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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 pentinent 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 meMbersh1p shall be other than
USGS employees.

The USGS recently has begun to publish the minutes of NEPEC meetings. This
open-file report is the third in an ant1c1pated series of routinely
published proceedings of the Council.
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JULY 26
PARKFIELD MONITORING EXPERIMENTS

In his introductory remarks, Chairman Sykes outl
meeting. The Council would continue its discuss
California, situation for the first day.
discussion of the San Francisco Bay area faults,

Ny

ined the purposes of the
ion of the Parkfield,

The Council would then begin a

principally the Calaveras

fault and the section of the San Andreas fault from mid-Peninsula to Bear

Valley on the second day.

At its last meeting, the Council expressed the

opinion that more research and thought is needed on intermediate-term
earthquake precursors and recommended that work be done on several
precursors--such as changes in the rate or occurnrence of small earthquakes,

b-values, and changes in the parameters of the goda of an earthquake.

The

Council also felt that it needed a review of what circumstances at

Parkfield might constitute either short-term or
Today's speakers were requested to address what
alarm--either a scientific alarm that would conv
one that might cause the U.S. Geological Survey
statement. Further, the discussants were asked

intermediate-term alarms.
would constitute an

ene a scientific group or
(USGS) to issue a public

to consider what procedures

might be instituted quickly, in a short-term situation where there is

insufficient time to convene the Council, enabli
issued.

Thatcher gave a brief description of the backgrg
first day's meeting on Parkfield. In addition,

of what would be an appropriate response to a gi
at Parkfield. This discussion would help the Cq
construct a scenario of situations and responses
Thatcher noted that in discussions with the USGS
it was concluded that they are not able thus fan
of scenarios. Today's session will include brieg
monitoring that are being conducted and the back
would allow us to make interpretations of the mo
Parkfield. Each speaker will address signal-to-
abnormal rates of observed parameters, and will

that would indicate that unusual activity is occ

Seismic Monitoring at Parkfield

Bakun set the stage for the seismic observation
those geared to detect precursory changes that m
characteristic Parkfield earthquake. The trend

ng a timely warning to be

und and guidance for the
he requested a discussion
ven change in the situation
uncil in its efforts to
regarding Parkfield.
Parkfield Working Group,
to construct such a series
fings on the kinds of
ground of activities that
nitored observations at
noise ratios, normal versus
give criteria for alarms
urring.

programs, particularly
ight occur before the next
of the San Andreas fault to

the northwest of Parkfield is characterized by fault creep and small to

moderate earthquakes. Southeast of Parkfield is

last broke in the Great Fort Tejon earthquake of

the rupture section that
1857. In between is a

transition zone between the creeping and locked

sections. Researchers do

not understand why nearly all Parkfield earthqudkes are so repeatable and

so well behaved. One explanation is that in the

' last 100 years, where



there is historical observation, the adjoining fault segments have been
characterized by fairly steady behavior. The seismicity illustrates that
this characterization may have changed in the past several years. Bakun
discussed the effects of the nearby Coalinga earthquake on the Parkfield
earthquake and how this earthquake might have affected the timing of the
next Parkfield earthquake.

(Editors note: Interested readers can find a more thorough discussion of
the Parkfield situation, including the influence of the Coalinga
earthquake, in the report of the Council's March 1985 meeting, USGS
Open-File Report 85-507).

Lindh discussed the rationale for linking some automatic alarms to
seismicity data. Two foreshock criteria at Parkfield have been devised.
Retrospective application of these criteria to the last 5 years of data to
gauge implications and frequency of warnings was described. This analysis
allowed determination of the probability gain that any foreshock will
actually be followed by a larger earthquake. The frequency since 1983 of
these empirical alarms has been approximately three per year, or about 25
by 1992. Spreading that probability gain over 2 to 3 days, and assuming a
50 percent chance that the next earthquake will have foreshocks, there is a
4 percent probability of each event actually being a foreshock of the
predicted event; if the assumption is a 50 percent probability of no
foreshock, the probability drops to 2 percent. Lindh expressed doubt that
seismicity alone would justify a prediction but the percentages set up by
this analysis, if they were to occur, would have serious implications.
Should there be a satisfaction of the criteria, and if the creep meters,
water wells, and two color Tlasers gave any believable support to the
seismicity, then we would be reaching a probability of about 50 percent.

Foreshocks and Probability Gains at Parkfield

Jones described an analysis, using the Southern California Earthquake
Catalogue and defining foreshocks as earthquakes followed within 5 days and
10 kilometers by larger earthquakes, to describe probability gains. In
southern California the probability of an aftershock occurring is about 6
percent, independent of the magnitude of the initial event. With the
assumption that two sets of main shocks with foreshocks and main shocks
without foreshocks form a binomial distribution, the probability of a
foreshock being followed by a main event is 1.6 for the first hour. Jones
applied these general findings to Parkfield using both average southern
California probabilities as well as probabilities derived solely for the
Parkfield region. The time distribution for Parkfield is similar to

that for southern California, but there is a large difference in the
magnitude dependency; there may not be a statistically distributive sample
at Parkfield as there is in southern California. The percentage of
earthquakes that have been foreshocks to a characteristic Parkfield
earthquake is the percentage that a future event will be a foreshock to a
characteristic Parkfield earthquake. Using her analysis, the probability



that a magnitude 5 or greater earthquake will be followed by a
characteristic Parkfield earthquake within 5 days is 80 percent; for a
magnitude 2 earthquake, it is 5 percent; for a magnitude 3 earthquake, it

is 18 percent; and for a magnitude 4 earthquake,

Seismic Quiescence at Parkfield

it is 40 percent.

Habermann noted that while many people propose that a change in seismicity
rate can occur as part of the process of preparation for large earth-
quakes, most of these changes are not followed by large earthquakes and

therefore are not precursors.
changes from manmade changes, either detection
decreases.

Habermann discussed how to distinguish real

increases or magnitude

Detection and reporting changes divide seismicity data into

smaller events, which are affected by the change, and larger events, which

are unaffected.
affected events from consideration.

The goal is to find a magnitude cutoff that eliminates the
Habermann 1

ooked at seismicity changes

as a function of magnitude band and used a z-test for a difference between

the two means.

For the Parkfield region, most of the major changes appear

to be detection increases with some magnitude decreases and changes due to

the installation of stations.
also detected, one was a rate increase associat
April 23, 1975, and another real change was a d
1978.

Real seismicity ichanges in Parkfield were

ed with a swarm of events on
ecrease in activity in

He noted a period of quiescence at Parkfiield which concluded near

the end of 1982, followed by a period of increased activity, at Parkfield,

lasting up to the Coalinga earthquake, which in
another quiescent period.

Velocity Monitoring with Vibroseis Methods

Clymer reviewed work in the Hollister, Californ
illustrate the capabilities of velocity monitor
expectations for work in the Parkfield area usi
research used 3 to 4 kilometer-source receiver
locations:
precision of the instruments appears good, but
with accuracy; large seasonal variations in tra
caused by near-surface changes in moisture. Pr
with this included installation of borehole geo

the Cienega Winery, Stone Canyon, and Bear Valley.

turn was followed by

ia, area designed to

ing and discussed
ng new equipment.
offsets in three different

The

The
there has been a problem

vel time and amplitude

cedures used for dealing
hones and measurements of

near-surface travel times which were then subtriacted from the path

measurements. A different procedure is planned

for Parkfield. All:

receivers will be placed in boreholes to eliminate near-surface variations

at that end of each path.
simultaneously recording a number of paths and

path where we do not expect near-surface variatfions.
Work at the Geysers, California,

and amplitudes are also being monitored.

Source-end variations will be reduced by

sing as a reference one
S-wave travel times

geothermal area confirmed that an S-wave vibrator will radiate Sy or Sy

waves toward the receiver depending on the orie
plate, thereby permitting measurement of near-s

F

tation of the vibrator base

rface anisotropy. Clymer
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and McEvilly think this has implications for earthquake prediction research
at Parkfield since S-wave amplitude anisotropy may be more sensitive
indicators of fault zone properties than P-wave parameters. Preliminary
data revealed a high signal-to-noise ratio and complex S-wave arrivals that
changed in character upon rotation of the vibrator base plate. They
conclude that they can detect changes in wave form dissimilarity,
indicating variations in fault zone properties.

Downhole Seismic Monitoring

Malin described experiments at Parkfield in which he is ‘studying two
earthquakes using seismograms recorded from instruments in boreholes. He
compared S-wave forms from borehole receivers and surface-level receivers.
The borehole data (spectra) contains much high frequency energy which is
not recorded at the ground-level stations. The purpose of his experiments
is to characterize the difference between seismic events recorded at
downhole stations with how the events would be recorded on a ground array
that would be used extensively to study the statistics and frequency
characteristics of Parkfield earthquakes.

Trilateration and Leveling at Parkfield

Segall summarized geodetic survey measurements at Parkfield. While this
data set is limited in ability to detect short-term changes, it is unique
in another respect--it shows the long-term behavior of the fault over a
whole earthquake cycle. Segall described trilateration data for the 1966
coseismic period. He used the coseismic line length changes to determine
fault slip during the 1966 earthquake. A number of coseismic slip models
were considered and those with slip between depths of 2 to 4 kilometers and
8 to 10 kilometers gave acceptable fits to the data. In the final
analysis, though, it is the seismic moment, determined to be 4 to 5.5 x
1025 dyne-cm, that is best determined by the geodetic observations. Segall
next described measurements of the interseismic period (1966-1985).

Current configuration of the large aperture network has grown by an order
of magnitude. The network is remeasured approximately every year by the
Crustal Strain Project. Four small aperture geodetic networks were
installed to determine surface slip rates; these networks will be monitored
semiannually by the Crustal Strain Project. Segall compared the inferred
slip rates from fault crossing lines in the small aperture arrays with
lTong-term slip rates determined from creepmeters and alignment arrays.
North of Middle Mountain the values are about 25 millimeters per year,
values around Parkfield are about 12 millimeters per year, and the creep
rate tapers off to zero to the south. For detecting precursors, only the
monitor networks are measured frequently enough to warrant attention.

Based on the distribution of monitor line residuals, it was determined that
14 cm of slip on the 1966 rupture surface produced line length changes that
occur randomly only 10 percent of the time.
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Segall next considered the question of how the fault slips at depth during
the interseismic period. Two models were considered. In the first model,
the 1966 rupture surface is locked between earthquakes. In the second
model, surface creep rates are extrapolated through the seismogenic zone,
producing a smooth transition zone between the creeping zone NW of
Parkfield and the 1857 Tocked zone. Segall concluded that the data favor
the locked 1966 rupture surface model as opposed to models with significant
buried interseismic slip. |

l
Two Color Geodolite Measurements

Slater and Burford outlined the past year's progress of a geodolite network
at Parkfield. They described possible seasonal influence and found that
most of the north-south lines have a flat or down trend; most of the
east-west lines show an upward trend. Superimpgsed on this pattern is a
large excursion, particularly on the east to west line, indicating a
possible seasonal fault normal gravitational strain. The results of a
simple fault slip strain model used to calculate average slip were given
and strain histories were shown. Dextral simple shear accumulated at a
nearly constant rate of 1 ppm per year until March 1985 when the rate
dropped to nearly zero. i

Low Frequency Measurements at Parkfield

Johnston discussed strain, tilt, creep, and magnetic measurements at
Parkfield. The focus of his presentation was on short-term prediction. He
also discussed the design concept for these arrays, which are within
one-half to one fault depth of the fault. *

Strain: Johnston discussed strain resolution of Parkfield dilatometer
sites. Over weeks to months strains better than 0.1 microstrain can be
resolved, particularly if the effects of earth tides and atmospheric
loading are removed from the data. The main features of data from the two
dilatometers at Gold Hill are Tong-term drift due to cement curing, earth
tides, atmospheric pressure, and strain events. | Efforts this year are
focussed on constraining the source location, length scale, and some
geometry of these events. Curious relations to local seismicity were noted
as well, Several seismic events corresponded in time to the observed
strain perturbations. No first order causal relationship has been found.

Creep: Creep measurements yielded two important results. One is changing
sTip rates moving north to south along the fault; verified by the alignment
data and by comparison with geodetic data. And 'the second is apparent
retardation effect associated with the Coalinga earthquake. The
retardation effects may represent a precursor to the earthquake predicted
to occur at Parkfield about 1988.




Magnetics: The purpose of this experiment is to detect magnetic
perturbations that result from changes in the mean state of crustal stress
since both magnetic remanence and magnetic susceptability have a stress
sensitivity of about 0.0001 per bar. Summary plots of the complete
difference field records were discussed. 1In general these records are
uneventful at the sub-nanotesla level. However, coherent changes of about
1 nT across the array would constitute anomalous behavior.

Tilt Meter: There is a limited tilt meter array at Parkfield. The results
of tilt meter experiments show that long-term tilt trends from shallow
porehole installations are not generally coherent between instruments and,
therefore, reflect only the movement of the material immediately
surrounding the instruments. Johnston was unable to identify signals of a
period band greater than days to weeks and larger than one microradian.
Johnston presented two anomaly detection algorithms. The first system is
the use of amplitude detectors on creep meter data, and the second system
is the use of rate detectors on continuous strain and tilt data. Both
systems are scaled according to the level of background noise. Johnston
concluded his discussion with a presentation of general alarm thresholds

for Parkfield creepmeters.

Water Level Monitoring

Bredehoeft discussed earlier work on water well responses to earth tides.
From this work 1) it is clear that water level responds to the volume
strain, and 2) conditions under which water level responds to earth tides
are not very restricted, suggesting the ability to use water wells as a
volume strain meter. Bredehoeft experimented at Palmdale on the use of
real time data and signal processing with the idea of using water wells as
volume strain meters. More recently he moved his experiment to

Parkfield. For his experiments he was careful to chose wells with good
tidal signals located in confined aquifers. Bredehoeft discussed
observations at the Hi Vista well at Palmdale. He noted tidal fluctuations
of about 0.3 feet, and complications in the measured barometric pressure,
showing diurnal, semi-diurnal, and higher harmonic peaks, which have to be
removed from the records. While comparing other wells he noted that during
several years of data collection, only a few of the observed events seem to
be tectonic. Bredehoeft also computed the dilatational strain associated
with a dislocation model and used this model as a guide both to where water
wells would be sensitive to slip and to establishing a network in
Parkfield. Both surface dislocation and buried faults were considered in
his model.



Near-Surface Tilt Monitoring

Morrissey described a near-surface tilt network
the noise sources and what he intends to do abo
essentially just begun and so he described data
work he is proposing for Parkfield. The Adak n
units and the Parkfield network will have 10-me
discussed how he proposes to use the Adak data
Parkfield network. Morrissey redesigned the el
from the instruments. One source of noise is t
it is free to move within its housing. Other p
installation of sensors and local thermal sensi
the Council on estimates of temperature change
attenuation of surface temperature with depth c
temperature cycles of various periods. The diu
more at the 2-meter depth than the annual therma
depth. And, even at 30 meters a direct annual t
may be evident in the data. He described Adak d
instruments and suggested that with 10-meter dee
the data would be about an order of magnitude b
noise with depths is a (depth)3 factor. These
they are a linear function of temperature at th
depth installations rough estimates of baseline
removing annual thermal effects, can be made.
with implications of this work for prediction a

EXECUTIVE SESSION

Southern California Working Groups

As a followup to the Southern California Special
in San Diego, California, in February and March
March 1985 meeting held in Pasadena, working gro
for three segments of the San Andreas fault - th
Jacinto segment, and the southernmost San Andrea
are organizing working group meetings to be held
1985 in order to consider what steps should be t
designate special study areas.

Short-Term Precursors

The Council debated the concept of holding a wor
on short-term precursors. Although there is mer
discussion of this issue, they questioned whethe
time for such a meeting since, for example, we c
confidence should be placed on seismicity rate c
earthquake.

and gave some indication of

t them. His program has
from Adak, Alaska, and the

twork has 2-meter deep

er deep units. Morrissey

n establishing the

ctronics to reduce noise

e bubble sensor itself; as

oblems discussed were the
ivity. Morrissey briefed

n the ground. Direct

n be estimated for

nal signal is attenuated

1 cycle at the 30-meter

hermal effect on the sensor
ata with the 2-meter deep

p instruments at Parkfield
tter. The attenuation of
ariations can be removed if
sensor. With 10-meter
stability, achievable after

e concluded his discussion
Parkfield.

