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Preseismic Fault Slip and Earthquake Prediction 

J. H. DIETERICH 

U.S. Geological Survey, Menlo Park, California 94025 

It is proposed that preseismic fault creep may be the underlying process that is responsible for 
observations of earthquake precursors. The assertion that fault creep precedes earthquakes is supported 
by evidence from at least some earthquakes and by analogy with detailed laboratory observations. 
Laboratory observations of stick slip reveal that at least two stages of preseismic slip are an intrinsic part 
of the process leading to seismic slip on preexisting faults with inhomogeneous stress or strength. During 
the slowly propagating first stage of creep it is assumed that the length of the creeping fault segment is 
proportional to the source length of the subsequent earthquake. The data giving the well-known relation- 
ship between precursor time and earthquake magnitude are closely satisfied if the rate of propagation of 
the first stage of creep is independent of fault length. Long-term precursors may arise because of stress- 
strain variations during the first stage of fault creep. Observations of short-term precursors immediately 
prior to earthquakes may be related to the second short-lived state of preseismic fault slip seen in stick slip 
experiments. 

INTRODUCTION 

Anomalous changes of physical parameters prior to earth- 
quakes have been reported in a variety of geological settings 
from different parts of the world. Scholz et al. [1973], Whit- 
comb et al. [1973], and Mjachkin et al. [ 1972] summarize many 
of these observations. Anomalous changes preceding earth- 
quakes have been reported for apparent seismic velocity or 
travel times, crustal deformations, electrical resistivity, b val- 
ues, magnetic field, groundwater chemistry, and water levels in 
wells. 

A commonly stated characteristic of these observations is 
that the logarithm of the anomaly duration increases linearly 
with earthquake magnitude. This relationship has been ad- 
vanced by Scholz et al. [1973], Whitcomb et al. [1973], and 
others. That such a variety of observations should obey the 
same law strongly suggests that the same overall process oper- 
ates to control the variations of these parameters prior to 
earthquakes. 

Most attempts to determine this mechanism have concen- 
trated on observations of the ratio of compressional to shear 
velocity, V,/Vs, prior to earthquakes. These observations, 
which have provided one of the most widely reported earth- 
quake precursors, indicate that V,/Vs first decreases to anom- 
alously low values in advance of an earthquake and then 
recovers to approximately the normal values shortly prior to 
the earthquake. Theories that have been advanced to explain 
the V,/V• and other anomalies have placed a common empha- 
sis on the importance of dilatancy. 

Alone, dilational effects would seem to explain some but not 
all of the characteristics of the observations. For example, 
dilatancy would predict a progressive decrease in V,/V• as the 
shear stress increases to the critical level for failure, but it 
offers no explanation for the recovery of V,/V• prior to the 
earthquake. 

Two substantially different hypotheses have arisen that at- 
tempt to combine dilatancy with other processes to explain the 
full details of the V•,/V• variations and the other precursors 
observed. The diffusion-dilatancy hypothesis assumes that the 
opening of cracks and increase of pore volume induce fluid 
pressure variations and pore fluid migration. With this model, 
velocity recovery begins when the rate of water migration 
exceeds the dilational strain rates. Proponents of this theory 
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[Nur, 1972; Scholz et al., 1973; Whitcomb et al., 1973] have 
argued that it predicts the observed characteristics of the pre- 
cursor time versus magnitude data. The second hypothesis is 
really a collection of somewhat different models by Mjachkin 
et al. [1972], Stuart [1974], Brady [1975], and Mogi [1974] to 
explain velocity recovery without fluid diffusion in the focal 
zone. Although these models differ in many details, all share a 
common feature: earthquakes occur following a period of 
stress changes that characterize preseismic deformation. This 
change in stress is held to be caused by processes in the focal 
zone in preparation for the earthquake. Most theories call 
upon a preseismic drop in stress that results in a decrease of 
dilation strain and recovery of seismic velocity. A weakness of 
these models has been the failure to account specifically for the 
log t versus M relationship. Additionally, in the case of Mjach- 
kin et al. [1972] and Brady [1975] the models are developed in 
terms of phenomena for the fracture of originally intact mate- 
rials. The application of these models to repeated and frequent 
slip on existing faults has not been fully explored. The model 
proposed by Stuart is similar but recognizes the existence of a 
preexisting fault zone of weaker material. This model is gen- 
eral but nonquantitative and is expressed in terms of the 
constitutive laws for the fault zone and nearby rocks. The 
essential feature of this model is an accelerating anelastic 
deformation of the fault zone when the stress approaches some 
critical limit. This accelerating deformation in the fault zone 
causes the stresses to drop in the vicinity of the fault, reducing 
dilatancy and giving rise to an increase of seismic velocity. In 
this context, preseismic fault slip in the earthquake source 
region could be the mechanism for stress drop that results in 
velocity recovery. 

Several authors cite evidence which suggests that preseismic 
fault slip has occurred before at least some earthquakes. At the 
Cienega Winery on the central California portion of the San 
Andreas fault, fault creep rates accelerated from 12 to 20 mm/ 
yr 18 months prior to two earthquakes (M = 5.5 and 5.6) on 
April 9, 1961 [Tocher, 1960; Nason and Tocher, 1971; Nason, 
1973]. At the time of these events, 11 mm of slip occurred at 
the winery. Two weeks prior to the M = 5.5, June 27, 1966, 
Parkfield, California, earthquake, Allen and Smith [1966] re- 
port that unusual ground cracking was observed that could 
have been caused by fault slip. Yerkes and Castle [1967] report 
that 9 hours before that same earthquake an irrigation pipeline 
crossing the fault ruptured because of accumulated fault slip. 
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Both locations were on portions of the San Andreas fault that 
slipped at the time of the earthquake. Stuart and Johnston 
[1975] propose that tilt precursors beginning 6-16 days prior 
to five earthquakes M = 2.9-4.3 in central California can best 
be modeled by a double-couple source caused by preseismic 
slip at or near the earthquake source. 

