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Seismic and Aseismic Slip on the San Andreas Fault 

C. II. SCHOLZ, 2 M. WYss, AND S. W. SMITH 

Seismological Laboratory, California Institute of Technology, Pasadena, California 91105 

Field and experimental evidence are combined to deduce the mechanism of slip on shallow 
continental transcurrent faults, such as the San Andreas in California. Several lines of evidence 
portray the central section of the San Andreas fault as a very smooth and fiat surface, with a 
very low frictional strength in comparison to the breaking strength of intact rock. The Parkfield 
earthquake of June 27, 1966, and its aftershock and creep sequences are examined as a detailed 
example of fault slippage that includes both types, seismic and aseismic. It is shown from 
considerable number of field data that during the main shock a region from about 4 to 10 km 
in depth slipped approximately 30 cm. In response to this slippage, creep and aftershocks were 
generated. The creep and aftershocks are not directly interrelated, but they are microscopically 
identical processes of time-dependent brittle friction occurring in parallel in different regions. 
The creep occurred by time-dependent stable frictional sliding in the 4-km-thick surface layer; 
the aftershocks, by time-dependent stick-slip at the ends of the initial slipped zone. This model 
is in good agreement with laboratory results which show that slippage should occur by stable 
(aseismic) friction in the upper 4 km, by stick-slip accompanied by earthquakes from about 4 
to 12 km, and by stable sliding or plastic friction below 12 km on the fault. One feature not 
observed in the laboratory is the episodic nature of creep. These episodes can be predicted with 
an accuracy of about I week. 

INTRODUCTION 

It is by now well known that slip on a fault 

can take place in at least two uniquely differ- 

ent ways. In some situations, slip may occur at 

a rate comparable to the elastic-wave velocity 

of the surrounding rock. Such slip is efficient in 
exciting seismic waves and results in an earth- 

quake. In other situations slip may occur at a 

comparatively slow rate and consequently does 

not generate an earthquake. Both modes of 

slip, seismic and aseismic, are accommodation 
of the crust to tectonic stresses and have the 

same effect in relieving such stresses. Therefore, 

since there is more than one way to relieve 
tectonic stress, only one of which is a hazard 

to man, the ultimate solutions to the problems 
of earthquake prediction, of estimating earth- 

quake risk, and perhaps eventually of even pre- 
venting earthquakes must turn on an under- 
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standing of the conditions by which slip on 

faults is released seismically or aseismically. 
To approach this problem, we must first 

understand the physical processes operating 
when slip occurs on a fault. This study is a first 

attempt in that direction. We begin by combin- 

ing field evidence with the considerable amount 
of recent experimental work on the earthquake 

mechanism to describe some general features 

of slippage on faults such as the San Andreas 

in California. Then, using the 1966 Parkfield, 

California, earthquakes as our point d'appui, 
we test these concepts in detail. 

ROLE OF FRICTION 

The problems with which we are primarily 
concerned are the mechanism of fault creep, 

which is slow slip of the fault and purportedly 

aseismic, and of earthquakes. To proceed, we 

shall discuss the role frictional processes play 

in sliding on faults such as the San Andreas. 
State o• stress. The fact that large shallow 

earthquakes in regions such as California occur 

repeatedly on discrete and very well-defined 
planes [see, e.g. Allen et al. 1965] clearly dem- 
onstrates that they are a frictional sliding phe- 

nomenon. Nevertheless, it has been argued [viz. 

Orewan, 1960] that any normal form of fric- 
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riohal sliding would require stresses much higher 
than are indicated by observed stress drops. The 
coefficient of friction on rock surfaces normally 

ranges from about 0.4 to 1.8 [Jaeger, 1959; 
Handin and Stearns, 1964], which suggests that 
the stress necessary to cause frictional sliding on 
a fault is at least an order of magnitude higher 

than stress drops derived from seismic observa- 
tions [Brune and Allen, 1967b]. Brace and 
Byeflee [1966] suggested that stick-slip fric- 
tional sliding was the mechanism of earthquakes 
and, in the light of the above difficulty, main- 
tained that the stress drop need be only a small 
fraction of the total stress. It is the intent of 

this paper to combine the field data as closely 
as possible with laboratory results in an attempt 
to understand the mechanisms of earthquakes 

and fault creep. These processes will be ex- 
amined in the light of the stick-slip hypothesis. 
Consequently, before beginning our analysis we 
must attempt to reconcile the major dilemma 
of the strength of the fault. Is the stress on the 
fault much higher than the stress drop during 
an earthquake, or is there some way by which 
the frictional strength can be lowered substan- 

tially from that normally observed in laboratory 
experiments ? 

The stress required to produce an earthquake 

has not been determined by direct means. The 
pertinent available information is the stress 
drop and the product of seismic efficiency and 
average stress before and after the shock. The 
results of King and Knopo# [1968], however, 

suggest a method for relating the stress drop 
during an earthquake to the initial stress. Sup- 
pose that, following Tsuboi [1956], we assume 
that the strain energy density required to pro- 
duce an earthquake in a given seismic region is 
constant, regardless of the size of the earth- 
quake. This is equivalent to the hypothesis that 
the stress required to initiate an earthquake is 
independent of the size to which that earth- 
quake grows. This assumption is justified by the 
broad size spectra of earthquakes occurring in 
a limited region, as has been emphasized by 
many studies of the frequency-magnitude re- 

lation. With this assumption, the approximate 
total stress in a region can be determined from 
the stress drops associated with earthquakes 

by using the fractional stress drop model of 
King and Knopoff. In Figure I the stress drops 
of earthquakes that occurred on the San An- 

dreas fault are plotted as a function of mag- 
nitude. Fitted to the data is King and Knop- 

off's relation. With the assumption that the 

maximum possible earthquake is one of magni- 
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Fig. 1. The stress drops of San Andreas earthquakes plotted versus their magnitudes. The 
parametric curve of King and Knopoff is fitted to the data to determine the total stress. Data 
is from San Francisco 1906 and Imperial 1940 and 1966 [Brune and Allen 1967b]; Parkfield 
1966 [Ak{, 1968a]; and smaller earthquakes [Wyss and Brune, 1968]. 
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rude 9, a very good fit to the data is obtained 
with the parameters m_ = 0.4 and a total stress 
of 100 bars. 

The most sensitive parameter in fitting the 
data in Figure 1 is the total stress, which de- 
termines the scale of the ordinate. Other param- 

eters that come into the relation, such as the 

seismic efficiency, are less well defined. The 
parameter m_ suggests a value of about 0.1 for 

the efficiency, which is close to the value ob- 
served in model experiments by Vasil'yev 
[1968]. Wyss and Brune [1968] determined 

the product of seismic efficiency and average 
stress from the moment-magnitude relation of 
small earthquakes at Parkfield. They obtained 
a value of approximately 10 bars. As a test of 

consistency, we can apply the above value of 
efficiency to this, which again indicates an 
initial stress of around 100 bars, since the stress 

drops of those small earthquakes were only of 
the order of a bar. Whereas the stress deter- 

mined in this way may not appear on first ex- 
amination to be reliable, it is encouraging that 
this value lies between the minimum value of 

74 bars, given by the stress drop of the 1906 
San Francisco earthquake [Brune and Allen, 
1967b], and the maximum value of around 200 

bars, determined by the absence of a heat. flow 
anomaly on the San Andreas fault [Brune et 

al., 1968]. Consequently, we feel confident that 
the value of 100 bars is a fairly good estimate of 
the stress on the straight portions of the fault. 

