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Javaatitat JOBS

(1) Compile at complete as possible A ttt of alip rates for major 
faulta in Califorala.

(2) COB pare the historical seismicity OB oach of these faults with 
sctivity rates which art aeeded to maintain the slip rate.

(3) Determine if thia iaformatioa will be useful for predicting earth- 
quake a.

Pesulta

Geological alip rataa heve beea eoepiled for  9 fault a in the atate 
of California, United Stataa of America. Forthemore, bouada OB the 
iBttruae&tally recorded occurreace rate of earthquake a ia the wieiaity 
of each of these faults aad additioaal observatioaal paraaetera have
also been compiled* including fault length, and instrumentally observed 
 aiiccm magnitude OB the fault aad aeisvic slip rata.

Baaed oa theaa data* several relationships have been investigated. 
The .maxinurn observed magnitude M OB each fault but one ia bounded by 
X   J (log L 4* 1.29), where L ia the total length of the fault and the
relationship ia derived from the acaling of Scholx (1982). Attention 
has been paid to the ratio 1 of observed occurrence rate of events to* 
the rate predicted froa the aeiaaic alip rate. Moat of the observations 
ahov E between 0.1 and 10, but aeveral ease a of E aa email aa 0.01 have 
been observed. On those faulta which have apparently seen a 1000 year 
earthquake during the period of inatruoental observations, E ia about 10 
st all magnitudes, implying that afterahocka are sufficient to assure 
that, the Gutenberg-Eichter relationship betveen the logarithms of 
occurrence ratea and aagnitude holds at email magnitudes when occurrence 
rates are averaged over a complete aeiamic cycle involving long periods 
of quiescence. Thus currently quiescent faults, such as segments of the 
Sea Andreaa fault, are act evidence for the failure of the Gutenberg- 
Eichter relationship on individual faults*

The retio E was alao investigated as a possible predictor for 
earthquakes, but it doea mot appear to be particularly good. IB partic­ 
ular, the criteria E > 1 appears to have a missed forecaat rate of about 
75%, sad a falae forecaat rata of about 90%. However, detailed study 
with better constrained alip rates might eventually allow thia criterion 
to help with the earthquake prediction problem OB some faulta.



A atady baa baa a Bade oa tat theoretical distributions of aaiaai-
 ity which will generate a given alip rttt. Tbia atady (Aadereoa and 
Laco. 1983) extends tbe aethodt of Andersen (1979) to aaotbar for* for 
tba distribution our* a of tbt aaaber of aartbqutkes it tacb asgnitude, 
tad iavestigttes tba eensitivity of aaiaaicity astiaatea to tba astiatte 
for aaiiaua aagaitada. It alao axplores way a la wbicb point obstnra- 
tioaa of biitorieal aaiaaicity aacb at tboaa of Slab (1971) at Fallatt 
Craak oaa bt iatarpratad. One iatarpratatioa of tba Fallatt Creel
 artbqaaba atqueact ooald laply tbat tba 4iatribatioa of »a|aitadtt 
rtcordtd ia tba rtcord ia ooaaiataat vitb a log a » a - bll dittribvtioa
 a attd by Aaderaoa (1979). bat witb a vary low V-?alaa act distiagaiab- 
abla froa caro.

Altboagb aot rtqolrtd for tba aoaplatioa of tbia ooatract, a ttady 
was Bade oa bow to aaa pracartor obaarratioaa to obtaia predictioas. 
Aaderaoa (1982) traata. ia a atatiatical Baaaar, tba elatt of gtophysi- 
oal obatrvatioaa tbat aoaatiaaa are pracaraora to a large aartbqaabe, 
bat at otbar tiaaa occur apparaatly aarelatad to aay aartbqaabea la tiae 
or apaea. Bacb aacb obtarratioa ia baadlad by aaaociatiag it witb tbe 
largeat tataiag aartbqaabe ia a dafiaita tiaa aad apatial windowj tben 
tbe probability tbat ' tbe observation ia aaafal ia oatiaated froo tbe 
difftrenct between tbia extract walaa cliatribatioa aad tba long-Una 
average axtrene walae diatribatioa for tba aaaa region. Tbit probabil­ 
ity tbat tbe praearaor ia aaafal oaa tbaa be iacorporatad into oalcala- 
tioaa of tba rrvited probability of aa tartbqaafce following obtenratioa 
of one (a trivial oaaa) or aaveral aaraliabla pracaraora to derive tbe 
revised probability of a aigaificaat earthquake. Tba aodel takea fall 
accoaat of tbe aagaitade diatribatioa of oartbqaakea aad of discrete 
levels of praearaor obserratioaa. Tba United Stataa earthquake predic­ 
tion prograa ia atill aany yaara froa baiag abla to obtaia tbe fall 
benefits of tba aodel. However, tba aodel aaggaata aaefal atatiatics

aboald tatbar oa unreliable pracaraora.
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Appendix I

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

John G. Andersen
Institute of Geophysics and Planetary Physics,
Scripps Institution of Oceanography, (A025)

University of California, Ssn Diego
Ls Jolla, California, 92093

Abstract

Geologicsl slip rstes hive been compiled for 69 fsnlts in the sttte 
of California, United Ststes of America. Furthermore, bounds on the 
instrumentally recorded occurrence rste of earthquakes in the vicinity 
of esch of these fsnlts and additional observational parameters have 
slso been compiled* including fsnlt length* and instrumentally observed 
maximum magnitude on the fault and seismic alip rate.

Based on these data* aeveral relationships have been investigated.
The maximum observed magnitude II on each fault but one is bounded by 
X - J (log L * 3.29). where L is the total length of the fault and the 
relationship is derived from the scaling of Scholz (1982). Attention 
has 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 
show R between 0.1 and 10* but aeveral 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 about 10 
at all magnitudes, implying that aftershocks are sufficient to assure 
that the Gutenberg-Rio} ter relationship between the logarithms of 
occurrence rates and magnitude holds at small magnitudes when occurrence 
rates are averaged over a complete seismic cycle involving long periods 
of quiescence. Thus currently quiescent faults, such as segments of the 
San Andreas fault, are not evidence for the failure of the Gutenberg- 
Richter relationship on individual faults.

The ratio R was also investigated as a possible predictor for 
earthquakes, but it does not appear to be particularly good. In partic­ 
ular, the criteria R > 1 appears to have a missed forecast rate of about 
75%, and a false forecast rate of about 90%. However, detailed study 
with better constrained slip rates might eventually allow this criterion 
to help with the earthquake prediction problem on some fsults.

Jntroduction

It is well established thst the slip rate o& a fault is correlated 
with the average occurrence rate of large earthquakes on the fault. 
Brune (1968) and Davies and Brune (1971) established this on s worldwide
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basis. Anderson (1979) and Molnar (1979) have shown mow slip rates can 
tt inverted to constrain occurrence relations. Aadersoa a&d Luco (1982) 
have generalised that procedure to aeveral occurrence relations. Ander- 
aon (1979), Greeasfelder Jill.* (1980), and Doser tad Saith (1982) have 
msed alip rates to study regional eeismicity.

While the aethod works well on a regional to global scale, iaspec- 
tion of results by Anderson (1979) indicate that for individual faults, 
geological and instrumental seisaicity often differ considerably. This 
shonld coae as no surprise, for tha duration of instrumental records is 
short compared to the repeat tiaes of large earthquakes on aany faults. 
One reasonable hypothesis wonld be that on faults with long recurrence 
tiaes, the instrnaental seisaicity shonld be larger than geological 
seismicity if a aajor earthquake has occurred, and aaaller ia it has not 
occurred. There would be no discrepancy only when the observation 
period compares with or exceeds the recurrence interval.

The possibility that the discrepancy is systematic like that raises 
seversl questions, also. One possibility wonld be that the ratio of low 
level seismicity to theory is predictable, or can be bounded, based on 
the slip rste, even in the interval between aajor earthquakes. If this 
were proves, it could have an importsnt 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 used in a 
predictive capacity.

This paper undertakes to investigate the discrepancy between geo­ 
logical and instrumental seismicity on a fault by fault basis in Cali­ 
fornia. The region is excellent for auch a study, as detailed earth­ 
quake catalogs exist and as there is a wealth of geological data per­ 
taining to slip rstes on many aajor faults. ,

Geolocictl Slip Rates

There are now several compilations of estimates for the geological 
slip rate on the major faults of California. These include Anderson 
(1979), Herd (1979), Woodward-Clyde Consultants (1979), Eguchi e_t s_l. 
(1979), and Bird (1982). Slip rate estimates for a few additional 
faults are presented in Table 1. Table 2 lists the slip rate bounds and 
best estimates for many of the important faults in California, as given 
in each of the above compilations.

Inspection of Table 2 shows that there is genersl agreement of 
these sources for faults with a large alip rate. We note, however, that 
these are secondary sources, snd the consistency aay result only from 
consulting the same primary sources. In general, for faults with 
smaller slip rates, the consistency is not as good. Also, for strike- 
slip faults, the scatter in esticetes tends to be lower than for thrust
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or normal faults. The estimates given by Eguchi j£ sj. (1979), bated on 
" xpert opinion", cannot be verified by normal acientific procednxet tad
 re therefore given lest weight than other estimates during further stu­ 
dies. A  abjective "beat" estimate, and reasonable bounds on the slip 
rates of eech faalt was called fro* Table 2. aad is listed ia Table 4.

Instrumental Seisaicitv

Instrumental occurrence rates have been deterained in quadrilateral 
areas surrounding tach of 72 faults. Figure 1 shows tn index asp which 
locates each of the tight regions in California oonsidered. Figure 2 
A-H show these eight regions, aajor fsuits, and qasdrilstersl boun­ 
daries. Figure 3 A-B repeat these regions and show the instrumental 
epicenters for Mi 4. Table S lists the quadrilateral corner coordi­ 
nates for oach of the faults shown on Figures 2 or S.

Quadrilaterals were drawn on the Fault Map of California (Jennings, 
1975) without specific reference to the seisnicity asps. Some attempt 
wss made to avoid overlapping regions where that waa reasonable. In the 
Transverse Rsnges (Nap 3), that became impossible without causing the 
tone to be excessively narrow, and there, ia particular, the zones over* 
Isp considerably. After the tones were defined ia this manner, boun­ 
daries were sdjuated only to incorporate any significant earthquakes 
which were initially excluded. On Figures 2 snd 3, names followed by en 
asterisk were motivated by some geogrsphicsl fsctor other then the fault 
name itaelf on Jen&ings (1975), es the fsult is unnamed on Jennings 
(1975).

Earthquake epicenters were resJ from the EDIS (Earthquake Data 
Information Service) dsts tspe (Neyers snd Von Hake. 1976) complete 
through December 1979. Output of each seismicity search included s plot 
of cumulative moment versus time, snd a plot from which occurrence rates
were measured. The cumulative moment was defined by assigning to each

16+1  5M.
earthquake of magnitude M, a moment M~ « 10 .

The procedure for the determination of occurrence rates deserves 
some, store detsiled explanation. It is assumed that one does not have a 
fundamental basis for selection of the appropriate time interval to 
determine the average occurrence rate but that the most recent data is
 ost likely to give complete coversge of a given magnitude interval. 
One expects that the time interval is variable between magnitude classes 
on say individusl fsult. Furthermore, it is concluded thst reasonsble 
apper snd lower bounds on the occurrence rate would be an appropriate 
way to characterise the occurrence ratea for the purposes of this study. 
Therefore, when earthquakea aatiafied the location criteria, they were 
sorted into magnitude claases (3.0 1 M < 3.99, 4.0 i M < 4.99, etc.) and 
the number of events per year in each magnitude class was counted. Then 
s sequence of averages, A.   was formed: A. based on the most recent one
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yetr of data, A^ based OB the most recent two yeara of data, . .., and A. 
bated OB the aiott recent k years of data. The plots from which earth­ 
quake occurrence rates are calculated show log A. as a f VAC t ion of log 
k. These plots were msed to ohoose mpper and lower bounds OB Instrumen­ 
tal occurrence rates.

It was found that these plots, giving average rate versus duration 
of average, take one of fivt typical shapes. These are illustrated in 
Figure 4. Shape 1 represents a fairly well-defined average occurrence 
rate resulting fron stable seismicity and good iBStrunental coverage. 
The average occurrence rate usually is determined to within a factor of 
Itss than 2, regardless of how long the interval which is averaged is 
chosen to be.

Shape 2 occurs for low occurrence rates, when two or store earth­ 
quakes have occurred. The bounds one obtains are wider or narrower 
depending on when the earthquakes occurred. This ah ape is recognized 
when the earthquakes are widely separated in tine, so that the bounds 
correspond to averages over long tine periods, as in Figure 4. When the 
earthquakes occurred close together in tine, a different characteristic 
shape (usually 5) appeared.

Shape 3, shown in Figure 4. results fron a recent increase in 
activity which is snail (less than a factor of about 5), resulting in an 
asymptotic decay toward earlier levels. A lower bound OB the activity 
rate is usually tasily selected, but the upper bound is ambiguous. 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 long- term trends. The upper bound was sometimes 
chosen by selection of a time interval which caused a relative maximum 
at other magnitude levels. Shape 4 results when an earthquake early in 
the record causes very high activity, but subsequent rates have been 
lower. In Figure 4, a relatively well-determined average, in the most 
recent years gives the impression that aftershocks of the major event 
 ay be over. IB other cases, a stsble average cannot be recognized 
because aftershocks are continuing. The upper bound depends on the time 
the main shock occurred. This shape gives BO information about the 
occurrence rates prior to the maia shock.

Shape 5 results when all the earthquakes occurred at nearly the 
same time (often there is only one). In this case additional assump­ 
tions are needed to define the lower bound (we usually took 50 or 100 
wears, depending on magnitude level), while the upper bound depends on 
when the earthquake occurred, and probably overestimates the occurrence 
rate.

Table 4 lists on a fault by fault basis, the occurrence rate bounds 
and the type of curve which the earthquakes caused to define these 
bounds. The complete aet of occurrence rate plots, and the
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interpretatioas, are shown la Appendix x-1.

There are ttveral additional observatioas vhich art liated in Table
4. The seisaic slip rate is derived by summing assumed moments of his-

llo+«L.SM| i
torical events, using the assumed aoaeat IL « 10 for treats 
with aagnitude M. (Haaks aad laaaaori. 1979). The aoment is assumed to 
be released in a fault length, L* given, and a faalt width of 10 km. 
The tine interval T is the duration ased in this average, vith all 
intervals ending December 1979. The largest siagaitade ia this time 
interval is also listed. From the faalt Itagth. tad the assumption 
a/L - 1.25 x 10* (Scholz* 1982} Aadersoa and Laco. 1983), a theoretical
 aximum moment vat derived, and eoaverted to the theoretical maximum
 agnitade by the relation given above. The asximum Magnitudes in Table 
4 sometimes differ fron this estimate for faalts vhich required more 
than one quadrilateral to carry oat the search. The empirical b-value 
vas derived fron a plot of the boaads on aeisaicity rates agaiast magni­ 
tude and a visaal fit throagh the data. Rigorous estimates of the b- 
valaes (eg. laopoff JBl ll.. 1982) voald necessarily include the esti-
 ates in Table 4 vithia formal trror limits.