Study Areas Workshop held
1985 and the Council's
up chairmen were appointed
e Mohave segment, the San
s segment. The chairmen

in October and November of
aken next in order to

Fshop, or future meetings,
it in holding a lengthy

r now is an appropriate
an't resolve yet what
hanges as a precursor to an




Parkfield

Wesson stated that he is pleased with the progress at Parkfield as
evidenced froin the day's presentations; most observational aspects seem to
be coming along and the Council is beginning to knit together an analysis
of Parkfield data. He believes two areas need significantly more work:

1) the decision tree mentioned at the Council's March meeting, and 2)
constructing physical models for prediction. He feels the Council should
revisit and emphasize some of these issues in 6 months or so, design a
strategy for bringing observations together with physical models, and
present an opinion of its implications.

Dieterich was of the opinion that one of the most important problems facing
the Parkfield experiment and earthquake prediction in general was that of
developing rapid decisionmaking procedures. At the time information is in
hand to make a prediction it is very likely the situation will be very
complex with little or no time to discuss all the interpretations and
issues. Therefore, everything possible should be done in advance to work
through responses to likely scenarios. It has been Dieterich's experience
that this type of exercise also helps focus attention on those weak points
that need more thought or more work.

Wesson sees the following as a problem: it is difficult to present
geophysical data to a USGS Director, have him rapidly sort through it as
well as myriad other issues, and make an intelligent and confident decision
regarding the Survey issuing a prediction. The point of a decision tree is
to get a lot of the information sifting out of the way early. He asserted
that inuch of the knowledge needed for a decision tree is already
intuitively held by Council members. Wallace and some of the other Council
members agreed that a decision tree is critical to make an effective

prediction.

The Council then had considerable discussion regarding logistical problems
of scientifically analyzing data, convening the Council, informing the USGS
Director, etc., and completing the process before either the predicted
event happens or the appropriate time window for its occurrénce passes.
And, they discussed how a decision tree might be designed and used.

Sykes offered the question as to whether or not the required turnaround
time for making or confirming a prediction necessitates a need to consider
intermediate-term precursors in addition to short-term precursors. It was
noted that some consideration of intermediate-term precursors is being
given at the periodic data review meetings within the USGS.

Sykes offered to arrange an appointment with Dallas Peck, Director, U.S.
Geological Survey, to discuss these issues. He stated that the intention
of this appointient would be to get guidance from the Director regarding
what kind of a decision tree is needed. Additionally, he would hope an
outcome would be a sense of both what the Director would accept regarding
either a decision matrix or delegation of authority to make various
predictions and statements about future earthquakes and what boundary
conditions the Council might use in its own work.
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Foreshock probabilities are about 4.6 percent for magnitudes from 2.5 to
5.0. Also, at the magnitude 5 level one-third of the earthquakes on the
San Andreas have foreshocks, which agrees with Jones' observations for
other parts of California. For the Calaveras fault, 36 foreshocks at
magnitude greater than or equal to 2.5 were found; and the probability of
foreshocks there is about 4.5 percent.

He also looked at b-values and the rate of seismicity to help answer
Gquestions regarding the presence of seismic gaps in the record. Uhrhammer
found no significant variation in b-value at magnitudes greater than or
equal to 2.5 prior to the 1979 Coyote Lake earthquake or the 1984 Morgan
Hill earthguake. However, the resolution at this magnitude level is poor.

Historic Earthquakes

Toppozada gave a summary of the history of earthquakes in the southern

San Franciso Bay area. Since 1850 there have been two earthquakes greater
than magnitude 7; a magnitude 7 on the Hayward fault in 1868 and a
magnitude 8 on the San Andreas in 1906. Before and after the Hayward
earthquake most events occurred on the San Andreas fault, but before and
after the San Andreas earthquake magnitude 6 or greater earthquakes were
located on the Hayward-Calavaras faults.

The first report of earthquake damage was in 1800 from San Juan Bautista;
and the aftershocks Tlasted for about 7 weeks suggesting a main shock of a
magnitude in excess of 6.0. Before the 1849 gold rush the record for
magnitude 6 earthquakes probably is not complete. After 1849 earthquake
effects reported in newspapers made construction of isoseismal maps
possible. The largest earthquakes, greater than magnitude 7, occurred on
the San Andreas fault in 1838 and 1906, and on the Hayward fault in 1836
and 1868. Magnitude 6 or greater earthquakes generally occurred at
intervals of 7 or fewer years in the southern San Francisco Bay area. The
quiescent periods from 1870 to 1890 and 1911 to 1979 apparently resulted
from large stress release in the magnitude 7 and magnitude 8 earthquakes of
1868 and 1906 respectively. Earthquakes of magnitude greater than 6 have
occurred on the Hayward-Calaveras zone east of San Jose in 1858, 1897,
1903, 1911, 1979, and 1984, and on the San Andreas fault between San Juan
Bautista and Los Gatos in 1864, 1865, 1870, and 1890. Hayward-

Calaveras earthquakes occurred principally during the decades prior to the
1906 San Andreas earthquake. San Andreas earthquakes occurred from the
decade prior to the 1868 Hayward earthquake and continued to 1890. This
suggests that earthguakes of magnitudes greater than 6 on the
Hayward-Calaveras zone precede and follow magnitude 7 or greater activity
on the San Andreas, while magnitude 6 or greater activity on the San
Andreas precedes and follows magnitude 7 or greater activity on the
Hayward-Calaveras zone. Toppozada discussed some of the inherent
uncertainties in locating epicenters using early seismic records. For
example, the difficulty of discriminating whether an event occurred on the
Hayward or Calaveras fault, the possibility of earthquakes south of
Hollister not being detected, and the difficulty of using records from the
Spanish missions.
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Prescott presented an overview of the distribution of relative plate motion
along the San Andreas Fault system from Hollister to the Mendocino triple

junction. South of Hollister all the relative
block motion in a narrow zone on the fault.
change occurs.

deformation is no longer associated solely wit

large part of the motion occurs to the east of the fault.

First, the fault is not creeping aseismically.

plate motion occurs as rigid

North of Hollister a major

Also, the
the San Andreas fault and a
Prescott places

constraints on how much slip could occur on the San Gregonio fault.
Prescott's work shows that at Hollister the motion partitions with
about one-third of it on the San Andreas fault|and with the rest of it

distributed to the east.

Further, the fault system behavior appears nearly

constant north up to the Mendocino triple junction.

A large geodetic network covers the plate boundary between Hollister and

the Mendocino triple junction.

The line lengths have been measured many

times and Prescott has calculated motions of the individual stations.

Total displacement across the entire area is about 30 mm per year.

Very

little of this displacement is occurring on the San Andreas fault itself.
There is some distributive shear east of the Calaveras fault produced by

rotation of the block east of the fault.

In the northern San Francisco Bay area Prescot

of the component of displacement parallel to the fault system.

evidence of offset on any fault traces in the
of the San Andreas fault appears to be taking
east of the San Andreas fault continue as far

Seismic Slip on the Calaveras Fault, Californi

again constructed a profile
There is no
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place. High rates of shear
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Bakun discussed implementation of a model slip
Over a significantly long period of time there
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Calaveras fault associated with the Morgan Hil
inferences for the area to the north.

in future damaging
slip pattern on the
1 earthquake and then made

He converted catalogue size-estimates to seismic moments and calculated the

slip contributions from each earthquake. The
that all the major contributions to the seismic
earthquakes and the catalogue is robust and st
earthquakes.

advantages to this method are
c moment are from the big
able for these larger
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The distribution of seismic slip on the Calaveras fault suggests that (1)
larger earthquakes tend to occur within regions of slip deficit left by
earlier earthquakes; (2) since 1969 seismic slip on the Hollister section
is significantly less than the seismic slip elsewhere on the Calaveras
fault; (3) there is a considerable geodetic versus seismic slip rate
discrepancy on the Calaveras fault northwest of the 1984 Morgan Hill
earthquake rupture zone. Assuming that both 82- and 73-year recurrence
times for the central sections can be extrapolated to the north and two
magnitude 5.8 earthquakes occurred on the Calaveras reservoir section in
1903, Bakun's work concludes that it is prudent to anticipate a magnitude 6
earthquake on the Calaveras reservoir section in the next several years,.
More speculatively, the Calaveras-Sunol fault poses a lesser immediate
threat,

Seismic Quiescence on the Calaveras Fault

Habermann found apparent seismicity rate decreases before the Coyote Lake
and Morgan Hill earthquakes. He examined the relationship between possible
seismicity rate changes and pre-earthquake seismicity patterns. He tried
to recognize and account for effects of changes in network operation on
seismicity rates. His results indicate the need for careful determination
of detection and reporting histories. Habermann divides the earthquake
catalogue into groups of smaller and larger events at some magnitude
threshold, distinguishing events which are, from those which are not,
affected by detection changes. Looking at increasingly larger events, the
effects of detection decreases go away at about magnitude 0.9 and above,
maximizing the record without the effect of detection changes. The effects
of detection increases disappear at events below magnitudes equal to 1.3.

He also considered whether magnitude corrections calculated for the entire
fault are applicable to any section of the fault. He divided the region
into two segments; a southern segment of Coyote Lake and Morgan Hill, and a
northern segment. For the southern segment the pattern looks like that of
the entire fault. For northern segments he finds something completely
different, a strong increase in detection and some indication of a
magnitude change.

These results indicate that detection and reporting histories vary
substantially for the Calaveras fault. Also, understanding the causes for
the different ways the northern and southern segments behave may be helpful
in seeing how the changes occurred.

Habermann's presentation generated considerable discussion about the need
to improve earthquake catalogues, specifically, the establishment of a
standard catalogue as free as possible of changes in instrumentation and
methods of data analysis and its importance to earthquake prediction.
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Creep Rate Variations on the Calaveras and San Andreas Faults

Burford discussed possible retardation in aseismic slip rates in the
Monterey Bay region, California. His discussion was limited to the region
around Hollister involving the Paicines, Calaveras, Sargeant, and Busch
faults and nearby portions of the San Andreas fault. Despite the general
lack of baseline data, there is a long-term record for the Cienega Winery
site on the San Andreas fault south of Hollister, Possible retardations
in creep prior to moderate shocks from 1971 to 1973 near Bear Valley and
San Juan Bautista were followed by creep acceleration and afterslip.
However, monitoring was started too late to distinguish possible creep rate
retardations from the possibility that coseismic surface slip and
accelerated afterslip effects were superimposed on steady lower rate
backgrounds.

The duration of retardation in several cases may be approximately
proportional to the seismic moment of the subsequent earthquake, perhaps
modified by inverse proportionality of distance from the creep site to the
epicenter; although such a quantitative relation has not been tested. He
also noted possible fault interaction in the Hollister area that might have
an important role in initiating creep rate retardations. Burford presented
the hypothesis that local creep rate retardations associated with local
seismic quiescenses may relate to changes in combined seismic and aseismic
slip processes for impending moderate earthquakes. And, from this
hypothesis he suggested that retardation associated with evidence of
seismic quiescence may reflect a period of rapid| increase in shearing
stress across an area of impending seismic rupture.

Seismicity of the San Andreas Fault from the Ciepaga Winery to
the Golden Gate

In her presentation Olson reported that the San %ndreas fault north of the
San Juan Bautista transition area is seismically quiescent along the 1906
break except for recurrent low-level microearthqhakes along the
San Francisco Peninsula. The microseismicity along the fault is
concentrated in three zones: a northernmost zone in the 1906 epicentral
area; a zone in the mid-Peninsula area near Portola Valley; and a zone near
the junction of the San Andreas and Sargeant faults. She also noted that
many events occurred off the fault, including some in the mid-Peninsula
area with thrust focal mechanism solutions.

\
The depth distribution of the events is such that those north of the San
Juan Bautista area occurred at depths between 5 and 15 kilometers with
peaks at 10 kilometers and those events in the San Juan Bautista area
occurred at depths less than 10 kilometers with peaks at 4 kilometers.
Also noted was an abrupt transition in the modes of slip at San Juan
Bautista. f

|

|

|

|
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Earthquake Risk on the Southern End of the 1906 Earthquake Rupture

Scholz notes that the southern end of the 1906 break slipped only about 1
to 1.5 meters as opposed to 3 to 4 or more meters to the north. Therefore,
the slip deficit region would be a region of increased risk. Some
estimates of probabilities on the gaps have been made by other workers.
From the standpoint of seismic risk, considering the region's demography,
it is important to determine the northern end of this deficit region.
Scholz concludes from his investigation that the slip deficit area begins
abruptly near Black Mountain, stretching 75 kilometers to San Juan
Bautista. If this area were to slip in a single event, it could produce an
earthquake of about magnitude 6.9. He contends that the abrupt change,
between Alpine and Page Mill roads, marks a major change in the
pnysiographic expression of the San Andreas fault. Considering strain
accumulation rates, he estimates that the period for reaccumulating the
amount of strain drop for the 1906 earthquake would be about 60 to 110
years, In other words, we are presently midway through the time period
estimated for a major shock to occur.

Structural Heterogeneities on the San Andreas Fault

McNally used data from 1975 to 1985 of earthquakes with magnitudes greater
than or equal to 2.5 in the Stone Canyon-Bear Valley region in her study of
structural heterogeneities. She noted that the largest earthquakes
occurred in this region in 1972, 1961, 1951, and 1938. The largest
earthquakes in the region occur at relatively equally spaced time
intervals. McNally's study is to determine if this is representative of
the long-term behavior of the region. A simple technique to analyze
clustering or swarms is to separate the clustering from background activity
based on a first order Poisson dispersion coefficient. The clustering of
seismicity suggests that the next earthquake will be located between
Tatitudes 36°36' and 36°41' north along the San Andreas. The last moderate
earthquake there was a M, 5.0 event in 1938. Her analysis also indicates
that an 1l-year interval for earthquakes of magnitude 5.0 or greater is
representative for this region. This gives a date for a My 5.0 to 5.6
Parkfield earthquake as 1987 + 2.14 years; and a M; 5.0 to 5.6 event for
Bear Valley as May 1983. Applying confidence 1evef§ to the latter event
gives a date of May 1984 at 1 standard deviation; May 1985 at 2 standard
deviations; and May 1986 at 3 standard deviations.

Considering slip as a function of distance and the time-distance relation
suggests that Bear Valley breaks slightly earlier than Parkfield, and the
median time separation between them is 2 to 5 years with a range of 1 to 6
years. McNally also noted an increase in lateral wave refraction at the
same location as the clustering since 1978, suggesting a time-dependent
change in velocity contrast.
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Seismic Hazard Estimate for the San Jose-San JJan Segment of the
San Andreas Fault: 1985 to 2005 ‘

Sykes presented a paper written by Stewart Nishenko and Patrick Williams.
The paper updated the probability map for the 1985 to 2005 time interval
for the zone along the San Andreas fault from opposite San Jose to San Juan
Bautista. Two data sets were used for this analysis:

1. a large earthquake in 1838 along a segment of the San Andreas
fault that was broken again in 1906; and

2. direct calculation of occurrence time by dividing coseismic
displacement in 1906 by the rate of fault motion.

The conditional probabilities for the two conditions are respectively 51
percent to 73 percent for a recurrence time of 68 years (i.e., 1906 minus
1838) and 27 percent to 37 percent for a recurrence time of 93 years. The
study also looked at changes in the strike of the San Andreas fault between
Bear Valley and San Francisco. The study also noted partitioning of fault
zones into segments capable of breaking independently for earthquakes of
magnitude 6.0 to 6.5; with other earthquakes (1&06) breaking several
segments. The authors point out that some of the previous earthquakes, for
example, 1890 and 1865, have had sizeable areas of intensity VI and VII or

|
greater shaking.