Frictional strenqth. Byeflee [1967a, b] has 

extensively studied the frictional strength of 
rock and has found that the shear stress re- 

quired to initiate sliding is generally in the form 

ß = + up 

where r is the shear stress, p is the normal 
stress on the surface, and ro and p are con- 
stants. The ro term is probably due to the ef- 
fect of interlocking. He determined values of 

ro and t• of 0.5 kb and 0.6, respectively, for 
westerly granite under high confining pressure. 
His experiments at low normal stress yield a 
better measure of to, however, and show that 
the value is closer to 30 bars. 

One of his most interesting conclusions was 
that the coefficient of friction of brittle ma- 

terials is a function of surface roughness. He 
found that the coefficient of friction of westerly 
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Fig. 2. Composite fault plane solution (lower 
hemisphere) of twenty-two microearthquakes lo- 
cated near Parkfield, California, from October 1 
to November 15, 1967. Open circles, dilatations; 
closed circles, compressions. Mapped fault trace 
is indicated by arrows. 

granite decreased from 0.6 to 0.2 as the CLA 

roughness decreased from 300 to 20 microinches 

[Byeflee, 1967b]. For ideally smooth surfaces, 
he argues that the coefficient of friction may be 
as low as 0.1. This is of interest because there 

is reason to believe that the San Andreas fault 

is a very smooth surface, and accordingly it 
may have a very low frictional strength. From 
October I to November 15, 1967, a six-station 
microearthquake array was operated by the 
Seismological Laboratory in an area of the San 

Andreas fault near Parkfield, California. In 
Figure 2 we show a composite fault plane so- 
lution for twenty-two of the shocks detected 

during that study for which satisfactory depths 
were obtained. The locations of the shocks are 

given in a later section. Figure 2, a lower-hemi- 

sphere projection, was obtained by superim- 
posing individual solutions for each of the 
shocks. The data were from first arrivals at the 

six local stations, except for two larger shocks, 
which were also recorded on the southern Cali- 

fornia network. None of the shocks were 

recorded at sufficient stations to yield an indi- 

vidual mechanism solution, but with the com- 

posite method the source parameters that the 
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shocks have in common can be obtained. in 

this case the data strongly delineate two nodal 

planes, indicating that all the earthquakes used 

in the solution had nearly identical mechanisms. 

The solution indicates right-lateral movement 
on a vertical fault, with one of the nodal planes 

within a few degrees of the average trace of 
the San Andreas fault in the area. 

The magnitude of the earthquakes used in 
the mechanism study ranged from 3.4 to as low 

as about 1, with most of the shocks lying in 
the approximate range of magnitude i to 2. 
Therefore the shocks sampled portions of the 

fault ranging from tens of meters to kilometers 
in length if any reasonable relation between size 

and magnitude, such as that of Tocher [1960a], 
is assumed. Together with Eatoh's [1968] evi- 
dence that all aftershocks of the Parkfield- 

Cholame earthquake sequence occurred di- 

rectly on the fault, within the accuracy of his 

measurements (0.5 km), the present evidence 
for the identical mechanism of microearthquakes 

over a substantial length of the fault indicates 
that the San Andreas fault in this area is an 

extremely smooth and fiat surface over a con- 

siderable dimensional range. Byeflee reports a 
value of ro of about 30 bars for smooth sur- 

faces measured in the laboratory. I-Ie has also 

shown that this value may be reduced if water 

is present. The slow strain rates involved and 
the presence of gouge in the fault zone will also 

tend to reduce the degree of interlocking. Ac- 
cordingly, ro is probably quite small, and we can 

ignore this parameter for the purposes of esti- 

mating the average frictional strength of the 
fault and use the relation 

•- •zp (2) 

where/• is the coefficient of friction. 
The coefi%ient of friction of a brittle ma- 

terial such as rock is very dependent on the 

roughness of the surface. This is largely an ef- 

fect of interlocking. The above observation that 

the San Andreas fault is very smooth indicates 
that it may have a very low coefficient of fric- 

tion. Byeflee [1967b] has postulated a model 
for brittle friction on smooth surfaces. His re- 

sults show that the coefficient of friction on such 

surfaces should be independent of the strength 
of the materials in contact but will depend on 
the average apical angle of the asperities. Let 

us assume that the fault corresponds to such 
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an ideally smooth surface. The semiapical angle 

can be estimated from the microearthquake 

focal mechanism data. An average asperity on 

the fault, as schematically represented in Fig- 

ure 3, probably has a wavelength of the order 

of kilometers. The nodal planes of mechanisms 

of microearthquakes that have fault lengths of 
only tens or hundreds of meters will map out 

the surface of the asperities. Consequently, the 

angular uncertainty in determining nodal planes 
from a composite fault plane solution for a 
large number of microearthquakes distributed 

over a long length of fault, due to variation 

among individual fault planes, will be equal to 

the angle fi shown in Figure 3. This angle is 
twice the complement of the semiapical angle 
a of the average shaped asperity. The data 

given in Figure 2 indicate that the angle • is 
less than 10 ø in the Parkfield region. From 

Byerlee's [1967b] model of friction with wedge 
shaped asperities, the coefficient of friction for 

this region with asperities of semiapical angle 
85 ø is 0.075. This value is probably an upper 
estimate; his cone-shaped asperity model indi- 
cates that • is vanishingly small at a • 75 ø. 

Even if the asperities are randomly shaped, /• 
would only be about 0.15. The average fric- 
tional strength of the fault over a depth of 0 

to 15 km, from the calculated value of • and 
equation 2, is 150 bars. In this calculation we 
have assumed that the normal stress on the 

fault is equal to the overburden pressure. This 
is again probably an overestimate, for if the 
crust is elastic the horizontal stress in the ab- 

sence of a normal component of tectonic stress 

Fig. 3. A schematic representation of an av- 
erage shaped asperity on the fault is indicated by 
the shaded curve. The angular configuration of 
the asperity as described by the parameter •s 
can be determined from microearthquake focal 
mechanisms as described in the text. 
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would be less than the overburden pressure by 
a factor of v/(1 -- v), where e is Poisson's 
ratio. That this may be the case has been dem- 
onstrated by borehole stress measurements in 

deep mines in South Africa [Leemah, 1964]. 
in view of the uncertainty in the calculations, 

this strength value, 150 bars, is indistinguishable 
from the value of 100 bars estimated for the 

stress required to produce an earthquake. In 

conclusion, therefore, these results show that 
the tectonic stress on the San Andreas fault is 

indeed sufficient to produce faulting by brittle 
friction, provided that the fault is very smooth 
and friction is brittle, as proposed by Byerlee. 
Consequently, we can tentatively accept the 
stick-slip hypothesis of Brace and Byerlee and 
discuss sliding on the fault in the light of lab- 
oratory studies of frictional sliding. According 
to these calculations, the fault is an extremely 
weak low-friction surface, with a strength far 
less than that of the surrounding rock. This by 
itself can explain the very high concentration of 
seismic activity along this narrow zone. 

It should also be pointed out that the values 
of stress and strength calculated above are only 
applicable to limited lengths of the straight 
portions of the San Andreas fault. Our esti- 

mates of smoothness of the fault are only ap- 
plicable to lengths of the order of a kilometer 

or longer in a 40-km-long zone near Parkfield. 
Since our estimates of stress are also based on 

data from straight parts of the fault, the com- 
parison of the two calculations is probably valid. 
On the other hand, the strength of the San 
Andreas as a whole, taking into account the 
curved portion of the fault from Cholame south 

to Big Bear Lake, may be considerably larger. 
Variations of frictional strength may be re- 
sponsible for the variety of patterns of seismi- 
city observed along the fault by Allen ei al. 
[1965], and Allen [1968]. 