Characteristics of Observed Occurrence Rates

Figure 5 illustrates how the estimated apper and lover bounds on 
occurrence rates vhich are given ia Table 4 compare. Many of the poiats 
shov an apper bound equal to aboat tviee the lover bound, but apper 
bounds of tea tines the lover bound are seen in a fev eases. The 
observed occurrence rates are all between 10 aad SO events/year, or 
about 3.5 orders of aagnitude. Obviously* larger occurrence rates vould 
occur if Isrger regions had been chosen. The lover limit is simply a 
result of the short seisaicity catalog and aot a physicsl property. 
Where the rate is in reslity less thaa 10 /year tither there vere ao
events sad the estimate is zero, or there vere events, aad the rate_2
becomes estimsted at greater than 10 /year.

Figure 6 shows incremental occurrence rates (n )on tach fault for 
magnitude intervals above M   4 plotted as a function of the occurrence 
rates for events in the asgnitude range 3.0 1 M i 3.99. For this plot, 
the upper bound on occurrence rates in each range has been employed. 
This figure shows* in a compact format* tht tame information as a 
Gutenburg-type plot of occurrence rate against aagnitude. On this fig- 
are* dsts from esch fault appear on a vertical line. If each of these 
dsta sets obeyed the Isw log a   10 » vith the same b-value on each 
fault* then all points would fall on diagonal lines vith tlope 1; the 
separstion vould be determined by the b-value. Such lines are shown for 
b - 0.83* and data cluster in the vicinity of these predictions. 
Because of the difficulty involved in measuring small occurrence rates 
vith a 50 year time sample, data in the upper right half of this plot 
are more reliable than data in the lower-left half of the plot. The

10
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choice of b   0.83 it estimated by a visual fitting procedure to tbete
 ore reliable data.

Characteristics of Maximum Mstnitude

Figure 7 compares the total fault length and the maximum observed
 agnitude for tach entry to Table 4. In addition* a theoretical rela­ 
tionship of aagnitudo and rupture length from Anderaon and Luco (1983) 
has been plotted. This relationship,

log L   0.75M - 3.29 ,

where L is the rupture length in kilonetera^ was derived on the assump­ 
tion that the ratio of the average alip (u) to the rupture length is a 
constant equal to 1.25 z 10* (Scholt, 1982), that the rupture width is 
constant (w   10 km), and that the seismic moment is related to the mag­ 
nitude by MQ - 10 * (Banks and Kananori, 1979). The one datum to 
the right of thia curve ia the 1952 Kern County, earthquake on the White 
Wolf fault. For thrust earthquakes, the ratio u/L la typically greater 
than for atrike slip tvents (Scholx, 1982), and for this particular 
£vent, based on parameters compiled by Papageorgiou and All, (1982), 
u/L ~ 3-6 z 10 . Furthermore, the fault width, 20 km, exceeds the 
aasumed 10 km width which was used to prepare the theoretical curve. 
Finally, the surface wave magnitude, N « 7.7, for this event exceeds 
best estimates of the moment magnitude, M   7.3 to 7.5, based on moment 
estimates compiled by Fspageorgiou and Aki (1982). For strike-alip Cal­ 
ifornia earthquakes, it appeara that as yet there are no known excep­ 
tions to the bound shown in Figure 7.

Figure 8 compares the magnitude of the maximum observed earthquake 
and the seismic slip rate each fault in Table 4. Aa expected, the two 
parameters are correlated. This correlation results because the largest 
earthquakes are the ones which cause Boat of the alip. Scatter is 
introduced by the different fault lengths and to some extent by the dis­ 
tribution of smaller earthquakes on each fault.

.Figure 9 shows the maxinun observed magnitude plotted against the 
best estimate of geological alip rate. Woodward Clyde Consultants 
(1979) have previously prepared such a plot, for atrike-slip faults 
worldwide. Based on an assumed occurrence-rate relationship, Aoderson 
and Luco (1982) have derived a theoretical relationship between these 
two parameters also, aa a function of the average recurrence time of the 
maximum 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 ahows six events which 
apparently have recurrence times of 1000 years of more. These six 
faults are designated aa follows on Table 4: White Wolf, Newport- 
Inglewood, Stampede, Boney Lake Valley, Honey Lake, and Genoa. We note

11
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that for m 69 fault data sat tad about 100 ytara of seismic history, 
dapeadiaf oa the fault, aiz obserrations of a 1000 year ereat oa the 
faalt ia aboat what one woald expect.

At the nail magnitude extreme, 12 faults, or 20%, appear below the 
10-year ooatoar oa Figure 9. These 12 faalta are designs ted aa follows 
oa Table 4: Saa Aadraaa 2,5,6, aad 7| Garlock Eaat, Garlock feat. 
Cacamoaga, Oakridge, lose Canyon, Raymond, Big Piae, Saa Jaaa. la addi­ 
tion Saata Monies aad Saata Saaaaa are on the borderline of this group. 
Formally this oaly »esns that if the maximum earthquake oa the faalt 
were the maximum observed, thea earthquake a of thia tixe woald have to 
occur Bora frequently, aad ia aone esses aigaificaatly more frequently, 
thaa oaca every 10 years to achieve the alip rate which has beea desig- 
aated. Therefore, oae caaaot Bake a atatiatical inference, based oa 
thia figure, that faalta ia thia group have had unusually low activity 
and are ttatiatically due for a larger earthquake. However, Figure 8 
ahowa at Boat aader 2 magnitude aaita of acatter at a givea aeiemic alip 
rate* while Figure 9 ahowa typically 3 to 4 magnitude aaita of acatter. 
Becauae the geological aad eeianic alip ratea must be the aame over a 
aufficiently loag observation period, it la reaaoaable to iafer that the 
data at frequent recurrence contours ia Figare 4 do aot represeat situa­ 
tions in which large slip ratea are achieved by frequeat email earth­ 
quake a, but rather situations ia which large earthquakes have aot been 
recorded ia the earthquake catalog.

To eatabliah whether the maximum observed earthquake ia unusually 
email, a different type of procedure ia aeeded. Thia ia pursued ia 
Table 4 which gives a theoretical eatimate for the Beau expected 
recurrence time of the largeat observed earthquake oa each fault, T(M ). 
These eatimatea are baaed oa Eq. II.9 of Aaderaoa aad Luco (1983) and 
incorporate the value of II which haa been assumed on Table 4. Oae 
third of the faults have aa expected recurrence time of the largeat 
observed earthquake being leaa thaa 10 years; aevea of these recurrence 
times (10% of all faulta) are estimated to be leaa thaa two years, and 
three of theae (4% of all fanlta) are estimated to be less thaa oae 
year. One would not expect auch large fractions of the total data to 
appear ia these categoriea if earthquakea were randomly distributed ia 
time. However, it ia reasoaable to explaia theae fractioas by a ten­ 
dency for earthquakea tc> occur in aftershock sequences or swarms during 
active periods oa a fault. Those faulta on which the T(H ) is less thaa 
oae year are designated Saa Juan, Saa Andreaa 5, aad Big Piae oa Table 
4; those with T(N ) between oae year and two yeara are the Hayward, Oak- 
ridge, Raymond, and Rose Canyon faalta.

Copparisoa of Observed and Predicted Occurrence Ratea

Predicted occurrence ratea of earthquskee ia magnitude intervale 
3.0 to 3.99, 4.0 to 4.99, etc. were derived by expressions in Anderson 
and Luco (1982), asing occurreace relation N_(M), with the b-value and

12
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M for each fault as listed in Table 4. Appendix 1-2 contain* plots of 
observed and predicted occurrence rates, as a function of tbe magnitude 
range, for oacb of the faults which is listed in Table 4. To account 
for tbe uncertainty, these plots show expected occurrence rates for the 
maximum and minimum estimate of alip rate, and for estimates of M of 
0.5 unit* larger or nailer than those given in Table 4. Occurrence 
rates which correspond to tbe best estimates appear as larger symbol*. 
These oonparisons are summarized in Figures 10 to 14. The error bars on 
predicted rates on these figures correspond to the range of slip rates 
in Table 4; the error bars on observed rates apan the range between Max­ 
imum and minimum estimates. The diagonal solid line across each figure 
shows equality of the rates, and the dashed lines show discrepancies of 
±1 and +2 orders of magnitude. Figure 10 ahows data from all faults; 
Figure 11 shows data from some of the faults which have had a 1000 year 
earthquake. Figure 12 shows data from faults which appear below the con­ 
tour on Figure 9, and Figures 13 and 14 show results broken down accord­ 
ing to the regional map*.

     ».
Figure 10, which contains the entire aet of data, shows that in the 

wast majority of eases, the observed occurrence rates are within a fac­ 
tor of 10 of the predicted rates. Most exception* 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 S to 4 level probably 
contributes to some of these low data points.

Figure 11 compares the observed and predicted occurrence rates for 
the Newport-Inglewood fault and the White Wolf fault. The observed 
occurrence rates on these two faults are about ten times larger than the 
rate predicted from the slip rate. Data for four other faults which 
have apparently had their 1000 year earthquake (designated Stampede, 
Honey Lake Valley, Honey Lake, and Genoa) have been left off from Figure 
11. When these data are plotted on Figure 11, they overlie the . trend 
defined by the Nevport-Inglewood and White Wolf faults. These data have 
been left off because the slip rates are rather poorly constrained. For 
the White Wolf fault and the Newport-Inglewood fault, the slip rates are 
well constrained, and the conclusion is that the earthquakes represent 
relatively rare occurrences which happened to occur during the observa­ 
tional time period.

Averaged over about a 50-year time period, the average occurrence 
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 50-year interval, including aft­ 
ershocks would be consistent with the occurrence rate as estimated from 
the slip rate. Considering that low level activity may continue on 
these faults, or that additional segments may rupture during cycles of 
duration ~ 10 years, it appears reasonable to anticipate that an aver­ 
age of 10 years will yield average occurrence rates which are
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consistent with the estimated slip rate. The lev occurrence rite on 
faults between main shocks has been cited by Yesnousky f| ej.. (1983) as 
 Tidenee thst the Gutenberg-sUchter occurrence rate curve does mot apply 
to an individual fanlt. Figure 11. en the contrary* Indicates that the 
aftershocks of aiajor earthquakes are tnfficient to eliminate the deficit 
which is seen during the lew activity periods of the seismic cycle.

Figure 12 shows the fanlts which are below the 10-year earthquake 
contour en Figure 9, and does mot show the complementary picture of 
observations all being lass than the observed occurrence rates. There 
are three fanlts. San Andreas 6, Oarlock East, and Garlock West which 
have more earthquakes than predicted by the theory. Considering that 
these faults are considered en Figure 12 because they have not had large 
earthquakes, this observation would seen to contradict the conclusion 
which was resched in conjunction with Figure 11. The more likely expla­ 
nation is that the estimated b-Tslues do not apply to complete cycles of 
seismicity. Figure 12 uses b   .46 for San Andreas 6. b   .50 for Gar- 
lock East, and b - .52 for Garlock leat. These b-values, while 
motivated by observations* are quite low. A larger b-value can probably 
be expected from a main ahock and its aftershocks en tach of these 
faults, and can reasonably be expected to eliminate 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 conceivsble thst the comparison of occurrence rates with 
rstes predicted from geological slip rate may yield information which is 
useful to earthquake prediction. For this purpose, occurrence rates 
were examined up to the year prior to the occurrence of each of the 
earthquakes in California with magnitude greater than 6.0. Eleven 
faults representing fifteen earthquakes show enough prior seismicity to 
establish these prior occurrence rates: Hosgri. Pleito-White Wolf, 
Sierra Madre, San Andreas 9. San Andreas 10. lope rial, San Jacinto, 
Sierra Nevada-Ovens Valley, Hilton Creek, Stampede, and llannix. It is 
convenient to define R(N) as the ratio of the observed occurrence rate 
at magnitude N to the occurrence rate at msgnitude M which ia predicted 
from the alip rate. On four of the above-named faults R(H) > 1 for N 
less thsn 5. on the others K(M) < 1. The fanlts with low observed 
occurrence rstes indicate that if R(M) > 1 (M < 5) is used as an earth­ 
quake predictor, there would be a significant rste of missed forecasts 
(about 75%). at least on a survey level such as thia.

The fanlts with high occurrence rstes relative to the slip rate 
estimates are San Andreas 10. Stampede, Sierra Nevada-Ovens Valley, and 
Hilton. If a high rate of earthquakes relative to the slip rate esti­ 
mate. In the absence of an aftershock sequence, could be used as a

14
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precursor for oven 25* of the earthquakes is California, this would be a 
helpful observation for the earthquake prediction problem. Therefore* 
an effort was Bade to determine which faults, at the and of December 
1979. had occurrence rates at the magnitude S to S lerel which were 
larger than expected from the alip rate estimates. Of the  9 on Figure 
10* 26 (about 40%) fall into thia category. In 1980 or 1981. only one 
Of theae fanlta (Hilton Creek) had earthquakes with M i 6. About 90 to 
50 percent of the high ratioa can be attributed to previous aftershock 
sequences. The Hilton Creek fsnlt showed incressing seiamicity (type 
9). bnt seven other faults did also. Consequently. KM) > 1. if it can 
be regarded as s predictor, is likely to have a large rste of falae 
alerms (greater than 90%) on s time scale of one or two yeara. This 
conclusion is weak, primarily becanae of the large uncertainties which 
are present in the data.

Conclusions

This paper has compared observed occurrence rates of earthquakes in 
the vicinity of active faults in California. United States of America, 
with occurrence rates which have been estimated from slip rates on these 
fanlta. The observed occurrence rates seem to be bounded, between one 
order of msgnitnde Isrger than predicted to two orders of magnitude 
smaller than predicted. Most of the observed rates are within one order 
of magnitude of the predicted rates. There are important, but uncer­ 
tain, parameters which enter to affect the astimste of occurrence ratea 
from the slip rate: the maximum moment earthquake, the b-value, and the 
alip rate itself. However, relatively well-constrained data from some 
of the faults suggest that the scatter about the predicted occurrence 
rate is a real phenomenon for observed rates averaged for a 50-year time 
interval. No cases have appeared in which a linear relationship between 
magnitude and the logarithm of occurrence rate is seriously inadequate.

There are now several studies of the seismic hazard in which slip 
rates or strain rates are converted to earthquake occurrence rates with 
methods similar to those which have been employed by thia atudy (eg. 
Campbell, 1977; Anderson. 1979; Papaatamation, 1980; Greensfelder et 
al.. 1980i Doaer and Smith, 1982i and Yesnousky. 1982). Figure 10 indi­ 
cates that such seismic hazard studies may arrive at expected earthquake 
recurrence rates up to a factor of 10 different from comparable studies 
which use instrumentally recorded earthquakes as a basis for the input. 
Ye note from Tsbles 2 and 4 that the aubjective uncertainty in the slip 
rate on the fault ia considerably smaller than a multiplication factor 
of 10 ±1. Campbell (1977) has employed a procedure in which the geo­ 
logical estimate is used as a prior model in a Bayesian procedure, and 
observed earthquakes are used as supplementary data to update the prior 
model. The updated model tends to yield risk estimates which are inter­ 
mediate between the slip-rate based estimate and the historical seismi- 
city based tstimate. In 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 obserrations.

