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Seismic Moment, Stress, and Source Dimensions
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The source mechanism of earthquakes in the California-Nevada region was studied using
surface wave analyses, surface displacement observations in the source region, magnitude deter-
minations, and accurate epicenter locations. Fourier analyses of surface waves from thirteen
earthquakes in the Parkfield region have yielded the following relationship between seismic
moment, Mo and Richter magnitude, M1.: log Mo = 14 Mz + 170, where 8 < M. < 6. The
following relation between the surface wave envelope parameter AR and seismic moment was
obtained: log Mo = log ARseo + 20.1. This relation was used to estimate the seismic moment of
259 additional earthquakes in the western United States. The combined data yield the follow-
ing relationship between moment and local magnitude: log Mo = 1.7 M1 + 15.1, where 3 <
M. < 6. These data together with the Gutenberg-Richter energy-magnitude formula suggest
that the average stress multiplied by the seismic efficiency is about 7 bars for small earthquakes
at Parkfield and in the Imperial Valley, about 30 bars for small earthquakes near Wheeler Ridge
on the White Wolf fault, and over 100 bars for small earthquakes in the Arizona-Nevada and
Laguna Salada (Baja California) regions. Field observations of displacement associated with
eight Parkfield shocks, along with estimates of fault area, indicate that fault dimensions similar
to the values found earlier for the Imperial earthquake are the rule rather than the exception
for small earthquakes along the San Andreas fault. Stress drops appear to be about 10% of
the average stress multiplied by the seismic efficiency. The revised curve for the moment versus
magnitude further emphasizes that small earthquakes are not important in strain release and
indicate that the zone of shear may be about 6 km in vertical extent for the Imperial Valley
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and even less for oceanic transform faults.

INTRODUCTION

Recent developments have greatly improved
our understanding of the mechanism of shallow
earthquakes in the California-Nevada region.
Many of these earthquakes are strike slip and
are related tectonically to the San Andreas fault
system. In this paper seismic moments of these
earthquakes with local magnitudes between 3
and 6 have been obtained in two ways. First,
spectral densities of the surface waves were
obtained for thirteen earthquakes from the San
Andreas fault system which covered the men-
tioned magnitude interval about evenly. The
moments were computed by means of the theo-
retical results of Ben-Menahem and Harkrider
[1964] and Anderson and Harkrider [1968].
To estimate the seismic moment for a large
number of earthquakes without the time-con-

1 Contribution 1513, Division of Geological Sci-
ences, California Institute of Technology, Pasa-
dena, California.

suming and costly process of digitizing and
Fourier-analyzing the surface waves, the pa-
rameter AR, as defined by Brune et ol. [1963],
was used to estimate seismic moment for an-
other 259 shocks from the western United
States recorded at Pasadena.

For the eight Parkfield shocks for which
spectral densities were determined by Fourier
analyses, field observations allowed an estimate
of the average relative displacement accom-
panying them. These observations were ob-
tained in the course of the extensive study of
the Parkfield 1966 earthquake sequence. In
four cases the relative displacements were re-
corded on strain meters straddling the surface
fault trace; in three other cases repeated meas-
urements of the displacement of the white line
on Highway 46 near Cholame were used; in
another case the displacement was determined
by small-scale geodetic measurements. The de-
tails of these investigations are deseribed by
Smith and Wyss [1968]. Accurate determina-
tions of the epicenters of these eight shocks
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Fig. 1. Map of California showing the San Andreas and related faults. Earthquakes from
the regions near Hollister, Parkfield, and Brawley were used for the surface wave Fourier

analysis in the present study.

were also available. The distance from the
epicenter to the locality where the surface
displacement associated with a shock was ob-
served can be considered a minimum value for
the fault length of that particular event. Based
on these field observations and the surface
wave analyses, it has been possible to estimate
roughly the fault offset, fault dimensions, stress
drop, and average stress.

Basic to the understanding of the mechanics
of faulting is the dislocation theory of Maru-
yama [1963]. Dislocations are related to stress
drop by the results of Starr [1928], Knopoff
[1958], and Keylis-Borok [1959]. Aki [1966]
combined these theoretical studies to inter-
pret earthquake mechanism in a study of the
Niigata earthquake and later in a study of the
Parkfield earthquake [Ak:, 1967]. In the 1967
study Aki proposed a scaling law for seismic
spectrum with a decrease in amplitude propor-
tional to 1/0" at frequencies higher than some
characteristic frequency dependent on magni-
tude.

