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ABSTRACT 

Spectral analysis of teleseismic body phases at several 
azimuths was used to determine the moment, fault length, dis
location, stress-drop, and radiated energy of the Borrego 
Mountain earthquake. The results agree well with the same 
parameters obtained from the surface fracture and after
shock distribution and local observations of radiated energy. 

INTRODUCTION 

The Borrego Mountain earthquake provided an 
ideal opportunity to check the reliability of tele
seismic methods to estimate the moment, dimen
sion, and dislocation of a seismic source. Although 
the event was large enough to be recorded by the 
WWSSN (Worldwide Standard Seismograph Net
work) at all epicentral distances, it was small 
enough to be recorded well on the Wood-Anderson . 
instruments (magnification= 100) operating at 
Pasadena and Riverside. More important, this 
earthquake produced a well-defin~d surface rup
ture 'Vith a measured right-lateral displacement 
(Allen and others, 1968; Clark, this volume). De
tailed studies of the aftershock sequence provided 
further information on the extent of the source 
region (Hamilton, this volume). 

In the equivalent double-couple'Tepresentation 
of a seismic source (Burridge and Knopoff, 1964)~ 
the seismic moment Mo (Maruyama, 1963; Haskell, 
1964) was shown by Aki (1966) to be proportional to 
the product of the fault area A and the average 
dislocation u 

Mo=pAu (1) 
where 11- is the shear modulus in the,source region. 
With this relation, Mo can be evaluated from field 
measurements of u and A, the·· latter calculated 

'Contribution 1819, Lamont-Doherty Geological' Observatory and Contribution 
1930, Division of Geological Sciences, California Institute of Technology, Pasadena, 
Calif. 
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from rupture length and depth based on field map
ping and aftershock studies. Provided that the 
dislocation theory models an earthquake source 
correctly, Mo can be determined from the long
period amplitude spectral density (00) of body or 
surface waves. The two independently obtained 
values of Mo will be compared in order to check the 
validity of the dislocation theory. Previous com
parisions of teleseismically estimated M0 with 
that obtained from fault area and surface dis
placement suffered from considerable uncer
tainties in the field observations (Aki, 1966; Wyss 
and Brune, 1968). 

Another important parameter that can be esti
mated from teleseismic spectral data is the source 
dimension r. Kasahara (1957) has related the 
corner/peak frequency fo of P-wave spectra tQ the 
radius of a spherical source model. Berckhemer 
and Jacob (1968) have estimated the rupture area 
of deep earthquakes using fo of P-waves. Brune 
(1970) proposed a relation ·between fo of S-waves 
and the radius of a: circular rupture area. The 
present results are a part of a larger study, one 
purpose of which is to check if any one of the 
proposed relations between fo and r is correct for 
earthquakes with known rupture length. 
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DATA 

The vertical components of P-waves recorded at 
eight WWSSN locations (table 4) at distances 
between 37° and 86° were Fourier-analyzed; the 
resulting displacement spectra n(w) a~d the~r 
azimuthal distribution are shown in figure 10. 
In order to cover as large a frequency. range as 
possible, the spectra of the long-period records as 
well as of the short-period records have been de
termined and plotted on the same graph. O.(w), as 
presented in figures 10 and 11, has been co;rrected 
for the instrument response and for attenuation 
using the results of Julian and Anderson (1968) 
for an earth model MM8 (Anderson, Ben-Menahem, 
and Archambeau, 1965). The units of O.(w) are 
given in centimeter-seconds for both P- and 
S-waves. 

The S-wave spectra of four stations are shown in 
figure 11. Only one station furnished a usable 
short-period record. The corner frequency fo, how
ever, is clearly defined by the long-period spectra 
alone. In order to avoid contamination of the S 
phase by other phases, only stations between 63° 
and 75° were considered. The window length 
ranged from 30 to 60 seconds. 

P- and S-wave spectra were also recorded at 
local stations (Pasadena, a=220 km; and Riverside, 
~=145 km). The recordings were obtained from 

~ 

low-magnification Wood-Anderson instruments 
(gain=100). These data were considered useful 
only in the range 0.5 ~~~ 2.5 Hz. Although these 
data will not be useful in the moment or source 
dimension determinations, they provide a lower 
bound check for the radiated seismic energy. 

