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Jovestigatjons

(1) Compile as complete as possible a set of slip zates for major
faults in Califoraia.

(2) Compare the historical seismicity oa each of these faults with
activity zates which are aeeded to maintain the alip rate.

(3) Determine 4f this information will be wseful for predicting earth-
Quakes.

!GC!!!!

Geological slip rates have been compiled for 69 faults in the state
of California, United States of America. Furthermore, bdounds on the
instruventally zecorded occurrence zrate of earthquakes ia the wicinity
of esch of these faults and additional]l observational parameters have
also been compiled, including fault lenpgth, and instrumentally observed
sazizun magnitude on the fault and seismic slip zate.

Bssed on these dats, several zelationships have been investigated.
The ,maxipum oObserved magnitude N on each fault but ope is dounded by
= 4 (log L + 3.29), where L is the total length of the fault and the
rcluiionchip s @erived from the scaling of Scholz (1982). Attentiorn
Bas been paid to the ratio R of observed occurrence rate of events to
the rate predicted from the seismic slip rate. MNost of the observations
shov R between 0.1 and 10, but several cases of R as small as 0.01 have
been observed. On those faults which have apparently seen a 1000 year
earthquake during the period of instrumental observations, R is adbout 10
st 81) magnituvdes, implying that sftershocks are sufficient to assure
that the Gutenberg-Richter =zxelationship between the logarithms of
occurrence rates and magnitude bholds st szall magnitudes when occurrence
zates are averaged over 8 complete selsmic cycle involving long periods
of quiescence. Thus currently Quiescent faults, such as segments of the
Sasn Andreas fault, are not evidence for the failure of the Gutenberg-
Ricbter relationship on individuasl faults.

The zatio R was also 4dnvestigated a8s & possidble predictor for
earthquakes, but it does not appesr to be particularly good. In partic-
wlar, the criteria R > 1 appears to have a missed forecast gate of about
75%, and a false forecast zate of about 90%. Hovever, detailed study
witk better constrained slip rates might eventually allow this criterion
to belp with the eartbquake prediction problem on some faults.



A study Ras been made OB the theoretieal distridtutions of seismi-
eity which will generate a given slip zate. This study (Anderson and
Luco, 1983) extends the methods of Anderseon (1979) to amother form for
the distribution ocurve of the ammber of earthquakes at sack magnitude,
and investigates the sensitivity of seisaicity estimates to the estimate
for wmazimum sagnituds. It also explozes ways in which point observa-
tions of historical seismicity such as those of Sieh (1978) at Pallett
Czeok osn be 4dnterpreted. ©Ope dnterpretation of the Pallett Creek
earthquake sequeace could imply that the distridution ©f magnitudes
gecorded in the zecord is consistent with a log 3 = a =~ Bl distridution
os used by Anderson (1979), but with a very lov b-valus mot distinguish-
adble from zero.

Although mot zequired for the eompletion of this eontract, s study
was made on how to use precursor observatioma te obtain predictions.
Anderson (1982) treats, in s statistical manner, the clsss of geophysi-
cal observations that sometimes are precursors to a large earthquake,
but at other times occur apparently unrelated to asy earthquskes in time
or apace. Each such observation is handled by associating it with the
i1szgest ensning eartbquake in a dofinite time and spatial window; then
the prodadbility that " the observation is uvseful is estimated from the
difference between this extreme valus distridution amd the Ilong-term
average eoxtreme value distridution for the same region. 7This probabil-
ity thst the precursor is msefun] can then be incorporated into ecalculs-
tions of the revised probadility of an eartbquake following observation
of one (a trivial case) or several unreliadble precursors to derive the
gevised prodability of a significant earthquske. The model takes full
account of the magnitude distridution of earthquakes and of discrete
Jevels of precursor observations. The United States earthquake predic—
tion program is still many years from being able to obdtain tbe full
benefits of the model. Howvever, the model spggests vseful statistics
~%1-% ate wensram 2hould gather on uanreliable proecursors.
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Appendix 1

COMPARISON OF INSTRUMENTALLY RECORDED SEISMICITY IN CALIFORNIA
YITB PREDICTIONS BASED ON GEOLOGICAL SLIP RATES

Joba G. Anderson
Institute of Geophysics and Planetary Physics,
Scripps Ipstitution of Oceanmography, (A02S)
University of California, $an Diego
La Jolla, California, 92093

Abstract

Geological slip xates have been compiled for 69 faults in the state
of Californis, United States of America. Furthermore, bounds on the
instrunentally recorded occurrence rate of esarthquakes in the wicinity
of each of these faunlts and additional observational parameters bave
also been compiled, including fault length, and instrumentally observed
maxipum magnitude on the fault and seismic slip rate.