On a shorter time scale, Kanamori and Cipar [1974] conclude 
that very large preseismic slip amounting to 30-m dis- 
placement over a fault area of 200 X 800 km: began about 15 
min prior to the Ms = 8.3 Chilean earthquake of May 22, 
1960, but immediately following a magnitude 7.5 foreshock. 
Their analysis is based upon a very long period signal recorded 
on a strain seismograph prior to the main shock signal. Kana- 
mori and Cipar also cite several cases of large-scale ground 
deformation occurring minutes to hours before earthquakes in 
Japan and suggest that these occurrences could also have been 
caused by premonitory fault slip. It seems likely that other 
such cases of shorter time scale crustal uplift prior to earth- 
quakes could also be modeled by preseismic slip at or adjacent 
to the earthquake source. 

This paper has two purposes. First, laboratory evidence for 
preseismic slip in artificially faulted samples will be presented. 
Second, it will be shown that mechanisms involving pre- 
monitory fault slip are compatible with the slope of the log t 
versus M data. 

LABORATORY OBSERVATION ON PREMONITORY SLIP 

Laboratory experiments on rocks containing artificial faults, 
either prepared saw cuts or induced fractures, have provided 
considerable insight into the mechanics of crustal earthquakes. 
In general terms, two types of slip behavior, stable sliding and 
stick slip, are widely recognized when progressively greater 
shear loads are applied to artificial faults. Stable sliding is 
characterized by the smooth displacement on the fault surfaces 
without sudden changes in the displacement rate. Under uni- 
form rates of loading the slip rates ideally remain constant. 
Stick slip is the unstable episodic sliding of a fault. Ideally, a 
stick slip cycle consists of a relatively long period in which no 
slip takes place and the shear stress increases, punctuated by 
the abrupt onset of rapid slip accompanied by a stress drop. 
There is good evidence that the instability process associated 
with laboratory stick slip is related to, if not the same as, the 
instability process that controls shallow earthquakes on faults 
[Brace and Byedee, 1966; Scholz et al., 1972; Dieterich, 1974]. 
Similarly, stable sliding has often been equated with aseismic 
fault creep. 

For stick slip, detailed observation of the loading cycle 
preceding rapid slip has shown that rarely, if ever, does the 
actual process conform to the ideal case outlined above. A 
number of investigations [Byedee, 1967; Logan et al., 1972; 
Scholz et al., 1972] have demonstrated that small amounts of 
slow aseismic slip occur during the late stages of the loading 
cycle that precedes rapid slip. 

Scholz et al. examined the details of premonitory creep on 
ground surfaces of Westerly granite subjected to biaxial load- 
ing at stresses normal to the slip surface to 100 MPa. In these 
experiments they found that small amounts of stable sliding 
with accelerating rates of slip preceded virtually all stick slip 
events. The amounts of slip were small, of the order of 5-15 
#m, and amounted to 2-5% of the slip in the subsequent stick 
slip event. At loading rates of 7 X 10 -8 s -• to 7 X 10 -5 s -• the 
amount of premonitory slip and the form of the time versus 
displacement curve were relatively unchanged. The onset of 
premonitory slip began in the last 25% of the loading cycle. 

Byedee and Summers [1975] have examined premonitory slip 
under different experimental circumstances. Here, jacketed, 
initially intact cylindrical samples of Westerly granite under 
confining pressures to 6 kbar were first fractured to produce 
artificial faults. Friction experiments were then conducted on 
the faulted specimens. Premonitory displacements varied from 
•0.01 to 2.5 mm and showed a systematic variation with 
confining pressures. Maximum premonitory slip was observed 
at low confining pressures, and the minimum at the high 
confining pressures. As in the case of the Scholz et al. experi- 
ments, they have suggested the possibility that stable fault slip 
may precede earthquakes. 

For the extrapolation to earthquake faults the above data 
permit two interpretations that lead to drastically different 
conclusions. First, the amount of preseismic slip may be inde- 
pendent of fault dimensions if it is controlled by local, size- 
independent material properties. Hence preseismic slip dis- 
placements could be of similar magnitude for laboratory 
specimens and large faults. If this is the case, then premonitory 
slip would be difficult to observe and would not be of sig- 
nificance. 

Second, premonitory displacements may be proportional to 
slip-induced stress or strain changes on the fault. In this case, 
scaling requires that stress or strain changes be proportional to 
displacement divided by fault dimensions. Hence dis- 
placements would be proportional to fault dimensions, and 
significant displacements could occur prior to earthquakes. 
Recently, laboratory experiments have been conducted that 
provide added information and better insight into the process 
of premonitory slip. These results do not conclusively resolve 
the scaling question but can best be interpreted as indicating 
that premonitory displacements are proportional to fault 
length. 

