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Earthquake Prediction: Variation of Seismic Velocities 

before the San Francisco Earthquake 

Abstract. A large precursory change in seismic body-wave velocities occurred 

before the earthquake in San Fernando, California. The discovery that this change 
is mainly in the P-wave velocity clearly relates the effect to the phenomenon of 
dilatancy in fluid-filled rocks. This interpretation is supported by the time-volume 
relation obtained by combining the present data with the data from previous 
studies. The duration of the precursor period is proportional to the square of an 

effective fault dimension, which indicates that a diffusive or fluid-flow phenomenon 
controls the time interval between the initiation of dilatancy and the return to a 

fully saturated condition which is required for rupture. 

The Vp/ Vs ratio (P-wave velocity/S- 
wave velocity) decreased before the San 
Fernando earthquake of 9 February 
1971 in the same manner as previously 
reported for experiments in Tadzhik 
Soviet Socialist Republic (1-3) and New 
York State (4). The lead time of the 
decrease was about 3/2 years for this 
event of magnitude 6.4. The result con- 
firms a previously proposed dependence 
of anomaly duration on magnitude and 
extends the relation to a much larger 
event than has been tested to date. An 

important characteristic revealed by this 

study is that most of the velocity varia- 
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tion is in Vp, which in turn causes the 

large drop in Vp/Vs (10 percent). This 
result is significant because Vp is much 
easier to measure than Vs, especially if 
artificial sources are used. These find- 

ings are compatible both qualitatively 
and quantitatively with the phenomenon 
of rock dilatancy (an increase of 
volume due to a change in shape) and 
its effects on rock strength and fluid 
saturation. Migration of fluid into the 

enlarged rock voids is responsible for 
the time delay between onset of dila- 

tancy and rupture. 
Large precursory decreases of the 

(a) Fig. 1. Variation of 
(a) (VP/Vs - 1) 
and (b) Vp and Vs 

C - between PAS and 
------ - RVR from 1961 

through 1970 before 
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earthquake of 9 
February 1971. In 
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velocity ratio Vp/ Vs near the epicentral 
regions of earthquakes of magnitude 3 
to 5 were first reported in the Garm 
region of Tadzhik (1-3). The duration 
of the decrease was found to lengthen 
with the magnitude of the event, and 
Vp/Vg returned to the "normal" value 
just before the earthquake. The tech- 

nique was used to plot the time differ- 
ence between the S-wave and P-wave 
arrivals as a function of the P-wave 
arrival time for two or more stations 

recording the event; this plot is termed 
a Wadati diagram. The slope of the 
line through the data, if the transmis- 
sion medium can be approximated as 

homogeneous, is a direct measure of 
the function (Vp/Vs - 1). The same 

experiment was repeated for an earth- 

quake swarm in the Adirondack region 
of northern New York State, and it 

produced consistent results for events 

ranging in magnitude from 1 to 3 (4). 
It is important to test this technique 
with larger and potentially more de- 
structive earthquakes. 

Two seismic stations in California, 
PAS (Pasadena) and RVR (Riverside), 
lie within 120 km of the San Fernando 

epicentral area and record direct crustal 

body waves before the arrivals refracted 
from the Mohorovicic discontinuity (P, 
and Sn). The stations are separated by 
76 km. Nineteen earthquakes from the 
time period 1961 to 1970 fit the require- 
ments that they be (i) near the San 
Fernando epicentral area, (ii) less than 
120 km from RVR, (iii) approximately 
in line with PAS and RVR (in order to 
minimize uncertainties), and (iv) large 
enough to give sharp body phases. 

Figure la shows the time dependence 
of (Vp/ Vs - 1) during the interval 1961 
to 1970. The time of the San Fernando 

earthquake of 9 February 1971 is indi- 
cated with an arrow. The outstanding 
characteristic of Fig. la is the sudden 
large decrease of (Vp/Vs - 1) in mid- 
1967 followed by a slower increase to 
the normal value just before the San 
Fernando earthquake. The time inter- 
val from the onset of the decrease to 
the earthquake was about 1300 days or 
3/2 years. The decrease of Vp/Vs in 
1967 was 10 percent from its average 
or normal value of 1.75, which is about 
the midpoint of the range of values be- 
fore mid-1967. During this time period, 
Vp/Vs remained within 4 percent of 
1.75. 