One interesting result is tbat on faults where a 1000 year earth­ 
quake has occurred, the observed average occurrence rates, over 50 
years, at all magnitudes are about 10 times the rates predicted from
 lip rate. Therefore, these faults oan undergo 500 years of quiescence* 
after which the observed rate would agree with the prediction. It 
would, however, be premature to use a statistical conclusion such as 
this as justification for assuming that these faults may be neglected in
 eismic hazard assessments of structures with ahorter lifetimes. In 
particular, these earthquakes have not always ruptured the entire 
lengths of the fault. Furthermore, not enough is known to justify an 
assumption that a fault is strained at a constant rate in time.

An attempt has been made to determine if a high level of small 
earthquake occurrence relative to the slip rate estimates is helpful for 
the problem of predicting earthquakes. Preliminary results are 
discouraging, in that they imply that this indicator may be present 
before only a small fraction of the earthquakes (- 25%), and that the 
presence of this indicator may have a large false alarm rate (~ 90%). 
However, it may be valuable to consider different ways of determining 
the average occurrence rates, in conjunction with better established
 lip rates as these become available. Furthermore, it is possible that 
this indicator could be helpful in the future at faults where it has 
been valid in the past.

ftctnovledements

This research was supported by the United States Geological Survey 
Contract No. 14-08-0001-19766.

16



Appendix I

Reference*

Andersoa, 1.6. (1979). Estimating the seismicity froa geological struc­ 
ture for seisaic-risk studies. Boll. Seism. Soc. Aff  » 69. 195-158.

Aadersoa, 1.6. tad 7.E. Luco (1983). Consequences of flip rate ooa- 
straints OB earthquake occurrecce relations. Bull. Seism. Soc. Aa.. 
in press* April.

Batemaa, P.C. tad C. lahrhaftig (1966). Geology of the Sierra Nevada, 
ia Geology £f Northera California. Bull, 190, Calif. Div. of Mine* 
and Geology, 107-172.

Bird, P. (1982). Einenatics of present crust tad aantle flow ia south­ 
ern California, Geol. Soc. o_f ^m. Boll, (in press).

Broae (1968). Seismic moment, seisaicity. and rate of slip along major 
fault zones, £. Geophvs. Res.. 73. 777-784.

Bryaat, W.A. (1979). Earthquakes Bear Honey Lake, Lessen County, Cali­ 
fornia, California Geology. May 1979, 106-109.

Campbell, K.I. (1977). The use of seiamotectonics la the Bayesiaa esti­ 
vation of seismic risk, Kept. No. DCLA-ENG-7744, School of Bag. and 
Applied Sciences, Univ. of California, Los Angeles.

Davies, G.F. and J.N. Brune (1971). Regional tad global fault slip 
rates from seismicity. Nature. 229. 101-107.

Doser, D. and R.B. Smith (1982). Seismic moment rates ia the Utah 
region, pull Seism. Soc. Am.. 72. 597-614.

Durrel, C. (1966). Tertiary and Quaternary geology of the northern 
Sierra Nevada, ia Geology of Northern California. Bull. 190, Calif. 
Div. of Mines and Geology, 185-197.

Eguchi, R.T., K.I. Campbell, aad J.H. liggias (1979). A survey of 
expert opinion on active and potentially active faults ia Califor­ 
nia. Nevada, Arizona, and northern Baja California, Technical 
Report No. 79*1328-2, J.H. liggias Co., Redoado Beach, Calif.

Ellsvorth, V.L., A.G. Lindh, W.H. Prescott and D.G. Herd (1981). The 
1906 Saa Francisco earthquake and the seismic cycle, in Earthquake 
prediction; fin International Review.

Greensfelder, R., F.C. Kintzer, and II.R. Summerville (19SO). Seismotec­ 
tonic regionalization of the Great Basia, and comparison of moment 
rates computed from Holocene straia and historic seismicity, in

17



Appendix I

Proc. of Coaf. X, Earthquake lizards aloag the Waaatch tad Sitrra 
Nevada Froatal Fault Zoaee, Open File teport 80-801, U.S. Oeol. 
Survey, Mtalo Park, Calif.. 533-493.

Banks, T. aad H. Kenamori (1979). A moment aagnitude scale, X* Ceophvs. 
! «.. M. 2348-2350.

Herd, D.G. (1979). Neotectonlc framework of central coastal California 
aad its implications to aUcrozoaatioa of the Saa Fraacisco Bay 
region, ia Brabb, E.E. (editor)* Progress oa seismic zoaatioa ia 
the San Francisco Bay region, U.S. Oeol. Surrey Circalar 807, 3-12.

Kaopoff, L. T.T. lagan, and E. Kaopoff (1982). b-values for foreshocks 
and aftershocks ia real and simulated earthquake sequences, Bull. 
Seism. Soc. jm.. J2. 1663-1676.

Myers, B. aad C.A. VoaBake (1976). Earthquake Data File Summary. 
National Geophysical end Solar-Terrestrial Data Center, Boulder, 
Co.

Molnar, P.£.(1979). Earthquake recurrence intervals aad plate tecton­ 
ics. Bull. Seism. Soc. An.. ££, 115-133.

Papistanatiou, D. (1980). Incorporation of erasttl deformation to 
seismic hazard analysis. Bull. Seism. Soc. Am.. 70. 1321-1335.

Papageorgioa, A.S. aad I. Aki (1982). A specific barrier model for the 
quantitative descriptioa of iahomogeaoas faulting aad the predic­ 
tion of strong grouad motion II. Description of the model, 
Proceediags of Workshop XVI, The Dynamic Characteristics of Fault­ 
ing Inferred from Recordings of Stroag Grouad Motion, Opea File 
Report 82-591, U.S. Geol. Survey, Menlo Park, Calif., 311-352.

Sharp, R.V. (1981). Variable Rates of late Quaternary strike alip on 
the Saa Jaciato fault zoae, southera California, £  Geophys. Res., 
fi* 1754-1762.

Slemmoas, D.B., D. Vaa former, E.J. Bell, aad M.L. Silberman (1979). 
Recent crustal movements in the Sierra Nevada - Walker Lake region 
of California - Nevada. Part I, Rate aad style of deformation, 
Jcctonophysics. 52. 561-570.

Sylvester, A.G. and A.C. Darrow (1979). Structure and aeotectoaics of 
the western Santa Inez fault system ia southera California, Tecto- 
aophysica. 52. 389-405.

Taylor, G.C. and W.A. Bryaat (1980). Surface rupture associated with 
the Mammoth Lakes earthquakes of 25 and 27 May 1980, ia Mammoth

18



Appeadiz I

Lakes. California earthquakes of May 1980. Special laport ISO, 
Calif. Diy. of Miaaa and Otology. 49-67.

Weber, G.E., I.E. Lajoie, aad J.P. Wehailler 41979). Quataraary craetal 
dtforaatioa aloag a aajor braacb of tba Saa Aadraaa fault ia cea- 
tral California, Tectoaophyaica. &,, I78-J79.

Waanoaaki, 8.6. (1982). Craatal dtfor«atioa and earthquake risk in 
Japan, Pb.D. Tbaaia, Colvabia Uniyaraity, Nev York.

feaaoaaki, S.G., C.E. Scbolz, C. Sbinaxaki. aad T. Mataada (1983). 
Earthquake frequency dittributioa and tba aechanict of faulting 
(preprint).

Woodward-Clyde Coaaaltanta (1979). Report of tbe evaluttioa of  azisam 
earthquake and site ground motion parameters aaaoeiated with tbe 
offabore zoae of defornatioa San Oaofre Nuclear Geaerating Station, 
prepared for Soatbera California Ediaon, Eoaesead, California. 
1754-1762.

19



spendix I.

Table 1 - Supplemental slip rate estiaates.

teference

Fay lor aad
Jrytnt (1980)

Slemmons et al.
(1979)

Bryant (1979)

St. Amands and
Requestor e (1979)

Sylvester and
Barrow (1979)

Vehmiller H .al.
(1979)
Teats (1977)
Sharpe (1981)

.

Fault/Region

Hilt on Creek

Hartley Spriags
(June Lake)

Donner Summit area
(Stampede)

Carson Pass -
Soaora Peas area
Honey Lake

Sierra Nevada

Santa Taez
(E. of Lake Cachuaa)

Venture - Santa
Barbara coast
Oakridge
San Jaciato
(Anza)

Offaet

1.1 am

15  
300  
15  
10  

5  
compilation
of geology
geodetic
COB p. of
geology
>2000 ft 
total offaet

3000-
5000 ft

1.6-3.0
11-14 km
35 km
60 fan

5.7-8.6 fan

Dir.1

N

N

N

N

N

LL
LL
LL
LL
T

Normal
XL

Age

0.72-2 .Say*

10. 000-60, OOOy
0.7ay*
0.2my
O.lmy
650y

10 BY upper 
froB Slemmons

et al.

38-53my
38-53&y
26-3 8ny
20-26vy

1-6

0.73vy

Rate am/yr

0.44-1.57

0.25-1.50
0.43
0.075
0.10
7.7
0.10-0.24
4.5-9.2

0.06-0.16

>0.06

0.45-0.76

0.030-0.079
0.21-0.37
0.92-1.35
2 .3-3 .0

3 .3-7 .6
8-12

 Ages based on chronology of Bateman and lanrnaftig (1966).

  Additional estimates la this.

^Direction

N * normal 
EL « right lateral 
LL - left lateral 
T « thrust
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TABLE 2 

GEOLOGICAL SLIP RATES (MM/YEAR) OBTAINED FROM SEVERAL COMPILATIONS

NAME
  ANDERSON   HERD -WIGGINS- *+WOOO.CLYDE** .....BIRO.....     NEW- 
MIN MAX BEST MIN MAX MIN MAX BEST MIN MAX MOOL MIN MAX

MAP 1
SAN ANDREAS I
SAN ANDREAS 2
PALO COLORADO - SAN GREGORIO
HEALDSBURG - ROGERS CREEK
HAYWARD
GREEN VALLEY - CALAVERAS
CALAVERAS - HAYWARD

6.00 23.0 10.0 10.0
7.50
7.50
7.50
15.0

30.0 30.0 50.0 20.0 20.0 20.0
20.0 30.0 50.0

9.00 16.0 16.0 16.0

5.00 7.50 6.00
6.00 8.00 6.00
5.00 15.0 12.0

MAP 2
SAN ANDREAS 3
SAN ANDREAS 4
HOSGRI
RINCONADA
ORTIGALITA
SAN JUAN

MAP 3
SAN ANDREAS 5
SAN ANDREAS 6
SAN ANDREAS 7
PLEITO - WHITE WOLF
OZENA
PINE MOUNTAIN
BIG PINE
SANTA YNEZ
ARROYO PARRIDA
OAKRIDGE
SANTA BARBARA CHANNEL
SANTA CRUZ ISLAND
SANTA SUSANA
SIERRA MADRE
CUCAMONGA
MALIBU COAST
SANTA MONICA
RAYMOND

MAP 4
SAN ANDREAS 8
SAN ANDREAS 9
SAN AN.DREAS \S3
IMPERIAL
SAN JACINTO ZONE
ELSINORE
PINTO MOUNTAIN
BLUE CUT

MAP 5
SURPRISE VALLEY
LIKELY
HONEY LAKE VALLEY
HONEY LAKE
STAMPEDE RESERVOIR

MAP 6
DEATH VALLEY
PANAMINT VALLEY
SIERRA NEVADA - OWENS VALLEY
MONO LAKE REGION
JUNE LAKE REGION
HILTON CREEK REGION
TOPAZ *
GENOA *

29.0
32. S
6.00
3.00

34.0

34.0
3.40

1.013

0.05
0.20

1.20
8.00
8.00

0.13
0.13

40.0
2.50
0.60
0.30

0.50
1.00
0.40

35.0
40.0
23.0
3.00

40.0

60.0
0.40

2.00

0.05
0.50

1.20
24.0
24.0

0.15
0.17

40.0
26.0
4.00
2.00

1 .00
2.00
4.00

37.0
37.0
10.0
3.00

37.0
37.0
37.0
0.40

2.00
2.00
0.05
0.30

1.20
8.00
8.00
0. 15
0.15
0.15

15.0
15.0
15.0
15.0
20.0
1.00
1.00

1.00
1.50
4.10

20.0 30.0
37.0 20.0
10.0 0.30

37.0 20.0
20.0
20.0
0.40

2.00

8.00
.010

.013

10.0
10.0
30.0
40.0
1.00
0.40

0.10
0.10

.010

.010
0.10
0.10

0.15

50.0
40.0 34.0
16.0

1.00

0.75

40.0 3.00
40.0
40.0
10.0

2.00 2.10

8.00
10.0

.013

40.0
40.0 20.0
30.0
40.0
20.0 1.80
1.00 1.80

2.00
1.00

5.00
10.0

0.10

5.00
0.50
1.00

5.00

41.0 37.0 21
2.

2.00 1.50 2.

2.50 1.60

52.0 37.0 34

17
3.

2.70 2.40 1.
0.

1.

0.
0.

0.
0.

17

.3
00
40

.0

.0
00

40
SB

00

70
70

18
12

.0
25.0 25.0 10.8

21

12.0 8.00 18
7.10 2.30 9.
4.00 3.00 5.
2.50 1.80 0.

3.
1.
0.

.0

.0
80
30
00

70
00
30

40
26
12

40

42
8.

0.

13

3.
3.

1 .
0.

36
48
43

9.

0.

5.
2.
1.

.0

.0

.0

.3

.0
50

30

.0

00
00

00
24

.0

.0

.0

00

00

70
00
40

36
16
2.

36
42
43
7.

2.
0.

11
12
4.
17
17
17
1;
1.
1.

22
22
22
22
34
1.
6.

4.
2.
0.
0.
0.
0.

.0

.0
50

.0

.0

.0
00

00
00 .030 3.0*

.0 3.30 7.60

.0
00
.0
.0
.0
50
00
70

.g

.0

.0

.0

.0
00
00

0.06   **

0.10 0.24

00
00
40
40
40 .075 7.70
40 0.25 1.57

.060 0.16 0.12

.060 0.16 0.12

MAP 7
GARLOCK WEST
GARLOCK EAST
BICYCLE LAKE *
DRINKWATER LAKE *
MANN IX
LUDLOW
PISGAH - BULLION
BLACKWATER
CALICO
HARPER
CAMP ROCK - EMERSON
LOCKHART
LENWOOD
HELENDALE
THRUST UNNAMED

4.00 9.00 8.00
4.00 9.00 8.00

1.50 5.00 2.00

0.60 2.40 1.00

0.60 1.20 1.00
0.90 2.50 1.50
0.90 2.50 1.50
0.50 1.70 1.00

0.80 8.00 3.40 12.9 8.00 5.40 5.40 7.00
0.80 8.00 3.40 12.9 8.00 5.40 5.40 5.00

1.00

MAP 8
NEWPORT-INGLEWOOD
OFFSHORE ZONE OF DEFORMATION
ROSE CANYON
PALOS VERDES
SAN CLEMENTE

.013

.013
.013
.013

1.20 
3.00 
1.00 
0.80 
1.80

1.10
0.50
1.00
2.00

1 
3 
5 
0 
5
1
1
1
5
4

.50 

.75

.00 

.90 

.00

.00

.30

.50

.00

.00

1 
3

0 
3

1
1

3

.35 

.40

.85 

.40

.20

.00

.00

0.

