 
and H. B. Milburn1
Rapid onset natural hazards have claimed more than 2.8 million lives worldwide 
in the past 20 years. This category includes such events as earthquakes, land 
slides, hurricanes, tornados, floods, volcanic eruptions, wildfires, and tsunamis. 
Effective hazard mitigation is particularly difficult in such cases, since the time 
available to issue warnings can be very short or even nonexistent. This paper pre 
sents the concept of a local warning system that exploits and integrates the exist 
ing technologies of risk evaluation, environmental measurement, and telecommu 
nications. We describe Project THRUST, a successful implementation of this gen 
eral, systematic approach to tsunamis. The general approach includes pre-evem 
emergencv planning, real-time hazard assessment, and rapid warning via satellite 
communication links.

Introduction
Throughout history, natural disasters have 

killed, injured, and displaced people of everv 
nation on (he globe. Rapid onset natural haz 
ards, such as earthquakes, landslides, tsuna 
mis, hurricanes, tornados, floods, volcanic 
eruptions, and wildfires, have claimed more 
than 2.8 million lives worldwide in the past 
20 years and have adversely affected 820 mil 
lion people. The world's vulnerability and the 
social and economic cost of these hazards will 
only increase in the future because of popula 
tion growth and urban concentration, in 
creased capital investment coupled with new 
technologies, the existence of vulnerable criti 
cal facilities and fragile lifelines, and increas 
ing interdependence of local, national, and 
international communities [Housner, 1987}.

'NOAA Pacific Marine Environmental Lab- 
oratorv, Seattle, Wash.

2Science Applications International Corpo 
ration, McLean, Va.

3 Agency for International Development, 
Office of U.S. Foreign Disaster Assistance, 
Washington, D.C.

4NOAA National Geophysical Data Center. 
Boulder, Colo.

^Institute Hidrografico de la Armada de 
Chile, Valparaiso, Chile.

'CyberLink Corporation, Boulder, Colo.

The tsunami is one example of these rapid 
onset hazards. Lander and Lockndge [ 1986] 
have found that 99^ of all tsunami-related 
fatalities occur within 400 km of the earth 
quake epicenter. Since tsunamis are generat 
ed over the area of uplift (which could ex 
tend up to 600 km in length), most of the fa 
talities occurred on the coasts directly 
opposite the source. Travel times to these ar 
eas are much shorter than 30 minutes.

Existing tsunami warning svstems are effec 
tive on a Pacific-wide time scale of 1 hour 
and a regional time scale of 10 minutes. Thev 
are not effective, however, on a local time 
scale, that is, within 2 minutes of a local, po 
tentially tsunamigenic earthquake. Project 
THRUST (Tsunami Hazards Reduction Uti 
lizing Systems Technology) has successfullv 
designed and developed a warning system to 
meet this need and has established a pilot svs- 
tem in Valparaiso. Chile. The three major 
components that make up the THRUST svs

tems approach to tsunami hazard mitigation 
on the local level are
  Pretsunami preparedness, consisting of
  historical data base studies.
  numerical model simulations, and
  development of a detailed emergencv 

operations plan;
  Real-time local hazard assessment, achieved 

by utilizing seismic triggers with predeter 
mined threshold levels: and

  Rapid dissemination of information to local
officials, achieved bv exploiting satellite
communications technology-.
After the pilot system was installed, the 

Project THRUST researchers began a 
lengthv evaluation program. Over a period of 
9 months, the average response time of the 
system was found to be 2 minutes   a signifi 
cant improvement over the original target re 
sponse time of 10 minutes. Transmission per 
formance tests conducted during this period 
also demonstrated that the GOES (Geosta 
tionary Operational Environmental Satellite) 
communication svstem could be used in a 
warning mode. The THRUST team found 
that after 1 year of operation, hardware reli 
ability was acceptable for first-generation pi 
lot instrumentation. Furthermore, it seems 
apparent that the level of reliabilitv required 
in a true operational setting will be achievable 
in the second generation of THRUST equip 
ment.

The major objective of project THRUST 
has thus been achieved   the development 
of a low-cost svstem to deliver tsunami warn 
ings rapidlv enough to be useful on a local 
level. Hardware costs for the most basic 
THRUST svstem configuration, consisting of 
a seismic station and tsunami warning station, 
are about 515,000. Furthermore, this funda 
mental svstem delivers the primarv THRUST 
product   life-saving tsunami hazard infor 
mation   in an average elapsed time of 2 
minutes.

Tsunami Hazard and
Warning

Tsunamis are long ocean v*aves that are 
usually generated bv the sudden displace 
ment of the seafloor bv large, shallow-focus 
submarine earthquakes. The initial damage 
to coastal structures is caused directly bv the 
enormous forces that characterize an incident 
wave. Destruction continues, however, 
through a number of indirect mechanisms 
that can wreak havoc in a coastal communitv. 
ultimate!v causing much greater damage than 
that inflicted directly bv the tsunami. Flota 
tion and drag forces move houses and over 
turn railroad cars: inundation turns floating 
debris such as autos. logs, and pieces of de 
stroyed buildings into dangerous projectiles: 
strong tsunami-induced currents lead to the 
erosion of foundations and the collapse of 
bridges and seawalls; fires result from the 
combustion of oil spilled by damaged ships or
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storage facilities [Bernard and GouUt, 1981]. 
The ultimate loss, however, is that of human 
life.

Over 51,000 coastal residents have been 
killed by 94 destructive tsunamis in the last 
century. To protect coastal inhabitants, some 
local authorities have initiated mitigation 
measures such as the identification of tsuna 
mi inundation areas, the construction of pro 
tective barriers, and the establishment of tsu 
nami warning systems. Currently available 
tsunami warning systems provide two levels 
of coverage for coastal inhabitants around the 
Pacific Ocean. The first level of coverage is 
Pacific-wide (represented in Figure 1 by the 
letter A) and provides warning to all Pacific 
nations of large, basin-wide destructive tsuna 
mis. The second level of coverage is regional 
(represented by the letters B F in Figure 1) 
and provides quick warnings for tsunamis 
generated within that region.

The Pacific-wide system is operated by the 
U.S. National Oceanic and Atmospheric Ad 
ministration (NOAA) Pacific Tsunami Warn 
ing Center (PTWC) near Honolulu, Hawaii. 
This international monitoring network con 
sists of some 30 seismic stations and 78 tide 
stations throughout the Pacific basin. Two 
criteria are used to identify earthquakes with 
tsunamigenic potential: the estimated M, 
magnitude must be greater than 7.0, and the 
estimated epicenter must be located in a 
known tsunamigenic region. If an earthquake 
that meets these two criteria occurs, then 
nearby tide stations are monitored for evi-

Fig. 1. Two types of tsunami warning 
systems exist for the Pacific basin. The Pa 
cific-wide system warns populations in 
about 1 hour or >750 km from the 
source, while regional systems warn in 
about 10 minutes or between fDO and 750 
km from the source. THRUST was de 
signed as a low-cost system to warn local 
populations within 100 km of the source 
area. Areal coverage for GOES West satel 
lite communications and locations of 
THRUST receivers during project, are 
also depicted. Pacific-wide warning system 
(over 750 km): A the Pacific Tsunami 
Warning System. Regional warning sys 
tems (100-750 km): B Hawaii, C Alas 
ka, D Japan, E Soviet Union, and F  
French Polynesia. Local warning system 
(less than 100 km): G THRUST system. 
Dashed line encloses area of communica 
tions coverage by the GOES West satellite; 
solid triangles are the locations of 
THRUST receivers.

dence of a tsunami. If a tsunami is detected, 
and if it is large enough to be dangerous, 
then a Pacific-wide warning is issued, with es 
timates of arrival times at selected coastal lo 
cations. This system is presently capable of 
determining epicenter locations to within 
±50 km, computing initial magnitude esti 
mates to within ±0.2 on the Richter scale, re 
porting wave height observations with an ac 
curacy of ± 10 cm, and estimating tsunami ar 
rival times with an accuracy of ±10 minutes 
(PTWC, personal communication, 1987). The 
minimum time presently required to com 
plete these procedures and issue a warning is 
1 hour; since a typical deep ocean tsunami 
speed is ~750 km/h, the Pacific-wide warning 
system provides effective warning only for 
those coastal areas that are more than 750 
km distant from the earthquake.

Regional warning systems, the second level 
of protection, are effective in providing warn 
ings for coastal areas within 100 750 km of 
the tsunami source. These regional systems 
have been established in a number of areas 
that are known to be prone to earthquake, 
such as French Polynesia, Japan, the Soviet 
Union, Hawaii, and Alaska (Figure 1). An im 
portant procedural difference distinguishes 
these regional systems from the Pacific-wide 
system: If the criteria for earthquake magni 
tude (M, > 7.0) and location are met, then a 
regional warning is issued immediately. Sub 
sequent observations at sea level stations are 
used to make decisions regarding cancellation 
of the regional warning or extension of the 
warning to other areas of the Pacific. Region 
al systems estimate earthquake magnitude 
and location by processing local seismic data, 
which is available in real time via telephone 
lines or dedicated transmission circuits. Typi 
cally, a regional system can process these data 
and issue a warning within 12 minutes of 
earthquake occurrence [Sokolowsti et al., 
1983]. The special processing involves various 
algorithms dependent on amplitude and du 
ration measurements from low-gain seismom 
eters. Such techniques gain speed at the ex 
pense of some accuracy. The magnitude of 
large earthquakes is particularly difficult to 
estimate with near-source data, because the 
effects of the local crust and differential radi 
ation from the fault are poorly known. None 
theless, it appears that magnitudes can be es 
timated with an accuracy of ±0.3 M,, and 
epkenters can be located to within ±20 km. 
Regional centers also provide wave heights 
observations to within ±5 cm and estimate ar 
rival times to within ±5 minutes [Sokolauuki et 
aL, 1983].

The effectiveness of such systems is demon 
strable and impressive. Before establishment 
of the Japanese regional system, more than 
6000 people were killed by 14 tsunamis; in 
contrast, 20 local tsunamis have killed 215 
Japanese since the regional system became 
operational. Similar savings of life are credit 
ed to the other regional systems. Unfortu 
nately, it is dear from Figure 1 that many 
coastal areas remain unprotected by such sys 
tems, primarily because of a high initial cost 
of about $1,000,000 (U.S.) and typical operat 
ing costs of $500,000/yr. As a result, 5646 
people have been killed by six tsunamis in the 
last 11 years at coastal sites unprotected by 
such regional systems.

The U.S. Agency for International Devel 
opment's Office of Foreign Disaster Assist 
ance (AID/OFDA) saw the need for a much

less expensive system, and in 1982 the office 
commissioned NOAA's Pacific Marine Envi 
ronmental Laboratory (PMEL) to develop 
and evaluate a low-cost pilot. The resulting 
activity became known as the Project for Tsu 
nami Hazard Reduction Utilizing Systems 
Technology (Project THRUST). Three gen 
eral requirements were ultimately adopted by 
the project as design criteria for the final 
end-to-end system:
  maximum compatibility with local needs 

and resources,
  minimum cost, and
  proven reliability.
The project team assured local compatibility 
by working closely with local authorities at 
the specific site chosen. Low cost was 
achieved primarily through the use of exist 
ing technology. Reliability was proven 
through the 1-year evaluation program with 
routine monitoring and periodic testing of 
the system (mentioned above). The resulting 
pilot system can provide critically needed tsu 
nami warnings on a local level at low cost and 
functions effectively as a valuable comple 
ment to Pacific-wide and regional tsunami 
warning networks. Furthermore, the basic 
THRUST unit can be viewed as a fundamen 
tal building block that could be duplicated 
and linked to form additional regional net 
works.

This report describes the design and devel 
opment of the three THRUST components 
mentioned above, as well as the results of the 
yearlong evaluation study performed on the 
pilot local tsunami warning system established 
in Valparaiso, Chile.

Pre-tsunami Preparedness
Of the three THRUST components, the 

first   pretsunami preparedness   bears 
most directly on the issue of THRUST sys 
tem compatibility with a particular location. 
Bernard et al. [1982] identified three separate 
but related tasks that are needed to assess the 
local tsunami threat systematically and ensure 
that the final system was indeed compatible 
with the needs and resources of a specific 
site:
  historical data base studies,
  numerical model simulations, and
  development of a detailed emergency oper 

ations plan.
The site chosen for the location of the pilot 
system had to have a dear need for a warn 
ing system and the local resources to analyze, 
maintain, and evaluate the new THRUST 
technology. The Valparaiso area has a dear 
need: It has long been recognized as a region 
that is seismically active. It lies in a subduc- 
tion zone formed by the Nazca tectonic plate 
thrusting under the South American conti 
nent. Great earthquakes (M, > 7.8) occurred 
in 1575, 1647, 1730, 1822, and 1906, with 
rupture lengths of ~300 km [Comtt et al., 
1986]. Nishenko [1985] placed Valparaiso in 
the middle of a seismic gap with an estimated 
recurrence interval of 83 ±9. A significant 
probability therefore exists that the next 
great earthquake in this region will occur 
during 1989±9 years. Furthermore, Chile 
has experienced 123 tsunamis since 1562, 24 
of which have caused extensive loss of life 
and property. Figure 2 shows that Valparaiso 
lies in the middle of a region characterized by
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Fig. 2. Number of tsunamis originating along Chile's coast in historical time. Chile has 
experienced 123 tsunamis originating along its coastline since 1562. Of these, 24 have 
caused extensive damage. Valparaiso lies in an active tsunami-generating area.

destructive tsunamis that have killed over 
1500 residents since 1900 [Lockndge, 1985].

The requisite local disaster warning exper 
tise was also available. The National Tsunami 
Warning Center for Chile, located in Valpa 
raiso, is under die operational control of the 
Institute Hidrografico de la Armada (IHA). 
IHA maintains 10 tide stations along the 
Chilean coast as part of its tsunami hazard 
mitigation effort, and a communication link 
with the PTWC ensures warning of distantly 
generated tsunamis. For these reasons, after 
careful examination of several other sites, die 
city of Valparaiso was selected as the ideal 
site.

Historical Data Base Studies

To develop the relevant historical data 
base, die National Geophysical Data Center 
(NGDC) of NOAA's National Environmental 
Satellite, Data, and Information Center (NES- 
OIS) searched published data and technical 
reports, journal articles, and tsunami warning 
logs and communicated personally with data 
management personnel worldwide. These 
data were then incorporated into die NGDC 
tsunami data base, which now includes infor 
mation on 1,989 tsunamis. Subsequent analy 
sis of. these data provided several important 
products: a statistical summary of tsunami 
characteristics for die Peru-Chile region 
[Lockndge, 1985], an evaluation of die nature 
of tsunami risks specific to Chile [Lander,

1986], and a wall-sized multicolored map 
summarizing die historical tsunami record in 
die Pacific basin [Lockndge and Smith, 1984]. 
The map has found extensive use as a valu 
able tool in the tsunami educational program 
of Chile and elsewhere.

These statistical studies showed that die 
tsunami hazard mitigation problem is primar 
ily near-field in nature. Of all tsunami fatali 
ties that have occurred in the Pacific, 99% 
were found to occur within 400 km of die 
earthquake epicenter. This general result was 
also true for die specific site of Valparaiso. 
Six of the 23 Chilean tsunamis experienced at 
Valparaiso were damaging, but die most 
damaging tsunamis were generated within 
100 km of die city. This implies a response 
time of less than 10 minutes for an effective 
local warning system.

Numerical Model Simulations

Modeling techniques can provide insight 
into local tsunami hazards and have been 
used extensively in estimating inundation ar 
eas [Houston et aL, 1975; Brandsma et al., 
1979]. A weakly nonlinear model that allows 
flooding [Rod et aL, 1977] was selected for 
die THRUST Valparaiso study because of 
previous success in using this model to evalu 
ate tsunami threats in South America [Heben- 
stnit and Wkttaktr, 1983]. The model was first
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validated by simulating the 1960 tsunami in 
Corral, Chile, where run-up data were avail 
able.

The final results of the historical data base 
analysis suggested that two specific cases 
should be numerically simulated. These simu 
lations were intended to provide worst-case 
scenarios, and the results are thus believed to 
be very conservative indicators of tsunami 
hazard, that is, they ensure a substantial mar 
gin of safety if used as a basis for the devel 
opment of emergency response procedures. 
Critical results from these numerical simula 
tions were the findings that such a worst-case 
tsunami could be expected to cause extensive 
flooding of Valparaiso (Figure 3) and to ar 
rive within 3 minutes of the generating earth 
quake.

Development of a Detailed Emergency 
Operations Plan

The results of the numerical simulations 
were used as an aid in disaster planning, both 
for short-term measures to be taken on issu 
ance of a tsunami warning and for longer- 
term relief efforts once the tsunami had re 
ceded. The simulated inundation maps were 
combined with baseline topography and 
street maps to identify emergency resources 
and tools that must be available on short no 
tice during such a disaster, including hospi 
tals, staging areas, and evacuation routes. 
They also indicated those resources that 
might not be available because of their loca 
tion within the flood zone.

With this information in hand, the Office 
of National Emergency for the Ministry of 
Interior (ONEMI) in Valparaiso organized a 
series of meetings with all local officials in 
volved in emergency operations. The result 
was the "THRUST Project Tsunami Emer 
gency Operations Plan for Chile" [Lorca, 
1987], which includes maps depicting proba 
ble inundation areas, evacuation routes, se 
curity areas, hospitals, and other important 
disaster resources. In addition to detailing 
emergency procedures, this plan facilitates 
documentation of the disaster by providing 
standardized forms for reporting field situa 
tions and damage assessments. Useful refer 
ence material is also provided in four appen 
dices that describe the Chilean emergency re 
lief structure, local tsunami hazard analysis, 
public education, and ham radio emergency 
network regulations. Finally, to ensure con 
tinued coordination among die various agen 
cies, the document outlines simulation exer 
cises to be conducted and evaluated at regu 
lar intervals.

Real-Time Hazard 
Assessment

The wont case scenario would be one in 
which a large earthquake just offshore of Val 
paraiso generated a tsunami that arrived 
within 3 minutes. The first warning of possi 
ble tsunami generation would be local ground 
motion, and residents should be educated to 
act accordingly (a public education program 
is a critical component of die comprehensive 
emergency plan). In die first few minutes fol 
lowing any local earthquake, authorities will 
be in urgent need of information to assess 
die earthquake danger and make critical deci 
sions regarding a tsunami threat. Therefore, 
if real-time environmental monitoring is to be



Inundation Zones and Evacuation Routes for Valparaiso
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Fig. 3. Inundation zones derived from numerical simulations are indicated by the shad 
ed areas on the map of Valparaiso, Chile. Arrows depict evacuation routes, while hollow 
squares represent shelter areas that have food, housing, and medicaJ supplies. Streets are 
indicated bv thin lines.

effective in reducing tsunami fatalities and 
property loss, then the information must, 
first, bear directly on evaluating the tsunami 
threat, and second, be available within 3 min 
utes.

Meeting the second requirement via satel 
lite communication is discussed in the next 
section; here we address the first require 
ment. We aJso discuss the use of seismic sta 
tions to assess potential hazard and automati 
cally trigger a predetermined response and 
the use of water level stations for continuing 
rapid evaluation of tsunami risk.

Local Seismic Acceleration Sensors: 
The Trigger

Seismic information is the first signal of an 
earthquake and must be interpreted in terms 
of the probability of tsunami generation. Al 
most instantaneous emergency response to a 
local earthquake can be provided by acceler- 
ometers. These devices are now routinely 
used to monitor local earthquake activity and 
immediately trigger hazard mitigation proce 
dures, such as stopping an elevator or closing 
a bridge to traffic, when a predetermined ac 
celeration threshold is exceeded [MacDonald 
and Viskne, 1986]. We reasoned that this same 
principle could be applied to reduce the re 
sponse time (and cost) of a local tsunami 
warning system significantly if the accelera 
tion signal could be related to the local tsuna 
mi threat, that is, to die earthquake magni 
tude and location. Kanamon andjenntngs 
[1978] have demonstrated that accelerom- 
eters could be used to accurately determine 
earthquake magnitude, and Saragom et at. 
[1985] have recendy developed an empirical 
relationship for major earthquakes in central 
Chile that models the observed accelerations

as a function of both the magnitude and epi- 
centrai distance.

The THRUST seismic instrumentation 
consisted of two Kinemetrics Vertical Seismic 
Triggers, characterized by a sensitivity to ac 
celeration of 0.001 g and a range of 0.025- 
0.25 g. The first trigger is located at IHA in 
Valparaiso, while the second is 110 km south 
east at the University of Chile in Santiago. 
This placement provided directional informa 
tion for rough estimates of whether the 
earthquake is inland or offshore. The accel 
eration threshold is set to 0.126 g at Valparai 
so and 0.143 g in Santiago. Since the accel 
eration is a continuous function of two varia 
bles, these specific threshold settings do not 
correspond to a unique solution pair (Af, 
magnitude, epicentral distance from Valpa 
raiso). Rather, the thresholds represent a con 
tinuum of possible solutions that, in this par 
ticular case, include those from 7.0 M  80 
km to 6.2 M,, 33 km. As a rough index of 
potential tsunami danger, this ambiguity is 
acceptable, since the hazard would be expect 
ed to increase not only with earthquake mag 
nitude but also with proximity to the epicen 
ter.

Local Water Level Sensors

In the existing regional tsunami warning 
systems, water level information is not re 
quired to initiate the evacuation of people. It 
is imperative, however, that water level infor 
mation be available quickly and continuously 
to assist in subsequent decisions (such as the 
end of the hazard). For the THRUST pro 
ject, water level stations were designed and 
built so that the data were accessible through 
satellite communications after the initial 
warning. The design included consideration 
of accuracy, location, survivability, reliability,

and timeliness. These criteria were estab 
lished to test a new type of water level station 
designed specifically for tsunami warning op 
erations.

Existing water level sensors in the regional 
warning centers and the Pacific-wide systems 
are not well suited to tsunami measurements 
because these instruments were designed to 
measure tides. Because tide gages mechani 
cally damp waves of shorter periods than the 
12-hour tidal cycle, reported measurements 
with tide gages are less than tsunami wave 
amplitudes. Okada [1985] reported that dur 
ing the 1983 Sea of Japan tsunami, one tide 
gage measured only one half of the actual 
wave amplitude. We selected bottom-mount 
ed pressure sensors to provide 1-cm accuracy 
for tsunami waves in the 4 90-minute period 
range and avoided these problems.

To avoid exposure of the water level sensor 
during the worst case tsunami, two instru 
ments were placed in 10 m water depdi. To 
provide earliest shoreline detection, these 
sensors were located on the seaward side of 
the Valparaiso breakwater. Two water level 
sensors provided redundancy for improved 
system reliability and survivability. Satellite 
communications insured timely transmission 
of data.