Figure lb shows the variation of the 

apparent velocities Vp and Vs and their 

respective averages between the stations 
PAS and RVR. During the precursory 
interval before the San Fernando earth- 
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quake, Vp ranged from -19 percent to 
+8 percent of the average value of 
6.63 km/sec. The behavior of Vs is 
similar but the changes are smaller. 
Before the earthquake Vs changes 
from -10 percent to +5 percent of its 
average of 3.80 km/sec in the same 
sense as Vp, but this change is close 
to the uncertainties in Vs. Thus, the 
data clearly indicate that the variation 
of Vp,/V is primarily due to large 
changes of Vp, and not Vs as proposed 
by Savarensky (1) and Aggarwal et al. 
(4). This result, clarified here for the 
first time, is critical for the explanation 
of the velocity variations that we pro- 
pose. 

We now estimate the possible errors 
in the observed parameters of Fig. la. 
The P-wave and S-wave times were 
read to the nearest 0.1 second on short- 
period vertical and horizontal seismom- 
eters. Onsets of P waves are usually 
clear but it is often difficult to unam- 
biguously pick the S-wave onset. The 
S-wave times were read on all available 
vertical and horizontal short-period seis- 
mograms at PAS and R'VR (five at 
PAS and three at RVR), and their av- 
erages were taken as the proper values. 
Figure 2 shows sample recordings both 
during and before the precursor time. 
The range of S-wave times for an 
event was 0.5 second or less for all 
readings from the last event in 1964 
through 1970, which covers the pre- 
cursor time interval. Using the range 
of 0.5 second for the uncertainty of the 
S-wave readings, we calculate an un- 
certainty of (Vp/V - 1) of + 0.05, 
which is shown in Fig. la. Some earlier 
events produced PAS readings that had 
a range of up to 0.8 second. Use of 
a 0.8-second range for PAS yields an 
uncertainty of ? 0.065, which would 
be applicable to the 1964 and earlier 
data. The uncertainties of the veloci- 
ties in Fig. lb are also dependent on 
the epicentral locations and their un- 
certainties, which we estimate to be 
12 km. If the two stations are in line 
with the epicenter, then the effect of 
epicentral uncertainties on the velocity 
uncertainties is small. The uncertain- 
ties due to assumed epicentral location 
and time errors as stated above are 
calculated for each point and shown in 
Fig. lb. Although there is no effective 
control of the depth of the earthquakes, 
precise locations of many other events 
in the same area indicate that the hypo- 
centers are limited to depths of 15 km 
or less (5). Even so, if the events were 
anomalously deep, causing refracted 
arrivals to be picked first, the only 
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possible effect would be to increase 
the apparent P-wave velocity, the op- 
posite of what is observed. It is ap- 
parent that the anomalous behavior of 
(Vp/ Vs- 1) and Vp before the San 
Fernando earthquake is significant with 
respect to the estimated uncertainties 
in the data. 

The behavior of Vp/Vs reported 
here is even more significant when 
compared with the results of previous 
experiments. Our average or normal 
value of Vp/Vs is 1.75, whereas Sem- 
enov (2) reported 1.77 and Aggarwal 
et al. (4) found 1.75. Decreases of 
V,/Vs from these norms before earth- 
quakes were 10 percent for the San 
Fernando event, 6 percent in Tadzhik 
(1-3), and up to 13 percent in New 
York (4). In Tadzhik and New York, 
the size of the decrease did not appear 
to be a function of magnitude and was 
relatively constant. 