0.
0.

0.

80

50
10

10

0.

0.

70

70

2.00

0.30 0.60 0.60

1.00 2.00 1.50
0.70 0.70 0.70

0.30 1.00 0.38 0.68 0.50 0.40 0.80 0.S0 
0.30 1.00 0.90 
ff.30 1.00 1.00 2.20 0.90 
0.50 1.00 0.30 0.60 0.80

1.50
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TABLE 3 

COORDINATES OF CORNERS OF ZONES USED FOR SEISMICITY SEARCHES

SAN ANDREAS 1
SAN ANDREAS 2
SAN ANDREAS 3
SAN ANDRCAS 4
PALO COLORADO-SAN 6RE60RIO
HOSGR1
RINCONADA
HEALDSBURG - ROGERS CREEK
HAYUARD
CALAVERAS - GREEN VALLEY
CALAVERAS - HAYWARO
ORTIGALITA
SAN JUAN
SAN ANDREAS 5
SAN ANOREAS 6
SAN ANDREAS 7
WHITE WOLF AND PLEITO
OZENA
PINE MOUNTAIN
BIG PINE
SANTA YNEZ
ARROYO PARIDA - SAN CAYATANO
OAKRIOGE
SANTA CRUZ ISLAND
SANTA SUSANA
SIERRA MADRE
CUCAMONGA
MALIBU COAST
SAMA BARBARA CHANNEL
SANTA MONICA
RAYMOND
SAN ANDREAS 8
SAN ANDREAS 9
SAN ANDREAS 1*
IMPERIAL
SAN OACINTO
ELSINORE
PINTO MOUNTAIN
SLUT CUT
SURPRISE VALLEY
LKEUY
HONEY LAKE VALLEY
HONEY LAKE
STAMPEDE RESERVOIR
DEATH VALLEY
PANAMINT VALLEY
SIERRA NEVADA AND OWENS VALLEY
MONO LAKE
OUNE LAKE
HILTON
TOPAZ
GENOA
GARLOCK WEST
GARLOCK EAST
BICYCLE LAKE
DRINKWATER LAKE
MANNIX
LUDLOW
PISGAH
BLACKWATER
CALICO
HARPER
CAMP ROCK
LOCKHART
LENWOOD
KELENDALE
MOOAVE
NEWPORT-INGLEWOOO
OFFSHORE ZONE OF DEFORMATION
ROSE CANYON
PALOS VERDES
SAN CLEMENTE

CORNER 1
LAT

37.68
37.05
36.37
35.65
36.35
34.69
35.14
37.96
37.38
37.44
36.82
36.59
35.68
35.79
34.99
34.90
35.50
35.12
34.65
34.83
34.66
34.51
34.45
34.20
34.48
34.48
34.35
34.19
34.32
34.18
34.18
34.34
33.99
33.43
32.97
34.20
34.05
34.20
33.99
41.00
40.71
39.78
39.68
39,06
35.46
35.52
34.97
37.81
37.56
36.79
38.84
38.43
35.60
35.65
35.41
35.52
35.14
35.03
34.95
35.51
35.16
35.43
34.88
35.31
34.81
34.93
34.52
34.05
33.71
33.10
33.99
33.30

LONG
-123
-122
-121
-120
-122
-1Z0
-120
-122
-121
-121
-121
-120
-120
-120
-119
-118
-118
-119
-118
-119
-118
-118
-118
-120
-118
-118
-118
-118
-120
-118
-118
-117
-116
-115
-115
-117
-117
-115
-116
-120
-120
-119
-119
-120
-116
-117
-118
-119
-119
-I IB
-119
-119
-117
-116
-116
-117
-116
-116
-116
-117
-116
-117
-116
-117
-116
-117
-117
-118
-117
-117
-118
-118

.17

.14

.13

.31

.11

.76

.53

.57

.95

.84

.41

.97

.26

.1?

.30

.85

.40

.94

.82

.11

.82

.78

.78

.11

.47

.47

.00

.56

. 13

.29

. 15

.41

.35

.61

.36

.35

.70

.82

.35

.15

.27

.84

.98

.15

.59

.14

.12

.24

.04

.41

.44

.89

.66

.17

.89

.11

.26

.16

.45

.31

.87

.56

.84

.71

.94

.42

.36

.27

.79

.22

.47

.61

CORNER 2
LAT
39.83
37.90
37.11
36.37
37.82
36.35
36.71
38.79
37.99
38.23
37.38
37.12
35.17
34.99
34.90
34.39
35.31
34.75
34.52
34.74
34.48
34.42
34.37
34.11
34.24
34.35
34.24
33.97
34.39
34.05
34.10
33.99
33.44
32.97
32.47
32.87
32.65
33.99
33.99
42.00
41.54
40.50
40.31
39.22
38.03
37.11
37.89
38.28
37.81
37.56
38.34
39.01
35.35
35.53
35.35
35.52
35.03
34.41
34.15
35.16
34.18
34. B9
34.18
34.81
34.20
34.19
34.45
33.68
33.11
32.56
33.44
32.46

LONG
-124
-122
-122
-121
-122
-122
-121
-123
-122
-122
-121
-121
-119
-119
-118
-117
-118
-119
-118
-118
-118
-118
-118
-119
-118
-118
-117
-118
-119
-118
-117
-116
-115
-115
-114
-US
-115
-115
-115
-120
-121
-120
-120
-120
-118
-118
-118
-119
-119
-119
-119
-119
-117
-116
-116
-116
-116
-115
-115
-116
-116
-116
-116
-116
-116
-116
-116
-117
-117
-116
-117
-117

.66

.68

.03

.13

.87

.11

.96

.12

.54

.32

.95

.31

.86

.30

.85

.37

.22

.21

.75

.92

.70

.78

.78

.33

.51

.00

.55

.47

.34

.24

.97

.34

.61

.36

.98

.58

.71

.65

.29

.50

.28

.56

.80

.42

.43

.23

.60

.62

.24

.04

.29

.99

.60

.17

.24

.24

.18

.65

.78

.89

.02

.84

.08

.94

.29

.50

.54

.85

.22

.95

.89

.63

CORNER 3
LAT

40
37
37
36
37
36
36
38
38
38
37
37
35
34
34
34
34
34
34
34
34
34
34
33
34
34
34
33
34
34
34
33
33
32
32
32
32
33
33
42
41
40
40
39
36
37
37
38
37
37
38
39
34
35
35
35
34
34
34
35
34
34
34
34
34
34
34
33
33
32
33
32

.10

.99

.22

.52

.90

.49

.86

.36

.16

.36

.50

.21

.04

.81

.73

.21

.85

.69

.61

.55

.46

.35

.18

.86

.31

.11

.11

.97

.11

.00

.05

.81

.30

.95

.37

.73

.49

.99

.80

.00

.76

.60

.50

.69

.94

.11

.89

.37

.96

.74

.29

.03

.78

.35

.24

.35

.88

.30

.18

.07

.18

.81

.20

.68

.19

.20

.20

.56

.01

.52

.31

.24

LONG
-123
-122
-121
-120
-122
-121
-121
-122
-122
-122
-121
-121
-120
-119
-118
-117
-119
-119
-119
-119
-120
-120
-119
-119
-118
-118
-117
-119
-119
-118
-1 18
-116
-115
-115
-115
-115
-115
-11G
-115
-120
-120
-120
-120
-120
-116
-117
-118
-119
-118
-118
-119
-119
-118
-117
-116
-116
-116
-115
-116
-117
-116
-116
-116
-117
-116
-116
-116
-U8
-117
-117
-118
-117

.89

.53

.80

.94

.68

.75

.70

.93

.27

.03

.64

.06

.07

.47

.94

.57

.03

.53

.47

.74

.33

.00

.25

.35

.77

.02

.38

.34

.34

.48

.24

.54

.86

.67

.27

.75

.91

.34

.29

.00

.97

.44

.56

.09

.88

.76

.34

.16

.84

.68

.59

.75

.65

.60

.24

.24

.63

.90

.02

.06

.08

.92

.30

.11

.50

.78

.43

.01

.49

.24

.04

.89

CORNER 4
LAT

37.96
37.22
36.52
35.80
36.48
34.91
35.31
38.17
37.44
37.50
36.88
36.72
35.63
35.61
34.81
34.73
34.95
34.99
34.68
34.71
34.63
34.47
34.31
33.98
34.56
34.24
34.09
34.21
34.20
34.19
34. 18
34.24
33.82
33.31
32.95
34.10
34.05
34.14
33.80
41.00
40.86
39.99
39.78
39.59
35.58
35.52
35.16
37.96
37.74
37.62
33.80
38.45
34.85
35.60
35.27
35.42
35.01
34.95
34.88
35.42
35.07
35.31
34.81
35.24
34.68
34.84
34.28
33.99
33.56
33.01
33.92
33.10

LONG
-122.57
- 1 2 1 . B8
-120.94
-120.13
-121.78
-120.29
-120.24
-122.26
-121.84
-121.64
-121.27
-120.73
-120.43
-120.34
-119.47
-118.94
-119.34
-120.15
-119.22
-119.78
-120.33
-120.00
-119.30
-120.13
-118.78
- 1 1 8 . 50
-11B.02
-119.34
-120.13
-118.55
-118.29
-117,. 52
-116*53
-115.86
-115.67
-117.57
-118.15
-116.80
-116.10
-120.00
-120.02
-119.58
-119.84
-119.83
-116.06
-116.63
-117.55
-118.84
-118.68
-118.55
-119.70
-119.62
-119.03
-117.66
-116.89
-117.11
-116.74
-116.44
-116.63
-117.56
-117.04
-117.72
-116.92
-117.81
-117.11
-117. S3
-117.36
-118.48
-118.01
-117.49
-118.64
-118.87



Appendix I

TABLE 4 

COMPILATION OF GEOLOGICAL AND SEISMOLOCICAL PARAMETERS FOR SEVERAL FAULTS

NAME L TMX OMX
OBSERVED EARTHQUAKE OCCURENCE RATES *

N-3 N-4 N-3 N-6 N-7
S MtN MAX S HIN MAX S MtN HAX S MIN MAX S MIN MAX

SUP RATES
GEOLOGICAL i 

SEIS MtN MAX BEST

MAP I 
SAN ANCREAS 1 A
SAN ANO«EAS .? 
P*LO CO'.OrtAOO-SAN GRCGOP.IO
HEALDS'H'Kt;   RCnitRS CREEK
HAVUARO
GREEN VALLEY - CALAVERAS
CALAVERAS - HAYWAO

MAP a
SAN ANDREAS 3
SAN ANOR£AS 4
hOSGRl
RINCONA.DA
CRTIGAL :TA
SAN JUAN

MAP 3
SAN ANOREAS 5
SAN ANOREAS 6
SAN ANOREAS 7
PLEITO - WHITE WOLF
OZENA
PINE MOUNTAIN
BIG PINt
SANTA YN£Z
ARROYO PARRIDA
OAK.RIDGE
SANTA BARBARA CHANNEL
SANTA CRUZ ISLAND
SANTA SUSANA
SIERRA MADRE
CUCAMONGA
MALIBU COAST
SANTA MONICA
RAYMOND

MAP 4
SAN ANOREAS 8
SAN ANDREAS 9
SAN ANDREAS 10
IMPERIAL
SAN OACINTO ZONE
ELSINORS
PINTO MOUNTAIN
BLUE CUT

MA 3 5 
SURPRISE VALLEY
LIVELY
HONE* LAKE VALLEV
HONE/ LAKE
STAMPEDE P.ESE.RVOIR

MAP 6 
CEATH VALLEY
PANAMINT VALLEY
SIERRA NEVACA-O'JENS VALLEY
MONO LAKE REGION
JUNE LAKE SEG.'ON
HILTON C?.E£K REGION
TOPAZ -
GENOA  

MAP 7
GARLOCK WEST
GARLOCK EAST
BICYCLE LAKE "
;j?!NKWATER cAKE  
MA N M X
LUDLOW
PISCAH - BULLION
BLACKWATER
CALICO
f HRPER
CAM? ROCK - EMERSON
LOCKHART
LtV.'OCO
HELENOALE
M03AVE  

MAP e 
NEW?ORT-!NGLEWOOD
OFFSHORE ZONE DEFOPMAT10N
ROSE CANNON
PALOS VERGES
SAN CLEMENTE
BEFORE EARTHQUAKES 
SIEPRA-OUEHS 1-1945.99}
H1LTONI - 1 940. 99 )
STAMPEDE (-1965.93)
SAN JACINTO{ -1567.99 )
SAN JAC:NTO( -1^3. 99 )
SAN JAC INTO! -1 941 .99 )
r*AN MCiflTO < -193S.99)
SAN AMQOfiS 10 ( - : - 7 a . 9 9 >
SAN t. N C a '. A 'j 9 (-19*7.99)
WUT£ VOLF { -1351. 93 )
HOiCP ! (-1951.0?)
IMI^EPIAL <-1939.?9)
:MPt»!AL (-1373. 53 /
S lEPi-A MAORE ( 1370. 99)
MANNIX   -1946.93)

270 
110
18J

7 6
3d
 33

75

11£T
110
205
195
50
65

US
45

145
80
70
60
70
130
107
40
75
60
25
50
55
75
25
25

105
90
50
70

220
265
70
30

85
95.
20
55
15

280
130
265
55
30
45
20
30

140
120
40
60
25
70
95
45
90
70
75
90
65
90
65

60
80
45
75

120

265
45
15

220
220
220
220
50
50
BtJ

205
70
70
50
25

8.0
a .a
7.4
6 .a
6.9
7.0
6.9

8.0
8.0
7.5
7.4
6.6
6.8

8.3
8.3
3.3
7.7
6.8
6.S
6.8
7 . j
7.0
6.5
6.9
6.8
6.2
6.6
6.7
6.9
6.2
6.2

8.3
8.3
8.3
6.8
7.5
7.6
S.8
6.9

7.0
7.0
6.1
6.7
6.0

7.6
7.4
7.6
6.7
6.4
6.6
6. 1
6.4

7.6
7.6
6.5
6.8
6.2
6.8
7.0
6.6
7.0
6.8
6.9
7.0
6.8
7.0
6.8

6.8
6.9
6.6
6.9
7.2

7.6
6.6
6.0
7.5
7.S
7.5
7.5
8.3
8. 3
6.9
7.5
6.3
6.8
6.6
6.2

7.7
5.3 
6. 1
* . 7
4 .6
3.4
6.6

5.6
6.5
6.0
5.2
3.9
3.4

S.5
5.5
5.4
7.7
3.5
4.7
3.5
4.7
4.5
4. 1
6.2
5.4
4.9
6.4
4.7
5.9
3.7
3.7

5.5
6.5
6.1
6.7
6.8
5.5
5.9
4.8

5.2
3.9
5.6
5.2
6.0

5.0
5.6
6.3
5.2
4.3
6.0
4.3
5.2

5.5
4.2
4.0
4.0
6.2
5.6
4.9
4.5
5.2
4. 4
5.2
4.2
5.2
4.8
5.5

6.3
5.2
3.7
5.2
5.9

5.0
6.0
6.0
6.8
6.9
6.8
6.8
5.5
4 .5
4 .5
4.5
4.5
6.7
4 .0
4.0

80 
50 
6JI
5J
5*
5*f
70

50
50
5J
50
50
50

50
70
50
50
50
50

50
50
50
60
50
50
50
50
50
50
50

50
50
£0
501
70
50
50
50

50
50
50
50
50

50
50
50
50
50
S0
50
50

70
50
50
50
50
50
501
50
50
50
50
f0
50
50
50

50
5*
50
50
50

14
14
19
50
36
23
13
45
16
Z2
20
a

46!
40
16

.88 4

.74 4

.16 1
. 46 1
.88 1
.94 1
.76 3

.79 1

.71 I

.91 1

.60 4

.86 4

.86 1

.86 1

.46 4

.63 1

.76 4

.86 2

.66 4

.86 4

.74 4

.95 3

.82 4

.95 4

.44 2

.61 3

.82 4

.85 1

.95 3

.86 4

.86 4

.79 1

.SI 1

.82 3

.01 3

.97 1

.37 1

.85 I

.92 4

.87 2

.36 2

.97 4

.82 3

.59 4

.91 1

.94 1

.82 1

.79 4

.85 3

.79 3

.76 4

.94 3

.52 4

.50 1

.86 5

.85 0

.88 4

.88 1

.01 4

.29 4

.88 1

.76 1

.85 3

.63 3

.76 3

.97 1

.85 1

.75 4

.94 1

.86 4

.88 1

.83 1

.85 1

.95 I

.71 4

.77 4

.77 I

.92 1

.77 5

.83 I

.93 1

. 77 1

.36 3

.P3 3

.02 3

.86 2

.36 5

.33 

.47 

.48

.64
I .2
2.1
4.5

10.
3.0
1.3
.11

.074

.094

. 13

. 18

.74
3.5
.026.
.042
.338
.22
.95

.068
.50
.21
.85
1.0
1.0
1.7
.20
.13

4.2
, I- 3
6.2
4.7
18.
7.0
1.4
1.2

.040.