The stress drop was found by Aki to be 125
bars for the Niigata earthquake and 0.6 bar
for the Parkfield earthquake. Brune and Allen
[1967] found a stress drop of 1.1 bars for the

Imperial earthquake of March 4, 1966. The
fault length was about 35 km for the Parkfield
earthquake and about 10 km for the Imperial
earthquake. The results for the Parkfield and
Imperial earthquakes indicated that previous
suppositions about fault length versus magni-
tude and stress drop versus magnitude [Press,
1967] would have to be modified. They also
indicated that a single scaling law, such as that
proposed by Akt [1967], could not be valid
for all regions of the earth. Tsuboi [1956] and
Bdth and Duda [1964] showed that Benioff’s
[1951a, b, 1955] earlier assumption that earth-
quake volume was independent of magnitude
was not valid. For large earthquakes (M > 6)
Bith and Duda found that earthquake volume
was approximately proportional to magnitude
and the stress prior to earthquakes was ap-
proximately independent of magnitude in agree-
ment with Tsuboi’s hypotheses. Chinnery [1964]
pointed out that the stress drops for most large
earthquakes were about 100 bars and sug-
gested that this indicated the limiting strength
of the earth’s crust was about 100 bars. The
low stress drops found for the Parkfield and
Imperial shocks suggested that the stress drop
for these earthquakes was only a fraction of
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the total stress, as in the stick-slip faulting
mechanism of Brace and Byerlee [1966]. Bur-
ridge and Knopoff [1964] gave equations re-
lating the energy release to the ratio of the
stress drop to the initial stress. Earlier, Orowan
[1960] had shown that, if the final stress after
rupture was equal to the frictional stress dur-
ing rupture, studies of the energy of seismic
wave radiation did not determine the pre-stress.

King and Knopoff [1968a] correlated the
product of fault length and the square of dis-
placement versus magnitude and found that
for earthquakes the fractional stress drop de-
creased with decreasing magnitude; ie. for
small magnitudes this stress drop was a small
fraction of the pre-stress.

Burridge and Knopoff [1967] and King and
Knopoff [1968b] used a model of earthquake
strain release consisting of masses and springs
in series. Many of the features of earthquakes
occurrence were explained by this model. The
results for fault length, fault displacement, and
stress drop found in the present study for
earthquakes along the San Andreas fault are
in approximate agreement with the results from
the Parkfield and Imperial earthquakes and
with the fractional stress-drop curves sug-
gested by King and Knopoff [1968a].

MoMeENT VERsUS MaGNITUDE CURVE,
3<M<6

Seismic moment as a function of magnitude
was first estimated by Brune [1968] in order
to calculate rates of slip along major fault
zones. The moments of a number of large
earthquakes were estimated from field obser-
vations [Brune and Allen, 1966]. A theoretical
curve based on the amplitudes of 100-sec man-
tle waves [Brune and King, 1967] was fitted
through these data. For magnitudes less than
6 no reliable data were available for long-period
waves, and as a first approximation it was as-
sumed that the local earthquake magnitude
corresponded to the surface wave magnitude.
Seismic moments for only two earthquakes
below magnitude 6 (Parkfield and Imperial)
were available at that time. We here establish
more accurately the portion of the moment-
magnitude curve for M, < 6. Surface waves
from thirteen earthquakes in the magnitude
range from 3.2 to 5.5 were Fourier-analyzed.
All of them were located in the San Andreas
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fault region with the exception of one shock
from the southern Gulf of California. The epi-
centers were obtained from J. Eaton (personal
communication), McEvilly et al. [1967], and
Richter et al. [1967]. When the magnitude as-
signed by the latter two sources differed, the
average was taken. For the surface wave anal-
ysis Press-Ewing seismograms from the Pasa-
dena station were used. In Table 1 the origin
time, depth, and magnitude of these shocks
are given. Considerations of the uncertainties
in the magnitude determinations, instrumental
corrections, local geologic conditions, etc., sug-
gests that in this experiment an uncertainty
of a factor of 2 in relating moment to magnitude
might be expected. In the future this uncer-
tainty can be further reduced by use of more
stations close to the source. The present study
has the advantage that the station used (Pasa-
dena) is also the station originally used to
define the various magnitude scales.