Data is collected continuously in one of two 
formats, tidal mode or Tsunami Detection 
Mode (TDM). The normal mode of operation 
is tidal, in which each data point consists of a 
15-minute average. Tripping of a seismic 
trigger automatically activates the tsunami de 
tection mode, in which.the data rate is in 
creased and each sample represents a 1-min 
ute average. Twenty samples are transmitted 
every 10 minutes to provide data from 10 
minutes before receipt of the alarm (available 
from a data buffer) to 50 minutes after the 
alarm is received. One hour after TDM is in 
voked, the water level sensors return to the 
tidal mode. Clearly, activation of the TDM 
requires a communication link between the 
water level sensor and each of the distant 
seismic stations. This particular link and the 
additional communication links required for 
the rapid delivery of both seismic and water 
level information to local authorities are de 
scribed in die next section.

Rapid Dissemination of 
Information

The final component of THRUST is a sat 
ellite-based communication system that will 
allow information delivery within minutes af 
ter the earthquake. NOAA's GOES system of 
fers both rapid data collection and informa 
tion dissemination capabilities, with broad 
geographic coverage that extends from west 
ern Europe and Africa, through the Ameri- 
cas, to eastern Australia [Bernard et al., 1982; 
MacCallum et al., 1983]. Figure 1 illustrates 
GOES coverage and the locations of 
THRUST stations linked via the GOES com 
munication system. Figure 4 summarizes how 
THRUST stations (seismic, tsunami warning, 
and water level) interact with GOES satellites 
and the Command and Data Acquisition 
(CDA) facility at Wallops Island, Va., to 
achieve rapid dissemination of the required 
information.

On receipt of the emergency message via 
satellite, THRUST receivers simultaneously 
activate visual and audio alarms and then 
print a tsunami alert message. This message.
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the primary end product of the THRUST 
system, consists of important guidance infor 
mation for warning center personnel. Deliv 
ery of this message formally establishes the 
tsunami warning status, thereby activating a 
series of automatic emergency procedures es 
tablished in the Tsunami Emergency Opera 
tions Plan. It also provides travel time esti 
mates of the potential tsunami to various 
coastal regions and provides names and 
phone numbers of key personnel to be noti 
fied.

Two THRUST receivers are located at the 
water level sensor sites in Valparaiso. When 
the emergency message is received, these re 
ceivers change the data sampling scheme of 
each sensor from the normal tidal mode to 
the Tsunami Detection Mode. These data are 
then immediately available to local officials 
from the CDA via dial-in communication 
link.

System Evaluation
A 9-month test program was conducted 

from September 1, 1986, to May 31, 1987. 
Three specific procedures were utilized to as 
sess the reliability of the hardware, evaluate 
the response time of the system, and test the 
success rate of transmissions.

12-Hourly Maintenance Tests (Seismic 
Station). At a random time within each suc 
cessive 12-hour period, each of the two seis 
mic stations would activate itself and initiate 
the sequence culminating in the printing of a 
test message at Valparaiso, Boulder (Colora 
do), Seattle (Washington), and Honolulu (Ha 
waii). As illustrated in Figure 4, this tested 
the seismic sensor, GOES satellite, CDA relay 
procedures, THRUST receivers, and print 
ers.

24-Hourly Maintenance Tests (Water Lev 
el Station). At a random time within each 
successive 24-hour period, the water level sta 
tion would initiate TDM and transmit 1-min

ute data, which were then retrieved from the 
Central Data Distribution Facility (CDDF) by 
PMEL via telephone link. This procedure 
tested the water level sensors, water level 
transmitters, GOES satellites, and CDA ar 
chiving procedures (Figure 4).

Random End-to-End Test by Earthquake 
Simulation. The accelerometers were physi 
cally shaken to simulate an earthquake 30 
times during the 9-month test to exercise the 
entire THRUST system, using the GOES sat 
ellite.

THRUST Hardware Reliability

Separate maintenance records were kept 
for the seismic and water level stations, a 
method that helped to identify problems in 
each system. The seismic station had hard 
ware reliability of 96%, while the water level 
station had 88% reliability. These numbers 
are reasonable for a pilot project. Such rou 
tine monitoring of subsystems is an integral 
part of any truly operational system and 
serves to increase the reliability of the end-to- 
end system. Details of the performance of the 
system can be found in the work of Milburn 
and Behn [1987].

System Response Time

The average response time during the 28 
successful end-to-end tests by earthquake 
simulation was 2.5 minutes. For the 1088 seis 
mic test messages (2 seismometers x 2 tests/ 
day x 272 days), the average response time 
was 1.16 minutes, with a standard deviation 
of 2.24 minutes. Similar response times were 
recorded at all THRUST receivers (Figure 1), 
verifying simultaneous receipt of informa 
tion.

Communication System Reliability

As expected for a pilot project, the reliabil 
ity of communications varied greatly from 
month to month because of problems with 
THRUST hardware, inexperienced person-

Sequence / Time Span of Valparaiso Tsunami Warning System

Average Time IS seconds 2 minutes 8.5

Fig. 4. Sequence/time span of the Valparaiso tsunami warning system. NOAA GOES 
weather satellites 22.300 miles (-35,700 km) above Earth serve as the THRUST communi 
cation system. A major earthquake activates the enure system by triggering an accelerom- 
eter/transmitter that sends, via the satellites, an alert message to the Valparaiso Tsunami 
Warning Center, to the water level stations in Valparaiso harbor, and to the Pacific Tsuna 
mi Warning Center near Honolulu. At the same time, the water level sensors begin to 
transmit wave information through the GOES system. Less than 3 minutes after an earth 
quake has triggered the system, the dimensions of the threat have been denned for those 
responsible for executing the local emergency action plan.
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nel, and the GOES satellite system. However, 
after excluding THRUST hardware outage 
time to obtain an accurate assessment of the 
performance of the GOES communication 
system alone, we find that an overall average 
of approximately 70% of the 1088 test mes 
sages were correctly received. However, one 
station (Boulder) was characterized by a 9- 
month average of nearly 80%; Each of the 
four stations experienced at least 1 month in 
which receipt of twice-daily test messages was 
approximately 90%. Furthermore, of the 30 
alert messages generated by earthquake simu 
lations to test the entire end-to-end system, 
28 were received at the primary site in Valpa 
raiso, for a 93% success rate. Finally, the re 
ceipt of twice-daily test messages at IHA were 
also monitored during the more recent 8- 
month period from August 28, 1987, to April 
25, 1988; 240 of these 242 tests were execut 
ed properly, corresponding to a success rate 
of approximately 99%. These are exceptional 
communication reliability rates for a pilot 
project, and they are an indication of the evi 
dent robustness of the GOES satellite opera 
tions and the validity and feasibility of the 
overall THRUST concept.

THRUST Hardware Costs
To survive a major earthquake, all equip 

ment must be durable and self-powered by 
independent, uninterruptable sources. Low 
hardware cost was achieved by using existing 
technology whenever possible, and all 
THRUST hardware was available commer 
cially, except for a data collection interface 
between the sensor and the THRUST receiv 
er. However, some computer software devel 
opment was necessary. The software for the 
data collection was provided by Synergetics 
and that in the Commodore 64 by Cyber- 
Link. Detailed descriptions of the equipment 
are provided by MiUrurn and Behn [1987] and 
McManamon and CaUora [1988].

The THRUST system can be conveniently 
thought of in modular terms. In general, 
three THRUST stations perform distinctly 
different functions at physically separate 
sites:
  a tsunami warning center station, requiring 

a THRUST unit, printer, and an uninter 
ruptable power supply (UPS);

  a seismic trigger station, requiring an accel- 
erometer, transmitter, and UPS, and

  an optional water level monitoring station, 
requiring a water level sensor, transmitter, 
THRUST unit, and UPS. 

Approximate 1986 hardware (U.S.) costs for 
each of these THRUST stations are 

tsunami warning sta 
tion $9,000 
seismic trigger sta 
tion $6,000 
water level station (op 
tional) $15,700 

Note that these are bask hardware costs only; 
the one-time engineering development costs 
incurred by project THRUST for expenses 
related to engineering design, assembly, trav 
el to the site, and installation are not includ 
ed. Future THRUST stations will be free of 
much of this overhead, although there will 
inevitably be additional expenses. If installa 
tion and maintenance are performed by local 
personnel, however, these expenses will be 
minimized. Specific installation and mainte 
nance costs will naturally vary with particular
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site characteristics, such as logistical conve 
nience and available shelter for equipment.

Conclusions
Project THRUST has demonstrated the 

feasibility of using satellite communications 
for a low-cost local tsunami warning system. 
On the basis of 1 year of testing and evaluat 
ing the pilot system, the level of reliability re 
quired in a true operational setting appears 
to be achievable in the second generation of 
THRUST equipment.

We conclude that
  the three basic components of the 

THRUST system's approach to local haz 
ard mitigation are easily generalized to oth 
er natural hazards   that is, pre-event pre 
paredness, real-time local hazard assess 
ment through environmental monitoring, 
and rapid alert through satellite communi 
cations; and

  the modular nature of a THRUST-type sys 
tem easily lends itself to interlinking of 
multiple units to form larger regional sys 
tems.

Thus, in addition to establishing an effective, 
low-cost local tsunami warning network, we 
also consider this project to be a successful 
demonstration of the viability of the 
THRUST system's approach in local mitiga 
tion of rapid onset natural disasters.
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Deep Ocean Tsunami and Seismic Wave Observations: 
Three Recent Gulf of Alaska Events

F.I. Gonzalez and E.N. Bernard

Pacific Marine Environmental Laboratory
National Oceanic and Atmospheric Administration

7600 Sand Point Way, N.E.
Seattle, WA 98115

The Pacific Tsunami Observation Program (PacTOP) was established .in August, 1986 by the 
Pacific Marine Environmental Laboratory (PMEL) of the National Oceanic and Atmospheric 
Administration (NOAA) [1]. The PacTOP network employs bottom pressure recorders (BPRs) to 
monitor portions of the seismically active Aleutian trench which possess high potential for 
tsunamigenic earthquakes that might threaten Alaska, the U.S. west coast and Hawaii; two regions of 
particular concern are known as the Shumagin and Yakataga Seismic Gaps (Figure 1), named for 
their proximity to the Shumagin Islands and Cape Yakataga [2].

Recently, three large earthquakes occurred a few hundred kilometers south of Cape Yakataga. 
The dominant fault mechanism for each was horizontal strike-slip rather than vertical dip-slip motion 
[3], so that the transfer of seismic energy to the overlying water column was relatively inefficient. 
Nonetheless, each earthquake generated a small tsunami which was recorded at a number of 
coastal tide stations in Alaska and Hawaii; Table 1 summarizes the observations for the two tide 
stations closest to the earthquake epicenters, Yakutat Bay and Sitka, Alaska. Two of these tsunamis 
were also observed at three of the deep ocean BPR stations; furthermore, apparent seismic wave 
signals are also evident in a number of the BPR records (Table 1 and Figure 2).

From Table 1, we see that the largest maximum wave was observed at both Yakutat and Sitka on 
30 November, intermediate amplitudes were recorded on 6 March, and the smallest tsunami 
apparently occured on 17 November during the smallest magnitude earthquake. All observed deep 
water tsunami amplitudes were one to two orders of magnitude smaller than coastal amplitudes 
(Table 1); as might be expected, no tsunami energy was recorded on 17 November at any of the 
BPRs. However, in contrast to the Yakataga and Sitka observations, the largest deep water tsunami 
amplitudes were recorded on 6 March, rather than 30 November. This may be due partly to the fact 
that the the 6 March event was somewhat closer to the deep water gauges, but 30% farther away 
from Yakutat than the 30 November epicenter (Figurel). However, both epicenter distances to Sitka 
were comparable, suggesting more complicated mechanisms were important, such as differences in 
source geometry and size, source orientation, and bathymetric effects.

Significantly, we note that the largest deep water amplitudes were recorded at station WC9 on 
both 30 November and 6 March, even though WC9 was 50 to 60 percent farther from the epicenters 
than any of the other gauges. Again, this suggests either substantially directional source 
mechanisms or bathymetric effects which selectively focus the energy toward the west coast.

Rough estimates of arrival times were provided by the Pacific Tsunami Warning Center for each 
of the deep water stations, using Cg=(gh) 1 /2 on a 1-degree depth-averaged grid. Epicenter and 
station locations used were approximate, and they are plotted as plus signs in Figure 1; the arrival 
times are indicated by a vertical dashed line in Figure 2. Agreement with the observations is 
reasonable, considering the approximations made and the ambiguity in defining the observed arrival 
time.

Finally, seismic disturbances can induce ocean bottom pressure variations through vertical 
accelerations of the oceanic water column; although not presented here, estimates of the magnitude 
of the vertical motion of the sea floor can be obtained with a simple model [4]. We have computed 
seismic wave speeds, using the source distance and estimates of arrival time at each station (±30 
sec); these are presented in Table 1. However, the values obtained for the weakest event on 17
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November may be subject to substantial error because of the inherently lower signal-to-noise ratio; 
similarly, the record for station WC9 is sufficiently noisy (the station is in the Axial Caldera on the Juan 
de Fuca ridge) that the signal-to-noise ratio is unfavorable even for the larger events. The apparently 
low seismic speeds observed at AK10 are also not simply interpreted, since this station is situated on 
the landward slope of the Aleutian Trench, and interactions of the seismic waves with the trench must 
be taken into account. However, the clearest and least ambiguous signals, i.e. those received at AK7 
and AK8 for the two largest earthquakes, yield values which range from 3.0 to 4.5 km/sec; these 
correspond to speeds which might be expected for Rayleigh (R1) waves and/or vertical shear (SV1) 
waves in oceanic crust [4].

Table 1. Summary of seismic and tsunami parameters, r is the epicentral distance from each station; Vs is 
the observed seismic wave speed; amax and pmax are the amplitudes of the largest observed wave (i.e. half of 
the largest peak-to-trouqh excursion). (1 mb is approximately equal to a sea water head of 1 cm.)________

Date 

Earthquakes:

Time (GMT) 
Latitude (deg N) 
Longitude (deg W) 
Magnitude (M sz) 
Magnitude (mb) 
Depth (km) 
r(km)/pmax (mb)/Vs(km/s):

Yakutat
Sitka
AK7
AK8
WC9
AK10

17Nov1987

08:46:53.32 
58.586 

143.270
6.9
6.6 

10

230/-/-
500/-/-
980/0.8/1.6-1.8 

1050/0.6/2.5-2.9 
1660/Noisy/Noisy 
1050/0.0/None

30 Nov 1987

19:23:19.59 
58.679 

142.786
7.6
6.7 

10

200/-/-
475/-/-

1010/2.5/3.4-4.2 
1080/2.8/3.6-4.5 
1650/Noisy/Noisy 
1080/1.2/2.0-2.3

6 Mar 1988

22:35:35.80 
57.270 

142.790
7.6
6.8 

10

310/-/-
450/-/-
925/2.4/3.1-3.9 

1005/2.7/3.0-3.7 
1530/Noisy/Noisy 
1035/1.1/1.8-2.0

Tsunamis:
amax (cm)

Yakutat
Sitka

Pmax (m&):
AK7
AK8
WC9
AK10

5.
0.

0.0
0.0
0.0
0.0

42.
13.

1.0
0.5
1.7
0.0?

19.
5.

2.4
1.6
2.8
0.0?
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Extended Abstract

Pasadena Very-Broad-Band System and Its Use for Real-time 
Seismology

Hiroo Kanamori

Seismological Laboratory, California Institute of Technology 
Pasadena, California 91125

As a joint project between California Institute of Technology, 
The University of Southern California, The United States Geological 
Survey, and The Incorporated Research Institutions for Seismology, a 
very broadband seismograph system was installed in November 
1987 at the Kresge Laboratory of California Institute of Technology 
(Figure 1). The system consists of a 3-component Wielandt- 
Streckeisen seismometer, Kinemetrics FBA-3 accelerometer and a 
Quanterra 24-bit data logger with telephone dial-up capability. The 
system is essentially similar to the one developed by Steim(1985) 
and installed at the Harvard Observatory, Massachusetts. One 
significant difference is a 3-component strong-motion data channel 
which is added to obtain on-scale recordings of large regional 
earthquakes. The overall dynamic range is about 200 db. The 
response of the system is approximately flat in velocity over a period 
range from 0.2 to 370 sec. The sampling interval is 20 samples per 
second.

The dual (Streckeisen + 24-bit digitizer and FBA3 + 16-bit 
digitizer) system with telephone dial-up capability allows semi-real- 
time determination of local magnitude of large regional events.

Figure 2 shows the recordings of an ML=5 earthquake in the 
Whittier Narrows area. The acceleration at Pasadena was about 1 
cm/sec 2 , which was large enough to clip the N-S component of the 
very-broadband channel. The low-gain (strong motion) channel 
recorded this motion without clipping, and produced undistorted 
displacement records as shown in the figure. The peak-to-peak 
amplitude of the ground motion is approximately 1 mm. The 
saturation level of the low-gain channel is 1 g (980 cm/sec 2) so that 
this system can provide on-scale recordings of practically all large 
regional events.

Figure 3 compares four earthquakes in the Whittier Narrows 
area with the local magnitudes of approximately 5, 4, 3, and 1.5.
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A significant difference in the wave form between different events 
suggests a difference in the mechanism of these events. For example 
the P-wave polarity of 1/19 event is opposite to that of the other 
events. The amplitude ratio of NS to EW components of 2/11 event is 
larger than that of the others.

These wave-form data combined with the results from the 
existing Southern California Seismic Network can be used to 
determine source mechanisms quickly. For the three earthquakes in 
the Whittier Narrows area (ML=3, 4, and 5), integration of the broad 
band records yielded simple displacement records from which the 
source time functions could be easily inferred. Figure 4 shows the 
displacement records rotated into the transverse(T) and the radial(R) 
components. The wave form of the SH wave recorded on the T 
component represents the moment rate function of the source (e.g. 
far-field source time function). A good estimate of the mechanism 
and the seismic moment of these events could then be obtained 
through inversion of the wave-form data. Here we used a very 
simple scheme. The basic data used are the amplitudes of the 
vertical component of the P wave, and the transverse and the radial 
components of the S wave. Since the number of unknown parameters 
is 4 (dip, rake, strike, seismic moment), it is not possible to 
determine the source parameters uniquely. We look for the solution 
that satisfies the observed amplitude data in the closest 
neighborhood of the first approximation obtained from the local P- 
wave first-motion data. Figure 5 shows the comparison between the 
observed and synthetic wave forms computed for the first 
approximation and the final solution. The first-motion mechanisms 
were provided by Lucy Jones (personal communication, 1988). If we 
have two or more stations, the non-uniqueness can be removed, and 
the method allows rapid determinations of the source parameters of 
regional events.

Since the broadband data provide undistorted source time 
functions, they allow quick and intuitive source mechanism 
determinations.

Figure Captions

Fig. 1
A simplified block diagram of the Kresge VBB system.

Fig. 2
Wave forms of an ML=5 earthquake in the Whittier Narrows 

area, southern California. Upper left: Wood-Anderson records
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simulated from the broadband (Streckeisen) records. Note the 
clipping on the NS component. Lower left: Wood-Anderson records 
obtained from the low-gain (strong motion) channel. The ground 
motion is recorded without clipping. Lower right: Ground motion 
displacement obtained from the low-gain (strong motion) record.

Fig. 3
Wood-Anderson records of four earthquakes in the Whittier 

Narrows area with local magnitudes ranging from 1.5 to 5. Note the 
difference in the amplitude scale for different events.

Fig. 4
Rotated seismograms of ground-motion displacement of the 

three earthquakes in the Whittier Narrows area. Note the difference 
in the pulse width and amplitude. The S waves on the vertical and 
radial components exhibit the effects of interaction between the free 
surface and the incoming SV waves.

Fig. 5
Comparison between the observed (top) and synthetic records 

(middle and lower) for the three earthquakes in the Whittier 
Narrows area. The synthetics shown in the middle are computed for 
the mechanism determined from P-wave first-motion data (Lucy 
Jones, personal communication, 1988). The synthetics at the bottom 
are obtained by inversion of P and S wave amplitudes. Mw is 
calculated from the seismic moment.
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A REAL-TIME PROCESSING SYSTEM OF TOHOKU UNIVERSITY SEISMIC 
NETWORK AND RECENT MICROEARTHQUAKE ACTIVITY

Akira HASEGAWA, Norihito UMINO and Akio TAKAGI
(Observation Center for Prediction of Earthquakes and Volcanic 
Eruptions, Faculty of Science, Tohoku University)

An automatic event detection and location system has been 
developed to process microearthquake data collected by the 
telemetered seismic network of Tohoku University, which covers 
the northeastern part of Honshu, Japan (Fig.l). The system is 
composed of three subsystems. The first one is a pre 
processing system whose main function is event detection. 
Detection of seismic signal at each station is made by using the 
ratio of short-term amplitude to long-term average in the 
seismogram of high-gain vertical component. Triggered time at 
each station is used for preliminary determination of hypocenter 
in this pre-processing system.

Automatic picking of P- and S-wave first arrivals and hypo- 
center location for events detected by the pre-processing system 
are performed by the second subsystem. Akaike's information 
criterion (AIC) is applied for picking of arrival times of P- 
and S-waves [e.g., Yokota et al., (1981)3. The other phase 
data, such as maximum amplitude, P- and S-wave periods, P-wave 
first motion, etc., are also read automatically in this second 
subsystem. Earthquake hypocenters are located by an iterative 
method. First, P arrivals are picked with reference to the 
triggered times formerly obtained by the pre-processing system, 
and are used to locate the hypocenter for the event. Then the 
system picks S arrivals by using the expected arrival times from 
the hypocenter already determined from P arrivals. Hypo- 
center location is made again by using both P and S 
arrivals. Subsequently, arrival time data which do not agree 
with this location or data which are missed in the first step of 
picking are re-picked, and the event is relocated. This process 
is repeated until a reasonable result is obtained. In the 
location procedure included is an algorithm which can remove 
wrong data or can discriminate two or more events occurred almost 
at the same time. After the hypocenter is finally located, the 
system determines the magnitude for the event from maximum 
amplitude data [Watanabe, (1971)] already read. The third 
subsystem is a batch processing system to check and revise, if 
necessary, the results obtained by the second subsystem.

In June 1984, the system was linked with the telemetered 
network system, and since then it has been working in real time. 
About 9,000 events per one year are located in and around the 
network by this automatic system. When hypocenter parameters 
determined by the automatic system are compared to those 
determined by the manual processing, it is found that more than
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Fig.l Map showing locations of stations of the microearthquake 
observation network of Tohoku University.
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Fig.2 Cumulative location capability of the automatic processing 
system plotted against magnitude [after Hasegawa et 
al. (1986)].

90% of the events with magnitude larger than 2.0 located in and 
around the network by the manual processing are well located by 
the automatic system (Fig.2). Differences between hypocenter 
locations determined by the automatic and manual processing 
systems are mostly within a standard deviation of determined
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Fig. 3 Vertical sections of earthquakes located in the central 
part of the Tohoku District by the automatic (left) and 
manual (right) processing system.