Based on these data, several relationships have been investigated.
The ‘nuximum observed magnitude N on esach fault but onme is bounded by
K= 3 (log L + 3.29), where L is the total length of the faunlt and the
relationship is derived from the scaling of Scholz (1982). Attention
Bas been paid to the ratio R of observed occurrence rate of events to
the rate predicted from the seismic slip rate. Most of the observations
shov R between 0.1 and 10, but several cases of R as small as 0.01 bave
beer observed. On those faults which bave apparently seen a 1000 year
sarthquake during the period of instrumental observations, R is about 10
at all magnitudes, 4{mplying that aftershocks are sufficient to assure
that the Gutenberg-Riclter relationship between the 1logarithms of
occurrence rates and magnitode bolds at small magnitudes when occurrence
rates are averaged over a complete seismic cycle involving long periods
of quiescence. Thus currently quiescent fsults, such as segments of the
San Andreas fsult, are not evidence for the failure of the Gutenberg-
Richter relationship on individual faults.

The ratio R was slso Investigated as a possidle predictor for
sarthquakes, but it does not appear to be particularly good. In partic-
slaz, the criteria R > 1 appears to have a2 missed forecast rate of about
75%, and a false forecast rate of about 90%. However, detailed study
with better constrsined slip rates might eventually allow this criterion
to Belp with the earthquake prediction problem on some fanlts,

Introduction
It is wel] established that the slip rate ov a fault is correlated

with the averasge occurrence <xate of Jerge earthquakes on the fault.
Brune (1968) and Davies and Brume (1971) establisbhed this on a worldwide
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basis. Anderson (1979) and Molnar (1979) have shown how slip rates can
_be inverted to constrain occurrence relations. Anderson and Luco (1982)
Bave generalized that procedure to sevezral occurrence relations. Asder

son (1979), Greonsfelder ot 31., (1980), and Doser and Bmith (1982) have
used slip zates to study regional seismicity.

While the method vorks well on a regional to global scale, imspec-
tion of results by Anderson (1979) indicate that for individual faults,
geological and instrumental seismicity often differ considerably. This
should come as 2o surprise, for the duration of fnstrumental zecords is
short compared to the repeat times of large esrtbquakes om many faults.
One <zeasozable Akypothesis would be that on faults with long recurreace
times, the instrumental seismicity should be 1larger than geological
seismicity if a major earthquake has occurred, and smsller is it has not
occurred. There would be mno discrepancy oaly when the observation
period compares with or exceeds the grecurrence interval.

The possibility that the discrepancy is systematic l1ike that raises
several guestions, also. One possibility would be that the ratio of low
level seismicity to theory is predictadle, or can be dounded, bdased on
the slip rate, even in the interval between major earthquakes. If this
vege provea, it could have an fmportant effect by allowing bounds on the
usually poorly defined inputs to seismic risk analysis. Another useful
observation would be if this discrepancy were some function of the part
of the seismicity cycle on the fault, and thus could be nsed in s
predictive capacity.

This paper uvndertakes to investigate the discrepancy between geo—
logical snd instrumental seismicity on a fault by fault basis in Cali-
fornia. The region is excellent for such a study, as detailed earth-
quake catalogs exist and as there is a wealth of geological data per—
tsining to slip rates on many major faults,

Geologicsl Slip Rates

There are now several compilations of estimates for the geological
slip =rate on the major favlts of Californis, These include Anderson
(1979), Berd (1979), Voodward-Clyde Consultants (1979), Eguchi et al.
(1979), and Bird (1982)., Slip rate estirzates for a few additionmal
faults are presented in Table 1. Table 2 1ists the slip rate bouvnds and
best eostizates for many of the important feults in Cslifornis, as given
in esach of the adove compilations.

Inspection of Table 2 shows that there 4s general agreement of
these sources for faults with a large slip rate., Ve note, however, that
these are secondary sources, and the consistency may result oaly from
consulting the same primary sources. In general, for faults with
smaller slip rates, the consistency is mot as good. Also, for strike-
slip faults, the scatter in estimeates tends to be Jower than for thrust
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Appendizx I

or normal faults. The estimates given by lgﬁchi 2t 8l. (1979), dased on
“expert opinion”, cannot be verified by mormal sciemtific procedures and
are therefore given less weight than other estimates during further gtu-
dies. A supbjective "best” estimate, and ressonabdle bounds on the slip
zates of each fault was culled from Table 2, and is 1isted in Table 4.

Instrumental Seismicity

Instrumental occurrence rates have been determined in quadrilateral
sreas surrounding each of 72 faults. Figure 1 shows sn index map which
locates each of the eight regions in California considered. Figure 2
A-H show these eoight <regions, major faults, and quadrilateral boun-
daries. Figure 3 A-B repeat these rogions and shov the instrumental
epicenters for N ) 4. Table 3 lists the quadrilateral cormer coordi-
nates for each of the faults shown on Figures 2 or 8.