The experimental configuration is illustrated in Figure I. A 
block of Westerly granite with dimensions of 127 X 127 X 40 
mm was loaded biaxially with hydraulic rams acting parallel to 
the two major dimensions of the sample. Slip takes place on a 
carefully resurfaced and well-mated saw cut oriented at 45 ø to 
the two load axes. Profilometer readings obtained directly 
from the surface gave an average peak-to-trough roughness of 
2 X 10 -• #m with occasional pits to 9 X 10 -• #m deep at a 
minimum measured wavelength of 20 #m. Semiconductor 
strain gages at 16 locations on the sample provide detailed 
information on the strain state adjacent to the artificial fault. 
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Fig. 1. Sample configuration showing locations of strain 
Gages 1-] give normal strains, a•d gages 4-16 give shear strai•s 
parallel to the fault. 
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Fig. 2. Slow-speed oscillograph record of stick-slip event showing 
large amounts of slowly propagating preseismic slip. Numbers refer to 
gage locations. Arrows mark the time at which fault slip began at each 
strain gage. 

Thirteen of these strain gages record shear strains parallel to 
the surface, and the remaining three gages give strains normal 
to the surface as shown in Figure 1. Five holes were drilled in 
the sample to permit fluid injection/withdrawal on the fault 
surface. The purpose of this arrangement was to limit the 
dimensions of the slip zone by locally altering the effective 
normal stress. For the results presented here the injection holes 
were not in operation. 

Experiments were conducted at low normal stresses in range 
4--18 MPa. Stick slip was observed throughout this range. Of 
more than 150 stick slip events recorded in detail, premonitory 
slip was observed in all but two cases. 

Figures 2 and 3, which are oscillograph recordings of shear 
strains at low speed and high speed, respectively, show the 
principal characteristics of recorded premonitory creep events. 
A decrease of amplitude of the curves corresponds to a drop of 
shear stress and is caused by slip on the fault immediately 
ajacent to the gages. Increases of shear stress are caused by 
increases in the externally applied load and by stress concen- 
trations that arise from slip on nearby portions of the fault. In 
Figures 2 and 3, arrows mark the times at which slip first 
begins. 

Figure 2 illustrates a feature that seems to be characteristic 
of most events--slip begins at some point on the fault and 
slowly propagates over a significant fraction of the surface 
prior to unstable slip. At higher recording speeds (Figure 3), 
two added characteristics become evident. First, an additional, 
more rapidly propagating preseismic slip event can be recog- 

0.01 sec 
I i 

Fig. 3. High-speed oscillograph record of stick slip event. Not 
shown on this record because of the short time scale is the initial 
slowly propagating slip event that has already transversed the sample 
from bottom to top. Arrows mark the propagation of the second, 
more rapidly propagating preseismic slip event. Note that at gages 10 
and 12 the seismic slip is transitional with preseismic slip. Oscillations 
following the stress drop are caused by vibration of the loading frame. 

nized. Second, the seismic slip event appears to begin at an 
identifiable point on the fault as an acceleration of the local 
slip rate. The unstable slip event then propagates outward 
from this point at a rapid velocity. 

For the events illustrated by Figures 2 and 3 it would appear 
that slip proceeded very slowly until the slip event reached the 
edge of the sample, seismic slip occuring shortly thereafter. At 
high recording speeds (Figure 3) it is seen that a second and 
more rapid event began to propagate from that end toward the 
middle of the sample. At gage 10 this more rapid slip smoothly 
accelerates to become part of the seismic slip event. Seismic 
slip in turn propagated bilaterally at a high velocity (• 1.5 km/ 
s) from point 10. 

Although the individual stick slip events are highly variable 
in detail, slip for most events can be divided into three distinct 
stages. Stage I is the slow propagation of slip across the 
sample, with slip rates controlled by the externally applied 
rate of displacement used to load the sample. These observa- 
tions and the observation by Scholz et al. [1972] that the form 
of the preseismic slip displacement-time curve and magnitude 
of slip are independent of experimental loading rate suggest 
that stage I slip is a stable process that is driven by the external 
loading. Stage ii consists of a much shorter interval (< 10-: s) 
after the initial slip event reaches the sample edge. The shear 
stress decreases during stage'II. It is worth emphasizing per- 
haps that the second stage of slip was repeatedly observed and 
appears to consist of a slip velocity perturbation triggered 
when the stage i slip breaks out at the end of the sample. 
During stage II the propagation of accelerated slip back 
through the specimen is driven by the stored elastic strain. The 
process appears to be intrinsically unstable. At first the slip 
appears to be overdamped, and the slip velocities remain low 
with only a minor decrease in the frictional force. As the 
boundary of the accelerated slip zone moves back through the 
sample, the decrease in frictional resistance and the increase of 
slip rate behind the boundary increase the rate of elastic strain 
loading at the front of the boundary. As a result the onset of 
accelerated slip at the advancing boundary is associated with 
an increasingly larger step in slip velocity and larger drop in 
frictional force across the slip surface. At some point the 
frictional damping of the propagating boundary becomes in- 
sufficient to stabilize the process, and the slip boundary propa- 
gates at near seismic speeds. Stage III is the resulting unstable 
(seismic) slip that is driven by a sharp drop in frictional force. 
For these experiments the fractional stress drop A r,/r for 
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Fig. 4. Effect of heterogeneity on stage I slip. (a) Schematic dia- 
gram of shear strains recorded by the strain gages plotted against time. 
Slip first begins at time to, when the local strains are %. Illustrated for 
each gage are A%, the strain caused by preseismic slip, and A•, the 
critical strain required to initiate slip measured in relation to •o. (b) 
Data for the amount of preseismic slip against heterog•neity; 
and <A%) are the average values of A• and A• from all gages 
showing stage I slip. The data are normalized by <%), the average shear 
strain at the time that slip begins. 
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stage III slip has an average value of 0.09, where At8 is the 
change in shear stress for stick slip and r is the shear stress 
immediately prior to seismic slip. 

