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EARTHQUAKE PREDICTION RESEARCH IN SOUTHERN CALIFORNIA
James H. Dieterich
U. S. Geological Survey
Menlo Park, California

Detailed trenching studies indicate that the mean recurrence
time for great earthquakes (M>8) on the southern section of the
San Andreas fault 1is 136+40 years, and geodetic data suggest a
similar value for the north-central section of this major transform
fault. The last great earthquakes on the San Andreas fault occurred
125 years ago in southern California (the 1857 Fort Tejon earth-
quake) and only 86 years ago in north-central California (the 1906
San Francisco earthquake). On this basis most scientists anticipate
that the next M)>8 San Andreas earthquake will occur in southern
California sometime in the next several decades, and accordingly
we are focusing much of our research on earthquake prediction 1in
the southern California region.

At this stage, our work in earthquake prediction is basically
a research program involving both government and university
scientists. Nevertheless, in an effort tc prepare for the eventual
implementation of an operational earthquake prediction program, we
have initiated periodic reviews of all data collected under the
research program. The objectives of these reviews are to 1) main-
tain a uniform servailance of the various types of data being
collected such that "obvious" precursors to the next major earth-
quake are not overlooked, and 2) provide an on-going evaluation of
the quality and usefullness of the data being collected as a basis

for future decisions on the design of an operational prediction



program. The review of data in southern California has been carried
out during semi-annual meetings held at California Institute of
Technology of the principal investigators of projects funded under
the U. S. Geological Survey's Earthquake Prediction Program. This
year, we initiated a series of similar meetings in Menlo Park for

projects gathering data in northern and central California.



EARTHQUAKE PRECURSORS DETECTED BY ROUTINE OBSERVATION
OF JAPAN METEOROLOGICAL AGENCY

The Japan Meteorological Agency

1. Introduction

The Japan Meteorological Agency (J.M.A.) takes the responsibility of watching
the occurrence of all earthquakes greater than magnitudes 3 in and near

Japanese Islands, of determining the focal parameters ( origin time, hypocenter
and magnitude) of these earthquakes, and of publishing the obtained data.

These data, we believe, are the fundamental material for seismology, especially
for the research of earthquake prediction in Japan.

In order to perform the above mentioned responsibility, J.M.A. has set up
seismological observation network all over the Japanese Islands as shown in Fig. 1
The response curves of seismometers in Fig. 1 are shown in Fig. 2.

To shorten the time to determine focal parameters, J.M.A. is now establishing

a real time or semi-real time data processing system. Seismograms recorded

at seismological stations are telemetered on real time basis to local centers
where records are pre-processed by a mini-computer. The pre-processed digital
seismograms are transmitted to Tokyo Center through a national meteorological
data transmitting system, and are processed with high accuracy by a large computer
in J.M.A..

In addition to the above mentioned responsibility, J.M.A. also takes another
grave responsibility of making short-term prediction of the great shallow
earthquke in the Tokai area along the Suruga trough expected in the near future.
For the purpose to predict the earthquake, real time and continucus watch system
has been set up with a very dense network of various instruments in the Tokai ares
Telemetering systems of bore-hole dilatation strainmeters in the Tokai area and
a telemetering array system of ocean bottom seismographs off the Tokai area are
the important part of the watch system. Data recorded by other instruments of
not only J.M.A. but also other organizations such as the Geographical Survey
Institute (GSI), the National Research Center for Disaster Prevention {NRCDP),
the Geological Survey of Japan, the Nagoya University and Tokyo University are
also telemetered to the Center of J.M.A. which is staffed 24 hours a day and

7 days a week with five experts.

The southern Kanto area which includes the metropolitan area are also assigned
as an intensified observation area as well as the Tokai area. J.M.A. has set

up also telemetering systems of bore-hole dilatation strainmeters in the
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sensitivity and low sensitivity records, respectively. Scale of sensitivity
are given in the figures.

In Fig.6 , at 20 45 and 22 05 hours, two clear step-like contraction changes
on the high sensitivity record at Yokaichiba are recognized.

Even on the low sensitivity record the corresponding step-like contraction
changes can be clearly recognized. Coseismic step-like contraction changes
at Yokaichiba are clearly recognized. Coseismic step-like changes are also
recognized on other strainmeters at neighboring sites where no precursory
strain changes cannot be recognized as shown in Fig. 6.

3. Conclusion

In this report, the precursors which appeared in dilatational strainmeters

are mainly presented. On the other hand, foreshocks can alsc be one of very
effective precursors for the prediction of earthquakes.

Foreshocks activity, however, are very low in some cases and considerably high

in other cases, according to regions where main shocks take places. Even in
regions where foreshock activity is expected to be very low, there are possibilities
that sufficiently high sensitivity seismological observation can detect micro

cr ultra micro foreshocks.

In such regions, however, strain changes discussed in this paper can be very
effective precursors for the prediction of earthquakes.

Other kind of precursors, such as, changes on records of other crustal observation
such as extensometers and tiltmeters, geomagnetic and geoelectric observation,
geochemical observation, and ground water level measurements may also be effective
in some cases.

Needless to say, that in the regions where high foreshock activities can be
expected, the detection of foreshocks combined with precursors such as changes

on the reccrds of dilataticnal strainmeters and the above mentioned various kinds
of observations and measurements may be very effective for the predicticn of

earthquakes.

At present, except the Tokai and the southern Kanto areas, observation of
strainmeters are not made by J.M.A.. So that effective precursors of the

1982 0ff -Urakawa earthquake on 21st March ( M: 7.1 ) could not be detected with
the exceptions of several micro-foreshociis. However, data of precursors before
earthquakes are certainly accumulating, and the prediction of earthquakes smaller
than the Tckai earthquake whose prediction most of Japanese seismologist arse

aiming at, may not an unrealistic dream in future.



southern Kanto area. J.M.A. is also going to set up a telemetering system of ocean
bottom seismographs south-east off Boso-Peninsula.

The telemetering watch system of earthquakes in the Tokai and the southern Kanto
area is shown in Fig. 3.

In this paper, earthquake precursors detected by the above-mentioned various

kinds of routine observations of J.M.A. are reported.

2. Earthquake Precursors Detected by J.M.A. Watch System
As reported in the last UJNR conference held in the USA, the Near Izu-Oshima

earthquake (M:7.0) on Jan. 14, 1978 was preceded by rather remarkable precursors
such as foreshock activities and strain changes, and J.M.A. issued an earthquake
information which could be regarded as a kind of warning, one and a half hours
before the earthquake.

Many other earthquakes are preceded by ncticeable precursors, mainly of strain

changes. These are listed in Table 1.

Here, remarkable precursors before the earthquake off Ibaraki Pref. in the Kanto
area on July 23rd are described in detail.

Fig. 4 shows the distribution of epicenters of foreshocks, the main shock and
aftershocks located by the routine observation of J.M.A.. All epicenters of
foreshocks are concentréted near the epicenter of the main shock, as usually

seen in other cases, The epicenters of aftershocks immediately after the main
shock are roughly distributed along the WNW-ESE direction ; which suggests the
strike of the fault plane. On the other hand, epicenters of aftershocks which
occurred several days after the main shock were distributed along the NEN-SWS
directicn conjugate to the above mentioned direction.

Fig. 5 shows the seismic activities observed by the routine observation of

J.M.A. before and after the earthquake. The observed foreshock activity began
at 18 OC hours of 21st of July, then on 22nd the seismic activity became slightly
higher including 2 felt shocks, on 23rd activity became still higher including

3 felt shocks. Among them, the largest shock ( M: 5.5 ) is the one of 02 32 hours.
In the afternoon of 23rd, there were a couple of hours of calm pericd. Then

three hours before the occurrence of the main shock, began foreshocks activity,

including one felt shock.