Quadrilaterals were drawvn on the Fault Map of California (Jennings,
1975) without spccific reference to the seismicity maps. Some attempt
was made to avoid overlapping regions whesze that was reasonmable. In the
Transverse Ranges (Map 3), that became impossible without causing the
zone to be excessively narrow, and there, in particulsr, the zones over—
lap consideradly. After the gones vere defined in this manper, boun-
daries vere adjusted only to incorporate any significant earthquakes
which were initially excluded. On Figures 2 and 3, mames followed by an
asterisk were motivated by some geographical factor other than the fault
name 4tself on Jennings (1975), as the fault is unnamed on Jennings
(1975).

Barthquake epicenters were read from the EDIS (Earthquake Data
Information Service) data tape (Neyers and Von Hake, 1976) complete
througk Decembdber 1979. Output of each seismicity search included a plot
of cumnlative moment versus time, and a plot from which occurrence rates
were messured. The cumulative moment was ‘ifiif? by assigning to each

earthquake of magnitude !L a moment Ib = 10 .

The procedure for the dotermination of occurrence rates deserves
some wmore detailed explanation. It is assumed that one does not have a
fundamental basis for selection of the appropriate time interval to
determine the aversge occurrence rate but that the most recent data s
most 1ikely to give complete coverage of a given magnitude interval.
One expects that the time interval is variable between magnitude classes
on any individual fault. Furthermore, it is concluded that zeasonsble
upper and Jlower bounds on the occurrence rate would be an appropriste
way to characterize the occurrence rates for the purposes of this study.
Therefore, vwhen earthquakes satisfied the location criteris, they were
sorted into magnitude classes (3.0 < M ¢ 3.99, 4.0 < M < 4.99, etc.) and
the nunber of events per year in each magnitvde class was counted. Then
a sequence of averages, Ak' was formed: ‘1 based on the most recent one
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year of data, based on ths most recent tv; years of data, ..., and
based on the most recent k years of data. The plots from which earth-
quake occurrence ~rates are calculated shov log as a functios of log

k. These plots were used to choose upper and lower bounds On fnstrumen-
tal occurrence rates.

It was found that these plots, giving average rate voersus duration
of average, take one of five typical shapes. These are illustrated in
Figure 4. Shape 1 represents a fairly well-defined average occurrence
gate resulting from stable seismicity and good instrumental coverage.
The average occurrence rate usuzlly is determined to within a factor of
less than 2, regardless of hov long the interval which is averaged is
chosen to dbe.

Shape 2 occurs for low occurrence rates, when two or more earth-
quakes bhave occurred. The bounds one obtains are wider or marrower
depending on when the earthquakes occurred. This shaspe is recognized
when the earthqQuakes are widely separated in time, so that the bounds
correspond to averages over lopg time periods, as in Figure 4. VWhen the
earthquakes occurred close together in time, 8 different charscteristic
shape (usually 5) appeared.

Shape 3, showa in Figure 4, <zgescits from a recent increase in
sctivity which is small (less than a factor of about 5), resslting in an
asymptotic decay toward earlier levels. A lower bound on the activity
zate i3 usnally easily selected, but the upper bound is amdiguous. This
shape can result from expanding instrumental coverage, as well as the
case in which the higher activity rates derived from the shorter aver—
ages may represent lonmg~term trends. The upper bound was sometimes
chosen by selection of a time interval which caused s relative mazimum
at other magnitude levels. Shape 4 results when an earthquake early in
the record causes very high sctivity, but subsequent rates have been
lower. In FRigure 4, a relatively well-detefmined average, in the wmost
recent years gives the impression that aftershocks of the major event
may be over. In other cases, a stable average cannot be recognized
because aftershocks are continuing. The upper bound depends on the time
the main shock occurred. This shape gives pno 4nformation about the
occurrence rates prior to the main shock.

Shape S results when all the earthquakes occurred st nearly the
same time (often there is only ome). In this case additional assump-
tions are needed to define the lower bound (we usuvally took 50 or 100
years, depending on magnitude level), while the upper bound depends on
when the earthquake occurred, snd probably Overestimates the occurrence
rate.

Table 4 1ists on s fault by fault basis, the occurrence rate bounds
and the type of curve which the eartbquskes caused to define these
bounds. The complete set of occurrence rate plots, and the
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interpretations, are shown in Appendix 3.3,

There are several additional observations which are 1isted in Table
4. The seismic slip rate is dorived by smming ‘izggog -gnents of his-

torical events, using the assumed moment .D = 10 for events
with magnitude (Banks and Kanmamori, 1979). The moment is assumed to
bo released in a fault length, L, given, and a fauvlt width of 10 km.
The time interval T {s the duration used in this average, with all
intervals ending December 1979. The largest magnitnde 4§n this time
joterval 1is also 1listed. From the faunlt length, snd the assumption
»/L = 1.25 x 10> (Scholz, 1982; Anderson and Luco, 1983), s theoretical
saxizum moment wes derjved, and converted to the theoretical maximum
sagnitude by the relation given above. The maximum magnitudes in Table
4 aometimes differ from this estimate for faults wkich required more
than one guadrilateral to carry out the search. The empirical b-walue
was desived from a plot of the bounds on seismicity rates against magni-
tude and a visuval fit through the data. Rigorous estimates of the b-
values (eg. Knopoff ot al., 1982) would necessarily include the eosti-
mates in Table 4 within formal error limits.