1-1E

36 N

35 N

Fi«.4 Spatial distribution of nicroearthquake activity shown 
with light and shade for 4 years before the occurrence of 
the 1987 events. Shades represent the regions of high 
seismic activity. Areas A through D, enclosed by solid 
lines, denote the rupture areas of February 6 (M6.7, 
MS.4), April 7 (M6.6), April 17 (M6.0) and April 23 
(M6.6), 1987, events, respectively.

hypocenters. Hypocenter distribution obtained from the 
automatic system clearly shows double-planed deep seismic zone 
beneath the network (Fig.3), which demonstrates hypocenter 
locations by the automatic system are quite reliable.
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In February to April, 1987, there occurrect^several earthquakes

with magnitude larger than 6 off Fukushima Prefecture, the 
southern part of the Tohoku District. These are the largest 
earthquakes occurred in and around the network since the starting 
of the operation of the automatic system. The system detected 
and well located these earthquakes and their aftershocks.

A hydrophone station, which was set up about a half year 
before the occurrence of the present activity near its focal 
area, detected these events and played an important role to 
improve the accuracy of focal depths CHasegawa et al., (1987)]. 
Rupture areas of these events, along the boundary between the 
descending Pacific plate and the overriding continental plate, 
correspond to the hypocenters (i.e., the point of rupture 
initiation) of the large Fukushima-Oki Earthquakes of 1938 with 
magnitude 7.5 and 7.3, though the rupture areas of the 1938 
events are much larger than those of the present events. It is 
found that microearthquake activity for 4 year period before the 
occurrence of the present events is concentrated on their rupture 
areas (Fig.4). Concentrations of microearthquake activity are 
also seen in some other areas along the plate boundary off 
Fukushima and Ibaraki Prefectures (Fig.4). Many of the 
hypocenters of large earthquakes occurred for the last 60 years 
are located in these areas of concentrations of the recent 
microearthquake activity, which, it seems, shows the spatial 
distribution of the asperity along the plate boundary off 
Fukushima and Ibaraki Prefectures.
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What are the long-term goals of seismic monitoring in south 
ern California; what resources are required to fulfill those 
goals; and where do we currently stand? The U.S. Geological 
Survey and the Seismological Laboratory at Caltech jointly oper 
ate a 250-station telemetered seismic network in southern Cali 
fornia. The following is an outline of a plan for seismic moni 
toring in southern California. The plan can be separated into 
two categories: 1) the development of systems that utilize rela 
tively well-understood seismological principles to decrease risk 
during earthquake crises, and 2) the development of a system for 
obtaining new seismological data that is likely to spawn break 
throughs in our understanding of earthquake physics.

Goals for Reducing Earthquake Risk

Near real-time estimation c^f damage patterns after significant 
earthquakes.

The goal here is to provide a rapid assessment of the overall 
distribution of shaking following a significant earthquake. Such 
information is vital for rapi4 allocation of emergency management 
resources following a large earthquake. Such information is nec 
essary in order to provide appropriate instructions to the gen 
eral populace (through the Emergency Broadcast System) regarding 
important issues such as advice on transportation. Furthermore 
this information is essential for rapid damage control of all 
lifelines. Other areas of concern are national defense, finan 
cial markets, etc.

Real-time probabilistic assessments of current risk.
Long-term estimates of seismic risk can be developed from 

studies of fault slip rates and historic seismicity. Seismic 
risk estimates can also change significantly over short time 
scales because of temporal changes in seismicity (or perhaps 
strain rate, as well). The most obvious example is the problem 
of estimating the chance that any given earthquake is a fore- 
shock. Probabilistic models can be developed which include 
information regarding the specific site being considered. An 
obvious example of this is the warning system developed for the 
Parkfield experiment. Similar risk estimation techniques should 
be applied to specific regions in southern California.

Short-term warning of imminent ground shaking.
In very large earthquakes, substantial damage often occurs at 

great distances from the earthquake's epicenter. Because of the 
relatively slow speed of seismic waves, it is possible to elec-
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tronically warn a region of imminent strong shaking as much as 
several tens of seconds before the onset of strong shaking. 
Automated defensive responses could be triggered by users after 
receiving estimates of the arrival time and strength of shaking 
expected at an individual site. The seismological community 
should have the goal of providing such real-time alerting infor 
mation, whereas the responsibility of how to utilize such infor 
mation should rest on individual users.

Prediction of site effects in strong ground motions
The variation in strength of ground shaking from earthquakes 

of a given magnitude and at a given distance is usually about a 
factor of ten. Much of the variation can be shown to be caused 
by wave propagation effects that can consistently be seen in 
many records from the same site. We therefore should record 
ground motions of numerous small earthquakes at sites of engi 
neering importance. Portable event recorders that collect data 
for several months should provide valuable site response informa 
tion.

Monitoring Goals to further Basic Research

The fundamental goal here is to provide as complete a 
description of the deformations (static and dynamic) as is pos 
sible. In the long run, we endeavor to understand the basic 
physics of deformation in southern California. Where is deforma 
tion occurring; how much of it occurs during earthquakes, how 
much of it occurs as steady creep, and how much of it occurs as 
episodic creep? In order to really understand these problems, we 
need to record three components of ground motion over a very 
broad range of frequencies (20 Hz to static deformations) at sev 
eral hundred sites in southern California. Furthermore data 
should be relatively accessible to the research community.

Data Systems Required to meet Goals

In order to meet the stated long-term seismic monitoring 
goals in southern California, we need to deploy systems that have 
the following characteristics.

Large dynamic range. Ground motions should be recorded on 
scale from ambient earth noise to very strong ground shaking. 
This requires a total dynamic range of about 180 dB (9 orders of 
magnitude). Sensitive seismic sensors together with engineering 
strong motion sensors are capable of spanning this dynamic range. 
24-bit digitizers are highly desirable if this goal is to be met.

3-coroponent data.
Large frequency bandwidth. 10 to 0.1 Hz is the main 

frequency band of earthquake engineering interest. The study of 
microearthquake sources requires yet higher frequencies (up to 30 
Hz may be practical). Episodic creep motions may occur on time 
scales of minutes to days. Although this frequency band cannot 
be achieved by any single system, high quality seismometers can 
detect ground motions at periods in excess of 10 minutes as well 
tilt from solid earth body tides. Furthermore, the rapid devel 
opment of Global Positioning Satellite (GPS) systems should allow
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millimeter-level monitoring of static deformations on time scales 
of minutes and longer.

High spatial density. Several hundred high-quality recorders 
are necessary to fully realize the stated goals. Some signifi 
cant fraction of those stations should be placed in densely popu 
lated regions.

Portable instrumentation. Several dozen 6-channel portable 
event recorders should be available to supplement a fixed array 
to study aftershocks, to study site response, etc.

Information Management Systems required to meet Goals

The installation of numerous high-quality seismic sites is 
only one piece of the problem. Systems must be developed to man 
age the data and to manipulate the data to produce useful warning 
information.

Data management system. Data must be analysed, documented, 
archived, and made accessible on random-access media using stan 
dard formats.

Warning systems. Automated systems must be developed to 
locate earthquakes, recognize episodic strain events, and to pro 
duce real-time risk maps. Systems must also be developed to 
automatically produce maps of shaking intensity following signif 
icant earthquakes. Finally, systems must be developed to broad 
cast early warning information during an ongoing sequence.

Site response microzonation. Practical methodologies for 
prepared and distributing site response information would have to 
be developed.

Currently Operating Systems (USGS/Caltech/Pasadena)

A 250-station telemetered seismic network is currently oper 
ated jointly by the USGS (Pasadena Office) and Caltech. Signals 
are continuously telemetered via FM telemetry through a combina 
tion of commercial telephone, radio, and microwave links to 
Pasadena where they are digitized at a rate of 100 samples per 
second. Most of the stations are high-gain, vertical, short- 
period seismometers having an approximate dynamic range of 40 dB. 
In general, close in stations are off scale by M 2.5. There are 
also about six sites having one additional low-gain horizontal 
component and there are two sites having 3-component strong- 
motion accelerometers.

Digital seismograms are saved only when events are detected 
and data analysis is generally within several days of real time 
(except during a significant sequence). Approximately 15,000 
earthquakes are located each year with the system. Data is ana 
lysed and stored using the Caltech/USGS Seismic Processing System 
(CUSP) which runs only on VAX/VMS computing systems. Catalog 
and phase information are saved on one set of magnetic tapes 
(FREEZE) and digital seismograms are stored on a separate set of 
tapes (ARRIVE). Currently, FREEZE tapes can only be read on a 
machine supporting CUSP (VAX/VMS). 64 stations in the network 
are also automatically scanned for seismic phases (RTP) and 
earthquakes are located automatically within approximately 10 
minutes. Summaries of seismicity and descriptions of the network
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attributes and data management systems are published in semi 
annual network bulletins.

In December 1987 a new seismic recording system (Quan- 
terra/Streckeisen/Kinemetrics) was installed at the station PAS 
as a cooperative project between Caltech, the University of 
Southern California, USGS (Pasadena), and IRIS. This system 
records over a frequency band which ranges from 8 Hz to 0.001 Hz 
and has a dynamic range in excess of 180 dB (24-bit digitizers) . 
Data is accessed through dial-up modem telemetry that is open to 
all interested scientists.

Portable instrumentation is limited to four analog strong- 
motion recorders without absolute time (SMAl's). Despite their 
lack of sophistication, important records have been obtained from 
deploying these instruments during aftershock sequences.

There are currently several operational alarm systems. One 
alarm system triggers whenever a set of seismic signals exceeds 
a maximum threshold. This alarm alerts the Caltech security 
office which then activates commercial radio pagers that are car 
ried by key personnel. In addition, automated alarms have been 
installed that are triggered by the RTF automated location hard 
ware. These alarms can be adjusted to notify key personnel when 
seismic activity occurs in specific locations. Communications 
with the USGS headquarters (Reston, VA) and the National Earth 
quake Information Center (USGS, Golden, CO) are coordinated by 
telephone and by the EASY system. The EASY system is a closed 
computer mail system that provides printed messages to key per 
sonnel. Communications with the State of California are done via 
telephone in consultation with USGS officials in Reston. No for 
mal policies have yet been developed to define when and what 
types of information should be relayed to the State of Califor 
nia. The California Office of Emergency Services has assigned a 
person with a portable telephone to the Seismological Laboratory 
at Caltech during recent significant earthquake sequences.

Discussion

We currently operate a real-time 250-station seismic network 
that does a good job of providing locations of earthquakes as 
small as M2.0. Furthermore recently installed systems (and sys 
tems under development) should allow location of earthquakes in 
near real time. Unfortunately, the limitations of one-component 
data, small dynamic range, and limited frequency bandwidth pre 
vent our current system from supplying the data necessary to meet 
the long-range goals that are defined here. A new generation of 
seismic stations similar to that installed at PAS will allow 
these goals to be met. Currently, we are planning to install a 
system with similar performance characteristics near San Berna- 
dino, CA, as a joint project with the U.S. Army Corps of Engi 
neers. Unfortunately, funding has not yet been obtained to 
deploy the large number of such stations if our goals are to be 
met. Furthermore, much work remains on developing warning algo 
rithms and systems to convey information to emergency management 
officials. Although we believe that our strategy is fundamen 
tally sound, we are currently a long way from accomplishing these 
goals.
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Iritrod nrt.ion

Koreshorks have
deed, since H)sr> ; the U. S. Geological Survey has issued three earthquake warnings con 
cerning 1'ho possibility that an earthquake or earthquake sequence may be followed by a 
larger event. Mov.-cver, to better use the observation of fores hocks in real-lime earthquake 
hazard assessment, we need to understand the characteristics of foreshock sequences. We 
need to describe the temporal, spatial and magnitude distributions of foreshocks with 
respect to their mainshocks so as to determine the probability of a mainshock of some 
magnitude occurring at some time after a possible foreshock. The variations in these dis 
tributions with location need to be understood. We also need to search for discriminating 
characteristics of foreshock sequences that may allow them to be recognized as such before 
the mainshock occurs.

We present an analysis of four aspects of foreshocks in southern California. First, 
foreshocks are. defined through a clustering procedure. Second, the rate of foreshock ac 
tivity is determined both to estimate earthquake hcizard but also to provide a random 
probability against which to measure the success of any possible discriminant. Third, the 
magnitude and temporal distributions of the foreshocks and mainshocks are determined 
to parameterize the increased earthquake hazard arising from the occurrence of a possi 
ble foreshock. Fourth, the data are searched for possible distinguishing characteristics of 
foreshock sequences.

Data Analysis

Earthquake sequences in the southern California catalog since 1932 have been iden 
tified using an algorithm by R.easenberg (1985). This algorithm groups earthquakes into 
clusters on the basis of individual earthquake's interaction zones in time and space. This 
algorithm has been shown to produce a "declustered" catalog (where clusters are replaced 
by individual earthquakes with a moment equal to the sum of the moments of the origi 
nal cluster) that is Poissonian. Foreshocks are then defined as any earthquakes preceding 
the largest member of the cluster. Thus an arbitrary definition for foreshocks has not 
been used; rather, as much as possible, the data are allowed to control the extent of 
both foreshock and aftershock sequences. Aftershocks are also defined from the clustering 
algorithm.

The southern California catalog since 1932 is complete above MI   3.0. Excluding 
aftershocks, it includes 6480 M > 3.0, 863 M > 4.0, 113 A/ > 5.0, 23 M > 6.0 earthquakes. 
The area included is shown in Figure 1. To examine regional variations in foreshock be 
havior, this area has been divided into the compressional regime west of the San Andreas 
fault, called southwestern California and the extensional regime east of the San Andreas 
fault, called eastern California. Subdivisions of these regions are also considered the pri 
marily reverse-faulting Transverse Ranges and the primarily normal faulting (and volcanic) 
Mammoth region.

Rate of Foroshock Activity. 2S°n of A/ > 5.0 mainshocks in southern Califor 
nia (1932--1988) were preceded by foreshocks of M ^_ 3.0. The percentage of M > 3.0 
earthquakes followed by a larger earthquake within 1 week is 6.6%. These numbers were
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determined counting each foreshock sequence as one earthquake with the magnitude of tV,e. 
largest foreshock. These are comparable to the results of Jones (1985) where foreshocV-s 
in southern California were arbitrarily defined as earthquakes within 5 days and 10 l<m 
of the rnainshock and a rate of 6% wa.s found. Unlike the previous study, however, the-se 
results suggpsi a possible dependence of the rate on the magnitude of the possible fore- 
shock. Larger earthquakes (A-/ > 5) could be twice as likely to be foreshocks as M=3.0 
earthquakes. The difference in probability is greater than one but less than two standard 
deviations apart (Figure 2).

The rate of foreshock activity varies strongly by region, with foreshocks most COKY\- 
mon in extensional regimes, less common in strike-slip environments and least common in 
comprcssional regimes (Table l). If applicable outside of California, this dependence of 
foreshock rate on tectonic environment couid explain the apparently lower rate of foreshock 
activity in Japan compared to California.

TABLE 1. Rate of Foreshock Activity in Southern California

% of M > 5.0 Mainshocks % of M > 3.0 Earthquakes 
Region Preceded Bv Foreshocks Followed Bv Mainshocks

All Southern California 28% 6.6% 
Southwestern California 20% 4.1%
Eastern California. 40% 9.9
Transverse Ranges 15% 2.3% 
Mammoth 40% 15.4%

Characteristics of Foreshock Sequences. The frequency of foreshocks with mag 
nitude A// prior to mainshocks of magnitude Mm can be fit by an exponential distribution. 
For mainshocks of Mm > 3.0,

N(Mf ) = 780 * 10 - 

For mainshocks of Mjri > 4.0.

N(Mf ) = 160 * 10 -

The difference in b-value between the Mm > 3-0 and Mm > 4.0 mainshocks suggests that 
the magnitude dependence of the foreshock probabilities seen above is real. There is :-,, 
slight variation in the b-value between eastern and southwestern California (Figure 3). 
Eastern California also showed a greater difference in probabilities of being a foreshock f<rr 
M > 5.0 and :V/ < 5.0 earthquakes which could be related.

The decay with time of the occurrence of mainshocks after foreshocks is best fit by 
a. power-law decay like the modified Omori's law. The occurrence of mainshocks after 
the largest foreshock of a sequence decays with a p-vaiue of 1.30 (Figure 1). This value 
does not vary between regions. The spatial distance between foreshocks and mainshocks 
is also small, with almost all foreshocks within 8 km of their mainshocks (Figure 5). Th-s
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varies slightly with region. \vir,h southwestern California forofhocks locared closer to their 
niainshocks than eastern California fores hocks.

Comparison of Foreshocks and Aftershocks. The occurrence of niainshocks 
alter fores hocks follows both the. modified Onion's Law and the Gutcnberg-Richter b-value 
relationship determined for the occurrence of aftershocks after niainshocks. This finding 
suggests that there might not be a physical difference between foreshocks, niainshocks and 
aftershocks, but rather that the relative magnitudes of earthquakes v/ithin a sequence are 
the expression of underlying stochastic laws.

One way to examine this possibility is through the magnitude frequency relation. The 
number of aftershocks per unit magnitude can be plotted with respect to the difference 
in magnitude between aftershock and mainsliock as shown in Figure 6a. By using the 
magnitude difference, many aftershock sequences can be summed together as shown in 
Figure 6b. In this figure the total number of aftershocks is normalized by the number of 
sequences. We can thus see that 50% of the aftershock sequences had aftershocks 1.5 units 
smaller and 4% had aftershocks .1 units of mainsliock smaller than the mainshock. If the 
magnitude, frequency line in Figure 6b were extended beyond A/a /t er   Mm am   0; the 
number of "niainshocks'1 per unit magnitude with "aftershocks" larger than themselves 
would be similar to the rate of mainshocks after foreshocks determined above. One would 
expect that if foreshocks, mainshocks and aftershocks result from the same failure process, 
this line would extend smoothly above zero when foreshock-mainshock pairs are included; 
if foreshocks result from a different process, an inflection of the line at zero might be 
expected.

The results are ambiguous. Figure 6c shows the number of earthquakes per unit 
magnitude versus the magnitude difference of that earthquake and the largest earthquake 
to have preceded the event in the sequence. Thus for a true aftershock this quantity is 
Mafter ~~ h'lmajn as shown above and for a mainshock with a foreshock, it is Mmain   Mfore . 
Depending on one's outlook, the data could support either a straight line or inflected 
interpretation. Perhaps some foreshock-mainshock sequences are a statistical extension of 
aftershock sequences while others result from a different failure process.

Parameterization of Foreshock and Aftershock Sequences

Several of the parameters describing the rate of occurrence of earthquakes in sequences 
have been suggested as possible foreshock discriminants. The rate of occurrence of earth 
quakes in sequences (A(i,M)) can be modeled, assuming the modified Omori's Law and 
the Gutenberg-Richter relationship, as

where A, b, c. and p are constants (Reasenberg and Jones, 1988). Previous investigators 
have suggested that foreshock sequences may have lower than normal b-value (e.g., Mogi, 
1963), p- value (Liu, 1986) or A-value (general rumor).

We have used the southern California sequences to systematically search for evidence 
of any of these relationships. The constants. (A. b, and p) have been estimated for 69 after 
shock sequences and 14 foreshock sequences related to niainshocks (M > 4.5) in California
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since 1033. For the fores hock sequences, the largest foreshock is treated as a mainshock 
and the foreshocks occurring after the largest foreshock and before the mainshock are con 
sidered aftershocks. This corresponds to the real-time situation in which an earthquake 
occurs and is followed by some smaller events, and we want to know if these earthquakes 
will be followed by an even larger earthquake.

These parameters are approximately normally distributed for the 69 aftershock se 
quences (Figure 7). The mean values for Californian aftershocks are b .89, p=1.05 and 
A=-1..71. The b- and p-values do not vary significantly with location but the A-value may 
be higher in eastern California. The mean values for the 14 foreshock sequences are differ 
ent from the aftershocks for all of the parameters, lower for b- and p-values but higher for 
the A-value. T-tests (a test of the probability that 2 data sets could be drawn from the 
same parent distribution) were run on these distributions. The probability that the b-vaiue 
distributions of the aftershocks and foreshocks are different is 92%; for the p-values, it is 
98% and for the A-values it is > 99.9%.

An examination of the data set shows a subgroup of 4 of the 14 foreshock sequences 
analysed have lower p-values and higher A-values than were estimated for any of the 
aftershock sequences (Table 2). One other foreshock sequence has a lower p- and higher A- 
values than all but 3 aftershock sequences. All of these distinctive low-p, high-A foreshock 
sequences have occurred since 1975 and all have occurred in the extensionai regions east of 
the San Andreas fault. Three of these low-p. high-A sequences also had very low b-values. 
The nine other foreshock sequences had p-values similar to aftershock sequences. In fact, 
the p-value for 2 foreshock sequences was 1.50, higher than all but 1 of the 69 aftershock 
sequences. For all foreshock sequences, the A-value was high though not necessarily as 
extremely high as for the 5 sequences that also had a high p-value.

TABLE 2. Sequence Parameters of Foreshocks in Southern California

Year

1934
1939
1950
1968
1969
1975
1975
1.978
1979
1.980
1981
1983
1980
1987

Mem

6
12

7
6

10
1

11
 j

o   >

5
4

10
7

1 I

Dav

5
5

28
29
22
23
15
11
15
25
25
19
20
24

Location

Parkfield
Borrego
Niland
Santa Barbara
Point Conception
B raw ley
Goat Mountain
Baja
Homestead
Mammoth
West more land
Durrwood
Chalfant Valley
Suuerstition

Mag

5.0
4.0
5.4
4.4
5.4
4.4
4.6
4.8
4.9
6.4
4.1
4.0
5.9
6.2

Nfor

2
0

24
13

1
11

0
269

6
215

15
1
7
4

Naft

4
6

12
12
24
23
32

293
22
95

101
19
72

164

0.
0.
1,
1.
0,
0,
0
1
1
0
0
0
0
0

b
.42
,67
.00
.02
.77
.46
.84
.00
.14
.80
.76
.68
.89
.67

±1(7

±0.21
±0.27
±0.29
±0.29
±0.16
±0.10
±0.15
±0.06
±0.26
±0.12
±0.08
±0.16
±0.12
±0.06

P

1.03
0.83
0.92
1.03
1.18
0.50
0.91
0.82
0.50
1.50
0.50
0.59
0.72
1.50

A

-1.19
-1.22
-0.91
-0.80
-1.23
0.58

-1.66
-1.20
-1.19
-1.29
0.08

-0.67
-1.27
-1.25

Nfor = Number of foreshocks before largest foreshock 
Naft   Number of foreshocks after largest foreshock
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From those results, guidelines can be drawn for real-time assessment of the foreshock 
potential of ongoing sequences. First a sequence with a high A-value (> -1.3) is more 
likely to bo a foreshock sequence; over -\0% of the sequences with .4 >  1.3 are foreshock 
sequences. A low A-value may make it less likely to be a foreshock (the smallest recorded 
foreshock A-value is larger than the mean aftershock A-value) but because A-values were 
not determined for foreshock sequences with small numbers of events because of lack of 
data, this inference is not confirmable. If, in addition to a high A-value, the sequence has 
a low p-value, it is even more likely to be a foreshock; 70/6 of sequences with p < .75 
and A >  1.3 were foreshocks. However, many foreshock sequences have also had hi^h 
p-values including the 1980 Mammoth and 1987 Superstition Hills foreshock sequences. A 
low b-value also makes a sequence more likely to be a foreshock; 32% of sequences wi;h 
6 < .8 have been foreshocks.

