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INTRODUCTION
Keiiti Aki and William D. Stuart

We would like to begin our conference with the beautiful words of a poet who lived
in a nearby town of Carmel. One of the greatest poets of this country, Robinson Jeffers,
wrote that the happiest and freest man is the scientist investigating nature, the person
who is interested in things that are not human.

As you all know very well, the subject of our symposium, earthquake prediction,
involves human elements at all levels. How can we be happy and free?

Robinson Jeffers also wrote that if the person is interested in human things, let him
or her regard them objectively as a very small part of the great music.

This means that we need social scientists who would study objectively the behavior of
physical scientists working on earthquake prediction. As a matter of fact, one motivation
of the present conference came from an article by W.H. Lambright (1985) who wrote that
the Japanese decided not to issue intermediate-term predictions because intermediate-term
precursors are not well founded on scientific grounds, and such predictions may cause more
economic disruption and public anxiety than decision makers can handle.

The idea of intensive monitoring of short-term precursors in the area where a reliable
long-term forecast of a major earthquake has been made is the wisest strategy under the
current uncertainty of intermediate-term prediction. Here, short, intermediate and long-
term prediction refer to the time window, up to a few weeks, few weeks to few years, and
few years to few decades, respectively ( Wallace et al., 1984). It is true, however, that a
reliable intermediate-term prediction will have a tremendous value to decision makers who
are responsible for earthquake preparedness activities. The short-term prediction does
not give sufficient time for preparation, and the long-term prediction does not give enough
impact on decision makers, especially in this country where politicians have to face election
every two years or so.

The intensive monitoring of short-term precursors for a specific area such as Tokai
and Parkfield has another problem in that damaging earthquakes occur in broad areas
outside the area where no monitoring works are done. There is a need for monitoring of
intermediate-term precursors over broad areas.

Ideal case of earthquake prediction

As mentioned earlier, one of the tasks of social scientists in earthquake prediction is to
objectively investigate the behavior of physical scientists working on earthquake prediction.
Under this circumstance, we must carefully define our task if we still want to be happy
and free.

We would like to define the task of a physical scientist in earthquake prediction as
estimating objectively the probability of occurrence of an earthquake with a specified
magnitude, place, and time window under the condition that a particular set of precursory
data was observed.

The ideal prediction in this form would provide the probability rate of 1 earthquake/t
per unit time at time t before the occurrence of the target earthquake as shown in Fig. 1.
Namely, 100 years before the earthquake it will predict the probability rate of 1 per



100 years, and 1 day before the earthquake, it will predict the probability rate of 1 per
day.

- In Fig. 1, we also show schematically the state-of-the-art in earthquake prediction.
The horizontal line at the bottom corresponds to the long-term average rate of occurrence
which can be estimated from an earthquake catalog and paleoseismological data. The curve
marked as ‘gap theory’ indicates roughly an order of magnitude increase in probability
from the long-term average based on the seismic gap along a plate boundary. According
to S.P. Nishenko (1988), 13 earthquakes have been predicted successfully by this method.

The vertical line marked as ‘SCAN’ (Seismic Computerized Alert Network) is not a
true prediction but an early warning by detecting the occurrence of a major earthquake.
This type of warning has been in operation for many years by the Japan National Railway.

The Parkfield experiment (Bakun et al., 1986) is intended to achieve a short-term
prediction, in the manner of the Tokai earthquake monitoring, based on seismic, creep,
continuous strain, and geodetic observations. We note that there is a great gap between
the ideal case and the intended curve in the intermediate-term range.

The curve marked as ‘Haicheng’ was constructed by Cao and Ak: (1983) using
Utsu (1979) method for assigning probability gain to various precursors of the Haicheng
earthquake of 1975, and is by far the closest to the ideal case. In constructing the curve
it was assumed that precursors with distinctly different precursor times are independent.
The probability gain was estimated from scanty information on the precursor time and
the success rate for each precursor. A difficult question is whether this Haicheng curve
expresses the physical reality in the earth or the wishful thinking of precursor observers.
There was a strong political pressure at the time in China to encourage reporting of
precursory phenomena. The pressure must have helped to make a complete collection of
precursory data by the participation of the masses, but also must have induced reporting
noise as a precursory signal.