Characteristics of Observed Occurrence Rates

Figure 5 illustrates bow the estimated upper and lower bounds on
occurrence rates which are given iz Table 4 compare. MNany of the points
show an upper bound equal to adbout twice the 1lower bound, but wpper
tounds of ten times the lower bound 055 seen in a few cases. The
observed occurrence rates are all between 10 ©“ anéd 30 events/year, or
about 3.5 orders of magnitude. Obviously, larger occurrence rates would
occur if larger regicns had been chosen. The lower limit is simply a
result of the short seismicity cntalgi and not a physical property.
¥here the rate is in reality less than 10 “/year either there were o
events and the estimate is zero,_or there were events, and the rate
becores estimated at greater than 10 /yeaz.

Figure 6 shows incremental occurrence grates (nx)on sach fault for
magnitude intervals above N = 4 plotted as a function of the occurrence
rates for events in the magnitude range 3.0 ( M £ 3.99. For this plot,
the upper bound om occurrence rates iz each ranmge has been employed.
This figure shows, in a compact format, the same information as a
Gutenburg-type plot of occurrence rate against magnitode. On this fig-
ure, data from each fault :ppeni on a.!gﬁtictl line. If each of these
data sets obeyed the law log n” = 10 » with the same b-value on each
fault, then all points would fall on disgonal lines with slope 13 the
separation would be determined by the b-value. Such 1ines are shown for
b =0.83, and desta cluster dn the vicinity of these predictions.
Becaugse o©of the difficulty involved in measuring small occurrence rates
with a 50 year time sample, data in the upper right half of this plot
are more seliable than data in the lower—left half of the plot. The
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choice of b = 0.83 is estimated by a visual fitting procedure to these
more relisble data.

Characteristics of Maximuem Magnitude

Figure 7 compares the totasl fault length and the maxizum observed
magnitode for each entry to Table 4. In addition, a theoretical rela-
tionship of magnitude and rupture length from Anderson and Luco (1983)
Bss been plotted. This relationship,

log Le= 0.75" - 3029 »

wheze L is the rupture length in kilometers, was derived on the assump-
tion that the ratio of th:snvo:age slip (v) to the rupture length is a
constant equal to 1.25 x 10 ~ (Scholz, 1982), that the rupture width is
constant (v = 10 lei !ﬂd that the seismic moment is related to the mag-
nitude by M, = 10 *“" (Banks and Kansmori, 1979). The one datum to
the zright of this curve is the 1952 Kern County eartbquake on the White .
Wolf fault. For thrust earthquakes, the ratio ',Li is typically grester
than for strike slip events (Scholz, 1982), and for this particular
gvent, based ogspa:nmeter: compiled by Papageorgion and Aki, (1982),
w/L < 8-6 x 10 °. Furthermorse, the fault width, 20 km, exceeds the
assumed 10 km width which vas used to prepare the theoretical curve.
Finally, the surface wave magnitude, ¥ = 7.7, for this event exceeds
best estirates of the moment magnitude, N = 7.3 to 7.5, based on moment
estimates compiled by Papsgeorgiou and Aki (1982), For strike-slip Cal-
{fornja earthquakes, it appcars that as yet there are no known excep-
tions to the dound shown in Figure 7.

Figure 8 conmpares the megnitvde of the maximum observed earthguake
and the seismic slip rate each fault 4in Table 4. As expected, the two
parameters are correlated. This correlation results because the largest
earthquakes are the ones which ceuse most of the slip., Scatter is
introduced by the different fault lengths and to some extent by the dis-
tridution of smaller earthquakes on each fault.

_Figore 9 shows the maxinun observed magnitude plotted against the
best estimate of geological slip rate. Woodward Clyde Consultants
(1979) have previously prepared such a plot, for strike-slip faults
worldwide. Based on sn assumed occurrence-rate relationship, Anderson
and Loco (1982) have derived a theoreticcl =zelationship between these
two parameters also, as s function of the average recurrence time of the
paximum magnitude event. We note that these theoretical curves assume a
particular shape of the occurrence rate relationship near the maximum
magnitude earthquake, but that alternative shapes yield similar predic-
tions (Anderson and Luco, 1982). Figure 9 shows six events which
apparently bhave recurrence times of 1000 years of wmore. Thege six
fauvlts are designated as follows on Table 4: White Wolf, Newport-
Inglewood, Stampede, Honey Lake Valley, Homey Lske, snd Genoa. VWe note
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that for a 69 fault data set and about 100 years of seismic history,
dopending on the fault, six observations of a 1000 year event on the
fault 4s about what one would oxpect.