Discussion

This results suggests that determination of model parameters (A, b and p) in real- 
time could contribute useful information for the purpose of earthquake prediction. It is 
worthwhile considering the requirements for a real-time data acquisition and processing 
system to allow these results to be used. Most obviously, earthquakes must be quickly 
detected and located. It is likely during a foreshock sequence to have a substantial number 
of events so the system must handle periods of high seismicity without generating lar;e 
backlogs. Earthquakes within a minimum of three (preferably four) units of magnitude 
of the mainsbock are needed to get reasonable estimates of the parameters, especially the 
b-va.lue, and the potential foreshocks to M6 mainshocks are usually in the M4-M5 ran.^e 
so recording down to Ml.5-2.0 level is important. To use these results, processing of even 
smaller earthquakes is not needed.

The automatic and accurate determination of magnitudes for larger (M > 4) earth 
quakes is a crucial requirement for a real-time system. The determination of A-value is 
very sensitive to the magnitude of the "mainshock" (i.e., potential largest foreshock) and 
the b-value is also strongly affected by the magnitudes of the largest events in the sequence. 
Thus onscale recording of larger earthquakes (requiring ultra low-gain or wide dynamic 
range stations) must be part of the routine processing stream. Magnitudes determined 
from paper records or digital systems not in real-time communication with the process 
ing computers are not sufficient. The information should be accessible to the automatic 
real-time processor.
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Figure Captions

Figure 1. A map of the areas used in this study.

Figure 2. (a) The percentage of earthquakes in southern California that were foreshocks 
to a larger earthquake within 1 week as a function of the magnitude of the earthquake 
(see text), (b) The percentage of M > 5 and M > 6 earthquakes in southern Califor 
nia that were preceded by foreshocks within 1 week as a function of the magnitude 
of the foreshock.

Figure 3. The cumulative number of foreshock-mainshock pairs versus difference in 
magnitude between foreshock and mainshock for mainshocks (a) M > 3.0 and (b) 
M > 4.0.

Figure 4. The rate per day of the occurrence of mainshocks as a function of time after 
the largest foreshock for (a) southwestern California and (b) eastern California.

Figure 5. The number of foreshock-mainshock pairs as a function of distance betweer 
foreshock and mainshock for (a) aftershocks and (b) foreshocks.

Figure 6. (a) The number of aftershocks per unit magnitude as a function of difference in 
magnitude between aftershock and mainshock for the 1983 Coalinga earthquake, (b) 
The number of aftershocks per unit magnitude normalized by number of sequences 
as a function of difference in magnitude between aftershock and mainshock for all 
M > 5.0 mainshocks in this study, (c) The number of earthquakes per unit magnitude 
as a function of difference in magnitude between that earthquake and the largest 
earthquake preceding it in its cluster for all sequences with a mainshock of M > 5.0 
in this study.

Figure 7. Distribution of b, p and A paramters determined for (a) 14 foreshock sequences 
and (b) 69 aftershock sequences to M > 4.5 mainshocks in California, from 1933 to 
1987. Solid bar indicates mean ± 1 standard deviation.
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REAL-TIME EARTHQUAKE WARNING

M. Nafi Tokaoz, Anton M. Dainty, John T. Bullitt and Robert Cicerone
Department of Earth, Atmospheric, and Planetary Sciences

Massachusetts Institute of Technology
Cambridge MA 02139

To be effective, a real-time earthquake warning system should provide estimates of the epicenter, 
origin time and size of an earthquake within tens of seconds, and then use these to calculate the 
area at risk. The problem of estimating the size of the earthquake has been the primary focus of our 
effort. There is a large body of work on efficient and robust methods of determining epicenter and 
origin time, and Heaton (1985) has discussed the calculation of the area at risk and its limitations. 
Conventional methods of estimating earthquake size (e.g., coda duration), however, do not seem 
adequate for real time applications. Furthermore, the problem is important: to be credible, the 
system must discriminate between magnitude 4, magnitude 6 and magnitude 8 events.

We present a prototype warning system designed for use on the strike slip faults of the San 
Andreas system. Our philosophy of system design has been to design the system for deployment 
on a known fault (the San Andreas) and to use knowledge about this fault in an expert system. 
By doing this we seek to reduce the computational load on the expert system by reducing the 
generality of the rules it must consider. The strike-slip San Andreas system was chosen because of 
the characteristics of near fault strong motion discussed below. An alternative approach would be 
to design a more general and more widely distributed system that, for example, monitored all the 
faults in a region. While ultimately this would be desirable, designing a simpler system allows us 
to look at the problem of real-time estimation of the size of the event in a situation where a lot 
of prior information is available. Once this crucial problem is understood, the principles can be 
applied to the more general problem.

The approach to the problem is conceived as follows. A network of strong motion accelerometers 
will be laid out around a potential causative fault and will continuously telemeter instantaneous 
ground acceleration and/or velocity to a central station (Figure 1). The real time analysis of these 
signals shall be: a) detection of potential signals of interest; b) use of an expert system to locate 
events and estimate size and to distinguish potentially damaging events from smaller earthquakes; 
c) similarly, calculation of the area of strong shaking; d) the taking of appropriate measures to 
mitigate damage and casualties. In this presentation we address part (a) and especially part (b).

In the "standard" model of earthquakes (e.g., Aki, 1968), an event begins through the initiation 
of slip at a point on a fault plane. The slip then propagates as a rupture front across the fault 
plane at close to the shear wave speed in the faulted material. The moment M0 of the earthquake 
is given by

M0 = nAd (I)
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where A is the faulted area, d is the average slip and fjt is the shear modulus of the faulted rock. We 
have chosen the moment as the appropriate measure of earthquake size; from (1) determination of 
moment requires measurements of both A and d. To assess the possibility of doing this in real time 
for strike-slip earthquakes, we have reviewed results reported in the literature from the analysis of 
near fault strong motion records for the 1966 Parkfield earthquake (Aki, 1968), the 1979 Imperial 
Valley earthquake (Hartzell and Heaton, 1983), and the 1984 Morgan Hill earthquake (Hartzell and 
Heaton, 1986), as well as simulations of the 1857 Fort Tejon earthquake (Bouchon and Aki, 1980). 
Successful attempts to synthesize the ground motion records using the standard faulting model have 
demonstrated that the total ground motion is the sum of the radiation from different parts of the 
fault with the appropriate travel time delay and radiation pattern. On the horizontal components, 
especially at low frequencies, S waves dominate, while on the vertical components high frequency P 
waves are seen. An interesting special case, however, occurs for instruments close (within about a 
kilometer) to a near surface strike slip fault trace. The horizontal ground displacement and ground 
velocity components are dominated by a large pulse due to radiation from the rupture front as 
it passes the instrument (Aki, 1968; Bouchon, 1980). The detection of this pulse would indicate 
passage of the rupture near a given station. If an epicenter estimate is available, the distance 
between the epicenter and the station gives an estimate of the "current length" L of the ruptured 
fault; if a width W can be assigned to the fault then a "current area" A   L x W can be calculated.

Two methods have been used to estimate the local slip d. The amplitude of the pulse on the 
horizontal velocity component perpendicular to the fault trace is directly proportional to the local 
slip d (Aki, 1968) for stations very close to the fault and provides a means for making a spot 
measurement of d immediately after the rupture front has passed. Furthermore, this component 
does not change sign upon crossing the fault and thus is tolerant of lack of knowledge of the exact 
position of the fault trace. This method has been used for analysis of observed ground motion 
records from the 1979 Imperial Valley and 1984 Morgan Hill earthquakes. The local slip in cm has 
been taken as equal to the peak ground velocity in cm/sec on the perpendicular component. This 
empirical rule was derived by comparing the observed peak velocity on the Cholame station for the 
1966 Parkfield earthquake with the corresponding local slip (Aki, 1968). The second method is to 
compute the ground displacement parallel to the fault for a station very close to the fault. This 
should give half the local slip directly, and has been used for the 1857 Fort Tejon simulation. There 
is, however, one major difficulty in both methods: studies of fault rupture using strong motion 
records indicate that the distribution of slip is highly variable across the fault plane (Hartzell and 
Heaton, 1983; Kanamori and Stewart, 1978; Toksoz et a/., 1987). Thus the "current slip" should 
be estimated as the average of all stations for which local measurements can be estimated.

The requirements for the proposed earthquake warning system outlined above can be most 
effectively fulfilled by an expert system, i.e., a computer program that uses artificial intelligence 
techniques to draw reliable conclusions from the data provided to it. The relevant aspects of the 
theory of seismic wave propagation near a vertical strike-slip fault can be distilled into a set of 
rules, by which inferences regarding earthquake location and size may be drawn from the seismic 
data. Examples of such rules are shown in Table 1.
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In our simplified model of a prototype system, we consider a one-dimensional array of seismic 
sensors deployed along the trace of a vertical strike-slip fault. Signals from these sensors, after some 
preprocessing, are made available to the expert system in real time. The sensors have been assumed 
to be three component accelerometers from which ground velocity and displacement may also be 
obtained by appropriate filtering or integration. The expert system is activated when a station in 
the array is first triggered by large ground accelerations. The location of the first triggered sensor 
is assumed to be at the earthquake epicenter, and the trigger time at that sensor is assumed to be 
the origin time.

The estimate of the seismic moment is updated whenever the estimates of either the average slip 
on the fault or the rupture length change. The rupture length is taken to be the distance between 
the first triggered sensor and the sensor that most recently reported the passage of the rupture. 
The average slip on the fault is taken to be the average of the local slip at all sensors that detected 
the passage of the rupture. In calculating the moment, we assume a fault width of 10 km, a value 
typical for moderate to large earthquakes on the San Andreas system, and a shear modulus, /*, of 
2.5 x 1011 dynes/cm2 , which is appropriate for crustal rocks in the fault zone.

To test the prototype we have used recorded strong motion digital data from the 1979 Imperial 
Valley and 1984 Morgan Hill earthquakes. In each earthquake, four sensors located close to the 
fault trace are used in the simulations. The strong motion stations and the velocity data are shown 
in Figure 2. The raw data consist of the vertical component of the corrected acceleration (for 
establishing trigger times) and the horizontal component of ground velocity perpendicular to the 
fault (for estimating the slip). The data are processed by calculating the peak absolute amplitude 
of the trace in evenly-spaced time intervals. Peak acceleration is computed every 0.1 seconds; peak 
velocity every 0.5 seconds. These rectified peak amplitude traces (Figure 2) constitute the input 
data for the expert system and are given to the system in the proper time order, i.e., as if they 
were being received in real time.

Time histories showing the results of the simulations are shown in Figure 3. Figure 3A sum 
marises the calculations for the Imperial Valley earthquake by showing the current values of the 
rupture length, average slip and seismic moment computed by the expert system as a function of 
time after triggering of the Bonds Corner sensor, the first sensor to trigger. The rupture length is 
zero until the expert system decides that the rupture has passed the Meloland station (Figure 2), 
then jumps to 14 km, the distance between Bonds Corner and Meloland. It remains constant for 
a time, then increases again when the rupture passes El Centre 6. After the rupture has passed 
El Centre 6 the rupture length remains constant because the horizontal velocity at Brawley never 
exceeds the peak velocity at Bonds Corner, indicating to the expert system that the rupture does 
not extend to Brawley. The resulting estimate of the fault length is 22 km, shorter than the true 
length. The slip increases steadily from time zero as the horizontal velocity at Bonds Corner in 
creases and then increases more rapidly as an estimate from Meloland is added to the average; 
as more information is added the average slip continues to increase, although the program does 
not require this. This effect is presumably due to downfault focussing of energy due to radiation
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pattern (Bouchon, 1980), the distribution of asperities (Hartzell and Heaton, 1983; Toksoz et a/., 
1987) and the focussing effect of the low velocity fault zone (Cormier and Spudich, 1984). The first 
estimate of the current moment is taken when the first estimate of the current rupture length is 
available, and then increases steadily until it reaches its stable, final value. This steady increase is 
expected on physical grounds.

The final estimate of seismic moment for the Imperial Valley earthquake computed using (1) 
(Figure 3A) is 4.9 x 1025 dyne-cm, obtained within 9.5 sec of the time of the triggering of the first 
sensor (Bonds Corner) This value agrees well with that of 5.Ox 1025 dyne-cm obtained from seismic 
measurements (Hartzell and Heaton, 1983). Since the estimated rupture length is known to be too 
short, the average slip must be too large: this will be discussed in more detail in connection with 
the Morgan Hill earthquake, where a similar effect occurs. The epicenter is placed at the Bonds 
Corner station, about 4 km North of the true epicenter, and the origin time is taken as the trigger 
time at Bonds Corner, about 3 sec after true origin.

For the Morgan Hill earthquake (Figure 3B) a similar sequence of calculations is shown. The 
rupture is determined to propagate from Halls Valley to Gilroy 6, leading to an estimate of rupture 
length (52 km) that is somewhat too long. Because of the large amplitude pulse at the Coyote 
Lake Dam, the expert system jumps directly to a first non-zero estimate of the rupture length from 
Halls Valley to Coyote Lake Dam, bypassing Anderson Dam. Again, the average slip increases with 
time, although there is no theoretical reason why it should. A final moment estimate of 5.4 x 1025 
dyne-cm was obtained 13 sec after the time of triggering of the earliest sensor, Halls Valley. This 
value is about 2.5 times greater than that given by Hartzell and Heaton (1986), equivalent to a 
difference of 0.25 magnitude units. Again the discrepancy seems to be due to a high estimate of 
the average slip the error in the rupture length is not sufficient. This high estimate of slip may 
be due to use of the Cholame record at Parkfield for calibration or the focussing effects alluded to 
above, but we suspect that the influence of asperities is the most likely explanation. There appears 
to be a large asperity near Anderson Dam which causes large velocity amplitudes at the downfault 
stations (Hartzell and Heaton, 1986), and since averaging only occurs over a few stations the final 
estimate is too high. A similar explanation can be advanced for Imperial Valley, where a large 
asperity near Meloland has been proposed (Hartzell and Heaton, 1983). We note, however, that 
for the purposes of earthquake warning moment estimates within about a factor of two of the true 
value would be quite acceptable. The epicenter for the Morgan Hill earthquake is placed at the 
Halls Valley station, 5 km NW of the true epicenter, and the origin time is estimated as the trigger 
time at Halls Valley, 3 sec after true origin.

As a final example, we present calculations of the local slip and moment by our method for a 
simulation of the 1857 Fort Tejon earthquake. This simulation was provided to us by M. Bouchon 
and is similar to that given in Bouchon and Aki (1980), except that frequencies up to 5 Hz are 
considered and the simulation covers only the first 200 km of the fault. We have used the parallel 
component of ground motion for stations spaced every 10 km down the fault starting at the epicen 
ter; the stations are 100 m from the fault trace. In Figure 4 at top we show the estimated local slip
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at each station compared to the input local slip. There is general agreement on the size, but after 
about 100 km downfault there are also spurious features in the estimated slip: we are presently 
investigating these discrepencies. The bottom panel shows the estimated current moment in time; 
the final value of 4.4 x 1027 dyne-cm is in reasonable agreement with the result 5.3 - 8.7 x 1027 
dyne-cm given by Sieh (1978), whose models were used as input to the simulation.

The ongoing Parkfield Earthquake Monitoring Experiment offers an ideal setting for field testing 
a warning system. Because of the problems due to unpredictable wave amplification effects within 
the fault zone and small-scale heterogeneity of the rupture noted in the cases above, a denser 
network of sensors (accelerometers) laid out along the fault trace may be required in order to 
obtain a more accurate estimate of the moment. Off fault sensors would be desirable to discriminate 
between events on and off the fault. The output from the sensors would be telemetered to a central 
point, where they would be received by a data processing computer. This computer would digitise 
the data, if neccessary, compute the velocity from the acceleration inputs and find the appropriate 
envelopes. The processed data would be the input to the expert system, which would implement 
rules of the type described in this note. The final part of the system would be some means of 
evaluation of system performance in terms of success or failure to detect significant events and 
estimate their size, and false alarms.
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TABLE 1

Example of two rules used in the expert system for rapid earthquake warning. The rules are 
activated whenever new data from a sensor becomes available to the expert system. Rule 1 is 
used to detect the passage of the rupture past a given sensor. If it tests TRUE, then a new 
fact is added to the system ("rupture has reached sensor X"). The addition of this fact to the 
system causes Rule 2 (among others) to be activated. When Rule 2 tests TRUE, it invokes a 
computational procedure to compute the earthquake's "rupture length" (the distance between the 
most widely-separated sensors that have detected rupture passage).

Rule 1:

IF the peak velocity at sensor X is greater than that at the epicentral sensor 
THEN the rupture has reached sensor X.

Rule 2:

IF the rupture has just passed sensor X 
THEN compute rupture length.
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Expert System^

Imperial Valley

Figure 1: (A) Sketch of the San Andreas Fault system. The hatched regions denote zones of 
earthquake rupture associated with the 1979 Imperial Valley and 1984 Morgan Hill earthquakes 
and the 1857 Fort Tejon earthquake simulation.
(B) Schematic of proposed implementation of an automated earthquake warning system. A 
network of accelerometers (boxes) is deployed along a suspected seismogenic fault. Data from 
the sensors are telemetered in real time to a central station, where the signals are preprocessed 
and passed to the expert system. If the expert system determines that a potentially damaging 
earthquake is in progress, advance warning may be sent via radio link to critical facilities before 
the onset of strong shaking.
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GI6

10 20 sec

Figure 2: Signals used by the expert system in estimating the magnitude of slip on the fault and 
the length of rupture. Peak absolute amplitudes of horizontal ground velocity in the direction 
perpendicular to the fault are computed in 0.5 sec time windows; these signals are plotted 
immediately above the corresponding raw velocity waveforms. Data from each of the four 
sensors used in the simulations are shown for the 1979 Imperial Valley (A) and 1984 Morgan 
Hill (B) earthquakes. The maps to the left of the waveforms indicate the relative location of the 
sensors (triangles) along the fault trace (heavy line). The epicenter is indicated by the crossed 
star; the direction of rupture propagation is indicated by the arrow. The station designations 
are as follows: BRAW, Brawley; EC6, El Centro Differential Array No. 6; MELO, Meloland 
Overcrossing; BOND, Bonds Corner; HAL, Halls Valley; AND, Anderson Dam; OLD, Coyote 
Lake Dam; GIG, Gilroy Array 6.
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Figure 3: Time histories of the estimates of rupture length, average fault slip, and seismic moment 
for the 1979 Imperial Valley, California earthquake (A), and the 1984 Morgan Hill, California 
earthquake (B). The times are measured from the time of triggering of the first sensor. In each 
case, the alarm threshold of seismic moment (5 x 1025 dyne-cm) is reached in about ten seconds 
or less after the start of the fault rupture. The computation time is negligibly short (less than 
1 sec) relative to seismic wave propagation time so that an alarm can be issued while fault 
rupture is still in progress.
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Introduction

In 1984 a committee of California scientists and representatives 
from the state of California [California Earthquake Prediction 
Evaluation Council (CEPEC) Southern California Earthquake 
Preparedness Program (SCEPP) and the Seismic Safety Commission, 
local jurisdictions, and the private sector] and federal agencies 
concluded investigations to establish a standardized earthquake 
prediction terminology for California. It was designed to be 
systematic, conform to the present state of scientific knowledge, 
respond to public earthquake preparedness, warning and response 
needs, and also flexible to allow for further refinements in the 
future (Wallace et al. , 1984). Earthquake predictions were 
subdivided into three time scales: "long-term" (a few years up 
to a few decades), "intermediate-term" (a few weeks to a few 
years), and "short-term" (a few hours to a few weeks). "Short- 
term" predictions are subdivided into "alert" (3 days to a few 
weeks) and "imminent alert" (hours to 3 days). Wallace, et al. 
concluded that probabilities should be divided into a three-fold 
division of percentage values regardless of time period: 0-10% - 
'slight'; 11-49% - 'moderate'; 50-100% - 'high', regardless of 
time period. Following discussions with members of the news 
media it was suggested that some members of the lay public 
understand percentage better if stated as, e.g. "one chance in 
ten", as chances of rain are commonly stated. This work further 
urged that scientists distinguish between their statements 
regarding earthquake 'predictions' and those pertaining to 
earthquake 'potential', for conformance with public planning 
efforts statewide.

Subsequent public applications of this terminology framework 
revealed that short term 'imminent alert' prediction time scales 
(< few hrs) did not allow for both scientific deliberations and 
also timely public warnings for the maximum public safety. This 
problem was brought to the attention of CEPEC, which advises The 
California Governor's Office of Emergency Services (OES) on 
earthquake and volcano predictions and related State science 
policy decisions. CEPEC was questioned: is it possible to 
develop a model for preplanned rapid responses on short time 
scales (for either potential foreshocks or aftershocks)? Such a 
plan could allow warning and readiness procedures to begin while 
CEPEC scientists conferred. In addition, it could provide a 
regular framework for advance planning, preparedness activities 
and warning procedures by the State of California.

Of primary concern are possible large (M>7) earthquakes and their 
aftershocks. At the present time, state preparedness and response 
planning is relatively well developed for moderate earthquakes, 
which mainly affect a single county-wide jurisdiction. Emergency 
officials, fire, police, school officials, etc. are reasonably 
well networked for a coordinated response. However, a large 
(M>7) earthquake is likely to affect multiple jurisdictions on a 
regional, rather than local, scale. The extensive planning and
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agreements needed for a coordinated response to earthquake damage 
on a regional scale are the most crucial, and can benefit from 
the preplanning activities by OES based on CEPEC advice. Advance 
warning is most needed, therefore, for such large earthquakes 
(M>7) , which present the greatest danger. For this reason our 
attention is concentrated on large events, M>.7. A further 
complicating factor is that there are a number of locations 
statewide which scientists agree could produce such large 
earthquakes at any time, not just a single location on which 
state and local governments should be concentrating their 
attention.

Because large California earthquakes are relatively infrequent 
compared with smaller ones, scientists have the least up-to-date 
information and modern instrumental data about them. Knowledge 
can be accelerated by gathering data from the sites of large 
earthquakes elsewhere in the world, but at present these efforts 
are still in progress. The most similar fault structures are 
found in New Zealand, Northern Chile, and Turkey. In fact, 
little is known about large shallow strike-slip interplate 
earthquakes such as those expected in California. Studies of 
small and moderate earthquakes are more developed because they 
occur more frequently. However, it is not known to what degree 
their characteristics can be extrapolated to the case of large 
earthquakes. In fact, recent research argues that the physics of 
moderate earthquakes might differ from that of large earthquake 
because the brittle upper crust can contain the complete source 
rupture area of the former, but not the latter, (which are 
bounded by the free surface and the lower depth of -15 km, below 
which there is not seismicity or brittle failure in the 
California seismotectonic environment; see, eg., Shimazaki, 
1986; Lackenbruch and Sass, 1973).