\

|

|
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Seismic Quiescence on the San Andreas Fault

Wyss presented a prediction of an earthquake on the San Andreas fault near
San Juan Bautista, California, based on a paper by Wyss and Burford that
was circulated to NEPEC members. The prediction is based on the seismic
quiescence of three sub-segments of the San Andreas fault from late 1973 to
1984. Within the 5 to 10 kilometer long segments the seismicity rates are
lower than the average by about 70 percent. These segments are separated
by volumes of more nearly constant rate. They also noted that two previous
quiescent periods, of 1.3 to 1.6 years duration, were followed by main
shocks of M; = 4.0 and 4.2 within the quiet fauit-segment. Based on these
observations, Wyss and Burford proposed that the recent quiescent anomalies
are likely precursors to one or several earthquakes. The short lengths of
the anomalous segments suggest expected main shocks in the range of My 4.0
to 5.0. They further suggest that should these'three zones and their
intervening segments rupture all at once, the result would be an earthquake
of about magnitude 6.2. The magnitude estimates given by Wyss and Burford
are based on the assumption that expected ruptures will happen within the
next 12 months; larger magnitudes are postulated if the quiescent period
persists for another year. This prediction was discussed by the Council in
its July 27 executive session.

EXECUTIVE SESSION JuLy 27

The Council had a lengthy debate on a number of laspects of the Wyss and
Burford earthquake prediction. These aspects w?re (1) the significance to

«
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public safety of either magnitude 4 to 5 shocks or a magnitude 6.2
earthquake; (2) the validity and persuasiveness of the analysis, including
methodology; and (3) the false alarm rate.

The Council summarized the more important aspects of this debate in a
letter to Dallas L. Peck, Director, U.S. Geological Survey, sent by

Dr. Lynn R. Sykes, Chairman, National Earthquake Prediction Evaluation
Council. This letter is reprinted in the appendix of this report. In
essence, the Council finds the prediction of magnitude 4 to 5 earthquakes
in the area specified by Wyss and Burfurd unconvincing. Such events have a
moderate probability of occurring in the next 1 or 2 years solely by chance
based on the historic record of moderate-size shocks; events of that size
do not constitute a significant risk to public safety in any case. The
Council is of the opinion that no public action about the prediction of a
magnitude 6.2 earthquake is warranted at this time. The Council was not
convinced of the validity of the methodology used to make these predictions
and feels that more research is needed on seismic quiescence and false
claim rates. Nevertheless, the reported quiescence appears to be real and
bears close watching over the next 2 years.

Discussion of Legal Liability

In response to the Council's consistent concern about the liability of its
members, particularly the non-Federal Government members, John Filson
arranged for Deborah Ryan of the Department of the Interior's Solicitor's
Office to give a presentation and lead a discussion on this issue.

[t was pointed out that to her knowledge there are no cases involving
liability suits against members of advisory committees in their personal
capacities. Therefore, much of the presentation is the professional
opinion of the presenter only. She stated that it is possible, although
highly unlikely, that a member of the Council will be held personally
liable for advising the Director, USGS, regarding earthquake prediction.
The important distinction to draw is not between Governmental and
non-Governinental members of the Council but between Governmental liability
and personal liability. A Governmental liability suit is against the
Government and/or its officials and if damages are awarded, it is the
Government who pays. On the other hand, in a personal liability suit, the
suit is against the individual and it is the individual who would pay if
damages are awarded. Since individuals are unlikely to have enough
resources to satisfy an award in a suit involving earthquake predictions,
the Government would most likely pe the target of a law suit.

It was suggested that if a Council member is sued the member should call
the USGS who would coordinate the response to the suit with the Department
of the Interior's Solicitor's Office who in turn would work with the
Justice Department. If suit is against the Government, the Justice
Department would defend the action. A central question is whether or not
non-Government members of the Council are considered Government employees
for purposes of Department of Justice representation. Her personal opinion
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is that, yes, as members of a Federal advisory committee, one is carrying
out Federal Governinent responsibilities and would be considered as a
Federal employee for Justice Department representation. She next outlined
some of the defenses that could be used in a Tiability suit against Council
members. One category of defense is the threshold defense, by which one
tries to get the case dismissed out of hand and there is no resolution or
consideration of whether the member acted properly or improperly. An
example of this is use of the Federal Tort Claims Act, which would prohibit
suit against a Government employee on a claim for which the Government has
already been held Tiable. Another example is a technical defense, such as
jurisdictional considerations or whether the plaintiff has standing to sue.
Another category of defense is the immunity defense. There are two types
of immunity, an absolute immunity, which is likely to be raised in a
negligence case, and a qualified immunity, which would be available to
Government employees who are sued for constitutional torts. Constitutional
torts are more commonly Fourth Amendment torts against peace officers. If
a person performed a discretionary function within the scope of his or her
official duties and did not violate a clearly established constitutional or
statutory standard, he or she is likely to have| qualified immunity.

The Council is most likely to experience common law negligence suits. In
this case the plaintiff would have to prove questions of State law. To win
this type of suit, the plaintiff would have to prove all of the following
points:

(1) the Council owed a legal duty of care to the plaintiff;

(2) the Council acted negligently either by action taken or not
taken and breached that duty of care;|and

(3) the plaintiffs were directly injured by the Council's action or
inaction.

Her basic advice is that the Council members best defense is to continue to
act prudently and in accordance with their best scientific judgment.
Lastly, she noted that legislative amendments to provide general immunity
for the USGS and the Council for earthquake prediction activities are
unlikely because in the absence of any lawsuits it will be difficult to
prove a need to the Congress. She recommends focusing any efforts on
getting legislative amendments on the question of the personal liability of
the Council members. An alternative is administrative action by the USGS
or the Department of the Interior. This could finclude documenting that
non-Government employees are in Government service during tenure and actual
duty on the Committee.

The members of the Council asked that the USGS continue to pursue the
question of legal liability, especially in the area of legislative
amendments and administrative action, and seek to clarify whether all
members are considered Governmental employees fér legal purposes during
their service on the Council.
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Parkfield Seismicity Review

W. H. Bakun, A. G. Lindh, K. Poley, and S. S. Schulz

19



t
HRX

[
H

20

S-JUL-85% Report for NERED, (26 July 19830

26 July 1985

Parkfield Seismicity Review
Baxun, Lindn, Paley, Schul:z

U.85.6.5
Menlo Park, Califernia 94025

SEISMICITY PATTERN

Efforts to brang the '6£6 hypocentral regiorn 1nto better facus
continue. Ouwr current best locations are shown in oross—sectiorn an
Figure 2. Irn the blowup of the 'E€6 hypocdentral region (Figure 2b),
MMZE is the box we assume will contain the foreshocks to the riext
Characteristic Parkfield Earthquake (CharREQD). The hypocentral
depths of the '66 foreshock and main event (small and larpe filled

-

stars) have estimated standard errors of 1-2 km.
SEISMICITY RATES

The dominant featuwres aof the long—teﬁm seismicity are the
increase i activity that accompanied the two M4.5-5 events in 1975
(oper stars in Figure &), and the apparerit decrease in activity
during 1984-5 in both the large Parkfield (Figure 3a) and the
Middle Mourtain (Figure 3b) boxes. (Bmx}locations are shown in
Figure 1).

In light of the long—-term predictiow for a CharfFEQR in 1988, tne
auiescence since 1984 might be interpreted as eviagence for
something like Magi’s "Stage 3" aof the seismic cycle, and as sucnh
might tend to reinforce the expectation that the next CharPER wili
ocour by 1992. However in light of the variations inm length of
reportec "pericds of quiescence!, and the lack of any clear
correlation with the magnitude of the eartnguakes that sometimes
appear to follow them, it is rnot clear that a "cuiescence’, if
real, would significarntly perturb the conditional probabilities
based on the historical data alone. In addition, two sericous
aguestions cloud any interpretation of the apparent decrease 1in
seismicity rates in Figure 3 as a "premanitory quiescence'.

The first complication is that the Coalinga earthguake (2 vay
1983, M 6 3/4) had a profound effect on creep meters 1n the
Parkfield area (Mavko et al, 1985), with two of tne rearest cites
ceasing right lateral motion altogether (Figure 40). The Miadie
Mourtain creepmeter (XMMI) resumed ripht 'lateral slip after apout
14 months iv July, 1984, but at a reduced rate. The seismicity in
MM3 entirely ceased at thne M1.5 level during this same time perioo
(Fipure 4c), strongly supgesting that the effects of the Coalirce
earthguake at PFParkfield were rnot confined to the near swrface.
Several of the creepmeters in the Parkfield area contiruwe to recorco
slip rates significantly below those observed prior to 13833 XKl
still continues (as of July 85) to record rno right-lateral siip
(Figure 4d). The paossibility that the apparenrt reduction in
sei1smicity rate 1s due to contirnuwing effects of the Coalirnce
earthaguake carnnct be giscounted. ' '
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5-Ji. -85 Report for NERPEC, (26 July 1983)

The secornc difficulty relates to orne of the grim realities of
rurving a larpge rapidly evoiving sersmc netwark, particulariy in &
time of cnarping techrnology for recording and processing tne oatas
the difficulty of mairntaimning an absolute mapritude scale.

Althouwnn formally the coda-magriitude relatiorn has remaivned constant
since 1969, subtle charnges inm the details of how things are cone
can potentially make a differerce. Summerizec in Table 1 are tnose
charges 1 procecwres, hardware, and network comfiguration, of
wnich we are aware at thais time, that mipht have affected macriituce
values. While the effects of some these changes are probabliy
rnegligable, and everi wher rnot shouwld tend to be random, anc tnereony
terd to cancel out to some depree, this unforturately may wnot he
the case for the last two charges. Betweer Jan and Apr 1984 tne
transition was made to processivig almost all of the CALNET data on
Carl Jobrnsorn®e CUSKE system, this meant an end to tne use of coda
leargths from develecorder films for magrnitude determinations.
While efforts were made to ensure that this charnge 0did rot result
in any magrnitude bias, the possibility that magratude values crept
dowrward over some magnitude ranges at this time carmot be
eliminatecd. In addition in Nov 84 si1x riew statiors were adced ir
the Parkfield area that operate at é-12 db lower gain. N
correctiorn has yet beeri made for the shorter codas that result from
this change, the effect may be particularly significant at lower
magritudes. Efforts to remedy this situation are underway; untal
the magrnitude of the praoblem is ascertairec, the apparent aecrease
1 seismicity rate at FParkfield irn 1984 is suspect.

TRRLE 1
DATES CHANGE:
197 - 198@ Gradual 1nmcrease irn vumber of stations
mic 1974 Digitizing table replaces Geatech viewers
18975 - 1985 Gradual decrease in % of stations
o Develecorder
Apr 1977 Decrease 1r average develecorder garn
Feb 1981 Additiorn of significant gquantity of RTP cocas
Algorithm Ia, b, ©, ...
Jul-Sep 1983 RTF Coca algorithm I
mic 1983 Develecorders slowed to Smm/sec
Jan—~Hpr 1384 CUSFE processivg eliminates remaining
develecorders
Now 1984 Additior of intermediate gain stations

at PFParwfield

FORESHOCKS

Tre last two CharPERs (13934 and '66) were preceded by i1mmed:iate
forechock sequences cortalring ore or more M5 events of 78 anc 4
fours duration, respectively. The two MS foresnocks in 34 were
located witharn S km to the NW of the mairn event (Wilsor, *35; Bawkun
arnd McEvilly, '81), the M3 foreshock in 1966 was located anout 1.5
Kkt to the NW of the main event at the same approximate deptn
(Faigure ). Thus tne prosoects seem good tnat the rext Parwfield
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eartnauake will be preceded by foreshock activity in the MM3 box,
and 1f some means could be found to identify such foreshocks as
they occcoury they would provide a powerful snhnort—term precursor.

Because of their potential for short-term prediction, some
effort has beern devoted to the question &f foresnock
identification, but to date rno gereral applicable criteria have
been established. Thus the only use of foreshocks which can bpe
implemented at this time is statistical, [in the sense that after
the occcurrernce of a given earthquake which can be i1dentified as a
potential foreshock, the probability of gccurrernce of a larger
earthguake might be erharced for some time pericd. Lucy Jones has
calculated such probabilities for earthguakes in southern
California (Jones, '835) and for Farkfiel (Jones, this meeting) ang
finds that for any M5 event at Parkfield there is a 33% chance of
it being followed by a larger event within five days. On the basis
of the seisniicity data presented here, we can attempt an
irdependent estimate.

Since we have already assumed that thb hypocenter of tne next
Farkfielo earthquake will be rear the hypocerter of the last event,
we can confine our calculations to seismi‘ity near that point;
given the practical limitations on resolvEmg earthguake locations,
thie is essentially eqgquivalent to canfining our attentiorn to events
within the MNM3E box (Figures &b and 4c).

Primarily on the basis of detection and location capabilit:ies,
we have chosen two threshold levels that defire the onset of a
potential foreshock sequence within MM3Z; they are ore MLI.S event,
or tws M1 events within a 72 hour period. Since 1982 when
detection capabilities achieved this level in the Par«field region,
these alarm levels have been reached an average of about 5§ times
per year (Figure 4c). However sivice the apparent overall decrease
in activity in 1883, they have averaged only three alarms per year.
These numbers allow us to make a very simple —— and very
approximate —— estimate of the probability gain (Ak:, 1881)
associated with a potertial foreshook sequernce withnin MM3.

If we wicsh to estimate the empirical probability of a given
evert within MME being a foreshock, we need an estimate of tne
freaguericy of such events, and the probability that the riext
characteristic Farkfielo evernt will be prerceded by foresnoows.
Sirnce we krnaw that at least two of the last four Parkfieid events
had foreshook sequences at the M3-5 level, | an estimate of @.5 for
the probability of the rnext event having sLme foreshook activity av
the M1l level seems cornservative. Thus it remains to estimate tne
freguercy of potential foreshock sequernces within MM3.

We have estimated that there is a 95% chance that the rext
CarPEQ will occour by 1983, this implies that approximately &5
potential foreshock alarms will occur during the time i1nterval
within which the earthquake is expected. ssuming a S@% chance the
rext event will have some sort of foreshocok sequerce within Mrid,
this implies a 2% charvice that any piven foreshock alarm will be
followed by a ME Farkfield earthquake. |
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RBased on a 1.7 year average recurrence interval, the rolsson
estimate is jJust over 1 in 10,002 per day for a CarPEQR (Dashed
curve in Figure 5). We estimated above that the probability trnat a
potential foreshock seguernce will be followed by a CharPFEQR is
approaximately 1 in 128 for &4 to 782 hows following a foresnoow
alarm. This implies an average probability gain of about 100
associated with each faoreshock alarm. ARlarms associated witno
larger evernts will presumably be less frequent and thus imnply a
largey» probability gair. Conmversations with Lucy Jones on
precisely how to interpolate betweern her values for M3-5
foreshocks, and owrs for Ml foreshocks are underway.

The probability gain of 10Q estimated above will be appliec tao
whatever the cuwrent probability estimate is at the time tne
poterntial foreshack seqguerice occurs. Arnalysis of historical data
has led to arn estimate of 1388.&2 for the rext CharfFEG, witnh an
estimate of &.6 years for the starndard error of that estimate
(Bakur and McEvilly, 19843 Bakurn and Lindh, 1985). If we apply a
simple statistical model for estimating conditional probabilities
(Hagawara, 19743 Lindh, 1398335 Sykes and Nishewnko, 1984), tnese
lonp—-term data result 1n probability estimates that ircrease
rapidly in time, reaching about ZQ%/yw, or 8. 4E-4/day by 13886
(Figure 5). Thus a probability gain of 10@Q asscciated with a
patential foreshock seguence in the MM3 bax in 1388 would result in
a conditional prabability estimate of almost 1 in 1@ per day for a
periaod of 1-3 days following the onmset of the alarm.

Of course while a conditiornal probability estimate as hiph as 1
in 1@ per day represents arn erncrmous gain over the unconditional
Foisson estimate of 1 in 10,000, it still does not corresponag to
what most peaple think of as a short—-term earthquake predicticorn.
Urtil better technigues are developed for recognizing foreshooks in
real—-time, this may be all we can get from seismicity data by
itself.