The extensive use of strain gages brought to light an added 
characteristic of these experiments that is probably common to 
all friction experiments and faulting in general. It was found 
that upon loading the sample the shear stresses/strains were 
not uniform but varied considerably and in a somewhat unpre- 
dictable fashion. Largely by trial and error it was found that 
the inhomogeneity of stress/strain could be reduced by re- 
aligning the sample within the apparatus and by using card- 
board wafers of various thicknesses between the steel bear- 

ing plates and the sample. By changing the variability of shear 
stresses in this fashion it was found that the amount of pre- 
monitory slip changes also. Figure 4 summarizes the results of 
a series of experiments with differing levels of heterogeneity of 
the shear strain. These data were obtained from slower-speed 
recordings and therefore give strain changes for only the first 
stage of preseismic slip. The method of defining heterogeneity 
and preseismic slip is illustrated by Figure 4a, which schemat- 
ically shows the characteristic features of individual shear 
strain records. Heterogeneity (A'yn) is defined as the average of 
differences between the shear strain when slip first begins at 
some point in the sample and the critical shear strain required 
to initiate slip locally, measured at each strain gage that shows 
preseismic slip. As a measure of the magnitude of preseismic 
slip the quantity (A%) is taken to be the average difference 
between the observed shear strain at the time seismic slip 
begins and the shear strain extrapolated from the loading 
paths prior to the initiation of stage I slip. The data in Figure 4 
are normalized by ('to), the average total shear strain at the 
time to when stage I slip first begins. Those data imply the 
empirical relationship for stage I slip propagation: 

(A,ye)/(,yo) = K(A,yn)/(,yo ) (1) 

The solid line in Figure 4b is a linear least squares fit to the 
data that passes through the origin. The slope, K, has the value 
0.52. Taking shear stress to be proportional to shear strain in 
( 1 ) gives 

(Are) = K(A•'n) (2) 

where (Am) is the average change in shear stress required to 
overcome the fault friction measured in relation to the shear 

stress when slip first begins and (Are) is the average total 
change in shear stress caused by preseismic slip measured in 
relation to the stresses extrapolated to the time when seismic 
slip begins. 

The data of Figure 4b show that reduction of the difference 
between the applied shear strain and the critical strain required 
to initiate slip results in a reduction of the magnitude of 
preseismic slip. Corresponding changes in the duration of slip 
and the velocity of propagation of the slip front are also 
observed. Hence a decrease in (&'Yn) results in a decrease of the 
duration of slip and an increase of propagation velocity. For 
two events arranged to give minimum heterogeneity, no stage I 
slip preceded stages II and III. These observations suggest that 
stage I slip is stable because the extension of the stage I slip 
area is driven against some sort of stress gradient which is 
measured by (/x'yn). Hence an increment of boundary dis- 
placement is required to initiate an increment of slip area 
extension. 

The strain versus time records indicate that preseismic slip 
takes place at approximately constant local stress while the 
increase of stress on the stationary portions of the fault is 

controlled by the loading rate, R. Hence during the growth of 
the slip area, 

(are) • Rt (3) 

where t is the duration of slip. The region undergoing slip, L, 
enlarges at velocity V. In many cases (e.g., Figure 2), V is 
approximately constant: 

L • Vt (4) 

If S is the gradient of the difference between the critical stress 
for slip and the applied stress, then 

L •, (1/S)Are (5) 

It will be noted that S is proportional to (Am). Combining (3), 
(4), and (5) gives 

V •, R/S (6) 

which is in qualitative agreement with the observations noted 
above. 

Fault displacements were not measured in these experi- 
ments. However, some characteristics of the displacement his- 
tory can be inferred from the strain versus time records. As the 
length of the zone of stage I slip enlarges, an estimate of the 
displacement D may be obtained by using the conventional 
dislocation-fault length relationship for an elastic body: 

D = (rt/#)L(Are) (7) 

where # is the shear modulus and r/is a geometric factor with 
values near 1 [Chinnery, 1967]. Combining with (4), (5), and 
(6) gives 

D • (rt/#)RVt ø' (8) 

Hence fault displacement D increases by t •' as the slip area 
increases in size. This result is in qualitative agreement with 
the Scholz et al. [1972] observations, which show a roughly 
exponential acceleration of preseismic displacements. It would 
appear therefore that the form of the displacement-time curves 
measured by Scholz et al. [ 1972] reflects the growth of the area 
of preseismic slip. 

The dependence of the amount of stage I slip on levels of 
inhomogeneity of stress along the fault is similar to the 'prim- 
ing' of a fault as postulated by Weertrnan [1964] and may be 
analogous to observations on the effect of material hetero- 
geneities on earthquake b values in simulations with determi- 
nistic numerical models and for microshock b values in labora- 

tory experiments. In a series of laboratory experiments with 
different materials, Mogi [1967] has shown that value of b is 
controlled by material heterogeneities. The greater the hetero- 
geneity, the greater b, and hence the greater the energy dis- 
sipation by small shocks relative to large shocks. 

