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PREFACE

The National Earthquake Prediction Evaluation Council (NEPEC) was
established in 1979 pursuant to the Earthquake Hazards Reduction Act of
1977 to advise the Director of the U. S. Geological Survey (USGS) in
issuing any formal predictions or other information pertinent to the
potential for the occurrence of a significant earthquake. It is the
Director of the USGS who is responsible for the decision whether and when
to issue such a prediction or information.

NEPEC, also referred to in this document as the Council, according to its
charter is comprised of a Chairman, Vice Chairman, and from 8 to 12 other
members appointed by the Director of the USGS. The Chairman shall not be a
USGS employee, and at least one-half of the membership shall be other than
USGS employees.

The USGS began regular publication of the minutes of the Council in 1985
under its open-file services. To date, four proceedings volumes are
available. This is the first special publication of the Council.
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INTRODUCTION

Earthquakes are a national problem with all or portions of 39 States lying
in regions of moderate or major seismic risk. Catastrophic earthquakes in
the United States are inevitable and hold the potential for causing great
loss of life and widespread property damage. Such occurrences could have
regional impact on public services and national impact on manufacturing,
the economy, and national defense. Earthquake prediction is a significant
and primary means of enhancing the effectiveness of preparedness activities
and for mitigating the effects of great earthquakes.

The southern portion of the San Andreas fault in southern California is
widely recognized by earth scientists as having a very high potential for
producing a great earthquake within the next few decades. This high
probability in conjunction with observations of crustal movements that are
anomalous, but of uncertain significance, and a large population at risk
indicate that this region is of greatest priority for development of an
operational prediction capability.

Observations worldwide have demonstrated that many damaging earthquakes are
preceded by patterns of anomalous phenomena that could be used for
predictive purposes. Indeed, damaging earthquakes have been predicted in
areas where instruments have been placed for these purposes in China, USSR,
and Japan.

The goal of the workshop was to identify specific 30-km-long segments of
the southern San Andreas and San Jacinto fault zones appropriate for
detailed earthquake prediction studies.

There was considerable unanimity on the need to focus efforts in selected
regions of southern California. While the Parkfield prediction experiment
provides the best conceptual model for such focussed studies, there was a
widespread sentiment that experiments had to be tailored to take account of
the geological and geophysical characteristics of each region to be
studied. For example, given a 150-km-long fault zone with high seismic
potential, several years of intensified seismic and geodetic measurements
throughout this zone would be needed to establish criteria for selecting a
30-km-long segment for detailed monitoring. Nonetheless, the necessity of
addressing the high seismic risk of southern California with clustered
monitoring efforts was clearly recognized, and there was wide, if perhaps
not unanimous, agreement on where these studies should be located: the Anza
s1ip gap on the northern San Jacinto fault, the southernmost end of the

San Andreas fault near the Salton Sea, and the complex junction zone of the
San Andreas and San Jacinto faults near Cajon Pass.



The papers, extended abstracts, and post-meeting comments are included
here. In some cases papers were not presented, or are not available, and
discussion instead focussed on photographic slides or handouts. Where
available, copies of these materials are included in the document. As a
result of the different methods of presentatation, this report loses some
of the meetings's coherency, but we hope it nevertheless reflects the
nature and content of the workshops's discussions, and provides some of the
flavor of the informal proccedings and the range of opinions of the
participants.
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October 25, 1984

OPTION PAPER .
FOR
EARTHQUALE PREDICTION STRATEGY
Prepared by the
U.S. GEOLOGICAL SURVEY

~ PURPOSE

This paper provides a basis for a decision on a strategy for earthquake
prediction in the United States. The Secretary of the Interior has requested
that the Director of the Geological Survey develop a plan for the
implementation of a prototype operational earthquake prediction system in
southern California. This request raises the question of not only how an
operational earthquake prediction system might be established but, since other
Opt§ons exist, whether such a system should be pursued at this time. In the
course of this paper the earthquake threat to southern California is discussed
followed by a summary of the earthquake prediction problem. Programs in other
countries are reviewed briefly. The status of the United States program is
set down and, finally, options for how to proceed, including the development

of a prototype operaticnal system, are presented.

This paper specifically refrains from the use of technical terms and complex
scientific arguments while it attempts to directly convey the current status
" of earthquake prediction, the problems to be faced, and programmatic options

for the future.



e

The terms operational earthquake prediction system as used in this paper refer
to proposed geophysical instruments and data analysis facilities that would be

monitored and maintained 24 hours a day for the sole purose of earthquake
prediction. Use of the term operational does not imply that the earthquake

prediction problem is solved or reduced to a routine procedure.

Despite the lack of a definitive solutioq to the problem of reliable, short-
term earthquake prediction and uncertainties over the social reaction to and
econonmic benefits of such predictions, concern for public safety raises the
issue: Given the high probability of a great earthquake along the socuthern
San Andreas in the next 30 years and the possibility of smaller but still
dangerous events from other faults in the region, should a more aggressive -~ -
strategy be adopted to predict these events? Specifically, should the Federal
Government, with State support, begim full or partial implementation of a

prototype operational prediction system in southern California?
BACKGROUND

Earthquake Hazard: Ninety percent of the world's earthquakes occur in
relatively narrow bands that mark the boundaries between large se&tions of ths.
Earth's ocuter shell. These sections, called plates, are driven by the
internal heat of the Earth and move slowly and inexorably with respect to each
other. The boundary betwgen the Pacific plate and the North Am;rican plate
falls in California and forms the San Andreas fault system. Here the relative

motion between the two plates is about 2 inches per year. Along most sections




of the fault the mechanics are such that the strain due to relative plate
motion is not relieved continuously along the fault but through slow bending
of the Earth's crust in the vicinity of the fault zone. Any mechanical
system, when bent or strained without release, will eventually break and fail
suddenly. This behavior gives rise to recurrent earthquakes of moderate to
great significance. Along some sections of the fault, a moderate earthquake
will occur every few tens of years while other sections remain quiet for a
century or more before a uajdi ea;tﬁquake occurs, In each case, the strain

begins to accumulate after an earthquake, and the cycle is repeated.

In historic times great earthquakes ruptured the main trace of the San Andreas
in 1906 from San Juan Bautista to Cape Mendocino (400 km) and in 1857 from
Cholame south to San Bernardino (350 km). Relative slip or displacement

across the fault was measured in tens of feet in each case. These sections of

" the fault have décumuléted significant strain that has not been released since

these large events. Geological studies indicate that the southern section of
the fault that broke in-1857 experiences a major displacement about every 140
years. Statistics applied to the geological evidence point to a 45 percent
chance of another major earthquake along the southern (1857) section of the
fault within the next 30 years. Estimates of damage from this earthquake
range in the £ens of billions of dollars and loss of life is estimated to be

in the thousands.

In addition to its main trace, the San Andreas fault system consists of

hundreds of ancillary or tributary faults. Although these lesser faults are
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unlikely to give rise ib large, devastating events, earthquakes along them can
be dangerous and cause significant damage. The 1971 San Fernando and the 1983

Coalinga earthquakes occurred on faults of this type.

National Perspective: Earthquake prediction was formally introduced into the
nation's scientific agenda with the passage of the National Earthquake Hazards
Reduction Act of 1977T. A stated objective of this legislation is to
"introduce into all regions or the country subject to large and moderate
earthquakes systems for predicting earthquakes and assessing earthquake

risk.".

In the division of labor within the National Earthquake Hazards Reduction

Progran, the U.S. Geological Survey (USGS) of the Department of the Interior

is charged with conducting earthquake prediction research. This is consistent - .- .
with the r;sponsibilities assigned to the Director of the Geological Survey

under the Disaster Relief Act of 1974 to ". . . issue warnings to State and

local officials of impending earthquakes, volcanic eruptibns, landslides, and

other geologic disasters.",

The scientific problem: Research supported by the Geological Survey on the
problem of long-term earthquake prediction (earthquake potential) and
estimates of strong ground shaking due to earthquakes has proceeded more
rapidly than originally thought possible. Geologists at the USGS, the
California Institute of Technology, and other institutions have[ through
detailed studies of fault zones, demonstrated that dates of large prehistoric
earthquakes can be estimaied from the geologic record. Scientists from

Lamont-Doherty Geological Otservatory, the University of California, and the
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USGS have combined these results with seismological and other data to provide
quantitative estimates of recurrence times of earthquakes in California,
Nevada, and elsewhere. From estimates of recurrence times, or thé length of
the seisamic cycle; and knowledge of the last large earthquake in a region,
general or long-term predictions, accurate within a few years or‘decndes, may
be made. An effort is underwvay to systematically catalog active faults in the

United States and estimate the earthquake potential of each.

Progress on the problem of short-term prediction, within a few hours or days
of the event, has proven more difficult. For shorteterm prediction we must be
able to identify and detect that portion of the seismic cycle just before a
large earthquake occurs. This hinges on there being accelerated deformation
in the rock at the fault hours or days before failure. Simply stated, the
central notion behind short-term earthquake prediction is that most mechanical
systems when subjected to deformation, such as a stick being bent or the
Earth's crust being strained, will not fail catastrophically without
premonitory indications, such as rapid yielding or minor brittle fracturing
Just before failure. In the case of earthquake prediction, the central
questions are whether or not these indications will occur at a magnitude and
tige iﬁ order to form the basis of a timely and reliable warning of an

impending earthquake.

Earthquake prediction research has resulted in an increase in our ability to
measure and explain rapid deformation in the Earth's crust, in the
sophistication of laboratory and theoretical models of eathquakes and crustal
materials, and in our ability to process and analyze large volumes of seismic

and other types of data and to interpret these data in terms of geologic and
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earthquake proeessea.‘.Nevertheless, since the beginning of the Federal
program there has been no unequivocal case in which a significant earthquake

in the United States was predicted in hours or days prior to its occurrence.

The social problem: In addition to the scientific and statutory aspects of
earthquake prediction, consideration is given to the social preparations
necessary to deal with an earthqu;ke prediction effectively. It is generally
agreed that official sfateme5£s about an impending-earthquake must be
accompanied by explicit instructions on what measures should be taken.
Progress has been made through the Southern California Earthquake Preparedness
Project (SCEPP), an ongoing planning effort funded jointly by the Federal
Emergency Management Agency and the State of Califormia, in the preparation of
guidelines for local officials in the event cf.an earthquake prediction.

Similar planning efforts are underway in the San Francisco Bay area. However,
no drills or exercises have been cgnducted to prepare the general public ro}
rational reaction to a prediction. To assist officials with the
responsibility to issue or assess earthquake predictions, the National
Earthquake Prediction Evaluagion Council (NEPEC) and the California Earthquake
Prediction Evaluation Council (CEPEC) have been formed at the Federal and
State levels, respectively. Although these councils have been asked to assess
predictions by others, they have never recommended that an éarthquake

prediction be issued.