The equivalent double-couple seismic mo-
ment, as defined in the dislocation theory of
faulting [Maruyama, 1963], was obtained from
surface wave spectral density observed at Pasa-
dena. The procedure is essentially that used by
Aki [1966]. The far-field displacement for a
double couple as given by Ben-Menahem and
Harkrider [1964] was used to obtain moment
from spectral density.

The fault plane solution for the Parkfield
earthquakes was given by McEvilly et al.
[1967]; that for the Gulf of California earth-
quake was given by Sykes [1968]. Shocks 4
and 11 of Table 1 were assumed to have orig-
inated on the San Jacinto and Imperial faults,
respectively, and the approximate direction of
the fault plane for shock 3 was obtained from
the CIT southern California array. The thir-
teen analyzed shocks are very close to vertieal
strike-slip faults. All the shocks are shallow.
For vertical strike-slip faults at a shallow
depth Ben-Menahem and Harkrider’s expres-
sion for Love waves simplifies to:

My = (rCLT)V*(Ugw/ Ay cos 26) (1)

where r is the distance, C,, is the Love wave phase
velocity, U, is the spectral density, § is the
azimuth from the strike of the fault to the
station, A, is the excitation function defined by
Harkrider [1964], and w = 2#/T is the angular
frequency. For A ;(f) the values for a tectonic
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TABLE 1. Earthquake Characteristics for Parkfield and Other Areas Along the San Andreas Fault
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model given by Anderson and Harkrider [1968]
were used,

The surface waves of shock 8 recorded at
Pasadena, by 30-90 Press-Ewing instruments
are shown in Figure 2. After resolving into
transverse and longitudinal ecomponents, the
Love waves were Fourier-analyzed. Three values
for moment were obtained for each shock, us-
ing three spectral density values around the
peak density (7' = 20 sec). The average mo-
ments for these three determinations are given
mm Table 1 and are plotted as solid circles in
Figure 3. Shocks 3 and 4 lie somewhat below
the fitted line. Their hypocenters were deeper
than the hypocenters of the other shocks, and
it is not certain that their motion was strike
slip.

The double circled point at magnitude 6
(Figure 3) was obtained from the Gutenberg
definition of surface wave magnitude M,
[Richter, 1958]. According to the definition, a
magnitude 6 earthquake produces a far field
displacement of 100p at a distance of 22° for
surface waves of 20-sec period. From this am-
plitude the moment was calculated. This point
thus represents the average of the numerous
observations on which the surface wave magni-
tude was based. As pointed out by Richter
[1958, p. 347], the scale was adjusted to agree
with the local magnitude M, for magnitude
values of 6 to 7.

The logarithms of the moments of these
thirteen earthquakes closely define the follow-
ing moment-versus-magnitude relation:

log My = 1AM, + 17.0 3 < Mz < 6 (2)

12h 39°

=M nw=Z OC

— | min.|=~—

Fig. 2. Shock 8, M —= 3.7, Parkfield, recorded
by three component long-period Press-Ewing seis-
mographs at Pasadena.
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Fig. 3. Log of scismic moment as a function
of magnitude for shocks along the San Andreas
fault. After Brune [1967], modified for M; < 6.
The solid circles represent the shocks listed in
Table 1. Moments derived from the parameter AR
are represented by open circles, and moments esti-
mated from field evidence are represented by open
triangles. The slope of the straight line below
M==6is14.

The slope of this line indicates that in the
magnitude range 3 < M, < 6 the seismic ef-
ficiency ¢ is not a rapidly varying function of
magnitude. This follows from the energy-
magnitude relation given by Richter [1958]

logEs =a-t M (3)

and the relationship for work done during a
dislocation

E=G6AU=¢M,/u (4)

In these equations Eg is the seismic energy, F
is the elastic energy, M is the magnitude, & is
the average acting stress (average of the initial
and the final stress), A is the fault plane area,
U is the mean relative displacement on the
fault plane associated with an earthquake, M, is
the seismic moment, and u is the shear modulus.
Let ¢ be the seismic efficiency factor; then
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Es =cE (5)

Combining (3), (4), and (5) gives the magnitude
as a funetion of moment.