Thus, we must assign a great range of uncertainty to each curve of probability of
earthquake occurrence. The range of uncertainty represents the range of our ideas and
hypotheses about the physical process of earthquake occurrence. It is important to convey
this range of uncertainty to the decision makers so that the decision makers can judge the
state-of-the-art of earthquake prediction properly.

The purpose of the present symposium

Intermediate-term prediction may be more difficult than the short-term prediction
also from physical point of view because the -precursory signal reflecting the state of
stress may be weaker a long time before than immediately before the time of earthquake
occurrence. We feel, however, that there are some recent encouraging developments both
in the observational and physical bases of intermediate-term prediction.

The source of optimism of one of us (K.A.) on the observational basis is the temporal
change of the quality factor of earth’s crust as measured from the coda waves of small
local earthquakes. One advantage of coda Q as a precursor is that the data are available
for a uniform coverage of many seismic regions, and a systematic testing of the method
is possible without additional measurements. A critical review of the reports on coda Q
precursor will be given by H. Sato in this symposium.
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The source of optimism on the physical basis shared by both of us is the ability of
slip-weakening type friction laws in explaining various aspects of earthquake phenomena
including the recurrence behavior of characteristic earthquakes, frequency magnitude
for small earthquakes, scaling law of seismic spectra for small earthquakes, fpq, of
large earthquakes, and the dependence of seismicity quiescence precursor on the cut-off
magnitude. The last mentioned may be most relevant to the subject of this symposium
and will be discussed by T. Cao in his presentation in this symposium. The key parameter
of the friction law is the critical weakening slip which appears to control a variety of crucial
phenomena.

We know some of you are as optimistic as we are but for different reasons from ours.
We know also some of you are pessimistic about the sources of our optimism. We think
we have a healthy mix of optimism and pessimism to promote a happy and free science
for the next three and a half days.

This meeting will be followed by a meeting of the U.S. National Earthquake Prediction
Evaluation Council. We are requested by the chairman of the council, L.R. Sykes of
Columbia University, to answer whether some of the intermediate-term precursors such as
the seismicity quiescence are ready enough for use in the routine operational earthquake
prediction. It would be a great accomplishment if we can do that. This question of
‘ready enough’ was also discussed by W.H. Lambright in the article mentioned earlier, and
clearly involves human elements, such as the need of local community. Again, we feel that
all physical scientists can do is to give an objective estimate of probability of occurrence
of the target earthquake together with the range of uncertainties about the probability
estimate. Decision makers should proceed from there with the help of social scientists.
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STUDY ON INTERMEDIATE-TERM EARTHQUAKE PREDICTION

Ma Zongjin and Fu Zhengxiang

Center for Analysis and Prediction
State Seismological Bureau
People’s Republic of China

Abstract

This paper proposes that the upper limit of intermediate-term prediction should be
extended to about 20 years from several years, and that intermediate-term prediction should
be divided into two stages: an early intermediate-term stage (>2-3 years) and a late
intermediate stage. Seismicity features in both stages are closely related and are difficult
to distinguish. The pre-earthquake episode of about 20 years, during which a group of
strong earthquakes occurs, is the main focus of early intermediate-term prediction. The
concentrating process of small earthquakes along belts and from far-field to near-field 2-
3 years before strong earthquakes, accompanied by several anomalies in geophysical and
geological fields, is the main focus of late intermediate prediction. Precursors before nine
strong earthquakes (M > T) during 1966-1976 are described in the paper. Finally, four
mechanical models are suggested for possible use in intermediate-term prediction.