.050
.30
.35
.25

1 .1
1.4
5.4
.44
1.3
5.0
0.1
.79

.27'.21

.02
0.
.20
.18
1 .0

.056
1.3
.35
2.0
.24
2.4
1 .3
3.5

1.1
.23

.076
.64
1.2

6.2
2. 1
.56
12.
13.
14.
13.
3.8
1.7
1.2
.95
3.1
11.52
.043.
.063.

.60 2 
1.6 2 
.74 1
i ,: 2
1.71
3.0 1
8.6 3

15. 1
5.2 1
2.2 4
2.7 4
.66 0
.16 0

.30 0
1.14
1.1 2
20. 4
052 0
.17 2
.17 0
.88 4
2.3 2
.38 5
5.5 4
.43 2
3.0 2
30. 4
1 .8 1
3.6 2
.67 0
.82 0

9.2 4
2.4 4
20. 3
25. 2
24. 1
10. 4
6.2 4
2.5 4

093 0
.12 0
2.4 5
.61 2
3.1 4

2.2 1
2.S 4
12. 4
1.5 4
3.6 5
10. 3
.81 2
1.2 2

1.9 4
.38 2
. 10 0
0. 5

3.7 4
.40 2
2.4 3
.15 S
1.9 4
.61 4
8.3 3
.73 5
5.3 3
3.1 4
5.0 3

5.6 4
.56 2
.53 0
1.2 4
1.8 2

7.2 1
3.3 1
1 .6 4
20. 4
20. 4
21 . 1
17. 5
6.2 2
2.5 2
2.0 1
2.1 3
5.0 4
3.02
065 5
200 5

.949

.092

I3tf
. 16
. 19
.60

l.S
.36

.059

.050
0.
0.

0.
.084
.14
.31
0.

.026
0.

.040

.027

.020
.39

.030
.13
.20
.14
.14
0.
0.

.21
.043
1.3
.80
1.5
.44
.13
.11

0.
0.
.18

.062

.082

.27
.040
.24
.41
.12
.87

.028

.062

.075

.072
0.

.020

.032

.024

.095

.032

.066

.047
.24
.02
.26
.12
.45

.17
.023

0.
. 17

.072

2.4
1.5
.12
1.5
1.6
3.9
2.2
.76
.20
. 16
.42
.32
.56

.024

.063

.071 2
.26 5

!41T 5
.22 3
.31 5
1.5 3

2.0 4
.67 I
.37 0
.46 2
0. 0
0. 0

0. 0
.27 1
.18 2
6.6 4
0. 0

.050 0
0. 0
.15 0

.082 0

.030 0
.92 2
.17 2
.43 0
4.5 5
.26 0
.20 5
0. 0
0. 0

.93 4

.22 0
4.2 1
1.3 2
3.2 I
.93 4
. 90 4
.29 0

0. 5
0. 0
.30 5

.050 5
.85 2

.43 2

. 17 5
2.0 2
.82 2
.85 0
2 0 I
.080 0
.11 2

.54 2

.10 0
0. 0

.040 0
.48 5

.043 2
.27 0

.064 0
.20 5
.15 0
1.2 3
.20 0
1.4 5
.55 0
.88 5

2.7 4
.064 5

0. 0
.24 5
.16 5

3.3 5
2.2 2
.32 5
3.7 4
4.8 4
4.9 0
2.5 0
I .7 4
.27 HI
.40 0
.85 0
1.2 0
1.15

.143 0

.077 0

let 9
. 0-«7

J.
H^tf

.084

. 16

.12
0.

.021
0.
0.

0.
.047
.036
.056

0.
0.
0.
0.
0.
0.

.026

.029
0.

.084
0.
.02
0.
0.

.12
0.

.085

.050
. 16

.024

.027
0.

.02
0.

.021
.02

.039

.025
.02

.060

.064
0.
.11
0.

.026

.015
0.
0.
0.
.06
.030

0.
0.

.020
0.

.030
0.
.02
0.
.02

.022

.020
0.
.01
.02

.06

. 14

.02

.29

.28
0.
0.

.045
0.
0.
0.
0.
.08
0.
0.

.671 

.044

.038
. Id
0.

.040
.34

.43

.22
0.

.042
0.
0.

0.
.078
.070

.7
0.
0.
0.
0.
0.
0.

.052

.059
0.
.20
0.
.15
0.
0.

.19
0.
.17
.15
.40

.048
. 12
0.

.023
0.

.033
.10

.075

.05
.032
.24
.17
0.
.28
0.

.054

.031
0.
0.
0.

.094

.060
0.
0.

.066
0.
.56
0.
.11
0.

.028

.26
.021

0.
.02

.035

.10

.25

.08

.43

.70
0.
0.
.15
0.
0.
0.
a.
.11
0.
0.

0
0 
0
0
0
a
s

0
2
S
0
0
0

0
0
0
5
0
0
0
0
0
0
5
0
0
5
0
0
0
0

0
5
5
2
1
0
0
0

0
0
0
0
2

0
0
5
0
0
2
0

0
0
U
0
S
0
0
0
0
0
0
0
0
0
0

5
0
0
ft
a

0
5
5
1
2
2
2
0
0
0
0
0
5
0
0

0!
0.
{* .
0 .
jj

.011

0.
.018
.019

0.
0.
0.

0.
0.
0.

0.
0.

0!0.0.
.015

0.
.036
.037

0.
0.
0.

0.
0.
0.

.024.071
0.
0.
0.
0.
0.
0.

.010
0.
0.

.020
0.
0.
0.
0.

0.
.021
.02

.026

.056
0.
0.
0.

0.
0.
0.
0.

.032

0.
0.
.02
0.
0.

.019
0.
0.

0.
0.
0.
0.
.02
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

.31
0.
0.
0.
0.

0.
.03
.02
.04

.033

.042

.055
0 .
(1,
It.
a.
0.
.02
0.
0.

0.
0.
0.
0.
0.
0.

.013
0.
a.
.11
0.
0.
0.
0.

0.
.032

.044

.084
0.
0.
0.

0.
0.
0.
0.

.064

0.
0.
.03
0.
0.

.033
e.
0.

0.
0.
e.
0.
.03
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

.02
0.
0.
0.
0.

0.
.07

.£56

.032

.033

.054
.11
0.
0.
0.
0.
0.

.025
0.
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Appendix I

Figure 1. Map of California showing boundaries of detailed maps for 
regions 1 to 8.
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Boundory of Seiimicity Seorch

Figure 2. e) Faults and boundaries of seisroicity searches 
for region 5.
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EVENTS/YEAR (UPPER BOUND)
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Figure 7. Maxiaum observed aagnitude earthquake on each fault, shown as 
a function of the length of the zone as defined in Figure 2. The 
line is a theoretical relationship obtained based on a scaling 
relationship of Scholz (1982), and with one exception, appears to 
be * good bound for these data*
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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.
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APPENDIX 1-1

Plots of average occurrence rates of earthquakes 

as a function of length of the time period over 

which the average is defined. All time periods 

end December 31, 1979.

Symbols correspond to the following magnitude ranges
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APPENDIX 1-2

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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APPENDIX II

CONSEQUENCES OF SLIP RATE 

CONSTRAINTS ON EARTHQUAKE OCCURRENCE RELATIONS

by John G. Anderson and J. Enrique Luco

ABSTRACT

Three functional forms for earthquake occurrence relations ire compared, and slip rate constraints 

on each are derived. Constrained occurrence relations referred to total fault area, to rupture area of the 

maximum magnitude earthquake, and to a particular site along the fault are presented and discussed. 

The slip rate constraints provide a means to estimate A/^ from occurrence rates of small magnitude 

earthquakes, or a means to estimate the threshold of observations in a qualitative earthquake catalog, as 

well as a means to estimate occurrence rates when A/^ is obtained from other considerations. This 

paper shows examples of these three types of applications.

The relations considered are: N\ (A/) is such that the cumulative occurrence rate of earthquakes 

with magnitude greater than M is an exponential function truncated at A/^, A72 (AS) is such that the 

corresponding incremental occurrence rate is a truncated exponential function, and N3 (M) is such that 

the corresponding incremental occurrence rate is an exponential function plus a constant which causes 

the rate to go to zero at A/ ,. A speculative model for the magnitudes of the earthquakes at Pallet! 

Creek observed by Sieh (1978a) suggests that AT2 (A/) is more appropriate than N\(M) or Ar3 (A/) for 

these earthquakes.

Institute or Geophysics ind Planetary Physics University of California, San Diego, La Jolla, CA 92093 (JCA).

Department of Applied Mechanics and Engineering Sciences, University of California, San Diego, La Jotla, CA 92093 (JCA and 
JEL).
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INTRODUCTION

Earthquake occurrence relations are used extensively in applications which require considerable 

accuracy, especially seismic risk analysis. It is increasingly common in seismic risk analyses to use geo­ 

logical slip rates or geological deformation rates to constrain the parameters of occurrence rate expres­ 

sions. However, this has been done with little regard for the effect which the particular functional form 

of the occurrence rate relation might have on the outcome. Because earthquake occurrence rates are 

directly related to the rate of tectonic deformation, any of the several parametric forms which have 

been proposed to describe earthquake occurrence rates can be constrained to be consistent with known 

deformation rates. In this paper the emphasis is on occurrence relations as constrained by a slip rate on 

a fault. Anderson (1979), Molnar (2979), and Papastamatiou (1980) have shown how the slip rate can 

be easily replaced by a regional strain rate when appropriate.

The implications of the slip-rate constraint on occurrence relations have been recognized by 

several previous studies. Brune (1968) and Davies and Brune (1971) used the cumulative moment of 

events on a fault to estimate the slip rate. Smith (1976) used the cumulative moment, from geological 

studies, to try to constrain the maximum magnitude on a fault. Anderson (1979), Molnar (1979), and 

Campbell (1977) developed methods to obtain occurrence relations from slip rates. Greensfelder ei al 

(1980) and Doser and Smith (1982) have estimated long-term seismicity of various regions by this 

method. Papastamatiou (1980) used the slip rate and observed low-magnitude occurrence rates to esti­ 

mate the maximum magnitude. In this paper the basic equations required for the above applications 

are derived for each of three functional forms for the occurrence rate relation. We also present an 

additional application, in which an occurrence rate derived from pre-instrumenta! sources may be used 

to estimate the magnitude threshold of the observations.

In the past, slip rate constraints on occurrence relations for individual faults have been derived on 

the assumption of a given fault length and width. For our purposes, two additional normalizations are 

convenient and lead to interesting results. As one alternative normalization the occurrence relation is 

taken to give the number of events over an area of the fault equal to that which ruptures in the
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maximum earthquake A/m«x The other thernative normalization gives the number of earthquakes 

which rupture the fault at a specific site tlong its surface trace. This tltemative applies to the risk of 

direct faulting beneath a site and helps to interpret geological observations of repeated earthquakes as 

observed in a single trench. Results for this normalization are most easily derived from results for the 

first alternative. Both of these alternatives require the use of a relation between the extent of rupture 

and magnitude.
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EARTHQUAKE OCCURRENCE RELATIONS

Campbell (1977), Anderson (1979), Molnar (1979), and Papastamattou (2980) have all demon­ 

strated how the parameters of eanhquake occurrence relations can be selected so that the seismicity is 

consistent with the known crustal deformation rates. However, the selection of the particular functional 

form of the occurrence relation from the many which are proposed in the literature has not received 

scrutiny. The purpose of this section is to discuss briefly the range of proposed forms and their 

significance to the extension of this method. We limit the discussions to three-parameter functional 

forms characterized by the rate of occurrence at a magnitude of reference, a fc-value, and a maximum 

magnitude A/m&v Because the assumed distribution of large earthquakes is critical, only the shape of 

occurrence-rate curves near M^ is considered.

Richier (1958) points out that the frequency of eanhquake occurrence within a region, as a func­ 

tion of magnitude, car. be written as either a cumulative distribution function, N(M), giving the 

number of shocks with magnitude A/ or greater per unit time, or as a density function n (A/), where

n(A/)--
dM

(1)

This density function is closely related to in incremental occurrence rate 

n' (A/) - N(M- y ) - MA/4  r ) for earthquakes in a magnitude band of width AAf which

for sufficiently small AA/' can be written in the form n; (Af) «= n (A/)AA/' (e.g. Herrman, 1977). 

Gutenberg and Richer (1954) plotted the worldwide data set, and found that while it approximately 

obeys the rule log n 1 (A/) -a - bM, there is a shortage of earthquakes relative to this rule for M > 8. 

Bloom and Erdmann (1980) reconfirm this observation. Both of these studies employ magnitude scales 

which correspond essentially to surface wave magnitude Mt . Several functional shapes might be used 

to approximate these observations (e.g. Main and Burton, 2981, Esteva, 2976, Matyonic, 1980, Caputo. 

1977). For mathematical simplicity, we use the function

(2)
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which is a specific case of a form proposed by Main and Burton (J98J). In (2), //( ) denotes the 

Heaviside step function and A/m.* is the maximum magnitude.