Stictc-slip and stable sliding. Frictional slid- 

ing of rock is sometimes punctuated by jerky 
motion, i.e. stick-slip. Rapid stress drops pro- 
duced by stick-slip motion on faults has been 
suggested as the mechanism of earthquakes 
[Brace and Byeflee, 1966]. Not all the dis- 

placement during frictional sliding is mani- 
fested in stick-slip events, however. Except pos- 
sibly in the special case of totally interlocked 
surfaces, stick-slip is preceded and followed by 

variable amounts of stable sliding, i.e. sliding 

unaccompanied by measurable stress drops. 
That stable sliding is also a brittle process is 
clear; laboratory experiments indicate that it is 

accompanied by microfracturing [Scholz, 1968a]. 
Both processes are due to brittle fracture of 

asperities. The type of sliding that will occur 
seems to depend on the presence or absence of 
an instability required in order for the fractures 

to grow to a macroscopic size. Brace and Byeflee 

[1966] suggested that this instability is due to 
a variation of frictional resistance with displace- 
ment. Although stable sliding is accompanied by 
small-scale fracturing, it is likely that most of 

this activity is usually below the dynamic range 
of any microearthquake apparatus now in opera- 
tion. Therefore fault slippage will, in general, be 
partly due to motion during earthquakes and 
partly due to aseismic slip. This observation 
agrees with that of Brune [1968], who found 
that the rate of slip in the Imperial Valley com- 
puted from seismic moments was less than the 

values obtained from geodetic measurements. 

The surface cracking preceding the Parkfield 
earthquake [Allen and Smith, 1966] which was 
not associated with microearthquake activity 
may have been stable sliding, which often pre- 
cedes stickslip in the laboratory. 

According to recent results of Byeflee and 
Brace [1968], stick-slip is only an intrinsic 
property of rock friction under certain condi- 

tions. They find that stick-slip at confining 
pressures below about I kb does not occur in all 

rock types they studied. In addition, stick-slip 
does not occur at any pressure in basic rocks 
such as gabbro and dunire which have even a 

very small amount of serpentine alteration. 

These results present a rather interesting 
explanation of the die-off of seismic activity at 
about 15 km in California. This die-off seems 

too rapid to be due to simply an increase of 

ductility with temperature and pressure, and 
there is no evidence for the alternative that 

there is a low-viscosity layer in the crust. The 

experimental results suggest that the sudden 

drop-off seismic activity may be due to a change 
from granitic or sedimentary rock to altered 

basic rock at that depth. In northern California, 
a discontinuity of that nature between Fran- 

ciscan sedimentary and basic intrusive rock and 

underlying rock of 6.8 velocity at about 12 km 
has been identified from refraction studies 

[Stewart, 1968]. 
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Insofar as frictional properties are concerned, 
laboratory results suggested that the crust in 
California may be composed of three layers with 

the following properties: layer 1, from the sur- 
face to a depth of 2 to 4 km, in which stable 
sliding is the primary mode of slip, regardless 

of rock type, except when an earthquake propa- 
gates from below; layer 2, a generally granitic 

layer, extending to depths of about 12 km in 
the Parkfield area but which may vary in other 

regions, in which slip occurs by both stable 
sliding and stick-slip accompanied by earth- 

quakes; and layer 3, underlying layer 2, com- 

posed of altered basic rock in which the primary 
mode of slip is stable sliding. We have no in- 
formation as to what depth the fault may extend 
in layer 3. 

PARKFIELD, CALIFORNIA, EARTHQUAKES OF 1966 

The Parkfield-Cholame earthquake of June 

27, 1966, and its aftershock sequence is one of 
the best studied seismic events. One of the most 

interesting, and unforeseen, observations was 

that after the main shock, slow slippage of the 

fault began to occur and is still continuing at 

the time of this writing, two years later. This 
behavior, which has been observed elsewhere on 
the San Andreas fault under different circum- 

stances [Tocher, 1960b] has been known as 

fault creep. The term fault creep should in no 

way indicate a relation to the time-dependent 

rheology of metals and other materials but is 

used in this context merely to indicate slippage 

of the fault which is very slow in comparison 

with the elastic-wave velocity. 

Fault creep may be a very important mode 

of crustal deformation, which has been largely 

overlooked in the past because of a lack of 

detailed instrumental observations. It represents 

one of the very few truly new aspects of faulting 
that has been uncovered in many years and 

may provide some important clues in unraveling 
the mechanism of seismic faulting. 

Wallace and Roth [1967] and Smith and 

Wyss [1968] have independently reported their 

observations of fault creep following the Park- 
field earthquake. Their chief observations were 

(1) that, the creep decayed off after the main 

shock with a logarithmic time law quite similar 

to the falloff of aftershock activity, and (2) that 

the fault creep as measured at the surface ap- 

peared to be composed of episodes of accel- 
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erated creep that seem to be related in some 

way with felt aftershocks. The creep sequence, 
as well as the aftershock sequence, thus appears 

to have been generated by the main shock and 
the two seem to be interrelated in some way. 

We should now like to examine carefully all the 

pertinent observations of the Parkfield-Cholame 
earthquake sequence with the intent of develop- 

ing a coherent model of the mechanics of the 
main shock, aftershocks, and fault creep. 

Recent experimental studies of the frictional 

and fracture behavior of rock have greatly en- 

hanced our understanding of how rock deforms 
under shallow crustal conditions. As we have 

made clear in the discussions above, these in- 

vestigations have led to a number of hypotheses 

regarding the mechanism of earthquakes. Be- 
cause of the very intensive studies that have 
been made of the Parkfield-Cholame earth- 

quakes, this earthquake sequence presents a 

unique proving ground for the detailed testing 
of some of these ideas. 

Mechanism o) • the Parkfield mainshock. As 

little as 10 hours after the mainshock, when 

slip by creep was taking place at a very rapid 
rate, Allen and Smith [1966] found that only a 
4.5-cm displacement had taken place across the 
white line on highway 46. Observations else- 
where on the fault also indicated that the 

amount of slip produced during and shortly 
after the mainshock was small in comparison to 

that eventually produced by creep. Extrapola- 
tion back in time on the creep curves that were 

subsequently measured led to the conclusion 

that essentially no slip had occurred at the 

surface during the main shock [Smith and 
Wyss, 1968]. Even disregarding this extrapola- 
tion, the large-amplitude surface waves [Wu, 

1968a] and accelerations [Aki, 1968b] both 

indicate, when compared with measured surface 

displacements, that slip during the main shock 
must have been much greater at depth than at 

the surface. This conclusion is also supported 
by the geodetic measurements of Hoy%ann 

[1967], which showed that almost 20-cm dis- 

placement had taken place 6 to 8 km from the 
fault by July 1966. 

All the evidence thus points to a buried fault 
that underwent a considerable amount of slip at 

depth. Little or no slip occurred in the surface 
layer immediately during the earthquake, but 
creep was initiated which resulted in substantial 
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slippage over the next few months. This sug- 

gests a causal relationship between the earth- 

quake and the creep that followed it: the main 

shock did not propagate to the surface; conse- 
quently, the layer between the slipped region 
and the surface was highly stressed. The re- 

sponse of this layer was fault creep. 