Fig. 6 shows records of the dilatational strainmeters on 23rd and 24th of July

at Yokaichiba. The top and bottom figures of each record show the high

- 8
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Pig. 1 Network For Seismological Observation
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A Note on the Earthquake Off Urakawa of 1982

Takashi TADA and Naomi FUJITA

(Geographical Survey Institute)

1. General Description

A large earthquake(M:7.1) occurred off Urakawa town, Hidaka, Hokkaido
(Lat:42 04, Long:142 36, H:40 km) at 11:32 on March 21, 1982(JST).
It caused major damage in Hidaka district, such as 167 wounded persons, 9
total collapse houses znd 16 half'collapse houses. Fig.l shows the hypo-
center{open circle) and seismic intensity(JMA scale) distribution of the main
shock. Maximum seismic intensity was VI in Urakawa town(after JMA, 1982).

This earthquake occurred at the north side of Hidaka trough that trends
northwest from the junction between Kurile and Japan trenches as shown in
Fig.1l. Hidaka district is an active seismic region of shallow earthquakes
in Japan and destructive earthquakes have occurred frequently as shown in
Fig.2(Utsu, 1982), and the Earthquake Off Urakawa of 1982 was the largest
destructive earthquake in this district.

The ocean side of the Earthquake Off Urakawa of 1982 is the seismic
source regions of thrust type giant earthquakes associated with the subduction

of the Pacific Plate(Fig.3).

2. Seismic Source Region and Focal Plane Solutions

Fig.4 shows the hypocenter distributions of main shock and after shocks
(Hokkaido Univ., 1982). Some after shocks were located inland and the area
of after shocks was zabout 30 km x 30 km and the focal depths distributed
from 15 km to 55 km. Fig.5 shows the vertical focal distribution of back
ground microearthquakes and after shock area of the Earthquake Off Urakawa
of 1982. The after shock area, seismic source region, is above the deep
seismic zone(Wadati-Benioff zone) associated with the subduction of the
Pacific Plate, and then, it may be supposed that the Earthquake COff Urakawa
of 1982 occurred in the leading edge of the Eurasian Plate.

Fig.6 shows the focal plane solutions of the main shock by manual fits
to first P-motion data plotted on the lower focai hemisphere in an equal area
projection. t is assumed that the nodal plane whose strike is N38W is the

fault plane, based on the hypocenter distribution of after shocks, therefore

1 ) 15



the fault of the Earthquake Off Urakawa of 1982 may be of high dip reverse
type. The direction of P-axis is nearly northeast-southwest and this
direction is parallel to the strike of Kurile trench and also is perpendicular
to the direction of P-axis of giant thrust type earthquakes associated with
the subduction of the Pacific Plate. And this focal plane solutions
support the above mentioned consideration, that is, the Earthquake Off Urakawa

of 1982 is an intra-plate earthquake occurred in the Eurasian Plate.

3. Crustal Movement and Fault Model

Fig.7 shows the vertical crustal movement on the leveling route which
passes through the seismic source region of the Earthquake Off Urakawa of
1982(GSI, 1982a). The upper part of Fig.7 shows the result which obtained
in the last summer, that is, half a year before the earthquake. The
anomalous crustal uplift might have existed around the seismic source region

(BM 7980-BM 7995). Even if it is anomalous crustal uplift, however, it

may be difficult to judge from this data that this crustal uplift is a precursor

of the earthquake. And also there is no anomalous sea level change during
this 10 years at the Urakawa tidal station which located in the seismic source
region.
The lower part of Fig.7 shows the crustal movement during the period
from 1952 to 1970 including the after effect of the Earthquake Off Tokachi
of 1952(M8.1, Fig.3) and the crustal movement associated with the Earthquake
 Off Tokachi of 1963(M7.9, Fig.3).
In order to study the crustal movement and the fault model of the Earth-

quake Off Urakawa of 1982, the leveling survey was carried out immediately

after the earthquake by the Geographical Survey Institute. The result is
shown in Fig.8(GSI, 1982b). A maximum crustal uplift of 17 cm was observed
in the after shock arez. A fault model of the Earthquake Off Urakawa of

1982 was determined by this crustal movement referring to the after shock
distribution(Fig.4) and the focal plane solutions{(Fig.6), as shown in Fig.9.
The fault is of high dip reverse type with lateral strike slip and dips
the ocean side, as shown in inserted figure of Fig.9, and fault parame<ers
ere; fault length: 30 km, fault width: 40 km(15 km- 55 km), strike: NaCW,
dip direction: N130W, dip angle: 65, dislocation: 60 cm(Ud:Us = 1:0.6), slip

direction of hanging wall side: NZdE, and seismic moment: 2 x 1026 dyne-cm.

16



4. Conclusioans

The Earthquake Off Urakawa of 1982 is an intra;plate earthquake occurred
in the Eurasian Plate and whose fault is of high dip reverse type.

Although there are some reports concerning anomalous phenomena, such as
the doughnut pattern of seismicity and the radio wave radiation, the clear
precursors which are able to predict the occurrence of the earthquake were

not observed.
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THE MECHANISM AND PRECURSORS OF THE
1975 KALAPANA, HAWAII EARTHQUAKE

James H. Dieterich

U. S. Geological Survey
Menlo Park, California

The magnitude 7.2 1975 Kalapana, Hawaii earthquake resulted in
up to 8 m of horizontal displacement and 3 m of gubsidence along
50 km of the southern coast of.the island of Hawaii. This region
experienced an earthquake of comparable magnitude and apparently
similar mechanism in 1868. The region affected by this earthquake
has particularly good geodetic and seismic data prior to and
following 1975. The data suggest a pattern of pre-seismic and post-
seismic phenomena similar to some other earthquakes and analogous
to processes observed in laboratory experiments and numerical
simulations.

The Kalapana earthquake occurred on the south flank of Kilauea
volcano and apparently owes its ‘origin to processes related to the
volcano. The driving force for the earthquake appears to have
derived from semi-continuous injection of magma from the summit
region of the volcano into the southwest and east rift zomes of
the volcano that resulted in rift 2zone spreading at an average
rate of 5.5 cm/year for at least 79 years prior to the earthquake.
Analysis of old triangulation data and recent trilateration surveys
for the east rift zonme for the period 1896-1970 by Swanson et al.
(1979) show a continuous and consistent pattern of: a) horizontal
extension across the rift zone and b) crustal shortening in a

direction roughly perpendicular to the rift in the eventual source



region of the earthquake in the region south of the rift. The
patterns of deformation are consistent with forceful expansion of
the shallow rifts by continuous addition of magma into the rifts -
an interpretation that is supported by several other lines of
evidence. Aftershocks, first motion solutions, and dislocation
models (Crosson and Endo, 1981l; Ando, 1979) and finite element
modeling conducted for this report indicate that the earthquake
originated by slip along a shallow approximately horizontal fault.
The fault plane apparently intersects the base of the rift zones
and extends southward from the rift zones. The earthquake 1is
interpreted to be the mechanism of accommodation to the strain
induced by the shallow, forceful spreading of the rift zones.
Finite element modeling of the coseismic horizontal and vertical
displacements of the south flank of Kilauea indicate that passive
extension of the rifts contributed significantly to the coseismic
deformation.