Against this background one can reasonably ask: What information 
do scientists now have which could be brought to bear in the 
interests of public safety, while scientists continue research? 
(A related point is": Which research problems are the most 
important for scientists to prioritize, because large earthquakes 
might be imminent?) A "catch-22" situation exists because 
scientists cannot wait for the occurrences of large California 
earthquakes in order to measure them, after the fact. This 
report suggests an interim approach utilizing the information 
that scientists now have, with systematic 'advisories' following 
the occurrence of potential foreshocks to large earthquakes. A 
public policy benefit of concentrating on larger earthquakes for 
preplanned advisories is that they and their potential foreshocks 
occur less frequently than smaller ones, and the 'false alarm' 
rate is significantly lower (by a factor of -6). This fact will 
allow OES to take a statewide perspective, with a total 'false 
alarm' rate of about 1 per 3 years, on average (see below).

Additional work, when confirmed, can be used to refine public 
advisories for greater reliability and safety with an evolution 
toward increased probability levels and more specific short term 
predictions of large earthquakes. The possibility for damaging
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aftershocks following large earthquakes is also a concern, 
particularly those which might occur on relatively short time 
scales (up to a few days). Suggestions concerning preplanned 
responses for potential aftershocks are also included.

A Model for 
Preplanned Real-time Advisories of Large Earthquakes

In 1986 the California Earthquake Prediction Evaluation Council 
(CEPEC) and the California Governor's Office of Emergency 
Services (OES) began developing a procedure for preplanned, real- 
time advisories of large earthquakes (M>7) in 8 seismic gaps 
statewide. Figure 1 shows a summary of the seismic gaps in 
California which are known to have a potential for large 
earthquakes (as reported in various publications, see general 
references). In terms of public hazard, the seismic gaps numbered 
#3-9 are likely to be the most significant in the southern and 
northern California regions. (Two seismic gaps in the Sierra 
Nevada - State of Nevada region are also being.evaluated for 
possible inclusion in these procedures.) Experience indicates 
that California benefits from having short term earthquake 
advisories. These notifications are designated as 'advisories' 
in public announcements.

Statewide preplanned advisories are based on seismic data. The 
concept of a 'practical approach' to preplanned short term 
advisories of future large (M>7.0) earthquakes in California is 
suggested. Below we outline the suggested approach.

Every M>6 earthquake within 50 km of 4 seismic gaps in Southern 
California is assumed to be a foreshock to a M>7 mainshock, to 
occur within 5 days. Figure 2 shows the seismic gaps, the 
proposed advisory zones and the historic earthquakes (M>.6, 
1/1/1932-6/30/1988) within them. After 5 days the warning would 
expire. Every 5<M<6.9 earthquake within 20 km of 4 seismic gaps 
in Northern California would be treated the same. Figure 3 shows 
the seismic gaps, the proposed advisory zones, and the historic 
earthquakes (M>5, 1910-1987) (see, eg, Bolt and Miller, 1975) 
within them. The average rate of 'false alarms' statewide 
should not exceed approximately one per year. In fact, if no 
mainshock occurs, the 'false alarms' will average about one per 3 
years if the suggested procedure is followed. Perhaps as many as 
30-45% of the mainshocks (M>7) in western North America (i.e., 
California, Nevada, and Baja, see Figure 4) are preceded by 
foreshocks, but data are not sufficient for detailed statistics. 
Nor are such details necessarily useful for public warnings and 
response purposes at the present time. In fact, broad 
probability ranges of slight (0-10%), moderate (11-49%), and high 
(>50%) are probably the most useful for public response planning 
purposes (Wallace et al., 1984). Short-term advisories, despite 
the 'false alarms' (which are viewed as useful exercises), are 
beneficial and in the interests of public safety. The probability 
level of these advisories is 'slight', in the absence of further 
information.
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It is not the issuance of 'false alarms' that is the major 
problem, nor the total number of them. The rate of false alarms 
can be a problem, however, when the average exceeds -1 per year 
over several years. The duration of the advisory period is 
constrained by state budgets: advisory conditions are not 
practical for more than a few days because of the costs. The 
temporal characteristics of foreshock behavior which need to be 
known are that most mainshocks will follow within 5 days, 
together with the common knowledge that the probability of 
subsequent earthquakes generally decreases with increasing time 
longer than a few weeks.

To examine the implications of prior ('foreshock') activity and 
preplanned response, we (1) rely on existing reports and (2) 
adopt a 'practical' perspective because very little data exist 
regarding the largest earthquakes in California, and a purely 
statistical approach to 'foreshock' analysis is not meaningful. 
We thus adopt a conservative, prudent approach in the interests 
of public safety. Ideally, one would take a large ensemble of M > 
7 earthquakes within a specific seismic gap and calculate the 
number of cases in which the mainshock was preceded by events of 
a certain magnitude and distance and time, and also the number of 
times that such prior events were followed or not followed by a 
mainshock in order to determine the probability distribution, 
and, hence, the probability values. However, it is clear that 
such data are too sparse for purely statistical criteria to be 
meaningful. We therefore examine available data from this 
'practical' perspective in order to estimate the rates of 'false 
alarms' and 'successes' for preplanned short term advisories of 
the largest mainshocks expected in California. It is clear that 
there are many uncertainties in the existing database, eg., 
locations, magnitudes, etc. Special studies could upgrade these 
data but they can not compensate for the paucity of data 
pertaining to large California earthquakes, which is the 
inevitable limit on the reliability of existing statistics. 
Reliability could be improved, however, with further constraints 
derived from physical models and additional observations of 
precursors.

All large earthquakes (M >. 7.0) in the western North America 
tectonic region from 1857-1987 are shown in Figures 4 and 5 and 
listed in Table 1. Tables 2 and 3 summarize the prior activity 
reported for 8 of the 16 largest earthquakes (Richter, 1958; 
Hileman et al., 1973; Bolt and Miller, 1975; Sieh, 1978; 
Toppozada et al., 1978, 1979). [Note that here we treat the 1954 
earthquakes, a 'doublet' occurring 1 minute apart, as one 
earthquake. Also, see aftershock discussion, below. The 1903, 
1915 and 1980 earthquakes were not reviewed.] In 7 of these 8 
cases, the 'prior events' were probably magnitude 5 < M < 6.8. 
Based on this review it thus appears that perhaps as many as 7 
out of 16, or approximately 44%, of the large (M > 7) earthquakes 
might be preceded by M >. 5 earthquakes in the near vicinity. 
Five out of 16, or 31%, were M > 6.
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Below we review the available data to find a "composite" 
definition of "prior time" and "near vicinity" using a 'quasi- 
physical' approach, because, again, the data are not sufficient 
to support a purely statistical interpretation, nor to determine 
the statistical distributions relative to the largest 
earthquakes. Table 4 reviews 5 and 10 cases in which M > 6 and M 
> 5 events preceded M > 7+0.5 earthquakes, respectively. We find 
that the distributions are similar at either magnitude threshold 
for the prior activity: i.e., ~30% and 80-89% of the prior 
activity occurs within <. 25 km and <. 50 km of the mainshock 
epicenter, respectively, and 40-50% and 60% within < 1 day and < 
5 days, respectively.

In Figures 2 and 3 we outline the boundaries of 50 and 20 km 
distance from the seismic gaps in the southern and northern 
California regions, respectively. Because the mainshock 
epicenter is most likely to be near either end or near the 
midpoint of each seismic gap, we suppose that the prior activity 
could be anywhere along the edge of each gap, if such activity is 
within ~ ± 25 to 50 km of the mainshock epicenter. Using 
southern California and the Sierra Nevada regions as an example 
(gaps #1-5, Figure 1), we find that there were 7 magnitude 6 < M 
< 7 earthquakes in the 40 year period 1932-1972, or ~ one per 6 
years, within 50 km of each seismic gap; there were ~ 4 within 25 
km, or one per 10 years. In contrast there was roughly one event 
per year with magnitude 5 < M < 7 within the same regions, which 
would result in too many 'false alarms' statewide if northern 
California is also considered.

The above example suggests that if no large (M > 7) earthquake 
occured along the seismic gaps #1 through 5 during the next 40 
years the number of 'false alarms' for preplanned warnings could 
be one per 6 years versus one per year at a M > 6, or M > 5 
threshold. Conversely, if all gaps #1-5 should break in the next 
forty years, about 31% of the 6 mainshocks [i.e. two] might be 
preceded by M > 6 'foreshocks', and perhaps two of the 7 expected 
earthquakes with 6 < M < 7 might be followed by mainshocks. If 
warnings were issued for each 'foreshock', then perhaps only 5 of 
them would be 'false alarms'. This ratio of 2 successful 
warnings per 6 false alarms per 40 years would seem to be quite 
reasonable in view of the potential benefits of the successful 
warnings. The time window can be selected at <1 day or < 5 days, 
corresponding to ~ 40% and 60% of the cases, respectively, for 
'foreshocks' with M ^ 6 (see Table 4), and according to budgetary 
and/or other constraints on public warnings, stages of alert, and 
readiness activities.

A Model for Preplanned, Real-Time Advisories 
for Damaging (M>6) Aftershocks Following Large (M>7) Earthquakes

The term 'aftershock' here means a secondary earthquake(s) that 
occur after a first [large] earthquake according to the most 
basic definition.

Large mainshocks [M>.7] and damaging aftershocks [M>.6.0] are
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emphasized because a large mainshock can weaken structures which 
subsequently collapse in a damaging aftershock, causing as much 
damage as the mainshock itself. [In urban areas a moderate 
aftershock (5<M<6) following a 6<M<7 mainshock can also be very 
dangerous, and are also discussed, further below.] We review 
data from existing catalogs to evaluate whether preplanned real- 
time warnings might be appropriate.

The time scale [<.! year] and distance criteria [£.125 km in a 
structural association with the mainshock] to identify 
aftershocks were selected following a review of the actual case 
histories for large earthquakes in western north America (1857- 
1980) viewed in the context of public safety and planning needs.

Terms that describe subcategories of aftershocks, eg. doublets, 
multiplets, sympathetic rupture, triggered slip, conjugate 
faulting, complex rupture, etc., are often used by scientists, 
but are not necessary for the present purposes. However, when 
all of these subcategories are considered, the distance criterion 
of 125 km is not unreasonable, particularly in view of the fact 
that many of these phenomena are not well understood, nor even 
precisely defined. Aftershocks can continue for decades, but 
usually at smaller magnitudes than those considered here. In any 
case, such large late aftershocks require long-term planning, 
beyond the present scope of short term planning in this report.

We also note that the physical nature of aftershock processes, 
described statistically by Omori in 1894, still remains a complex 
problem of lively research; no simple physical model has yet been 
confirmed on a universal basis. Accordingly, we here attempt to 
compile information which is now known for Western North America 
and which is also relevant for public planning purposes.

Of the 20 large mainshocks (M>7) listed in Table 1, only 5 (25%) 
are reported as being followed by significant 'aftershocks' (M>6) 
within one year and 125 km distance of the epicenter (see Table 
5). Of these, one 'aftershock' was within one minute [a 
'doublet'] and two were 55 and 202 days following the mainshock. 
The two remaining cases are worthy of note. The 1952 Kern County 
mainshock was followed by 3 significant aftershocks: at 13 
minutes, 1.5 days, and 8 days after the main event. The latter 
two aftershocks were -50 and -46 km from the mainshock and caused 
serious damage. In the final case, the 1872 mainshock produced 
significant aftershocks in 3 1/2 hours and also in 8 days at 
distances of ~25 km from the epicenter, and then again after 16 
days, at a distance of ~98 km.

It appears that significant aftershocks are not very frequent, 
but the data for large mainshocks are few and some aftershocks in 
the pre-instrumental or early instrumental periods last century 
and around the turn of the century may not have been identified, 
and, again, it would not be prudent to follow a purely 
statistical approach. Viewed from a 'practical' perspective the 
data suggest the following. Time periods of 1 minute and 13 
minutes are too short for public advisories; 55 and 202 days are
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too long for a sustained advisory period. However, a public 
advisory that there is at least a 'slight' chance of a damaging 
aftershock at any time within the next 8. days [and within -100 km 
of the epicenter] is recommended for safety, following a large 
(M>7) mainshock anywhere statewide. Situation monitoring by OES 
should continue for another 8 days. [These recommendations are 
based on the time and distance scales for the Kern County (1952) 
and Owens Valley (1872) mainshock-aftershock case histories.]

In the strictest sense, 2 of 20 large (M>7) mainshocks (10%) (see 
Tables 1 and 5) had aftershocks (M>6) in the time period 3 1/2 
hours to 16 days, which corresponds to a probability range of 
'slight'. For northern California, 5 out of 6 events were in the 
Mendocino to California/Oregon border region, and none had 
aftershocks M>6. However, aftershocks could have occurred in the 
offshore region in 1873 and 1898 and gone unnoticed. Also, the 
remainder of the northern California region is represented by 
only one event, the 1906 earthquake, and statistics are not 
possible. It would seem prudent, therefore, to provide an 
advisory at the probability level of 'slight' for northern 
California.

In the southern California/Baja region, 3 of 9 (33%) of the large 
(M>.7) mainshocks had aftershocks (M>.6) ; [one was in the time 
period 3 1/2 hours to 16 days, but, again,the numbers are too 
small for meaningful statistics]. The Sierra/Nevada region is 
similar , i.e., 2 of 5 (40%), for the same magnitudes. These 
case histories suggest a probability level of 'moderate' for both 
regions. Two of the 5 mainshocks (40%) with magnitudes greater 
than 7.4 statewide had M>6 aftershocks. These two were in the 
southern California/Baja and Sierra/Nevada regions, and both were 
within the suggested time period. [In the southern 
California/Baja region one of the 2 (50%) mainshocks M>7.4 had 
M>.6 aftershocks, and the same was true for the Sierra/Nevada 
region.]

We therefore, conclude that an advisory with the probability 
level of at least 'slight' is justified for the southern 
California/Baja and Sierra/Nevada regions following all 
mainshocks M>7.0, and especially those M>7.4.

It is worth mentioning that this review does not reveal 
significant differences in aftershock likelihood for mainshocks 
with dip-slip versus those with strike-slip fault mechanisms. In 
fact, within the same seismotectonic environment, 2 of 5 (40%) 
had significant aftershocks in the Imperial Valley/Baja region, 
and the same for the Nevada/Owens Valley region, with no 
correlation to the size of the mainshock. It thus appears that a 
greater understanding of the physical processes of large (MV7) 
mainshock-aftershock sequences is needed before further 
refinements are justified for public policy purposes. We also 
reiterate that some aftershock information could well be missing 
from existing catalogs and recommend that OES encourage further 
data investigations to be undertaken.
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Urban Areas. (To be provided for review at CEPEC.)

Summary. We follow the above approach to recommend a preplanned 
real-time short term advisory scenario for southern and northern 
California (Figures 2 and 3). All earthquakes 6£M£6.9 in the 
'advisory zones' for southern California (Figure 2) trigger an 
advisory pertaining to the seismic gaps indicated. All 
earthquakes 5<,M<.6.9 in the 'advisory zones' for northern 
California trigger an advisory for the seismic gaps indicated in 
Figure 3. Based on the historic seismicity (6<M<6.9) from 1932- 
6/30/1988 in the southern California advisory zones, the average 
'false alarm' rate will be one per 6.4 years if no mainshock 
occurs. The historic seismicity (5<M<6.9) from 1910-1987 in the 
northern California advisory zones suggests an average 'false 
alarm' rate of one per 6.0 years, if there is no mainshock. The 
combined statewide rate thus averages one per 3 years. However, 
if [for example] three large mainshocks occur in the next 20 
years, and as many as -30-45% are preceded by foreshocks, there 
might be one successful advisory per 5.5 false alarms. The 
advisories should trigger a preplanned (short-term) "response" 
lasting 1-5 days. Note that, in the absence of any further 
information, ~ 69% of the 5 mainshocks [i.e. 3.5] are expected 
with no prior activity M > 6.0.

Important research at hand is to discriminate which seismic gap 
is more likely to break when a [possible] foreshock occurs. 
Studies of stress distributions and real-time, accurate fault 
mechanisms are needed. A serious scientific problem to be solved 
is that of inconsistent reportings of magnitudes for felt 
earthquakes. Recently an earthquake was reported simultaneously 
as being M=5 and M= 5.7 by two eminent institutions. 
Subsequently a complaint was filed with state offices and at a 
statewide meeting. This problem may be solved by 'legislating' 
that one (and only one) magnitude will be issued by designated 
institutions unless scientists can resolve their differences. If 
this occurs, seismologists will have lost an important 
opportunity to obtain public encouragement for research to 
discover the nature of wave propagation through heterogeneous 
media, utilizing a new generation of high quality seismic data.

The suggested new CEPEC/OES procedures, if adopted, should be 
explained to the scientific community [e.g., via scientific 
publication] to avoid a confusing situation. A serious policy 
problem can arise if scientific experts state to the media that 
they are "pessimistic about whether earthquakes can ever be 
predicted" because they are confused. Furthermore, procedures 
for handling the response to public inquiries following the 
issuance of an advisory should be preplanned and coordinated with 
scientists in the state, as well as with local jurisdictions. 
Many scientists and different institutions are certain to be 
contacted for information, despite published 'instructions' to 
the contrary, at least initially. [For example, OES brochures 
which direct the public to a centralized real-time information 
line might be distributed to scientists].
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Finally, and of utmost importance, OES should encourage the 
development of a complete, systematic, and reliable database of 
earthquake information for the state of California. This 
database should utilize present technology for rapid 
accessibility as earthquakes occur. OES and CEPEC should 
maintain an up-to-date list of knowledgeable scientists whose 
input might be a resource to CEPEC. (Final decisions and 
discussions should continue to be among CEPEC members, however, 
in order to avoid inconsistent judgements and advice to OES.)

The present approach of preplanned advisories should not replace 
scientific deliberations by CEPEC, but rather, should complement 
CEPEC by allowing OES to begin activities immediately. CEPEC 
could conclude, for example, that the advisory probability level 
should be 'moderate' or 'high', rather than 'slight', if further 
information is available. The present 'advisory' approach can be 
refined as further information or research developments are 
confirmed in the future.

Recommendations for other topics to be considered by CEPEC. 
Research results suggest that real-time monitoring and analysis 
of seismic data on sustained, intermediate term time scales (few 
weeks to few years) can significantly increase the reliability 
for short term advisories. We find evidence that at least 6 
seismic phenomena may exhibit changes within approximately 2-4 
years before large mainshocks (Figure 6) . These are: (1) 
seismicity below locked zones; (2) swarms at edges of locked 
zones; (3) seismic quiescence within locked zones; (4) stress 
induced changes in earthquake fault mechanisms around edges of 
locked zones; (5) attenuation change within locked zones; (6) 
resumption of seismicity within quiescent zones. Several of 
these phenomena begin changing prior to the 2-4 year time window 
before mainshocks; the combination, however, increases the 
'signal-to-noise' ratio, for greater reliability of the final 
predictions. A real-time seismograph monitoring system for 
California predictions should thus have a wide dynamic range (for 
monitoring earthquakes from M=2.5 to 8.0) as well as a broad band 
frequency response.

The success of this joint government and scientific effort will 
depend critically on the quality of seismographic instruments and 
a real-time analysis capability statewide. Consistent magnitudes 
and accurate earthquake locations in real time are crucial. A 
recent test of this system occurred on June 27, 1988, with a M=5 
earthquake in Northern California.
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Table 2

MAINSHOCKS, YEAR AND PRIOR ACTIVITY

M~8

1857 as shown, Table 3 
1872 as shown, Table 3 
1906 no significant prior activity reported

M > 7 (±0.5)

1873 no significant prior activity reported 
1892 no significant prior activity reported
1898 no significant prior activity reported
1899 as shown, Table 3
1915 as shown (Nevada), Table 3
1922 as shown, Table 3
1923 no significant prior activity reported
1927 no significant prior activity reported
1932 no significant prior activity reported
1934 as shown, Table 3
1940 no significant prior activity reported
1952 as shown, Table 3
1954 'doublet'; M = 7.2 and 7.1; 4 min. apart; distance (A) -20 km
1954 as shown, Table 3:

(Not reviewed: 1903, 1915 Baja, 1980)
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TABLE 3

Prior Activity Before Largest Earthquakes (M > 7.0) 
: Time Before Mainshock and Distance (A)

> 9 day

8-9 7-8 6-7 5-6 4-5 3-4 2-3 1-2 da (1 da)
< 24 hrs

M5-6
M 5-6

M=?

M-8

1857 
I

1 h 14 m

2 h 6 m

~7 h 
( -30 km)

M=(?) Owens Valley

1872

-9 das
M=5.2

9 mos ( -22 km)

M=7.1 
1899

-5 mos. ( -50 km)

M=7.7
M=? 1915 

'large local shock'  

5 h 5 m

M=?
"sharp" 
"alarm 
"large felt 
area"

7 h 14 m 
( ~? km)
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M=6.0

-5 das

M=7.3 
1922

( -40 km)
M=7.1

M=6.5 1934

-29 irs X ~70 kmj

M=3.1 M=7.7 
1952

M=6.8

-115 das

2 h 9 m ( ~?)
M=7.1

12/16/1954
__________ 

( - 45 km)
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Table 4

PRIOR 
EVENT

M 6-7

5-6
6.
6.
6.
6.

5
0
6, 6.4
8

LARGER 
EARTHQUAKES

M > 7+

8
7.
7.
6.
7.

.5

1
3
8
1

DISTANCE

A

(20-70 km)

-30 km (?)
-70
-40
-20
-45

TIME

A t

YEAR

(-1 da -

7
1
5

48
115

9 mos)

hrs
da
da
da
da

1857
1934
1922
1954
1954

Baja

M 5-6 M 7+.5

5.5 6.5 < 20 (?) 52 min 1934 Nevada, 
UCB loc., 
Richter Mag.

'large' 
5.8
5.2

SUMMARY

(N=number
of cases,
prior event
> 6)

(N=number
of cases,
prior event

7.6 
7.1
8

KM

< 25:
< 50:
< 70:

< 25:
< 50:
< 70:

-50
22

:N

30%
80%

100%

30%
89%
100%

< 1
< 5
< 9

< 1
< 5
< 9

7 hrs 14 m(2) 1915 
5 mos 3 da 1899
9 mos (9 da?) 1872

t

da:
da:
mos:

da:
da:
mos:

:N

40%
60%

100%

50%
60%

100%
> 5)
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EARTHQUAKE FAULT SLIP ESTIMATION FROM
GEOLOGIC, GEODETIC AND SEISMOLOGIC OBSERVATIONS:

IMPLICATIONS FOR EARTHQUAKE MECHANICS
AND PREDICTION RESEARCH

by

Wayne Thatcher and Manuel G. Bonilla 

U.S. Geological Survey, Menlo Park, CA 94025

The spatial distribution of coseismic fault slip provides clues to the mechanics 
of earthquake strain release and sheds light on the nature and importance of fault 
segmentation in controlling the strain release process. Although the true slip distribution is 
not accessible to direct observation, several methods can be applied to recover informative 
features of its spatial pattern. Figure 1 illustrates this schematically, showing how 
geologic, geodetic, and seismologic observations sample different aspects of the coseismic 
slip distribution. Each approach produces a pattern of slip that is in varying degrees a 
filtered and biased version of the true slip, and the advantages and limitations of each 
method thus deserve careful attention in examining the results that follow.