At the small magnitude cxtreme, 12 faults, or 20%, appesr below the
10-year contour on Figure 9. These 12 faults are designated as follows
oa Table 4: San Andreas 2,5,6, and 73 Garlock East, Garlock Vest,
Cucamonga, Oakridge, Rose Canyon, Raymond, Big Pime, San Juan. In addi-
tion Santa Nonica and Santa Susana are on the borderline of this group.
Formally this oaly means that £f the maximum earthquake onm the fault
were the maximum observed, then earthquakes of this size would have to
occur more frequently, and in some cases significantly more frequently,
than once every 10 years to achieve the slip rate which has been desig-
nated. Therefore, one cannot make a statistical infereace, based on
this figure, that faults in this group have had unusuvally low activity
and are statistically due for a larger carthquake. However, Figure 8
shovs st most under 2 magnitude units of scatter at a given seismic slip
zate, while Figure 9 shows typically 3 to 4 magnitude units of scatter.
Because the geological and seismic slip rates must be the same over a
sufficiently long observation period, it is reasomadle to infer that the
data at frequeat recurrence contours in Figure 4 do not represent gitua-
tions din which large slip rates are achieved by frequent small earth-
quakes, but rather situations in which large oarthquakes bave =mot bdeen
recorded in the ssrthquake catalog.

To estadlish whether the maximum observed earthguake is nunusually
small, a d@ifferent type of procedure is peeded. This is pursued in
Tadble 4 which gives a theoretical estimate for the mecan expected
gecurrence time of the largest observed earthquake op each fault, T(Ho).
These estimates are based on Eq. I1.9 of Anderson and Luco (1983) and
incorporate the value of .-ax which has been assumed on Table 4, One
third of the faults have an expected <recurrence time of the 1largest
observed earthquake being less than 10 years; seven of these recunrrence
times (105 of all faults) are estimated to be less than two years, and
three of these (4% of all faults) are estirated to be less than one
year. One would not expect such large fractions of the total data to
appear 4{n these categories 1f earthquakes were randomly distriboted iz
time. However, it is reasonadble to explain these fractions by a ten
dency for earthquakes to occur in aftershock sequences 05 swarms during
sctive periods on a fault, Those faults on which the T(N' ) is less than
one year are designated Ssn Joan, San Andreas S5, and Big Pine on Table
4: those with T(N ) between one yesr and two years are the Hayward, Oak-
ridge, Raymond, and Rose Canyon faults,

Comparison of Observed and Predicted Occurrence Rates

Predicted occurrence rates of earthquekes 4dn magnitude intezrvals
3.0 to 3.99, 4.0 to 4.99, etc. were derived by expressions in Anderson
and Luco (1982), wsing occurrence relation Nz(N). with the bD-valve and
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| ax for each fault as listed in Table 4. Appendix I-2 contains plots of
ogsetved and predicted occurzence rates, 8s s function of the magnitude
zange, for each of the faults which is listed in Tadle 4. To account
for the uncertsinty, these plots show expected occurrence rates for the
sazimum and minisum estimate of slip rate, and for oestimates of N of
0.5 units lsrger or smaller thsn those given dn Tadle 4. Occurrence
zates which oorrespond to the best estimates appear as larger symbols.
These comparisons are summarized ia Figures 10 to 14. The error bars on
predicted rates on these figures correspond to the range of slip rates
in Tsble 4; the error bsrs on observed rstes span the range between max-
izuz and minimum estimates. The diagonmal solid line across each figure
shows equality of the rstes, and the dashed lines show discrepancies of
41 and 42 orders of magnitvde. Figure 10 shows data from all faults;
Figure 11 showvs deta from some of the faults which bave had s 1000 year
earthquake, Figure 12 shows data from faults which appear below the cor-
tour on Figure 9, and Figures 13 and 14 show results broken down accord-
ing to the regional meps.

Figore 10, which contains the entire set of data, shows that in the
vast majority of cases, the observed occurrence rates are vithin a fac-
tor of 10 of the predicted rates. MNost exceptions to this fall in the
range where observations are smaller than the prediction by a factor of
10 to 100. Incomplete recording at the magnitude 3 to 4 level probadly
contributes to some of these low data points.

Figure 11 compares the observed and predicted occurrence rates for
the Newport-Inglewood fault and the VWhite Wolf fsult. The observed
occurrence rates on these tvo faults are about ten times Jarger than the
rate predicted from the slip rate. Data for four other faults wkich
bave apparently had tbeir 1000 year earthquake (designated Stampede,
Boney Lake Valley, Boney Lake, and Genoa) have been left off from Figure
11. Y¥hen these data are plotted on Figure 11, they overlie the trend
defined by the Newport-Inglewood snd White Wolf faults., These data have
been left of f because the slip rates are rather poorly constrained. For
thke White Wolf fault and the Newport-Inglewood fault, the slip rates sre
vell constrained, and the conclusion is that the earthquakes represent
gelatively rare occurrences vhick happened to occor during the observa-
tional time period.