Introduction

Intermediate-term earthquake prediction lies between long-term and short-term
prediction in time-scale and has relatively independent research methods and aims. Based
on experiments and results of Chinese earthquake prediction studies, this paper discusses
the time scales, important phenomena, and physical models relevant to intermediate-term
earthquake prediction.

Precursory Stages of Earthquake Prediction

Table 1 gives six schemes for classifying precursors according to their time before an
earthquake.(!) By comparing these schemes and considering the present knowledge about
preparatory processes of earthquakes, the state of data, and the convenience for working
programs and international exchange, we think that the sixth scheme in Table 1 is the
best. This scheme suggests that long-term (>20 years), intermediate-term (20 years to
several months), and short-term (< several months) prediction may be possible.

Most workers agree that a precursor occurring several decades before an earthquake
would be a long-term precursor. The research methods of long-term prediction all depend
on recurrence of strong earthquakes, revealing long-term regularity of strong earthquakes
at a location, a belt, and a region. Research results have been used for earthquake zoning
and evaluating of seismic risk.

Most workers also agree that precursors occurring several months or less before
a strong earthquake are short-term precursors because abrupt and rapidly-changing



anomalies of geophysical and geochemical fields before strong earthquakes, in features and
time scale, are very similar to each other and also to certain experimental and theoretical
results. Moreover, it appears that the more imminent a strong earthquake is, the more
abundant the abrupt anomalies are, and the higher the ratio of different macroscopic
anomalies, including unusual behavior of animals and climatic anomalies. People generally
expect to distinguish an imminent-term prediction several days before a strong earthquake
from the short-term stage, but several peaks of abrupt anomalies often appear before a
strong earthquake. Thus, in most cases, it is difficult to determine definitely the start of
the imminent stage.

According to the different schemes in Table 1, there is some divergence of views about
the time range and content of intermediate-term prediction. The intermediate-term is
situated in the middle time scale, and its physical and practical basis and practical meaning
also show interim character. The data, which will be discussed below, indicate that in the
period from several years to several decades before a strong earthquake, there are regular
seismicity pattterns which are closely related to precursors occurring in the period from
years to months. Every kind of slowly-changing geophysical precursor appears mainly 2-3
years before a strong earthquake. Therefore, these two time scales may be represented
by two stages: the early intermediate stage, and the late intermediate stage. But the
time limit dividing both stages is not very stationary, and phenomena belonging to both
stages are difficult to distinguish. Therefore, it is better to merge both stages into an
intermediate-term period. Research on intermediate-term prediction, besides being used
directly for evaluating seismic risk for engineering studies, can be applied in two ways:
(1) to check and correct results of long-term prediction, and (2) to decrease the ambiguity
of short-term predictions of place and earthquake magnitude.

Since 1972, formal intermediate-term earthquake prediction has been carried out in
China. During 1983-1985, experimental research on regional intermediate-term prediction
was carried out in North China and the Yunnan-Sichuan seismic area to infer forthcoming
focal areas before the year 2000 A.D. This work in our country trys to combine long-term
and short-term methods into a new procedure.

Seismic Period, Seismic Episode, and Heterogeneous Distribution
of Earthquakes in Time and Space

Earthquakes occur often in China, and strong earthquakes (M, > 6) occur in nearly
every province of China. In China there are nearly 70 places where large earthquakes
(M > 7) have occurred and 250 places where strong earthquakes (M, > 6) have occurred;
earthquake recurrence times and magnitudes in these places often change.(?) Of the nine
large earthquakes (M, > 7) occurring in China during 1966-1976, six large earthquakes
occurred in places where no large earthquakes (M, > 7) occurred before.

To probe the cause of the variation of earthquake recurrence times, records of historical
earthquakes from several hundred to 2,000 years have been widely studied in China, and
seismic periods of about 300 years and seismic episodes of about 2 or 3 decades have been
found.(®) Some of the research results bearing on seismic episodes related to intermediate-
term prediction will now be discussed.