This emphasizes the importance of a multidisciplinary aporocacn;
if we are to achieve more certain short—-term estimates with haigh
confiderce, we will have to rely on charnges in the patterrn of
deformation as measured by creepmeters, two-color geodetic
measurements, dowrnhole strair—meters, or deep waterwell
measurements, all of which are urderway 1n the Farkfield area. If
we are so forturnate as to recogrnize a potential foreshocok sequernce
as 1t ococcurs, and thereby achieve a short-—term praobability as hign
as 1 i 1, 1t wounld only take & or 3 other instruments
contributivg additional i1ndeperndent prabability gains of & too move
us to estimates over S@%/day, which 1f correct, would probanly
constitute a successful short-term prediction in most pecples eyes.
However without confirming aromalies from other instrumentaticr, wo
might have to endure as many as 5-10 false alarms based or
foreshocks alore.
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ALARM IMPLEMENTARTION

All the sigrials from the 400+ seir1smic compornents of the CALNTT
are telemetered in real time directly to U.S5.6.85. Western
headguarters in Menlo Park, California, where they are recoroed on
a variety of media, and also processed directly irn real-time by
computers which provide estimates of earthquake locations ana
magriitudes withir 3-5 min., of their occurrence. These locations are
used to trigger automatic alarm systems, [which o the basis of
hypocenter and magnitude activate paging systems and place phone
calls to alert the seismalogists resporsible for surveillarce.
Alarms based on the foreshock scenarios in MM3E described above have
beeri in cperation since Apr 1985. The scientists resporisiole for
surveillance have computer terminals in their homes, ard thus when
art alarm goes off, carn quickly review the seismic data and contacs
those responsible for checking other kinds of data andg/or making
decisions.

The remaining question is determining the duration of the
alarm periods. Most foreshock sequences]are of shart duration,
with a large fraction of &4 hrs or less (Jores and Malnar, 19773
Jones, 1984). The two CharPEQ foreshock sequences for which we
have data were of approximately 72 and 4 hours respectively. Trus
somewhat arbitrarily we consider the ALERT PERIOD following each
alarm to be of 72 hours duration, with the probability gain at 10@
for the first 24 hours, &7 for the &nd 24 hours, and 33 for the 3rc
24 hours following the alarm.

To illustrate with a corncrete example, on 25 May 1988 a Mz
event accurred at 419 GMT berneath Middle Mountain at a depth of 1@
Ky, Just south of the 66 hypoacenter, well within MM3. The long
term probability is currently .@QQ236/day (Figure S), so application
of the foreshock alarm prabability gains results in the fallowing
conditional probability estimates.

TIME FERIODS DAILY FROBABILITY
25 May @419 - 26 May @419 . @36
26 May @413 — 27 May @419 . Q4
&7 May @419 - 28 May @419 .R1E
£Z8 May @419 - Present . Q2RZE




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure Captions

Map of earthquake epicenters (1975-June 1985) relative to the trace
of the San Andreas fault (hold line) and the epicenters of the M=5.1
foreshock and the main shock in 1966, shown as small and large stars
respectively. Parkfield epicenters were calculated using a crustal
velocity model designed specifically for the Parkfield section of
the San Andreas fault. Epicenter clusters near the western
edge (faint line) of the San Joaquin Valley are aftershocks of the
1975 Cantua Creek, 1976 Avenal, 1982 New Idria, and 1983 Coalinga
earthquakes. Epicenters for all M2 2.3 earthquakes are shown,
except the very many M2 3 aftershocks of the 1983 Coalinga
earthquake, which cover the Coalinga area when plotted. The
Middle Mountain window (quadrilateral) includes the preparation zomne
of the characteristic Parkfield earthquake; the larger box 1s the
general Parkfield alarm window.

Cross sections of seismicity for 1975-June 1985. Symbol size is
proportional to magnitude; the smallest symbol represents 2.3-2,99
in (&) and 1.5-2.29 in (b). a) Cross-section of the seismicity of
M2 2.3 along the section A-A' (Figure 1). Relative focal depths are
generally accurate to 1 km or less; depths of the shallow shocks to
the northwest of the Middle Mt. box are less accurate, with an
uncertainty of about 2 km. For reference, the hypocenters of the
immediate M=5.1 foreshock and the main shock in 1966 are shown as
small and large solid stars respectively; the other two stars are
the 1975 M=4+4 shocks. The lines at B and B' denote the boundaries
of the Middle Mt. box. Creepmeter locations are given by 3 letter
names along the top of the figure. b) Blow-up cross-section of the
seismicity of M= 1.5 along the section B-B' (Figure 1). Hypocenter
locations are based on a revised set of station corrections for
master events within the Middle Mt. box (locations will differ
slightly from those in 2a). The section is divided into 3 boxes -
MM1, MM2, and MM3 - denoting 3 clusters of events

Time histograms of seismicity (1969-1988) at 90 day intervals,
M21.75. Time of the Coalinga main shock is shown by the vertical
line. a) Parkfield seismicity. b) Middle Mt. seismicity (within
the MM box in Figure 1). Stick figures with solid circles represent
M23,75, those with X's M24.0 shocks.

Time histograms of seismicity M2 1.6, and cumulative creep near
Middle Mt (1979-June 1985). Times of New Idria and Coalinga main
events are shown by vertical lines. a) MMl seismicity (Figure 2b).
Note spurt of activity in May 1983. b) MM2 seismicity (Figure 2b).
Note spurt of activity in late 1983. c¢) MM3 (1966 hypocentral area)
(Figure 2b). Also shown as short vertical bars are those times when
the MM3 foreshock alarm now in use (since April 1985) would have
been triggered (see text). d) Cumulative creep near MM for
creepmeters XMM and XPK (Figure 2a). Note the correlation between
the decrease in seismicity and the decrease in rate of creep
following the Coalinga earthquake in May 1983.



Figure 5.

26

Time plot of the probability of the next characteristic Parkfield
earthquake for two different set of assumptions. The lower dashed
curve is the unconditional Poisson estimate for a mean recurrence
time of 21.7 vears. The upper solid curve is the conditional
probahility, given that an event has not yet occurred, for the
estimate of Rakun and Lindh that the next event will occur in
1988.2 (42.6) vrs, using the statistical formulation of Lindh,

The left hand axis labeling is for annual probability, the right
hand for daily probability.
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The Parkfield, California,
Earthquake Prediction Experiment

W. H. Bakun and A. G. Lindh

Certain sections of the San Andreas
fault system in central California tend 10
fail in recurring, moderate-sized (magni-
tude S to 7), characteristic earthquakes
(1, 2). Characteristic earthquakes are re-
peat earthquakes that have the same
faulting mechanism. magnitude, rupture
length. location. and. in some cases, the
same epicenter and direction of rupture
propagation as earli¢r shocks. The earth-
quakes in 1979 at Coyote Lake and in
1984 at Morgan Hill, both of magnitude 6
(Fig. 1, inset), on the southern Calaveras
fault east of San Jose, California, are
recent examples of characteristic earth-
quakes, apparently repeating shocks in
1897 and 1911, respectively (3, 4). The
case for characteristic earthquakes on
the Parkfield section of the San Andreas
fault (Fig. 1) is more complete (5), at
least in part because the interval be-
tween events at Parkfield is shorter (21
to 22 years) than the interval (70 to 85
years) that is apparently appropriate for
the southern Calaveras fault (3, 4).

In recent vyears, earthquakes near
Parkfield (Fig. 1) have occurred either on
the San Andreas fault or in distinct clus-
ters of activity near the western edge of
the San Joaquin Valley (6). Northwest of
the Parkfield section, slip on the San
Andreas fault occurs predominantly as
aseismic fault creep: although small
shocks (magnitude <4) occur here fre-
quently, shocks of magnitude 6 and larg-
er are unknown and little, if any, strainis
accumulating (7). In contrast. very few
microearthquakes and no aseismic slip
have been observed on the fault south-
east of Cholame: this locked section ap-

The authors are with the Department of the Inteni-
or. Geological Survey. Branch of Seismology. 345
Middlefield Road. Menlo Park. Cahforma $4025.
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parently ruptures exclusively in large
earthquakes (magnitude >7), most re-
cently during the great Fort Tejon earth-
quake of 1857 (8). Parkfield earthquakes
occur within the transition zone between
these contrasting modes of fault failure.
The regular nature of Parkfield seismic-
ity since 1857 may be due to the nearly

SCIENCE

a mean interval of 21.9 = 3.1 (standard
deviation of the, mean) years (Fig. 2b).
Although the time of the 1934 sequence
departs from the regular pattern by oc-
curring a decade too early, the time of
the 1966 sequence conforms to the regu-
lar pattern, in that the 44 years between
1922 and 1966 is twice the mean interval.

The last damaging Parkfield earth-
quake in 1966 was assigned a value for
M, of 5.6 (5, 10) and a seismic moment
of 1.4 x 10** dyne-cm (/]). Although the
shock might have caused significant
damage if it had occurred in a metropoli-
tan area, it caused only minor damage to
the wooden frame homes in the sparsely
populated Parkfield region (/2, /3). The
source of the 1966 earthquake can be
described by a simple model: unilateral
rupture propagation southeast over the
rupture zone, a 20- to 25-km-long section
of the San Andreas fault bounded by two

Summary. Five moderate (magnitude 6) earthquakes with similar teatures have
occurred on the Parkfield section of the San Andreas fault in central California since
1857. The next moderate Parkfield earthquake is expected to occur before 1993. The
Parkfield prediction experiment is designed to monitor the details of the tinal stages of
the earthquake preparation process; observations and reports of seismicity and
aseismic slip associated with the last moderate Parkfield earthquake in 1966
constitute much of the basis of the design of the experiment.

constant slip rate pattern on the adjoin-
ing sections of fault. Until recently, the
Parkfield section had been relatively free
of significant perturbations in stress
caused by nearby shocks: the effect of
the 2 May 1983 Coalinga earthquake
[local magnitude (M, ) 6.7], 40 km north-
east of Parkfield (Fig. 1), on the timing of
the next Parkfield shock is not known.

Historic Parkfield Seismicity

The epicenters of two foreshocks of
magnitude 6 in 1857, as well as the
epicenter of the 1857 main shock, were
probably located on the San Andreas
fault near Parkfield (9). Since 1857,
earthquake sequences with main shocks
of magnitude 6 have occurred near Park-
field on 2 February 1881, 3 March 1901,
10 March 1922, 8 June 1934, and 28 June
1966. The times between sequences
since 1857 are remarkably uniform, with

geometric discontinuities in the fault
trace that apparently control the extent
of rupture (/4). The northwest disconti-
nuity, adjacent to the epicenter of the
1966 main shock on Middle Mountain, is
a 5° change in the strike of the fault trace;
the southeast discontinuity is a l-km
echelon offset (right step) in the fault
trace near Gold Hill. The Parkfield prep-
aration zone is the 1- to 2-km-long sec-
tion of fault at the northwest end of the
rupture zone: the preparation zone is
defined to include the 5° bend in the fault
trace and the epicenters of the 1966 main
shock and its foreshock (M) 5.1) (Fig. 1).

The Characteristic Parkfield Earthquake

The 1934 and 1966 Parkfield sequences
were remarkably similar (5, 10). The
main shocks had identical epicen-
ters, magnitudes, fault-plane solutions,
and unilateral southeastward ruptures.



Moreover, identical foreshocks of M,
5.1 preceded each main shock by 17
minutes (/0), and the lateral extent of
aftershock epicenters in 1966 (J5) repeat-
ed that in 1934 (16). The location and
extent of surface faulting in 1934 were
similar to those in 1966, and anecdotal
reports suggest that, after the 1922 and
1901 events, cracks were found in some
of the same places as well (J2). Intensity
patterns for the Parkfield shocks in 1901,
1922, 1934, and 1966 are similar (9); the
few reports available for the 1881 Park-
field shock (/7) are consistent with the
intensities reported for the more recent
shocks. The epicentral location of the
main shock in 1922 is constrained to the
18-km-long section of the fault northwest
of the rupture zone (/8). Comparisons of

seismograms for the 1922, 1934, and 1966
main shocks recorded in Europe, North
America, and South America suggest
that, within the experimental errors of 10
to 20 percent, the seismic moments for
the three shocks were equal (5).

Although few data available for
Parkfield sequences before 1934, they
are consistent with the proposal that the
main shocks in 1881, 1901, and 1922
were similar to those in 1934 and 1966
(5). The similarities in the main shocks
(]9) suggest that the Parkfield section of
the San Andreas fault is characterized by
recurring carthquakes with predictable
features. Thus, the design|of a prediction
experiment can be tailored to the specific
features of the recurring characteristic
earthquake.
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34
A Recurrence Model for Parkfield
Earthquakes

The limited data available on the re-
currence of large and great earthquakes
along plate boundaries around the world
apparently are consistent with a time-
predictable model, for which the time
interval between successive shocks is
proportional to the coseismic displace-
ment of the preceding earthquake (20,
21). Unfortunately this simple model is
not supported by the data available for
the last three Parkfield earthquakes: al-
though comparable coseismic displace-
ments in 1922, 1934, and 1966 are in-
ferred from the observations (5). the time
intervals between the three events differ
by more than a factor of 2 [1934 to 1922
(12 years) compared with 1966 to 193
(32 years)]. -

However, simple adjustments result in
another model, the Parkfield recurrence
model, which partially accounts for the
timing of the characteristic Parkfield
shocks (see Fig. 2a). Both models as-
sume a constant loading rate and an
upper bound stress threshold, oy, corre-
sponding to the failure strength, or yield
stress, of the fault. Whereas the time-
predictable model permits a variable
stress drop, the Parkfield recurrence
model assumes the same stress drop for
each characteristic earthquake but al-
lows for the possibility of an occasional
early failure, that is, before o) is
reached. The Parkfield recurrence model
implies that the stress drop in a charac-
teristic earthquake generally does not
completely relieve stress in the rupture
Zone.

The features of the Parkfield recur-
rence model are easily described. Failure
at or near ¢, corresponds to those times
when the failure stress is approached -
over the entire rupture zone, at which
time failure must occur; according to this
model there can be no late characteristic
Parkfield earthquakes. However, trig-
gering scenarios (22) can be devised that
permit the occasional early characteris-
tic earthquake.

There may be evidence for an early
triggering mechanism in the seismicity
preceding the 1934 event. The fore-
shocks during the 3 days before the main
shock in 1934 were initiated by a cluster
of magnitude 3 events and a subsequent
shock of M, 5.0 (23). This early M; §
foreshock, which occurred 55 hours be-
fore the 1934 main event and about 3 km
northwest (16), was characterized by
unilateral] rupture expansion southeast
toward the preparation zone (24). a par-
ticularly efficient mechanism for increas-
ing right-lateral shear stress in the prepa-

SCIENCE. VOL. 229



ration zone. This early foreshock may
have triggered the failure within the
preparation zone. including the immedi-
ate foreshock of M, 5.1 and the main
shock (25).

The Parkfield area was relatively quiet
for shocks of M4 or greater in the years
following the 1934 and 1966 sequences
(Fig. 2c); more active periods began in
1953 and 1975. This pattern is reminis-
cent of the seismic cycle modulations in
regional seismicity that accompany great
plate-boundary earthquakes (26). Per-
haps there is an intermediate stress level,
o,. reached midway in the recurrence
cycle (27), at which moderate seismicity
(M = 4) resumes in the Parkfield area.
The 1934 Parkfield sequence occurred
approximately when o, would have been
reached (Fig. 2). We can speculate that,
while the early foreshock in 1934 should
have just marked the onset of the active
half of the seismic cycle, it triggered a
sequence of shocks near the preparation
zone that cuiminated in the immediate
foreshock and the 1934 characteristic
earthquake.

According to the model, the next char-
acteristic Parkfield earthquake should
occur before o, is exceeded (early 1988
from Fig. 2). The uncertainty in this
predicted time can be estimated from the
regression of times of characteristic
earthquakes that we presume occurred
at o, (28). From the relation Tp =
21.71 + 1836.2 (line in Fig. 2b). where
T is the ume of origin (in years) and
I is a characteristic earthquake counter
(5), the 95 percent confidence interval
for the predicted date is 1988.0 = 5.2
(29). That is, the next characteristic
Parkfield earthquake should occur be-
fore 1993.