When sufficiently numerous, fault slip (geologic) data can provide a very detailed 
picture of surface slip distribution along the fault rupture (figure 1, top). However, 
this pattern is seldom wholly representative of the slippage on the fault at seismogenic 
depths and even surface values will be biased where the fault zone is complex or coseismic 
deformation is distributed over a zone wider than that spanned by an offset feature.

Geodetic slip estimates are usually free of these shortcomings but are at best a rather 
coarse spatial averaging of fault slip in the zone of principal strain release (figure 1, middle). 
Furthermore, geodetic estimates are subject to the usual vagaries of network distribution 
relative to the coseismic rupture and this factor, along with measurement uncertainty, 
limits the precision and spatial resolution of derived slip estimates.

Seismic measurements of sufficient number and quality can in principle supply details 
of two dimensional slip distribution not provided by either geologic or geodetic methods. 
However, even for earthquakes with both near-source and distant seismic recordings from a 
range of source-receiver azimuths there is as yet a significant degree of nonuniqueness in the 
derived slip estimates. In the more common condition of less-than-complete observations, 
only large-scale features of the pattern of seismic moment release on the rupture plane are 
reliably obtained (figure 1, bottom).

The purpose of this paper is to examine case histories of earthquakes for which seismic 
slip has been estimated by one or more of the methods illustrated in figure 1 and to extract 
any significant generalizations that are indicated by these results.
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FIGURE 1. Three methods of earthquake slip estimation. True slip distribution is 
shown on cross-section at left. Geologic observations of offset features at the fault 
trace (center frame, top) provide information for plotting surface slip versus distance 
along fault (top right). Repeat geodetic measurements of angles, baseline lengths, or 
elevation changes for networks located near surface rupture (center frame, middle) 
provide data from which average fault slip at seismogenic depths can be estimated 
for various segments of fault and plotted versus distance along the fault (middle 
right, straight lines with error bars on each determination). Seismograms (center 
frame, bottom) can be analyzed to locate regions of concentrated seismic moment 
release; frame at bottom right schematically shows aftershock zone, with two regions 
of high moment release determined from seismograms and indicated by diagonal 
ruling within aftershock zone.
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GEOLOGIC DATA

To date we have examined surface slip and faulting patterns for 22 earthquakes from 
active regions around the world. The events range from Mw 6.0 to 8.1 and have fault 
lengths from 15 km to 460 km. Fifteen of the shocks show predominantly strike-slip 
faulting and the remaining events have either normal or reverse slip. Representative 
features are summarized in figures 2, 3, and 4. Each figure has the same format, showing 
surface slip plotted against distance along the fault. A map view of the surface rupture 
is plotted at the same scale as the graph, a star locates the mainshock epicenter, and the 
geodetic slip estimates (when available) are indicated by straight lines with one standard 
deviation error bars.

Whenever surface slip determinations are sufficiently closely spaced we have observed 
considerable irregularity in slip magnitude over distances of a few kilometers or less. 
Occasionally these variations are systematic, pointing to a single cause such as local 
fault geometry. More commonly the origin of these local variations is unknown. Where 
observations are numerous such short wavelength fluctuations in surface slip can, for this 
study, be identified as noise and discarded. However, where data distribution is sparse, 
unrepresentative sampling of this local noise can introduce significant bias into the long 
wavelength variations in surface slip that are the main focus of this study.

For those cases in which such aliasing is not a problem and where fault zone complexity 
introduces no additional biases, the surface slip data for many earthquakes we have 
examined show notable variations over length scales of ~10 km and greater. Figures 2, 
3, and 4 illustrate this, showing that surface slip profiles are typically highly irregular 
and bear little resemblance to the smooth elliptical slip distributions predicted by models 
of uniform stress release across planar cracks that are occasionally still used to represent 
seismic faulting. Often, as for the 1940 El Centre and 1968 Dasht-e Bayaz earthquakes 
(see figures 3 and 4), this irregularity is characterized by regions of locally high slip on 
a rupture that otherwise shows considerably smaller slip amplitudes. We have found no 
simple relation between the locations of these high slip regions and fault geometry. For 
example, note the linearity and relative simplicity of the Imperial fault in the region 
where 1940 surface slip increases to more than 6 meters (figure 3). Similar features are 
documented for the 1976 Guatemala earthquake [Bucknam et a/., 1978] and for the great 
California earthquakes of 1857 and 1906 [Sieh, 1978; Lawson, 1908].

Surface slip profiles often reveal the effects of fault segmentation, with the magnitude 
of slip being a maximum near the center of each segment and dying off towards both ends. 
This feature is illustrated well by the 1968 Borrego Mountain earthquake (figure 2) and is 
also seen in the offset profiles for the 1915 Pleasant Valley (Nevada) and 1891 Mino-Owari 
(Japan) earthquakes [Wallace, 1984; Matsuda, 1974]. For those earthquakes that involve 
failure of only one or a few identifiable segments the surface slip patterns are sometimes 
simpler than those shown for the majority of the larger events. For example, the 1968 
Meckering and 1987 Superstition Hills earthquakes [Gordon and Lewis, 1980; P. Williams 
and H. Magistrate, unpublished manuscript 1988] have surface slip profiles that are roughly
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FIGURE 2. 1968 Borrego Mountain earthquake. Surface slip distribution versus distance 
along fault strike. Map view of surface faulting is shown at top of figure at the same 
scale. North arrow indicates map orientation. Offset symbols are keyed to three 
main segments of surface rupture. Geologic data are from Clark [1972]. Star locates 
mainshock epicenter, the initiation point of seismic rupture [Alien and Nordquist, 
1972]. Geodetic estimate of fault slip [Snay et al., 1983] is indicated by straight line 
with one standard deviation error bar.
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FIGURE 3. 1940 £1 Centre earthquake. Surface slip distribution versus distance along 
fault strike. Map view of surface faulting is shown at top of figure at the same 
scale, with north arrow indicating map orientation. Geologic data from Sharp [1982]. 
Star locates mainshock epicenter, initiation point of seismic rupture [Richter, 1958]. 
Geodetic estimates of fault slip are indicated by straight lines with one standard 
deviation error bars [Zhang and Thatcher, 1988, unpublished manuscript].
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faulting map, north arrow indicating map orientation, and slip distribution along 
fault for entire 80-km-long rupture (crosses show surface slip on northwestern 
segment). Star locates mainshock epicenter, initiation point of seismic rupture. 
Bottom frame shows detailed map of surface faulting and slip along westernmost 
25 km of the 1968 rupture. All data from Ambraseys and Tchalenko [1969].

205



symmetric, with maxima near the center of the rupture and relatively uniform decreases 
in slip amplitude towards the ends of the zone of surface faulting.

We have also noted some systematic features in the location of the mainshock epicenter 
along the zone of surface faulting. First, as many other studies have shown, we find that 
the mainshock epicenter, the initiation point of seismic rupture, is preferentially located 
towards the ends of the zone of surface faulting - in only four of the earthquakes studied 
here did the mainshock nucleate within the central 50 percent of the surface rupture. 
Furthermore, there is a tendency for the mainshock to locate in or near the region of 
maximum surface slip, although this is by no means a universal feature. For example, 
while the 1968 Borrego Mountain and 1968 Dasht-e Bayaz epicenters are, within location 
uncertainties, inside the maximum slip zone, the 1940 epicenter is not. Other events fall 
into one or the other of these classes, although significant epicentral uncertainty degrades 
the strength of the test of this hypothesis for many of the events examined here. We shall 
return to this issue when discussing seismologic observations, where the evidence is more 
conclusive.

GEODETIC DATA

Ten of the earthquakes with surface faulting and slip distributions also have geodetic 
estimates of fault slip reliable enough to afford a comparison between the two methods. 
Figures 2 and 3 show specific examples, and a summary of all the comparisons is presented 
in figure 5. Each independent estimate of geodetic slip is shown by a vertical block. Error 
bars are small, generally less than 10% of each slip estimate, and are omitted in the figure. 
Surface slip (solid dots give maximum slip, crosses are average values) is compared with 
each independent geodetic estimate. Histogram shows ratio of maximum surface slip to 
geodetic slip (in percent) plotted against number of examples that occur in 20 percent 
increments for 0% to 100% and for ratios greater than 100%.

The comparisons illustrate that in cases where the geologic data are sufficiently 
numerous (e.g., 1906 San Francisco, 1940 El Centre), the surface slip distributions are 
qualitatively similar to those indicated by the geodetic estimates. However, even the 
maximum slip is usually less than the geodetically estimated slip at seismogenic depths. 
The ratio shows considerable dispersion but its average is about 80%. Both the large scatter 
among surface slip observations and their biases relative to the geodetic determinations 
of slip underline a truth of which Quaternary fault geologists are acutely aware, that it 
is a rare fault locality where either total event slip or long-term slip rate can be reliably 
obtained.

SEISMOLOGICAL DATA

During the past five years broad-band seismic recordings from large earthquakes have 
found increasing use in delineating those regions of the earthquake rupture surface where 
seismic moment or energy release are concentrated [e.g., Ruff and Kanamori, 1983; Kikuchi 
and Kanamori, 1982; Kikuchi and Fukao, 1987]. Although the dimensions of these zones 
are seldom constrained well enough to reliably convert moment release into fault slip, the
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results provide at least qualitative indications of two-dimensional slip distribution. All 
practitioners in this field have commented on the high degree of spatial heterogeneity in 
moment release revealed by their results, and the patterns shown are reminiscent of the 
long wavelength irregularity in slip distribution seen in the geologic and geodetic results 
discussed here.

Thus far in our review of the seismologic data we have examined analyses done for 
16 earthquakes, all but one with Mw > 7.5, the great majority of these being great shallow 
focus underthrust events. The results of over a dozen separate studies by L. Ruff, M. 
Kikuchi, H. Kanamori and their coworkers of 14 of these events are summarized in greatly 
simplified cartoon fashion in figure 6. For each earthquake the aftershock zone is outlined 
in map view (north is towards the top of the figure), with the regions of high moment 
release shown by diagonal ruling and the mainshock epicenter indicated by a star. For 
the underthrust events the trench axis is shown as a line with teeth on the overthrust 
lithospheric plate. In this study we have followed convention and assumed that aftershock 
zones delimit the regions of coseismic fault slip. Although this may in some instances lead 
to overestimates of the true extent of the earthquake rupture plane, we do not think this 
bias is very great.

The most striking feature of figure 6 is the generally small area of the zone or 
zones of high moment release relative to the entire rupture plane. Equally notable is 
the usual location of mainshock epicenter either inside or immediately adjacent to one 
of these zones. The 1979 Colombia and 1977 Sumba Sea earthquakes are exceptions to 
this general rule, and for several other events (1968 Tokachi-oki, 1976 Mindinao, 1976 
Guatemala) the regions of high moment release comprise such a large proportion of the 
aftershock zone that the rule is only weakly confirmed. Nonetheless, the coincidence of 
mainshock epicenter with zones of high moment release is striking. Figure 7 summarizes 
the evidence favoring systematic mainshock location relative to both maximum surface 
slip region (geologic data) and zones of concentrated moment release (seismologic results). 
Clearly the geologic observations only suggestively support such a systematic localization 
of mainshock epicenter, while the seismologic evidence is much stronger. Although our 
study has focussed on shallow crustal earthquakes it may be noteworthy that for 14 of 18 
intermediate- and deep-focus events analyzed by Fukao and Kikuchi [1987] the mainshock 
also lay within the zone of high moment release.

IMPLICATIONS

Earthquake slip distributions obtained by all three methods examined here are 
typically highly irregular, with maximum slippage often localized in one or a few restricted 
regions that together comprise only a small proportion of the entire rupture plane. This 
complexity does, however, contain some systematic elements, since rupture has a tendency 
to initiate towards the ends of the zones of seismic faulting and near or within regions 
of high coseismic slippage. Although this latter feature is an assumption or consequence 
of several simple models of uniformly propagating earthquake rupture, it is a perhaps 
somewhat surprising property of complex ruptures of the type illustrated here. For
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ZONES OF CONCENTRATED MOMENT RELEASE FOR MAJOR EARTHQUAKES
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FIGURE 6. Schematic map-view summaries of aftershock zones (solid line) and regions 
of high seismic moment release (diagonal ruling) for 14 major earthquakes. Star 
locates mainshock epicenter, initiation point of seismic rupture. For interplate 
underthrust earthquakes, trench axis is shown, with teeth on overthrust lithospheric 
plate. North is towards top of figure for each map. In the 1963 Kurile earthquake 
zone (top left) the epicentral location of the most recent preceding great earthquake, 
which occurred in 1918, is shown for reference.
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FIGURE 7. Summary of geologic and seismic observations that constrain the location 
of mainshock epicenter relative to (a) maximum surface slip region and (b) regions 
of high seismic moment release.
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example, at one extreme, it has suggested that large-scale seismic failure might be triggered 
by a small shock randomly located on the rupture plane [Brune, 1979]. On the other hand, 
the generalizations we argue for here hint at some considerable order in the earthquake 
preparation process that has perhaps not hitherto been sufficiently appreciated, and our 
results provide observational evidence that seismic faulting may indeed be controlled by 
the physical properties of very localized regions of the rupture zone where slip nucleates 
('asperities').

The ultimate significance of these observations depends to a considerable extent on 
an issue not addressed in this study, the degree to which large earthquakes repeatedly 
rupturing the same fault segment have similar slip distributions. Some historical and 
paleoseismic data suggest strong repeatability from event to event, as for example in 
the rupture zone of the 1966 Parkfield earthquake, along parts of the 1857 San Andreas 
rupture, and for several prehistoric Wasatch fault (Utah) events [Bakun and McEvilly, 
1984; Sieh, 1978; Schwartz and Coppersmith, 1984]. In contrast, observations from a 
number of subduction zones indicate notable variability from one event to the next, both 
in the inferred slip and in the along strike extent of the source region. Examples include the 
1906 and 1979 Colombia earthquakes [Kanamori and McNally, 1982], the 1985 and earlier 
Valpariaso (Chile) events [Christensen and Ruff, 1986], the 1894 and 1973 Nemuro-oki 
(Japan) shocks [Abe, 1977] and the 1957 Aleutian and 1986 Andreanof Islands earthquakes 
[Huang and Kanamori, 1986]. The currently available evidence bearing on this matter is 
thus equivocal and may suggest a range of behavior.

However, if recurrent earthquakes on the same segment of fault retain even grossly 
similar characteristics from event to event then the observations reported here have obvious 
implications for earthquake prediction research and for the issues that are the principal 
focus of this workshop. The tendency for rupture to initiate near regions of maximum 
slip suggests that it is this maximum value that controls the recurrence characteristics 
for the segment. Provided the regions of high slip and/or concentrated moment release 
can be identified from historical data or paleoseismic investigation, geologic studies and 
intensified monitoring might then be especially concentrated in areas that comprise only a 
small portion of the entire earthquake source region and yet may well lie near the eventual 
location of rupture initiation.
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Results of Crustal Movements

Hiroshi Ishii 
Earthquake Research Institute, University of Tokyo

Data Collection Network System
In Japan about a hundred of continuous crustal movement observa 

tories are operated for earthquake prediction research by a univer 
sity group. Most of the observatories are equipped with some among 
vault- and borehole-type instruments such as extensometers, watertube 
tiltmeters, borehole tiltmeters, borehole strainmeters and others. 
A series of Monitoring Chains on Crustal Activities (MOCCA) shown in 
Fig. I is established during the fouth phase of the National Earth 
quake Prediction project (1979-1983).

[iyoto Ulinr.J

___ MOM 11 or I M| Ct>«l« on-Cruotil Activity

D *r««» for Specie! Obtvrvatio*   < 
l*(*n<in«d Ot»trv«(ion

Fig. 1 Location of Monitoring Chain of Crustal Activity and flow of 
data collection

The Chains are station system deployed for observing multi 
dimensional data and are arranged across zones of seismotectonic 
importance. Development of data processing system for multi- 
disciplinary multi-channel data has been performed by each university
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In the fifth phase of the project (1984-1988) data collection network 
system is under construction. Flow of data obtained from the Monito 
ring Chains is also illustrated in Fig. 1. Data observed at local 
stations belonging to each Monitoring Chain are assembled at a 
regional center utilizing public telephone line or exclusive line. 
Then the collected data are sent to Earthquake Prediction Data Center 
(EPDC) of Earthquake Research Institute of the University of Tokyo by 
utilizing DDX (Digital Data Exchange) telephone lines. Outline of 
the crustaL movement data collection network system is presented in 
Fig. 2.

CRUSTAL MOVEMENT DATA COLLECTION NETWORK SYSTEM
EARTHQUAKE PREDICTION DATA CENTER IN E. R I

DOX-PACKET 
EXCHANGE NET

CHUSTM. MOVCMCNT 
DATABASE

4* kk/.

OO« Per 
4«kk/t

CUit

fr
CRUSTAL MOVEMENT
DATA COLLECTION 
NETWORK CONTROLL 
PROCESSOR

CAMPUS CIRCUIT 96OO b/» T
POST
StLCCTOB

ERI TERMINALS

CRUSTAL MOVEMENT 
BRANCH TERMINAL

Fig. 2 Crustal movement data collection network system

There are 7 Monitoring Chains. Data observed at stations are firstly 
sent to regional centers. Then data assembled at regional centers 
are processed by crustal movement data processing device and trans- 
fered to EPDC through DDX-PACKET EXCHANGE NET of DDX-P circuit of NTT 
company. Data stored in DATA BASE in EPDC can be searched and proc 
essed from a terminal in a regional center. The data base terminal 
can run programs stored in the host computer and perform various 
works. Development of processing and analysis programs is now 
progressing.

Vertical Movements in the Tokai region and the Izu Peninsula 
The Izu Peninsula is located at the northern end of the 

Philippine sea plate sinking under the continental plate, and crustal 
activities are very high. The Philippine sea plate is sinking 
beneath the Tokai region from the Suruga trough where an occurrence 
of a great earthquake is expected with enormous damage. Therefore, 
research of both the Tokai region and the Izu Peninsula are of very 
interest and important from a view point of earthquake prediction. 
We discuss in detail about recent vertical deformation of the two 
regions as shown in Fig. 3.

1. Tokai Region
A fault model of an earthquake expected in the Tokai region 

(Mogi, 1985) is drawn in Fig. 4. The Omaezaki is placed just above 
the fault and is expected to reflect a precursary phenomena of a
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Fig. 3 Two regions where temporal 
and spatial vertical movements 
are investigated

Fig. 4 A fault model of an 
earthquake expected in the 
Tokai region (after Mogi, 
1985)
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Fig. 5 Accumulated vertical deformations from 1976 to 1988 
in the Tokai region
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great Tokai earthquake. In the Tokai region, a precise leveling 
survey is repeated every year since 1976. By applying the method 
devised by us (Miura et al., 1988), we investigated temporal and 
spatial variations of vertical movements. Accumulated vertical dis 
placements from 1976 to 1988 are shown in Fig. 5 by contours for 
every year. Bench marks on leveling routes employed for drawing 
contours are also plotted by circles.

The east coast is continuously subsiding. A maximum subsidence 
appears at the north of the cape Omaezaki with a rate of about 
0.6 cm/year. A subsidence at the south coast indicates less subsid 
ence with a distance from the cape. Though the variations of the 
accumulated deformations are rather simple, differences between two 
years are complex. Accumulated contours are almost perpendicular to 
the direction of the place subduction. The temporal variation of the 
maximum subsidence plate indicates well coincidence with temporal 
variation of the vertical movement obtained from the sea level data 
at Omaezaki.

2. Izu Peninsula
Earthquake swarms happened this summer off the northeast of the 

peninsula. Distribution of the epicenters and frequency are pre 
sented in Fig. 6 (E.R.I., 1988). In this area earthquake with 
magnitude 6.7 occurred in 1980. Therefore, temporal and spatial 
variations of vertical deformation are of very interest.

The analyzed period is from 1980 to 1988 and the survey was 
performed by use of the same method as before. Accumulated vertical 
displacements from August of 1980 to June of 1988 are shown in 
Fig. 7 by contours for every year. The uplifting range becomes clear 
with the lapse of time. The center of the uplifting area with a 
radius of about 14 km is located at the northeast of the peninsula.

Slow migration of the uplift peak with a velocity of about 
10 km/year was found from the time history of yearly vertical 
movements. Discussions are presented by taking into account other 
geophysical facts.
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SPATIAL AND TEMPORAL CORRELATION BETWEEN CODA Q" 1 AND SEISMICITY

by

Keiiti Aki
Department of Geological Sciences 
University of Southern California

ABSTRACT

From the observed strong correlation between coda Q and 

seismicity in space, we conclude that coda Q represents the 

degree of fracture in the lithosphere. As compared to coda Q , 

the crustal seismic velocities are insensitive to the current 

seismicity, while seismic velocities and attenuations at the top 

of the mantle may be related to the tectonic activity originating 

in the asthenosphere. Temporal variations in coda Q are also 

related to seismicity, but the relation is more complex than for 

spatial variations.

From the analysis of local earthquake coda waves recorded by 

the Benioff short-period vertical seismograph at Riverside, 

California, we found a surprisingly large and systematic temporal 

variation in coda Q" 1 in southern California during the 55 

year period from 1933 to 1987. Comparison of the coda Q 

variation with the b-value obtained for earthquakes with M^3 

occurred in the area within 180 km from Riverside (corresponding 

to the area for which Q"* is estimated by the coda method), led 

to an extraordinary discovery that coda Q"* correlates positively 

with b-value with the correlation coefficient of 0.79. The 

significance of correlation cannot be rejected at the confidence 

level of 0.974. Since the data used for measuring Q ~ * namely 

seismograms, and the data used for measuring b, namely catalog,
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are totally independent, the observed correlation supports 

strongly the physical reality of temporal change in both coda Q" 1 

and b-value.

The correlation between coda Q" 1 and b-value has been 

observed for several cases, but the correlation was positive in 

some cases, and negative in others. Our current prefered model 

for explaining the observed correlation is the following. A 

seismic creep is going on from time to time over various sizes of 

cracks in a seismic region. Creep activities tend to increase 

the crack density and coda Q" 1 in the region. If the creep 

occurs with a certain predominant crack size, spatial stress 

concentration may enhance seismicity for earthquakes with the 

comparable size. If this characteristic size is in the lower 

part of the magnitude range for which b-value is estimated, the 

enhanced seismicity will increase b. On the other hand, if it is 

in the upper part of the magnitude range, it will decrease b. 

Thus, we can explain the observed strong correlation between coda 

Q ~ * and b-value for both positive and negative cases.
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Comparative strain measurement of the NRLM tunnel 
by an interferometer and a distance meter

Tadanao OH'ISHI and Katuo SETA

National Research Laboratory of Metrology 
Umezono 1-1-4, Tsukuba, Ibaraki 305 Japan

The main tasks of National Research Laboratory of Metrology 
are to establish and maintain state level metrology standards, 
develop techniques for precision measurements.