Successful prediction of a large earthquake for the southern San Andreas fault
can result in significant benefits to society, both in reduction of casualties
and in property ioss. In modern, industrial society, for which it is hoped

that the major loss of life can be averted through prudent land-use policies ‘



and earthquake-resist#ht design and constructiom, it will be extremely
difficult to eliminate all hazardous struct;rea in seismically prone areas.
In addition to alerting emergency response efforts, earthquake prediction can
provide society a defense against the building that might collapse, the dam
that might fail, and the vulnerable industrial practice. The saéety benefits
of a short-term earthquake warning in the Los Angeles area are reported to be
approximately 4,400 deaths avoide@t Although lives can be saved by a
successful prediction, a pred;ction may entail costs in the form of losses in .
the regional economy. Losses due to a false prediction could be

substantial. Thus net benefits of a prediction depend upon its reliability,
how it is presented to the public, and how well the public is prepared to

react to it.
PROGRAMS IN OTHER COUNTRIES .

In addition to the United States, three other countries have established major
national efforts to reduce earthquake hazards. Each of these efforts has a

strong earthquake prediction component.
Soviet Union

The earthquake prediction program in the Soviet Union has continued for about
20 years under the leadership of the Institute of Physics of the Earth in
Moscow. The centerpiece of tﬁe Russian program is a field facility at Garm
east of Dushanbe near the Afganistan border. The purpose of this facility is
to predict earthquakes in the surrounding region. The facility consists of

about 20 buildings (including living quarters) and a staff of about 50
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scientists and technicians who routinely analyze data from instruments in the
region. The maximum dimension of this region is similar to that from

San Diego to El Centro. Although several successful earthquake predictions

have been reported from the Soviet Union, some of these appear'tc have been

made after the event and none have dbeen clearly documented.

China . o -

In China, earthqﬁake prediction has been given high national priority. The

State Seismological Bureau in Beijing has been established as a sepagat&

ministry to give strong central direction to the Chinese program. The State
Seismological Bureau maintains a field facility (about the same size of that

at Garm) in western Yunnan province near the Burmese border. Through ‘
provincial governments the Chinese maintain prediction efforts in other parts

of the country subject to destructive earthquakes. In 1975 a magnitude 7.3
earthquake near Haicheng, 300 miles northeast of Belijing, was successfully
predicted 9 1/2 hours before the event., This event was preceded by precursors

of many different types. However, in 1976 an earthquake near Tangshan killed

over a quarter of a million people and was not predicted.

Japan

The Japanese earthquake prediction program began in 1965 and is now in its
fifth S-year cycle. The Japanese program is often used as a standard for
comparisén with the United States program. The annual budget for the Japanese

program 1s reported to be about $30 million exclusive of salaries. The Large-



scale Earthquake Countermeasures Act of 1978 codified procedures for

evaluating, issuing, and responding to an earthquake prediction.

The Japanese have designated the Tokai region, between Tokyo and Nagoya, as
one of high seismic potential. (The distance from Tokyo to Nagoy; is about
the same as that from Santa Barbara to San Diego.) Because this region has
high population and heavy industrial activity, prediction of the next great
earthquake here is considered critical. A ;ery dense network of instruments
for monitoring various precursory phenomena has been established in the region
and data are sent via telephone lines to a center in the Japan Meteorological
Agency in Tokyo, which is staffed 2U hours a day and 7 days a week. When
anomalous behavior is observed, an earthquake prediction council meets on
several hours notice and evaluates the data. It conveys its findings to the
director of the agency who in turn reports to the Prime Minister. A network
of loudspeakefs has been established in Tckai-and radio and television
announcements prepared to notify the public if a prediction is issued. Drills
and exercises have been conducted so that individuals know how to respond in
case of a prediction. In addition, other extensive measures are being taken

to mitigate the effects of the earthquake whether it is predicted or not.

There are similar aspects to the approach taken to earthquake prediction in
Japan, China, and the Soviet Union. Although the scale and details of the
technical approach may differ, all three have established strong broad-based
programs in fundamental research on earthquake processes, earthquake

potential, and instrument development. Each has designated at least one area
for intensive monitoring for earthquake prediction purposes. In Japan the

area is densely populated and the prediction effort is directly linked to
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public safety. The prediction study areas in the Soviet Union and China are

less densely populated and linkage to local governments is not 6bvioua.

STATUS OF THE UNITED STATES PROGRAM

The National Earthquake Hazards Reduction Program in the United States is
comprised of activities in four separate agencies. Briefly stated, these
agencies and their principle activities are:
Federal Emergency Management Agency is the lead agency for the national
program and is responsible for emergency response planning and mitigation

strategy development.

National Sqiencc Foundation supports basic research in the geological

sciences and in earthquake engineering.

National Bureau of Standards supports the development of bduilding codes

and the design and testing of structures and materials.

The U.S. Geological Survey supports earthquake prediction research,
studies of long-term earthquake potential, regiohal hazards assessments,

engineering seismology, and the distribution of earthquake information.

Within the USGS program, geological and seismological studies are conducted to
establish thellong-term earthquake potential of a region. These studies have
made significant advances over the past decade, and now earthquake potential

can be expressed quantitatively for various regions of the San Andreas fault
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(see Figure 1). These results form the foundation of work on more detailed
hazard assessments and a basis for focussing earthquake prediction

experiments.

There are three major elements to the curreat earthquake prediction program of
the United States. The first of these is an effort to improve our
understanding of the earthquake process through theoretical, laboratory, and
field studies. Realistic th;oretiéal and laborato;y models have been
constructed to study dynamic fault behavior using realistic geometries and
fault properties and with real{stic physical conditions. This element also
includes field studies of fault properties and physical conditions at depths
where earthquakes occur. These measurements are then used to make the
laboratory and theoretical models and experiments more accurate and

representative of actual Earth conditions.

The second major element of the program involves developing, deploying, and
maintaining instrumentation to obtain geophysical, geochemical, and
hydrological measurements in fault zones before large earthqﬁakes. Rather
than comprehensive studies of a specific region or fault segment, these
efrorts are aimed at testing the reliability of instruments under various
conditions and determining the sensitivity of certain phendmena to expected
premoniiory variations. Data are collected in the Western United States,
Alaska, and at certain foreign sites; in short, wherever conditions are
favorable for extending our earthquake prediction data base mos§ rapidly. 1In
most cases, sites within a given r;gion will measure only one type of data.

The obJjective is to establish statistical relationships, if possible, between



proposed premonitory phenomena and large earthquakes including false-alarm and

no-alarm occurrences.

The backbone of the field measurement program is the telemeteredinetwork of
seismometers that monitor the entire length of the 1100 km long San Andreas
fault system in California for the purpose of detecting and accurately
locating all earthquakes of iasniiude 1.5 and lars;r. Data from the network
is used to map active faults in the subsurface, determine the nature of fault
motion, and monitor variations in activ;ty for indications of changing
physical conditions in the fault system. The northern half of the California
network consisting of about 300 seismometers is maintained by the USGS in
Menlo Park, where data are recorded and analyzed. The southern half of the
network of about 250 stations is maintainéd Jointly by the California
Institute of Technology and the USGS. The data are recorded and analyzed in

Pasadena.

In addition to statewide coverage by the seismic network, the accumulation and
release of strain is monitored by an extensive network of geodetic lines that
are resurveyed on an annual basis using laser-ranging techniques. These
measurements provide critical information on the rate of strain accumulation
on specific faults and have provided evidence for regional scale variation in

the crustal loading rate.

The final element of the prediction program involves concentrateh studies of
certain sections of the San Andreas fault ‘in California. In central
California, data from clusters of instruments near Parkfield and Mammoth Lakes

and individual instruments elsewhere are transmitted to a data center at

17




Menlo Park where they are reviewed daily by scientists and monthly at formal

data reviews. This is as close an approximation to an “operational systea" as

can be described for the current U.S. prediction program. Nevertheless, there
are several shortfalls in this effort. Most of the instruments are deployed
on the ground surface and research results on instrument reliability show them
to be subject to spurious signals’;ssociated with daily and seasonal
variations in temperature, rainfall, and other atmospheric phenomena. The
density of the instrumentation and the reliability of the transmission lines
ar; not optimal. Although some of the ;ata channels are monitored by computer
and connected to alarms, the pecple involved are scheduled to work 8-hour

days; there is no 28-hour, 7 days a week surveillance of the data.

In southern California, instruments and measurement networks have been
deveicped and are maintained by individual investigators at separate
institutions. Individual instruments and survey sites are widely and sparsely
distributed from Santa Barbara County south to the Mexican border. There is a
dense concentration of crustal deformation sensors for instrument development
and calibration at Pinon Flat, located 60 miles northeast of San Diego and
operated by the University of California there. These instruments are located
in the vicinity of a zone of high seismic potential on the San Jacinto fault
near Anza; however many of them are impractical for wide deployment. Semi-
annual meetings are held in which investigators presént and discuss their
data, but there is no central collection and analysis point at which all of
the data can be reviewed promptly. An effort is being made to collect all of
the data from southern California at Menlo Park through the use of satellite

relays; however, it will be about 1 year before this is complete.

18



Table I (attached) summarizes the instrumentation currently being supported
for earthquake prediction purposes in California. The instruments and related
networks currently in use have evolved over the past 10 years and are of
various vintages. The seismic networks are based chiefly on tecﬁnology over
20 years old and are inadequate for recording the observable signals required
for modern procgssing techniques. However, the volumetric strainmeters and
the two-color laser strain néasuréﬁent devices are "state-of-the-art" and
represent the latest developments in continuous or near-continuous point

»

strain measurenment.

STRUCTURE FOR AN EARTHQUAKE PREDICTION STRATEGY

During the past several years, two important developments have st?ongly

is being pursued in California. First, continuing work between seismologists
at the USGS in Menlo Park and at the University of California at Berkeley has
strongly suggested that an M 6 earthquake will occur along a 20 km long
segment of the central San Andreas fault near Parkfield in 1988 + 4 years
A.D. Second, because of the heightened risk of a great eathquake on the
southern San Andreas fault no}th of Los Angeles (estimated as a 45 percent
likelihood in the next 30 years) considerable thought has been given to the
design o: a second generation earthquake prediction network in this region.
This system ultimately would replace existing instrumentation and the data
obtained uould.be analyzed and monitored continuously. Research.indicates
that much of the 450 km long southern segment of the San Andreas fault is at

risk, but the results also suggest that in specific subsections the risk is




greater (see Figure 1) and that several more localized regions may mark the

sites where the expected large or great earthquakes will mucleate.