Earthquake activity in North China since 1400 may be divided into two active seismic
periods:(3) (1) 1484-1730, and (2) 1815-present. No strong earthquakes (M, > 6) occurred
in the 85 year interval between these two periods, and present seismicity belongs to
the second period which would end before 2030 if the two periods are the same length.
Each seismic period may be divided into several active seismic episodes (Fig. 1), but the
earthquake distributions in the episodes and their relation to seismotectonics differ.

During this century China and adjacent areas have suffered four active seismic
episodes(?) (Fig. 2), and they are now facing a fifth active seismic episode. From Fig. 2b,
we can see that earthquakes (M, > 7) of each episode occurred in one or two regions
or seismotectonic belts. Fig. 2a shows that periods of earthquake recurrence at 20 year
intervals exist in the entire country, but such regularity of recurrence does not apply to
individual seismotectonic belts or locations of strong earthquakes.

From regularities of earthquake distribution and epicenter shift in each seismic episode,
we can see that between seismic episodes there are obvious differences which reflect the
variation of the regional stress field for each seismic episode. Such variations reflect the
micro-dynamic state of the regional stress field, and several strong earthquakes in each
seismic episode occur as the successive results of the unified stress field in each episode.
Therefore, variations of recurrence interval and earthquake magnitude in places with
frequent strong earthquakes are controlled by recurrence regularity of seismic episodes
and a micro-dynamic state of stress field in each seismic episode.

In conclusion, recurrent phenomena related to earthquakes are not only determined
by local crustal conditions, but are also related closely to the micro-dynamic state of the
regional stress field. These recurrent phenomena appear as different levels of rhythm of
earthquake swarms, such as seismic period and episode. It is from such observations that
principles and methods of long-term prediction are inferred.

Seismicity Concentration toward the Source Area
During the Intermediate-Term Stage

Nine large earthquakes with My > 7 occurred in succession from 1966 to 1976 in North
China and Chuan Dian (the Yunnan Province and the west part of Sichuan Province) area,
which are the main active areas of the fourth active episode of strong earthquakes since
the beginning of this century (Fig. 3).

Fig. 4 shows the seismicity concentration from the far-field to the near-field before
eight large earthquakes.(®) The aftershock areas of the main shocks are marked by dotted
lines, and the near-field areas of seismicity concentration by broken lines. The areas outside
the broken lines are called the far-field areas. The long axes of near-field areas are two or
three times longer than those of the aftershock areas. The seismicity concentrations in the
near-field areas last about 2 or 3 years.

To examine the beginning time and distribution of the seismicity increase in the far-
field area, seismicity on a larger scale has been studied. The maps of epicenter distribution
at different stages (1961-1976.7) before the Tangshan earthquake in North China (114°E-
120°E, 38°N-41°N) are shown in Fig. 5.(5) The main features of observations in Fig. 5 are
the following;:



(a) From 1961 to 1963 (Fig. 5a), seismicity was dispersed over the entire area.

(b) During the period of 1964-1966 (Fig. 5b) seven shocks (M > 4) occurred, but six of
them were concentrated in a belt with NW orientation along Tienjin—Beijing—Huailai;
several strong shocks occurred historically in this important seismic belt.

(c) From 1967 to 1969 (Fig. 5c), the seismicity was more discrete, but was still mainly
distributed in the above NW belt. A moderate earthquake (M = 5.7) occurred at the
NW end of the belt, and the Bohai shock (M, = 7.4, July 18, 1969) occurred at the
SE end of the belt.

(d) From 1970 to 1972 (Fig. 5d), seismic activity increased in the NW belt, six earthquakes
with M > 4.0 took place, and there were few small shocks; thus the b-value of the
whole belt decreased. During the 9 years from 1964 to 1972, sixteen earthquakes with
magnitude 4 or more occurred in the above NW belt. These sixteen earthquakes made
up eighty percent of all earthquakes M > 4.0 in the whole area. Notice that there is a
gap in the Tangshan-Tienjin—Beijing region of the seismicity belt. The gap coincides
with the near-field region of the Tangshan earthquake, and so increased seismicity in
the far-field before the Tangshan earthquake was a stage in the process of seismicity
concentration in the Beijing—Tienjin seismic belt.