Averaged over about a 50-year time period, the average occorreance
rate on the Newport-Inglewood and White Wolf faults is about ten times
that predicted from the slip rates. Therefore, if all small earthquakes
on these two faults were to cease for the next 500 years, the average
occurrence rates from the current 350-year interval, dncluding aft-
ershocks would bde consistent with the occurrence rate as estimated from
the slip rate. Considering that low 1level activity may continue onm
these faults, or that additional segments may rupture during cycles of
duration ~ 10° years, it appears reasonmable to anticipate that anm aver
age of 10  years will yield average occurrence rates which are
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consistent with the ostimated slip rate. The low oOccurrence gate on
faults betveen main shocks has boen cited by Wesnousky gt a]. (1983) as
evidence that the Gutenberg-Rickter occurrence rate curve does sot apply
to en individual fauvlt. Figure 11, on the contrary, indicates that the
aftershocks of major earthguakes are sufficient to eliminate the deficit
which is soon during the lov activity periods of the seismic eycle.

Figure 12 shows the faults which aze below the 10-yoar earthquake
contour op Figure 9, and . does mot show the complementary picture of
observations all being less than the observed occurrence <gates. There
are three faunlts, Sap Andreas 6, Garlock East, and Garlock West which
have more earthquakes than predicted by the theory. Considering that
these faults are considered on Figure 12 becavse they bave not bhad large
earthquaskes, this observation would seem to econtradict the conclusion
which was roached in conjunction with Figure 11. The more 1ikely oxple-
nation is that the ostimated b-values do mot apply to complete cycles of
seismicity. Figore 12 uses b = .46 for San Andreas 6, b = .50 for Gar-
lock East, and b = .52 for Garlock Vest. These b-values, while
motivated by observations, are quite lov. A larger b-value can probably
be expected from a main shock and 4ts aftershocks ©On each of these
faults, and can reasonadbly be expected to elimimate the discrepancy.

Figures 13 a-h show this comparison for each of the sub-regions

which have been considered, and allow error bars on each datum to be
displayed.

Application to earthquake prediction

It is conceivable that the comparison o©f occurrence rates vwith
rates predicted from geological slip rate may yileld information which is
vsefol to earthquake prediction. For this purpose, occurrence rates
were ozxamined wuwp to the year prior to the occurrence of each of the
sarthquakes in California with magnitude greater than 6.0. Eleven
faults zxepresenting fifteen oarthgquakes show emough prior seismicity to
establish these prior occurrence rates: BHosgri, Pleito-VWhite VWolf,
Sierra Madre, San Andreas 9, 8San Andreas 10, Inperial, San Jacinto,
Sicrra Nevada-Owens Valley, Bilton Creek, Stampede, snd Mannix. It is
convenient to define R(M) as the ratio of the observed occurrence rate
at magnitude M to the occurrence rate at magnitude M which is predicted
from the slip zate. On four of the above-named faults R(M) > 1 for M
less than 5, on the others R(M) (1. The faults with Jow observed
occurrence rates indicate that 4f R(N) > 1 (M ¢ 5) is used as an earth-
quake predictox, there wonld be a significant rate of missed forecasts
(about 75%), at least O0n & survey level such as this.

The fauvlts with high occurrence rates relative to the slip rate
estimates are San Andreas 10, Stampede, Sierra Nevada-Owcnsg Valley, and
Bilton. If a bigh rate of earthquakes relative to the slip rate eosti-
mate, 4n the absence of an aftershock sequence, could be used as &
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precursor for even 25% of the esrthquakes in Californis, this wounld be a
Relpful observation for the esrthquake prediction prodlem. Therefore,
an effort was made to determine which fsults, at the eond of Decembder
1979, Bad occurrence =zates et the magnitude 3 to $S level which were
Jarger than expected from the slip rate estimates. Of the 69 on Figure
10, 26 (sbont 40%) fsl] into this cstegory. In 1980 or 1981, only one
of these fanlts (Bilton Creek) had earthquakes with N ) 6. Abount 30 to
80 pezcent of the high ratios can be attributed to previous aftershock
sequences. The Bilton Creek fsult showed 4ncressing seismicity (type
3), bSut seven other fsults did slso. Consequently, R(M) > 1, if it can
be regarded as s predictor, is likely to have a lIsrge =rste of false
alarms (greater than 90%) on a time scale of one or two years. This
conclugion is wesk, primarily becamse of the Jarge wuncertainties which
sre present in the data.

Conclusions

This paper has compared observed occurrence rates of earthguakes in
the vwvicinity of active fanlts in Californis, United States of America,
with occurrence rates which have been estimated from slip rates on these
fanlts., The obsecrved occurrence rstes seem to be bounded, bdetween ome
order of megnitude larger than predicted to two orders of magnitude
smaller than predicted. Most of the cbserved rates are within one order
of magnitude of the predicted rates. There are dmportsat, bdut uncer
tain, parameters which enter to affect the estimate of occurrence rates
from the slip rate: the maxioum moment earthquake, the b-value, snd the
slip rate itself. However, relstively well-constrained datz: from some
of the faults suggest that the scatter sbont the predicted occurrence
rste is a real phenomenon for observed rates averaged for s 50-year time
interval. No c2ses heve sppeared in which a linear relationship between
ragoitude snd the Iogarithm of occurrence rate is seriomsly inadequate.