Both of these developments strongly indicate the necessity of 1n£§nairied
observations in identified regions of high seismic potential. At the same
time, regional scale monitoring of crustal deformation (using geodetic
methods) and seismicity (with a st;tewide seismographic net) must be
maintained and improved in order to provide both a broad context for
interpreting the local measurements and’a firm basis for identifying new

regions in which to focus intensified efforts in the near future.

The focus on aelecﬁed localized regions as well as the need for a phased
buildup in detailed monitoring efforts argue for the use of clusters of
instruments that measure crustal derormﬁtién continuocusly or neariy so at
points within a small region of approximately 20 km extent. It is now
generally accepted that there is no single instrument, measurement, or
physical phenomena that alone will hold the key to earthquake prediction.
Measurenments of various phenomena on various instruments and even duplicate
instruments at the same site, are needed to provide the redundancy and thus
the reliability needed for earthquake prediction. Since short-term prediction

hinges on there being accelerated deformation near the fault in the hours or

. days before the earthquake, continuous direct or indirect measurement of

strain (changes in volume or shape) at very minute levels are sought. The
approach that has evolved requires different types of instruments sensitive to
minute strain changes deployed in a region where prediction is being

attempted, with data from these instruments analyzed in concert to avoid

_'misinterpretation.



Each cluster would consist of a 2-color laser strain neasur;ment dévice,

several borehole strainmeters emplaced at 300 m depth or greater, one or more .
long baseline ( 500 m or more) strain or tiltmeters, and several ‘fault slip

detectors (creepmeters). Several prototype designs for borehole and long-

baseline instrumentation have been field tested at Pinon Flat and are ready

for deployment. At the sams'time;sresearch will continue on new and improved

designs with higher sensitity.

The data collection points at each cluster would serve as nodgg in a network
of modern digital seismographs with wide sensitivity and recording response.
This network would be capable of detecting and providing data for analysis of
all earthquakes of magnitude 1.5 or greater within 50 km of the fault segment

being monitored by the strain measuredent cluster.. Approximately 10, 3-

component seismometers would be associated with each cluster.

The strain instrumentation now at Parkfield represents the closest
approximation to what we envisage a crustal deformation observatory cluster to
be; however, at present the number and types of instruments is still not

optimum and the outdated seismic instrumentation is inadequate.

OPTIONS FOR EARTHQUAKE PREDICTION PROGRAM

Within the context of this overall structure, the four options for a national

earthquake prediction strategy are outlined below.

. Option 1 - Continue Current Program: This option represents a linear
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extension of our curr;ﬁt activities in California and elsewhere. Individual
research institutions supported by the Geological Survey will continue to
collect data from instruments and networks they have deployed and

maintained. Research based on the analysis of these data will be extended as
will research to develop more sophisticated and reliable instrumentation.
Efforts toward the consolidation of available data and a periodic reviewing of
these data at regular meetings wi;; be sustained. Earthquake prediction
studies at Parkfield will coﬁtinue with efforts to-increase the density of
instrumentation without seriously impairing regional coverage of seismicity
and geodetic strain. Data from Parktield will be transmitted electronically
to the USGS center at Menlo Park for daily observation and monthly review
under current procedures. Earthquake prediction research in the areas of
laboratory experimgnts, determination of fault zone properties, and instrument
development will continue along with collection of data from other (non-

California) sites and certain foreign exchanges.

Option 2 - Prototype Prediction Clusters Deployed in Specific Study Areas:
Under this option the basic program of earthquake prediction research ocutlined

in option 1 above will continue. However, activities at Parkfield will be
considerably expanded and intensified, and three to five regions of the
southern San Andreas will be instrumented with clusters and'be closely

monitored.

Full advantage would be taken of the unique opportunity afforded by the
imminent occurrence of the next Parkfield earthquake. A second cluster of
strain monitoring instruments would be installed close to the expected

epicenter of the event. In addition, several 1 km deep boreholes would be



23

drilled first to determine physical properties and state of stress and then %o
house sensitive strainmeters and seismometers in the low-noise conditions that
prevail at such depths. A broad dandwidth, high-dynamic range 10-station .
seismic network would be installed to monitor the detailed source’
characteristics of the background microearthquake activity that occurs up
until the M 6 main event takes place. A detailed seismic reflection~
refraction survey would be carried out to determine three-dimensional seismic
velocity structure ;nd these results will both ensure better microearthquake
locations and finer resolution of.atructural features at depth that may
control rupture dynamics and precursory processes, Since the dynamic rupture
characteristics and earthquake slip of the main shock may well be related to
pre~earthquake seismicity and crustal deformation, these features must be very

accurately determined. For these purposes a dense three-dimensional array of

strong-motion accelerographs designed to complsment the State instrumentation
is needed to map recorded near-field motions back onto the mainshock fault
plane. .Finally, an augmented geodetic net is required to obtain the

distribution of earthquake slip on the fault.

Areas for intensified study on the southern San Andreas system, in addition to

Parkfield, will be chosen from among:

(1) The 40 km long segment of the San Andreas south of Cholame where slip in

1857 was only 3-3 m and long-term slip rate is about 35 mm/yr.

(2) Tejon Pass region near the complex Junction of the Garlock and San Andreas

faults where future great San Andreas earthquakes may nucleate. ‘



(3) Cajon Pass region near the junction of the San Andreas and San Jacinto
faults.

(4) San Gorgornio Pass in a complex structural area between the San Andreas

and San Jacinto faults.

(5) Along the southern terminus of the San Andreas fault east of the Salton
Sea and near the boundary between it and the Brawley seismic zone in the

.

Imperial Valley to the south.

(6) The Anza region on the northern half of the San Jacinto fault. Adjacent
reglons have experienced a series of M=6-7 earthquakes early in this
century while the Anza segment has not sustained significant seismic slip
since at least 1890. (These regions 1-6 are identified by an index number

on Figure 1.)

Option 3 - Deployment of a Prototype Operational Prediction System along the

Southern San Andreas: Under this option, clusters of instruments would be

located approximately every 20 km along all of the currently locked southern
San An&reas fault in southern California. Sparser coverage would extend out
to 30 km from the fault itself. All data collected would be monitored
continuously in real or nearly real time and a sustained, dedicated effort
would be made to provide short-term warning in advance of the next great

earthquake to strike on the San Andreas in southern California.-

This option would be best executed as a2n extension of the activities outlined

under option 2. This is necessary in order to gain experience in the design
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and operation of strain monitoring clusters and to ensure that areas of

highest seismic potential are instrumented early on.

The prototype system for southern San Andreas would consist of 20-30
instrument clusters. The system would include a comprehensive modern
seismograph network, a regional geodetic network based on conventional or
satellite technigues and § data transamission, management, and analysis
facility. Aspects of this system concept is elaborated more fully in a
separate report (Digterich, 1983) entitled "Assessment of a Prototype

Earthquake Prediction Network for Southern California®,

Option 8 - Full Deployment of a Prototype Operational Prediction System: This
cption is an extension of option 3 in that in addition to coverage along the

San Andreas in southern California, instrument clusters be deployed in areas
from Santa Barbara to San Diego west of the main fault. This comprehensive

coverage would represent an attempt to predict damaging earthquakes not only
on the main trace of the San Andreas but also on the active ancillary faults
that underlie most of the heavily developed urban area to the west., Because
the characteristics and even the location of many of these faults are poorly
known, the chances of successful prediction of earthquakes on them are less

than on the San Andreas. It is estimated that 50-60 cluste}s of instruments

would be needed to provide comprehensive coverage.

In addition to wide coverage in southern California, this option should
include deployment of clusters along the Hayward fault in the East Bay and in

the San Juan Bautista-Hollister regions of central California.
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Costs: Estimation of the costs required to purchase and install each cluster
of instrumentation discussed above will be about $2 million. Annual
operational costs for each cluster are estimated to be about $1/3 million. A
detailed implementation plan based on the cluster concept and cov;ring the
options discussed above is being developed and will be completed in March
1985.

Conclusion: It cannot be guaranteed that any of the options discussed above
will lead immediately to successful predictions of large earthquakes or that
false alarms will not be issued. However, in areas where the described
clusters of instruments have been deployed, high assurance can be given that a
reasonable and strong effort has been made to provide an earthquake warning to

the people 1iving in that area.
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TABLE I. CALIFORNIA PREDICTION INSTRUMENTATION AND SURVEYS

Earthquake Prediction Instrumentation in Califormia
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Principal
Type Scientist Arfiliation _No. Inst. Area
Creepmeters
Sandra Schulz U. S. Geological Survey 29 CCaA
Clarence Allen Calif. Institute of Technology 7 So CA
Peter Leary Univ. Southern California 1 So CA
Dilatometers ' )
Malcolm Johnston U. S. Geoclogical Survey 7T C& SoCA
Geochemical Monitoring- Wells
Mark Shapiro = Calif. Institute of Technology 1 So CA
Leon Teng Univ. Southern California 9 So CA
Yu Chia Chung Scripps Inst. of Oceanography 9 So CA
Chi Yu King U. S. Geological Survey 4 cca
Magnetometers- Permanent
Malcolm Johnston U. S. Geological Survey 27 C& So CA
Seismometers
So CA Co-op Net U, S. Geological Survey and 164 So CA
, Calif. Institute of Technology 27 So CA
Leon Teng Univ. of Southern California 28 So CA
Rick Lester U. S. Geological Survey 349 N&CCa
Rob Cockerham U. S. Geological Survey 24 Mammoth
Strainmeters
Malcolm Johnston U. S. Geological Survey 9 So CA
Bruce Clark Leighton and Associates 14 So CA
11 So CA

Peter Leary Univ. of Southern California
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TABLE I. CALIFORNIA PREDICTION INSTRUMENTATION AND SURVEYS (continued)

Principal
. Type Scientist Affiliation No. Inst. Area
Tiltmeters .
Carl Mortensen U. S. Geological Survey 22 ccas
Mammoth
‘Peter Leary Oniv. of Southern California 2 So CA
Sean Morrissey St. Louis University . 8 So CA
Two-Color Laser
John Langbein U. S. Geological s'urvey 2?
Well Momitoring
Don Lamar Lamar-Merifield, Geologists 30 So CA
Chi Yu King 0. S. Geological Survey 6 cca
Tom Orban U. S. Geological Survey 1 So CA
Tom Henyey-.- - -- Univ. of Southern California 1" So CA
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TABLE I. CALIPORNIA PREDICTION INSTRUMENTATION AND SURVEYS (continued)