Recent Seismicity

The significant recent seismic activity
on the San Andreas fault near Parkfield
is concentrated near the ends of the 1966
rupture zone (Figs. 1 and 3), the same
spatial pattern that preceded the 1979
Covote Lake and 1984 Morgan Hill
earthquakes (3, 30). Seismic activity on
the creeping section northwest of the
preparation 2one is characterized by
shallow focal depths and a small average
magnitude, which are typical features of
seismicity along the creeping section of
the fault northwest to San Juan Bautista
(3]). The recent seismicity within the
rupture zone mimics the spatial and mag-
nitude distnbutions of the 1966 after-
shocks (32). even though the events
shown in Figs. 1 and 3 occurred well
after the end of the 1966 aftershock ac-
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Fig. 2. (a) The Parkfield recurrence model. o,
represents the failure stress of the fault. Most
characterisuic earthquakes occur at o,: the

1934 shock occurred at o,. A constant loading rate of 2.8 cm per year and a coseismic shp of 60
em for the Parkfield earthquake sequences in 1881, 1901, 1922. 1934, and 1966 are assumed (56).
(b) Series of earthquake sequences at Parkfield since 1850 [after (5)]. The line represents the
linear regression of the time of the sequence obtained without the 1934 sequence. The
anticipated time of the seventh (that is, the next) Parkfield sequence for the regression is
January 1988. (c) Shocks of M, greater than 4 since 1930 have tended to occur when the stress

exceeds o,.

tivity (33). Apparently, the distnbution
of seismicity within the rupture zone is
controlled by relatively stationary fault
zone properties, such as geometry (30,
34) or rock type (35).

The seismic activity near the prepara-
tion zone (36) is most critical for short-
term earthquake prediction. All but one
of the M = 4 shocks in the Parkfield area
since 1969 have occurred within ] to 2
km of the preparation zone. On 13 Sep-
tember 1975, a shock of M, 4.9 with low
static stress drop (24) occurred 5 km
northwest of the preparation zone: rup-
ture propagated southeast, apparently
stopping near the preparation zone. This
shock appears to be similar in many
respects to the early foreshock in 1934
(and to the shock of M, 5 on 16 Novem-
ber 1956) (24), but it did not trigger an
early characteristic earthquake, although
it did initiate the current active phase of
the seismic cycle (Fig. 2c). Since 1975, a
number of clusters of magnitude 3
shocks, the most recent in June 1982,
have occurred near the preparation
zone.

The static stress drops of the immedi-
ate foreshocks of M, 5.1 in 1934 and
1966 were marginally higher than those
of other shocks of M| 5 located near, but
not within, the preparation zone (24).
Higher static stress drops were also ob-
tained for a set of recent smaller shocks
located close to the preparation zone:
sources of lower stress drop tend to
occur around the sources of higher stress
drop (37). Perhaps the preparation zone
is characterized by sources of relatively

high stress drop. whether or not the
earthqguakes are foreshocks.

Signals from seismographs (38) near
Parkfield (Fig. 4) are telemetered contin-
uously to a central data-processing facili-
ty in Menlo Park. California. The signals
are automatically and continuously mon-
itored by a real-time processor (39) that,
within a few minutes, routinely locates
earthquakes in central California. Beep-
er and paging systems have been estab-
lished so that the responsible scientists
are notified within minutes of all signifi-
cant seismicity near the preparation
20ne.

Crustal Deformation

An irrigation pipeline that crosses the
rupture zone 2 km northwest of Gold Hill
broke and separated about 9 hours be-
fore the 1966 Parkfield main shock (40).
Also. fresh en echelon cracks of uncer-
tain origin were observed in the fault
2one near the center of the rupture zone
12 days before the 1966 earthquake: if
the cracks were tectonic, they resulted
from aseismic slip in the rupture zone
(41). An optimistic interpretation of the
broken pipeline and the fresh cracks is -
that a few centimeters or more of precur-
sory fault creep occurred in the rupture
zone just before the 1966 earthquake.
Although these observations are frag-
mentary. and although subsequent earth-
quakes elsewhere in California have not
produced any further evidence for pre-
monitory slip, laboratory observations
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Fig. 3. Cross section of the seismicity for 1975-

1984 along the section A-A’ (Fig. 1) of the San

Andreas fault. Relative focal depths are generally accurate to 1 km or less: depths of the shallow
shocks northwest of the preparation zone are less accurate, with an uncertainty of about 2 km.
For reference, the hypocenters of the immediate foreshock of M; 5.1 and the main shock in
1966 are shown as small and large stars, respectively, and the approximate outline of the 1966

aftershock zone (rupture zone) is dashed.

and theoretical calculations (42) indicate
that premonitory deformation should oc-
cur near the hypocenter, although the
amount and timing are uncertain. In light
of the crucial importance of this question
for future directions in earthquake pre-
diction research, a major effort has been
undertaken at Parkfield to define what-
ever premonitory deformation precedes
the next earthquake there.

On a more fundamental basis, the de-
formation measurements define the tec-
tonic framework within which all the
Parkfield observations must be interpret-
ed. The Parkfield section of the San
Andreas fault is a relatively simple part
of the North American-Pacific plate
boundary, with no major active inter-
secting faults nearby. Below 10 to 20 km,
the relative motion of the Pacific and
North American plates apparently oc-
curs as steady right-lateral slip at about
3.5 cm per year (43). Relative plate mo-
tion on the San Andreas fault at shal-
lower depths is accommodated by infre-
quent great earthquakes southeast of
Cholame and by aseismic slip or small

|

shocks (or both) northwest of the prepa-
ration zone; the transition occurs near
Parkfield (44).

Within this context, the Parkfield rup-
ture zone is an asperity, or ‘‘stuck
patch,” on the fault plane approximately
5 km wide; that is, it extends 3 10 8 km in
depth and about 25 km in length. This
patch is being loaded by slipping por-
tions of the fault northwest of and be-
neath it, and is either completely
**stuck’’ between carthquakes, or is slip-
ping, but at a rate much slower than the
loading rate of 3.5 cm per year. As such,
it is an analog for large plate-boundary
earthquakes on transform faults, which
typically involve widths of 10 to 20 km
and lengths of 100 km and greater. Thus,
the Parkfield experiment is most signifi-
cant in that earthquakes here are appar-
ently large enough to embody the essen-
tial features of a great plate-boundary
earthquake. There is a period of strain
accumulation (in this case, about 20
years) when slip within the rupture zone
is less than the rate of relative plate
motion. This period is foliowed by the

Fig. 4. Seismometers
(4). borehole dila-
tometers (O), creep-
meters (), and hnes
of the geodetic figure
monitored with two-
color laser (®) near
the preparation and
rupture  zones of
Parkfield characteris-
tic carthquakes.
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sudden slip in the earthquake when the
rupture zone ‘‘catches up.”’ The details
of the crustal deformation preceding the
next Parkfield earthquake should lead 1o
a clearer understanding of the strain ac-
cumulation and release process at a plate
boundary and thus should guide our ef-
forts to predict great plate-boundary
carthquakes elsewhere.

Efforts to monitor deformation at
Parkficld address two specific questions:

1) Will the strain release during the
next earthquake be approximately the
inverse, both in amount and distribution,
of the strain accumulation since the 1966
shock? The answer is crucial to the basic
assumptions underlying earthquake re-
currence models, such as the time-pre-
dictable and Parkfield recurrence mod-
els, which are the foundation of long-
term prediction efforts,

2) Are there changes in the details of
the deformation field that might permit a
refined estimate of the time of the next
earthquake? The answer to this question
will have a major impact on efforts to-
ward medium- and short-term predic-
tion.

Because of their importance, these
questions are addressed by several proj-
ects to monitor deformation near Park-
field. A dense geodetic network with line
lengths of § to 30 km spanning the fault
has been measured every 1 to 2 years
since 1969; the lengths are measured to a
precision of 0.3 to 0.5 part per mitlion. so
that these data should establish the aver-
age slip during the next earthquake to an
accuracy of better than 10 percent (45).
Because of the inherent difficulties of
resolving slip at depth and the uncertain
time scale of the strain accumulation
process, details of the deformation
changes are perhaps better resolved by
other techniques.

Lengths of lines spanning the rupture
zone (Fig. 4) are measured several times
each week with a two-color laser dis-
tance-measuring device that is capable of
resolving length changes of about 1 mm
over the 5- to 8-km-long lines (46). These
observations should provide some addi-
tional resolution of the long-term defor-
mation, but more important. they should
resolve details of the deformation within
the rupture zone during the days to
months before the next earthquake.

While the geodetic observations are
relatively insensitive to long-term sys-

- tematic ervors, they are difficult 10 mea-

sure frequently. In efforts to overcome
this limitation and to improve the sensi-
tivity to short-term changes, borehole
volumetric strainmeters (47) are being
installed in the Parkfield area (Fig. 4).
These dilatometers provide continuous
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data with a sensitivity of about 1 part per
billion over periods of a few hours. The
resolution of these data overlaps the
resolution of the two-color laser mea-
surements for periods of a few weeks
and is one to two orders of magnitude
more sensitive at shorter periods.

In addition, a number of low-sensitiv-
ity 10- to 20-m-long wire strainmeters
(creepmeters) span the surface trace of
the San Andreas fault near Parkfield
(Fig. 4). These creepmeters can detect a
few millimeters of anomalous fault slip
and are well suited to detect premonitory
slip of the magnitude that may have
occurred in 1966. However, interpreta-
tion of fault creep measurements along
the San Andreas fault is complicated by
the effects of the Coalinga earthquake
(M 6.7) of 2 May 1983. Not only was the
character of creepmeter recordings along
a 40-km-long section of the San Andreas
fault strongly affected by the Coalinga
earthquake (48), but an unusual swarm
of small shocks 18 km southeast of Cho-
lame on the locked section of the San
Andreas fault occurred a few days after
the Coalinga main shock (49).

A Larger Shock

It is possible that the next characteris-
tic Parkfield earthquake might break
through the en echelon offset at the
southeast end of the rupture zone and
continue southeast along the San An-
dreas fault, growing into a major earth-
quake. Alternatively, the characteristic
earthquake might stop at the en echelon
offset and, by analogy 10 the triggering
mechanism of the early foreshock of M
5.0 in 1934, increase the right-lateral
shear stress on the fault southeast of the
rupture zone. The latter case has been
suggested (9) as the triggering mecha-
nism for the great Fort Tejon earthquake
of 1857.

Slip in 1857 along the 50-km-long sec-
tion of the San Andreas fauit southeast
of Cholame was about 3.5 m, apprecia-
bly less than the 9-m offset farther south-
cast (50). Continuation of a Parkfield
earthquake southeast might result in a
rupture length of about 90 km, which is
consistent with a magnitude 6.5 to 7
earthquake (2). Since the average Holo-
cene offset rate across the San Andreas
fault at Wallace Creek is 3.5 cm per year
(57), it seems likely that the 3.5 m of ship
in 1857 has largely been recovered, so
that the possibility of an earthquake
breaking this segment must be taken
seriously. There are few data available to
suggest what precursors there might be
for this hypothetical larger shock. Minor

16 AUGUST 1985

differences in the stress field near the
offset, the strength of the offset, and the
dynamic stress ahead of the rupture
could all be important (52). Although
foreshocks or deformation (or both) at
the southeast end of the Parkfield rup-
ture zone might portend a shock signifi-
cantly larger than a charactenistic Park-
field earthquake, there is certainly no
evidence that such precursors need oc-
cur.

Discussion

Experiments in predicting the detailed
characteristics of the source of a signifi-
cant earthquake, such as the next Park-
field earthquake, provide opportunities
for many kinds of investigations. In addi-
tion 10 the elements of the prediction
experiment, geophysical instrumentation
is being deployed near Parkfield that will
take advantage of the predicted features
of the coming earthquake to address
specific outstanding issues of earthquake
mechanics. For example, a network of
nearly 50 strong-motion accelerographs
operated by the California Division of
Mines and Geology near the Parkfield
rupture zone is designed to provide a
direct measure of the velocity of rupture,
estimates of the history and amplitude of
the seismic slip along the rupture length,
detailed information about high-frequen-
cy radiation and directivity effects, and a
test of the idea that the low-rigidity fault
zone might act as a wave guide that
significantly distorts seismic radiation
(53).

Two fundamentally different models of
the earthquake generation process have
been used in our description of the phe-
nomena at Parkfield. The propagating
crack models (type 1) derived from anal-
yses of seismograms feature discontinu-
ous slip beginning at a point (the hypo-
center) and expanding over the rupture
surface (54). For these type 1 models,
precursory aseismic slip is generally not
considered, precursors are expected
near the epicenter (the preparation
zone), and the preparation zone is
viewed as a relatively strong point on the
fault surface. The evidence for larger
stress drops for earthquakes within the
Parkfield preparation zone would sup-
port the type 1 models. However, labo-
ratory experiments in rock mechanics
(42) suggest that stick-slip eyents—the
earthquake analog in rock mechanics—
are always preceded by stable sliding—
the fault creep analog in rock mechanics.
These observations have been used in
support of strain-softening models (type
2) of the earthquake generation process
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(42). For these type 2 models, at least
some precursory aseismic slip is re-
quired near the hypocenter; zones of
precursory aseismic slip might have sig-
nificant lateral extent, perhaps extending

‘beyond the preparation zone. For the

type 2 models, earthquake precursors
should be concentrated near the relative-
ly weak places on the fault surface where
the aseismic slip occurs. The anecdotal
reports of the broken irrigation pipeline
and the en echelon cracks observed be-
fore the 1966 Parkfield earthquake are
qualitative evidence supporting the type
2 strain-softening models of the earth-
quake generation process. The evalua-
tion of these two different types of mod-
els, implicit in the design of the Parkfield
prediction experiment, is essential be-
fore focused efforts to record short-term
precursors can be undertaken in other
earthquake-prone areas.
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Abstract

The probability that a M > 5.0 earthquake near Middle Mountain on
the San Andreas fault will be followed within b days by a characteristic
Parkfield earthquake is estimated to be 80% + 40%. The probability that
the Parkfield earthquake will occur within| 1 Wgug of the possible
foreshock is approximately 20% and decays as time™ +” with elapsed time
after the possible foreshock. The probabilities that the Parkfield
earthquake will occur within 5 days after a M=2.0, M=3.0, or M=4.0
earthquake at Middle Mountain are estimated to be 5%, 18%, and 40%,

respectively. These numbers are based on a statistical study of the
earthquakes recorded in the Parkfield area since 1932.

Introduction

The U.S. Geological Survey has issued an fintermediate term
earthquake prediction for the Parkfield section of the San Andreas
fault. This prediction states that there is a 90% probability that the
Parkfield section (between 35° 42' N and® 35 56' N) will produce a M~ 6
earthquake by 1993. Six similar earthquakes that have occurred in the
same place over the last 130 years andthus an earthquake in this site
has been called a characteristic Parkfield eanthquake (Bakun and Lindh,
1985). Because of the high probability of a Aoderate earthquake within
the next 8 years, Parkfield is the site |of 1intensive monitoring

effort. This work is aimed at documenting short term changes in the

earth prior to a moderate earthquake as well as possibly issuing a
short-term prediction to the Parkfield event. i
One of the earthquake precursors likely t% occur before a charact-

eristic Parkfield earthquake is a foreshock seFuence. Two of the three
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previous earthquakes at Parkfield have been preceded within hours or
days by foreshock sequences (Bakun and Lindh, 1985) and it is thus
considered 1ikely that foreshocks will precede the next Parkfield earth-
quake. If the occurrence of foreshocks is to be useful in preparing a
short-term prediction of the Parkfield earthquake, however, the probab-
ility that an earthquake occurring near the initiation site of the
Parkfield event will be a foreshock must be determined. The purpose of
this paper is to determine this probability as well as its dependence on
time and magnitude.

Previous work analyzed the average time-dependent probability that
an earthquake will be a foreshock to a larger event as a function of
magnitude of the first event in southern California (Jones, 1985). This
paper will present an applitation of this method to the Parkfield
section of the San Andreas fault. In addition, the seismicity catalog
for the Parkfield region 1is analyzed to determine site-specific
probabilities. These results are compared with the average southern
California values. The goal is to make the best possible estimate of
the probability that an earthquake on the San Andreas at Parkfield will

be a foreshock to the characteristic Parkfield earthquake.