(e) Fig. 5e shows the case of seismicity concentration from 1973-1976.6 in the near-field
of the Tangshan earthquake. In this stage, there were seven earthquakes M > 4.0
distributed with NE orientation in the above gap. This was the late seismicity
concentration of the intermediate stage in the near-field. In other words, it was
an early foreshock phenomena in the near-field. It was followed by the Tangshan
earthquake (M, = 7.8) near the intersection of the NE and NW seismicity belts.

Three main points can be inferred from the above data: (1) the seismicity concen-
tration toward the near-field during the intermediate-term stage lasting 31/; years was a
continuation of early intermediate-term (9 years) seismicity development within the dense
NW seismicity belt; thus the early and late intermediate-term stages were closely related,;
(2) the Bohai earthquake (M, = 7.4) of July, 1969, occurred in the other gap of the NW
belt, and the Tangshan and Bohai earthquakes were related mechanically, both having
intermediate-term seismic anomalies; (3) from the point of view of seismicity in the whole
of North China, the Xingtai earthquake (March, 1966), the Bohai earthquake (July, 1969),
the Haicheng earthquake (February, 1975), and the Tangshan earthquake (July, 1976) oc-
curred in the background of the same episode of regional seismicity. Another example is
the succession of five strong shocks from 1970 to 1976 in the Chuen—Dian area.

Intermediate-Term Precursors of Strong Earthquakes

There were also other seismicity and geophysical anomalies before the nine large
earthquakes discussed above. Figs. 6 and 7 are examples before the Haicheng, Tangshan,
and other earthquakes, respectively.(78) The curves enclosing observations in Fig. 8
indicate the time-space distribution of precursor anomalies. All axes are logarithmic.

Fig. 9 is a “window” of inferred stress field in North China. It shows apparent
anomalies before several strong earthquakes.



The following four points summarize anomalies in Figs. 6-9 starting at least 2 to 3
years before a strong shock with magnitude 7 or more.

(1) Several kinds of seismicity anomalies are observed in the first 2 or 3 years before the
occurrence of a large earthquake. They mainly include rapid increase or decrease of
shock frequency and released energy; they are expressed in space as a seismicity band
or gap. At the same time, anomalies of regional land deformation appear. All these
anomalies are related to the development of the seismic episode.

(2) During the period of 2 or 3 years before the occurrence of a large earthquake,
seismicity concentrates in the near-field area. At the same time, there are many
anomalies outside the near-field including land deformation, water level, chemistry
of underground water, and earth resistivity (Fig. 10), which are related to tectonic
strain and displacement in the shallow part of the crust. In addition, geomagnetism
and gravity anomalies are observed in a few cases.

(3) Approximately a half year prior to a strong earthquake, anomalies change nearly
simultaneously in the near- and far-field. At the same time, new anomalies such as
level and radon content of underground water and earth tilt occur in places without
previous anomalies (Fig. 8b).

(4) Within a week to a month prior to a strong shock, rapid and sudden anomalies
appeared in a large area (Fig. 11). The anomalies show a concentration toward the
near-field.

The above four stages are equivalent to early intermediate-term, late intermediate-
term, short-term, and imminent-term, respectively. In the ideal case, these four stages can
be divided, but in the general case, the former two stages can be joined to intermediate-
term, and the latter two to short-term. All of the above mentioned anomalies might
be observed under favorable conditions, but there are three main problems: first, how
to distinguish the true from the false anomalies; second, anomalous intermediate-term
precursors are not a unique indicator of regional tectonic variation, and are reversible;
and, third, in the preparatory process of several strong shocks close to each other, there
are very complicated effects.