However, the duration of the de- 
crease, that is, the time from the ini- 
tial decrease to the occurrence of the 
earthquake, was found to increase 
with magnitude (1-4). Figure 3 shows 
the precursor time interval plotted as 

Anomalous time 
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a function of magnitude for the San 
Fernando earthquake, the Tadzhik 
events, and the New York events. The 
dependence of precursor time interval 
on magnitude is confirmed by the San 
Fernando point and extended to a much 
larger event than investigated to date. 
If this relationship can be simply ex- 
trapolated (as shown by the dashed 
line) to even larger events, the precur- 
sor time interval for a magnitude 7 
event would be 8 years, and for a mag- 
nitude 8 event, 40 years. However, we 
cannot be confident of the validity of 
this extrapolation until many questions 
are resolved about the nature of the 
relation between precursor time and 
magnitude. 

All of these phenomena, the nature 
and especially the amplitude of the 
velocity changes and their temporal re- 
lation to the occurrence and magni- 
tude of earthquakes, agree remarkably 
well with the known effects of rock dila- 
tancy in fluid-filled, porous media, as 
described by Frank (6), Brace and 
Martin (7), and Nur (8). Dilatancy re- 
sults from increased void, pore, or 
crack volume. Work is thus done by 

Normal time 
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Fig. 2. Examples of PAS and RVR recordings for events during the anomalous 
time and corresponding events of nearly identical size and location during the normal 
time. At PAS the abbreviation SPZ (short-period vertical) is used for P waves, and 
TNS or TEW (horizontal torsion) is used for S waves; these two records are aligned in time in the figure. At RVR, both P and S waves are read from SPZ in most 
cases; the pulses before P, especially in the event on 28 September 1967, have the 
same character as noise elsewhere on the seismogram. For removal of the P-wave 
velocity anomaly (Fig. lb) the P-wave reading at RVR would have to be about 2 
seconds earlier in the events on 28 September 1967 and 24 May 1968. 
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dilatancy against the over 
(6). The change in shape 
ably due to shear stresse, 
with a regional tectonic st 
pores or cracks contain flui 
of dilatancy on a saturatec 
greatly reduce the fluid po 
and if the dilatancy is larg 
state is reached when the p( 
volume exceeds the fluid vo 
is defined here as undersatui 
flow eventually returns the 
saturated state. But while tl 
pressure is below its norm 
fracture strength of the 1 
nificantly increased, an ef 
dilatancy hardening (6, 7). 
tion in pore pressure can oc 
whereas the return to a sat 
dition occurs slowly since 
trolled by fluid flow prol 
permeable medium. If t 
anomaly depended on the 
of new dry cracks in a sa 
dium, as Nur (8) suggests, 
difficult to get a variable ai 
because the average distal 
dry crack to a wet one wou 
remain constant. 

The change in P-wave v 
place when a crack or void 
opens enough so that a sma 
vapor is present. This gre 
the bulk modulus, causing ; 
in the velocity of P wav 
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Fig. 3. The anomalous velo< 
time interval as a function ( 
magnitude for the 1971 S 
earthquake (square) and r 
from Semenov (2) (triangles 
wal et al. (4) (circles). 
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all pressure change in that of S waves. Laboratory 
is presum- determinations of Vp and Vs in wet 

s associated and dry crystalline rocks of low po- 
train. If the rosity under a range of confining pres- 
id the effect sures have been published by Nur and 
I rock is to Simmons (9). Although these are not 
)re pressure, true measurements of the effect of dila- 
Ye enough a tancy on saturated rocks (dry cracks 
ore or crack are not necessary for the effect), they 
lume, which give a good approximation to the ve- 
ration. Fluid locity changes expected. The results of 

rock to its Nur and Simmons for saturated and 
ie fluid pore dry Westerly granite are shown in Fig. 
lal level the 4. Nur (8) used these data to explain 
rock is sig- the changes in the Vp/Vs ratio, al- 
fect termed though Savarensky (1), whose work he 
The reduc- referred to, stated that the stronger ef- 