Based upon evidence from a single geodimeter line that showed
reversal from contraction to extension, Swanson et al. (1976)
suggested that the south flank of Kilauea may have accumu}ated the
maximum possible strain due to rift expansion and could experience
a major earthquake in the near future (the paper was in press prior
to the 1975 earthquake). Review of a more extensive data set by the
present author indicates a clear pattern of strain reversal begin-
ning from six months to five years before the earthquake depending
on location. The region affected by the strain reversal is within

the region of maximum coseismic strain change and is roughly 300
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km? compared to the earthquake source area of 1000 kmZ, Various
explanations for the reversal of the pattern of strain accumulation
have been considered including premonitory fault slip, contraction
of the rifts due to removal of magma and local intrusion of magma.
Only the fault slip explanation is supported by the data. The
magnitude of the strain changes indicate that the premonitory fault
displacements were up to 30 cm. The pattern of the strain reversals
in space and time resembles in additién the pattern obtained in
laboratory fault simulation experiments where large amounts of
stable slip are sometimes observed prior to slip instability. 1In
addition to the strain precursors other premonitory effects for
the 1975 earthquake include P-wave velocity changes (Wyss, et al.,
1981), and a short-lived foreshock sequence. The foreshocks and
the velocity anomaly occurred within the region of the strain
anomalies.

Following the earthquake, the south flank of Kilauea volcano
experienced a prolonged period of afterslip. On the south flank
the afterslip can be detected in the deformation data for an
interval of six months while at the summit caldera the geodetic
measurements indicate that afterslip continued for at least five
years and may be continuing at present. The summit caldera was
displaced southward 1.2 m by the earthquake and has been displaced
at least 0.70 m subsequent to the 1975 earthquake apparently by

afterslip.
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Temporal variation in the magnitude-frequency relation for
the swarm activities off the east coast of

the Izu Peninsula, Japan
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Summary

Temporal variation in magnitude-frequency relation is studied
for four swarm activities which recently occurred off the east coast
of the Izu Peninsula, Japan. Characteristic patterns of the variation
are found for all the swarms in common: (1) At the beginning of the
swarm activity, b value is larger than the value before the swarm
(normal wvalue). (2) It decreases with time corresponding to
activation of seismicity, attaining the smallest value at the time
of the largest shock. (3) After this, b value increases to exceed the
value at the beginning, and finally it resumes the normal value. By
closely investigating magnitude-frequency relation, it is found thaz
the number of shocks with magnitude larger than a certain thresholi
magnitude is so small that the exponential formula for magnitude-fre-
quency relation is not satisfied at the beginning of the swarms. This
threshold magnitude is in the range from 1.0 to 2.0. At the time of
the highest activity, those shocks with magnitude larger than the

threshold occur more frequently than would be expected from the

-1 -
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number of smaller shocks. This finding strongly suggests a difference
in nature between the larger and smaller shocks belonging to the same
seismic swarm. A physical process to acount for the temporal
variation is proposed, and discussed with reference to the results of

larboratory experiments of rock deformation.

1. Introduction

Seismicity in and near the Izu peninsula has been active for the
last ten years (Yoshida, 1982). Prominent seismic events including
the Izu-Oshima-Kinkai Earthquake of Jan. 14, 1978 (M=7.0), and
several swarm activities off the east coast of the Izu Peninsula have
been recorded by the microearthguake observation network of NRCDP
since the first station was installed at JIZ in the middle part of
the Izu Peninsula in April 1977 (Fig. 1). Monthly numbers of shocks
detected at JIZ are shown in Fig. 2. The swarm activities indicated
by S1, S2, ...,S6 in the figure occurred in the shaded area in Fig.l.
In this report, magnitude-frequency characteristics of those swarm
activities are investigated mainly by using the data at JIZ. Gross
features of the six swarms are summarized in Table 1.

Temporal variation in b value or Ishimoto-Iida's coefficient m
has already been reported for S1 (Imoto et al., 1979), S4 (Ohtake et
al., 1980) and S5 (NRCDP, 1982). At first, we investigate in detail
the magnitude-frequency relation for S2, for which the data set is
the most complete. Next, the results for three other swarms, S1, S4

and S5 are reviewed. It is difficult to analyze S3 and S6, for lack
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of data. Finally, we discuss the physical process of the change in b
value during the swarm period, where focal mechanism solutions for S4

obtained by Imoto et al. (1981) are also taken into consideration.

2. Magnitude-frequency relation for the swarm of March 1979

The swarm activity of March 1979 (S2) is moderate in size among
the six swarms (see Table 1). Figure 3 shows daily number of shocks
at JIZ for the period from January to April 1979. This swarm activity
began on the 13th March and lasted until the end of March. The
largest shock, with magnitude 3.1, occurred on the 15th. Hourly
numbers of shocks are shown in Fig. 4 for the most active period from
the 13th to 20th. Several peaks of frequency can be seen. At each of
them, a large number of shocks occurred within a few hours. The
intervals of the peak activities were nearly constant, and the
recurrence time was about one day. These features are common to all
six swarms.

b values are estimated for the six periods by the maximum
likelihood method, where shocks with magnitude greater than 1.0 are
used for the computation. b value and its 95% confidence limits are
indicated in Fig. 3 by solid line and shadow zone, respectively.
Before the occurrence of the swarm, b value was about 1.0. At the
beginning of the swarm, on 13th-14th, a large b value exceeding 1.5
eppeared. For the most active period, on 15th-16th, it decreased to a

value less than 0.9. After this, b value once increased to a larger



value of 1.8, and returned to the normal value of about 1.0 within a
few days.

To assertain the change in b value, Fig. 5 shows the magnitude-
frequency relation for each period, where the ordinate is the number
of shocks in arbitrary log~scale. For the range of M=1.0-1.7,
magnitude-frequency relations do not show large differences from one
another. For the range of M1.7-2.4, however, the magnitude-frequency
relation shows different features from period to period. For the
period of 13th-14th, for example, the number of shocks with magnitude
larger than 2.05 1is remarkably smaller than the value which is
extrapoclated from the number of shocks of smaller magnitude. This
contrast of magnitude-frequency distribution resulted in a larger b
value.

Figures 6 and 7 make it clear that the temporal pattern of
activity is different for different sizes of shocks. In the figure,
the crdinate is the cumulative number of shocks which is normalized
by the total number of shocks for each size range. The abscissa is
the time axis, where a unit of time is proportional to the cumulative
number of shocks for the 'standard' size range (M=1.0-1.7 for this
case). At the active stage, however, the curve of certain size ranges
shows a large deviation from the standard curve. Detailed features
for this stage can be seen in Fig. 7. The pattern for both M1.7-2.4
and M2.05- greatly differs from the standard activity. M1.7-2.1
appears to give the boundary between non-standard and standard

seismicity.

- 4 -
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3. Other cases

Swarm of Nov-Dec. 1978 (S1)

This swarm began on Nov. 23, 1978, and became active with time.
The largest shock (M=5.4) occurred on Dec. 3 (Fig. 8). Temporal
variation in m value has already been reported by Imoto et al.
(1979). The upper part of Fig. 8 shows the variations in b value
calculated by the same method as mentioned above, where shocks with
magnitude greater than 0.7 are used for the computation. At the
beginning, b value was greater than 1.0, and decreased with time.
After the occurrence of the largest shock, b value began to increase,
attaining b=1.5 in later December. It decreased to about 1.2 in the
next month. By examining time-number curves by the same method as
used in the previous section, M1.4-2.1 is found to be the boundary
which separates patterns of seismicity.