Similar results are obtained with a one-dimensional numeri- 

cal analog of an earthquake active fault as described by Dieter- 
ich [1972]. With these models, variations of strength with 
location on the fault provide the heterogeneity necessary to 
limit the dimensions of earthquake ruptures. Without some 
heterogeneity, slip would always take place over the entire 
length of the fault. The heterogeneity acts to establish barriers 
of variable height, where the initial shear stress is less than the 
strength. On a fault with suitable heterogeneity a large earth- 
quake occurs only after smaller earthquakes have taken place. 
The smaller shocks play an essential preparatory role for the 
large shocks by increasing the shear stress on the stronger 
portions of the fault and hence reducing the effective height of 
the barriers. When the relative height of the barriers is suf- 
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ficiently reduced, a throughgoing rupture is then able to de- 
velop. The greater the height of the barriers, the greater the 
number of preparatory events. 

The data given in Figure 4 suggest a similar interpretation 
for premonitory slip. Seismic slip in the absence of pre- 
monitory creep occurred only when the barriers, i.e., stress 
inhomogeneities, were very small. In the usual situation, where 
seismic slip occurs following fault creep, the heterogeneity on 
the fault at the time of unstable slip is also effectively zero. It is 
concluded therefore that preseismic slip plays an essential 
preparatory function for seismic slip by reducing the effective 
barrier height. Stages II and III occur only when the stresses 
are at or very near the critical stress required to sustain fault 
creep. During stage I the slip area grows only when the stress 
concentrations at the edges of the slipped zone overcome the 
barriers. Stresses at the ends of the zone increase when the 

displacement on the slipped segment increases. The higher the 
barriers, the greater the slip required to produce the necessary 
stress concentration to allow propagation. 

At this juncture, two questions relevant to the application of 
preseismic slip to earthquake faults may be asked. First, what 
is the magnitude of (Arh) for faults? Second, is it possible that 
preslip occurs on very limited portions of a fault and that 
seismic slip propagates well beyond the preslip zones? The 
latter question would appear to be a fundamental uncertainty 
in applying preseismic slip mechanisms to earthquake pre- 
cursors. If dimensions of the zone of preseismic slip are small 
and unrelated to the final size of the earthquake source, it 
becomes unlikely that this mechanism could explain the vari- 
ous earthquake precursor observations discussed earlier or 
that preseismic slip could ever be useful for prediction of 
earthquakes. In the absence of definitive evidence and for the 
purpose of developing the following discussion it is argued 
that earthquake faults have a higher level of heterogeneity 
than the finely surfaced laboratory samples which have been 
studied and that the dimensions of the zone of preseismic slip 
are comparable to the dimensions of the earthquake source. 

Indirect evidence supporting these assumptions is given by 
the absence of observations of self-contained slip events in the 
experiments just described. The detailed coverage of the slip 
surface with strain gages permits recognition of slip events 
with dimensions as small as --• that of the entire slip surface. 
Only when the effective heterogeneity of the surface was in- 
creased by locally injecting fluid onto the surface were con- 
fined slip events produced. Because heterogeneity of earth- 
quake active faults limits the dimensions of seismic slip, it 
appears likely therefore that the values of (A%) measured for 
the laboratory experiments in Figure 4 are less than those for 
faults. In turn, high values of heterogeneity on active faults 
will tend to reduce the possibility of 'runaway' earthquakes in 
which seismic slip propagates well beyond the zone of pre- 
seismic slip. This is because higher relative values of hetero- 
geneity outside the preseismic slip zone will impede seismic 
slip. 

The following discussion assumes that possible long-term 
precursors originate because of stress or strain changes in the 
source region caused by preseismic fault creep. Mjachkin et al 
[1972], Stuart [1974], and Brady [1975] discuss some possible 
mechanisms by which reported precursors may be explained 
by preseismic deformations. 

DURATION OF ANOMALIES 

A number of investigators have reported a correlation be- 
tween M and duration of the anomalous period t (Figure 5). 
The empirically determined relationship is of the form 

M= a +01ogt (9) 

Scholz et al. [1973] give values for a = -5.81 and • = 1.55, 
and Whitcomb et al. [1973] give two sets of values, a = -5.33, 
• = 1.47; and a = -3.77, • = 1.25, respectively, for time 
measured in seconds. The data for this correlation are as yet 
poorly established, and therefore (9) should be regarded with 
some caution. However, if it is assumed that future observa- 
tions will support this correlation, then (9) obviously provides 
important constraints on the mechanical processes controlling 
earthquake precursors. 

Aggarwal et al. [ 1973], Scholz et al. [1973], and Whitcornb et 
al. [1973] compare t to earthquake source length L. Because 
log L is proportional to M, a relationship of the form t ',• L" is 
to be expected from (9). Aggarwal gives a value of n = 1.6, and 
Scholz et al. [1973] and Whitcornb et al. [1973] find a value ofn 
• 2.0. An impressive argument favoring dilatancy-diffusion 
has been the prediction of n = 2.0 by that model. 

Heretofore, the diffusionless models have not offered a spe- 
cific explanation of the observed dependence of t on M. Ander- 
son and Whitcomb [1975], however, have argued that the ob- 
servations on precursor times are not necessarily unique to a 
diffusion mechanism. They find empirically that the time inter- 
val tt separating earthquakes of a given magnitude and charac- 
teristic dimension L is given by 

tt "• L: (10) 

On the basis of a similarity argument for stress-strain behav- 
ior, Anderson and Whitcomb conclude that if tt is propor- 
tional to L:, then the onset times for other stages in the stress- 
strain cycle such as the beginning of dilatant behavior should 
also scale by L:mquite independent of water diffusion. It 
might follow then from this line of reasoning that precursor 
times for mechanisms involving preseismic slip could also scale 
by L :. However, I believe that this result is erroneous because 
of a misapplication of (10). Also, it appears that the data used 
to establish the L n dependence of precursor time contain such 
large possible uncertainties so as to preclude a definitive deter- 
mination of n = 2. Each of these points will be discussed in 
turn. 