:cur rapidly, fect is shown by the velocities of the 
turated con- transverse (S) waves. This is in dis- 

it is con- agreement with the data of Fig. 4b and 
cesses in a with the results reported here. Shallow 
the velocity saturated crustal rocks would be char- 
maintenance acterized by point A in Fig. 4. If dila- 
iturated me- tancy were then to occur, the fluid 
it would be pore pressure would drop rapidly until 

nomaly time the rock becomes undersaturated, the 
nce from a rock would strengthen, and the rock 
ild generally velocities would change toward point 

B. During this drop of Vp/ Vs both 

elocity takes Vp and Vs decrease, but the drop of 
I in the rock Vp dominates because of the signifi- 
11 amount of cantly decreased bulk modulus of the 
atly reduces rock, which results from undersatura- 
a large drop tion. Subsequent fluid flow would then 
es but little bring the rock to a saturated state at 

a rate dependent on dilatancy volume, 
permeability, and availability of fluids. 

TITF IWhen point C (shown in Figs. 1 and 4) 
is reached, the rock weakens and an 

/ earthquake occurs. The characters and 
/ - amplitudes of the velocity changes be- 

/ " tween A, B, and C in Figs. 1 and 4 are 
/ remarkably similar. 

' _- The independence of the size of the 
/ - precursory drop of (Vp/V -l 1) with 

magnitude, found by Semenov (2) and 
Aggarwal et al. (4) and confirmed 
here, is easily understood. The ve- 
locity variations of this model depend 
mainly on the range of rock velocities 
between saturated and undersaturated 
states at low effective confining pres- 
sures, which has no relation to earth- 
quake magnitude or volume of dilatant 
rock. 

An implication of the results is that 
t [1 some of the crustal rocks between PAS 

6 8 and RVR, which are more than 35 km 
from the aftershock region of the San 

city precursor Fernando earthquake, were significantly 
f earthquake dilatant before the earthquake, which 

an Fernando 
revious data had characteristic dimensions of only 

s) and Aggar- about 20 km. The following proposed 
sequence may explain this. Some part 

of the region near San Fernando, not 

necessarily the location of the earth- 
quake hypocenter, reached its strength 
limit due to increasing regional tec- 
tonic strain. Dilatancy occurred (JO) 
and dilatancy hardening strengthened 
the dilatant volume. Because stress con- 
centrates around strength inhomogenei- 
ties, the next tectonic strain incre- 
ment dilated the surrounding volume 
and subsequent increments continued 
the process over a larger and larger 
volume. Meanwhile, fluid flow into the 
volume began from all sides. In gen- 
eral, the fluid pore pressure first reached 
its saturated value where the permea- 
bility was greatest. Thus, permeability 
may have controlled the location of the 
initial rupture. Permeability may be 
greater along deep fracture zones, and 
it is significant to note that seismicity 
before the San Fernando earthquake 
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Fig. 4. (a) Velocity data from Nur and 
Simmons (9) reduced to the form (Vp/Vs 
- 1) for saturated and dry Westerly 
granite, as a function of effective con- 
fining pressure. See the text for an ex- 
planation of A, B, and C. (b) Velocities 
VP and Vs for the same data. 
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outlined a seismic zone that coincides 
with the hypocenter of the main event 
and a downstep in the main fault sur- 
face (5). This seismic zone may have 
controlled the initial rupture location 
of the San Fernando earthquake. The 
extent of fracturing in the main earth- 
quake depends on the details of the 
stress, strength, and pore pressures in 
the dilatant volume and need not be 
as great as the prerupture dilatant 
volume. 

It is tempting to extend the analysis 
to the variations of P-wave velocity ob- 
served during 1961 to 1962 (Fig. lb), 
a time when the above-mentioned zone 
through the San Fernando earthquake 
epicenter was active (5). However, this 
will be reserved for future work with 
a more complete data set. 

If we can assume that the size of an 
earthquake is related to the amount of 
stored mechanical energy in crustal 
rocks near the epicentral area, then 
there should be a positive relation be- 
tween dilatant volume and magnitude 
because dilatant rock is strained to near- 
rupture levels and has additional stored 
energy due to dilatancy. This points the 
way to an explanation of the observed 
relation between earthquake magnitude 
and precursor time interval (Fig. 3); it 
derives from the time needed for fluid 
flow to restore undersaturated rock in 
the dilatant volume to the saturated 
state. Thus, a longer precursor time in- 
terval implies a larger dilatant volume, 
which is turn leads to larger earth- 
quakes. 