Swarm of June-July 1980 (S4)

This swarm has been investigated by many authors. Utsu (1981)
classified this activity as 'Type 4', which is characterized by
swarm-like activity with an exceedingly large main shock (M=6.7).
Temporal variation in m value was investigated by Ohtake et al.
(1980) on the basis of records at NSI (see Fig. 1). Figure 9 shows
the result of reexamination by using the same data as Ohtake et al.
(1980). b value is the lowest near the time of the largest shock.
After this, it once increased up to 1.5, and gradually decreased to
around 1.0.

Swarm of March 1982 (S5)




This swarm, beginning on March 10, was the most active during
the period of 15th-16th, and ceased at the end of March. The source
area of the swarm was no larger than 2x2 km2 (NRCDP, 1982), which is
consistent with S-P time distribution (Table 1). Figure 10 shows a
%agnitude—time plot of individual shocks. The two largest shocks are
indicated by L1 and L2. The origin times of these two shocks and the
14th (quiescent time) divide the whole period into 4 stages (I-IV). b
values for each stage are listed 1in Table 2. b value was
comparatively small at the most active time, II-III, and increased
after this. It is remarkable that in spite of the occurrence of
larger shocks (M1.5-2.0), few smaller shocks (less than M1.5) were
observed for the period from later on the 15th to early on the 16th.
The absence of smaller shocks contributed to the apparent change in b

value. The boundary of seismicity pattern is found at M1.0-1.5.

4, Discussion and conclusion

Characteristic patterns, which are commonly found for the
magnitude-frequency relation of the four swarm activities are
summarized as follows:

(1) At the beginning of the swarm activity, b value is larger
than the value before the swarm (normal value).

(2) It decreases with time, attaining the smallest value at the
time of the largest shock.

(3) After the occurrence of the largest shock, b value increases

to exceed the value at the beginning, and finally it resumes the

-6 =
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normal value.

(4) The threshold magnitude which separates the patterns of
seismicity is found in the range between 1.0 and 2.0.

With respect to S4, focal mechanism solutions of about 150
shocks with magnitude larger than 3.0 were determined by Imoto et al.
(1981). According to the results, the fault strike of the shocks
which occurred at the decreasing stage of b value (June 27-28, 1980)
is scattered in a wide rarge, NO-45W. The mode of strike direction,
however, is nearly N4§W, making a small angle with the direction of
the regional principal stress. Taking these results into consider-
ation, a process of temporal variations in magnitude-frequency
relation is proposed as follows:

(1) At the beginning of the swarm, only smaller shocks with
magnitude less than a threshold originate at weaker points in the
swarm area.

(2) At the most active period, larger shocks occur so as to
connect the weaker points. The focal mechanism of each shock may
depend strongly on geometrical distribution of the weaker points
and/or on the local stress field caused by smaller shocks. For this
reason, fault strikes may be scattered over a wide range.

Hill (1977) proposed a model for earthquake swarms in volcanic
regions. Ishida (1982) adapted his model to the 1980 swarm (S4). The
core of his model is more or less similar to the second concept of
our model. Shear failures of Hill's model correspond to larger shocks

(larger than the threshold magnitude) mentioned above.
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Our model is satisfactorily compared with results of laboratory
experiments of rock deformation. Hypocenter distribution of AE events
before and after a local fracture was investigated by Kusunose et al.
(1982). They showed that a local fracture takes place in the gap
between echelon type cracks connecting neighboring cracks. They
determined the focal mechanism solutions of AE and concluded that the
angle between the local fraéture planes and compressional axis is
about 20° in contrast with 40° for AE before the fracture. Based on a
similar experiment, Nishizawa et al. (1982) suggested a small b value
for occurrence of a local fracture. These results are consistent with
our model in such points as change in b value and small angles
between fault strikes and the direction of the principal stress.

In the above discussions, changes in b value were considered to
be caused by changes in rock properties. It is also possible that
temporal variations in b value appear to be associated with migration
of seismic foci if rock properties are different from place to place.
For the cases studied, however, the swarm activity was confined to a
small area (see the case of $S5), and evidence of systematic migration
was not found. For this reason, we have not discussed change in b

value from the viewpoint of seismicity migration.
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Fig.5 Magnitude-frequency relaticn for each peried of S2 actirity.

Ordinates indicate numbers of shocks in log scale.
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Precise determination of the focal depth of offshore earthquakes in

the northern Honshu arc and its implicationms

Tetsuzo Seno and Makoto Watabe

International Institute of Seismology and Earthquake Engineering,
Building Research Institute, Ministry of Construction, Ohho-machi,

Tsukuba~gun, Ibaraki Pref., Japan 305

Abstract

We study earthquakes along the northern Honshu arc, Japan, which
were previously thought to have occurred within the downgoing slab,
landward of the trench axis and seaward of the double seismic zone.
We use P wave synthetic seismograms to determine precise focal depth
and mechanism.

We examine six earthquakes in the zone from 50 km to 150 km
landward of the trench axis whose published focal mechanisms showed T
axes subparallel to the dip of the slab; these events have been
considered as being within the slab due to their focal wmechanisms.
When we computed body wave synthetics, however, five of these six
events were showen to be of thrust type and located at the plate
interface. Our synthetics confirm that the sixth event, which is
located about 100 km landward of the trench axis, definitely occurred
within slab 15 km below the plate interface. We obtain a focal
mechanism with T axis dipping at an angle of 60°.

The bending-unbending theory of an elastic-plastic plate cannot
explain the stress axis of this event; however, the gravitational

pull or sagging of the plate is consistent with this stress orien-
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tation.
Introduction

Sismicity 1in subduction zones can be separated into three
groupes: activity whithin the continental plate, activity at the
plate interface, and activity within the oceanic plate. The activity
within the oce;nic plate is well known in the Wadati-Benioff zone and
also in the region seaward of the trench axis. However, the
activity within the slab between these two regions is less known or
have not been studied well. We concentrate our efforts on this
activity in this study. The northern Honshu arc is the best place to
study this activity because the double seismic zone is well defined
there and precise focal depth determination is possible based on
the known crustal structure along the arc in the offshore region
(Asano et al., 1981). We determine precise focal mechanism and depth
for the events which have occurred in this area using body wave

synthetics.
Events

We searched events which possibly have occurred within the slab
during the period 1964-1978 June from file MEl of Yoshii (1979b) and
Seno and Pongsawat (1980). We listed events which have non-thrust
type mechanisms and T axes subparallel to the dip of the slab and
whose body-wave magnitudes are greater than 5.4. There are six
events which satisfy these conditions; they are listed in table 1 and
their epicentral locations are shown in Fig. 1. We selected events

with T axes subparallel to the dip of the slab because there are

L



previous studies which suggested that normal fault type earthquakes -

dominantly occur in the region between the trench axis and the double
seismic zone (Sasatani, 1971; Yoshii, 1979a). We also selected
events larger enough of which long period seismograms allow the

body wave synthetics.

Method

The method of computation of P wave synthetics is described by
Kroeger and Geller (1982). The method is essentially based on the
first motion apporximation of generalized rays (Langston and
Helmberger, 1975). However, it was improved to include all refle-
ctions from the structure near the source. The crustal structure
revealed by seismic refraction studies (Asano et al., 198l) is used

to compute the synthetics.