M = 3 [log M + log (50) — (log & + a)] (6)

Thus b is the slope of the log moment versus
magnitude curve if ¢ is not a function of mag-
nitude. The observed value of the slope of M,
versus magnitude is 1.4 and thus is close to the
value of b = 1.5 for the Gutenberg-Richter
relation, suggesting that ¢ is not eritically
dependent on magnitude in the small range of
magnitudes considered here. From the Guten-
berg-Richter energy relation

logEs = 1.5M + 11.8 @)

Letting p = 3 X 10, we can solve equation
6 for the product of the average stress and
efficiency, gc. For the nine Parkfield shocks in
Table 1 the result is

Gc = 7.3 = 1.8 bar ®

The error is the mean deviation for the nine
analyzed shocks. Equation 6 suggests that the
deviations from a single moment versus magni-
tude relation can reflect, among other things,
local differences in the average stress.

Dara rroM OTHER REGIoNs Basep oN AR

In a paper by Brune et al. [1963] the param-
eter AR, the sum of the area of the envelopes
of the surface waves on three component long-
period Press-Ewing instruments, was used as
a measure of the long-period waves. AR is ap-
proximately proportional to spectral density
and thus to seismic moment. If the relation
of AR to moment is established, one can ap-
proximately convert AR (mm?®) into spectral
density and thus into seismic moment. The
relationship was established by determining AR
for the thirteen analyzed shocks and plotting
these values against seismic moment. The re-
sult is shown in Figure 4. This relation is valid
for shocks not exceeding depths of about 20
km. As expected, the points fall closely along
a straight line with a slope of 1. The conversion
equation is

log Mo = log AR300 + 20.1 (9)

where ARso is the sum of the surface wave
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Fig. 4. Moment as a function of surface wave envelope area AR corrected to a distance
of 300 km. The data points are derived from the shocks listed in Table 1. This curve can be
used to approximately convert AR into moment.

envelope areas normalized to a source distance
of 300 km.

This equation was used to obtain the seismic
moments for seventy-seven shocks whose AR
values at Pasadena were determined by Brune
et al. [1963] as well as for 182 additional shocks.
The results are shown in Figure 5. Shocks from
the San Andreas and San Jacinto faults and
from the Imperial Valley and Gulf of California
are shown as solid circles. Squares represent
shocks from off the coast of California; open
circles represent shocks from Nevada, Arizona,
Utah, Baja California, and northern California.
For these earthquakes the fault plane orien-
tations are not known and the depth is uncertain.
The scatter is considerable. As pointed out in
Brune et al. [1963], however, a grouping of shocks
for various regions can be observed. The Gulf
of California shocks give moments that are
somewhat smaller on the average than the San
Andreas values, but, since they are not much
different, the same symbol was used. The shocks
from off the coast of northern California have
higher M, values than shocks of the same mag-
nitude from the San Andreas. This similarity
may in part be due to a strong filtering of short-

period body waves at the continental margin,
which could make the body wave magnitude
smaller. The Nevada-Arizona as well as the
Baja California earthquakes fall below the San
Andreas values. If it is assumed that these re-
gional differences in surface wave excitation
are due to regional differences in stress, we can
solve for G¢ by fitting a line with a slope of 1.4
through the data for each region. This yields
a value of Gc of about 110 bars for the Laguna
Salada (Baja California) and California Nevada
earthquakes. The regional variations observed
here could also be due to path effects, depth of
source, and variations in faulting mechanism.
However, the surface wave paths for all analyzed
earthquakes are short (A < 1000 km) and similar.
All events were shallow, most of them not ex-
ceeding 16 km depth. The AR method of deter-
mining the seismic moment, adding Rayleigh
and Love wave envelopes, averages out the
differences caused by different faulting mech-
anisms. Therefore, it is very likely that the
regional variations in seismic moment are in
part due to variations in tectonic stress. The
relatively low stresses along certain sections
of the San Andreas fault may in part be caused
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Magnitude

Fig. 5. Logarithm of seismic moment as a func-
tion of magnitude with data from the western-
most part of the United States. The slope of the
straight line through the data is 1.7. Solid circles
indicate San Andreas fault system; open circles,
western United States; squares, region off the
coast of California.

by geologic and tectonic features that control
the amount of stress the crust can withstand
[Allen, 1968].