The distance relation between epicenters and anomalies is complicated in our country.
In general, there may be two cases, as in Fig. 12. Case A indicates a single epicenter, and
intermediate-term anomalies appear not only in its near-field, but also in its far-field. Case
B indicates that an intermediate-term anomaly may respond to several large earthquakes
which successively occur in a region. Thus, except for the focal action on intermediate-term
anomalies, we suggest that intermediate-term anomalies reflect regional stress and strain
fields, and that large earthquakes occurring successively are regional seismic phenomena.

Discussion of Models

Multiple Stress Concentration Model

To explain the mechanical relation among strong shocks which occurred successively
within the same seismic region, the author proposed a multiple stress concentration model
in 1981(°), as shown in Fig. 13. Under the remote stress field, the stress concentrations



occur where relative block motion or fault slip is impeded. Unlocking points are sites of
earthquakes and allow energy release of the stress field and change in stress distribution.
The elastic energy E of the stress field can be expressed approximately by the sum of the
product of stress (o;) and strain (¢;) at the locked points with different areas,

E = AZO‘,’E,‘

The variation in elastic energy of the stress field with time depends on the difference
between the time change in regional force F(t) and the process of earthquake energy
release (Eo). The unlocking order of the locked points depends on the regional force, block
geometries, and the structure and strength of locked points.

Viscoelastic Element Model

To explain the successive occurrence of strong earthquakes in Japan, Mogi(1)
proposed a spring and slider model whose phenomenological elements are shown in Fig. 14a.
To explain why the time intervals between earthquakes in a group of strong shocks shorten
exponentially, Chang Guomin et al. presented the viscoelastic model in Fig. 14b and
14c(11), This model supposes that the rupture strengths of different elastic elements are
the same and that the shortness depends on progressive risk of the total stress level in the
model (Fig. 14d). In fact, the structures and strengths of locked points are different, and
the rate of stress increase is not the same for each. When the number of locked points
decreases, the rate of stress increase on the remaining locked points would increase.

Weakening Source Inclusion Model

To explain seismicity concentration toward the source area, Fu Zhengxiang ( 1984)(5)
modified the elastic inclusion model for an earthquake source. When the change in stress
and strain is at stage 0A’ shown in Fig. 15c, the rigidity and stress of the inclusion are
higher than those of the elastic surroundings. When it is at stages AB and AB’ after
increase of the regional stress level, the inclusion weakens and its rigidity decreases. During
this stage precursory seismicity will take place mainly in the inclusion. Later, when the
inclusion stress reaches the peak value, the slope decreases, and the inclusion is strain
weakening. When the negative slopes of the two curves become equal (Eshelby line),
instability occurs, producing the equivalent of an earthquake. The earthquake inclusion

model can help understand migration and concentration to the future source area before
a large shock.

Fault Creep Model

By inverting earth deformation data measured near the source areas of the Xingtai,
Haicheng, and Tangshan earthquakes, Chen Yuntai('?) and Zhang Yinghen et al.(13)
proposed a fault creep model of the source area and described the fault creep process
accompanying the increase of regional small earthquakes before a strong earthquake.
The concentration of small earthquakes for the Beijing-Tienjin NW seismotectonic belt
before the Bohai and Tangshan earthquakes suggests that fault creep occurs before strong
earthquakes in China. Savage(!4) and Fu Zhengxian(!®) discussed the depth of a creeping



fault, its relation to the middle and lower crust, and upward migration of creep. The model
needs additional testing.

In conclusion, the multiple stress concentration model and the viscoelastic model may

help explain repeated occurrences of strong earthquakes and their mechanical and historical
relations over one or two decades. The models may also provide a theoretical basis for
early intermediate-term prediction of a strong earthquake group. On the other hand,
a combination of the inclusion model and the creep model may help explain anomalous
phenomena during the late intermediate-term before a strong earthquake.
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