Results

Out of six earthquakes in Table 1, five events were found to be
of thrust type. The sixth event (1969 03 16, mb=5.5), which is
located 100 km landward from the trench axis, definitely has a
mechanism different from the thrust type mechanisms which are usually
seen in this region. It has one nodal plane dipping shallow to the
south and the other dipping steeply to the northeast; thus this event
cannot be interpreted as indicating the differential motion between
the Pacific and Eurasian plates. The depths determined for these
earthquakes are also 1listed in Table 1. The accuracy of determin-
ation is about +3km if the given crustal structure is correct. The

sixth events has the deepest focal depth of 33 km. The foci of other

-
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five events 1lineup in the cross-section normal to the trench axis
(Fig.2); because the shallower fault planes dip along this lineup

(fig.2), we interprete this as a plate interface.

'Discussions and conclusions

Out of the five events, two events were previously determined as
normal fault type by Ichikawa (1971) based on the short period data
reported in the ISC Bulletins; P-wave first motions of the long
period data clearly show that they are not of normal fault type but
of thrust type. The first motion data for the other events are not
enough to determine the focal mechanism type. Body-wave synthetics
was used effectively to determine the mechanism type in such case.
Comparison of waveforms can determine the dip angle of the fault
plane if the strike is fixed. Strikes of the fault plane were
constrained well by the first motions of P wave and S wave polari-
zation angles. The uncertainty of the slip angle does not effect the
waveform much.

Faulting within the slab between the trench axis and the double
seismic zone is not significgnt on the contrary to the previous works
(Sasatani, 1971; Yoshii, 1979a). However, the sixth event definitely
occurred within the slab 15 km below the interface. The stress
orientation of this event (Fig. 2) shows that bending or unbending
(Engdahl and Sholz, 1977; Isacks and Barazangi, 1977) cannot explain
this stress orientation. Thus this gives an piece of evidence that
the force other than expected by unbending-bending is acting within
the slab in this reigon. Gravitational pull or sagging of the
downgoing plate (Sleep, 1979) is a possible mechanim for this stress

orientation.



We selected events from file MEl which does not necessarily
include all the larger events. There are still events which are large
enough and whose mechanism solutions have not been analysed.
Moreover, the time period treated is only about 15 years. Thus we
have to await future studies to conclude that the faulting within the
slab between the trench axis and the double seismic zone is not

significant.
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Figure Captions

Fig. 1 Epicentral 1location of the events analysed in this study.
Focal mechanism solutions from previous studies are also shown; Il
and I2 are from Ichikawa; Y, from Yoshii (1979a); SM, from Stauder
and Maulchin (1976); SPl and SP1 from Seno and Pongsawat (1980).

Fig. 2 Cross-section of the foci determined by body-wave synthe-
tics. Shallower fault planes for thrust type events and T axis for

the non-thrust type event ' are also shown in this cross-section.
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Table 1. Earthquakes analysed
Event Date Location m, Depth—iSC' Depth™ Reference
(°N)-  (°E} km) (km) :
i |
{1 196503 16 40.75 142.96 5.8 29 26 Ichikawa (1971) ‘
p12 1968 0524 4091 143.11 5.7 23 23 Ichikawa (1971)

Y 1968 06 22 40.31 143.68 5.8 19 16 Yoshii (1973a) |
SM 197109 15 39.17 143.39 3.8 20 16 Stauder&Mualchin (19786) .
SP1 196804 21 38.68 142.99 34 41 18 Senc&Pongsawat {1981) |
SP2 19690316 38.57 14283 3.3 37 33 Seno&Pongsawat {1981) |

¢ 3P-? deptas corrected ‘or 1he water .ayer (Yoasnii, 1879a)
** Depuns determuined 5y the s0dy wave synthetics in this stuay
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Seimicity along the Pacific-North American Plate
Boundary in California and Western Nevada: 1980

by

David P. Hill, Jerry P. Eaton, Robert S. Cockerham,
William L. Ellsworth, and Carl E. Johnson

INTRODUCTION

Beginning in 1980, the number and distribution of telemetered,
high-gain seismic stations operated in California and western Nevada
provided the capability for locating eérthquakes of magnitude 1.5 and
greater occurring throughout the broadly-deforming Pacific-North American
plate boundary from the Salton Trough to the Mendocino triple junction
and as far inland as the eastern Sierra Nevada escarpment and the western
Great Basin. The objectives of this paper are to 1) present the pattern
of earthquake occurrence that emerged during 1980 from standard
processing of the data recorded by the three networks which, taken
together, form a 550-station array spanning the transform boundary
between the Pacific and North American plates, and 2) highlight a few
aspects of this pattern in relation to recognized active faults, regional
tectonic processes associated with deformation of the plate boundary, and
the recurrence of major earthquakes.

THE SEISMIC NETWORKS

Locations of the 550 stations forming the three telemetered networks
of short-period, high-gain seismograph stations in California and western
Nevada are plotted in Figure 1, Data from the stations within a given
network are telemetered to a central site where they are recorded and

processed on a routine basis for origin time, hypocentral locations, and



magnitudes. Thus, data from the Central California Network are processed
by the U.S. Geological Survey (USGS) in Menlo Park, California; data from
the southern California network are processed in a cooperative
Caltech~-USGS effort at the California Institute of Technology (Caltech)
Seismological Laboratory in Pasadena, California; and data from the
western Nevada network are processed by the Seismological Laboratory at
the University of Nevada in Reno, Nevada.

Each of the stations plotted in Figure 1 involves a moving-coil,
vertical-component seismometer with a 1 Hz natural frequency and a
low-power amplifier-VCO (Voltage-Controlled Oscillator) unit that
prepares the signal for FM-multiplexed transmission (with up to eight
signals on a single telemetry channel). At the present time, most of the
signals are transmitted over available telephone lines, although a
concerted effort is underway to convert as much telemetry as possible to
more economical FM-radio or microwave links. Representative
system-response curves for the telemetered stations are plotted in Figure
2, Note that a typical station operates with a magnification of about
lxlO6 at a frequency of 10Hz. The attenuated response of southern
California stations at frequencies above 3 Hz reflects a dealiasing
filter introduced to accommodate the 50 sample/second digital recording
rate for data in this network. |

The digitally-recorded data from the southern California network have
been processed using the interactive computer system CEDAR since 1976
(Johnson, 1979). An enhanced version of this system based on 100
samples/second digital recording rate is currently being implemented for

all three networks. Earthquakes recorded on the Central California and



western Nevada networks for the period covered in this paper (1980),
however, were largely processed by hand timing from film (Develecorder)
records and paper playbacks of FM signals recorded on magnetic tapes.

Routine hypocenter locations for earthquakes occurring within each
network are determined by least-squares inversion of measured P-wave
arrival times using a horizontally-layered P-wave velocity model (Lee and
Lahr, 1975) appropriate for the region. Magnitudes are calculated
principally from the duration of the earthquake coda waves measured on
the network-stations (Lee et al., 1972). For earthquakes larger than M
3.5 magnitudes are obtained from acmplitude measurements on Wood-Anderson
seismograms reported by either Caltech or U.C. Berkeley.

The accuracies of hypocenter locations vary within the networks
depending primarily on local station-density and knowledge of the local
crustal structure. As a rule, calculated epicenter- and focal-depth
errors for well-recorded earthquakes in the most densely instrumented
sections of the central California network are less than 1 and 2 km,
respectively., The corresponding errors in areas with average station
spacing are generally less than 2.5 and 5 km, respectively, but for
earthquakes occurring near the network margins or beyond, these errors
may increase to 5 and 10 km or more.