The straight line that was fitted through all
the available data for moment versus magni-
tude for the western United States (Figure 5)
gives the equation

IOgMo= 1.7ML+15.1 3<ML<6

(10)
RELATIONSHIPS BETWEEN M, AND Mj,

Since the surface wave magnitude M; is
based on the amplitude of 20-sec surface waves
and our results for moment are also based on
the amplitudes of 20-sec surface waves, we can
get the relationship between surface wave
magnitude M and local earthquake magnitude
M, from the straight lines shown in Figures
3 and 5. These relationships are

Western United States
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Ms = 1.7ML — 4.1
Parkfield

3< M, <6 (lla)

Mg =14M; — 2.2 3< M, <6 (11b)

and are valid for very shallow earthquakes.
These equations are in qualitative agreement
with the statements given by Richter [1958,
p. 347]. He indicates that, although the local
earthquake magnitude and the surface wave
magnitudes were originally constructed to be
in agreement between magnitudes 6 and 7,
later investigations indicated that for lower
magnitudes the surface wave magnitudes are
smaller than the local magnitude, in agreement
with equations 11.

FieLp OBSERVATIONS OF FaurT DISPLACEMENT

For the nine shocks that occurred in the
Parkfield region, fault slip was measured in
the field. The approximate average slip is given
in Table 1. The detailed nature of the field
evidence for each shock is given below.

For shock 2 (M = 4.9) the offset of the
white line on Highway 46 near Cholame (Fig-
ure 6) was measured repeatedly after the Park-
field earthquake of June 20, 1966 [Smith and
Wyss, 1968]. On June 29 it was measured at

T 36°00
7
2a
Y
12 A p Parkfield
5 0 5
T —
B 35°45
|
120° 30

Fig. 6. Map of the Parkfield region. The sur-
face break connected with the Parkfield earth-
quake of 1966 is shown as a solid line. Surface
observations concerning fault slip were obtained at
the Taylor ranch, the Carr ranch, and Highway 46.
Epicenters of shocks for which surface displace-
ment was observed are marked by triangles and
numbered according to Table 1.
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Fig. 7. Evidence for fault slip. The displacement of the white line at Highway 46 following
the Parkfield earthquake on June 28, 1966, is compared with the occurrence of aftershocks.
Shock 2 is believed to have caused a slip of 0.5 cm on June 29. Shocks 10, 13, and 14 are
believed to have caused a slip of 1.5 ¢cm on July 2.

14h 00m, 17h 00m, and 20h 00m GMT. In the
3-hour time interval, whose end preceded shock
2 by about 3 hours, no displacement was ob-
served within the accuracy of measurement. In
the 3-hour time interval that contained the
earthquake and terminated about 7 min after
the shock 0.5 cm of displacement was observed
(Figure 7). Three subsequent measurements
about 31, 43, and 48 hours after the shock
showed no further displacement. From this
evidence we may conclude that the offset of
05 em that occurred between 12h 00m and
20h 00m GMT was associated with the earth-
quake that occurred at 19h 53m 29.5s GMT
north of Parkfield. The location of the epicenter
lies 30 km northwest along the San Andreas
fault from the place where the displacement
was observed. Therefore this shock must have
had a fault length of at least 30 km.

For shocks 5 and 7 (M = 4.2 and 3.8, respec-
tively) creep was measured subsequent to its

occurrence by an Invar wire strain meter in-
stalled across the fault at the Carr ranch
[Smith and Wyss, 1968]. The shocks indicated
in Figure 8 and no others were reported as
felt at the Carr ranch. Although the displace-
ments started somewhat after the shocks and
took about 5 days to accumulate, it seems
reasonable that they were related to the earth-
quakes. Presumably the displacement that took
place at the time of the shocks at depths of 3
and 2 km, respectively, strained the overlying
layers of sediments that responded by creep.
Since little is known about the creep mecha-
nism, the displacement observed at the surface
is, as a first approximation, assumed to be
equal to the average displacement that oc-
curred along the fault plane at depth during
the earthquake. This displacement was 0.2 em
in both cases.