Before we discuss the rheology of the creep 
process we must first quantify the reconstruc- 

tion of the main shock. Ho/mann [1968] re- 

measured the California Department of Water 

Resources geodetic network in the Parkfield 

area and found that points 6 km from the fault 
had moved 2.5 cm between July 1966, immedi- 

ately after the main shock, and May 1967. It 

was during this period that extensive creep 
occurred on the fault. At the Taylor ranch 
theodolite station, located near the center of 

Hofmann's network, 11.5 cm of displacement 

across the fault was recorded during the same 
time interval. These two measurements can be 

used in conjunction with elastic theory to esti- 

mate the depth of the creep zone. By using 

various models of fault slippage, these two 

measurements indicate that the depth of the 

creep zone (and accordingly the top of the zone 
faulted during the main shock) was between 2 
and 4 km [Chinnery, 1961; Walsh, 1968]. 

Eaton [1968] found that aftershock activity 
decreased very rapidly below 10 km. No after- 
shocks were observed below 12 km. It is very 

likely, therefore, that the bottom of the zone 
that slipped during the main shock was at 
about 10 km. Taking as our model a disloca- 
tion 40 km long which slipped from 4- to 10-km 
depth, we find from the seismic moment of 
1.9 X 1035 dyne cm [Wyss and Brune, 1968] 

that a total slip of 30 cm occurred during the 
main shock. By early 1968, when creep activity 

had slackened to a very low rate, nearly all this 

displacement had been relased at the surface by 
creep. At that stage, the geodetic displacements 
are consistent with a surface fault of 10-km 

depth which slipped 30 cm. 
In Figure 4 we illustrate our model. The dis- 

placements from the main shock were calcu- 
lated from Chinnery's [1961] model. We as- 

sumed that the upper creep zone behaved like 

Walsh's [1968] model 1, with d/d6 = 1. In the 
left-hand diagram the theoretical displacement 
curves are fitted to the data. The fit to the 

creep data and to Ho/mann's [1967, 1968] meas- 
urements is extremely good. According to this 

result, a zone from 4 to 10 km slipped 30 cm 
during the main shock, followed by creep in the 
surface layer. The upper 4 km had slipped 
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Fig. 4. Fault slip and displacements during and following the June 27, 1966, earthquake. 
The right-hand figure (b) shows the inferred variation of slip with depth in the central section 
of the fault due to the main shock and at several later dates after creep had occurred in the 
surface layer. In the left-hand diagram (a), calculated displacements are shown for the central 
section of the fault immediately after the main shock and at two later dates where they are 
fitted to creep at Taylor Ranch and Ho/mann's [1967, 1968] points (open circles). Displace- 
ments on a line across the southwest segment of the fault are also shown as solid circles 
[Wallace and Roth, 1967; Meade, 1966]. 
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16.5 cm by July 1966, and by May 1967, 28 in his model considerable latitude must be 
cm, nearly all the stored slip, had been released placed on the interpretation of his results. We 
by creep. The creep layer probably does not feel that his results may be construed as indi- 
correspond to a geologic layer. In the Cholame caring only that displacements at depth, while 
Valley the alluvium is estimated at several not determined accurately, were significantly 
hundred meters [Dickenson, 1966] and seismic greater than observed at the surface. In any 

refractions studies by Eaton [1968] indicate case, his results may be applied only to the 
discontinuities at 1.4- and 6-km depth. It ap- southwest segment of the fault. The displace- 
pears that the creep layer corresponds to the ment on this part of the fault may have been 
stable sliding layer expected from laboratory quite different than the displacements on the 
results. We shall test this suggestion in the central section. In the light of the uncertainties 
next section. of his method, we do not feel that his results 

Aki [1968b] attempted to determine the are in serious conflict with the present model 
mechanism of the main shock by synthesizing of the main shock. 
the accelerograph from a strong motion station Although our synthesis of the mechanism of 
located very close to the fault and just south of the main shock is certainly not uniquely deter- 
highway 46. He concluded that the fault slipped mined, the strong self-consistency of the creep 
60 cm from a depth of 3 km to less than 100 data, geodetic measurements, seismic moment, 
meters from the surface. This accelerograph is and aftershock distribution allow considerable 
only indicative of the displacement that took confidence in the model. Perhaps more impor- 

place on the extreme southern end of the tantly, this model implies a generating mecha- 
faulted region, where the instrument was lo- nism for the creep and aftershocks that followed. 

cared. The U.S. Coast and Geodetic Survey Creep and a)•tershocks. According to our 
reoccupied a geodetic network in this region in interpretation of the experimental studies of 
August 1966 [Meade, 1966]. The displacements friction, shallow and deep parts of the fault 
observed from one of the traverses, which should slip primarily by stable sliding, whereas 
crossed the fault 4 km north of the accelero- a central section from about 4- to 12-km depth 
graph station, are shown in Figure 4. These is particularly prone to stick-slip and, conse- 
data indicate that the fault may indeed have quently, to earthquakes. After the Parkfield 

been quite shallow in that region, and again earthquake, substantial creep occurred during 

indicates, when combined with data from the the extensive • aftershock sequence. Since both 
quadr!lateral QAB located across the fault by seismic and aseismic creep therefore occurred 
Wallace and Roth [1967], that displacements simultaneously in the same locality, excellent 
strongly increased with depth. Note, however, means are provided for directly comparing the 
that a displacement greater than 20 to 30 cm two types of slip. 

is not consistent with these data. After the Parkfield earthquake, five small- 
This conflict is probably a result of the over- scale geodetic stations were established across 

simplified model assumed by Aki. I-Ie used for the main break [see Smith and Wyss, 1968]. 
simplicity a rupture velocity of 2.2 km/sec The cumulative displacement to date of these 

within a uniform medium of S-wave velocity five stations are plotted versus the logarithm 
3.5 kin/sec. In the light of a detailed refraction of time in Figure 5. The ordinate for the data 
study by the U.S. Geological Survey [Eaton, at each station is arranged so that the stations 
1968] which showed that a low-velocity sedi- from north to south in the fault area are shown 

ment (vp • 3 km/sec) overlies the basement from top to bottom in the diagram. The time 
in the fault area to a depth of I to 2 km, scale was arbitrarily fixed so that the origin 
however, Aki noted that the rupture velocity time of the main shock is at t -- 1. 
may be supersonic in the near-surface layers. The clearest feature to be observed from 

His calculations show that the inferred dis- Figure 5 is that for long periods of time the data 

placement may be reduced by as much as a fall on straight lines, i.e., the creep decays 
factor of 2 if the rupture velocity approaches logarithmically in time. This pattern is most 
the shear-wave velocity. Consequently, because regular at Taylor Ranch, the station closest 
the effect of this layering has been neglected to the center of the fault break. The stepwise 
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Fig. 5. Cumulative slip across the fault following the Parkfield earthquake measured with 
five small-scale geodetic networks and plotted semilogarithmically against time. The ordinate 
intercepts are arranged arbitrarily so that stations from north to south are from top to bottom 
in the figure. The mainshock was at t -- 1. The occurrence of several aftershocks which seem 
to have affected the creep are indicated by vertical lines with asterisks to indicate the relative 
position of the epicenters with respect to the theodolite stations and with the distances noted 
to associated measured slips. 

deviations and the changes of slope of the lines 
are discussed in a later section. 

The observation that creep following the 
Parkfield earthquake decayed approximately 

logarithmically in time, as did the aftershocks 
[Eaton, 1967], suggests that the two may be 

related. This possibility is strengthened by the 
observation of Smith and Wyss [1968] that the 

creep is not smooth but episodic and that such 
episodes often follow large aftershocks. This 
poses a number of interesting possibilities. One 
question that might be asked is' are the creep 
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TABLE 1. 