It could be argued that the relative 'shortage' of earthquakes with M, > I is due to saturation of 

MI for large events. The theoretical bases for the eventual saturation of the surface wave magnitude 

scale are generally accepted (Aki, 1967, 1972; Kanamori and Anderson, 1975; Geller, 1976; Kanamori, 

1977; Hanks and Kanamori, 1979). Due to the relative scarcity of data for large events, the precise 

nature of the saturation is not well determined. In particular. Bloom and Erdmann (1980) based on a 

statistical analysis of events with Ms > 8.0 have concluded that, on the average, no saturation of M> 

with respect to Mm (moment magnitude) is observed. On the other hand, the only four events in 

Kanamori's (1977) compilation with Mw > 9.0 have Ms < 8.4. It should be mentioned that Chinnery 

and North (1975) have corrected the world-wide cumulative occurrence rate for a plausible estimate of 

the effects of saturation and have found a linear relation between log N(M6 ) and log M0 where MD is 

the seismic moment. This implies a linear relation between log N(M*) and A/, which differs from the 

cumulative occurrence rate implied by Eq. (2). Given the uncertainties involved in describing the 

saturation we do not rule out the possibility that occurrence rates may be described by Eq. (2) and con­ 

sider this particular form as one possible alternative.

A second alternative is to employ the relationship

(3)

which has been used by Bath (1978) and Anderson (1979). Berrill and Davis (2980) h*\t argued that 

this form works well at large magnitudes. The calculation of the cumulative occurrence rates from 

»2 (A/) and n j (Af) is based on the implicit assumption that ATj(A/mt]l)   #2 (M^ - 0.

A third possibility is to consider the cumulative occurrence rate suggested by the work of Chin- 

nery and North (1975), namely

(4) 

Smith (1976). Campbell (1977) and Molnar (1979) have used this form in conjunction with slip rate
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constraints on occurrence relations. This form, which also seems to be widely used in probabilistic 

seismic risk studies (e.g. Housner, 1969, McGuire, 797< Campbell, 1977), is even more enriched in 

large magnitude earthquakes than the recurrence relation defined by Eq (3). Papaxamatiou (J980) dis­ 

cussed both forms n2 (A/) and Nj (A/), but his constraint on the occurrence relation parameters (Eq 

(18) in his paper) is derived only for A^ (A/).

The occurrence relations defined by Eqs. (2), (3),and (4) can be summarized by the expression

(5)

where A Af - A/nu* - A/. In Eq. (5) and in the sequel we use the notation p - p In 10. From Eqs. (1) 

and (5) one obtains

iil (A/)-y«j£eFA *'//(AAf) + £J £#(AAf) + Cl 6(AA/)l (6) 1 I ' J

where £( ) is the Dirac delta function. The distribution functions defined in Eqs.(4), (3), and (2) are 

obtained from (5) or (6) by setting

/ - 1, Bl - 0, C, - 1;

/ - 2 , B2 - 0, C2 - 0; and

/ - 3 , £j--l, Cj-0, respectively.

a    b A/ * 1 a ~ b MThe coefficient A\ corresponds to 10 ""in Eq. (4); AI and AI correspond to -= 10 ""in Eqs.
b

(2) and (3). We note that Smith (1976), Campbell (1977), and Papastamatiou (1980) fail to include the 

term in BCA/m^-A/) when they differentiate Eq. (4). This error is carried throughout each of their 

analyses.

The three functional forms defined above are illustrated in Fig. 1 for the case 

Afi(6)-N2(6)-AT3(6)-1.0, ft   1.0 and A/mM~8.0. In the cumulative distributions, ^(Af^,) is 

greater than zero, while ty (A/) and ty (A/) approach zero as M tends to A/m,,. Thus, NI (Af) 

represents a form of the recurrence relation which is enriched in large magnitude events relative to
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N2 (A/), and ty(A/) is depleted in large magnitude events relative to N}(M). Fig IB shows the 

corresponding incremental rates n{(A/), n[(M\ and n{(A/). Based on Eq. (6), there are significant 

differences among the three density functions in the neighborhood of A/m.,. However, in the incre­ 

mental rates these differences are obscured. The incremental rates shown in Fig. IB correspond to 0.25 

magnitude intervals centered at the quarter magnitude points 

li»'(A/)-AW-0.125)-AW+0.125)]. The point plotted at Af-8.0 corresponds to the last 

interval (7.875, 8.125) which extends beyond A/,,^-8.0. Since N(8.125)-0, then, 

n'(8.0) - #(7.875) which deviates from the approximation n'(Af) «= n(M) xO.25 valid at lower mag­ 

nitudes. Although this choice accentuates some peculiar behavior near A/n^, it is representative of the 

actual situation in which A/^ is unknown.

With respect to occurrence rates on single faults some arguments, based on limited data, have 

been advanced which suggest that the description given by W\(M) is more appropriate than N2 (A/) or 

AfjCA/). In particular. Swan et al (1980) and Schwam eial (1981) have suggested, based on geological 

observations, that a segment of a fault repeatedly ruptures with a characteristic earthquake with magni­ 

tude near A/ ,,. This suggestion may be supported on the San Andreas fault in California by results of 

Sieh (1978a) and Bakun and McEvilly (1979). Mathematically this could be represented by an 

occurrence relation with form N\(M), and a very small 6-value. SinghetaL (1981) suggest that this is 

the case along the subduction zone of Mexico and Lahr and Stephens (1982) suggest that a small b- 

value characterizes large events in Alaska. This model was adopted by Caputo (1977). Wesnousky and 

Schok (1983), also, find that the recunence relation for Japan can be generated from the distribution of 

fault lengths if each fault in a region ruptures with its own characteristic earthquake. Actually, the idea

of "characteristic" earthquakes cannot be interpreted to mean strictly periodic repetition of identical
i«a/*r 

events. Where there are observations of more than one^earthquake on a fault, the sizes usually differ

somewhat. This is seen by Sieh (1978a), Bakun and McEvilly (1979), Shimazaki and Nakata (1980), 

Singh etol (1981), Sykes and Quitlmeyer (1981), and others. The variation in magnitude may be 

small, but the nature of that variation is unknown. It is desirable to use observations to select the 

appropriate mathematical form for the occurrence rate relation.
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Considering the previous discussion as well as that pertaining to the issue of magnitude satura­ 

tion, we shall consider the occurrence relations defined by Eqs. (S) and (6) for i-1,2 and 3, designated 

as Occurrence Relation K 2, and 3, respectively, and derive parallel results for these three alternative 

functional forms. The three forms are representative of the 3-parameter relations in the literature. 

There remains the possibility that more complex forms involving 4 or more parameters might some­ 

times be needed. Singh et a!. (1981) and Lahr and Sevens (1982) suggest that a relation with a typical 

6-value at small magnitudes but a small 6-value at large magnitudes is needed for the subduction zones 

of Mexico and Alaska.

Because occurrence relations 1, 2, and 3 are all truncated, extreme magnitudes will obey the third 

asymptotic distribution of extremes (Cumbett, I960), as required by the results of Yegulalp and 

Kuo(1974).
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RELATION BETWEEN SEISMIC MOMENT RELEASE RATE AND OCCURRENCE RELA­ 

TION PARAMETERS

The average cumulative moment which is released per year within a given region by earthquakes 

with magnitude greater than or equal to M is

To evaluate this, we will use the relation

M0 (M) - ItT^ - M0 (M^) *-*A" (8)

where typically, c - 16.0 and d - 1.5 for M0 in units of dyne-cm (Hanks and Kanamori, 7979). We 

note that Eq (8) defines the magnitude scale to be used in this paper. Then from Eqs. (6), (7), and 

(8),

. (9)

For A/   » and F < 5, one obtains the total moment per year, A/7, as:

J&.r- y, A, M0 (AO (10) 

where

yt - * +.!*, + £ . (11)
a   c a

For i - 1,2. and 3, the values of these coefficients are -=^-=» -^-f> "^ P/5(5-F), respectively.
«  b e b

Smith (1975), Campbell (1977) and Papasiamatiou (1980) obtained (^-=) instead of (-5^=) f& the
a   b e b

coefficient y, for /-I because of the error in differentiation which was pointed out earlier. Although 

this coefficient coincides with that for /   2, these authors did not use the cumulative occurrence rela­ 

tion N2 (Af), but rather ty (M).
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The fraction of the total moment which is released by earthquakes with magnitude greater than M 

is A/0 (A/)/A/0r, and

The values of these fractions as a function of A M for three choices of b and for 4-1.5 are listed in 

Table 1. Because of the differences near A/^, the distribution corresponding to /-I releases the 

most moment near A/ *, while the distribution corresponding to /-3 releases the least. The ratios for 

6*0.25 were included in Table 1 to show how such small 6-values could accommodate the hypothesis 

by Schwam et al (1981) of a characteristic magnitude earthquake for a given fault. For / - 1, and 

b - 0.25, 95% of the moment is released by earthquakes with magnitude within 0.5 of Mw

For a given seismic moment release rate A/0r, and, after A/Q^ and b have been selected, Eqs. (10) 

and (8) can be used to obtain estimates of the parameters A, in Eqs. (5) and (6). This is the procedure 

used by Anderson (1979) and Molnar (1979). The resulting distribution functions for the case of 

A/0r - S.lxlO25 dyne-cm/year, 6-1.0 and M^ - 8.0 are compared in Fig. 2. For this choice of b, at 

M « A/max, occurrence relation 2 gives 1.5 times as many small earthquakes as occurrence relation 1, 

and occurrence relation 3 gives 2.25 times as many small earthquakes as occurrence relation 1. For M 

close to A/,,*,,, occurrence relations 2 and 3 include a smaller number of earthquakes than occurrence 

relation 1.

RELATION BETWEEN SLIP RATE, OCCURRENCE RELATION PARAMETERS

03)

AND MAXIMUM MAGNITUDE EARTHQUAKE ,

Relations Referred to the Entire Fault. Following Bnine (1968) and Anderson (1979), if all the |

slip on the fault occurs seismically, the slip rate on the fault, 5, is related to the moment which is j
i

released by ;
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where M is the shear modulus (^«O.3xl0lldyne/cm7) and I is the area of the fault surface over which 

the total seismic moment is released. Anderson hypothesized that AT0T must be averaged over several 

cycles of large earthquakes for Eq. (13) to be valid. Eqs. (10) and (13) give

(14)

If the total area, I, of the fault is known and the occurrence rate is referred to the area I, then, 

Eqs. (5) and (14) can be used to obtain several useful relationships. If Tt (M) - I/AT, (M) (i- 1,2,3) 

represent the estimates of the return period of earthquakes with magnitude equal or greater than M 

over the fault area I, then,

(15)

where M0 (0) - 10r . From Eq. (15) one can find also the threshold magnitude M. corresponding to a 

return period T(M) and the assumed maximum magnitude. Alternatively, if I, S and the return 

period 7~(A/) of earthquakes with magnitudes equal or greater than M are known, then the maximum 

magnitude A/^ can be estimated. Equations for /i,, Nn 7], M, and M^ are given in Tables 2,3, and 

4 for / I, 2, and 3 respectively. These equations are given in explicit form where possible, but for 

some of the results, only an implicit solution is possible. In particular, setting M - M^ in Eq. (15) 

for / - 1 leads to

(16)

which can be used to obtain an estimate of A/^, if I, S, and T\ (A/^,) are known. Finally, given A/, 

T(M) % A/max* I, tnd 5, Eq. 05) can be used to obtain estimates of the parameter b.

Relations Referred to the Rupture Area of the Maximum Earthquake. An important special 

case of the above equations occurs when the area of reference is taken to be equal to area ruptured by 

the maximum earthquake 1 1 - 1 (A/^,) 1. In this case, the fault area does not appear explicitly in the
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relations involving slip rate, occurrence rales, and maximum magnitude earthquake. The average slip 

ever the rupture area of the maximum magnitude earthquake is

Equation (17) can be combined with Eq. (14) to give

(18)

where At in Eq. (14) has been replaced by A. in Eq. (18) to denote the value applicable to this special 

case. The occurrence rates* corresponding to Eqs. (5) and (6), will similarly be denoted as Nt (M) and 

nt (M) for this special case.

At this point it is convenient to introduce a relationship between the average slip on the fault and 

magnitude Based on historical data of Syte and Quhtmeyer (1981). Schok (1982) proposes that to a 

good approximation, the average slip 7 in a large eanhquake (i.e., a eanhquake which ruptures the total 

width, W, of the fault ), is proportional to the length of the rupture L,. For strike slip events, he finds

i
Ir

definition of seismic moment (M0 - M ^r WE), and Eq. (8), we derive the following relationships:

4*
5 (A/)-010* (19)

(20)

that the average value of y- - a - 1.25xlO"5; for thrust faults, o -JxlO"5. Based on this, the

where ft is a constant with dimensions of length defined by ft -  */   ^77 . The coefficient of M in

eq. 09), for 4-1.5, is 0.75, which is 10 percent smaller than Stemmons (1977) worldwide average of 

0.833. We note that Slemmons compiled the maximum observed surface offsets, while Eq. (19) is for 

the average offset over the rupture area. Since these two parameters are different and not necessarily 

simply related, the discrepancy does not seem to us to be a serious matter at this time. Eq. (19) does
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suggest an explanation for the scatter in Slemmons data in terms of variations of the parameter a -   

and of the width W of the fault.

Substitution from Eq. (19) into Eq. (18) leads to an estimate of A, as

thus defining the level of seismirity on the fault consistent with 5 and M^. If tt (M) 

0-1,2,3) denotes the return period of earthquakes with magnitude larger or equal to M over an area 

equal to the rupture area for the maximum magnitude earthquake, E(JI/m) - Wl,(A/mix)» then Eqs. 

(21) and (5) give

. fly. $*/-($- !>*_  f - T ..1-1
J;_£2l e 2 -" |l-(l-Cl-«*AJIf)e- lA "] (22)

Particular expressions for A,, f,, My and A/^ for / - 1,2 and 3 are given in Tables 2, 3, and 4.

Relations Referred to a Specific site on the Fault. To evaluate the probability of rupture at a 

selected site along the trace of a fault, and to evaluate geological observations of the chronology of rup­ 

tures at a site, an extension of the above equations is needed. Some of the large earthquakes with mag- 

nitude M (M <&,  ) which occur over the length of MA4»*) will not rupture the surface at the 

specific observation site. We estimate the fraction q (M} which cause rupture at the observation site by

MM) - , , . -e 2 (23)

where we have assumed that the rupture length scales according to Eq. (20).

Now let N* (M) (/-1,2,3) be the number of events with magnitude greater than or equal to M 

which rupture the fault at the site. We obtain

N» (A/) " 1 * (A/) * (M} dM (24)

151



APPENDIX II

Since the magnitude dependence of q(M) tnd nt (M) is through A M - Af^-Af, it is convenient to 

define

- (25)

We note that F, is the ratio of the number of events with magnitude > M which rupture the site to the 

number of events with magnitude >M over Lr (A/, ), From Eqs. (6), (21), (23), (24) and (25), we

derive

(26)

The functions A^ (A/) differ significantly from Nt (M). Fig. 3 illustrates examples based on the 

same slip rate and maximum magnitude as used in Fig. 2. A notable characteristic of the occurrence 

relations A^ (A/), is that they flatten considerably as M decreases, because small magnitude events are 

less likely than large ones to rupture past the site. Thus the fc- value, when measured from events at a 

single site, appears to be small. Since Schwam et al (2981) had only a few earthquakes at each trench 

site, the effect described here might completely account for their impression that only characteristic 

earthquakes repeatedly rupture a fault segment.