There are now several studies of the seismic hazard in whickh s3lip
rates o©or strain rstes sre converted to esrthquake occurrence rates with
methods similar to those which have been employed by this study (eg.
Campbell, 1977; Anderson, 1979; Papastamation, 1980; Greensfelder et
2l., 1980; Doser snd Smith, 1982; snd Wesnousky, 1982). Figure 10 indi-
cates that such seismic hazard studies may arrive st expected earthquake
fecurrence rates up to a factor of 10 different from comparable studies
which wuse instrumentally recorded sarthquakes ss a basis for the input.
VWe note from Tables 2 and 4 that the subjective uncertainty in the slip
zate on the favlt is considerably smaller than a multiplication factor
of 10 +1. Campbell (1977) has employed a procedure in which the geo-
Jogical estimate 4s used ss a prior model in s Bayesian procedure, and
observed earthquakes are nsed ss supplementary data to update the prior
wodel. The updated model tends to yield risk estimates which are inter-
mediate between the slip-rate based estimate and the historical seismi-
city based estimate. Ip view of the results of this paper, it is not
unlikely that the updated occurrence rates obtained by the Bayesian
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procedure will be inconsistent with extreme estimates of the slip rate
based on geological observations.

One interesting result is that on faults where 8 1000 year earth-
quake has occurred, the observed average occurrence zates, over 50
years, at all magnitudes are about 10 times the =zstes predicted frow
slip rate. Therefore, thess faults can undergo 500 years of quieacencs,
sfter which the observed zate would agree with the prediction. It
wonld, bhowever, be premature to use & statistical conclusion such as
this as justification for assuming that these faults may be meglected in
ssismic bhazard assessments o©of structures with shorter lifetimes. Ian
particular, these earthguakes bDhave not slways szuptnred the entire
lengths of the fault, Furthermore, not enough is known to justify an
assumption that a fault is strained at a constant zate in time,

An sttempt has been made to determine 4f a high level of smmall
sartbguake occurreace relative to the slip rate oestimates is helpful for
the prodlem of predicting earthquakes. Preliminary results azre
discouraging, 4n that they imply that this indicator masy be present
before only a smell]l fraction of the earthquakes (~ 25%), and that the
presence of this indicator may have s large false alarm rate (~ 90%).
However, 4t may be valuable to consider different ways of detormining
the average occurremce <gates, in conjunction with better estadlished
slip rates as these become availadle. Furthermore, it is possidble that
this dindicator could be bhelpful in the foture at faults where it has
been valid in the past.
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spendix 1

Table 1 - Supplemental slip rate estimates.

leference Fauvlt/Region Offset Dir.t Age Rate manm/yr
laylor and Hilton Cresk 11l k= N 0.72-2 .Smy* 0.44-1.57
3ryant (1980)
15 a 10,000-60,000y 0.25-1.50
Bartley Springs 300 » N 0.Tmy® 0.43
(June Lake) 15 a 0.2my 0.075
10 a 0.1my 0.10
Sa 650y 1.
Slemmons et al., Donner Summit area compilation 0.10-0,24
(1979) (Stampede) of geology 4.5~9.2
geodetic N
Carson Pass - comp. of 0.06-0.16
Sonora Pass area geology
Bryant (1979) Honey Lake %‘2’229 gzhet N t}gﬂwglggggg‘ >0.06
st sl
St. Amsnds and Sierra Nevada 3000- N 2my 0.45-0.76
Roquemore (1979) $000 £t
Sylvester and Sants Yae:z 1.6-3.0 L 38-53my 0.030-0.079
Darrow (1979) (E. of Lake Cachuma) 11-14 km LL $8-53my 0.21-0.37
35 k= L 26-38my 0.92-1.35
: 60 k= LL 20-26my 2.3-3.0
¥ehmiller et al. Ventura = Saata E 1-6
(1979) Barbara coast
Yeats (1977) Oskridge Normal 3.3-7.6
Sharpe (1981) San Jacinto. 5.7-8.6 km RL 0.73my 8-12
(Anza)

sAges based on chronology of Bateman and Wahrhaftig (1966).

espAdditional estimates in this.