Among physical quantities length is one of the most impor 
tant ones. In the region of geodetic measurement, a laser exten- 
someter, a CO. laser synthetic interferometic distance-measuring 
system, a distance measuring equipment using inter-mode beat of 
He-Ne laser has been developed. And a three color distance meter 
is now being developed.

A 310 m long tunnel has been constructed in the site of the 
NRLM eight years ago. Performance tests of of those instruments 
mentioned above have been done in,the tunnel. Strain changes of 
the tunnel also has been observed . And several unusual distor 
tion changes which begun before earthquakes around Tsukuba area 
have been noticed. Observation by using a laser extensometer has 
been carried out from 1980. In order to get much information 
about strain changes of the tunnel, an observation of 300 m span 
by using a distancemeter has been carried out for two years from 
1986 to 1988.

NRLM tunnel

The NRLM tunnel is made of reinforced concrete. No joint 
was introduced. It is because easy deformation of it is incon 
venient to set base lines in the tunnel. Many piles were driven 
into the soil to make the base of the tunnel. The direction of 
the NRLM tunnel is 28 degree counter clockwise from east-west 
direction. The tunnel is not for geodetic observation but for 
experimental room developing distance measuring techniques using 
optical method. About six hundred meter depth of soil is under 
the tunnel and the under ground water level is few meter beneath 
the ground surface.

The cross section and the plan of the tunnel is shown in 
Fig.l (a) and (b), respectively. The floor of it is 5 m beneath 
the ground surface. 3.5 m thick soil is piled over it. The tunnel 
consists of coaxial dual tunnels. The outer one has many cracks 
in its body and rain water comes inside through those cracks. The 
inner one prevents water to sink into the inside of it. Two small
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dehumidifiers are installed in the tunnel and they keep the 
humidity between 50 % and 60%. The condition is favorable to 
maintain the instruments.

2) Laser Extensometer

The laser extensometer, as shown in Fig. 2, is michelson 
type interferometer with cube corner reflectors. Span of it is 25 
m and most of optical path is covered with sealed tube which has 
glass windows on both ends. Optical paths of both arm in the air 
are adjusted to be equal length in order to prevent being affec 
ted by changes of the refractive index of air. The light source 
is a frequency stabilized He-Ne laser. Interference fringes are 
periodically swept with an optical pathlength modulator. The 
interference fringes are detected by two photodiodes and conver 
ted into electric signals, which fed to a bidirectional counter. 
The count number is converted into voltage signal. A deformation 
of the tunnel is shown by the averaged voltage signal. Its 
resolving power reaches to 0.01 jim, namely 4X10 of the span.

~< *% \ A \

Distance meter using beat signal of longitudinal modes of laser

The light source is 633 nm He-Ne laser operating with two 
longitudinal oscillation modes. The frequency of beat note of two 
modes is about 550 MHz. The beat signal is used to measure dista 
nce and this signal can be treated as the signal obtained from 
amplitude modulated laser beam. A modulation ratio of 100 % can 
be obtained easily without a modulator. The 100 % modulation 
ratio provides high signal to noise ratio and it gives high 
resolution in distance measurement.

Schematic diagram of this distance measuring equipment is 
shown in Fig. 3. The laser beam transmits through a polarizer in 
order to two oscillation modes have equal amplitude of light 
signal in the same polarization state. The beam is divided into 
two part in amplitude by the beamsplitter. Therefore those two 
part have each two mode components. The transmitted one reaches 
at far target reflector and return to the beamsplitter. Then the 
beam is reflected and illuminates a avalanche photo diode. A 
high frequency electric signal is generated in the avalanche 
photo diode. The reflected one is detected by the other avalanche 
photodiode and it is changed into high frequency electric sig 
nal, too. Both of electric signals has the 550 MHz frequency and 
the phase difference of them are measured by a vector voltmeter 
HP8405. A distance is read from the phase difference. The Integ 
ral number of wavelength of 550 MHz signal is measured with 
somewhat different beat frequencies around 550 MHz.
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Result of comparative measurement

The result of comparative measurement is shown in Fig. 4. 
Rough trends of both curves have same tendency. But some differe 
nces are noticed. Firstly, phases of one year period components 
in both curves are different by about two months; 48 days. The 
reason of it is not explained yet, but temperature may be a main 
factor. In near future the temperature distribution along the 
tunnel will be measured. From the result we may have some infor 
mations about the phase difference. The amplitudes of th^g one 
year period components show small difference, namely 4.0X10 and 
4.5X10 . Secondary, the trends for more than few years which can
be consider to be linear are also different. The value of 
extensometer was 6.7X10 and that of distance meter was 2.6X10

The fact mentioned above means that the deformation of the 
tunnel is not unique along the tunnel. Therefore the laser exten 
someter measures local deformations. A simple model may be inade 
quate to explain the local deformation.
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Repeating Earthquakes: Characteristics and Implications

William L. Ellsworth and Lynn D. Dietz

U. S. Geological Survey
345 Middlefield Road

MenIoPaik,CA 94025

In this study we examine the nature of earthquake recurrence through the analysis 
of multiple cycles of faulting   repetitive movement of the same part of the fault plane 
  in a variety of tectonic settings and over a wide magnitude range. Our purposes in 
this work are twofold: to develop a better understanding of properties of recurrence 
intervals and their application to the problem of long-term earthquake forecasting; and 
to bring new observational data to bear on the problem of earthquake nucleation.

The principal approach we use is the intercomparison of seismograms for pairs 
events at one or more common stations. Through both simple visual comparison and 
cross spectral analysis of seismogram pairs we can establish (or rule out) the kinship 
of potentially paired events. Where adequate network data exist, we can also deter 
mine the relative position of the event centroids (Poupinet, and others, 1984). Auxili 
ary data, such as aftershock distributions, also contribute important constraints on the 
spatial relation of associated events.

The paradigm of the repetitive recurrence of a "characteristic" earthquake, as 
exemplified by the series of M 6 Parkfield earthquakes (Bakun and McEvilly, 1984), 
receives strong support in our observations. The central property is the occurrence of 
nearly identical earthquakes rupturing the same part of the fault through many cycles 
of strain accumulation and release. In the cases where the distribution of pre- and 
post- mainshock seismicity can be related to the slip distribution in the mainshock it is 
clear that little if any seismicity occurs on the part of the fault plane that produces the 
mainshock. Further, we find that the amount of coseismic slip determined from 
records of the mainshock equals the amount predicted by the product of the long-term 
slip rate and the interevent interval, at least in those cases where this comparison can 
be made.

The existence of discrete regions on the fault plane that move only in events with 
a characteristic displacement defines the fundamental properties of the asperity model 
(e.g. Wesson and Ellsworth, 1973). Simple measures of the parameters of the earth 
quake cycle for each repeating source place constraints on the strength of these locked 
patches on the fault plane. The results suggest that the peak shear stress acting on the 
asperity at the time of failure approaches laboratory values for static friction.
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Figure Captions
Figure 1.

This old figure (Wesson and Ellsworth, 1973) illustrates the simple 
model for the seismic source that we believe best satisfies our observa 
tions. The shaded area on the fault plane represents a region that only 
slips during an earthquake: an "asperity". Outside this region the fault 
is free to creep, and the contours schematically illustrate the build-up of 
strain (or a slip deficit) on the stuck patch. A major question about this 
model that remains to be answered is whether or not the shaded area 
participates in the afterslip process. If it does not, then the tractions act 
ing on the asperity are a significant fraction of the static frictional 
strength.

Figure 2.
Seismicity of the Calaveras fault before and after the M 5.8 1979 Coy 
ote Lake earthquake from Reasenberg and Ellsworth (1982). Coseismic 
slip contours from Liu and Helmberger (1983) are tied to the common 
hypocenter of the Coyote Lake earthquake. Note the striking absence of 
seismic activity within the coseismic source zone. Reasenberg and Ells 
worth proposed that this earthquake was preceded by a similar event in 
.1897 and noted that if the coseismic source zone was locked during the 
intervening 82 years, 1.2 m of slip deficit should have accumulated on 
the fault. Thus, within the high-slip zone, the magnitude of the fault 
displacement is approximately slip-predictable.

Figure 3.
Strong support for the asperity model comes from the M 6.2 1984 Mor 
gan Hill earthquake on the Calaveras fault. These figures, courtesy of 
David Oppenheimer, show the seismicity on the fault plane before and 
after the earthquake. The contours represent the coseismic displace 
ments determined by Hartzell and Heaton (1986). Several authors 
(Cockerham and Eaton, 1984; Mendoza and Hartzell, 1988) have noted 
the strong anti-correlation of the coseismic slip and the aftershocks. 
Note also that little, if any, seismicity occurs within the coseismic 
source before the event. Also note that the aftershocks essentially repli 
cate the pre-earthquake pattern. This appears to be a general feature of 
San Andreas system earthquakes (see also Ellsworth, 1975).

Figure 4.
Six earthquakes of highly regular character, as revealed by their seismo- 
grams, have occurred on the San Andreas fault near Bear Valley since 
1934. Reported local magnitude values range from M 4.0 to M 4.2. 
We believe that all six earthquakes ruptured the same spot on the fault 
plane, on the basis of the high coherency between the seismograms of 
all six events recorded on Wood-Anderson seismographs. The last three 
have also been compared using digitized copies of high-quality FM 
recordings. The cross correlation timing method of Poupinet and others 
(1984) has been applied to the seismograms of the 1977 and 1987 
members of Set 10 for the stations shown. Joint location of the
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hypocentroids of the two events places them within 32 m of each other. 
TTiese two events must have ruptured the same asperity.

Figure 5.
Seismicity of the San Andreas fault in the Bear Valley - Stone Canyon 
region form 1971 to 1986, M 1.5. Cross section runs from northwest 
(left) to southeast and includes only events on the fault plane. Set 10 is 
located near the base of the seismic zone and underlies the source area 
of set 2.

Figure 6.
Cumulative moment versus time for Set 10. The recurrence invervals 
are neither strictly slip- nor time-predictable. For example, the 1942 
earthquake occurs early, while the 1956 event occurs late. The intervals 
do not appear to be a Poisson random variable either, as there is a 
marked absence of short intervals.

Figure 7.
Spectral ratios of the horizontal components of motion recorded by the 
broad-band Press-Ewing at Berkeley for the 1966 and 1977 members of 
Set 10. The data were digitized at 20 samples/sec with a 4-pole high- 
cut filter applied at 5 hz. The spectral ratios are virtually flat between 
"d.c. and 7-8 hz. The coherency is near unity over this band as well.

Figure 8.
Seismograms of the 1977 and 1987 members of Set 10 recorded by Cal- 
net station CAO at a distance of 90 km. Also shown is the immediate 
foreshock of the 1987 earthquake. The seismograms are highly corre 
lated at frequencies below 5 hz. At higher frequencies there are clear 
differences between the higher frequency 1977 event and the lower fre 
quency 1987 event. Note that the high frequency character of the 
foreshock virtually eliminates all but a source effect to explain the 
difference.

Figure 9.
Spectral ratio of mainshock seismograms at station CAO for the 1977 
and 1987 members of Set 10. The data were digitezed at 100 
samples/sec. Differences between the two records are greatest near 8 
hz. Contrast this special ratio with the one obtained for the 1966 - 1977 
pair, as shown in figure 7.

Figure 10.
The circular crack model of Keilis-Borok (1959) can be used to place a 
bound on the minimum stress change produced by an earthquake within 
the region of coseismic displacement For this model, the stress drop is 
constant within the rupture surface. All other models must have a larger 
stress change at some point within the slip surface. Application of this 
bound to Set 10 indicates that the stress drop must locally be a large 
fraction of the static frictional stress. The critical assumption here is the 
association of the potential slip (i.e. length of the interseismic period 
times the long-term slip rate) with the peak slip. If the asperity
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continues to slip after the earthquake is over, the stress drop will be 
overestimated by this method.

Figure 11.
Map and cross section showing the mainshock location for ten sets of 
earthquakes in the Stone Canyon region exhibiting repeating behavior. 
Set 10 is the same as described above. The 38 events belonging to 
these ten sets represent all of the events M>4.0 known to locate on the 
San Andreas fault in this region. All unpaired M>4.0 events that have 
occurred since the establishment of the local seismographic network in 
1970 locate to the northeast of the fault and have been omitted from this 
figure.

Figure 12.
Wood-Anderson seismograms recorded at Mt. Hamilton form the pri 
mary basis for associating the members of each event set. These 
seismograms for two members of Set 9 display the high coherence 
required for association throughout the legible portion of the records. 
The differences between different families are so large that there is vir 
tually no chance of erroneously associating -two events.

Figure 13.
-Aftershocks of three Bear Valley earthquakes classified as members of 
Set 2. These events exhibit the least characteristic behavior of all 
events examined. Also included in Set 2 is the 1951 earthquake, which 
appears to be essentially the same as the 1972 event, on the evidence of 
their seismograms. The third cycle of slip on this part of the fault devi 
ated from the prior pattern when the northwestern half of the 1972 zone 
failed in 1982. Four years later, the other half of the zone ruptured in 
an. event that initiated at or near the 1972 hypocenter. It is of some 
note that the sum of the moments of the 1982 and 1986 events total 
only 40% of the moment of the 1972 event. Approximately half, but 
not more, of the moment discrepancy can be explained by slip- 
predictable behavior, given the relatively short intervals following the 
1972 event.

Figure 14.
Table of Stone Canyon region repeating earthquake sets.

Figure 15.
Relative seismic moment distribution for Stone Canyon earthquake sets. 
All moments have been normalized for each set. Note that the small 
magnitude tail is due to Set 2.

Figure 16.
Relative interevent time distribution for Stone Canyon earthquake sets 
with 3 or more members. Histograms are shown for the observed distri 
bution (top), and for the intervals computed using the time-predictable 
model and the slip-predictable model of Shimizaki and Nakata (1980). 
The model calculations have been made in two ways: first assuming that 
the coseismic slip is proportional to the seismic moment (constant
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source area); alternatively assuming that the stress drop is constant. 
S.D. is the standard deviation of the mean. The results display a slight 
preference for slip-predictable behavior. Note also that the observed 
interevent time distribution does as well or better at forecasting the time 
of the next event as the time-predictable model. This is not to imply 
that time-predictability is disproven. Rather, knowledge of more than 
the gross properties of past earthquakes will be needed if it is to be of 
practical value.

Figure 17.
Repeating earthquake behavior is not restricted to the central San 
Andreas fault. Multiple repetitions of the same source also occur on 
volcanoes. This example from Fremont and Malone (1987) illustrates 
seismograms for some of the 73 members of multiplet MO. Relative 
locations for the centroids of these events (right) imply that the same 
source is repeating itself time and time again as the volcano strains 
immediately prior to a dome-building eruption.

Figure 18.
The 1940 and 1979 Imperial Valley earthquakes were both recorded by 
the same strong motion instrument located 6.5 km southwest of the 
Imperial fault Contours on the fault plane show the coseismic disloca 
tion determined by Hartzell and Heaton (1983) for the 1979 event from 
an extensive array of strong motion instruments in the region. Surface 
slip along the Imperial fault generalized from Sharp (1982) compares 
and contrasts the slip north of the U.S.-Mexican border. While the 1940 
event was substantially larger, extending well to the south of the inter 
national border, the similarity in the surface slip in 1979 with the over 
lapping part of the 1940 rupture raises the question of their similarity at 
depth.

Figure 19.
Accelerograms recorded by station El Centre #9 in 1940 (NS 40 and 
EW 40) and 1979 (NS 79 and EW 79). Note the overall similarity in 
amplitude, frequency content and duration for the first 8 seconds of both 
records (PorceUa and others, 1982).

Figure 20.
Preliminary comparison of a portion of the north-south accelerograms 
for the 1940 and 1979 Imperial Valley earthquakes. The 2.56 s window 
of data used is highlighted. The spectral ratio (upper plot) and 
coherency (lower plot) display a high degree of correlation in the 3.5 - 6 
hz band. The preceding window (not illustrated) also shows a similar 
degree of correlation, but has slightly different riming, arriving 1A sec. 
earlier in 1979 than in 1940. If each subevent is produced by the rup 
ture of the same collection of asperities, then minor variations in the 
phasing of rupture within the common collection of asperities compris 
ing each event could account for the differences between the seismo- 
grams.
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Figure 10.

Bounds on Stress Drop

Assumptions:

1. Some point on the fault remains locked during the 
interevent period.
2. Coseismic slip at this point = slip rate («) x time 

interval (A/).

If we know A/O, the stress drop for a circular crack model (Keilis- 
Borok, 1959) can be written as a function of MQ, u and A/.

1977 Earthquake:
M^lx 

6d-\\years

1987 Earthquake:
m

u=2.5cm/a
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Figure 11.

REPEATING EARTHQUAKES NEAR 
STONE CANYON, CALIF.
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Figure 12.
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Figure 13.
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Figure 14.

STONE CANYON CHARACTERISTIC EARTHQUAKE SETS

SET LATITUDE LONGITUDE DEPTH DAT! M 4 
N W km yrmedo hrmn

1 36-34.50 121-10.53 8.5 370217 0333 4.3
540327 1543 4.4
730622 0129 4.2
841005 1616 4.1

2 36-35.04 121-10.77 5.6 510729 1053 5.1
720224 1556 5.1
820810 0211 4.3
860114 0309 4.5

3 36-38.12 121-14.98 4.9 510806 0905 4.7
720904 1804 4.7
860531 0847 4.5

4 36-38.89 121-1-6.03 11.3 380927 1223 4.9
820811 0746 4.5

5 3&-40.93 121-18.42 5.5 371027 1553 4.3
480427 2022 4.6
560218 2358 4.1
730115 0943 4.1

6 36-40.73 121-18.32 6.0 371027 2025
480427 2032
560219 0006 3.8
730115 1023 3.7
820924 0805 4.3

7 36-41.75 121-19.19 4.7 400907 1302 4.3
540622 1250 4.4

8 36-41.49 121-19.21 4.6 400907 1038 4.1
540622 1149 4.4
711229 0025 3.9
800306 1105 4.0

9 36-39.78 121-17.36 7.4 381024 1339 4.1
480111 0537 4.1
650914 0909 4.0
820831 0311 4.1

10 36-35.41 121-11.82 8.4 340616 2303 4.0
420114 0944 4.0
561122 1643 4.2
661010 0653 4.1
771215 1115 4.2
871107 1506 4.0
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Figure 18.

Figure 19.

1940 & 1979 IMPERIAL VALLEY EARTHQUAKES 
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Gravity Studies of Active Faults in Japan

YUKIO HAGIWARA 

Earthquake Research Institute, University of Tokyo

In the beginning of nineteen eights, the gravity studies of 
active faults was relatively quiescent in Japan. By contrast, 
the years since the 5th National Project for Earthquake Predict 
ion (1984-1988) have been bursting with new applications of -che 
gravity method and development of interpretation. The first 
outburst was a gravimetric discovery of the seismogenic fault 
of the 1984 Western Nagano Prefecture Earthquake by Nagoya 
University surveyors. Since then university mobile surveys have 
intensified gravity studies of active faults. We introduce here 
the highlights of the gravity work conducted by the Earthquake 
Research Institute for the past three years.

Residual Gravity Anomaly
Separation of gravitational attraction of shallow subsurface 

structures from the Bouguer anomaly is mostly made by two- 
dimensional space-domain filtering techniques. The residual 
Bouguer anomaly obtained by subtracting the lowpass-filtered 
anomaly from the original Bouguer anomaly can reflect the 
shallow structures. We use a two-dimensional lowpass filter 
with the cut-off wavelength of 160 km to obtain the residual 
Bouguer anomaly. The reason why we adopt the wavelength of 160 
km is that the topography of long wavelengths over 160 km is 
related to isostasy (Tsuboi and Yamaguchi,1940). The shorter 
wavelength topography can be sustained by the crustal elasticity

We made a nationwide color map of the residual Bouguer anomaly 
of Japan. In Fig. 1, shallow earthquake epicenters and active 
faults are plotted on the residual Bouguer anomaly map. We see 
in this map that active faults are mostly located on negative 
anomaly zones (green zones in the original color map), and that 
shallow earthquakes are much more active in those zones.

Fig. 2(a) shows shallow microearthquake epicenters on the 
residual Bouguer anomaly map of the northern part of the Tohoku 
district. The related seismic energy releases are also shown in 
Fig. 2(b). It is clear that both the shallow microearthquake 
epicenters and their energy releases coincide very well with 
the negative anomaly zones. The breaking point of upper-crustal 
materials against the tectonic stress may be relatively low in 
the negative anomaly zones. In the Tohoku district, the positive 
anomaly zones in most cases are found on outcropped or shallow- 
seated granitic or basic rocks, while the negative anomaly zones 
on volcanic or sedimentary layers.
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Ishida and Hasemi (1988) have recently pointed out as a 
result of the three-dimensional velocity analysis that 
relatively high velocity zones coincide with positive residual 
Bouguer anomaly zones.

4CfM

130'£
140*£

200 400 km

Fig. 1. Residual Bouguer anomaly of Japan (the shaded areas 
represent positive), active faults discovered by geological 
surveys, and epicenters of destructive earthquake (M>6.5) 
occurred before 1884 and shallow earthquakes (0-20 km) occurred 
for the period 1885-1986.
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139 E 149 E Ml £ MS £ 139t 
- 41 N

110C

Fig. 2. (a) Epicenters of shallow microearthquakes (0-20 km) 
in the northern part of the Tohoku district for the period 1976 
-1982, and (b) the accumulated seismic energy (minimum contour

10 7 
indicates 10 erg and its increment is 10 erg; Ishii et al.,
1983) plotted on the residual Bouguer anomaly map (the shaded 
areas represent positive).

Gravity Surveys for Active Faults
During the period of the 5th National Project for Earthquake 

Prediction (1984-1988), university mobile surveys have conducted 
gravimetries for tracing and detecting active faults. Most of 
the efforts were concentrated on Central Japan. Here we introduce 
the gravity survey result obtained around the Kushibiki fault in 
the western Kanto district.
Abe (1974) determined a 20 km-long seismogenic fault model for 

the 1931 West Saitama Earthquake of M7.0. Its epicenter is just 
located on the Kushibiki fault, but the length of 20 km is much 
longer than that estimated from geological surveys. For tracing 
the extension of the fault we made detailed gravity survey over 
there. We see in the Bouguer anomaly map (Fig.3) that the fault 
"KS" cuts the slope of the massive Paleozoic block at an acute 
angle and extends northwest- and southeastward for about 20 km 
in totality. The present gravity survey proves useful for discov 
ering an active fault concealed by overburden.