The relation between magnitude (M) 
and anomaly time (t) from the data in 
Fig. 3 is 

log t = 0.68M- 1.31 

where t is in days. A similar relation- 
ship was derived by Tsubokawa (11) on 
the basis of ground deformation before 
Japanese earthquakes. Combining his 
data with the present data set we obtain 

log t = 0.80M - 1.92 

which predicts lead times of 13 years 
for a magnitude 7 and 83 years for a 
magnitude 8 earthquake. 

The physics of the situation is clearer 
if we plot time against some earthquake 
dimension such as fault length or 
volume. In Fig. 5 we have plotted delay 
time as a function of a characteristic 
linear dimension. The latter is estimated 
from the aftershock area for the larger 
earthquakes and from an empirical rela- 
tion between fault length and magnitude 
(12) for the earthquakes from New 
11 MAY 1973 

Focal dimension (km) 

Fig. 5. Precursor time interval as a func- 
tion of earthquake dimension for the data 
in Fig. 3 (square, San Fernando earth- 
quake; circles, Tadzhik and New York 
data) plus the data of Tsubokawa ( I) 
(pluses and bars). The dimension is pro- 
portional to the square root of time, which 
suggests a fluid flow process. 

York State and the Soviet Union. The 
data are those in Fig. 3 plus data for 
five large earthquakes in Japan (11). 
The data are fit well by a relation in- 
volving the square root of time, which 
suggests that the duration of the anom- 
aly is controlled by the flow of water 
into the stressed region, as proposed 
earlier. The constant term D in the 
fluid flow equation L = DtY2, when L is 
"fault length" or square root of after- 
shock area and t is the time, is a 
function of permeability, porosity, fluid 
properties, the driving head, and a fac- 
tor relating aftershock area or fault 
length to the dilated regions. There is 
much uncertainty in all of these param- 
eters, but one can estimate that the re- 
quired permeability is several orders of 
magnitude greater than that of unfrac- 
tured granite. 

It is quite amazing that earthquakes 
from so many different regions fall on 
a single curve. The result implies that 
igneous crustal rocks stressed to near- 
failure behave in a similar fashion and 
that the stress-induced porosities and 
permeabilities are similar. However, this 
is probably more likely than the alter- 
nate explanation, namely, that the 
anomaly duration is a function of re- 
gional stresses and stress changes. 

We conclude that velocity variations 
show significant promise as earthquake 
precursors. The combined evidence 
from the magnitudes of the velocity 
drops and the diffusive-like recovery 
behavior gives strong support to the 
idea that the anomaly is initiated by 
increasing the pore volume in a satu- 
rated rock. The process is then termi- 

nated by the gradual return to saturated 
conditions which precede failure, that 
is, a mechanism involving dilatancy, 
dilatancy hardening, and flow of fluid 
through a semipermeable medium. The 
observation that P-wave velocity varia- 
tion is greater than the S-wave velocity 
variation not cnly confirms the dila- 
tancy-fluid saturation theory, but has 
important implications for the course 
of future investigations. Because the 
time of arrival of P waves is much 
easier to measure than that of S waves, 
not only earthquakes but artificial 
sources such as large mine blasts can 
be used to monitor crustal velocities 
for the purpose of earthquake pre- 
diction. 

This work suggests that other phe- 
nomena associated with dilatancy, such 
as electrical conductivity, ground tilts, 
changes in ground elevation (which 
might be of the order of tens of centi- 
meters), and deep well levels and pres- 
sures, may also be useful in earthquake 
prediction. It also suggests a possible 
method of control, at least for shallow 
earthquakes, based on rapid and wide- 
spread well pumping to vary the fluid 
distribution in the crust so that we may 
choose the time of earthquake rupture. 
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