Previous Work

A study of the 50 year southern California earthquake catalog has
shown that after the occurrence of a M > 3.0 earthquake, the probability
of a larger event occurring within 5 days and within 10 km of the
epicenter of the first event is 6%, independent of the magnitude of the

first event (Jones, 1985) (Figure 1). This value was determined by
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assuming that the two sets of mainshocks with foreshocks and mainshocks
without foreshocks form a binomial distribution. In this case, the
percentage of earthquakes that were foreshocks in the past is the
probability that an event will be a foreshock in the future. In
addition, the rate of mainshock occurrence after foreshocks was found to
decay by approximately the inverse of elapsed time from the event
(Figure 2). The number of foreshock-mainshock pairs with a difference
in magnitude greater than or equal toAM p]lotted against &M formed a
log-1inear distribution with a coefficient (b-value) of 0.75, close to
the average b-value for independent events (0.83) (Figure 3). These
three factors have been combined to determine the probability that an

mainshock of magnitude M, will occur at time t(hr) after an earthquake

of magnitude Mg of:

P(hr) = 0.016 * t=+9 * 1070-75%(My-Mg) | (1)

Aki (1981) presented a method by which the probabtlities, derived
from independent precursors, of an earthquake occurring could be
combined to determine the total earthquake hazard. In this formulation,
the total probability that an earthquake will occur withfn a given time

window, P(t), is:

P(t) = Py * Pa/Py * PL/Py * ... (2)
|

is the probability

where Po is the background rate of occurren&e, Pa

from precursor a, P, s the probability from precursor b, etc. The

probability gain, P,/P, from foreshocks may bF quite high depending on
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the size of the possible foreshock and the background rate. One
precursor, independent of foreshocks, that can be used in many instances
in California is the temporal position of a given fault segment within

its earthquake cycle when the cycle is known.

Application to Parkfield

Parkfield is included in the southern California region used to
determine the foreshock probabilites described above. Thus, the first
approximation of the probability of the characteristic Parkfield
earthquake occurring after the occurrence of a possible foreshock is the
probability derived from Equation (1). To examine the question in more
detail, the analysis conducted for all of southern California has been
repeated using only data from Parkfield. This analysis tests whether
the magnitude and time dependences found in general for southern
California foreshock-mainshock sequences apply in the specific case of
Parkfield. It also produces values of the probability more represent-
ative of the Parkfield region, but the small number of earthquakes
available for study leads to larger error estimates. The probability of
the Parkfield earthquake following a possible foreshock is calculated
using both the average southern Californian probabilities as well as
probabilities derived solely for the Parkfield region.

Parkfield Data. The catalog used for Parkfield is the data

collected by CIT for 1932-1969 and that collected by USGS's CALNET for
1970-1984 within a box surrounding the Parkfield section of the San
Andreas fault (Figure 4). This is the same box used by Lindh et al.

(1985). Only M > 3.0 earthquakes were used for 1932-1969 and only M >



2.0 earthquakes were used for 1970-1984, These magnitude thresholds are
approximately the estimated levels of completeness for these time
periods. Aftershocks were removed using the same algorithm as was used
for the southern California catalog (Jones, 1985). As was done for all
of southern (California, foreshocks were defined as events that were
followed within 5 days and 10 km by anotherjearthquake with a larger
magnitude. There were 534 earthquakes in this data set with aftershocks

removed of which 53 were foreshocks to larger events.

Temporal Dependence. The probability that an earthquake will be a

foreshock decreases quickly with elapsed time after the possible
foreshock. The average decay rate is time 09 for all of southern
California (Figure 2). Figure 5 shows the temporal distributions of
mainshocks after foreshocks for Parkfield aloJe. The decay in the rate
of occurrence of mainshocks after foreshocks is the same at Parkfield as
for southern California but the fit to the data is not well constrained

at Parkfield. Thus, the average southern Californtan value is the best

approximation for the Parkfield case.

Foreshock Percentages. The percentage of earthquakes that have

been followed by larger events within 5 days and 10km at Parkfield is
higher than the average for southern Californfa. On the average, 6% of
the earthquakes in southern California are followed by larger earth-
quakes, independent of the magnitude of the first event between M=3.0
and M=5,0. At Parkfield, however, the percentage of earthquakes to be
followed by larger events is dependent on the magnitude of the first
event (Figure 6). Only 9% of the M > 3.0 earthquakes have been followed
by larger events but 33% of the M > 5.0 eartthakes have been foreshocks

to larger earthquakes. The percentage of all M > 3.0 earthquakes that
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have been foreshocks at Parkfield (9%) is also larger than for southern
California in general. Because of the smaller data set available for
analysis at Parkfield, the error bars for Parkfield alone are larger
than for southern California. It should be noted that even considering
these larger error bars, the probability that a M > 5.0 earthquake at
Parkfield will be a foreshock (33% t+ 16%) is larger than elsewhere in
southern California (6% t 4%).

Magnitude Dependence. The cumulative number of foreshock-mainshock

pairs at Parkfield with a magnitude difference equal to or greater
than Z M are plotted against AM in Figure 7. The slope of this curve is
0.56 + 0.15 which is lower than the slope found for all events 1in
southern California (Figure 3). This dependence on magnitude is also
seen in the percentage of earthquakes that were foreshocks. In Figure
6, the percentages of earthquakes that have been foreshocks to M > 4.0
mainshocks and foreshocks to M > 5.0 mainshocks are shown along with the
percentage of events that were foreshocks to a mainshock of any size.
Al M > 3.0 earthquakes at Parkfield that have been foreshocks to
anything have been foreshocks to a characteristi; Parkfield earthquake
(M_3_5.0 - efther the 1934 or the 1966 earthquake).

The percentage of earthquakes that have been foreshocks to M > 5.0
mainshocks at Parkfield (Figure 6) is the percentage of earthquakes that
have been foreshocks to characteristic Parkfield earthquakes. The
magnitude dependence plotted in Figure 7 is incorporated in the M > 5.0
mainshock curve in Figure 6. The reason that the magnitude dependence
can be seen so clearly in the percentage versus magnitude curve at
Parkfield (Figure 6) but not in the same curve for all of southern

California (Figure 2) s that there s essentially only one possible
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mainshock at Parkfield. The same differe%ce in magnitude between

foreshock and mainshock, M, at Parkfield Ean give only one possible
magnitude of foreshock. In southern California, many possible mainshock
magnitudes give many possible foreshock magnitudes for the same M.

Recurrence Intervals. To determine the total probability of the

Parkfield earthquake using Equation (2), it is necessary to know both
the background rate of occurrence (Po) and the rate due to the present
position in the seismic cycle (Pr)° The Parkfield earthquakes have
occurred on the average once every 22 years (Bakun and Lindh, 1985) so
the background daily probability of the Parkfield earthquake is 1/22yr*
365day/yr = 1.245*10"4/day. Because the last Parkfield earthquake
occurred in 1966, the present probabilfty is 90% in 8 years (Bakun and
Lindh, 1985) or 0.9/(8yr*365day/yr) = 3.1*[0’4/day. This gives a
probability gain for being near the end of the seismic cycle of

approximately 2.5.

Results

The preceding analysis has shown that the temporal distribution of
foreshocks determined using southern California data are applicable to
foreshocks occurring on the Parkfield section Ff the San Andreas fault.

However, this analysis also suggests that {the probability that an

a larger event is larger

earthquake at Parkfield will be a foreshock to
than elsewhere in southern California. Moreov‘r, the dependence on the
magnitude of the possible foreshock of the; probability of being a
foreshock is incorporated in the probabilityﬂof being a foreshock at

Parkfield. The probabilities determined for Parkfield are less reliable
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than those determined using data from all of southern California because
of the smaller data set.

Immediate foreshocks (those occurring within hours or days of their
mainshocks such as those used in this analysis) occur very close in
space to the hypocenter of their mainshock (Jones, 1984, 1985; Utsu,
1970). The previous characteristic Parkfield earthquakes appear to have
all originated in the same area of the San Andreas fault near Middle
Mountain and their foreshocks have also been located very nearby (Bakun
and Lindh, 1985). Thus for a possible foreshock to be a foreshock to
the Parkfield earthquake it must occur near Middle Mountain and it is
only in this case that the probability gain resulting from the position
in the seismic cycle can be incorporated into the probability analysis
using Equation (2). The percentages of earthquakes that are followed by
larger events as shown in Figure 6 are determined using a larger area
than just the Middle Mountain area. It is thus possible that even the
probabilities determined uging the Parkfield data may be too low for the
earthquakes occurring actually at Middle Mountain.

Because of all of these uncertainties, it is not possible to state
unequivocally the probability of the Parkfield earthquake occurring
after an earthquake of magnitude M at Middle Mountain. It is possible
to give bounds to the possible values. The values determined using the
average southern California data (Equation 1) 1is probably the lower
bound of the possible probabilities. An upper bound could be determihed
using a deterministic approach to the earthquakes actually within the
proposed hypocentral area as is done by (Lindh et al., 1985). The
probabilities determined in this study using the Parkfield data are

intermediate values.
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The lower bound of the Parkfield probab%]ities are given in Table
I. This table shows the probabilit& of the Parkfield earthquake
occurring within 1 hour, 6hours, 12 hours, 1 day or 5 days after an
earthquake of magnitude Me(Me=2.0 to Me=5.0). The numbers were
calculated using equation 2 with a foreshock probability from equation 1
and a probability gain for the position 1 ‘ the earthquake cycle of
2.5. The values are shown graphically in Figure 8 where the probability
per hour of the characteristic Parkfield earthquake occurring is plotted
as a function of time after an earthquake ‘of magnitude M at Middle
Mountain.

The intermediate values for the Parkfield probabilities are shown
in Table II. The numbers were also calculated using Equation 2 and a

probability gain for the seismic cycle of 2.5, The foreshock probabil-

ities were calculated by:

Pe(t) = P* * £70.3 (3)

where t is in hours. A graphical representation of these values are
shown in Figure 9. The probability P' is taken from the Parkfield
results shown in Figure 6.

The probabilities calculated using Par$f1e1d data suggest that
there would be a high probability of the Parkfield earthquake occurring
if an earthquake were to occur at Middle ‘ountain. If a M> 5.0
earthquake were to occur, the probability thaﬁ the Parkfield earthquake
would occur in the next 5 days is 80% + 40%. The probability that it
would occur within the first hour after a M > 5.0 event is 20% + 10%

(Table II). This is 15,000 times more likely than the background rate
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of occurrence. Even a M=2.0 event would increase the probability of the
Parkfield earthquake occurring by a factor of 1,000. There would be a
1.2% chance of the Parkfield earthquake occurring in one hour after a
M= 2.0 event,

The values given in Table Il give a first order approximation of
the probability of the Parkfield earthquake occurring within a short
period of time after a smaller event at Middle Mountain, However, it
must be noted that the number of earthquakes in the data set used to

compute these values is small and the uncertainties are large.
Conclusions

The probability that a M > 5.0 earthquake near Middle Mountain on
the San Andreas fault will be followed within 5 days by a characteristic
Parkfield earthquake is estimated to be 80% + 40%. The probability that
the Parkfield earthquake will occur within 1 hour of the possible
foreshock is approximately 20% and decays as time=0+9 with elapsed time
after the possible foreshock. The probabilities that the Parkfield
earthquake will occur within 5 days after a M=2.0, M=3.0, or M=4.0
earthquake at Middle Mountain are estimated to be 5%, 18%, and 40%,

respectively.
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Table I

The Probability of the Parkfield Earthquake Occurring
within Time T after an Earthquake of Magnitude M¢

at Middle Mountain

(Determined from southern California data, Minimum Estimate)

Time Interval

Event 1 hr 6 hrs 12 hrs 1 day 5 days
Background 0.000014 0.00009 0.00017 0.00034 0.0017
Rate
Me = 2 0.0001 0.0002 0.00024 0.00028 0.0004
Mg = 3 0.0005 0.001 0.0012 0.0014 0.002
Me = 4 0.003 0.0059 0.007 0.008 0.012
M¢g = 5 0.017 0.033 0.04 0.048 0.07
Table II
The Probability of the Parkfield Earthquake Occurring
within Time T after an Earthquake of Magnitude Mg
at Middle Mountain
(Determined from Parkfield data, Intermediate Estimate)
Time Interval

Event 1 hr 6 hrs 12 hrs 1 day 5 days
Background 0.000014 0.00009 0.00017 0.00034 0.0017
Rate
Me = 2 0.012 0.024 0.029 0.034 0.048
Mg = 3 0.044 0.086 0.12 0.12 0.18
Mg = 4 0.10 0.20 0.24 0.28 0.40
M¢ = 5 0.20 0.39 0.48 0.57 0.80
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FIGURES

Figure 1. The probability that an earthquake in southern California
will be followed by a larger earthquake within 5 days and 10 km as a
function of the magnitude of that earthquake (solid line). The
vertical bars show the standard deviation 1in the estimates of

probability for each magnitude level. The dashed line shows the

probability of being folllowed by a M > 4.0 mainshock and the dotted
|
line shows the probability that an earthquake will be followed by a

M > 5.0 mainshock.

Figure 2. The number of mainshocks stil)l to occur as a function of
elapsed time for the foreshock for the 287 foreshock-mainshock pairs

in the southern California data set. \

Figure 3. The cumulative nuhber of foreshock-matnshock pairs in
southern California with a difference in magnitude at or above each
level of magnitude difference as a function of difference in
magnitude. Only pairs recorded after 1943 (when magnitudes were

first given to the nearest .1 unit instead of .5 unit) are used.

Figure 4. A map showing the Parkfield area used to determine the

probabilities of the Parkfield earthquakei

Figure 5. The number of mafnshocks still to occur as a function of

elapsed time from the foreshocks in Parkf*e]d.

h
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Figure 6. The probability that an earthquake at Parkfield will be
followed by a 1larger earthquake within 5 days and 10 km as a
function of the magnitude of that earthquake (solid line). The
vertical bars show the standard deviation in the estimates of
probability for each magnitude level. The dashed line shows the
probability of being followed by a M > 4.0 mainshock and the dotted
1ine shows the probability that an earthquake will be followed by a

M > 5.0 mainshock.

Figure 7. The cumulative number of foreshock-mainshock pairs with a
difference in magnitude greater than or equal to A M as a function

of &AM for Parkfield.

Figure 8. The winimum value for the probability per hour of the
Parkfield earthquake occurring as a function of time after a
possible foreshock at Middle Mountain determined using southern
California data. The minimum values of the probablity are shown for

possible foreshocks of M = 2.0, 3.0, 4.0, and 5.0.

Figure 9. The intermediate value of the probability per hour of the
Parkfield earthquake occurring as a function of time after the
possible foreshock at Middle Mountain determined using Parkfield
data. The intermediate value of the probabilities are shown for

possible foreshocks of M = 2.0, 3.0, 4.0 and 5.0.
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APPENDIX A. 4.

The Detection History of the Parkfield Segment of
the San Andreas Fault: A Preliminary Assessment

R. E. Habermann
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The Detection History of the Parkfield Segment
of the San Andreas Fault: A Preliminary Assessment

R.E. Habermann
School of Geophysical Stciences
Georgia Institute of Technology
Atlanta, Georgia 30332

Many people have proposed that changes in seismicity rates can
occur as part of the process of preparation for large earthquakes.
Numerous rate changes can be observed in any seismicity data set. Most
of these changes are not followed by large earthquakes and, therefore,
are not precursors. If these changes are to be used as part of an
earthquake prediction program, one must be able to distinguish between
those that are possible precursors and those that are not. We have
found that a great deal of information about seismicity changes can be
obtained by examining the distribution of such changes in the magnitude
domain. This technique is particularly useful for recognizing man-made
changes in seismicity data.

Quantitative techniques for making comparisons of seismicity rates
are essential for insuring objectivity an balance in any study of
changes in these rates. We use the z-test for a difference between two

_weans for our comparisons. This test is the most general of the
statistical tests for evaluating the difference between two means.

In order to examine the distribution| of an observed seismicity
change in the magnitude domain we display the z-values which result from
comparisons of rates during two time periods in a number of magnitude
bands. These plots are described in Figure 1. In our work on the
California catalog we examine cutoffs between Ma = 0.5 and M, = 3.0.

MAN-MADE SEISMICITY CHANGES

Two types of man—made changes are observed in the seismicity data
from the Parkfield region, detection increases and magnitude decreases.
These types of changes have different characteristics which affect the
appearance of magnitude signatures. hese characteristics are
summarized graphically in Figure 2 and described here.

Detection Increase.

A schematic magnitude signature for this type of change is shown in
Figure 2A. Detection increases are characterized by the following
features:

* Strong increases (negative z-values in the data sets which
contain smaller events (trough on the left side of the plots).
* Lack of change (z-values near 0) in the data sets which contain
- larger events (on the right side of the plot).
* Negative z-values throughout the magnitude signature.
# A plateau of negative z-values in the data sets which contain the
larger small events (as you approach the center of the plot from
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the left).
Magnitude Decrease.