In order to estimate the moment and the total 
radiated energy, the following corrections of the 
spectral amplitudes measured at any station have. 

been made. For the combined displacement ampli
fication by the free surface and the crust at the 
receiver, an average value of 2.5 for P and S has 
been assumed (Ben-Menahem and others, 1965). 
For the radiatio·n pattern correction, a .vertical 
right-lateral strike-slip source with strike azimuth 
of N. 48° W. was used. The decrease in amplitude 
due to geometrical spreading was accounted for, 
and the spatial integration of the energy radiated 
in different directions was performed using Wu's 
(1966) results. Because of the presence of the free 
surface at the source, only half of the· integral 
given by Wu (1966) for the whole space was taken 
for the energy integration. 

SEISMIC MOMENT 

At the long-period end, 50 ~ T ~ 10 sec, the 
spectral amplitudes are approximately constant 
and at shorter periods fall off approximately as 

w- 2, where w= 
2
;. The long-period levels have been 

approximated as indicated in figures 10 and 11 and 
given as no in table 4. This approximation of the 
spectrum is in accordance with the results of dis
location theory (Aki, 1967; Brune, 1970), provided 
that the spectral information in this period range 
is a meaningful representation of the uitralong
period level. On the other hand, the lack of data 
for T > 50 sec admits the possibility that the 
chosen level may only be the maximum of a broad 
peak as required by Archambeau (1968). The 
seismic moment Mo was estimated from the cor
rected no using equations for the far-field dynamic 
displacement by Keilis-Borok (1960) and Ben
Menahem, Smith, and Teng (1965). 

The moments obtained from teleseismic spectra 
are in good agreement with the moments esti
mated from field observations. Mo obtained from 
the different stations are given in table 4. 

TABLE 4.- P- and S- wave spectral data 

Dist. Az from Az from Long-period Corner Dimension Moment Energy Station amplitude ·frequency 
code ~ epicenter station Phase Component !lo fo r=L/2 Mo E 

(dcg) (deg) (deg) (em-sec) <Hz) (km) (10" dyne-em) oo•• erg) 

AKU ............... 63.4 27 292 s EW 2.2 •10-2 0.069 17.4 5.9 3.8 
AKU ................ s NS 1.4 •10-2 .05 24.0 5.9 3.8 
ESK ................. 74.9 33 307 p z 5.0 ·10-4 .20 10.5 
ESK ................ s EW 1.6 ·10-2 .063 19.0 8.1 8.0 
ESK ................. s NS 2.5 •10-2 .063 19.0 8.1 8.0 
NAT ................ 85.4 99 304 p z 1.4 •10-3 .22 9.5 [11.] 
TRN ................ 54.8 101 303 p z 3.5 •10-3 .126 16.7 11. 1.6 
LPB ................. 67.4 129 318 p z 3.3 •10-3 .12 17.5 
LPB ................. s EW 1.4 •10-2 .052 23.1 7.0 3.3 
LPB ................. s NS 2.0 •10-2 .05 24.0 7.0 3.3 
ARE ................ 65.2 132 320 p z 3.2 •10-3 .16 13.1 
ARE ................ s EW 1.6 •10-2 .063 19.0 5.5 2.5 
ARE ................ s NS 2.0 •10-2 .047 25.5 5.5 2.5 
KIP .................. 38.8 263 63 p z 4.0 •10-3 .16 13.0 7.4 1.5 
MAT ................ 81.9 308 55 p z 1.8 •10-3 .21 10.0 
COL ................. 37.1 338 133 p z 5.0 •10-3 .126 16.7 12.0 1.9 
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FIGURE 10.- Attenuation-corrected P-wave spectra of the Borrego Mountain earthquake. Solid line obtained from long-pe
riod vertical WWSSN instruments, and dots obtained from short-period vertical WWSSN instruments. Azimuths with 
respect to strike of fault. Vertical scale is log of displacement spectra, in centimeter- seconds; horizontal scale is log 
frequency, in Hertz. 
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FWURF-11.- Attenuation-corrected S-wave spectra of the Bor
rego Mountain earthquake from WWSSN recordings. 

Unfortunately, some stations were close to 
nodes in the P-wave radiation pattern. If the cor
rection due to the radiation pattern alone was· 
larger than a factor of 10, the moment was not 
computed, since small uncertainties in the focal 
mechanism could introduce large errors. The 
average of the P- and S-wave moments of table 4 
is compared with Mo derived from observations in 
the source area in table 5. The depth of faulting 
was assumed to be the depth to which the after~ 

shock activity extended, h = 12 km (Hamilton, this 
volume). M0, ·based on teleseismic (dynamic) mea
surements, agrees within approximately a factor 
o(2 with the. field (static) observations. 