Earthquake Prediction Surveys in California

Principal No. Sites/
Type Scientist Affiliation Networks Area
Alignment Arrays
Clarence Allen Calif. Institute of Technology 24 So CA
John Galehouse San Francisco State University 19 cca
Art Sylvester U. C. Santa Barbara 2 So CA
Beth Brown U. S. Geological Survey 17 C CA
Dry Tilt
Art Sylvester U. C. Santa Barbara 56 So CA &
Mammoth
Gravity
Robert Jachens U. S. Geological Survey §12 So CA
Level Lines
Art Sylvester U. C. Santa Barbara 38 So CA
Ross Stein U. S. Geological Survey 2 CCA
5. So CA
Magnetometers- Survey
Malcolm Johnston U. S. Geological Survey 61 So CA &
' Mammoth
Resistivity
Ted Madden Mass. Institute of Technology - 16 C& SoCA
Trilateration
Will Prescott U. S. Geological Survey 4g CA
Art Sylvester U. C. Santa Barbara 17
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The Road to Parkfield: Origins
and Development of an Earthquake
Prediction Experiment

W. L. Ellsworth
U.S. Geological Survey
Menlo Park, Califormia

The attempt to predict the next magnitude 5 1/2 ~ 6 earthquake on the San
Andreas fault at Parkfield, California has been a formally organized activity
of the National Earthquake Hazards Reduction Program since its inception in
1978. In that year, a new project was created within the U.S. Geological
Survey with the stated objective “to predict in advance the next magnitude s8ix
(or larger) Parkfield earthquake” (Liandh, et al., 1978). At present, a long-
term prediction for the next Parkfield earthquake has been asnnounced (Bakun
and McEvilly, 1984; Bakun and Lindh, 1985) which precisely specifies the
location and magnitude of the event, and defines a time interval (1988.0 + 5.2
years) within which the event should occur. (The probability of a
characteristic Parkfield earthquake during the same interval derived from a
Poisson model is 31X, and the probability derived from Lindh's (1983) Guassian
model with a 30X standard deviation is 672. Thus the specific forecast
differs by factors of only 2-3 from other reasonable alternatives.)

During the intervening seven years there have been many significant
advances in our knowledge of earthquakes, and of their causes and effects
(Hanks, 1985). In particular, significant progress has been made in
understanding the long-term recurrence behavior of faultsg, which for the  _
entire length of the San Andreas fault can be formally expressed as earthquake
occurrence probability (Lindh, 1983; Sykes and Nishenko, 1984). A by-product
of this progress in long-~term earthquake forecasting — or perhaps despite it
— has been the emergence of a scientific consensus on the next critical step
for the Earthquake Prediction Program: to measure at the highest precision
possible the temporal and spatial changes in the state of the crust before,
during and after the next Parkfield earthquake.

The decision to commit the limited discretionary resources of the
Earthquake Prediction Program to Parkfield has as long and varied a history as
the development of the scientific consensus. By focusing on Parkfield, a
deliberate decision was made to either scale-down, or in some cases abandon,
other similarly ambitious proposals for earthquake prediction studies
elsewhere. The process of arriving at a committment to Parkfield involved a
critical series of meetings held in the fall of 1982, at which several
proposals for a concentrated earthquake prediction experiment were carefully
examined. Specific proposals were considered for the segments of the San
Andreas fault to the north and south of San Juan Bautista (Lindh, et al.,
1982), Parkfield and, in more general terms, the San Andreas fault in southerm
California. Parkfield emerged the clear — though not unanimous —— choice for
a first clustering of prediction-related experiments, chiefly because of the
greater uncertainties of the occurrence of an earthquake of sufficient size at
any other specific locality.

(For the sake of historical completeness, it should be noted that, in
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retrospect, several of the key ingredieats ia the Parkfield story had also
been noted for the segment of the Calaveras fault that ruptured in the M6.l
Morgan Hill earthquake in 1984 (Bakun, et al., 1984). An earlier event (1911)
was known, the slip rate of the fault was well-determined, the specific
segment of the fault that ruptured had beean postulated as the probable break,
and a recurrence interval had been established for the adjacent segment to the
south from events in 1897 and 1979. What a simple business this would be if
we could only run time in reverse! One may conclude that even if the
specifics of our physical models are incorrect, a few more well-placed “bets”
should yield a scientific bonanza.)

The status of the Parkfield experiment as of early 1985 can, perhaps, be
best described as "in process”. The region is under continuous seismic
analysis by real-time computers in Menlo Park. Six new low—-gain 3-component
seismic stations have been installed to augment the 24 high-gain vertical
component seismometer. The creep meters are also being monitored in real-time
by coumputer, with pre—~defined thresholds used to trigger "beepers”. Two
dilatometers are in operation at Gold Hill, and a third is curing at another
site, while efforts continue to site additional dilatometers. Several water
wells that produce clear tides are being monitored and more sites will be
established this year. The magnetometers network is functional, and being
reviewed for possible reconfiguration. The two-color laser observatory is in
operation, with measurements being made several times a week. A large-scale
trilateration monitor network is also being observed on a bi-monthly
schedule. And several other experiments, including a shallow tiltmeter
cluster and a surface .strainmeter are also in operation. As good as the
present effort is, there are many recognized gaps in the experiment and we are
working hard to fill them as time and resources permit.

. Parkfield represents.our clearest and-cleanest choice for a focused - ... .---
earthquake prediction experiment. We may not succeed in predicting the time

of the next earthquake more precisely than has already been proposed, and

forsee the possibility that rupture in the next event may differ significantly

from the predicted behavior; but we are resolved to give the monitoring of the

fault through the time of the next earthquake our highest priority and our

best shot.
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Goals

The principal goal of this project is to predict in advance the next
magnitude six (or larger) Parkfield earthquake. The recurrence interval
suggests that the chances are better than 50-50 that such an event will
occur in the next ten years. Ten years would thus be a nominal estimate
for the life of the project. A long-term goal will be to understand the
role of the en echelon offset in the SA which spans the Cholame Valley
Jjust south of Gold Hill. The foreshocks and epicenter of the 1857 earth-
quake were located in this vieinity, and by analogy with the Anatolian
Fault, may have been located at this offset. I have argued that the 1966
rupture terminated at this point (Lindh and Boore, 1973). Thus any under-
standing gained concerning the relation of this major discontinuity to
the local strain and seismic regime might also pertain to the fundamental
question of how great earthquakes like 1857 nucleate, and what relation
this process has to that for events of magnitude six or seven.

More immediate short-term goals are:

1) To use existing geodetic and creep data to define as precisely as
possible the slip distribution on the SA in the Parkfield area. Using
linear inverse theory we will then attempt to design a program of
observations to better resolve the slip distribution in time and space
(along the fault and with depth) if this appears possible. One addi-
tional set of observations that will be undertaken immediately are a few
new alignment arrays to fill gaps in our knowledge of the surface slip
regime (possible locations are indicated by capital A's in Figure 1). An
important question that will have to be faced is whether dislocations in
an elastic half-space are an appropriate model, and if mot, whether
computable alternatives exist. This question is central to the inter-

pretation of point strain measurements, such as those from strain and
tilt meters. :

2) To adapt the crustal model used by Jerry Eaton in 1966 to the present
stations configuration, and to use this to relocate the earthquakes in
the Parkfield area since 1969. We will try to fill the gap in '67-'68,
between the 1966 aftershock studies and the USGS catalog that begins in
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1969. We will also estimate the magnitude threshold to which the catalog
is essentially complete, and fill any minor holes that exist. The
revised catalog will then be used to compare the seismicity pattern along
the fault to the 1966 aftershock pattern, as well as to the slip function
obtained in 1). In addition, it will be used to study the time history
of such gross characteristics as mean depth, B-slope, clustering in space
and time, and spatial migration of hypocenters.

3) The amplitude ratio/focal mechanism study we attempted to initiate
this year will be pursued in the Parkfield area (see last year's
proposal), along with the zero crossing/stress drop work we tried on the
Oroville foreshocks (see semi-annual report). By coordinating our
efforts with Bill Bakun's detailed studies of individual events, we hope
to quantify what relation, if any, the simple measurements we made at
Oroville (P/S amplitude ratiocs, zero-crossing times and coda lengths)
have to source orientation, moment, and duration. In particular, we will
look for gradual changes in stress drop and source orientation that might
reflect stress accumulation and/or fault zone property changes. As the
foreshocks and main events of the last two Parkfield magnitude six events
located at approximately the same point (the star in Figure 1 near the
north end of the 1966 break) and as microseismicity continues at that
point, it seems an ideal place to study the time history of such source
characteristics. As the data accumulates it will also provide an
opportunity to study the frequency of short term fluctuations in these
characteristics. Such short term fluctuations might be useful in

identifying immediate foreshocks to a large event, if and when they
happen. .

The strategy the first year will be to undertake an integrated analysis
of the geodetic, creep and seismic data collected for the last ten years
and of the strain, tilt and magnetic measurements made by the USGS and
CIT in the last few years.

Instruments currently operating in the area are shown in Figure 1, along
with the geodetic lines along which yearly measurements are made.

Assuming that the creep data constrain the very shallow slip, we will use
Wayne Thatcher's geodetic inversion program to determine how well the
results from the geodometer net constrain the slip distribution at depth
(2? to 10 km) and whether any further measurements would add significant
information in a few years.

A parallel modeling effort will be undertaken with Bill Stuart and Ralph
Archuleta, using their 3-D finite-element fault simulation program to
model the slip function obtained above with a frictional strength distri-
bution that varies on the fault surface. In particular we will be
interested in seeing whether the stronger (or stuck) patches occur at the
ends of the 1966 break, near where much of the subsequent
micro-seismicity has located.
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A second use of the program will be to predict on the basis of Bill's
strain-softening/instability model what premonitory deformation would be
-expected, for a given strength distribution, before the next Parkfield
earthquake. The magnitude of these deformations may allow us to assess
the adequacy of the observations dbeing made in the area, and hopefully
will be of use in sharpening the observational half of the experiment.

The goal is to arrive at an experimental design that will allow us, when
the next large earthquake occurs, to distinguish between Bill's insta-
bility model, which requires extensive premonitory slip, and the null .
hypothesis, that an earthquake is just an Heaviside function in time.

(We will also consider, of course, any other quantitative models that are
proposed.) As the problem is dreadfully non-linear, this will of
necessity be an iterative process; our hope is that feed-back loops can
be estabilished between the theoretical models and the observational
program so that there is some chance of reaching demonstrable conclusions
with the expenditure of a finite amount of time, toil and money.

Another important strategic consideration will be to reconcile tidal pre-
cision point measurements of tilt and strain, which do not appear to have
the long term stability required to measure secular strains, with the
very stable geodetic measurements, which are repeated so infrequently as
to be of no use in detecting short-term premonitory deformation. The
two-color laser would be the slick way out of this problem. It will be a

great boon to this project if Parkfield is chosen as the site for one of
the new instruments.

Another approach we will try is to tie as many as possiblé of the point
measurements together with short level lines and to expand of the small
HP-3800 nets like those Mike Lisowski already has in the Parkfield area.
This will allow a direct correction to be made for large non-tectonic
drifts, and may also provide a test of the idea that large strains are
occurring in and immediately adjacent to the fault zone.