The system of telemetered, high-gain stations pictured in Figures 1
and 2 began in late 1966 with the installation of a small cluster of
eight stations along the San Andreas Fault near the south end of San
Francisco Bay (Eaton and others 1970). This cluster was gradually
extended to form the 175-station Central California Network by 1977.

With the increase in funding for earthquake research accompanying passage
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of the National Earthquake Hazards Reduction Act in 1977, the number of
stations was expanded to the current system of over 500 stationms
distributed between three major netwérks pictured in Figure 1. Although
the majority of the stations in these networks are supported by funds
administered by the USGS under the Earthquake Hazards Reduction Program,
a significant fraction have been supported by other sources, including
the U.S. Geological Survey and Department of Energy Geothermal Programs,
the U.S. Bureau of Reclamation, and U.S Army Corps of Engineers, and the
Reactor Hazards Program under the Nuciear Regulatory Commission,

This dense array of high-gain, telemetered stations complements the
regional networks in northern and southern California that have been
operated by the University of California, Berkeley and the California
Institute of Technology, respectively, beginning as early as 1910 (Bolt
and Miller, 1975; Heilman et al, 1975). In addition to sparse arrays of
telemetered stations these networks contain a number of broad-band and
special-purpose low-gain stations. They provide long-term continuity for
the locations and magnitudes of earthquakes with local magnitudes ML
greater than about 3 as well as on—scale data for special studies of the
larger earthquakes occurring in California.

1980 SEISMICITY

Epicenters for earthquakes of magnitude 1.5 and greater recorded
during 1980 by the three seismic networks illustrated in Figure 1 are
plotted in Figure 3 together with the surface traces of major Quaternary
faults, The resulting seismicity pattern can be described in terms of a
quasi-stationary pattern that seemingly shows only modest fluctuations in

form over the past ten years or more (at least for the parts of central



and southern California where data of uniform quality are available), and
a more transient pattern dominated by the aftershock sequences of larger
earthquakes (M 22 5) and occassional earthquake swarms.

Stationary pattern. The stationary seismicity pattern along the San

Andreas fault for at least the past ten years and very likely for the
last 50 or 60 years (Ellsworth and others, 1981), has been characterized
by the remarkable absence of even the smallest earthquakes along the
sections of the fault that broke with the great historical earthquakes
(M—v 8) of 1857 in southern Californié and 1906 in northern California.
These two quiet segments are separated by the equally remarkable creeping
segment of the fault in central California characterized by the
persistant activity of small-to-moderate earthquakes (M < 6), which are
tightly confined to the actively slipping planes of the San Andreas and
Hayward-Calaveras faults (Wesson and others 1977). South of the now
quiet 1857 break, the San Jacinto, Brawley, and Imperial branches of the
San Andreas fault system have also been persistantly active with small to
moderate earthquakes during the past ten years (see Allen, 1981). b

The two parallel strings of epicenters extending northwestward from
San Francisco Bay toward the Mendocino triple junction also appear to be
part of the stationary seismicity pattern, although a few more years of
monitoring with the newly established stations in northern California
will be required to establish the stability of this pattern.

Several rather diffuse seismicity patterns also show a tendency to
maintain relatively stable levels of activity over the last decade or
so. The most noteworthy examples are 1) an irregular cluster elongated

in an east-west direction that generally includes the southern section of



the Transverse Ranges plus the Los Angeles Basin and the southwestern
part of the Mojave Desert, 2) a cluster elongated in a northeasterly
direction that runs parallel to but north of the Garlock fault (the
Tehachapi-Walker Pass-Coso trend), 3) an elongated, rectangular-shaped
cluster in the Coast Ranges immediately east of the long, straight
stretch of the San Andreas fault central California, 4) a persistant
cloud of activity covering the Cape Mendocino area (the particular
triangular-shaped pattern in Figure 3, however, represents the aftershock
sequence of the November 11 magnitude‘7 event to be mentioned below. The
diffuse pattern of epicenters that crosses the north end of the Great
Valley and the northern Sierra Nevada mountains also appears to be
stable, as least over the couple of years for which adequate data are
available.

In contrast, three large areas are noteworthy for their persistently
low levels of seismicity. Few earthquakes are reliably located in the
Mojave Desert either east of a line extending between Death Valley and
the east margin of the Salton Trough or in the western wedge that forms
the "prow” between the Garlock and San Andreas faults. (Note, however,
that these two quiet areas are seperated by a band of selsmicity and
mapped Quaternary faults in the central Mojave Desert).

Similarly, few earthquakes are located within the large oval-shaped
area that includes the central sections of the Great Valley and the
Sierra Nevada Range. (The absence of epicenters plotted in Figure 3 for
northern-most California reflects the lack of network coverage during
most of 1980, Data from newly installed stations in the Mount

Shasta-Mount Lassen region show a moderate level of earthquake activity).
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Transient pattern. The more transient part of the seismicity pattern

for 1980 is dominated by the occurrence of six earthquakes of magnitude 6
or greater. Excluding the aftershocks of major earthquakes, this is the
largest number of magnitude 6 or greater earthquakes to occur in
California and western Nevada during any single year back at least as far
as the turn of the century (Bufe and Toppozoda, 1981). Interestingly,
the two largest events were located at the extreme northern and southern
ends of the San Andreas fault system: a M 6.1 earthquake on the Cerro
Prieto fault (Mexico) in the Salton Trbugh on June 9 and a M 7.0
earthquake just off Cape Mendocino on November 8. (The Cerro Prieto
fault is one of a series of right-stepping, en-echelon faults forming the
transition from the San Andreas transform fault system to the east
PAcific Rise in the Gulf of California). The remaining for M=6 events
occurred in the remarkable Mammoth Lake sequence just south of Long
Valley along the eastern escarpment of the Sierra Nevada range on May 25,
26, and 27.

Also contributing to the transient pattern were several earthquake
sequences in which the largest events were in the range 5<M<6. On
January 24, and M 5.8 mainshock initiated an intense aftershock sequence
on the previously quiet Greenville fault just north of Livermore and east
of the persistantly active Calaveras fault. The clusters of epicenters
extending to the northeast into Nevada from Mammoth Lakes developed as a
series of swarm—like sequences each with one or more M 5 events during
June, September, and December. A tight cluster of epicenters just
northwest of Lake Tahoe represents the aftershock sequence of a M 5.2

earthquake on November 28 (see Smith and Ryall, 1982).
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Depth Distribution. As has been recognized for some time, most

earthquakes in California and Nevada are confined to the upper 15 km of

the crust (Allen, 1981, Wesson and others, 1977, Hill, 1978). With the

improved areal coverage and resolution afforded by the array of stations

shown in Figure 1, however, some interesting variations in the pattern of

focal depths have begun to emerge.

The series of cross—sections plotted in Figure 4 illustrate a few of

the more notable variations. In particular:

1)

2)

3)

4)

Maximum focal depths systematically increase from 20 to 60 km
along profile AA' extending to the southwest from Cape Mendocino.
This pattern of deep earthquakes very likely reflects the
southern edge of the Juan de Fuca plate as it 1s being subducted
beneath the North American plate (Cockerham, in press).

The distribution of focal depths along the San Andreas fault
system in northern California (Profile D-D') emphasizes the
abrupt transition from the deep seismicity (h<40km) beneath the
Mendocino triple junction to the shallower seismicity (h<15km)
typical of the San Andreas system. This step probably
represents the southern edge of the Juan de Fuca plate.

The tendency for earthquakes to occur on the vertical planes of
the major branches of the San Andreas system in central
California is emphasized in profile B-B'.