SCI-IOLZ, WYSS, 

Seismographic Stations in the Epi- 
central Region 

Height, 
Name Latitude Longitude meters 

Station 1 35ø49.35" 120o29.40" 590 
Station 3 35ø55.55" 120ø30.40" 580 
Station 5 35055.00" 120021.65" 960 
Station 7 35051.40" 120016.90" 520 
Station 8 35045.60" 120023.35" 590 
Gold Hill 35049.9" 120021.2" 370 
Carr Ranch* 35ø50.0" 120ø21.9" 360 

* Location of creepmeter. 

episodes really aseismic? It is possible, for 
example, that such creep episodes are accom- 

panied by a swarm of microearthquakes, each 
of which contributes a small stepwise incre- 
ment to the creep displacement. 

To investigate the relationship between micro- 
earthquakes and fault creep, a five-station 
microearthquake array was operated in the 
Parkfield area from October 1, to November 
15, 1967. This time interval was selected on the 

basis of past creep activity, which suggested 
that a creep episode might be expected by mid- 
October. The locations of these temporary sta- 
tions, together with those of the U.S. Geological 
Survey Station Gold Hill, which was also used 
in the study, and the Carr :Ranch creepmeter, 
are given in Table I and shown in Figure 7. 
The response of these stations, which are de- 
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scribed by Brune and Allen [1967a], was such 

that any earthquake of magnitude 0 or greater 
that occurred within the array was perceptible. 
During the same period, the Invar wire creep- 

meter at Carr :Ranch [Smith and Wyss, 1968] 
was equipped with a strip chart recorder so 

that a continuous creep record was obtained. 
The sensitivity of this device was about 10 -4 cm. 

On October 21, three weeks after installation 

of the microearthquake array, a felt earthquake 
of magnitude 3.4 occurred in the Middle Moun- 

tain area. Eight days later creep began at Carr 

Ranch and continued until November 15, pro- 
ducing a total of about 0.2-cm right-lateral 

fault slip. The time history of the creep episode 
measured at Cart Ranch and the local seismic 

activity are shown in Figure 6. 

The seismic activity is shown as cumulative 

counts of earthquakes, which are divided into 
two groups: earthquakes that occurred from 

Middle Mountain south to highway 46 are 
shown in curve A, and earthquakes that oc- 
curred northwest of Middle Mountain and hence 

could not be located accurately with the array 
are shown in curve B. In Figure 7 we show 
the location of all shocks that were within the 

range of the array during the study. These data 
are also listed in Table 2. 

A cursory examination of Figures 6 and 7 
will convince the reader that there is no obvious 

direct relationship between local seismic activity 
and fault creep. In this sense, then, the creep 
episode is definitely aseismic in nature. It is 
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Fig. 6. Local seismic activity and creep, October and November 1967. Cumulative seismic 
activity from Middle Mountain south to highway 46 is shown by (A) and that northwest of 
Middle Mountain by (B). Creep measured at Carr Ranch. 
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noticed, however, that there are some interesting 
variations in the seismicity of the area that may 
be described in passing. In the three weeks prior 
to the October 21 earthquake, small shocks 
occurred at a fairly regular rate and were 
located fairly uniformly over the 30-km length 
of fault from Middle Mountain to highway 46 

(solid circles in Figure 7). 
This contrasts with the activity after October 

21 (centered open circles), which was concen- 
trated almost entirely in the Middle Mountain 
area and northward. The activity near Middle 

Mountain quieted down a few days after the 
October 21 shock, and no shocks occurred until 
the morning of October 28, when a swarm of 
activity began in the area north of Middle 
Mountain about 20 to 30 km northwest of Carr 

Ranch. A day later creep began at the same 
time as the occurrence of a small shock near 

Middle Mountain. The activity to the north- 

west lasted 6 days and ended as quickly as it 
had begun. Near the end of the creep episode, 
on November 14, another felt earthquake, of 
magnitude 3.3, occurred in nearly the same 
place as the October 21 event. 

Aside from the fact that major aftershocks 
often occur a short while before the beginning 

of creep episodes the above results indicate 
that there is little direct relationship of creep, 

either spatially or temporally, with local seismic 
activity. One might probe deeper and ask if 
they were at least correlated in sense. This 
seems to be the case. The composite fault plane 

solution (Figure 2) of the events located during 
this study are consistent with right-lateral mo- 
tion on the fault. 

The lack of direct correlation between creep 

and aftershocks becomes even more striking 

when we compare the creep displacements with 
the displacements inferred from aftershocks. We 
make this comparison in the following way. 

The sum of the moments of all earthquakes 

that occur in a given time on a particular fault 
plane can be divided by the product of the area 
of this plane with the appropriate shear modu- 
lus. The result is the cumulative displacement 

per unit fault length corresponding to the seis- 
mic activity during the time considered [Brune, 
1968]. Smith and Wyss [1968] pointed out that 

the displacement calculated from seismic radia- 
tion of the Parkfield aftershock sequence was 

much less than the geodetically observed creep 

SAN ANDREAS 2059 

Fig. 7. Map of the Parkfield-Cholame area 
showing theodolite stations (crosses), portable 
seismic stations (solid squares), and microearth- 
quakes located during the October-November 
1967 study. Solid circles are epicenters of shocks 
that occurred from October I to October 21; 
centered open circles, October 21 to November 
15; circle with x the M _-- 3.4 October 21 event; 
crossed circle, the M = 3.3 November 14 event. 
Numbers refer to corresponding depths. Fault 
trace is from Brown and Vedder [1967]. 
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TABLE 2. 

SCHOLZ, WYSS, AND SMITH 

Earthquake Locations in the Parkfield-Cholame, California, Area, October 1 to No- 
vember 15, 1967 

Time Depth, 
Date h m s N. Latitude W. Longitude km Magnitude 

Oct. 3 7 07 44.3 35056.5" 120028.3" 11.5 

Oct. 8 2 29 18.7 35053.4" 120026.2" 3.5 

Oct. 8 3 09 45.9 35053.5" 120027.4" 4.5 

Oct. 10 5 01 14.0 35ø56.0" 120ø27.1" --. 

Oct. 14 9 47 38.2 35ø51.5" 120ø24.4" 7.2 

Oct. 14 17 14 32.9 35051.9" 120025.3" 10.4 

Oct. 19 7 44 06.2 35047.6" 120020.6" 2.1 

Oct. 21 5 19 52.4 35ø59.1" 120036.0" '" 1.9 

Oct. 21 11 32 38.1 35059.2" 120ø31.5" 8.2 

Oct. 21 12 05 23.6 35058.6" 120031.2" 13.2 3.4 

Oct. 22 14 47 28.5 35055.9" 120029.5" 5.3 

Oct. 22 14 50 07.9 35055.3" 120028.3" 11.3 

Oct. 23 I 17 13.0 35047.9" 120020.2" 14.6 

Oct. 23 7 48 57.6 35ø52.1" 120026.8" 12.3 

Oct. 23 8 40 14.5 35ø43.1" 120018.5" 13.2 

Oct. 29 7 08 12.1 35056.3" 120032.5" 7.6 

Nov. i 6 09 51.3 35ø59.6" 120034.2" 8.3 

Nov. I 15 13 50.8 35055.5" 120030.2" 0.6 

Nov. I 19 28 12.8 35055.9" 120025.9" 19.7 

Nov. 3 20 16 20.5 35ø57.1" 120ø30.1" 6.9 

Nov. 7 10 37 43.0 35ø52.5" 120ø11.5" -.- 

Nov. 11 10 32 03.9 36 ø 7.8" 120040.0" ..- 

Nov. 13 18 18 51.7 35049.6" 120023.3" 5.1 

Nov. 14 00 00 52.9 35057.4" 120030.7" 12.2 3.3 

Nov. 14 2 44 29.8 35058.8" 120031.5" 16.0 

displacement. They concluded that a substantial 
amount of creep, displacement not accom- 

panied by seismic radiation, must have taken 
place. Creep and aftershocks have similar time 
histories. Next we inquire whether they are 

spatially correlated over the entire sequence. 
To answer this question the displacement as 

inferred from seismic radiation was determined 

as a function of position along the fault and 
compared with the ground displacement meas- 
ured at the surface. The most comprehensive 

study on hypocenters of the Parkfield sequence 
was made by Eaton [1968]. This study included 
only events that occurred between July and 
September 15, 1966; the corresponding mag- 
nitudes are not yet available. The list of shocks 

compiled by McEvilly et al. [1967] gives the 
magnitudes but it is less complete. Shocks up to 
January 12, 1967, are included in that list. For 
events after this date up to the present writing, 
the Pasadena Local Bulletin was used. 