A third approach will be to carefully examine the large quantity of tilt
and strain data collected the last year or two by the USGS and Caltech in
the Gold Hill area for internal consistency (Figure 1). In addition,
three Sachs-Everson down-hole volumetric strain-meters will be installed
in the Parkfield area. Each of these sites will also have a shallow
3-component invar wire strain-meter and a small geodetic figure for
comparison. It may be however, that the long-term stability question
will remain a sticking point and we will eventually be driven to more
exotic hardware, like for instance, long-baseline tilt and strain-meters.

Invesitgations

The Parkfield area has been the site of four very similar magnitude six
earthquakes in this century. The last three have had similar moments

(~ 1026 dyne/cm), and have involved ground breakage along the same
Section of the San Andreas (SA), along the northeast edge of the Cholame
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Valley. At least the last two have had foreshock activity, including one
magnitude five foreshock in the final minutes before each main event. 1In
addition the transition from creeping to locked sections of the SA occurs
in the Parkfield area, apparently without the complications of slip on
subsidiary strands. The northern terminus of the 1857 earthquake is in
this area, and it appears to have been the site of several foreshocks and
the main epicenter as well (Sieh, 1979).

Surface creep and geodetic measurements make it clear that strain is
accumulating along this stretch of the SA, and suggest that the strain
gradients are high, both in time and space. We are now past the minimum
interval between magnitude six's is this century. As the zone that broke
in 1966 has been the site of continuing microseismicity up to the present
(including a cluster of activity near the 1966 epicenter), and is already
the site of a large number and variety of other measurements, this region
seems to us emminently suitable for a detailed prediction experiment.
This conclusion is further strengthened by the existence of qualitative
evidence that the 1966 event was preceded by accelerating aseismic
deformation in the weeks prior to the main event.

We have initiated such an experiment in the Parkfield area. Our
intention is that by emphasizing analysis of existing data and by close
co-operation with Bill Stuart's modeling efforts, it will be possible to
pose answerable questions concerning the slip and/or stress distribution
at Parkfield. These questions will then be used to better focus a
program of augmented field observations.




Figure 1

Estimates of average slip rate (mm/yr)
are shown along fault, creep-meter data
to the NE of the fault, allignment
array data to the SW, Resolved right-
lateral slip (+ 1 s.d.) shown for two
small geodetic figures.
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THE PARKFIELY, CALIFORNIA, PREDICTIUN EXPERIMENT
W. H. Bakun and A. G. Lindh
ABSTRACT

Moderate-size earthquakes occurred on the Parkfield section of the San
Andreas fault in central California in 1881, 1901, 1922, 1934, and in 1Y66.
The earlier Parkfield earthquakes were similar to the 1966 event, leading to
the hypothesis of a characteristic Parkfield earthquake with recurring,
recognizable source features. A simple recurrence model that explains most of
the nistoric seismicity near Parkfield implies that the next characteristic
Parkfield earthquake will occur within a four year time window centered on
1987-1988. A Parkfield Prediction Experiment, designed to monitor the aetails
of the final stages of the earthquake preparation process is underway.
Upservations and reports of anomalous-seismicity.anavasedsmit stip preceainy
the last characteristic earthquake in 1966 constitute much of the basis for
the desiyn of the Parkfiela Prediction Experiment; other desiyn consiuerations

involve testing models of the deformation process leading to failure.
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INTRUDUCTIUN

Analysis of the probability of damaging earthquakes in California suggest
that the Parkfield-to-Cholame section of the San Andreas fault in central
California is the most likely site of a damaging earthquake in the next
several years (see figure 1). Lindh (1983) found a b77,prooability of a
magnitude 6 earthquake at Parkfield in the next 10 years. Available data
suggest that a much narrower time window, 198b-198Y, for the occurrence of the
next Parkfield earthquake can be established. Since this time window is near,
and because historic Parkfield edarthquakes nave been so similar, Parxfield
provides a unique opportunity to prepare in detail an experiment to observe
the final stages of the earthquake preparation process. The results of this

experiment should provide the understanding of that process so critical to the

- design of earthquake prediction-éfforts fn other areas.

The last damaging Parkfield earthquake, on June 28, 1966, had a Richter
local magnitude M of 5.6 (Bakun and McEvilly, 1979, 1984) and a seismic
moment Mo of I.4x7025 dyne- cm (Tsai and Aki, 1969). Although large
enough to cause siynificant damage if located in a metropolitan area, the
shock caused only minor damage to the large cattle ranches and sturdy wood
frame homes in the sparsely-populated Parkfield region. Maximum modified
Mercalli intensities of VIII were observed over an area of a few hundred
square kilometers centered on Parkfiela and the Cholame Valley.

The source of the 1966 earthquake is adequately described for our purposes
here by a simple model: unilateral rupture propagation to the southeast over 4

20 to 25-km-long section of the San Andreas fault, herein called the rdgture
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locus, between two geometric discontinuities in the fault trace (Lindh and
Boore, 1981). The northwest discontinuity, adjacent to tne epicenter of the
1966 shock, is a 59 change in the strike of the fault trace. The term

preparation locus will be used to describe the 1 to 2-km-long section of fault

that includes both the fault bend and the main shock epicenter. Available
data support the view that earlier damaging Parkfield earthquakes were similar
to the 1966 event, leading to the hypothesis that Parkfield main shocks have
recurring, recognizable source features (Bakun and McEvilly, 1984). Parkfield

shocks with these attributes are called characteristic Parkfield earthquakes.

Our working hypothesis is that the next damaging Parkfield earthquake will be
characteristic, i.e., resembling in detail earlier shocks, in particular the
1966 event for which much detailed information is availaole (e.g., ricEvilly et

al., 1967; Brown et al., 1Y67).

HISTORIC SEISMICITY

Parkfield earthquake sequences with moderate-size main shocks occurred on
February 2 in 1881, March 21 in 1901, March 1V in 1922, June 7 in 1934, ana
June 28 in 1966. Although the Parkfiela-to-Cholame section of the San Andreas
fault has been tentatively identified as the locus of the probable epicenter
of the 1857 Fort Tejon great earthquake and its two moderate-size foreshocks
(Sieh, 1978a), data are not sufficient to constrain slip on the San Andreas
fault near Parkfield in 1857 (Sieh, 1978b). Epicenters of one, or both, of
the 1857 foreshocks as well as the epicenter of the main shock in 1857 might

1ie on the San Andreas fault southeast of the Parkfield-to-Cholame section.
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The times of Parkfield earthquake sequences, including 1857, are plotted in
figure 2 against the earthquake sequence counter; j.e., 1857 is number 1, 1881
is number 2, etc. The time between sequences is remarkably similar, with the
mean intersequence time = 21.9*3.1 years. Although the time of the 1934
sequence is not consistent with the regular intersequence interval, the time
of the 1966 sequence reestablishes the intersequence spacing in that
(1966-1922)/2 = 22 years. The two straight lines represent linear reyressions
of the dates on the counter I. Using all six dates, origin time =
20.8*1+1837.6 (solid line in figure 2) suggesting that the next Parkfield
sequence, i.e. number seven in the series, was due in the spring of 1983.
Ignoring the apparently anomolous 1934 date, origin time = 21.7*1+183b.¢
(dashed 1ine in figure 2), suggesting that the next sequence will occur at the
beginning of 1988. Clearly, occurrence of another Parkfield sequence in the

next several years would not be unexpected.

THE CHARACTERISTIC PARKFIELD £ARTHQUAKE

The 1934 and 1966 Parkfield sequences were remarkably similar. In
addition to the comaon epicenter, magnitude, fault-plane solution and
unilateral southeast rupture of the main shocks, identical ML = 5.1
foreshocks preceded each main shock by 17 minutes (Bakun and mctvilly, 1979,
1984). The lateral extent of aftershock epicenters over the rupture locus in
1966 (McEvilly et al., 1967) repeatea that in 1934 (Wilson, 1930).

Much less data are available for Parkfield sequences prior to 1934.

Nevertheless, most of the data are consistent with the hypotnesis that the
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earlier main shocks in 1881, 190],'and 1922 were similar to those in 1934 and

1966. The epicentral location of the main shock in 1922 is constrained by the

Love-P, arrival times at Berkeley, CA {a = 24ukm) to the 18-km-long section
of the fault northwest of the preparation locus (Bakun and mcEvilly, 1984).
The data permit a common epicenter for the 1922, 1934 and 1966 main shocks
near the southeast end of the preparation locus. A coumparison of seismograms
for the 1922, 1934 and 1966 main shocks recorded at the same sites (e.g., see
figure 3) suggests that within experimental errors (- 10-20%, tne seismic
moment M, in 1922 and in 1934 were each equal to the M, for 1966 (Bakun
and McEvilly, 1984).

Although the features of the main shocks are similar, tnere are notable
differences in the foreshock activity (see figure 4). The 1934 main shock was

preceded by a nearly 3-day-long foreshock sequence. The 1934 foreshocks

included an ML 5.0 fore;hock-ss hours before the~main>shock£ ‘Whereas the -
immediate (17 minutes) M_ 5.1 foreshocks in 1934 and 1966 were identical,
there was no early foreshock activity in 1906 comparable to that in 193¢ (see
figure 4). There are no reports of felt foreshocks preceding the main shocks
in 1881, 1901, or 1922, so that M, 5 foreshocks probably did not preceed
these early events. Furthermore, there are no foreshocks in 1942 evident on
the Berkeley Bosch-Umori seismograms; ML 4 1/2 Parkfield shocks probably
would be noticeable on these records.

The similarities in the main shocks suggest that the Parkfield-to-Cholame
section of the San Andreas fault is characterized by recurring earthquakes
with predictable features. The notion of a characteristic earthquake with

predictable features means that the design of a prediction experiment can be
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tailored to the specific features of the recurring characteristic earthquake.
Also, as shown in the next section, the hypothesis permits the construction of
a recurrence model that can explain most of the historic seismicity at

Parkfield.
A Recurrence Model for Parkfield Earthquakes
The limited data available on the recurrence of large and great

earthquakes along plate boundaries around the world apparently is consistent

with a time-predictable model, for which the time interval between successive

shocks is proportional to the coseismic displacement of the preceding
earthquake (Shimazaki ana wNakata, 1980; Sykes and Quittmeyer, 19¢l). The
fundamental principles of the time-predictable model are contained in Reid's
(1910) analysis of the mechanics of .the 19u6 California eartihquake. That is, -
an earthquake occurs when the strain accumulated since the preceding
earthquake results in sufficient stress to rupture the fault surface. Adding
the concepts of a constant failure stress threshold, a constant rate of strain
accumulation, and variable stress drop results in the time-predictable moael.
Unfortunately this simple model is not supported by the data available for the
last three Parkfield earthquakes: although comparable coseismic displacements
in 1922, 1934, and 1966 are inferred from the observations, the time intervals
differ by more than a factor of 2 (12 yrs versus 32 yrs).