Maximum focal depths increase to about 20 km beneath the
Transverse Ranges in southern California (Profile C-C').
(Because focal depths are generally the least reliably

determined parameter in a routine hypocenter location, some
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caution must be exercised in interpreting detailed patterns in
cross-sections of the sort presented in Figure 4).
DISCUSSION “

The spatial pattern of earthquake occurrence emphasized here
represents only a small part of the information that can be extracted
from these networks on seismotectonic processes operating along the San
Andreas transform fault system and the western margin of the North
American plate.

For example, we have made only passing reference to temporal
variations of seismicity in terms of stationary and transient patterns
with respect to a one-year time frame, although the data affords the
possibility of a wide range of space-time studies. Such studies are
critical as we attempt to access the validity of the “"seismic cycle”
concept as it applies to the recurrence of major earthquakes on transform
plate boundaries (Ellsworth and others, 1981). 1In particular, we should
expect to see a change in the "stable” seismicity pattern as we move in
time from the relatively quiet period (stage I) in the "Seismic gaps”
along the sections of the fault that broke with major events in 1857 and
1906 to a period of increased activity (stage II) leading to the next
major, gap-filling earthquake (stage III). Clearly, however, our ability
to resolve such changes will depend on our ability to maintain a uniform
capacity to collect and process the data from a stable array of statioms
over the coming years.

Information on earthquake source parameters (Fault plane solutions,
seismic moment, stress drops) that can be extracted from the network data

provide fundamental clues on the kinematics of the deformation process
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and the nature of the associated stress field. Although solutions for
source parameters are not yet produced by routine processing of
network-data, a number of special st;dies based on subsets of the network
data have been completed. The results show that, in general, 1)
earthquakes on the San Andreas fault and its many sub-parallel branches
have right-lateral, strike-slip focal mechanisms with slip on planes more
or less parallel with the surface trace of the associated fault, 2)
earthquakes in the Transverse Ranges have focal mechanisms showing both
reverse slip (thrust) on east-striking planes and strike-slip on either
northeast of northwest striking planes, and 3) earthquakes in the Basin
and Range province (north of the Garlock fault) and east of the Sierra
Nevada) have normal slip on north~striking planes and strike slip on
either northeast of northwest striking planes. All of these focal
mechanisms are consistant with a stress field dominated by the
interaction of the Pacific and North American plates in which the
greatest compressive horizontal stress has a north-south orientation and
the least compressive horizontal stress has an east-west orientation
(Hill, 1982, Zoback and Zoback, 1980). Local deviations of focal
mechanisms from this regional pattern, however, are not unusual. A
notable example is provided by the Mammoth Lake sequence and earthquakes
to the northwest along the boundary zone between the Sierra Nevada and
Great Basin in which the extention directions (T-axes) of the focal
mechanisms are systematically rotated by nearly 459 in a
counterclockwise direction with respect to the regional trend (see

VanWormer and Ryall, 1980).
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CONCLUSIONS

The pattern of earthquake occurrénce in California and Nevada
illustrated in Figures 3 and 4 is symptomatic of the wide-spread
deformation of the western margin of the United States as the Pacific and
North American plates grind past on another along the San Andreas
transform fault system. The data recorded from these earthquakes on the
array of seismic stations illustrated in Figure 1, clearly contain a
wealth of information on the nature of the processes driving this
wide-spread deformation and the properties of the lithosphere undergoing

deformation.
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FIGURE CAPTIONS

Figure 1

Figure 2

Figure 3

Figure 3a

Figure 4

15

Locations of short-period, telemetered seismic stations
forming the Central California Network (C), the Southern
California Network (S), and the Western Nevada Network (N)

in 1980.

Typical system response for telemetered stations in Figure
1, Dashed curve shows effect of dealiasing filter used in

Southern California Network.

Earthquakes located in California and western Nevada during
1980, Symbol size is proportional to magnitude. Profiles

are keyed to cross-sections in Figure 4,

Map showing major Quaternary faults mapped in California
and Nevada together with geographic features mentioned in
the text. Striped area indicates Sierra Nevada mountains
and cross-ruled area indicates the Transverse Ranges.
Faults and other features are: B = Brawley seismic zone, BP
= Big Pine f.,, C = Calaveras f,, CM = Cedar Mt. £., DV =
Death Valley f., E = Elsinor f., G = Garlock f., GV = Green
Valley f., H = Hayward f., I = Imperial f., M = Maacama f.,
NI = Newport-Inglewood f., PM = Pinto Mt, f.,, PV = Pleasant
Valley f., SA = San Andreas f., SJ = San Jacinto f., SY =
Santa Ynez f.,, WL = Walker Lake, LV = Long Valley Caldera,

LT = Lake Tahoe, MIJ = Mendocino triple junction.

Cross-sections showing depth distribution of earthquakes
along profiles in Figure 3., Earthquakes occurring within
20 km on each side of a profile have been projected onto

the corresponding cross-sections.
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The interpretation of changes in groundwater
level caused by earthquakes
Tagutschi,Y., Takahashi,M., Nagai,S., and Tono,N.
Geological Survey of Japan
Tsukuba, Ibaraki 305, Japan
Abstract

The swarm earthquake occurred off the east coast of the Izu
Peninsula for about three months from June 25, 1980. Among them,
the earthquake of magnitude 6.7, which occurred at 16:20 hours on
June 29, 1980 was the main shock.

Pre- or coseismic changes in groundwater level caused by the
main shock were examined at the two observation wells at Atami and
Haibara, Shizuoka Prefecture, Japan.

Based on groundwater level fluctuation caused by earthquakes,
one model called a sponge model is proposed. According to the model,
the mechanism of fluctuation in groundwater level by earthquake can

be reasonably interpreted.

1. Introduction

The swarm earthquake occurred off the east coast of the Izu
Peninsula for about three months from June 25, 1980. Among them,
the earthquake of magnitude 6.7(by the Japan Meteorological Agency)

which occurred at 16:20 hours on June 29, 1980 was the main shock.
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The authors examined the fluctuations of groundwater levels at
two observation wells at Atami and Haibara(Fig. 1) from a hydrolog-
ical point of view.

A groundwater level decrease of about 80 cm was observed for 40
minutes after the occurrence of the main shock at the Atami observa-
tion well. The groundwater level was stabilized at the decreased
level after the main shock.

For 16 hours before the main shock, the groundwater level at
the Haibara observation well could not be correlated to barometric
pressure change.

The purpose of this paper is to interpret the fluctuation of
the groundwater level caused by earthquakes using a model based on

their examinations.

2. Coseismic changes in groundwater level at the Haibara observation

well

1) Description of the well

The Atami observation well(80 m in depth) is situated on the
active Baien fault at 96 m above sea level(Fig. 2). Strainers are
installed from 15 to 30 m and from 60 to 70 m in depth based on tem-
perature logging and other data, but the well below 60.73 m is buried
with debris.

This well had been a source of water supply to Atami City only
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in summer, but the pumping was stopped after 1974, GSJ installed

an automatic water gauge in October, 1979,

2) Fluctuation of groundwater level

Figure 3 shows the groundwater level at 30 minute intervals at
the observation well, hourly precipitation, and barometric pressures
at € hour intervals observed at the Ajiro Weather Station from 21:00
hours on June 25 to 24:00 hours on June 30, 1980. During this peri-
od, earthquakes in magnitude over 4.0 occurred nine times as shown
in Table 1. Earthquakes A, B, C, and D were relatively large, among
which C was the main shock. It took 14 months for the groundwater
level to return to the former level after the main shock. The de-
crease in groundwater level by earthquake C occurred exponentially

during a time span of 40 minutes.