The hypocenters of all the earthquakes in- 
cluded in these three sources were projected 
onto the fault plane of the Parkfield 1966 break. 

Then the moment of each shock was obtained. 

The fault plane was broken down into segments 

2 km long and 10 kin-deep. The moment of all 
shocks located in each segment were summed 

and divided by the product of the segment area 

(20 km •) and shear modulus (3 X 10 = dynes/ 
cm•). The average displacements caused by 
seismic events on fault segments obtained in this 

way are compared with the geodetically meas- 

ured displacements in Figure 8. 

The moments of the larger earthquakes were 

obtained by Wyss and Brune [1968]. The 
moments of smaller shocks were obtained by 

the moment-magnitude relation given by Park- 

field earthquakes in that study. The displace- 
ment corresponding to the numerous shocks for 

which no magnitudes were available was esti- 

mated as follows' by using the frequency- 

magnitude relation of McEvilly et al. [1967] 
and the moment-magnitude relation of Wyss 

and Brune, the average moment of a Parkfield 
shock (2 _• M _• 3.5) was determined. This 
value was then multiplied by the number of 

shocks with unknown magnitude per segment. 
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This procedure is believed to be a fair estimate 

since (1) the magnitudes of all the large and 
important shocks are assigned and (2) the 
number of shocks per segment was between 20 
and 100, which justifies statistical treatment. 

Earthquakes of ML •> 3.5 are expected to 

have fault dimensions larger than 2 km. The 
fault dimensions of such shocks were estimated 

from the magnitude-fault length relation found 

by Wyss and B•ne [1968]. Then the moments 

were distributed among a corresponding num- 

ber of neighboring segments. A shock of mag- 
nitude 5, for example, is estimated to have fault 

dimensions of about 14 km; therefore, its contri- 
bution to displacement was distributed among 

seven 2-kin segments centered around the epi- 
center. 

In Figure 8 the displacements are plotted as 

a function of position along the fault. The fault 

race as mapped by Brown and Vedder [1967] 

is indicated as a solid line on the top of the 

figure. For reference, the locations of highway 
46 and the town of Parkfield are indicated. The 

displacements obtained by small-scale geodetic 
measurements are relative to June 30, 1966; 

on this date the displacement all along the fault 

was assumed to be zero [see Smith and Wyss, 

1968]. The displacements as calculated from the 

seismic activity were obtained from the con- 
tributions of all shocks that occurred between 

June 27 and the present writing, except for the 
contribution of the main shock. 

Comparing the displacements obtained in the 

two different ways, we observed two things. 

First, the displacement obtained from small- 
scale geodetic measurements are approximately 

an order of magnitude larger than the ones in- 

ferred from seismic activity. Second, regions of 
large surface displacements correspond to re- 

gions of low setsinto activity, and conversely. 
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Fig. 8. Displacements across the San Andreas fault following the Parkfield earthquake as a 
function of position along the fault. Actual displacements measured with small-scale geodetic 
networks are compared with the displacements inferred from aftershock activity using the 
moment displacement relation. Note the anticorrelation. 



2062 SCHOLZ, WYSS, 

The seismic activity clusters around the ends of 
the main fault segment where the surface dis- 
placements decrease and go to zero. 

According to a theory proposed by Scholz 
[1968b], aftershocks are due to time-dependent 
brittle fracture in regions of stress concentra- 

tion produced by the main shock. If the region 
is isolated after the main shock and the after- 

shocks occur independently, the cumulative fre- 
quency of aftershock activity should decay 
logarithmically in time. This has been observed 
to be approximately the case at Parkfield 
[Eaton, 1967]. 

Spattally, aftershocks should be d•.stributed 
most densely in zones of high stress concentra- 

tion, i.e., primarily at the boundaries between 
slipped and unslipped regions. A concentration 
of aftershock activity at the ends or bottom of 
the slipped region is quite common. As has been 
pointed out above, the Parkfield aftershocks 
were concentrated in the Middle Mountain 

area at the north end of the slipped zone, and 

in an area 5 km north of highway 46. This latter 

region is at a point where the surface trace 
jumped across the Cholame Valley, leaving a 
1-km gap in which no surface cracking was ob- 
served [Brown and Vedder, 1967]. The evidence 

that a high stress concentration existed in the 

region between the two fault segments lends 
credence to the idea that the main shock may 

have been a multiple event [Wu, 1968b]. 
According to the model we have proposed 

for the main shock, however, the primary stress 
concentration was produced in the 4 km be- 
tween the free surface and the slipped zone, i.e., 

the region in which creep occurred. The creep 
activity died off logarithmically in time after the 
main shock, similarly to the aftershocks, but 
the spatial distribution was converse; the maxi- 

mum creep occurred in the central section of 

the fault and decreased rapidly toward the 

ends. Not only is the over-all slip produced by 

aftershocks negligible in comparison with the 

amount of fault creep, but the spatial distribu- 
tions are uncorrelated. 

It appears, then, that the regions bounding 
the faulted area responded in two different ways 

to the sudden stressing produced by the main 
shock. The upper 4 km above the fault re- 

sponded by slow sliding that was not associated 
with substantial aftershock activity. The pri- 

mary aftershock activity occurred at the ends 
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of the fault. This is in agreement with what 
would be expected from experimental studies; 

major aftershock activity is confined to the 
stress concenrated regions in the stick-slip layer, 

i.e., below 2 to 4 km at the ends of the fault, 
whereas the shallow region above can only re- 

spond by stable sliding. Since microscopically 
stick-slip and stable sliding are both brittle frac- 
ture processes on an inhomogeneous surface, the 

analysis of Scholz [1965b] applies to both 
aftershock rates and creep rates. I-Ie treated 

the problem of an array of brittle elements in a 

random stress field, each of which is character- 

ized by a time-depentdent strength and fails 
independently. His result for the case when the 
mean stress is held constant is that the cumula- 

tive number of elements which have fractured 

at time t after application of the load is given by 

N -- MC log t -]- b (3) 

where M, C, and b depend on the state of 
stress, the materials, and the environment. By 
following the same sort of logic as Brune [1968] 

used in his calculation of rates of slip on faults 

from cumulative seismic moments, it is easy to 

see that equation 3 also describes the fault slip 

during an aftershock sequence. Each shock pro- 
duces a small increment of slip. In the case of 

stable sliding, the actual fracturing is micro- 
scopic and a creep episode following the time 
law given in equation 3 is observed. From this 

viewpoint creep and aftershocks are independent 

but identical processes; the one leading to 
macroscopic fracture and the other resulting in 

smooth slip. They are both a response to stress 

concentrations produced by the main shock and 
are not interrelated. 