However, simple adjustments to the assumptions that drew the

time-predictable model from Reid's analysis result in another model that we

call the Parkfield Recurrence Model, whis\accounts for the historic seismic

W



activity at Parkfield. Like the time-predictable model, the Parkfield
recurrence model assumes a constant loading rate and an upper bound stress
threshold o), corresponding to the failure or yield stress of the fault.
Whereas the time-predictable model permits variable stress drop, the Parkfield
recurrence model assumes a characteristic earthquake (constant stress drop)
and permits failure before U} is reached. Of course such a model is useful in
a predictive sense only if these early failures occur infrequently. The
Parkfield recurrence model is illustrated in figure 5. The constant stress
thresnold at which most characteristic earthquakes occur is represented Dy 3.
A constant loading rate of 3 cm/yr was used to match the rate of relative
plate motion across the creeping section of tne San Andreas fault to the
northwest of the Parkfield section (Burford and Harsh, 1980). We assume that

the Parkfield earthquakes in 1881, 1901, 1922, and 1934 were identical, with

6U cm of coseismic_slip representing -a constant average-static stress drop of

a few tens of bars. We use a ZOiflarger coseismic slip for 1966, consistent
with the marginally larger seismic moment in 1966 (Bakun and McEvilly, 198%).
A simple physical model can qualitatively account for the features of the
Parkfield recurrence model. Let ¥ = the upper stress threshold &, correspond
to times when the failure stress is approached generally over tne entire
fault, at which times failure must occur. That is, there are no late
characteristic Parkfield earthquakes. Following Brune (1979), we can devise a
triggering scenario that permits the occasional early characteristic
earthquake. Consider an asperity, i.e., the preparation locus, adjacent 10 da
weak, creening fault section, i.e., the rupture locus. If a local stress

concentration at the asperity exceeds the failure stress there, then
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the rupture in a resulting relatively high-stress drop small shock might
easily extend into the weak rupture locus and continue until resistance to
rupture is sufficient to stop the earthquake (e.g., Husseini et al., 1975;
Das, 1976). (At Parkfield, the geometrical barrier at the southeast end of
the rupture locus provides sufficient resistance to rupture to stop the
characteristic Parkfield earthquakes.) Thus a smaller Parkfield shock might
grow into a characteristic earthquake when the failufe stress is approached
only locally in the preparation locus. Local, rather than general approach of
the failure stress, woula correspond to & < o,.

A triggering mechanism for the occasional early characteristic Parkfield
is easily seen in its only example, the 1934 event. The sequence of
foreshocks located near the preparation locus (Wilson, 1936) in the 3 days
just before the 1934 main shock is a clear expression of localizea failure.
Apparently these féreshock5«1n=}934»were;sufficientfta~a1ter‘tne stress fiela
at the main shock focus so that the trigger mechanism for an early
characteristic earthquake outlined above could occur. Clearly the location
and source mechanisms of the nearby foreshocks control their effect on thne
stress field within the preparation locus. Note that the early (55 hours)
MLS.O foreshock in 1934 was characterized by unilateral southeast rupture
expansion toward the preparation locus (Bakun and McEvilly, 1981), a
particularly efficient mechanism for increasing dynamic right-lateral shear
stress in the preparation locus. The epicenter of the immediate (17 minutes)
MLS.I foreshock in 1934 was 1-2 km northwest of the main shock epicenter so
that it too was favorably situated to increase right-lateral shear stress in

the preparation locus. While the foreshock swarm is tne immediate triggering
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mechanism, we do not understand the conditions that led to the earthquake
sequence. Accelerated loading rate associated with nonuniform regional'strain
accumulation (Thatcher, 1982) and/or accelerated fault creep near the
preparation locus as well as temporal changes in the failure stress associated
with fluctuations in pore pressure, etc. must be considered.

The recurrence of ML 2 4 earthquakes since 1930 is shown by the
stick-plot diayram at the bottom of figure 5. The 10-12 years followiny the
1934 and 1966 Parkfield earthquakes are relatively quiet. Earthquakes witn
ML > 4.0 tend to occur at a higher rate after exceeds a second stress

threshold ,. Apparently U = T, corresponds to local stress

concentrations approaching the failure stress. The sequence of ML 3-5
foreshocks in 1934 at & -~ T, (see figure 5) suggest that under at least

some conditions a characteristic Parkfield earthquake can occur at & = 172.

According to the Parkfield recurrence model shown in figure 5, the lower
stress threshold &, was reached in 1975, when M, 2 4 Parkfield

earthquakes again occurred. That is, an early characteristic earthquake this
cycle might have occurred as early as 1975.

The stress threshold®;, at wnich the next characteristic Parkfield
earthquake must occur, should be reached early in 1988. Since the 1934 shock
did not occur dt& =%,, it is ignored in estimating the uncertainty in the
predicted time of the next characteristic shock. The appropriate relation,
origin time = 21.7*1 + 1836.2, where I = characteristic earthqudke counter
(dashed line in figure 2), results in observed-predicted occurrence times of
-0.9 yr for 1857, 1.5 yr for 1881, -U.1 yr for 191, -u.s yr for 1922, ana V.2

yr for 1966. The rms difference is 0.9 yr. Using 2 std dev. to define the
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duration of the time window, these calculations imply that the next Parktield
earthquake should occur in 1988.0* 1.8, i.e., between 1986 and 1989.
RECENT SEISMICITY

Although earthquakes occur throughout central California, most of the
shocks in recent years lie along the San Andreas fault (see tfigure 6). noOtT
. shown here are the sequences of earthquakes east of the San Andreas near New
lIdria in October 1982 (M 5.4) and near Coalinga in May 1983 (M 6.5).
Earthquakes on the San Andreas are shown as a lineation of epicenters 3-5 km
southwest of the San Andreas fault trace. This apparent mislocation is
presumably the result of lateral variations in crustal velocity not adequately
modeled in the location algorithm. Most of the shocks on the San Andreas
occur on the creeping section to the northwest of the preparation locus. The
section southeast of Cholame that broke during the great Fort Tejon earthquake
of 1857.is currently locked, with-no measuréab%e-fau}t creep and only
infrequent small shocks. A cross section of the seismicity along the fault
(figure 7) illustrates the predominance of the activity to the northwest of
the preparation locus, defined by the locations of the main shock and the
immediate M 5.1 foreshock in 1966. This activity northwest of the
preparation locus is concentrated at focal depths less than about 5 km. Focal
depths of the main shock and the immediate foreshock in 1966 are about 8 km
(Lindh et al., 1983), deeper than most of the events to the northwest of the
preparation locus and deeper than the majority of aftershocks in the rupture
locus (see figure 7)). The recent clusters of seismicity within the 1906
aftershock zone (shaded area in figure 7) occur at the concentrations of

aftershocks identified by Eaton et al. (1970).



Prominent features of the seismicity near the 1966 hypocenter are
illustrated in the schematic cross-section shown in figure 8. Since 1975 a
number of magnitude 4 to 5 earthquakes have occurred near the preparation
locus. This is the seismicity that, according to the Parkfield recurrence
model shown in figure 5, occurred at @ greater than the second stress
threshhold ¥7,, The 1934 and 1966 Parkfield sequences were proceded by

M 5.1 foreshocks located at the northwest edge of the preparation locus.

The immediate foreshocks had larger stress drops than had other ML5
earthquakes that occurred in the area in the past 50 years (Bakun dnd
McEvilly, 1981). These other M 5 earthquakes all occurred a few kilometers
northwest or southeast of the preparation locus (Bakun ana rcEvilly, 1981).
It is not clear whether the larger stress drops of the immediate foreshocks

result from their location at the edge of the preparation locus or because

they precgded thetr respective main shocks by only 17 minutes. Note that the
early MLS foreshock located 2 kilometers northwest of the preparation locus
that preceded the 1934 earthquake by 55 hours was a relatively low stress drop
source (Bakun and McEvilly, 1981). A magnitude 4 earthquake in June 1982 near
the same location and the magnitude 5 shock in Septewber 1975 located 5 .km
northwest of the preparation locus were lower stress drop sources as well
(0'Neill, 1984; Bakun and McEvilly, 1981). Stress drops for a4 numper of
smaller earthquakes that have occurred near the preparation locus indicate a
similar spatial pattern (see figure 9Y). Lower stress drop sources tend to
occur around the higher stress drop sources. Note that the focal depths of
the main shock and immediate foreshock in 1lYob are relatively uncertain so

that the hypocenters of these events whose epicenters define the extent of the




preparation locus might lie within the grodp of higher stress drop sources
shown in figure 9. The implication is that the preparation locus is
characterized by relatively high stress drop sources, whether or not the
sources are foreshocks. Under this interpretation, the immediate foreshocks
~in 1934 and in 1966 were relatively high stress drop sources because of tneir
location at the edge of the preparation locus rather than because they
immediately preceded the main shocks.

The historic seismicity suggests that the preparation locus is critical in
the nucleation of characteristic Parkfield earthquakes. The last two
characteristic earthquakes, in 1934 and in 1966, were preceded by foreshocks
within the preparation locus. These events, like other shocks within the
preparation locus, are relatively high stress drop sources, consistent with
the notion that the 5° pend in the fault at the preparation locus is.the
point where stress is concentrated.” Clearly any earthquakes located in tne
preparation locus, or any other anomalous benavior there, might be precursors

to the next characteristic Parkfield earthquake.

SEISMIC INSTRUMENTATION

The seismic instrumentation now deployed nedr Parkfield (see figure lv) is
focused to monitor the details of seismic activity in and near the preparation
locus. Eleven seismographs of the U.S. Geological Survey's (uUsSeS) central
California seismic network (CALNET) are located within a few focal depths of
the preparation ana rupture loci. In addition, ten Terra-Technology UCS-3u¢

digital event recorders are deployed in a temporary network near the
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preparation locus; these temporary stations are being replaced by the
more-reli&ble 3-component low-gain CALNET stations. The dense seismograph
coverage around the preparation locus should provide documentation of any
seismic precursors to the next Parkfield characteristic earthquake.

In addition to the seismograph networks, nearly 50 SiA-1 stronyg-motion
accelerographs are deployed near the rupture locus (see figure lu). Tne
conception and design of this strong-motion network was a cooperative effort
of the USGS and the California Vivision of Mines and Geology (CUMG). The
network is operated and maintained by the CuMa. A much sparser strony-iotion
network was operated near the southeast end of the rupture locus during the
1966 sequence of earthquakes (Murray, 1967) by the U.S. Codast dana weodetic
Survey and the California Department of Water Resources. Data recoraed by

that network was the basis of important research on the focal mechanisin of

earthquakes and the interpretation of near-field strong motion recordings
(eg., Aki, 1968; Haskell, 1969; Boore et al. 1971; Linah and Boore, 1981).
Wwhile data from that earlier sparse strong-motion network stimulated much
discussion, it left unresolved some important questions. In particular, the
location of the southeast end of the rupture locus in 1966 is uncertain; the
current strong-motion network shown in figure 1U is desiyned to provide

definitive answers to some of these questions.