The vertical displacement of the Kushibiki fault is about 1 m 
on the ground surface. According to Abe's model, the fault slip 
is left-lateral, but there is no geological evidence of any 
lateral slip. The Bouguer anomaly indicates that Ara River 
changes stream leftward at the site where the southeastern exten 
sion of the fault crosses it. That fact is considered to be one 
of the evidences of the left-lateral slip motion.
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36° 15'

139*07' 3^00'
139*30'

Fig. 3. Bouguer anomaly (unitrmgal) around the Kushibiki fault.
FK : Fukaya fault HR : Hirai fault KS : Kushibiki fault
KN : Konan fault IS : Imaichi-Sugaya fault

Gravity Field Change during Volcanic Eruption
Following the summit eruption, a fissure eruption took place 

on the Izu-Oshima volcano in November 1986. The Geographical 
Survey Institute and the Earthquake Research Institute conducted 
levelling surveys and detected coeruptive elevation change. As 
seen in Fig. 4(a), a subsidence zone runs in the NW-SE direction 
parallel to the fissure. Concurrently high-precision gravity 
surveys were repeated to detect the related gravity change (Fig. 
5(a)).
Okubo and Watanabe (1988) presented a physical model explain 

ing both the gravity and elevation changes. The model assumes 
(1) a spherical pressure source and (2) formation of a fracture 
zone where a large number of microcracks open. The density of., 
the crack-filling material is estimated to be 0.3 to 1.3 g/cm , 
which is far smaller than the value expected from the dyke- 
intrusion model. We see the almost perfect coincidences between 
the observed elevation change (Fig. 4(a)) and the calculated one 
(Fig. 4(b)) based on the fracture model and between the observed 
gravity change (Fig. 5(a)) and the calculated one (Fig. 5(b)).

The northwestern extension of the volcanic fissure zone reaches 
the eastern coast of the Izu peninsula, where the seismic swarm 
activity has been continuously occurring since 1978. The marked 
crustal upheaval located beside the swarm area is still going on 
with an almost constant speed of about 0.6 cm/year. Assuming that 
the swarm results from the microcrack generation in the fissure 
zone, a similar fracture model can be applied to gravity field 
changes observed on this upheaval.
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(a)

Fig. 4. (a) Elevation change (unit:cm) observed on Izu-Oshima 
island before and after the 1986 eruption, and (b) that calculated 
from the fracture model (Okubo and Watanabe,1988). The symbol* 
marks the position of the magma chamber.

(a) (b)

Fig. 5. (a) Gravity change (unit: jagal) observed on Izu-Oshima 
island for the period 1983-1986, and (b) that calculated from the 
fracture model (Okubo and Watanabe,1988). if see Fig. 4.
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FORESHOCKS, AFTERSHOCKS AND EARTHQUAKE RECURRENCE

James H. Dieterich

U. S. Geological Survey

345 Middlefield Road

Menlo Park, California 94025

SUMMARY

It is proposed that aftershocks represent a perturbation of background seismicity 

resulting from step-like increase of stress at the time of a main shock. Observations that 

aftershocks cluster in those areas near a mainshock that experience an increase of shear stress 

and aftershock-like bursts of seismicity near sites of rapid intrusions (Dvorak and Tanigawa, 

1985) support the idea that sudden increase of stress underlies spatial and temporal 

aftershock patterns. Foreshocks have many of the characteristics of aftershocks, including 

decrease of foreshock-mainshock frequency with time that is similar to aftershock decay 

(Jones and Molnar, 1979; and Jones, 1985). These similarities suggests that foreshock may 

involve processes operating in the generation of aftershocks. This study examines and tests 

some specific predictions of a model for the occurrence of earthquakes in the presence of 

stressing variations using aftershock data.

The perturbation of earthquake rates by a stress step has been modeled using a theory of 

time-dependent nucleation of earthquake instability. The nucleation model is based on fault 

constitutive properties observed from laboratory experiments (Dieterich, 1979, 1981; Ruina, 

1983; Tullis and Weeks, 1986). Previously (Dieterich, 1986, 1987, 1988), it has been shown 

that: a) dynamically unstable slip nucleates on fault patches having a characteristic size, b) 

above a critical threshold stress the nucleation process on a fault patch is self-driven and 

consists of accelerating creep on the fault patch, c) and the time required to nucleate an 

instability is highly dependent on stress level and stressing rates. This model considers only 

the nucleation process for onset of unstable slip and not the magnitude of the subsequent
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earthquake which is controlled by rupture propagation processes.

Analytic solutions for earthquake rates originating from a population of nucleation 

patches following a stress perturbation have been obtained. The model assumes a constant 

rate of background seismicity, R, in the absence of a stressing perturbation and constant shear 

stressing rate, r , before and after the stress step. Following a sudden stress step the 

earthquake rate at any location on a fault is found to be given by:

dn R

where 4/x is the stress step (change in shear stress divided by the normal stress, zir/cr) and 

A is a constitutive parameter with values in the range 0.003-0.007 (Dieterich, 1988). The

duration of the perturbing effect of the stress step, ia , corresponds to the duration of 

aftershocks or possibly the limiting interval separating a mainshock form a foreshock. ta is 

inversely proportional to stressing rate:

t -~
Afe ~ Bln(t r) (2)

In (2) the stressing rate is assumed to be the earthquake stress drop, Ate divided by 

recurrence time, tr , of the earthquake stress drop (effects of fault creep or contributions from 

small events are not considered). The approximation giving ta in terms of tr is based on the 

constitutive relation. The units of ta and tr are seconds. B is a constitutive parameter 

with experimental values in the range 0.006-0.010 and from experiments and stability 

considerations the ratio of A/B is expected to have values in the range 05-1.0 (Dieterich, 

1981; Rice and Ruina, 1983; Tse and Rice, 1986). In equation (1) the increase in stress, -4/x, may 

be expressed as a multiplying factor, fc, of the earthquake stress drop, which yields:

Some characteristics of the response of earthquake rates to a stress step as predicted by 

(1) are illustrated in Figure 1. Several features are of possible interest. First, the logarithm 

of the seismicity rate increases to an initial level that is proportional to the magnitude of
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the local stress step. Second, for different locations having different amplitude stress steps 

and different initial rates of seismicity, the rates all asymptotically approach and follow 

the same l/t decay law. Third, the duration of the aftershocks is independent of the 

magnitude of the stress step, but depends upon stressing rate or recurrence time as given by (2). 

The proposed relationship (1) yields a predicted response that is remarkably similar 

to Omori's law for aftershock decay:

dn a
dt ~ b + t (4)

This indudes a decay of aftershock rates that is asymptotic to l/t over some interval of time. 

The principal quantitative difference is that Omori's relationship does not include the 

background rate. As shown by Figure 1, ta as given in (2) is defined as the time at which the 

relation of Omori (4) intersects the background rate. In addition to this rough agreement of 

the model with overall aftershock decay observations, specific features of the model noted 

above suggest several detailed tests of the model.

One such test is the prediction of the model that aftershock duration as defined in 

Figure 1 is related to earthquake recurrence time (2) and independent the magnitude of the 

stress step. This relationship has not been proposed previously and if confirmed, it could 

suggest some new approaches for analysis and use of aftershock data. A study is underway to 

evaluate the validity of the predicted relationship. Figure 2 plots the predicted 

relationship between recurrence time and aftershock duration assuming A/B = 0.8. Some 

preliminary determinations with recurrence times from 10 years to 5000 or more years are 

plotted for comparison. The preliminary results appear to support the proposed relationship. 

This result suggests that aftershock duration could provide a rough, independent estimate of 

recurrence time. Such estimates could prove especially useful in areas where other recurrence 

data are absent.

Other potential applications of the model are suggested by the quantitative 

relationship of earthquake rates and magnitude of shear stress increases. For example, for 

the general case of a spatially nonuniform stress step, the spatial and temporal seismicity 

can be can be calculated from (1). The initial rate following the stress step is found at t=0 

from (1):
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(5) 
ai

The time fs, when the rate asymptotically merges with the l/t decay:

t, = ta exp(-ALL/A] (6)

See Figure 1 for graphical definition of ts .

The relationships (5) and (6) provide explanations for the characteristic clustering of 

aftershocks at the edges of the mainshock rupture where the stress step is greatest and the 

spread of aftershocks with time. The spreading of aftershocks is an apparent effect in which 

earthquake rates at locations with a large stress step merge with regions with progressively 

lower stress steps at the time ts . This effect is illustrated by combining (6) with elasticity 

solutions for changes of stress due to a shear crack. For example, combining Stair's solution for 

a shear crack in plane strain with (7) yields:

t.. . 
t." (6)

where, c is the half length of a constant stress drop slip patch and x is the position along the 

fault from the center of the slip patch. Hence, at the ends of the faulted patch (where x>c) 

the apparent end of the aftershock zone will be at position x (where x>a) at time ts . 

Quantitative comparison with aftershock sequences will be presented.

The possible relevance of the model to aftershocks is somewhat problematical because 

foreshock sequences are not as well characterized as aftershock sequences. The decay of 

frequency of occurrence of foreshock-mainshock pairs with time and distance (Jones and 

Molnar, 1979; Jones, 1985) is similar to that of aftershocks, suggesting the possibility of 

similar mechanisms. If indeed this is the situation, then a mainshock following a foreshock 

simply represents a perturbation of background seismicity by the foreshock, where the 

rupture propagation subsequent to nucleation results in a larger event (i.e. the rupture 

propagation controls magnitude and is independent of nucleation processes). Alternatively, 

foreshocks may be a response of the background seismicity to accelerating deformation for the 

nucleation of the mainshock. In this case, the dimensions of mainshock nucleation patches 

must be significantly larger than the patches for the background seismicity and cause
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significant stressing in adjacent regions as the accelerating slip progresses toward mainshock 

nucleation. The local background seismicity would accelerate and appear as foreshocks in 

those regions in response to the accelerating stressing rate.
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Figure 1. Earthquake frequency following a stress step. Heavy line is Omori's law fit to 
the k = 0.035 theoretical curve. The ratio of constitutive parameters A/B is 0.5 and the 
recurrence time is 22 years.
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Figure 2. Preliminary determination of aftershock duration and earthquake recurrence time. 
Theory is given by equation (2) with A/B = 0.8.
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Implications of Fault Creep Studies for the Mechanics of Faulting
by

Robert L. Wesson 
U.S. Geological Survey 
Reston, Virginia 22092

Observations along the surface traces of active faults in 
California and elsewhere indicate that tectonic displacement can 
occur as seismic slip, or as aseismic fault creep. Fault creep 
occurs as secular fault displacement, as episodes displacement 
called "creep events", as periods of continuing surface fault 
displacement after the occurrence of an earthquake ("afterslip"), 
and as "sympathetic" slip triggered by an earthquake on another 
fault elsewhere in the same region. Observations of fault creep, 
afterslip, and triggered slip along active faults and analytic 
and numerical studies of the dynamics of fault creep suggest the 
following: 1) the long-term creep rate (or afterslip rate) at a 
point along an active fault is controlled by the long-term 
loading rate and by the geometric distribution of stuck and 
creeping areas on the fault zone, 2) creep events represent the 
failure of one or more discrete "creep asperities" that fail at a 
finite yield stress, then heal to reaccumulate stress, 3) after- 
slip and triggered slip are fundamentally the transient response 
of the weak, creeping, portions of the fault zone to changes in 
the static stress field resulting from the sudden, deep-seated, 
dislocation that caused the preceding earthquake. Thus, it 
appears that fault creep is a fundamental process that acts to 
redistribute and concentrate changes in stress, from either long- 
term loading or nearby earthquakes, onto the stuck portions of 
the fault that fail in earthquakes. Inasmuch as episodes of 
creep, afterslip, and triggered slip are periods of relatively 
rapid stress increase on the stuck portions, these intervals of 
time should be regarded as periods of higher earthquake 
probability in the affected areas.

Fault creep can be viewed as arising from the interplay of three 
factors: stress applied to the fault from external sources; 
stress caused by the geometry and distribution of displacement on 
the fault arising from the elastic response of the surrounding 
medium to the displacements within the anelastic fault zone 
itself; and the constitutive relations characterizing the 
resistance to slip on the fault. Wesson (1988) presents analytic 
solutions for some cases of viscous and quasi-plastic (power law 
creep) fault zone rheology, and a matrix formulation for 
calculating dislocation stresses on a fault zone in a halfspace 
or plate as the basis for numerical simulation of one- and two- 
dimensional propagating creep.
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Long-term Creep Rates

Long-term creep rates are determined by the distribution of stuck and creeping portions of 
the fault zone and by the rate of change of the regional stress. Referring to Figure 1,

Creeping

Figure 1.
consider the quasi-static equilibrium at each point (and in particular at the center of each 
element) then

ext Tdis
where T^ is resistance to slip (dependent on the rheology of the fault zone), Text is 
external stress (derived from crustal loading and the static stress changes associated with 
nearby earthquakes), and T^s is dislocation stress (derived from the geometry of the stuck 
and creeping portions of the fault zone and elastic constants). The dislocation stress on 
each element can be written as the product of a matrix of geometric factors and a vector of 
displacement on all elements:

Tdis = A u

Then (1) can be rewritten and partitioned into creeping and stuck parts
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T-crp 

T stk )
= Oext)

Differentiating with respect to time and noting that for steady-state creep

* = ° and = °>

then

dtres

0

dt T stk

>V

= (| Text) + (
A crp '-1    I

B crst '

B stcr

A stk

f d
dt u crp

V 0

and
d 
dt ucrp = - Acrp

-1
dt Text

Thus the long term-creep rates are shown to be equal to the 
product of a matrix of geometric factors times the rate of 
external loading.

Creep Events

Fault creep events last a few hours to days and include from a 
millimeter or less to a few tens of millimeters of displacement. 
Instrumental measurements of displacement versus time during 
creep events show that many events have a characteristic, simple 
form including a steep beginning, followed by a gradual decay in 
the rate of displacement. Some creep events display small 
amounts of precursory slip, and many seem to be composed 
of several discrete "simple" events. Propagation of creep events 
along the San Andreas, Calaveras and Imperial faults in 
California has been inferred from the nearly simultaneous 
observation of creep events at nearby creepmeters, and from 
kinematic modeling of continuous measurements of strain during 
creep events. A simple, one-element, quasi-plastic model is in 
agreement with the form of creep events observed at Melendy 
Ranch, California. Wesson (1988) presents results of numerical 
modeling of a propagating creep event observed along the southern 
Calaveras fault, central California, during July, 1977,
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suggesting that on the southern Calaveras fault, observations of 
propagating creep indicate a yield stress near zero at the 
surface and throughout much of the fault zone. However these 
observations also indicate the presence of a zone at a depth of 
about 0.5 tan, and about 5 km long, with a yield stress of about 
15 bars (1.5 MPa).

Afterslip

Measurements of the continuing surface fault displacement 
(afterslip) following earthquakes are widely reported to follow a 
relation of the form u(t)=a + b log t, where u(t) is the surface 
fault displacement, t is time and a and b are constants. Thus, 
the rate of fault displacement du/dt decays as 1/t. Sets of 
measurements that extend to large times (years) typically show a 
gradual change to a more rapid rate of decay as u(t) asympto 
tically approaches an upper bound. The limited number of 
measurements available within a few hours following an earthquake 
(principally from the 1987 Superstition Hills, Calif., earth 
quake) , as well as results from numerical modeling, indicates 
that the initial displacement rate is less than 1/t. Assume that 
the displacement rate on the fault is a function of the applied 
shear stress and that the displacement on the fault asympto 
tically approaches an equilibrium configuration in which the 
dislocation stress from the afterslip balances the static stress 
change from the buried displacement at the instant of the 
earthquake. A bootstrap technique can then be used to estimate 
the dependence of displacement rate on shear stress. As the 
fault displacement approaches equilibrium, the shear stress can 
be shown to be proportional to the difference between the 
displacement at any time and its final equilibrium value. The 
constant of proportionality can be calculated from the geometry 
of the initial buried earthquake dislocation and the fault 
experiencing afterslip. Thus, a table of displacement rate and 
shear stress can be constructed. Observations of afterslip 
along the Superstition Hills earthquake provide an example. The 
commonly observed form u(t)=a + b log t implies that the 
displacement rate is proportional to exp(k ), where k is a 
constant and is shear stress.

Reference

Wesson, R.L.,Dynamics of fault creep,Jour.Geophys.Res.,93,8929- 
8951, 1988.
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Observation Status of the Japanese Geodetic Satellite 

"Ajisai" and Precise Baseline Determination by using 

the Transportable Laser Ranging Station (HTI^RS)

YOSHIO KUBO and MINORU SASAKI

Hydrographic Department, Maritime Safety Agency 

3-1, Tsukiji 5-chome, Chuo-ku, Tokyo 104 Japan

Abstract

The Japanese Geodetic Satellite was launched in August 

1986 and named Ajisai. The launch orbit is circular with an 

inclination of 50 degrees and altitude of 1500 km.

The Satellite Laser Ranging (SLR) observation has been 

continued at more than 20 SLR stations in the world. The 

range precision given by some NASA laser ranging systems 

reached 1 cm.

A transportable laser ranging station has been 

developed by the Hydrographic Department of Japan (JHD) for 

observations of Ajisai and other geodetic satellites to 

constr-uct a marine geodetic controls around Japan.
-t

After collocation observations with the fixed SLR 

system at the Simosato Hydrographic Observatory the 

transportable station was shipped to an isolated island, 

Titi-sima, and SLR observation was continued from mid- 

January to mid-March, 1988. The analysis for baseline length
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determination between Titi-sima and Simosato by means of a 

short arc method for seven sets of simultaneously observed 

successive passes of Lageos gives a result as

baseline = 937,665.041 m + 0.004 m (rms).

1. Observation status of the Geodetic Satellite "Ajisai"

The Japanese Geodetic Satellite was launched in August, 

1986 and named "Ajisai" which means "hydrangea" of flower in 

Japanese. The launch orbit is almost complete circular with
^»

an inclination of 50 degrees and altitude of 1500 km.

The functions of Ajisai are l)to reflect input laser 

light back toward the ground for precise ranging and 2) to 

reflect solar light to determine the direction to the satel 

lite from an observation site. The satellite is a hollow 

sphere, 2.15 m in diameter, and weighs 685 kg. The surface is 

covered with corner cube reflectors and separate solar light 

reflectors.

The laser tracking has been made by the Simosato Hydro- 

graphic Observatory (SHO) of the Maritime Safety Agency, the 

Goddard Laser Tracking Network (GLTN) of the National Areo- 

nautics and Space Administration (NASA) of the United States 

and other international cooperative SLR stations.

Total amount of SLR observation for Ajisai made at the
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SHO and other stations in the world is given in Table 1. As 

for the range precision, some high precision SLR systems of 

NASA reach 1 cm. Despite of the large sphere radius as 

2.15 m, rather good range precision is realized as our 

simulation!1] gave before the launch.

2. Preliminary analysis of Ajisai SLR data

As a preliminary result of analysis of Ajisai SLR data 

by using an orbital processor developed in the Hydrographic 

Department of Japan[2.], an estimate of baseline length bet 

ween Quincy and Monument Peak in California crossing over the 

San Andreas fault is given as following. T-he Ajisai SLR data 

for successive passes simultaneously obtained at the both 

sites from January to February 1987 were used for the 

analysis. A preliminary result for the baseline between 

reference points of each SLR systems at the both sites is

baseline = 883 602.11 m + 0.05 m (rms)

An example of the residuals of raw range minus range derived 

from determined orbit for a set of data in Oct. 9, 1986 is 

given in Fig. 1.
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3. Completion of a Transportable Laser Ranging Station 

(HTLRS)

The transportable SLR system named the Hydrographic 

Department Transportable Laser Ranging Station (HTLRS) had 

completed by the end of October 1987. The outline of HTLRS 

is presented in Figs. 2 and 3 and the principal specifica 

tions are shown in Table 2.

The output laser pulse is propagated through the Coude 

path along the azimuth axis and reflected by a small mirror 

to the central part of a large mirror measuring 50 cm x 35 cm 

of the transmitter/receiver on the elevation axis. The 

return signal from a satellite comes to the whole part of the 

transmitter/receiver mirror and goes to a receiver telescope 

35 cm in diameter. The detector for the return signal is 

mounted on a bench on the azimuth axis behind the receiver 

telescope.

Tracking control is made mainly by a microcomputer. 

Some on site softwares for tracking and preliminary signal 

data selection from a number of noises give good operationa- 

lity on the screen using a joystic like some computer games. 

The HTLRS is capable for ranging not only to Ajisai but also
.* J

Lageos.

Clock subsystem is composed of a Rubidium frequency 

standard and of a Loran-C receiver for time comparison. The 

station is housed by two separate shelters measuring 2.1 m x 

2.3 m x 3.3 m and 2.1 m x 2.3 m x 4.0 m. The total weight is
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around 5 tons. The system can be transported to isolated 

islands lacking port facilities by a transport plane.

The testing observation and collocation observation with 

Simosato fixed SLR system were made at the Simosato site. 

Range precision to Lageos and Ajisai were 3-4 cm level and no 

specific bias compared with the Simosato system was found.

4. Start of field observation using the HTLRS

The HTLRS was shipped to Titi-sima (island), 

which consists a primary station of the Marine Geodetic 

Control of Japan[3] -(Fig. 4), in Ogasawara (Bonnin) islands 

as the first field observation in early January 1988. The SLR 

observations^ t,6 Lageos, Ajisai and Starletle was started both 

at the island and the Simosato site. The total numbers of the 

range data obtained at both sites in the duration are 

presented in Table 3.

An analysis for baseline length determination between 

Titi-sima and Simosato site by means of a short arc method 

for 11,139 shots in seven sets of simultaneously observed 

successive passes of Ajisai using the software developed 

at the Hydrographic Department gives a result as

baseline = 937,665.041 m + 0.004 m ( rms ).

The precise determination of the baseline lengths 

between the Simosato site and each station of the nine 

primary stations in Fig. 4 will be made in the following
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five years in the Northwest Pacific Region.

The re-determination of these baselines after that Kill 

clarify the plate motion in this region.

references

[1] Sasaki, M. and H. Hashimoto : "Launch and Observation 

Program of the Experimental Geodetic Satellite of Japan", 

IEEE transactions on Geoscience and Remote Sensing, Vol. 
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[3] Yamazaki, A. and T. Mori : "Marine Geodetic Controls 

around Japan", Marine Geodesy, Vol. 7, 331-344, 1983.
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Table 1. Observation status of "AJISAI"

Simosato site other world SLR sites 
year passes shots passes

1986 169 139,000 1160

1987 277 171,000 2016

Jan-Jun 1988 174 72,000 1116

Table 2. Principal specifications of HTLRS

receiver diameter 

type

laser output energy 

pulse width 

repetition rate

range precision

clock

shelter

size

wight

35 cm

elevation axis and receiving 
electronics over azimuth axis

50 mJ 

100 - 200 psec

5 pps 

3 - 4 cm

Rubidium / Loran C 

two housings (air transportable)

2.1mx2.3mx3.3m and 
2.1mx2.3mx4.0m

5 tons
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Table 3. Range data obtained in the field work duration
(Jan. - Mar. 1988)

satellites

Ajisai 

Lageos 

Starlette

Titi-sima 
(HTLRS)

passes shots

38 19,700

11 5,500

4 600

Simosato 
(fixed-SLR system)

passes shots

94 36,400

22 1,500

22 2,900

mean precision 9 cm 3.6 cm
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QUINCY-MON.PEAK 86-I 0-9 (AJISAI )
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Fig. 1. RMS for (0-C) of Ajisal SLR data and best fit orbit of short arc

Fig. 2. Overview of the Hydrographic Department Transportable Laser 
Ranging. Station (HTLRS).
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