One can derive relations pertaining to the sizes and recurrence intervals of earthquakes which rup­ 

ture a specific site along the fault similar to those presented earlier. If 7. (A/) - 1/N, (A/) (/-1, 2,3) 

denotes the average return period of earthquakes with magnitude M or larger to rupture past the site, 

we obtain

T9 (M) - f,(A/)//;(AA/) , (27) 

where f,(A/) was defined in Eq. (22).
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Although it is not possible to solve Eq. (27) explicitly for either the threshold magnitude M 

corresponding to Tg (M) or for */« , either of these quantities may be obtained by a numerical solu­ 

tion as a function of the parameter A M. The particular equations for A/,^ and M for /-1,2 and 3 

are given in Tables 2, 3, and 4.
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APPLICATIONS

Relationship of A/^, M, and Recurrence Time of Magnitude M. In the previous section rela­ 

tions between maximum magnitude and "average recurrence time" of events with magnitude larger than 

in arbitrary magnitude A/ were presented. In these relations, 'average recurrence time* was defined in 

three different ways : (A). 7"(A/), the average recurrence time over a fault of known length; (B). 

f (A/), the average recurrence time over a section of a fault whose length is equal to the rupture length 

of the maximum earthquake; and (C). ff (A/), the average time between earthquakes which offset the 

fault at one particular point. We first explore the behavior of these relations.

The average recurrence times, in the three different meanings, are illustrated in Fig. 4, as a func­ 

tion of A/ma,. Figure 4A shows 7W), 4B shows f (A/), and 4C shows 7", (A/) for A/ - 5,6,7 and 8. 

Figure 4A shows that in general as A/roit increases, the repeat times for smaller events on the same 

fault segment also increases. This is a consequence of the maximum magnitude event, and events 

close to it, releasing most of the moment, so that little is left over for the smaller earthquakes. Curves 

for occurrence relations 2 and 3 show a segment for M close to A/^ in which the repeat time 

decreases as M^ increases; then as A/n** continues to increase, the curve becomes parallel to the 

curve for occurrence relation 1. This decreasing section of the curve corresponds to the portion of the 

occurrence rate curve which is plunging rapidly to zero (Fig. 2). While on this decreasing section, most
*

of the seismic moment is released by events with magnitude smaller than M rather than by events with 

magnitude larger than M. For occurrence relation 2, the repeat times are smaller than for occurrence 

relation 1 when A/m,,^ A/+0.5. This results because a higher level of small magnitude activity is 

necessary to compensate for the smaller moment released by earthquakes with magnitude near A/ *.

f(A/), in Fig 4B is referred to a fault segment of length L, (A/n^), rather than to a previously 

assigned length. One sees that f (A/) is, for this 6-value, a gradually decreasing function of A/ *. In

particular, for b - -^ and /-1 % the return period t\ (Af) becomes independent of A/^. If f (A/) were

constant, one would find about the same total number of small magnitude earthquakes in the rupture 

area of the maximum earthquake, regardless of the dimension of the maximum earthquake.
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The average repeat times for rupture past a site, 7", (A/), are shown in Fig. 4C. This figure shows

that 7", (A/), like T(M) is generally an increasing function of £/ »,.

Figure 5 shows the estimates for the magnitude, A/, of the T-year eanhquake (where T may be 

7], or fM or Tf i - 1,2,3) which are found under the condition of known 6-value and slip rate, but 

unknown A/^. Examples are shown for 7) (Eq. 15) in 5A, B, and C, for f, (Eq. 22) in 5D, E, and F, 

and for 7"* (Eq 27) in 50, H, and 1. Figure 5A, for 5 T\ (M) - 103 mm on a fault which is 500 km 

long by 15 km wide, shows that as A/ , increases, the magnitude of the T-year earthquake decreases. 

This results because the maximum eanhquake releases most of the required slip, and thus little needs 

to be released by smaller events. Figure 5B shows that for large A/mu, occurrence relation 2 exhibits 

similar behavior, when A/m^ » M, but when M is close to A/n.,, M increases with increasing A/ma,. 

This increase corresponds to the portion of the occurrence curve where N2 (A/) is rapidly plunging 

toward zero and most of the slip is released at smaller magnitudes, as previously noted. In Figure 5C, 

the curves behave in a manner similar to SB, except that the peaks in the curves are now at large mag­ 

nitudes.

Figure 5D, E and F show that when the reference area is equal to the area of rupture zone of the 

maximum eanhquake, the slopes of all the curves become more positive. For slip at a site, Figure 5G, 

H and I are qualitatively similar to 5A, B, and C.

Estimates of M{TUt from Recurrence Time and Slip Rate. Expressions for estimates of the max­ 

imum magnitude are given by Eq. (16) in the text and by several other expressions in Tables 2, 3, and 

4. These expressions are for the three different normalizations considered.

The following discussion on estimates of A/^ is based on occurrence relation 1 for which 

HA/, ), TWnua), and T^M^ are all finite, as opposed to the recurrence times for occurrence 

relations 2 and 3, which tend to infinity as A/ approaches A/^. Estimates of A/^ for occurrence rela­ 

tion 1 are shown in Figure 6 as a function of slip rate, for five choices of recurrence time of A/mj« 

between 10* years and 10* years. The results on Figure 6A, derived from Eq. (10), are shown 

specifically for a fault with area I - 104kmJ; results in Figure 6B, derived from Eq. 1.13, are indepen­ 

dent of the fault area, but do depend on the assumption that W - 10 km and a - 1.25 x 10~ 5.
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However, these assumptions about W and a are of only second order importance.

The results in Figure 6B are of considerable interest when cojgpared with results of Woodward- 

Cfyde Consultants (1979). They have observed that for strike-slip faults, the maximum magnitude 

which has been observed on each fault appear to be bounded by a line with larger M^ for faults with 

larger slip rates In fact, values of M^ calculated from Eq. 0.13) in Table 2, with W- 10 km, 

a - 1.25xlO~5 and tl «?2000 years nearly coincide with the proposed bound. This can be interpreted 

in either of two ways. The first would be that there is some physical mechanism which requires that 

the recurrence time of the maximum earthquake over a fault length equal to 1, (A/^) is less than 

about 2000 years on all faults. The existence of such a mechanism is unlikely, however. At low slip 

rates there are examples of faults with recurrence intervals of 10s years (Knuepfer era/., 1981; Bull. 

eta!., 1981; Menges eta!., 1982). Furthermore, rock mechanics results indicate that the strength of a 

fault increases with the time which has elapsed since the last event, to that on faults with slow slip 

rates, one might even expect larger earthquakes than on faults with Urge slip rates. The alternative 

explanation, which we prefer, is that the apparent bound for the data results from the lack of observa­ 

tions at slow slip rates, because of the short sampling interval.

Figures 6A and 68 are predicated on the validity of occurrence relation 1. For occurrence rela­ 

tions 2 and 3, M^ appears as a mathematical limit which may be approached but not attained. One 

can, however, derive similar results in which M^ is replaced by A/a**- A A/, where A M is constant, 

and the lines are drawn for HA/m^-AA/) - constant or fCA/n^-AA/) - constant. From Eq. 

(11.6) and (H.I), (III.6), (111.10), such lines would appear parallel to those in Figures 6A and 6B.

Comparison with Smith (1976). Eq.(16) gives an estimate of M^ on a fault for which the slip 

rate, the total area, and the recurrence time of the maximum earthquake are known. The expression 

  which Smith (1976) derived for A/mw is, except for the derivational error, equivalent to Eq (16). To 

obuin this equivalence, one must associate 5 7*i (A/^) with one third of the maximum Holocene (2 to 

4x10* years) fault slip in Smith's paper. The factor of one third was inserted by Smith because of his 

assumption that the maximum observed displacement is greater than the average.
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Smith (1976) argues that 2x 104 years is long enough for at least one maximum earthquake to

occur along each of the faults he considered. If the maximum magnitude does not occur in that time 

interval, then one should use Eq. (1.6) in Table 2 instead of Eq. (16) to evaluate M^ For the sake 

of comparisons, Eqs (1.6) and (16) were applied to the numerical values described by Smith as applica­ 

ble to a "third order fault.* Smith used a total Holocene moment of 0.7 x 10* dyne-cm on a fault with 

1 - 80 km and W - 10 km. This implies a slip rate less than 0.02 mm/year. Using 6 - 0.86, 

d - 1.5, and our Eq. (16), one obtains A/^ - 6.3, identical to A/^ derived by Smith. Supposing, 

however, that because of the small slip rate the largest earthquake on the fault in the late Quaternary 

time period was only M - 6.0, then Eq. (1.6) gives M^^ - 6.7; if the largest Holocene earthquake was 

M - 5.5, then A/^ - 7.4, and if the largest was M - 5.0, then A/^ - 8.1. Thus the estimate of 

Mm* is quite sensitive to the hypothesis that the maximum earthquake has occurred on the fault in the 

Holocene. This hypothesis has the same problems as the conjecture that the maximum earthquake 

occurs with a repeat time over L, (A/max) of less than 2000 years, as discussed in connection with Fig­ 

ure 6.

A/ * in California. The motion of the Pacific Plate relative to the Nonh America Plate is, in 

total, about 60 mm/year (Bird, 7957A and the length of the San Andreas system from the Gulf of Cali­ 

fornia to Cape Mendocina is about 1300 km. We will treat all the seismicity along this complex plate 

boundary as if it originated along a single fault 15 km wide, and use Eqs. (1.6) (11.6) and (III.6) to esti­ 

mate A/nuv To accomplish this, we have plotted in Fig. 7 the predicted return periods for earthquakes 

with M ^ 5,6,7 and 8 versus A/^, for this particular selection of model parameters. On Fig. 7, we 

have superimposed average occurrence rates for earthquakes associated with the entire plate boundary. 

These included all the events listed on the Earthquake Data File (Meyen and von Hake, J976) through 

Dec. 1979, bounded by a quadrilateral with comers at the following coordinates: (41° N, 128° W), (41* 

N. 121° W), (31° N. 190° W), and (31* N, 112° W). Average occurrence rates are sensitive to the 

time interval over which the average is derived; the uncertainty is at least a factor of 2. We estimate 

the following bounds on average recurrence times within this region : M & 7% 7.7 to 17 years; A/ > 6 

1.0- 2.0 years; M & 5, 0.11 to 0.22 years. These bounds on recurrence times have been superimposed
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on Fig 7. From the intersection of these bounds with the theoretical curves, one cm estimate AS^. 

For occurrence relation 1, estimates for M^ range from 7.8 to 84 For occurrence relation 2, they 

range from about 8.2 to 8.7. These estimates are reasonable. Although the values of A/mx consistent 

with assumption 3 (8.6 to 9.2) may seem too large to be physically realized, we note that in this case 

A/mtx is   mathematical limit which would never be reached and would only rarely be closely 

approached.

Papasiamatiou (1980) used a similar technique to estimate M^^ for the San Andreas fault 

between 36* N and 39" N, and obtained A/^ - 8.83. This result was based on the occurrence rates of 

magnitude 2 or larger earthquakes. The longer extrapolation introduces more sensitivity to choice of b 

and greater reliance on the completeness of the earthquake catalog at small magnitudes. For an indivi­ 

dual fault, furthermore, this method of estimating A/^ requires great caution because occurrence rates 

are subject to cycles of activity with periods longer than the duration of instrumental catalogs. Such a 

cycle may well affect the results in Fig. 7, also.

Threshold of Observations Along the Mexico Subduction Zone. Singh ft al (1981) give a chro­ 

nology of earthquakes along the Mexican subduction zone. The magnitudes of most of the events are 

known, providing the opportunity to compare some theoretical calculations with data. Singh er al 

identified six segments of the subduction zone which appear to rupture in distinct earthquakes, and for 

which the date and magnitude of at least two earthquakes is known.

We note that if adjacent zones do not coalesce into single ruptures, then each zone has a dimen­ 

sion equal to the length of its corresponding maximum earthquake, and the relations which are referred 

to the rupture area of the maximum earthquake can be used. In particular, based on this assumption 

we attempted to estimate the magnitude of the smallest earthquake tabulated by Singh ft al (1981) 

  within each of the six zones from the average recurrence interval in the zone. We used Eqs. (1.12), 

(11.11), and (111.11) with the parameters 5-65 mm/year, W - 70 km, p - 3.3 x 1011 dyne-cm, and 

a - 1.33 x 10~s. This value of a is averaged from estimates for the 1973 Colima earthquake and the 

1978 Oaxaca earthquake, based on data in Sykes and Quitimeyer (1981). As seen in Fig 5D, the esti­ 

mates of the threshold of observation, A/, arc nearly independent of A/,,** for the normal range of
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6-values. The results are listed in Table 5 for b - 1.0 and M^ - S.O. Estimates for M increase when 

the parameters MM*. S, M« or w »* increased, and estimates for M decrease when the parameters b or 

a are increased. However, considerable changes are needed to change M by more than 0.1, and thus 

the choice of parameters is not critical. The greatest discrepancy in Table 2 is 0.2 magnitude units, for 

the San Marcos region. In the other regions, M agrees with the smallest of the observed magnitudes to 

within 0.1. We consider this agreement satisfactory, although the range of calculated and observed 

magnitudes is not large enough to provide an adequate test.

Implications of the San Andreas Fault Data from Pallett Creek. Sieh (J97$a) studied sediments 

in a trench across the San Andreas fault at Pallett Creek. These sediments had been disrupted by 

several earthquakes, and, based on radiocarbon dating, Sieh derived a chronology of the events. The 

events and estimated year of occurrence are : D, 545; F, 665; 1, 860; N, 965; R, 1190, T, 1245; V, 

1470, X, 1745; Z, 1857. Except for event Z, the uncertainty in date is typically ±50 years. The extent 

of sediment disruption does not require events R, or I to be as Urge as the 1857 event. Events V and 

N generated somewhat deeper troughs than the 1857 earthquake, and thus might have been associated 

with greater right lateral slip, but Sieh (J978a) considered all the events, except R and I, were compar­ 

able to the 1857 earthquake. The variable trough depths, and the smaller size of events R and I sug­ 

gest that there is a distribution of event sizes represented at the site. The average waiting time between 

events is 7", - 164 years, based on 8 intervals between 545 and. 1857.

This Pallett Creek record can be used to identify the form of the occurrence relation by means of 

a speculative procedure to estimate the magnitude of each of the earthquakes. The time-predictable 

and slip-predictable models described by Shimazaki and Nakata (1980) were used to estimate the slip in 

each of the earthquakes. In the time predictable model, the slip in one earthquake, and the slip rate, 

. determine the waiting time to the next earthquake; in the slip predictable model the waiting time from 

the previous earthquake and the slip rate determines the slip in the next earthquake. The slip in each 

earthquake, as predicted by the two models, is listed in Table 6, based on a slip rate of 37 mm/year. 