To derive (10), Anderson and Whitcomb employ the magni- 
tude-frequency relationship 

log N = a + bM (11) 

104 I PRECURSORY PHENOMENA //I 
I 0 Crustal movements I [] Electrical res•st,vity 

•,•1 * Radon emission •'/•, ' I 
'-' I'- © Vp/Vs anomaly c• / • b value •/• / 

• ,o• .. ('•) / 
• ]Wyss and Brune• 
z I (•968) 

• i01 ..." & 

,oo _ 

i0-• • 
2 4 6 8 

MAGNITUDE 

Fig. 5. Earthquake precursor time versus magnitude [from $cholz 
et al., 1973]. Solid line is the Scholz et al. [1973] fit to the data, and 
dashed and dotted curves are fits to these data based on (19), using the 
magnitude-fault length relationships of Press [1967] and Wyss and 
Brune [1968], respectively. 
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DIETERICH: PRESEISMIC FAULT SLIP AND EARTHQUAKE PREDICTION 3945 

with the aftershock area-magnitude relationship 

logL ø- = c+M (12) 

giving 

logN = a- bc + b log L: (13) 

where N is the number of earthquakes of magnitude M, L ø- is 
the aftershock area characteristic of M, and a, b, and c are 
constants with b • - 1. Taking N = n/t, where n is the number 
of shocks per unit time, it follows that recurrence time 

logtt = -a- c+ logL • (14) 

or tt • L •. The recurrence interval tt applies to earthquakes 
with fault area L ø- taking place within a region which has a 
total seismically active fault area of Lt ø-. It is not the recurrence 
time for slip on a specific fault segment of area L ø-. This is 
because in general, Lt ø- • L:. For example, in the usual case 
when Lt ø- >> L • there will be many subregions with fault area 
L: that are simultaneously undergoing the stress-strain path 
leading to earthquakes of magnitude M. The time tt is clearly 
the interval between events of magnitude M occurring in all 
the different subregions. It is not the interval between succes- 
sive seismic events with area L • occurring within a given sub- 
region of the same size and therefore should not be applied 
directly to obtain the time for the stress-strain cycle of that 
subregion. Taking tt' as the recurrence time for slip on sub- 
region L:, the ratio of t•' to tt is given by the ratio of L: to Ltø-: 

tt'/tt + LtO-/L ø- (15) 

Substituting tt from (15) into (14) gives 

log tt' = -a - c + log Lt ø- (16) 

Hence to a first approximation the recurrence interval for slip 
on a fault segment of area L ø- is independent of the magnitude 
of L. 

On examination this result appears to be reasonable. Con- 
sider, for example, an idealized stress cycle consisting of a 
uniform stress buildup that begins immediately following an 
earthquake and culminates with a stress drop at the time of the 
next earthquake. Data for earthquake stress drops show con- 
siderable scatter but usually fall in the range 0.1-10 MPa with 
scant indication of a regular variation with magnitude (see, for 
example, the data of Thatcher and Hanks [ 1973] and Chinnery 
[1967]). If there is a magnitude dependence in the range M = 
2-8, it must certainly be very weak. The result (equation (16)) 
implies that tt' is independent of L:, and since stress drop is also 
independent of L ø-, then the rate of stress increase between 
earthquakes must also be independent of Lø-; i.e., the rate of 
tectonic loading on a fault is independent of the size of the 
segment being examined. 

On the other hand, a possible tt' • L ø- dependence requires 
that either the rate of loading scale by L -ø- if earthquake stress 
drops are held to be independent of size or that the stress drop 
must be proportional to L ø- if the rate of stress increase is 
independent of size. The former case implies that tectonic 
loading somehow depends on the size of the region being 
examined, while the latter case requires that stress drops for 
earthquakes in the range M = 2-8 vary by about 8 orders of 
magnitude. 

As it pertains to the empirical determination that n = 2 in 
the relation t • L '• by Scholz et al. [1973] and I•Vhitcomb et al. 
[1973], the position is taken here that large possible uncer- 

10 5 

O From Wh•tcomb et al (1973•/•! 104 -- Th•s study 

10 3 
101 _ 

_ 
i0 • • i I l 

10-2 i0-1 iO 0 IO I 10 2 10 3 
L(KM) 

Fig. 6. Earthquake precursor time versus fault length (data modi- 
fied after Whitcomb et al. [1973]). Solid circles are from Whitcomb et 
al. [1973]. Open circles give length determinations based on the Press 
[1967] M-L relationship for intermediate and small earthquakes in- 
stead of the Wyss and Brune [1968] relationship employed by Whit- 
comb et al. [1973]. The cross represents possible range of t and L for 
M = 8 (see text). 