Similar arguments apply to shocks 8 and 12.
The creep displacements that followed these
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Fig. 8. Creep evidence obtained by the Invar wire strain meter at the Caar ranch [Smith and Wyss, 1968]. Shocks 5 and 7 in August and July 1
are each believed to be connected with 0.2-cm surface displacement.
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shocks were also measured at the Carr ranch.
At this time the quartz strain meter was in
operation. The total creep displacements were
10 cm and 0.7 em, respectively (Figure 9).

Shocks 10, 13, and 14 occurred in short
sequence close to each other with epicenters
8 km north of Highway 46. The white line at
Highway 46 showed no displacement for a
2-day period ending at 20h O0m on July 1.
The shocks 10, 13, and 14 occurred at 12h 09m,
12h 16m, and 12h 25m on July 2. The first
measurement afterward was taken at 14h 00m
on July 2 and revealed an added displacement
of 1.5 em (Figure 7).

Shock 6 seems to have been responsible for
a displacement of about 1 cm at the Taylor
Ranch [Smith and Wyss, 1968]. The cumula-
tive displacement at this locality preceding
the time of earthquake 6 followed a logarithmic
curve given by the equation

U=94logt— 4.5 (12)

where U is cumulative relative displacement in
centimeters and ¢ is time in days (Figure 10).
The displacement of about 1 ¢m on November

£ E
Q0o —= = < o
e o9 o
EIQ.C =
€
(&)
=
[
€ 7F -
[0
Q
o
aer S|
o ﬂ/
oL —< 1
Quartz Strainmeter
4 .
AN S G T T T O I A I
5 10 15 20 25
August PST
1966

Fig. 9. Creep evidence obtained by the quartz
strain meter at the Carr ranch [Smith and Wyss,
1968]. Shocks 8 and 12 are believed to be con-
nected with 1.0- and 0.7-cm surface displacement
on August 3 and August 19, respectively.
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Fig. 10. Displacement evidence obtained by small-scale geodetic observations at the Taylor
ranch [Smith and Wyss, 1968]1. The upper curve represents displacement as a function of time;
the lower one, the same displacement as a function of log time. The displacement connected

with shock 6 is estimated to be about 1 cm.

3, 1966, was followed by a period of no dis-
placement up to November 22. After this date
the displacement values continued to follow
the same logarithmic curve as before. Shock 6
on October 27 was located at a distance of 8
km to the northwest of the Taylor ranch. In
the same interval of time between geodetic
measurements three shocks of magnitude 2 to
2.3 oceurred [McEvilly et al., 1967].

It is concluded from the above evidence that
as a first approximation it may be assumed that
the surface displacements (including creep)
associated with each earthquake are representa-
tive of the displacements that occurred at
depth during the respective earthquakes.

SourcE DIMENSIONS

For the nine shocks that occurred in the
Parkfield area field evidence for approximate

relative displacement was listed above. For the
same shocks the seismic moment was obtained
from surface wave analysis and equation 1. The
fault area was obtained from the equation

M, = FAI-] (13)

The values are given in Table 1. A value
of 3 x 10" dynes/em® was assumed for p
except for the very shallow shocks 9, 10, 12, 13,
and 14 for which a value of 1.5 X 10" dynes/
em' was assumed. Where the field evidence
also yielded an estimate for the fault length
and fault width a check on the above estimate
of area was provided. The epicentral distances
to the points where the respective displace-
ments were observed are listed in Table 1 as
fault length. Regarding this value as a minimal
fault length and the assigned depth as a min-
imal fault width for the cases of surface rup-
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ture, dimensions consistent with the fault area
computed from the moment and surface offset
are proposed and also given in Table 1. The
locations of shocks 2, 5, 6, and 7 were obtained
from McEvilly et al. [1967]; the locations of
shocks 8, 10, 13, and 14, from J. Eaton (per-
sonal communication); the location for shock
12 was taken from the Pasadena Local Bulletin
[Richter et al., 1967]. During the months fol-
lowing the Parkfield earthquake a number of
portable seismic stations were operated in the
area; hence, the epicenters for this period were
determined very accurately. The source dimen-
sions derived from surface wave analyses and
measurements of ground displacement in the
field are consistent with the fault lengths esti-
mated from the epicentral distances to the
sites of measurement. These results strongly
suggest that the proposed source dimensions
are approximately correct.