The teleseismically determined moments are 
likely to be affected by reflections from the free 
surface. The inclusion of pP in the spectral 
analysis is expected to cause an overestimate of 
M0• This may explain why the teleseismic moments 
are larger than the static ones (table 5). The long
period data, however, do not indicate the expected 
degradation of the radiation at periods long com
pared to the timelag At of the reflected phase 

2h 
(At = - ·:::::; 3 sec; h =source depth :::::; 10 km, 

a 
a=P-wave velocity=6.0 km/sec). The facts that the 
Borrego Mountain earthquake ruptured the sur
face and had a depth of rupture comparable to the 
length of rupture undoubtedly complicates an 
image point source representation of reflected 
phases. Other error sources for individual stations 
are uncertainties in the fault plane solution and 
the effect of local upper mantle and crustal struc
ture. These two effects could combine to form an 
error that in general should not exceed a factor of 
three in the moment determination for any one 
station. In the average moment determination 
from the several stations, some of these errors 
should be canc'elled out,. a-nd it is encouraging to 
see that the RMS (root mean square) errors are 
small (table 5) . 

TABLE 5.-Source parameters 

Moment Length Area Field observation or Mo 
spectral estimate (10" L=2r Au 

dyne-em) (km) (km") 

Surface rupture .......... 3.6 ' 33 396 
Aftershock zone ......... 4.9(6.1) 45(56) 540(672) 
P-wave <Brune) ........... 10.::!:2 26::!:6.5 615 
S-wave (Brune) ........... 6.6::!:1 42::!:6 1460 
P-wave (Kasahara) ..... 8 53 
P-wave <Berckhemer 

and Jacob) ............... 8.5 58 

•Assumed from aftershock distribution. 

Depth Dislo- Stress-
lr ca~on d~~ 

(km) (em) (bar) 

112 30 
12 30 

30 
14 

20 
3 

The moments obtained from field observations 
will be affected by errors in the estimates of the 
rupture area and the dislocation. The zone of in
tense aftershock activity in the figures shown by 
Hamilton (this volume) is 45 km long. If the 
sporadic aftershock activity toward the north is 
included, a length of 56 km is obtained. We feel, 
however, that the intense aftershock zone outlines 
the rupture area, whereas the more northern 
events were caused by strain accumulations be
yond the fault end. This view is supported by the 
Coyote Mountain earthquake of April 28, 1969, and 



28 THE· BORREGO MOUNTAIN EARTHQUAKE OF APRIL 9, 1968 

its aftershock sequence, which were located in 
this zone 9f sporadic aftershoc.k . activity, 
33°20'N., 116°21'W. (R. M. Hamilton, oral commun., 
1970; Thatcher and Hamilton, 1971). Even though 
we·feel that 45 km is the value that should be used 
for the fault length as outlined by the aftershocks, 
the source parameters based on 56 k-m are also 
computed and given in table 5 in parentheses. The 
length of the surface rupture differs by a factor of 
1.3. (1.7) from the extent of the intense (extended) 
aftershock activity. The depth ·of the .main shock 
given by Allen and Nordquist (this volume) is 
11 km, which differs from the depth of the deepest 
aftershocks by a factor of 1.1. These factors may 
combine to an error of less than 2 in the area esti
mates. Insofar as n·o·· creep o"ccurred on· the . 
northern branch of the fault, · three-quarters 
(Brune and Allen, 1967) of the maximum surface 
displacement, 38 em (Clark, "Surface Rupture 
Along the Coyote Creek Fault," this volume), was 
taken to represent the average displacement at 
depth. It is hard to imagine that the displacement 
could be in error by more than a factor of 3; Under 
this assumption, the statically estimated moment 
might be uncertain to a factor of 5. This is an 
extreme value, however, and we believe that the 
static moment is estimated to within a factor of 3 
from the correct value. 

The agreement in table 5 can be considered very 
good, and it is concluded that the moment of a 
double-couple source can be determined equally 
well from teleseismic body phases or from field 
observations in the source region. . 

FAULT LENGTH 

The corner frequency fo was defined by the inter;. 
section of the horizontal line representing the 
long-period spectral level and the line drawn 
through the short-period data, if they were avail
able. Otherwise, fo was estimated -from the decay 
of the long-period data. 