3) Relationship between the net difference of groundwater level and
energy of earthquake
The net difference of groundwater level(AH in mm) before and
after each earthquake is related with its energy(Z in joule) as
shown in Fig. 4. The equation between two is as follows;

AE = 5.75 x 1070 g0-7° (1)

4) Hydrological aspects of groundwater level fluctuation
Groundwater level is greatly affected by the amount of the pre-

cipitation. But barometric pressure does not affect it in signifi-
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cant way{Fig. 5). The groundwater at this well is unconfined both
hydrologically and hydrochemically. The relationship between preci-
pitation and net increase of groundwater level by precipitation is
not identical, but it is nearly linear on a log-log scale when the
total precipitation exceeds 10 mm(Fig. 6). This relationship holds
regardless of earthquake occurrence. A scattering of circles in
Fig. 6 such as A7, A8, Al0, B3, and B7 mainly depends on each ante-
cedent condition.

The recession segment of groundwater hydrograph after the peak
can be expressed by the following equation(2).

B = Boe@Fte) Ly 2)

Replacing e”® with K, equation{2) can be rewritten by equation(3}.

B = gxtte) 4

b (3

where H:.groundwater level at the time ¢ on a recession segment of
hydrograph, Ho:that at the peak(t=t,), K:recession constant, t-%o:
passed time after the peak, b:constant.

Table 2 shows recession constant calculated from equation(3),
after the peak of hydrograph before and after earthquake C. The
mean value before and after earthquake C is 0.97. Significant dif-
ference cannot be observed between them. On the other hand, the

decrease of groundwater level after earthquake C is 0.81 for the

first five minutes and 0.88 after that. They are small enough com-

pared to those under normal conditions. It is clear that earthquake

C did not affect the hydraulic properties of aquifers significantly.
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3. Preseismic changes in groundwater level at the Haibara observa-~

tion well

1) Description of the well

The observation well at 58 m above sea level is 170 m in depth
and its strainer is installed from 71 to 154 m in depth. This well
was drilled in December, 1978 for the purpose of earthquake predic-
tion research.

Geological formations of the well are loam(0- 3 m), sandstone
(3~51 m), clay(51-52 m), sandstone(52 - 110 m), sand and gravel/{11l0
- 115 m), sandstone(l1l5-130 m), and mudstone(130-170 m> from the

surface downward.

2) Relationship between the groundwater level and the barometric
pressure

As the occurrence of groundwater at this well is confined, the
groundwater level is directly related to barometric pressure. The
ratio of groundwater level change to the barometric pressure change,
in equivalent units, is termed the barometric efficiency. The effect
is inverse, that is, as the barometric pressure rises the groundwater
level declines(Fig. 7).

Table 3 shows changes of barometric efficiency during a period
of one month from June 15 to July 15, 1980. The mean values of bar-
ometric efficiency for both increasing and decreasing segments of

barometric pressure are about 10.
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Figure 8 shows changes of barometric efficiency from June 25 to
July 4, when swarm earthquake occurred. The barometric efficiency
before earthquake A was 8.6 to 9.5, but that after earthquake A de-
creased to 3.7. After earthquake A, the barometric efficiencies
were unstable.

Since 0:00 hours on June 29, the groundwater level was inde-
pendent of barometric pressure and the main shock occurred. It was
about 16 hours after observiﬁg the anomalous barometric efficiency.

The barometric efficiency increased to 15.8 by the effect of
the main shock, but it returned to the normal value of 9.4 from

July 1.

4. Interpretation by a sponge model

Considering phenomena mentioned above, one model called a sponge
model is proposed for the mechanism of fluctuation in groundwater
level as follows.

A sponge is filled with water from the bottom to D(Fig. 9-B).

As this model is hypothesized to be a closed system, water does not
change in quantity.

If compressive stress increases, water level in a sponge will
gradually rise. 1In this process, a correlation between the.ground-
water level and the barometric pressure will be changed. The ano-

malous values of the barometric efficiency observed for 16 hours
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EXPLANATIONS OF FIGURES AND TABLES

Fig. 1 Location map of the two observation wells and epicenter of
the main shock.

Fig. 2 Location of the Atami observation well, and distributions of
epicenters and active faults

Solid lines in lower left figure are nodal lines derived from
the focal mechanism of the earthquake. Slip vector is shown
by a pair of arrows. Area circled by broken line indicates
that of epicenters of swarm earthquake.

Fig. 3 Changes in the groundwater level at the Atami observation well,
the barometric pressure and hourly precipitation at the Ajiro
Weather Station

Fig. 4 Relationship between energy of earthquake and decrease of
groundwater level caused by the earthquake

Fig. 5 Seasonal changes in the groundwater level at the Atami obser-
vation well, the barometric pressure and precipitation at the
Ajiro Weather Station

Fig. 6 Relationship between total precipitation and increased ground-
water level by it at the Atami observation well

Numbers in this figure correspond to those in Table 2.

Fig. 7 Fluctuations of the groundwater level and the barometric pres-
sure at the Haibara observation well

Fig. 8 Changes of barometric efficiencies before and after the main
shock at the Haibara observation well

Fig. 9 Schematic interpretation of decrease of the groundwater level
caused by the earthquake after a sponge model

(B) :before, and (A):after earthquake

Table 1 List of earthquakes of magnitude over 4.0 from 21:00 on Jun.
25 to 24:00 on Jun.30, 1980

Table 2 Comparison of recession constants before and after earthquake
C at the Atami observation well

Table 3 Barometric efficiencies at the Haibara observation well

Table 4 Comparison of increase of storage coefficient with a thick-
ness of an aguifer in case of the Atami observation well
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before the main shock at the Haibara observation well were due to
this stress change. In case of an unconfined aquifer as the Atami
observation well, these phenomena will not be found significantly.
When this sponge is stretched toward both sides(the occurrence
of an earthquake), the water level will go down. Water-bearing con-
ditions(hydraulic coastants) in a sponge(an aquifer) may slightly be
changed by temsion. At last, water level becomes stable at somewhat
lower than the former level(before the earthquake). In case of the
Atami observation well, coseismic decrease of groundwater level was
observed in about 80 cm.
Putting water volume into @ and storage coefficient into S in

(B) stage(Fig. 9-B),

@=S5D
On the other hand, putting storage coefficient into S' in (A) stage
(Fig. 9-A),

g =S'"(D-4d)
where d is the net difference of groundwater level before and after
the earthquake.
Therefore,

D
S's —— §
D -d

When D is sufficiently large in comparison with d, D/(D-d) is nearlv
equal to 1. The net difference of groundwater level(d ) before and
after the main shock at the Atami observation well was about 0.8 m.

Table 4 shows the calculated result of the comparison of increase of



storage coefficient with the thickness of an aquifer at this well.
Then,
S' =S
If a thickness of an aquifer is deep enough, storage coefficient

after the earthquake will increase slightly, but the change of it
will not give the remarkable difference of groundwater occurrence
both before and after the earthquake. The groundwater occurrence
after the main shock at the Atami observation well did not change

significantly as shown in Table 2 and Fig. 6.

5. Conclusion

Groundwaters on an active fault such as the Atami observation
well or in a confined aquifer without artificial disturbances such
as the Haibara observation well have important informations as a
parameter showing the movement of earth's crust. A practical appli-
cation of the model proposed by the authors and further detailed
observations should be expected to obtain the useful data for earth-

quake prediction.
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Barometric Efficiency
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