STRAIN MEASUREMENTS

Reports consistent with signficant precursory aseismic slip along the

rupture locus in 1966 provide a strong incentive to deploy strain-measuring
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instrumentation near the rupture and preparation loci. An irrigdtidn pipeline
that crosses the main trace of the San Andreas in the rupture locus near
creepmeter XCK (see figure 11) broke and separated about Y nours before the
occurrence of the main shock in 1966. Brown et al. (1967) attribute the break
to 1-2 feet of southeast movement of the northeast ena relative to tne
southwest end. This movement is consistent with the right lateral strike-slip
displacement across the fault observed in the 1906 afterslip (Brown et al.,
1967) and on creepmeter recordings near Parkfield since the early 1970s
(Burford and Harsh, 1980). However, the time history of the movement tnat
resulted in the broken irrigation pipe is unknown; perhaps only a small
fraction of the postulated 1-2 feet of displacement occurred in the days and
weeks just before the 1966 earthquakes.

‘Also of interest are the reports of very fresh appearing en echelon cracks
observed in the rupture 10cus near Creepmeter XUR (see figure 11) twelve days
before the 1966 earthquakes (Brown et. al., 1967). (Note that cracks tend to
appear each spriny in the Cholame Valley (R. Burford, personal comaunication,
1982) as the clay soil desiccates following the winter rains.) Tne discovery
of the cracks in June 1960 by delegates to the Second United States-dapan
Conference of Research Related to Earthquake Prediction led to the deployment
of a microearthquake study in the area on 18-19 June 1906, eiynt aays before
the 1966 sequence began; a 24-hour record.from that study shows no
identifiable magnitude > U earthquakes within 24 km (Allen and Smitn, 1960).
Thus, if of tectonic origin, the en echelon cracks resulted from aseismic slip
or fault creep in the rupture locus. The occurrence of 1-2cw of fault creep,

inferred from the en echelon cracks, would be 4-8 times the annual creep rate
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at Parkfield.

An optimistic interpretation of the broken irrigation pipeline and the
fresh en echelon cracks described above is that significant anomalous
precu}sory fault crecp cccuaéd at least in the rupture locus in the days and
weeks just before the 1966 earthquake. If comparable aseismic slip precedes
the next Parkfield earthquake, the strain measuring instruments deployed along
the rupture locus (see figure 11) will provide clear précursory signals that
might be used to issue a short-term prediction. Six creepmeters (see Burford
and Harsh, 1980) span the main trace of the San Andreas fault in the rupture
locus. Signals from these sensors are recorded on site and also are
telemetered to the U.S.s.S. analysis facilities in Menlo Park, Lalitornia.

Line lengths will be measured each night on a two-color laser distance

measuring instrument located at the center of the raaial array snown in rigure

10; this instrument provides.long term repeatability at the 19=7 level on -
lines of 3-8 km length. The two-color laser project is a cboperative effort
::of tne University of Colorado and the U.S. Geological Survey. Two
Sacks-Evertson volumetric borehole strainmeters are now installed near the
southeast end of the rupture locus (DGH in figure 10); the borehole
strainmeters have a sensitivity better than 10-10 and are isolated from

first order surface noise sources such as rain and temperature. The borehole
dilatometer project is a cooperative effort of the Carnegie Institute,
Washington, 0.C., and the U.S. ueological Survey. The two-color laser
yeodimeter and borehole strainmeter observations should provide corroborative
evidence of changes in seismicity and/or creep rate. Un a more fundamental
basis, they provide the means to define any tectonic deformation leading up to

the next characteristic Parkfielda earthquake.
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DISCUSSIUN
Although our understanding of Parkfield earthquakes is far from complete,
the available information summarized in this paper suyyest some guiaelines for
short-term prediction of the next characteristic Parkfield earthquake.

SCENARIO 1: FURESHUCKS IN THE PREPAKATIUN LULUS, FAULT CKEEP IN THE

RUPTURE LOCUS. Based on the observations in 1966, we might expect significant

foreshock activity in the preparation locus in the hours and minutes pefore
the next characteristic shock and perhaps significant fault creep in the
rupture locus in the weeks and days before the event. If such precursors
occur, then the current deployment of instrumentation shown in figures 10 and
11 should unambiguously capture the short-term precursory signals and might
provide sufficient evidence to support a short-term prediction.

SCENARIO 2: NO FORESHUCKS, NO FAULT CREEP IN THE RUPTURE LUCUS.

According to the Parkfield recurrence model shown in figure 5, the occurrence - -
times of the Parkfield sequences in 1881, 19U, 1922, and 196b were not
anomalous. While the 1966 event was preceded by significant foreshock

activity, the absence of reports of felt foreshocks in 18yl, 1901, and 1922
suggests that these events were not preceded by ML 5 foreshocks. Whereas

the evidence for significant precursory fault creep in the rupture locus

before the 1966 event is ambiguous, there is no information at all concerning
analogous changes before the 1881, 1901, or 1922 earthiquakes. Lledarly the

worst short-term prediction scenario - no foreshocks and no fault creep -

would probably lead to the occurrence of the next characteristic shock without

a short-term prediction.

Note however that the epicenter of the main shock in 1922 occurred near



the preparation locus. It seems reasonable to assume that some precursory
changes, albeit without M, 2 4 1/2 foreshocks, occurred near tne

preparation locus in 1922. Under the characteristic earthquake nypothesis,'
the epicenter of the next characteristic Parkfield earthquake will be located
near the preparation locus. Hence precursory changes, with or without
foreshocks, in the preparation locus are likely. Whereas the two-color laser
and dilatometers are favorably sited to detect deformation along the rupture
locus, they are relatively insensitive to strain or creep in the preparation
locus. Thus, if the only precursors are less-than-gross deformations in the
preparation locus (scenario 2), the current instrumentation would likely fail
to provide evidence of that deformation sufficient to permit a short-term
prediction. Additional strain-measuring instrumentation near the preparation

locus$ would significantly increase our abpility to detect precursors in tne

worst-case short-term prediction scenario of-no foreshocks and no significant -

fault creep along the rupture locus.

SCENARIO 3: EARLY {1934-LIKE) OCCURRENCE. Scenarios 1 and ¢ dealt witn

circumstances likely to precede a characteristic Parkfield eartnquake in
1986-1989, i.e., when & - T, . The next characteristic Parkfield

earthquake might occur early, i.e. at & <O7 , as in 1934. Coulda such an
earthquake be predicted? Unfortunately, data from only one such occurrence,
in 1934, is available to address that question. Fortunately, the ftoreshock
swarm in 1934 was so pronounced and prolonged (see figure 4) that it would be
easy to recognize a repeat of the sequence of events in 1934, even if no

precursory fault creep occurred in the rupture locus. Note the failure of

isolated M, 4 parkfield shocks in 1939, 1956, and 1975 (see figure 4) to be
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followed by early characteristic Parkfield earthquakes. This admittedly
limited data set suggests that not only are early characteristic Parkfield
earthquakes preceded by significant prolonged foreshock activity, but that
ML 5 Parkfield earthquakes either isolated in time, e.g., 1939 and 1956 in
figure 4, or only followed within a few hours by small aftershocks, e.g., 1975
in figure 4, are not sufficient in themselves to warrant the short-term
prediction of a characteristic Parkfield earthquake. Uf course the next
characteristic Parkfield earthquake can only be early by at most 3 or 4 years
in contrast to the lU-year-advance of the 1934 seguence; perhaps tne sequence
of events in 1934 cannot be used to anticipate the circumstances preceding a
characteristic earthquake early by only a few years.

SCENARIO 4: A CHARACTERISTIC PARKFIELD EARTHQUAKE TRIGGERS A LARGER

. SHUCK. Scenarios 1, 2, and 3 describe circumstances that miyht precede the
next characteristic earthquake, i.e., an M, 5.6 shock bound by tne
geometrical barriérs at the ends of the rupture locus. In this final
scenario, we consider the situation where the characteristic earthquake breaks
through the right-step en echelon offset at the southeast end of the rupture
locus and continues southeast along the San Andreas fault, growing into a
major earthquake. HMechanisms for rupture continuing through an unbroken, or
broken, asperity have been developed by Das and Aki (1977). Alternatively,
the characteristic earthquake might stop at the echelon offset, ana, in
analogy to the triggering mechanism of the early ML 5.0 foreshock in 1934,
increase the right-lateral shear stress on tne tault southeast of the rupture
locus so that another shock eventually starting there would rupture to the

southeast. The latter case has been suygested (Sien, 1978a; Lindh ana poore,



57

1981) as the triggering mechanism for the great Fort Tejon earthquake of 1¥57.
How might scenario 4 be discriminated in advance? Clearly this scenario
presents technical, social, and political problems of the most serious
nature. S1lip in 1857 along the 50-km-long section of ihe San Andreas
southeast of Cholame was about 3 1/Z2 m, significantly less than the Y w offset
further to the southeast (Sieh, 1978b). Continuation of a Parkfield
earthquake to the southeast might result in a rupture length of about Yu Km
and offsets of about 3 1/2 m to the southeast of Cholame (Sieh and Jahns,
1984). Such an event would perhaps be as large as surface-wave magnitude Mg
7 1/2 (Sieh and Jahns, 1984). Social and economic consequences of such an
earthquake would certainly be more severe than for the characteristic
Parkfield earthquake considered in the first three scenarios. bSince the

average Holocene offset rate across the San Andreas fault at Wallace Creek is

3.5 cm/yr (Sieh and Jahns, 1984), it-seems likely that-tne-3-1/2 m of 'stip in °
1857 largely has been recovered so that the possibility of an earthquake
breaking this seyment must be taken seriously. unfortunately, there is little
data available to suggest what precursors might discriminate scenario 4 from
scenarios 1, 2, or 3. iodels of rupture throuygh asperities (e.y., vas and
Aki, 1977) suggest that minor differences in the stress field near tne
asperity, the strength of the asperity, and the dynamic stress ahead of the
rupture could all be important. Although foreshocks and/or deformation at the
southeast end of the Parkfield rupture zone might portend a shock
significantly larger than a characteristic Parkfield earthquake, there is

certainly no evidence that such need be the case.
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

Annual earthquake probabilities for selected segments of the San
Andreas fault system in California (Taken frow Lindh, 1983).
These estimates are preliminary and should only be used to
obtain an overview of the relative earthquake likelihood tor

different individual fault segments.