A schematic magnitude signature for this type of change is shown in
Figure 2B. A magnitude increase has the same characteristic appearance,
but the signs of all the z-values are the opposite. The principal
characteristics which identify magnitude shifts are:

# The occurrence of z-values of different signs in the magnitude
signature.

# The occurrence of waves or other aberrations of the shape of
normal detection related magnitude signatures.

The effects of detection changes can be taken care of by using a
magnitude cutoff which eliminates the smaller events affected by the
change. The magni tude cutoffs which would be appropriate’ are
illustrated in Figure 2A. Magnitude shifts can be corrected for by
using magnitude corrections, simply reversing the magnitude change.

EXAMPLES FROM THE PARKFIELD REGION

Detection Increase.

The magnitude signature which compares the rates between January 4,

-1978 and December 18, 1979 to those between December 19, 1979 and

September 2, 1980 shows all of the expected characteristics of a

detection increase (Figure 3). The trough and platform on the left side

of the plot indicates strong increases in the smaller events. These

increase drop off as one considers larger events (on the right side of
the plot). The magnitude cutoff in this case is ma > 1.3.

Magnitude Decrease.

The magnitude signature which compares the rates between December

19, 1979 and September 2, 1980 to those between September 3, 1980 and

March 23, 1982 shows all of the expected characteristics of a magnitude

decrease (Figure 4). The magnitude bands which include 1larger events

" show decreases (on the right side of the plot). Those that include
smaller events show rate increases.

We use synthetic magnitude signatures as an aid in interpreting
magnitude signatures which indicate magnitude shifts. The process of
constructing the synthetics is described in Figure S. The best fit to
the magnitude signature in Figure 4 resulted from decreasing the
magnitudes of the events with 0.8 < ma < 3.0 by 0.15 units. This
synthetic is shown in Figure 6.

Real Changes.

We found that the number of aftershocks in the Parkfield seismicity

~“data was small enocugh so that these events could be retained without
seriously affecting the results. This provided an opportunity to

examine the magnitude signature generated by a real seismicity rate

change. The period between April 23 and December 30, 1975 was a period
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of increased activity in the Parkfield areJ. This activity included a
- swarm during April and May and aftershocks of a large event (ma = 4.9)
on September 13, 19735.

The magnitude signature comparing the rates between June 35, 1974
and April 22, 1975 to those between April 23 to September 15, 1975 is
shown in Figure 7. Note that this magnitude signature shows strong
increases in the data sets which include the larger events. This is the
characteristic expected for real seismicity changes. The significance
of the increase falls off for the smaller events because these events
were not well detected in this region during this time.

A second change in the Parkfield region which appears to be real
occurred during January, 1978. The magnitude signature for this change
is shown 1in Figure 8. Note that it includes strong decreases in the
larger events. The period of low numbers of larger events lasts until
December 1979, the time of the detection increase shown in Figure 3.
This period of low activity is suspect for several reasons. First, the
beginning and end of the period correspond to beginnings of vyears.
Second, the period of low numbers of large events (January 1978) marks
the beginning of the preliminary catalog for this region. We have
examined the final catalog for the first six months of 1978 which
suggests that this change is real, but the length of time is tooc short
tc make unambiguous decisions for the 1larger magnitudes. We are
presently trying to determine the spatial extent of this quiet period
which should shed light on its origin. In any event, completion of the

_ of the seismicity catalog for Parkfield for the last seven years should
have high priority.




Detection and reporting changes naturally divide seismicity data
into a subset of smaller events which are affected by the change
and a subset of larger events which are unaffected. The goal of
our work is to find the boundary between these sets, a
magnitude cutoff which eliminates the affected events
from consideration. Each cutoff divides the data set into two
subsets, those above the cutoff, and those below. In order to find
the correct cutoff, we examine a wide range of possible cutoffs
using a plot called 2 magnitude signature. These plots show the
significance of an observed seismicity change as a function of
magnitude cutoff. The vertical axis of a magnitude signature
shows the z-value which results from comparing the rates
during two time periods. The upper halif of the plot has positive
z-values which indicate rate decreases, the lower haif of the
plot has negative z-values which indicate rate increases. The
horizontal axis of the magnitude signature shows the magnitude
bands which are being examined. The subsets which are below
the cutoffs are on the left side of the plot and those above the
cutoffs are on the right. When these two divisions are
combined, four quadrants are generated. The Figure below shows
what the occurrence of points in each of the four quadrants
indicates about the change which is being examined.
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“‘gure 3. Synthetic Magnitude Signatures

Magnitude signatures compare rates during two time

periods. Call these the background and foreground
periods. |

N

The first step of the synthesis is shifting the back-

ground period in time, forming a synthetic foreground
ground period.

Next, the events during
~ the synthetic fore-
ground are modified by
shifting their mag-
nitudes or repeating events.

R MODIFIED SN
% /}%}9}%" 7] FOREGROUND: : -

\\\\\\\ L R S Y S T S Y S S Y

pared to the original background period to form the
synthetic magnitude signature. This process is then

Finally, the modified symhetic%oreground is com-

- repeated until a satisfactory fit is achieved.
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REVIEW OF SEISMIC WAVE MONITORING
IN CENTRAL CALIFORNIA

by.R. Clymer and T.V. McEvilly
USGS Contract 14-08-0001-21985

July 26, 1985

Hollister Area P-Wave Travel-Time Monitoring

P-wave travel-time monitoring has continued in the Hollister area
(Figure 1) with our aging (10 -year-old), single-channel recording system
(Figure 2).

The precision of the measurements is indicated by the results of
stability tests consisting of repeated measurements of an 8-sec deep-
crustal reflection (Figures 3 and 4) on path T-Z in Bickmore Canyon (Figure 1).
Witn the system in its present configuration, travel times on such tests
scatter over about 1 msec and amplitude varies about 207%. Applying these
results to our actual monitoring data indicates: 1) In Bear Valley, on path
W-B, repeated measurements indicate a scatter of 5-10 msec, and 2) at the
Winery and Stone Canyon areas, first-arrival travel times scatter over
about 1 msec or somewhat less, depending on signal-to-noise ratio.

While precision appears to be quite good, accuracy is degraded considerably
by seasonal variations of up to about 6 msec for first arrivals at the Winery and
Stone Canyon areas (Figure 5). The cause is very-near-surface seasonal moisture
variations. Our solution has been to monitor near-surface times with geophones
below the water table at most source and receiver sites, and then to .
simply subtract the near-surface variations from the path data. The results
are shown in Figures 6 and 7. The efficacy of the procedure is difficult to
quantize. We suspect that the 1-3 msec long-term variations shown cannot be
considered meaningful. A travel-time change of 4-5 msec would probably
indicate a real change occurring at depth.

7e have chosen a different method of dealing with this problem at Park-
field. All receivers are to be in boreholes at depths of several hundred
feet. With the vibrator fixed, data from several sites will be recorded
simultaneously. Data for a path on which changes are not expected will be
used as a reference to remove spurious changes from the other paths. This
should produce a correction at least as accurate as the present procedure,
with a considerable increase in field efficiency.

Shear-Wave Vibrator (Figure 8)

In the summer of 1984, Amoco Production Company donated a shear-wave
vibrator in excellent condition to the UCB Seismographic Station, giving
us the capability of monitoring S-wave travel time and amplitude. 1In
addition, we believe we can monitor S-wave velocity anisotropy by a
simple procedure. Roberts and Corrigan (1983) have shown that an S-wave
vibrator will radiate S, or Sy waves towards the receiver depending on the
orientation of the vibrator baseplate, and that this could be used to measure
anisotropy in a near-surface shale. Results of a vertical seismic profile
accomplished with our S-wave vibrator at the Geysers geothermal area in the
fall of 1984 confirmed these results. Here, S, and Sy waves parallel and



perpendicular to a known fracture. pattern showeJ
(Figures 9 and 10. Further processing of the da
rotate the axes and accentuate a particular mode
change in S-wave velocity more clearly.)
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distinct velocity changes.
ta with software that can
of vibration show the

We think this new capability has exciting implications for earthquake
prediction research at Parkfield, since S~wave amplitude and anisotropy may

be more sensitive indicators of fault-zone prope

New Recording System

To monitor S-wave and P-wave parameters at
3~component receivers and recording of a conside
that at Hollister. This will only be practical
several 3-component receivers simultaneously. F
chosen and presently on order. It will be used f

Parkfield Accomplishments

Figure 12 shows sites for 3-component boreh
Four of these were accomplished in the spring of
be finished this summer. The Gold Hill package
The installations are a cooperative effort invol
and UC Berkeley.

One week of preliminary data gathering with
the single channel recording system laboriously

1) A surprisingly high signal-to-noise ratij
offset of 10-11 km. This is 2-3 times
with the P-wave vibrator. Coherent, repr
signals were present to 12-15 sec travel
a coherent event at 20 sec.

2) Complex S-wave arrivals that change in ¢
baseplate is rotated.

We plan to determine if further processing
provide evidence ot anisotropy. Regardless, we:
changes in the dissimilarity of these waveforms.
occur, would indicate variations in fault zone {
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Figure 6. Winery area first-arrival travel times with near-surface
(seasonal) corrections. Upper-case letters refer to site designations
shown in Figure 1. Two upper case letters together indicate the source
and receiver ends of a path, respectively. A lower-case 'b' followed by
an upper-case letter implies that a borehole data set at that site was
used for near-surface corrections to the path data, The associated
numbers are scale factors.
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Figure 7. Stone Canyon area first-arrival travel times, with near-surface
(seasonal) corrections. Site W has a surface geophone array and no borehole
geophone for near-surface control. Thus paths NW, EW, and SW only have
vibrator~-end near-surface corrections applied. The receiver at site S

is a borehole package, thus no receiver-end near-surface correction is
necessary for paths NS and ES. Site designations as in Figure 6.
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PRELIMINARY RESULTS FROM -VERTICAL SEISMIC PROFILING OF OROVILLE MICROEARTHQUAKE S-WAVES

P. E. Malin and J. A. Waller!

Marine Sciences Institute and Department of Geological Sciences
University of California Santa Barbara

Abstract. Seismograms recorded along a 0.5 km-
deep borehole in Oroville, CA., show that ground-
level s-wave velocity spectra at this location are
a product of site effects. In the 6.25 to 50 hz
range studied, both the Cleveland Hill fault,
through which the borehole was drilled, and the
rock above it contribute to a substantial loss of
s-wave energy. In first-order approximation, the
average apparent s-wave quality factor, Q3 , along
the well is 9. Across the fault zone the Q2 drops
to a low of 3. Downhole, the seismograms can
readily be separated into longitudinal and trans-
verse components. Particle motion diagrams show
that the s-arrival is made up of two differently
polarized waves. This splitting is possibly an
effect of wave propagation in the highly cracked
and probably anisotropic rock of the region.

Introduction

A common feature of ground-level earthquake
observations is that their velocity spectra start
decreasing before the corner frequencies predicted
by some models of the earthquake source [Brune,
1970]. For a given site, the frequency at which
this "crash" occurs is not dependent on the size
or distance of the earthquake [Frankel, 1982]. At
recording sites near Oroville, for example, the
spectra of different earthquakes may drop off at
20 hz for one site and at 40 hz for another
[Hanks, 1982; Fletcher, 1980]. As a result, con-
clusions on the mechanics of Oroville earthquakes
suffer from a degree of doubt.

At least two suggestions have been made to ac-
count for this variability in microearthquake
velocity spectra. First, the velocity spectra may
be a product of the material immediately (0.5 km)
below the observation site [Frankel, 1982; Hanks,
1982]. Second, the earthquake source itself may be
responsible for the missing frequencies [Archuleta
et al., 1982; Aki, 1984]. These two mechanisms
are not mutually exclusive and a combination of
them may be needed for a full explanation of the
observations. As evidence that at least the first
mechanism is taking place at the Oroville site, we
present some microearthquake s-wave velocity spec-
tra recorded along a 0.5 km well at Oroville.

Oroville lies in the tectonically active foot-
hills of the Sierra Nevada Mountains. The observa-
tion borehole was drilled through the cracked and
faulted Smartsville ophiolite typical of this
region [McJunkin, 1983; Moos et al., 1983]. In
addition to affecting the spectra of local earth-

1 Now at Evergreeen Geophyscial Associates, Inc.,
Lakewood, CO.

Copyright 1985 by the American Geophysical Union.
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|
qu;kes, these rocks also complicate the particle

motions of these events.

|It is possible to separate seismograms recorded
at | the bottom of the well into relatively unmixed
longitudinal (p-wave) and transverse (s-wave)
components. At this depth, the s-arrival is com-
posed of two differently polarized waves. These
waves may represent the "splitting” known to exist
in anisotropic rock [Crampin et al., 1984].

In a broader context, the results of the
Oroville microearthquake-VSP experiment show the
value of borehole seismometer arrays in studying
tectonically active areas. Such arrays allow the
recording of very small earthquakes, near-surface
wave propagation effects, and depth-dependent
apparent attenuation. These features are likely to
be of value in the study of the seismic phenomena
that precede and accompany larger earthquakes.

i The Microearthquake-VSP Experiment

The Oroville borehole was drilled by the United
States Geological Survey to study the Cleveland
Hill fault, site of the 1975 Oroville earthquakes
[Lahr et al., 1976; Anderson et al., 1983]. In
1983 the site was made available for cooperative
experiments, In April of that year, we used hy-
draulic hole locks to deploy a recoverable array
of vertical and 3-component seismometers into the
borehole. The array was retrieved in September,
after 4 months of full operation.

The seismometer array is shown schematically in
Figure 1. The seismometers had natural frequencies
of' 4.5 hz and each was shunted so as to produce
the same degree of damping (0.7 of critical). Re-
cording of seismic events was accomplished with 2
GEES digital event recorders [Maxwell et al.,
1983]. The recorders were set to trigger on Sta-
tion 5 and to sample at 200 hz/channel. To sup-
press 60 hz pickup, a 42 db/octave high-cut filter
was applied at 50 hz. To eliminate instrument-
rehated DC offsets, an equivalent low-cut filter

ST2 208mVC

ST3 297m3C

474 ST4 375mvC
/h
/}/
A
7 ST5475m3C

Figure 1. The Oroville VSP array as seen along
the strike of the Cleveland Hill fault zone.
Depth in meters, 3C=3-component, VC=vertical.
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Figure 2. Seismograms for the J.D. 259 microearth-
quake shifted so that the p-waves are aligned.
Brackets on the time axes show the earliest and
latest windows used for the spectral analysis.
Overlapping seismogram peaks have been omitted.

was applied at 3.125 hz during processing.

Over the 4-month period the array was operated,
11 microearthquakes and 19 other seismic events
were recorded. Here, we discuss the M.p45=0.4
event of J.D. 259, a typical microearthquake. As
seen in Figure 2, it was received with high
signal-to-noise ratio at each station.

Depth-Dependent S-Wave Velocity Spectra

The s-wave velocity spectrum at Station 5 for
the J.D. 259 event is shown in Figure 3a. In
comparison to the seismic background and GEOS
system noise, the signal-to-noise ratio of this
spectrum at 50 hz is on the order of 150. Over the
6.25 to 50 hz band in which the raw data are
reliable, the spectrum increases roughly with the
first power in frequency. Such behavior is pre-
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Figure 3. a. Log of the s-wave velocity spectra
for the J.D. 259 as a function of depth. The grid
lines are separated by factors of 2. Note the 48
db/octave high-cut filter at 50 hz. The spectra
have been successively lowered for plotting.
Thin dashed lines show slopes of !, -2<n<l.
b. Log of the ratios of the s-wave power spectra.
The dashed lines show least-squares lines.

dicted by, for example, the Brune model of the
earthquake source [Brune, 1970]. The latter model
also suggests that the s-wave corner frequency of
the J.D. 259 event should be roughly 70 hz, which
is beyond the raw band-pass of our data (a 5 bar
stress drop was assumed based on Fletcher, 1980).
The seismograms in Figure 2 seem to show a

general loss of high-frequency s-wave energy with
decreasing depth, The progressive character of
this damping can be seen in the velocity spectra
shown in Figure 3a and in the spectral ratios in

TABLE 1. Apparent attenuation between stations. *

Station 4/5 3/5 2/5 1/5 3/4 2/4 1/4 1/3 1/2
Q@ 11 7 7 9 3 9 8 8 9

* Q3 = 2n.6t.s , 8t = s travel-time, s = slope
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P
T
Pp Ss
Te
5

Figure 4. a. The longitudinal and transverse
components at St. 5. T, and T, are the transverse
components in the vertical and horizontal planes.
The heavy line on the time axis marks the window
of the s-wave hodogram. b. The s-wave hodogram.