The fault lengths as proposed in Table 1
were compared with the magnitude versus
length plot by Press [1967]. The results are
shown in Figure 11 as open triangles. These
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values are interesting for the geologist since
they approximate actual surface rupture length.
They may also be compared with other data
obtained by field evidence (solid triangles)
taken from King and Knopoff [1968a].

If the square root of the fault plane area
(solid circles) is plotted rather than the fault
length, the following approximate relation is
found:

M=19log A — 6.7 (14)

Substituting equation 7 into equation 14, we
obtain

Es = 25X 10° X A"*®
= 2.5 X 10° X L** (15)

This relation indicates that seismic energy for
these small shocks is approximately propor-
tiona] to the cube of the fault dimension. The
straight line fitted by Tocher [1958] through
the field observations of surface rupture of
large earthquakes suggested a second-power
dependence of the elastic energy on fault length.

I | |
8 —
(2]
=
e Tido (1959)__~=
/’
§ — Tocher (1958) A —
=
S a —
=
=) }— p—
=
2 |- -
o | | [ !

6 7 8

logL, (L in cm)

Fig. 11. Observations of fault length plotted as a function of magnitude. For each of nine
earthquakes, including the Parkfield mainshock, two points are plotted. The open triangles
represent fault lengths estimated from field evidence, and the solid circles represent (A)Y?
determined from seismic wave analysis and field observations of fault offset. The values for
micro-earthquake fault dimensions (open circles) are taken from Smith et al. [1967]. The
solid triangles represent fault lengths taken from [King and Knopoff, 1968al.
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Press’s [1967] curve for shocks smaller than
about magnitude 7 was constructed with a
third-power dependence of elastic energy on
source dimension. Our data are in accordance
with the results of Smith et al. [1967] for
earthquakes of the magnitude range of about
1 (open circles in Figure 11) and suggest that
for earthquakes of 0 < M, < 5 the third-
power dependence of the elastic energy on
fault length holds.

From Figure 11 it is evident that all the
Parkfield earthquakes have source dimensions
at least an order of magnitude larger than pre-
dicted by Press’s curve. Thus, it appears that
for small earthquakes along the San Andreas
fault large source dimensions such as those
found by Brune and Allen [1966] for the Im-
perial earthquake are quite common. An in-
crease of stress drop, average stress, or effi-
ciency, keeping the source dimension constant,
would increase the corresponding magnitude.
Thus, Press’s curve would apply to earth-
quakes of greater stress drop, greater average
stress, or better efficiency. For very large
earthquakes, all these conditions probably ap-
ply. Regional variations in surface wave excita-
tion mentioned earlier suggest that in some
areas the stresses may be high enough to bring
the values of source dimension into agreement
with Press’s curve. '

StreEss Drop

Stress drops for the Parkfield shocks were
estimated using the following formula, which
applies to an infinitely long vertical surface
fault with strike-slip displacement [Knopoff,
1958]:

c=3U/W (16)

where U» = (4/3) U is the maximum relative
displacement and W is the fault width. The
values are given in Table 1. Since the field
observations of displacement may not accurately
reflect the average displacement, the values
for the stress drops should be regarded only
as order of magnitude determinations. The
average stress drop is approximately 1 bar.