Series of earthquake sequence at Parkfield since 185U (taken
from Bakun and McEvilly, 1984). Solid line is the linear
regression of the time of the sequence using the last six
sequences. Dashed 1ine is the linear regression obtained
without the 1934 sequence. The anticipated time of the seventh,
i.e., the next, Parkfield sequence for the two regressions is

1983.2 and 1988.U.

Surface waves recorded on the UDe Bilt, the Netherlands,
east-west (UBN-EW) and north-south (UBN-NS) component Galitzin
seismographs for the 1922, 1934, and 1966 Parkfield events
(taken from Bakun and McEvilly, 1984). Amplitude and time
scales are constant. Brackets indicate the Love- and

Rayleigh-wave phases.
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Figure 4.

Figure 5.

Figure 6.

Parkfield seismicity relative to the origin times of M, 5
shocks in 1934, 1939, 1956, 1966, and 1975. The times in 1934
are relative to the origin time of the early M, 5.0 foreshock;
felt foreshocks in 1934 for which Bunhr and Lindn (1982) assign
no magnitude are shown as ML 3 events. Except for the
aftershock sequences in 1934 and 1966, no known M 2 3
Parkfield earthquakes occurred within several days of the

75-hour-long time intervals shown.

The Parkfield recurrence model. 7, represents the failure
stress of the fault. Constant 3cm/yr loading rate and 60cm

coseismic slip for the Parkfield earthquake sequences in 1881,

1901, 1922 and 1934 are assumed; a ZOZIarger coseismic slip was

used for 1966. According to the model, the next Parkfield
sequence is expected in 1988 *+ 2 yr. ML > 4.0 shocks since

1930 are shown at bottom. M > 4 shocks tend to occur when

the stress exceeds '5;__.

Earthquake epicenters for 1969-1981 and the location of
permanent seismoygraphs in central California relative to
geologic features. Most of the area shown is blanketed by
Cretaceous and Tertiary marine sediments. Larye outcrops of
Franciscan melange (Fr) of Mesozoic age are shown, as is the
western edge of the San Juaquin Valley, uarkiny the boundary
between Tertiary sediments and Quaternary alluvium. Symbols

refer to the earthquake focal depths (..., 9, A, B, ...for...,
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9-10 km, 10-11 km, 11-12 km,...). Symbol size is proportional
to magnitude (see key). Epicenters were obtained using a
one-dimensional crustal velocity model; the band of epicenters
located on the San Andreas fault are diﬁplaced 3-5 km to the
southwest because the higher crustal velocity svuthwest of tne
fault are not properly accounted for in the location procedure.
Priest Valley (PRIZ operated by the Univerity of California
Berkeley Seismographic Station and the CALNET station at Gold
Hill (GDH) were seismograph stations installed before the 1900

Parkfield sequence.

Figure 7. Cross section of the seismicity along the San Andreas fault near

Parkfield for the years 1975-1980. The hypocenter of the main

shock and the M, 5.1 -immediate foreshock in 1966 are shown as
stars. Symbol size is proportional to magnitude. wo vertical

exaggeration.

Figure 8. Schematic cross section of seismicity (ML > 3) along the San
Andreas fault near Parkfield for 1909-1983. noO vertical
exaggeration. The shaded vertical band corresponds
approximately to the location of a 5. bend in the surface trace
of the fault. The preparation locus is inferred to lie within
the shaded region between the hypocenters of the main shock and

the M 5.1 immediate foreshock in 1966 (the two stars). The

aftershocks in 1966, i.e., the rupture locus, lie southeast of




Figure 9.

Figure 1.

L3A

the preparation locus at depths shallower than 8-1U Km. bYince
1975, M_ 3.5 earthquakes have occurred near the preparation
locus; these sequences are shown together with estimates of

their source dimensions based on aftershock locations.

Cross section along the San Andreas fault zone near Parkfield
showing the distribution of static stress drops for a number of
earthquakes in 1977-1982 (taken from U'Neill, 1984). The
numbers next to the symbols are stress drops in bars. The
hypocenter of the main shock and the M_ 5.1 immediate

foreshock in 1966 are shown as filled circles. Focal depths of
the 1966 shocks are uncertain to within 1-2 km so that tneir
hypocenters might easily coincide with tne locus of ygreater

stress drop sources. shown as filled triangles.:- - -

Seismograph and accelerograph deployment alony the
Parkfield-to-Cholame section of the San Andreas fault relative
to the preparation locus and rupture locus of the cnaracteristic
Parkfield earthquake. The epicenter of the 1966 main shock is
shown as a star. The location of the southeast end of the
rupture locus is problematic; in 1966, numerous aftershocks and
surface cracks were observed over the 2u-kin-lony section (cross
hatching) immediately southeast of the preparation locus.
Surface cracks and some small aftershocks were observed over a

15-km-1ong section further to the southeast.
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Figure 11. Strain-measuring instrument deployment alony the
Parkfield-to-Cholame section of the San Andreas fault relative
to the preparation locus and rupture locus of the characteristic
Parkfield earthquake (see caption for figure 10). Names of |
sites of invar-wire strainmeters, bubble-level tiltmeters,
Sacks-Evertsen dilatometers and creepmeters begin with S, T, D,
and X respectively. Creepneter XMM is located at tne epicenter

of the 1966 main shock.




W OoOONOWUBEWN

%%
*kk

YEAR

1934
1934
1934
1934
1934
1934
1934
1934
1934
1934
1934
1934
1934
1935
1935
1937
1938
1939
1939
1941
1942
1953
1953
1954
1956
1956

"1958

1961
1961
1966
1966
1966
1966
1966
1966
1966
1966
1966
1967
1967
1967

- 1967

1975
1975
1977
1977
1977
1982

Events for 1930-1979 taken from Buhr and Lindh (1982).
events are approximate.
earthquake catalogs.

TABLE 1. My > 4 Earthquakes Near Parkfield (1930-1983)*

MO-DAY

06-05
06-05
06-08
06-08
06-08
06-08
06-08
06-10
06-14
06-14
06-14
12-02
12-24
01-06
10-22
02-20
11-22
05-02
12-28
12-22
10-31
05-28
06-22
03-09
11-16
12-11
09-01
07-31
12-14
06-28
06-28
06-28
06-28
06-28
06-29
06-29
06-30
10-27
07-24
08-12
12-21
12-31
01-06
09-13
01-24
11-29
12-28
06-25

ORIGIN

TIME

HR-MIN(OCT)

21-48
22-52
04-30
04=47
05-42
09-30
23-23
08-03
14-55
15-54
19-26
16-07
16-26
04-04
18-37
09-58
15-30
18-49
12-15
00-54
10-51
03-51
15-22
19-55
03-23
10-56
11-31
00-07
11-51
04-08
04-26
04-28
04-32
04-34
02-19
19-53
01-17
12-06
07-08
18-57
23-58
23-48
11-17
21-20
18-05
16-42
02-59
03-58

LATITUDE

(°oN)

35048.0'
359048.0"
35948.0°
359048,0'
35048.0°
35048,0"
35048.0'
35948.0"
35048.0°!
35948,0"
35048.0°
35058.0"'
35056.0°'
35056.0'
35055.0'
35056.0'
35052.7!
35059,2!
35058.17"
35056.0"
369001,86°
35057.0°'
35055.9'
36000,0°
35057.9'
35056.6'
36006.0°
35049.4"
36000.0'
35056.6'
35056.0'
35055.,9'
35048.9'
35048.,9'
35055.8'
35056.8'
35052.0"
35056.9'
35055.,7'
35051.2°
35045,3"
35055,31"
35056,78'
35059.54"'
35047 .23
35056.51'
35048.49'
35058.32'

LONGITUDE
(°wW)

120020.0'
120020.0°
120020.0'
120020.0'
120020.0'
120020.0'
120020.0'
120020.0'
120020.0'
120920.0'
120°920.0'
120935.0'
120929.0'
120029.0'
120929.0'
120029.0'
120028.13°'
120021.28'
120024.62°'
120029.0'
120025.71"
120028.98°'
120025.8"
120020.0'
120025.7'
120028.0'
120029.91'
120015.8°
120030.0'
120030.5'
120029.6°'
120029,6"
120016.8'
120016.8"
120027.5'
120028.6'
120021.5'
120041.4"
120026.25"
120023.09'
120026.8'
120027.15°
120030.90
120033,22'
120020.96"'
120029.59°
120021.89"
120031.38"

EoF R T o I P P P IR P IR IR R N VR R N R VIR N P N Y W R N I P I T R A L R RV R RV

=
=

e e o e o
o= OO
* ¥
* *
*

o & o o

. e ® e * e & e s e @ * o e s = e e s e = e e 0 * o e @ e ® s o e e o
* * *

Locations for early

Data for 1980-1983 taken from preliminary USGS

My taken from Bakun and McEvilly (1981).
M} taken from Bakun and McEvilly (1984).
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Special Study Area in Southern California
San Jacinto Fault Zone

Tom Hanks and Chris Saﬁders, Principal Speakers
Rob Wesson, Reporter

The San Jacinto fault zone has been the highest producer of
earthquakes near magnitude 6 and above of any fault zone of
comparable extent in California since about 1890, Extending
about 250 km southeast from the San Andreas fault in the vicinity
of Cajon Pass, the San Jacinto Fault has produced at least five,
probably seven and possibly as many as 10 earthquakes of
magnitude near 6 and above. Owing to sparse settlement, pre-
instrumental locations based on intensity distributions- -
particularly prior to 1899 - - lead to uncertainty about
assigning earthquakes to the fault, especially at the north end
where the earthquakes may be located on the San Andreas or other
faults. All large earthquakes since 1937 have occurred along the
southern half of the zone, south of Anza.

Geological studies by Bob Sharp suggest a long-term slip
rate of 8-12 mm/yr in the central part of the fault. Geodetic
studies by King and Savage indicate a rate of accumulation of
right lateral shear strain of about 0.3 strain/yr. Surface creep
is observed to be zero since 1970 by Allen and others.

Seismic gaps

Three possible seismic slip gaps are suggested: Cajon-Pass
to Riverside, Anza, and south of Superstition Mountain., Except
in these gaps, the San Jacinto fault has experienced average
seismic slip since 1890 of about 1 m, Even if the earthquakes
with uncertain locations are assigned to the gaps, the gaps still
lag behind the rest of the fault.

A 20-km long segment of fault within the northérn end of the
Anza seismic slip gap is also currently a gap for small
earthquakes, marked at both ends by regions of high seismicity.

Geologic complexity and uncertainties at the northwest and
southeast ends the San Jacinto fault may complicate
interpretations based on a simple siip budget, but the region of
the fault near Anza is a straight segment believed to be a single
strand, bounded by complexity on the northwest and southeast.
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