Equation (19) was used to convert each average slip to magnitude. The consequent empirical cumula­ 

tive magnitude distribution is shown in Fig 8 A and B. We note that both the time-predictable model
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tnd the slip-predictable model lead to the same magnitude distribution, even though the magnitude 

estimates for each earthquake differ. Since aftershocks art not recognized in the geological record, 

these magnitudes measure the total effect of the earthquake sequences rather than the size of the main 

shock of the sequence. We note that if events R and I were smaller than most, as indicated by Sieh 

(1978a), this would tend to suppon the time predictable model.

Fig. 8 also shows the theoretical forms for A^(A/) (/- 1,2,3) for two choices of 6-value 

(b - 0.86, Fig 8A; b - 0.20, Fig. 8B). In Fig. 8 we used Jl/ E - 8.3 for Occurrence Relations 1 and 

2, and A/ * - 8.6 for occurrence relation 3. Over the magnitude range illustrated in Fig. 8, theoretical 

curves for b < 0.2 are not significantly different from the curves, shown, for b - 0.2. The comparisons 

in Fig 8 show that our Fallen Creek magnitude estimates seem to obey occurrence relation 2 with b 

near zero much better than they obey occurrence relation 1, and slightly better than they obey rela­ 

tion 3. There is no choice of A/am which can alter the conclusion that occurrence relation 2 fits better. 

Changes in the other scaling parameters (S, a, W) require that the magnitudes in Table 6 also be 

modified for internal consistency, and thus systematically modify both the data and the theoretical 

curves in Fig. 8 without affecting the conclusion. We cannot rule out the possibility that random errors 

affecting each datum could change the conclusion. Significant random errors might arise from uncer­ 

tainty in event dates, variations in scaling parameters from event to event, deviations from the time- 

predictable or slip-predictable model, and possible incompleteness in the geological record. The 

N^ (M) in Fig. 88 is slightly lower than the data because it allows some slip (= 10%) to be released in 

smaller events, while the magnitude estimates in Table 6 require that all the slip occurred in these 8 

events. Large aftershocks of the main events might or might not affect the shape of the distribution 

curves as measured from seismograph observations, in the magnitude range shown.

The equations in Tables 2, 3 and 4 for the case of rupture past the site can be used to estimate 

the smallest main shock magnitude in the Fallen Creek record as a function of A/^. Table 7 shows 

these estimates for the magnitude corresponding to a 164 year recurrence interval. Even though 

Table 6 suggests that A/m,* is at least 8.3, Table 7 considers possible values between 7.8 and 8.8. Since 

Sieh (1978b) finds that the moment of the 1857 earthquake implies that the magnitude for that event

160



APPENDIX II

was 7.8 to 7.9, smaller values are not considered. The upper limit for MMV 8.8 was suggested by 

Fig 7. An exceptionally large earthquake which ruptures from north of Pirkfield to the Salton Sea 

(600 km), and which is characterized by a   15 x 10"5, W - 20 km, and M - 3 x 10n dyne/cm2, leads 

to M - 8.5. However, for'occurrence relation 3, A/ma, is a mathematical limit which would rarely be 

approached; thus values of A/ * to 8.8 are not necessarily disqualified.

The results in Table 7 indicate that for A/m,, in the range 8.0 to 8.5, the threshold magnitude M 

would be in the range 6.5 to 7.5, depending on the occurrence relation and 6-value used. In particular, 

a value of A/ * - 8.26 and a threshold magnitude of 7.33 as calculated for the time predictable model 

listed in Table 6 are not inconsistent with the results in Table 7. Since risk assessment for the southern 

California region depends upon the Fallen Creek record, an appreciation of this range of magnitudes 

will likely influence that assessment.
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SUMMARY

Three earthquake occurrence relations with different functional dependence near Mmtt have been 

examined. The forms considered while representing a subset of the class of 3-parameter occurrence 

relations are sufficient to cover the major types of expected behavior near MW These occurrence 

relations relate two variables M and T(M) and the parameters corresponding to the rate of occurrence 

at a magnitude of reference, a 6-vaJue, and, a maximum magnitude A/ma,. Knowledge of the slip rates 

permits one to derive a constraint among the three parameters characterizing the occurrence relation. 

The resulting slip-constrained occurrence relation can be utilized to obtain one of the following esti­ 

mates: (i) given S, A/, A/^, and b find 7W), (ii) given S, 7W), M^ and b find M, (iii) given 

S, M, T(M) and b find A/m.*, (iv) given S, TW^,) and b find A/B^, and (v) given S, A/, T(M) 

 nd A/na, find b. The slip-rate constraints and the equations necessary for the above applications have 

been derived for three occurrence relations of different functional form. Specific application of esti­ 

mates (i) through (iv) have been illustrated.

We have addressed also the problem of normalization of the earthquake occurrence relations. We 

have considered three types of normalization corresponding to: 0) occurrence over a prescribed fault 

area, (ii) occurrence over an area equal to the rupture area during the maximum magnitude earth­ 

quake, and, (iii) occurrence such that the earthquake rupture area includes a specific point.
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FIGURE CAPTIONS

Figure 1 A. Cumulative magnitude distribution functions ATj(A/), AT2 (A/) % and Afj(A/) (Eq 5) for 

6 - 1.0, A/m., - 8.0, normalized so that AT, (6) - AT2 (6) - AT3 (6) - 1.0. B. Corresponding 

incremental rates n( (M), nj (A/) and n{ (A/) in 0.25 magnitude unit intervals. Each 

datum is plotted at the center of its magnitude interval.

Figure 2 A. Cumulative magnitude distribution functions AT, (A/), A^(A/) and A^(A/) (Eq. 5) for 

b - 1.0 and A/max - 8.0, normalized so that on the average the seismic moment released by 

the earthquakes is 8.1xl02S dyne-cm/year. B. Corresponding incremental rates n{ (A/), 

n{ (A/), and nj (A/) in 0.25 magnitude unit intervals. Each datum is plotted at the center 

of its magnitude interval.

Figure 3 A. Cumulative magnitude distribution functions A^CAf), Arl2 (A/) and tyj(A/) (Eq. 25) 

giving the frequency of a magnitude A/ or larger earthquake causing ground rupture at a sin­ 

gle site on a fault. Curves are generated for b - 1.0, A/max-S.O, o-1.25xlO~ 5 , 

fji   3 x 10n dyne/cm2, W~ 15 km, 5   40 mm/year, and the magnitude-rupture length 

scaling assumptions given by Eq. 20 B. Corresponding incremental rates in 0.25 magnitude 

unit intervals. Each datum is plotted at the center of its magnitude interval.

Figure 4 A. Average recurrence times T(M) (Eq. 15) for magnitude M or greater earthquakes on a 

fault with L - 1000 km, W - 10 km, and S - 40 mm/year, as a function of A/ ,. Other 

parameters are b - 1.0, a - 1.25x 10"5, JJL - 3x 10n dyne/cm2. B. Average recurrence 

times f (A/) (Eq 22) for magnitude M or greater earthquakes on a fault with L   l(A/m»x) 

as a function of A/^. Other parameters as in fig. 4A. C. Average recurrence times 

7", (A/) (Eq. 27) for magnitude A/ or greater earthquakes rupturing a single site on a fault, 

as a function of A/nuX. Other parameters as given above.
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Figure 5 Magnitude thresholds of observation consistent with the product (slip rate) x (recurrence

time of events exceeding thresholds) - ID3 mm. These thresholds art shown is a function 

of maximum magnitude, and for four 6-values. Parameters held constant for all curves are 

a - 1.25 x 10~5, M - 3 x 10" dyne/cm'2, W - 15 km. A) Occurrence rate curve has form 

Afj (A/), and recurrence time applies to events occurring any place on the segment of the 

fault with 1-500 km. B) Equivalent of A for occurrence rate curve N2 (A/). C) 

Equivalent of A for occurrence rate curve Afj (A/). D) Occurrence rate curve has the form 

NI (A/), and recurrence time applies to events occurring on a segment of the fault ruptured 

by the maximum magnitude earthquake. E) Equivalent of D for occurrence rate curve 

Af2 W)- F) Equivalent of D for occurrence rate curve N3 (A/). G) Occurrence rate curve 

has the form N\ (Af) and recurrence time applies to events which rupture the fault at a sin­ 

gle site. H) Equivalent of G for occurrence rate curve Afj(Af). 1) Equivalent of G for 

occurrence rate curve ty (M ).

Figure 6 M^ as a function of slip rate 5 for several choices of recurrence times T\ (A/ *) (6A) and 

T,i (A/m«) or f i (A/nux) ttB). A/^x in 6A is for a fault area I - lO'km2. A/n^ in 6B is 

for a fault with W - 10 km. Other parameters are b - 0.86, ft - 3 x 10ndyne cm"2, and 

a - 1.25xlO~$. Curves only apply if seismicity obeys occurrence relation Afi(A/), but 

parallel curves for A/n^-AA/, A A/ fixed, can be derived for occurrence relations

Figure? Repeat times T, (A/) 0-1,2,3) for Af- 5,6,7 «nd 8 when S - 60 mm/year, 

a - 1.25 x 10-5, b - 0.91, W - 15 km, L - 1300 km, and M - 3 x 10" dyne/cm2. Super- 

imposed are bounds for the observed repeat times of events with A/ > 5,6 and 7 for the Cal­ 

ifornia plate boundary region from the Gulf of Mexico to Cape Mendocino. Intersections of 

these observations and theoretical curves are projected down to near the horizontal axis to 

infer appropriate range of A/^ corresponding to each form of the occurrence relation.
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Figure 8 Cumulative magnitude distribution functions Nt\ (M) % N|2 (A/) and Nty(M) (Eq 25) giving 

the theoretical frequency of   magnitude M or larger earthquake causing rupture at a single 

site on a fault. Curves are generated for b - 0.86 (8A) or b - 0.20 (8B), and for 

a - 1.25 x 1(T5, M - 3 x 1011 dyne/cm7, W - 10.0 km, and S - 37 mm/year. Ntl (M) and 

N,2(AS) have A/max* 8.3, and Af,j(A/) has A/^- 8.6. Superimposed on each figure is 

the distribution of magnitudes inferred for the Fallen Creek site on the San Andreas fault. 

Inferred magnitudes (Table 3) are based on chronology given by Sieh (1978a), time- 

predictable or slip-predictable model of Shimazaki and Nakata (1980), and earthquake scal­ 

ing relations of Scholz (1982).
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TtWel

Fraction of Moment Released by Eirthqutkes with 

Magnitude between */ .»-A A/and M*^

AA/

0.0

0.1

0.25

0.35

0.5

1.0

2.0

3.0

4.0

4-0.25 

0. R. 1 O. R. 2 O. R. 3

0.83 0.0 0.0

0.88 0.25 0.04

0.92 0.51 0.19

0.94 0.63 0.30

0.96 0.76 0.47

0.99 0.94 0.82

1.00 1.00 0.99

1.00 1.00 1.00

1.00 1.00 1.00

4-0.85 

O. R. 1 O R 2 O. R. 3

0.43 0.0 0.0

0.51 0.14 0.02

0.61 OJ1 0.11

0.66 0.41 0.18

0.73 0.53 0.30

0.87 0.78 0.63

0.97 0.95 0.91

0.99 0.99 0.98

1.00 1.00 1.00

4-1.0 

O. R. 1 O. R. 2 0. R. 3

0.33 0.0 0.0

0.41 0.11 0.02

0.50 0.25 0.09

0.55 0.33 0.15

0.63 0.44 0.25

0.79 0.68 0.54

0.93 0.90 0.85

0.98 0.97 0.95

0.99 0.99 0.99
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TableS

Region

1. Oaxaca

2. Oaxaca

3. Oaxaca

4. San Marcos

5. Petetlan

6. Colima

Approx.

Location

16.2'N 95.8*W

16.0'N 96.8*W

16.6'N 97.7'W

16.7'N 99.2'W

17.3'N 101 .4'W

18.4'N 103.2'W

Avc.

Period

Years

34

54

38

56

36

32

Smallest

Observed

Magnitude

7.4

7.8

7.4

7.5

7.5

7.5

Calculated Threshold Magnitude

(Eq. 1.12)

7J

7.7

7.5

7.7

7.5

7.5

(Eq. 11.11)

7.5

7.6

7.5

7.6

7.5

7.5

CEq. III. 11)

7.4

7.5

7.4

7.5

7.4

7.4

1 For parameters a - 1.33 x 10"5, M - 3.3 x 10ndyne-cnT2, » - 70x K^cm, M0 (Q) - 1016 dyne-cm, 

. b - 1.0, M^i * 80, S - 65mm/yr.
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Table 6 

Ptllett Creek Events : Magnitude Estimates

Est

Event Year

Z 1857

X 1745

V 1470

T 1245

R 1190

N 965

I 860

P 665

D 545

Time Inferred Model

Waiting Time

10 next Event

(years)

>125

112

275

225

55

225

105

195

120

Inferred slip

in Event (mr

>4.6 
(4.5 to 4.8) 3

4.1

10.2

8.3

2.0

8.3

3.9

7.2

4.4

Magnitude

>7.81 , 
(7.8 to 7.9) 3

7.74

8.26

8.15

7.33

8.15

7.71

8.06

7.78

Slip Predictable Model

Waiting Time

from prior Event

(years)

112

275

225

55

225

105

195

120

.7

Inferred slip

in Event (m)

4.1 
(4.5 to 4.8) 3

10.2

8.3

2.0

8.3

3.9

7.2

4.4

7

Magnitude

7.74 
(7.8 to 7.9) 3

8.26

8.15

7.33

8.15

7.71

8.06

7.78

7

* Based on slip rate of 37 mm (year)

* Based on EQ. (25) for W - 10 km, -jf- - 1.25xlO"5. Uncertainty is > 0.2 magnitude units.

* Actual, (Sieh 1978b).
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Table 7

Magnitude of Threshold of Observations Consistent with 5*37 mm/year and 

T, (A/) -164 years 5 at Fallen Cteek, as a function of M.^

^m»\

7.8

7.9

8.0

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

b - 0.20

Eq 1.17 Eq. 11.15

7.50

7.83 7.52

7.23 7.53

7.48

7.40

7.19

6.60

Eq. 111.15

7.30

7.36

7.39

7.41

7.42

7.40

7.40

7.28

7.13

6.85

6.15

b - 0.86

Eq. 1.17

7.43

7.37

7.31

7.21

7.10

6.95

6.77

6.58

6.35

6.08

Eq. 11.15

7.32

7.34

7.34

7.32

7.29

7.24

7.17

7.08

6.96

6.81

6.64

Eq. 111.15

7.18

7.21

7.24

7.26

7.27

7.27

7.26

7.23

7.19

7.13

7.05

1 Other Parameters M - 3 x 1011 dyne/cm3, W - 10 km, j - 1.25 x 1(T5.
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sT1 (M)=103mm sT2 (M)=103mm sT3 (M)=103 mm

(B) _ 75 r(o
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5.0 j_ j
6.0 7.0 8.0 6.0

sTj (M) = 103 mm s?2 (M) = 103 mm sf3 (M) = 10 3 mm
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j 5.0 j i
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FIGURE 5 
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