"4Direction

N = norrxal

RL = right lateral
LL = Jeft latezal

T = thrust
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TABLE 3
COORDINATES OF CORNERS OF ZONES USED FOR SEISMICITY SEARCHES
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Appendix I

Figure 1. Map of Cealifornia showing boundaries of detailed maps for
‘ regions 1 to 8.
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Figure 2. a) Faults and boundaries of seismicity searches for region 1.
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Figure 2, c) Faults and boundaries of seismicity searches for region 3.
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Figure 2. e) Faults and boundaries of seismicity searches
for region 5.
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Figure 2. f) Faults and boundaries of seismicity searches for region 6.
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Figure 2. g) Faults and boundaries of seismicity searches for region 7.
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b

Figure 3. a) Epicenters and boundaries
of seismicity searches for
regions 1 to 4.
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Appendix I

Figure 3. b) Epicenters and boundaries of selsmicity searches for regions 5 to 8.
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Figure 4. Characteristic shapes for the sequence of averages « The valve of
for a k-year duration for the sverage is the number of earthb-
qQuakes per year listed in the catalog over the most recent k years.
Bounds on the average occurrence rate are shown consistent with the
way these bounds bhave been chosen in each of the seismicity
scarches,
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Figure S. Relationship of mpper and lower bounds on occurrence rates for
811 seismicity zones listed in Table 4 and illustrated in Figure 2.
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Figure 7. Maximum observed magnitude earthquake on each fault, shown as
a function of the length of the zone as defined in Figure 2. The
"1ine is a theoretical relationship obtained based on & scaling
relationship of Scholz (1982), and with one exception, appears to
be 8 good bousd for these data.
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M—MAX (OBSERVED)
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Figure 8. Maximum observed magnitude on each fault shown as a functioa
of the slip rate on the fault due to all catslogued earthquakes,
The seismic slip rate is obtained from the catalog through an
anavmad ralatinnehin hatwoaan macnitudea and seis ic moment.
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OBSERVATION: M—MAX
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Figure 9. Maximum observed magnitude on each fault segment, shown as a

function of the best estimate of geological slip rate (Table 4),
The theorstical curves show the froquency with which a particular
magnitude earthquakes would have to recur if that magnitude were
the largoest that the fault ever bas, in order for the fault ¢to
achieve the given slip rate.

10°' 100 101 102
GEOLCGICAL SLIP RATE (MM/YR)

40



Appendix f

Figure 10. Observed occurrence rates on each fault in T

ALL FAULTS

3<M<3.99
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N
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+ ¢ 6 b 0O
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THEORY:  LOG (EVENTS/YEAR)

able 4, given as a function of the occurrence rate as predicted
Error bars have been deleted from this figure for clarity, but
are shown on subsequent similar filgures. Observed rates are plotted at the geometric mean of observed
bounds on rates. The theoretical rates are based on the best estimate of slip rate. The solid line shows
equality of the two rates, and the dashed and dotted lines show differences of one and two orders of magni-

from the slip rate, Mpax, and the b-value.
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THEORY: LOG (EVENTS/YEAR)

Figure 11. Equivalent of Figure 10, showing only data from the Newport-
Inglewood fault (solid symbols) and the White Wolf fault (open sym
bols). Error bars on observed rates show the upper and lower
bounds om ocourrence rate eostimates. Error bars oam theoretical
rates show the effects of using the minimum and maximum slip rate

estimates which are given in Table 4.
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Figure 12.
below the 10-year contour,on Figure 9,
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Equivalent of Figures 10 and 11 for those faults which are
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Figure 13. a) Equivalent of Figures 10 and 11 for region 1.
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Figure 13. b) Equivalent of Figures 10 and 11 for region 2.
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Figure 13. c) Equivalent of Figures 10 and 11 for region 3.

46



Appendix I

LOG (EVENTS/YEAR)

OBSERVATION:

MAP 4

3
0 3<M<3.99
2l & 4<M<4.99
O 5<M<5.99
© B<M<6.99
1 + 7<M<7.99

>4 -3 =2
THEORY:

-1

0

1

2

LOG (EVENTS/YEAR)

Figure 13. d) Equivalent of Figures 10 and 11 for region 4.
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Figure 13. e) Equivalent of Figures 10 and 11 for region 5.
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Figure 13. f) Equivalent of Figures 10 and 11 for region 6.
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Figure 13. g) Equivalent of Figures 10 and 11 for region 7.
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Figure 13. h) Equivalent of Figures 10 and 11 for region 8.

51



APPENDIX I-1

Plots of average occurrence rates of earthquakes
as a function of length of the time period over
which the average i1s defined. All time periods
end December 31, 1979.

Symbols correspond to the following magnitude ranges:

0O 3.0<M<3.99
A 4.0<M<4.99
O 5.0<M<5.99
Q 6.0<M<6.99
+ 7.0<M<7.99
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APPENDIX I-2

Plots of observed incremental occurrence rates of
earthquakes (solid triangle) and of predicted
occurrence rates based on the slip rates. Large
open symbols give best slip rate estimate; smaller
symbols correspond to estimates for extreme ranges
of proposed slip rates in Table 4, and to estimates
for best slip rate but with a 0.5 magnitude unit
increase or decrease in theoretical maximum magni-
tude from the values listed in Table 4.
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