tainties in that data set preclude a definitive determination of 
n. The finding n = 2 (Figure 6) is based on far fewer observa- 
tions than the magnitude versus precursor time relationship, 
which is poorly established itself and is sensitive to any uncer- 
tainties of a relatively small number of data points. Addition- 
ally, the data for L have been obtained only partially from 
direct observations. For most of the larger earthquakes, L 
seems to have been obtained from the dimensions of the after- 

shock zone, while for the smaller earthquakes (from Blue 
Mountain Lake, New York, and Garm, Tadjikistan), Whit- 
comb et al. [1973] employed the Wyss and Brune [1968] empiri- 
cal relationship for magnitude and length. The determination 
of slope of the L versus t curve depends greatly on these 
smaller earthquakes and is therefore sensitive to the parame- 
ters of the Wyss and Brune relationship or to errors in earth- 
quake locations if size of aftershock zone is employed. To 
illustrate the possible uncertainty in the determination of L 
using empirical magnitude-length relationships, the New York 
and Tadjikistan earthquakes have been replotted by using the 
Press [ 1967] relationship for small earthquakes (open circles in 
Figure 6). Use of the open circles tends to reduce n to a value 
nearer 1.0. Finally, the lengths and precursor times extrapo- 
lated to very large earthquakes by using the Whitcomb et al. 
data (Figure 6) seem incompatible with the more extensive 
data for source parameters and precursor time versus magni- 
tude (Figure 4). For example, at M = 8 the t versus M curve 
of Scholz et al. predicts t = 104 days, while Whitcomb et al. 
predict t = 3 x 104 and 1.4 x 104 days (vertical bar in Fig- 
ure 6). From study of source parameters of large earthquakes 
[Tocher, 1958; lida, 1965; Press, 1967] it is known that at M = 

TABLE 1. Predicted Values of tt and Propagation Velocities From 
Magnitude-Length Scaling Equation 

Magnitude-Length 
• = B V,* cm/s Relationship 

M<6 

1.6 2.1 X 10 -2 Press [1967] 
1.9 1.9 X 10 -2 H/yss and Brune [ 1968] 

M>6 

0.98 1.2 X 10 -2 Tocher [1958] 
0.76 8.6 X 10 -a lida [1965] 
1.06 1.3 X 10 -2 Press [1967] 

*Velocities are obtained from the best fit to Scholz et al. M-t data. 
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\•(50••• ./ /' Tocher 

o m i io ioo mooo 

L(KM) 

Fig. 7. Magnitude-length relationship frbm Press [1967], •yss and 
Brune [1968], Tocher [1958], and lida [1965]. Dashed curves are mag- 
nitude-length relationships and stage I propagation velocities that 
exactly satisfy the Scholz et al. [1973] fit to the M-t data (Figure 6), 
under the assumption that t • L • in (17)-(20). The heavy dashed curve 
is an exact fit assuming t • L: instead of (17). 

8, L will fall in the range 200-400 km (horizontal bar in Figure 
6). Taking L = 300 km, the L versus t curve of Whitcomb et al. 
[1973], however, gives a precursor time of 2 X 10 • days, an 
order of magnitude discrepancy with the M versus t data. A 
reviewer has pointed out the probable explanation for this 
discrepancy: the three largest earthquakes are from Tsubokawa 
[1969] and properly represent recurrence times and not pre- 
cursor times. 

Premonitory slip as treated here seems to be most compat- 
ible with a t • L dependence (equation (4)). In order to derive 
relationships of the form of (9) it is assumed that stage I 
preseismic slip takes place over some fault length l, which is 
proportional to the earthquake source dimension L. For sim- 
plicity, l is taken equal to L. It is further assumed that the 
velocity of propagation V of the slip area is independent of L. 
Hence 

t = L/V (17) 

On the basis of the above discussion of experimental data for 
stage I slip, (17) implies that loading rates and fault hetero- 
geneity are comparable for all earthquakes. For most earth- 
quakes which occur at plate margins, one might expect loading 
rates to be similar. Notable exceptions might include after- 
shocks where high apparent loading rates would be expected 
and intraplate earthquakes where rates may be significantly 
less than they are at plate margins. 

Length parameter L may be related to M by using the 
conventional empirical relationship which has the form 
[Chinnery, 1969] 

M = A q- BlogL (18) 

Combining (17) and (18) gives 

M = A + Blog V+ Blogt (19) 

which is the same form as (9) with 

a = A + BlogL • = B (20) 

Values of B from Press [1967] and Wyss and Brune [1968] 
which are appropriate to moderate and small earthquakes are 
1.60 and 1.89, respectively. Using L versus M data for large 
earthquakes [Press, 1967; Tocher, 1958; lida, 1965] gives val- 
ues for B from 1.06 to 0.98. See Table 1 and Figure 5 for 
comparison of data for (9) and (19). These results compare 

well with reported values of 0 from 1.25 to 1.55. Figure 7 plots 
data for (19). The dashed curves in Figure 7 give magnitude- 
length relationships that exactly satisfy the parameters for the 
Scholz et al. [1973] fit to the magnitude-time data. The heavy 
dashed curve in Figure 7 gives the slope of magnitude-length 
relationships with precursor times proportional to L: that 
would exactly satisfy the Scholz et al. [1973] magnitude-pre- 
cursor time data. 