COMPARISON OF EXCITATION OF SURFACE WAVES
BY EARTHQUAKES AND UNDERGROUNI:.:
NvucLEAR EXPLOSIONS )

The excitation of surface waves by earth-
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quakes of 3 < M, < 5 along the San Andreas
fault has been found in this study to be much
greater than for NTS explosions of equivalent
magnitude. These data are in agreement with
the earlier results of Brune et al. [1963]. In
the earlier study it was possible only to specu-
late that this was the result of larger source
dimensions for earthquakes, but it is now evi-
dent that this is indeed the case. Field studies
of the Parkfield earthquake and its aftershocks
and of the Imperial earthquake have con-
clusively demonstrated that these earthquakes
have much greater source dimensions than
previously surmised by Press [1967] and have
much greater source dimension than equivalent
magnitude explosions. This conclusion is ap-
parently valid for magnitudes at least as low
as 3.0 and is thus very important in any con-
sideration of extending the nuclear test ban
treaty to underground explosions of low mag-
nitude. It must be cautioned, however, that
many earthquakes in the Laguna Salada and
Nevada-Arizona regions apparently have much
smaller source dimensions and indeed may
have source dimensions of the same order as
surmised by Press.

CaLcurATED RaTES OF SLIP ALONG
Masor Faurr ZoNES

Brune [1968] calculated the rates of slip
along major fault zones by summing the mo-
ments for earthquakes in these zones. Modifi-
cation of the moment versus magnitude curve
for 3 < M, < 6 according to equation 2 will
reduce the calculated rates of slip for the zones
in which local magnitudes M. were used, ie. in
the California region where local magnitudes
were used for magnitudes as low as 3.0. For
other regions either the surface wave magnitude
or the body wave magnitude was used, and
thus it is not obvious that any correction is
necessary. The correction will be most impor-
tant on zones that did not have large earth-
quakes.

In the Imperial Valley of California the
calculated rate of slip is reduced from 3.2 to
22 cm/yr, and the depth of the shear zone
necessary to balance the geodetically observed
shear rate of 8 em/yr is reduced from about 8
to about 6 km. The calculated rate of slip for
the Kern County, California, region is only
slightly reduced, from 17 to 16 em/yr, and the
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calculated rate of slip along the San Andreas
fault since 1800 is reduced from 6.6 to 6.1
cm/yr. It should be mentioned here that in this
calculation of slip Brune included three earth-
quakes of magnitude 8%4. The three were the
1812, 1906, and 1857 earthquakes listed by
Richter [1958]. Including the 1812 earthquake
in this calculation has raised some objections.
If this earthquake is omitted or reduced in
magnitude, the calculated slip rate will be re-
duced from 6.1 to about 5.1 em/yr.

CONCLUSIONS

The following relationships between moment
M, and local magnitude M, have been found:

Parkfield

log My = 1.4M; + 17.0 3I< M. <6
Western United States
log My = 1.7M; + 15.1 3I< M, <6

This result indicates that the contribution of
small earthquakes to the slip in active tectonic
zones is relatively insignificant.

From the Fourier spectral densities of the
surface waves used in this study the following
relationship between M, and surface wave mag-
nitude M, is derived:

M,g=1.7M[,_4:.1 3<ML<6

An approximate relationship for obtaining
the seismic moment from the surface wave
parameter AR of Brune et al. [1963] has been
derived:

log Mo = log AR300 + 20.1

Large regional variations in the excitation of
long-period surface waves have been interpreted
in terms of regional variations in the product
of the average stress times the seismic ef-
ficiency. This product varies from about 7
bars along the San Andreas fault to over 100
bars in the Laguna-Salada and Nevada-Arizona
regions.

Field measurements have yielded approxi-
mate estimates of fault offset, length, and width
for earthquakes in the Parkfield region. Stress
drops of about 1 bar are indicated. This value
is about 109% of the estimated average stress
times efficiency. For the seismic efficiency ¢ =
1 this would indicate fractional stress drops of
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10%; for ¢ = 0.1 the fractional stress drops
would be 19. This result is in approximate
agreement with suggestions of King and
Knopoff [1968a] and with the stick-slip fault-
ing mechanism of Brace and Byerlee [1966].

Field observations suggest that for Parkfield
earthquakes with magnitudes between 3 and
6 fault lengths are of the order of 10° to 5 X
10° em and approximately related to magnitude
by the following equation:

My =19log L — 6.7

Thus, the source dimensions for these earth-
quakes are much larger than for equivalent
magnitude explosions. This is the explanation
for the relatively greater excitation of surface
waves by earthquakes than by explosions of
equivalent local magnitude M;.
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