Although creep and aftershocks were, over 
the long run, independent processes, we have 
not yet fully examined the possibility that 
individual aftershocks may have interacted with 

the creep sequence. Smith and Wyss [1968] 

reported an incident of a local aftershock that 

produced a slip followed by a period of accel- 
erated creep. Their measurements, obtained by 

a strain meter stradling the surface break, re- 
vealed that most of the displacement occurred 

during periods of accelerated creep. A very 

regular pattern of creep episodes emerged dur- 
ing 1967 and 1968. The periods of accelerated 
creep last. for about, 5 days and always accumu- 

late about 0.2 cm of relative displacement. The 
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episodes are separated from one another by in- 
tervals of about 2 months during which very 

little displacement accumulated. Smith and Wyss 
attempted a correlation of periods of accelerated 
creep with aftershocks. They reached the con- 
clusion that in 1967, when the aftershock ac- 
tivity had calmed down, all aftershocks re- 
ported as felt at the locality of measurement 
were followed by accelerated creep and, further, 
that no accelerated •:reep occurred without the 
occurrence of a felt shock. 

The displacement measured by the Invar 
wire strain meter from its installation to the 

present is plotted in Figure 9. Occurrences of 
earthquakes that possibly could be correlated 
with creep periods are marked. The marked 
shocks before December 1, 1967, were all re- 

ported as felt at the locality of measurement. 
For the time after December 1, no record of 

felt reports is available. Therefore, all the 
shocks with M > 3 that occurred in the Cho- 

lame Valley and Middle Mountain regions are 

plotted. This illustrates that no direct correla- 
tion exist for all earthquakes, since there are 

several examples of aftershocks not followed by 
creep and the converse. Nothing new can be 
added to the apparent correlation with felt 
shocks. Although we have demonstrated that the 
over-all slip produced by aftershocks was in- 
sufdcient to produce the creep, we should like 

to examine whether that may indeed not be the 
case for individual episodes. In particular we 
would like to check the hypothesis that creep 
episodes that follow aftershocks are the response 
of the surface layer to displacements produced 

at depth by these shocks. 
In Table 3 we list the aftershocks that shortly 

preceded creep episodes. Except the October 21, 
1967, event, which we described above, the 
relations between these shocks and their asso- 

ciated creep episodes have been described by 
Smith and Wyss [1968] or by Wyss and Brune 

[1968]. Our present intent is to check if these 
shocks are sufdciently large to have ruptured at 

depth an area long enough to extend from the 
hypocenter to underneath the site of displace- 
ment measurement and to have produced there 

a slip of an order that could account for the 
observed creep episode. We use the relation 

= 

where Mo is the seismic moment, • is the rigid- 
ity, A is the fault area, and (U) is the mean 
slip. We assume that the fault slipped beneath 
the 4-km creep layer. A minimum fault width 
is therefore given by the hypocentral depth 
minus 4 km, whereas a minimum fault length is 
generally taken as the distance from the epi- 
center to the Carr Ranch creepmeter. The pro- 

duct of these two values gives • minimum 
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Fig. 9. Creep rate and cumulative creep measured with the Invar wire creepmeter at Carr 
Ranch during 1967' and 1968. Earthquakes and their distance from the creepmeter and mag- 
nitude are noted. Note the episodic nature of creep. 
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TABLE 3. Comparison of Slip Observed in Creep Episodes to that Calculated from Preceding Earthquakes 
Assumed • -- 3 X 10•; area A -- length X (depth -- 4 km). 

Slip, cm 
Time Depth, Length, M0, * 

Date h m s km km dyne cm Magn. Observ. Calc. 

Oct. 21, 1967 12 05 23.6 13.2 20 0.4 X 10 •2 3.4 0.2 0.007 
July 24, 1967 02 08 53.7 7 18 1.1 X 10 •2 3.8 0.2 0.07 
Oct. 27, 1966 12 06 03.9 10.7 8 3.0 X 10 • 4.0 1.0 0.19 
July 2, 1966 12 08 33.5 6.3 8 .73 X 10 • 3.6 1.0 0.13 
Aug. 19, 1966 22 51 20.1 6.6 2.2 .35 • 10 • 3.4 0.7 0.24 
March 13, 1967 21 59 47.4 10 10 .70 X 10 •' 3.6 0.3 0.039 
May 26, 1967 07 26 ... I X 10-• 13 1.0 X 10 •o 2.1 0.2 --. 

* Mo from Wyss and Brune [1968]. 
• Fault width calculated from observed slip. 

fault area required by the hypothesis we are 

checking. Using values of Mo from Wyss and 
Brune [1968], we can calculate the slip over 

such a hypothetical area during these shocks 
and compare it with that observed during the 

following creep episode. The computed values, 

listed in Table 3, are consistent in that the 

amount of slip calculated for each shock is at 

least an order of magnitude smaller than the 
amount observed during the subsequent creep 

episode. In addition, a few notable instances are 
documented in which an aftershock produced 

no slip at the stations in its vicinity but did 
appear to produce displacement at stations at 
considerable distance from the epicenter. These 

shocks are shown in Figure 5 with asterisks in- 

dicating their relative position to the creep 
stations and the distances to the points at 

which anomalous slip was observed. These in- 
stances are the shock at t -- 25 (July 20, 1966), 

which produced a small slip at Carr, that on 

I -- 53(August 19, 1966), which produced slip 
at Parkfield, and that on t -- 122 (October 27, 

1966), which produced some slip at Parkfield 
and Taylor. We conclude that the hypothesis 
does not. hold and the observed creep displace- 

ments cannot be entirely the result of the pre- 

ceding earthquake such as by the time-delayed 
response to slip on a buried fault plane. If the 
correlation between aftershocks and creep epi- 
sodes is indeed real, an alternative possibility is 

a dynamic triggering mechanism; i.e., the shak- 
ing from the aftershock triggered in some man- 
ner the release of strain stored in the creep 

layer. This alternative is quite a real possibil- 

ity: the April 9, 1968, Borrego Mountain earth- 
quake seems to have caused displacements on 

three separate faults up to 70 km from the epi- 
center [Allen ei al., 1968]. It is perhaps sig- 
nificant that all the earthquakes that have been 
associated with creep episodes at Parkfield were 
felt at the locality of creep measurements, indi- 

cating that they exceeded a threshold in shaking 
intensity. 

We have not yet explained the episodic na- 
ture of the surface creep. A clue is found when 
the displacements shown in Figure 9 are plotted 
in semi-logarithmic coordinates, as shown in 
Figure 10. A most interesting observation 
emerges. The beginning and the end points of 
each creep episode describe straight parallel 

lines. The parallelism suggests that each creep 

episode releases a critical amount of strain, and 
the straightness suggests that such strain is 
being accumulated and released at a logarithmic 
rate in time. This may be understood in the 
following way. According to equation 3 creep 
should occur at a logarithmic rate with a decay 

constant MC. M is, however, stress-dependent. 
Experimental results $cholz [1968c] show that 
M is usually a power function of stress with an 

exponent generally greater than one. Since the 
stress concentration in the creep zone following 
the Parkfield earthquake must have been great- 

est at the top of the slipped region, decreasing 
toward the surface, the decay constant, and 
hence the rate of creep, must also have decayed 
toward the surface. Therefore, slip near the 

bottom of the creep zone was always 'leading' 

that near the surface, and the surface materials 
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had a threshold strength such that slip could 
not occur until a critical amount of strain had 

accumulated from creep at depth. 
The starting and stopping of the accelerated 

creep episodes occur with an amazing regularity. 
In all cases the actual beginning and end points 
are within 0.05 cm of the straight lines. This 

regularity makes it possible to predict the oc- 
currence of creep episodes with a high con- 

fidence. On this basis, the episode of August 22, 
1968, was predicted to occur on August 15. 