Figure 3b. For comparison, the slopes of various
powers of frequency, ,", are shown on the spectral
plots. Likewise, least-squares fit lines are shown
along with the spectral ratios. The loss of ener-
gy from the s-wave is clearly a function of fre-
quency and position along the borehole. The
velocity spectra also show signs of interfering
waves. The effects of interference are evident in
the notched character of the velocity spectra.

We have done preliminary modeling of the velo-
city spectra and their ratios, assuming 1D acous-~
tic wave propagation and first-order attenuation
theory. The results show that these simple theo-
ries do not accurately describe the observed data.
For example, it seems that the Cleveland Hill
fault and the weathering layer are zones of strong
scattering, and thus zones of wave conversion and
frequency-dependent damping.

Nevertheless, the models do establish that the
spectral notches at 20 and 40 hz are related to
the 40 to 80 m low-velocity zone of the Cleveland
Hill fault [Moos et al., 1983]. Also, to first
order, the slopes of the least-squares lines fit
to the spectral ratios give an estimate of the
apparent quality factor Q3 along the borehole.
The ratios in Figure 3b can be used to approximate
the average Q2 between the bottom of the borehole
and each station above it. The resulting Q& val-
ues are listed in Table 1, and are comparable to
ones found in shallow explosion studies of the
upper crust [McDonal et al., 1958].

While the lowest Q2 occurs across the fault
zone, it is the cumulative Q% along the well that
accounts for the ground-level spectrum. Viewing
only the spectrum of Station 1, the apparent s-
wave corner frequency of this microearthquake is
17 hz, In effect, the high-frequency s-wave ener-
gy has crashed by the time it reaches ground
level, so the spectrum at this level is not useful
for estimating source parameters.

|
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‘ S-Wave Particle Motion

To help identify different arrivals in the
seismograms, an attempt was made to rotate them
into principal longitudinal and transverse compo-
nents (aligned along the direct p- and s-waves
polarization directions). This step was also
aimed at detecting s-wave splitting due to aniso-
tropy [Crampin, 1984]. Since neither the location
of event J.D. 259 nor the orientation of the
seismomaters was known, the rotation was done in
a step-wise fashion, station by station.

First, the horizontal b, and h; components were
rotated |[about the vertical v component so that the
first oscillations of the hy component fit, in a
least squares sense, those of the v component.
(The resulting seismograms are the best fit verti-
cal, radial, and horizontal motions.) Next, the
vertical and h, component were rotated around h,
until the first oscillations of h; vanished. The
resulting components were relabeled P, T,, and T,.
In a uniform isotropic halfspace, these components
should have only p and Rayleigh waves, s and
Rayleigh waves, and s waves, respectively.

This procedure was most successful at Station
5. As seen in Figure 4a, the transverse compo-
nents have relatively little energy in the time
window between the p- and s-wave arrivals. The
notable jexception is the arrival marked Pp, corre-
sponding to the theoretical arrival time of the p-
wave reflection from ground level. This phase is
seen on|the T, component because, when reflected,
the p-wave motion is no longer entirely in the P
direction. A similar geometry applies to the

-reflected s-wave, labeled Ss in the figure.

The transverse particle motion of the direct s-
arrival'is plotted in the polarization diagram
(hodogram) of Figure 4b. The time window of the
diagram is shown in Figure 4a and small arrows
point out the relative sense of motion. The near-
ly linearly-polarized first motion, labeled s, is
interrupted after about one cycle (25 msec) by a
second, relatively large s-wave, s,, producing
ellipti¢ motion.

The origin of s, is not clear. Based on travel
times and amplitudes, it does not appear to be a
reflection from the fault nor a converted wave
from ground level. (Phases of the latter sort,
which have been described by Evans, 1984, can be
found in the s-wave hodograms of Station 1.) If
the s Wave followed a path similar to that of
s, their average speed would differ by about 4Z.
Further, similar waves from other Oroville micro-
earthquakes show that this splitting of the s-
arrival |is not unique to the J.D. 259 event.

Di scussion

In this first, short research note on the
Oroville microearthquake-VSP experiment, the VSP
seismometer array and the s-wave motion of
the J.D. 259, 1983, M., q,= 0.4 microearthquake
are described. The array had 5 stations located
at various depths in a 0.5 km-deep borehole. The
J.D. 259 event was reliably recorded on the array
out to a frequency of 50 hz, where the s-wave
signa1~To—noise ratio was 150.

As alfunction of depth, the s-wave velocity
spectra of this microearthquake show a significant
loss of high-frequency s-waves with decreasing
depth. To first order, the apparent QF associated
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with this loss has an average value of 9, with a
low of 3 across the Cleveland Hill fault. Down-
hole, the s-wave corner frequency is above 50 hz;
at ground level it occurs at about 17 hz.

The particle motion of the J.D. 259 event shows
that the s-arrival is made up of two differently
polarized waves. The two waves are of comparable
amplitude and the second wave has an apparent
speed 4% slower than the first.

Perhaps the safe conclusion to draw from these
data is that the cracked and faulted rocks of
Oroville strongly affect s-waves. The apparent Q%
found for the borehole includes the intrinsic
losses, scattering losses, and wave interference
produced by these structures. The complex polari-
zation of the s-arrival may represent evidence for
the splitting of this phase by anisotropy.

It is less safe but more tempting to suggest
that, in tectonically active regions, the upper
half km or so of crust controls the high-frequency
s-wave energy observed at ground level. This con-
clusion does not rule out special source effects
in the high-frequency spectrum; it simply makes
them more difficult to observe. The mechanism of
the apparent attenuation remains unknown. How-
ever, the lower velocities and lateral heteroge-
neities present near ground level are sure to make
s-wave scattering an important factor in addition
to intrinsic attenuation.

It is equally tempting to identify the second
s-wave as a product of crack-induced anisotropy
[Crampin, 1981)}. Evans [1984] has argued that
this type of anisotropy should be a ubiquitous
feature in faulted regions of the crust. Both the
time separation and the change in polarization of
the two s-waves are within the theoretical and
observational bounds reported for s-wave splitting
[Crampin et al., 1984]. Demonstration of this
possibility for Oroville, however, is incomplete
and must await further work.

A final point is simply to underscore the
potential of microearthquake-VSP measurements. As
shown here, microearthquake-VSP can provide direct
evidence on subsurface ground motion, for either
scientific or engineering purposes. Moreover,
given the low noise conditions downhole, the
quality of such data is high, even for micro-
earthquakes as small as the one discussed here.
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SUMMARY OF GEODETIC SURVEY MEASUREMENTS NEAR PARKFIELD

P. Segall, W. Prescott, R. Stein, N. King, R. Harris, A. Lindh ....
U.S. Geoloyical Survey
Menlo Park, CA 94025

I. TRILATERATION DATA
A. 1966 Coseismic Period

From 1959 to 1969, the California Department of Water Resources
(CDWR) observed 13 Tines that span the rupture zone of the 1966 Parktield
earthquake (heavy lines in Figure 1). CDWR used a Model 2A Geodimeter,
and estimated refractivity using end-point (and often mid-point) measure-
ments of pressure, temperature, and humidity. Coseismic line length
changes are calculated assuming that the preseismic and interseismic
changes are linear functions of time with constant rate.

The coseismic line length changes can be used to determine the fault
slip during the 1966 earthquake. The lenyth, width, and depth of the
fault surface are estimated from the distribution of aftershocks and sur-
face offset following the earthquake. The aftershocks defined a nearly
vertical plane extending 30 km SE of the mainshock epicenter, and from
the surface to a depth of 10-12 km (Eaton et al., 1970). The concentra-
tion of aftershocks at depths of 2-4 km and 8-10 km (Eaton et al., 1970),
together with the inferred absence of surface slip immediately tollowing
the shock (Smith and Wyss, 1968), have led most investigators to model
the mainshock as extending from a depth of 2-4 km to 8-10 km, with
lengths ranging from 20 to 40 km.

Once the dislocation geometry is specified, the coseismic Tline
length changes are used to solve for least-squares estimates of fault
slip. Although the geodetic data are insensitive to the details of the
slip distribution, they do yield a reasonably well-constrained estimate
of the seismic moment.

Table 1 1ists results for a number of possible uniform slip models.
In each case the northwest end of the dislocation is fixed at the main-
shock epicenter,

Table 1: Coseismic Models

Length (km) - Depth (km) Slip (cm) ﬂgxlozsidyne-cm) Reduced X 2
25 3-8 106 + 9 4.0 2.3
30 3-8 91 ¢ 8 4.1 1.8
35 3-8 86 + 7 4.5 1.3
30 2-10 59 ¢+ b 4.2 1.7
30 4-10 99 + 8 5.3 1.5
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In general models with slip between 2-4 km and 8-10 km provide
acceptable fits to the data. Dislocations signiticantly shorter than
30 km tend to have larger misfits than those with lengths of 30-35 km.
(In theory, models with reduced chi-squared values greater than 2.0 are
rejectable at the 98% confidence level. Longer slip zones are permitted
by the geodetic data, but are inconsistent with the aftershock distribu-
tion. |

In the final analysis it is the seismic moment that is best deter-
mined by the geodeEgc observations. The minimum moment consistent with
the data is 4 x 10°° dynes¢m. This is in nreasonably good agreement with
estimates of 0.9-2.1 x 102 dyne-cm obtained from surface waves by Tsai
and Aki (1968). The larger moment estimate obtained from the geodetic
data may be partially due to post-seismic slip. Note that the procedure
used to estimate the coseismic line length| changes tends to incorporate
post-seismic effects into the "“coseismic" change.

B. Interseismic Period (1966-1985)

During the 1970's, the California Division of Mines and Geology
(CDMG) took over and expanded the CDWR network. CDMG used a Model 8
Geodimeter, and estimated refractivity from end-point pressure measure-
ments and aircraft-flown profiles of temperatures and humidity. Since
the mid 1970's the network has been measured by the U.S. Geological
Survey. USGS uses a Geodolite, and refractivity is estimated using end-
point pressure measurements and aircraft-flown profiles of temperature
and humidity. The measurement procedure is described in detail by Savage
and Prescott (1973). Four small-aperture networks, spanning the San
Andreas fault within the larger network, have been measured by USGS since
the middle 1970's: Red Rock, Parkfield, Jacks Ranch, and Cholame (Figure
2). These measurements are made with a Hewlett-Packard 3800/3808A, or
occasionally with a Geodolite. Refractivity is estimated using end-point
measurements of pressure, temperature, and humidity. The procedure is
described in detail by Lisowski and Prescott (1981).

1. Reobservation Schedule

a. The 80 aircraft-flown (Geodolite) lines illustrated in Fiyure 1
will be surveyed once a year.

b. 31 of the near-fault short aperatu&e lines will be surveyed semi-
annually.

c. The four "monitor" lines from station Red Hill will be surveyed
quarterly.

C. Errors

The standard deviation of a single line-length measurement ¢ is
given by |

o= [a? + pAL271/2

where a is fixed error, b is proportional error, and L is line length.
|



Savage and Erescott (1973) found that this equation with a = 3 mm and
b =2 x 10"’ adequately described repeated U.S.G.S. Geodolite measure-

ments.

A histogram of normalized residuals, calculated from linear fits to
the monitor net data are shown in Figure 4. The observed residuals are
nearly normally distributed, however, large residuals are found to occur
more frequently than would be predicted by a normal distribution (see
table with Figure 4).

D. Detection Threshold for Red Hill Monitor Net

The observed distribution of residuals can be used to calculate the
amount of fault slip that is required to produce a change in line length
that would be larger than expected random errors at a given confidence
level. Results are shown in Table 2 assuming that the slip is localized
to the 1966 rupture surface. We conclude that buried slip with a moment
equal to 25% of the 1966 earthquake would produce a line length change on
Park-Red Hill that occurs randomly only 3.2% of the time.

Table 2: Detection Threshold for Red Hill Monitor Net

Park - Red Hill Cotton - Red Hill
20 (8Y%) 30 (96.8%) 20 (89%) 30 (96.8%)

Minimum Detectable
Slip on 1966 Rupture 14 21 38 57
Surface (cm)

Equ1va%gnt Moment
(x10%° ayne-cm) 0.75 1.1 2.0 3.0

E. Determination of Interseismic Slip Distribution on the San Andreas
Fault

Two models of the distribution of interseismic slip on the Parkfield
section of the San Andreas fault have been proposed in the literature.

In the first model, (Lindh and Boore, 1Y81) the 1966 rupture surface,’

extending from 3 to 8-10 km depth, is locked between earthquakes. In
this model the observed surface creep extends only to the top of the
locked zone (~3 km). In the second model (Slawson and Savage, 1983) the
surface creep rates were extrapolated through the seismogenic zone. Both
models assume approximately 30 mm/yr below the 1966 rupture zone (10-

12 km depth) and rigid block motion at a comparable rate northwest of

Middle Mountain.

We have inverted the interseismic trilateration data for the distri-
bution of average fault slip-rate. The data consists of averayge rate of
line length change for all lines with four or more measurements (the 31
heavy lines in Figure 5). The slip rate at the surface is chosen to be
consistant with creepmeter alinement array, and small-aperature trilater-
ation data (Figure 6). Slip northwest of Middle Mountain is assumed to

10¢
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accumulate at 25 mm/yr from the surface to a depth of 14 km. Below 14 km
the slip rate is taken to be 30 mm/yr everywhere.

Figure 7 illustrates our "starting model". The slip distribution is
one that both satisfies the constraints and in some sense minimizes the
slip-rate gyradient. Figure 8 shows an "improved model", which satisfies
the previous constraints and fits the trilateration data in a least
squares sense. Comparing Figures 7 and 8 it is clear that the line-
length data require low interseismic slip rates in the 1966 rupture zone.
To this extent the data favor the locked rupture zone model as opposed to
models involving significant amounts of bunied interseismic slip.

LEVELING DATA

A 51-km-long network of leveling lines has been resurveyed period-
ically since 1979. The network is well located to measure the vertical
deformation that accompanies strike slip displacement during Parkfield
earthquakes. Since 1984 we have concentrated on measurement of potential
pre-seismic deformation in the vicinity of the 1934 and 1966 epicenters.
A 10-km-long line oriented perpendicular to the San Andreas fault at the
town of Parkfield has been surveyed four times since 1980 (Park 1 on
Figure 9). Two new lines in the vicinity| of Middle Mountain, totalling
32 km in length, were monumented and surveyed in April 1984 and were
resurveyed in March 1985 (Park 2A and 2B in Figure Y). A 24-km-lony line
running parallel to the San Andreas between Parkfield and Cholame, and a
17-km-long line oriented perpendicular to [the fault at Cholame have not
been resurveyed since 1983.

Profiles of the Park 1 leveling route topoyraphy and elevation
change for the period 1980 to 1985 are shown in Figure 10. The data show
a marginal down to the west tilt, however, this is only marginally signi-
ficant given the expected random errors for the line (dashed envelope on
Figure 10).
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APPENDIX A. 8.
Two-Color Laser Strain Monitoring in the Parkfield Region

R. 0. Burford and L. E. Slater



TWO-COLOR LASER STRAIN MONITORING in the PARKFIELD REGION

R.O. Burford

Office of Earthquakes, Volcanoes, and Engineering
U.S. Geological Survey
Menlo Park, California 94025.

and

L.E. Slater

CIRES, University of Colorado
Boulder, Colorado 80309

The Parkfield 2-color laser strain-monitoring system consilst,s of a central observatory facility
at Car Hill, 1.4 km SSE of Parkfield, surrounded at present by 20 reflector sites at ranges between
1.5 and 9.2 km (Figure 1). The Car Hill observatory houses the 2-color laser transmitter/receiver
plus its supporting electronics and a small computer, whereas the reflector sites consist only of
passive telescope devices. The 2-color laser instrument uses mixed red (helium-neon, 6329A) and
blue (helium-cadmium, 4416A) laser sources, each modulated at a frequency of about 3 gigahertz,
to measure distance variations to each reflector within a particular modulation wavelength (~ 5
cm peak-to-peak, round-trip basis). The path-integrated differential effect of atmos<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>