An alternative to using the empirical M versus L relation- 
ships of (18) is to employ scaling laws for seismic energy and 
length in conjunction with empirical relationships for M and 
seismic energy. Dimensional analysis [Dieterich, 1973, 1974] 
requires 

= __k L'a;/ (21) 

where E is seismic energy, k is constant with values near 1.0, 
and Ars is the seismic stress drop. The relationship between 
earthquake energy and magnitude is generally approximated 
by 

M = c + d log E 

Combining (21) and (22) and taking t = L/V give 

M= c+dlogkArs•+ 3dlogV+3dlogt 
or 

with 

M = a + O log t 

a = c +dlog.kAr•+3dlogV 
0 = 3d 

(22) 

(23) 

(24) 

From (24) the predicted values for 3d obtained from represen- 
tative magnitude-energy relations (Table 2) are in the range 
1.4-2.1. This result seems to be in reasonable agreement with 
the reported values of/• = 1.25-1.55. 

SUMMARY AND DISCUSSION 

In summary the following are observed: (1) there is evidence 
that suggests significant amounts of preseismic slip for a few 
earthquakes, (2) preseismic slip on laboratory faults is an 
intrinsic part of the process of homogenization of stress along 
a fault leading to unstable (seismic) slip, and (3) a precursor 
time scaling relationship of t • L is indicated by empirical 
magnitude-length and magnitude-precursor time relation- 
ships. That scaling is compatible with precursor models in 
which precursor time is controlled by the duration of propa- 
gating preseismic slip events. However, at present it cannot be 
definitely established that all or even many earthquakes have 

TABLE 2. Predicted Values for • From Magnitude-Energy Scaling 
(Equations (20) and (21)) 

, , , 

/• = 3d Magnitude-Energy Relationship 

1.4 King and Knopoff [1969] 
1.5 Thatcher and Hanks [1973] 
1.6 DeNoyer [1959] 
1.7 Benloft [195 5] 
2.0 Gutenberg and Richter [ 1956] 
2.1 Bath [1958] 
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significant amounts of preseismic slip over source areas com- 
parable to the characteristic area of the seismic source. 

The following comments represent an initial attempt to 
outline a model for earthquake instability. The instability 
model derives its basis from experimental observations on 
effects of fault heterogeneity and two stages of preseismic slip. 

Finite dimensions of earthquakes arise because of slip-limit- 
ing stress/strength variation on faults. These irregularities 
control the location and dimensions of earthquakes and must 
therefore exist over the full range of dimensions that character- 
ize earthquakes of all magnitudes. Because irregularities in 
laboratory samples are generally insufficient to limit slip prop- 
agation, it appears that larger irregularities of stress and 
strength exist on natural faults. High levels of fault hetero- 
geneity reduce the likelihood that seismic slip can propagate 
appreciably beyond the zone where preseismic slip has effec- 
tively reduced the heterogeneity; i.e., except for the maximum 
earthquake, when the entire fault slips, there is always an adja- 
cent heterogeneity that has not yet been leveled out by pre- 
seismic slip. 

By analogy with the laboratory observations it is proposed 
that preseismic fault slip takes place in two stages. The first 
stage consists of the long-term stable propagation of slip along 
the fault. The second stage is the shorter interval of accelerated 
slip that culminates in seismic instability. 

Rate of loading and the inhomogeneity of stress/strength 
control the stage I slip and propagation velocity according to 
(1)-(8). Stage I sl!p •erves to reduce the effective magnitude of 
stress inhomogeneity by overcoming the slip-inhibiting zones 
on the fault, where stress is less than the local frictional 
strength. Within the zone of stage I slip the shear stress is 
everywhere equal to the frictional strength of slow velocity 
slip. Therefore the effective barrier height is zero, and there is 
potential for seismic slip. 

Stage II, the short interval of accelerated slip that culmi- 
nates in seismic slip, is believed to underlie observations of 
short-term precursors such as that reported by Kanarnori and 
Cipar [1974] for the May 22, 1960, Chile earthqua.ke. In labo- 
ratory experiments (Figure 3), frictional resistance and hence 
stress decrease as slip velocity increases during stage II. The 
decrease of stress within the stage II zone of slip causes a rapid 
transfer of stress to the ends of the propagating stage II zone 
and therefore permits accelerated slip to propagate rapidly 
without added loading. In most cases, for these experiments, 
stage II slip did not propagate over the entire fault surface 
before the initiation of seismic slip. The interval from the 
beginning of stage II to the onset of seismic slip was usually 
from 0.001 to 0.01 s. This corresponds to propagation veloci- 
ties of approximately 2 X 104 to 2 X 108 cm/s. An explanation 
for the mechanisms that control stage I slip cannot be offered 
at this time. However, an estimate of the upper limit for the 
duration of stage II for earthquakes can be made if it is as- 
sumed that propagation velocities are independent of scale 
or experimental conditions and that stage II slip propagates 
across the entire seismic source area. On this basis the 

maximum expected duration of accelerated preseismic slip 
for the 800-km source length of the May 22, 1960, Chile 
earthquake would be 67-670 min. For comparison the analysis 
of Kanarnori and Cipar [1974] places the beginning of rapid 
preseismic slip approximately 15 min prior to the earthquake. 

Stage II slip in the laboratory experiments was observed to 
begin as a velocity perturbation originating at the end of the 
sample at the time that stage I slip propagation reached that 
end. If the analogy with the laboratory experiments is contin- 

ued for earthquakes on preexisting faults, then stage II slip 
would be expected to begin at the point of a local acceleration 
of slip. 

It has been proposed that stage I slip events cause stress or 
strain changes in the source region that may in turn give rise to 
the earthquake percursors summarized in Figure 5. If reports 
of preseismic velocity anomalies and other precursors are 
borne out, precursor models incorporating preseismic slip 
would appear to warrant more detailed quantitative study. 
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