This was the first successful prediction of mo- 
tion on the San Andreas fault. 

The creep displacements obtained in 1966, 
starting 10 days after the Parkfield earthquake, 

are shown in Figure 11. These displacements 

were recorded by a quartz strain meter [see 

Smith and Wyss, 1968] at the same site as 

discussed above. These data also support the 

above ideas. The regulartries are somewhat less 
pronounced, however. The explanation may be 

sought in the frequent occurrence of aftershocks 

which continuously altered the local stress pat- 

tern during the 3 months following the main 

earthquake. 

The changes of slope of the limiting lines 
need explanation. Comparisons with the small- 

scale geodetic measurements at the same locality 

indicate that after January 1967 (200 days after 
the Parkfield 1966 earthquake) the strain meter 

was no longer straddling the entire fault zone. 
For this reason the slope in Figure 10 is smaller 

than the prevailing slope in Figure 11. The 

changes in slope during the earlier period of 
measurements, however, are also reflected in 
the geodetic measurements. Several changes in 

the slope of displacement versus log t plots can 
be seen in Figure 5, most notably at Carr 
Ranch. These changes cannot be explained by 
the occurrence of local shocks. This phenome- 

non represents a change of the decay constant, 

which according to theory, can only be due to a 

change in stress. This may be a result of an 
original variation of stress concentration along 

the length of the fault following the main shock, 
resulting in some sections of the fault 'leading' 

others in creep. For almost a year after the 
main shock surface displacement was accumulat- 

ing faster at the center of the fault, Taylor 
Ranch, then toward the southern end, at Carr 

Ranch (see Figure 5). The strain between these 
two points due to the difference in creep rates 

reached 10 -5 in about 130 days. After this time 

the rate of creep at Carr Ranch increased in 
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Fig. 10. The cumulative creep from Figure 9 is plotted semilogarithmically. The beginning 
and end of creep episodes define two straight parallel lines. The mainshock was at day 1. 
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Fig. 11. Same as Figure 10 at an earlier time when a quartz tube straddled the fault. 

such a way as to catch up with the more 
northerly points. It is very likely that neighbor- 
ing portions of the fault influence one another 

in such a way, although an explanation for the 

suddenness of such transitions is lacking. 

CONCLUSION $ 

We have shown that the central section of the 

San Andreas fault is an extremely weak zone 

and that its strength is approximately that re- 

quired for stick-slip friction. As an example of 

faulting on the San Andreas, we deduced that 
the 1966 Parkfield earthquake was a buried dis- 

location which underwent a slip of 30 cm. As a 

result, stress concentrations about the fault pro- 

duced creep and aftershocks sequences, which 
are two independent facets of time-dependent 

frictional sliding. These two phenomena are 

compatible with laboratory friction experiments 
and with a creep rupture theory of aftershocks. 
One feature of creep not observed in the lab- 
oratory is its episodic nature. However, after 
creep rates had decreased to a moderate level, 

the repetitive nature of creep episodes allowed 
the occurrence of episodes to be predicted with 
an accuracy of about I week on the basis of 
empirical induction. 

If these conclusions are valid, we should be 
able to generalize them to other parts of the 

San Andreas system. Fault creep has been 
studied in detail in two other such areas: at 

the Hollister region of the San Andreas in 

northern California [Tocher, 1960b], and at 

Borrego Mountain on the San Jacinto fault 
system in southern California [Allen et al., 

1968]. In these localities, creep is quite different 
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than that at Parkfield. Creep at Hollister also 
occurs in sequences that decay logarithmically, 
but in contrast to Parkfield these sequences do 

not follow major earthquakes. At Borrego 

Mountain, on the other hand, sensitive creep 
measurements initiated only a few hours after 

the magnitude 6.5 earthquake of April 9, 1968, 
failed to reveal any creep following that earth- 
quake. How can we explain these features from 

our Parkfield analysis? 

In Figure 12 we show three cases of our gen- 
eral model of the crust with three layers of 

differing frictional properties. Figure 12a illus- 
trates the situation as it is inferred to have 

existed at Parkfield. The heavy depth versus 
stress curve represents the frictional strength; 

the shaded area, the tectonic stress. Since the 

Parkfield earthquake did not propagate to the 
surface, the tectouic stress must have reached 

the frictional strength only at depth and must 
have been much less than frictional strength 

near the surface. The regions of stress concen- 

tration following the earthquake were at the 

ends, in the stick-slip zone, where aftershocks 
occurred, and at the top, where creep occurred. 
The bottom is no problem; the region below 12 

km may have been sliding smoothly prior to the 
earthquake and, rather have than been loaded 

by it, was strain-relieved. 

The situation at Hollister is very likely the 
converse of that at Parkfield. The tectonic stress 

there, illustrated in Figure 12c, likely increases 
less sharply with depth than the frictional 

strength. In that case, faulting will propagate 
downward from the surface; i.e., creep will first 
occur in the stable sliding layer. Such creep will 

produce stress concentrations below; conse- 
quently, the creep episode may be followed by 
aftershocks if it extends to the stick-slip zone. 
This is in fact what is observed at Hollister: 

earthquakes follow creep episodes [Niazi, 1964; 
Breiner and Kovach, 1968]. 

The Borrego mountain earthquake is more of 
a 'normal' earthquake in the classical sense that 

rupture occurred from the surface down to a 
considerable depth. Displacements measured in 
the field shortly after the main shock are quite 
in accord with those expected from a shock of 

that size. Therefore, stress was not augmented 

in the stable sliding zone but only at the ends of 
the fault where aftershock activity was strongly 

concentrated (C. R. Allen, personal communica- 

tion, 1968). Creep was not produced in this 

ease, illustrated in Figure 12b. 

In conclusion, we should like to point out 
some puzzling features not as yet understood. 
For one thing, we have been able to explain the 
general spatial and temporal patterns of fault 
creep, but as yet its short-term episodie nature, 
as observed at Parkfield, has not been observed 

in the laboratory. This will be an interesting 

topic of future research. More puzzling yet is 
the initiation of the logarithmically decaying 

creep episodes at Hollister. According to our 
analysis, based on the theory presented by 
Scholz [1968b], such a creep sequence is pro- 

dueed by a sudden increase, much faster than 

the rate of tectonic loading, of the stress on the 

fault. It is hard to explain how such a change in 
the stress field could occur without a release of 

seismic energy. The magnetic transients that 

have been observed to precede the creep epi- 
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SLIDING 

STABLE 

SLIDING 

STRESS STRESS STRESS 

(o) (b) (c) 

Fig. 12. A schematic representation of the stress and strength distribution with depth in 
three different situations. (a) Tectonic stress (shaded region) reaches only the frictional 
strength (heavy line) at depth; the situation at Parkfield. (b) The situation such as at Bor- 
rego Mountain, where the strength is attained all over the fault surface. (c) The situation such 
as at Hollister where strength is reached only in the upper stable sliding region. 



2068 SCIIOLZ, WYSS, AND SMITli 

sodes at Hollister [Breiner and Kovach, 1968] 
may be symptomatic of such a change. 

The results of this study should not be con- 
strued as applicable only to the San Andreas 
fault. Very likely faulting on other shallow 
faults is quite similar. For example, the Tash- 
kent earthquake of April 26, 1966, was a buried 
shock followed by creep, and in this sense it was 

very similar to the Parkfield earthquakes [Ulo- 
mov and Mayashey, 1967]. 
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