Brune (1970) related fo for S-waves to the source 
dimension r by 

- 2.21{3 1.2. (2) 
r- 271fo (S) /o (S)' 

where r is n1easured in kilometers. 
Because the flat amplitude level at frequencies 

smaller thanfo is due to interference of waves with 
wavelength "A. longer than the source size, it would 
seem reasonable to obtain a version of equation 2 
valid for P-waves by keeping "A.o constant and sub
stituting a, the P-wave velocity, for {3, the S-wave 
velocity. To estimate the source dimension from 
the P-wave spectra, we use the relation 

2.21a 2.1 (3) 
r 27Tfo (P) . fo (P)' 

The source radii obtained from 2 and 3 and the 
appropriatefo are given in table 4. The values from 
~tations at different azimuths are generally 
consistent, indicating that such effects as focusing 
due to rupture propagation, substation crustal 
reverberations, and 6-second microseisms are not 
sufficient to disguise the gross behavior of body
wave spectra of the Borrego Mountain earthquake. 

Averages for the P- and S-wave determinations 
of L=2r and of the ruptured area A =1rr2 are com
p'ared to surface rupture and aftershock length 
in table 5. The agreement between the four length 
determinations is very close, if Brune's equations 
are used, and it is concluded that the source dimen
sions of an earthquake can be obtainedwith satis
factory accuracy from spectral P- and S-wave 
analysis using Brune's (1970) results. It is to be 
noted, however, that the source dimensions ob
tained from P-wave spectra are consistently 
smaller than those from S-wave spectra. This fact 
may indicate that the step from equation 2 to 
equation 3 is not completely correct and needs 
clarification. 

Kasahara's (1957) model relates the radius of a 
spherical source to fo by 

0.66 
r= fo (P) (4) 

If the average value for fo (P) from table 4 is used 
in equation 4, we obtain L=2r=8.2 km. In Berek
herner and Jacob"s (1968) theory, the maximum 
rupture velocity c has to be assumed; their rela
tion is 

c2 1 
Ao = f.l 27T. (5) 

0 

Even if a rather high rupture velocity of 3 km/sec 
is assumed, the average area Ao from 5 is only 
58 km2 • The diameter of a circular fault with this 
area is approximately 8.5 km. 

The values for Ao and r that are estimated by 
equations 3, 4,. and 5 are compared in table 5 to the 
values observed ,in the source region. It is evident 
that the theories of earlier authors (Kasahara, 
Berckhemer, and Jacob) underestimate the source 
dimensions, . but Brune's relation gives results 
which are in excellent agreement with the field 
observations. 

The use of body waves for source size determina
tion has great advantages over the surface wave 
method (Ben-Menahem, 1961). The excitation of 
surface waves is strongly dependent on the crustal 
structure, and the source depth interference can 
be severe (Tsai, 1969). Also, for smaller events it is 
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difficult to extend surface wave spectra to the 
short periods required without mode contamina
tion, and deep earthquakes often. do not excite 
measurable surface waves. A disadvantage of the 
body-wave method is that at a range of shallow 
depths the surface reflections pP and sS cannot be 
separated from the direct phase, and the inter
ference of these phases with the direct waves can 
be expected to complicate the analysis. 

ENERGY ESTIMATES 

The energy in a body wave spectrum is propor
tional to jx I fi(w)w l 2dw. For a theoretical spectrum 
as given by Haskell (1964), Aki (1967), or Brune 
(1970), the energy integral can be conveniently 
represented by fi2o fJo 

Es=kfi'tJ fb· (6) 

The constant k contains corrections for geomet
rical spreading, free surface and crustal effects at 
the station, the radiation pattern, integration of 
the radiation pattern over the focal sphere, rate 
of decay of the spectrum for w > wo (here assumed 
to be w-2), as well as material constants. The energy 
radiated from a surface source into the halfspace 
below was taken to be half the integral given by 
Wu (1966) for a whole space. The total energy 
radiated by the Borrego Mountain earthquake 
as P- and SH-waves is given in table 4; the average 
teleseismic estimates are £(SH)=0.44·1020 ergs~ 
£(P)=0.16·1020 ergs. The teleseismic .observations 
indicate that the total radiated energy, including 
SV, was approximately 0.69 ·1020 ergs. 

The radiated seismic energy has also been esti
mated from the seismograms written by the Wood
Anderson torsion seismograph operating at a gain 
of 100 at Pasadena and Riverside. Table 6 gives 
estimates of the. seismic energy radiated for all 
components of P- and SH-waves in the frequency 
range 0.5 ~ f ~ 2.5 Hz. The bulk of the seismic 
energy, however, is not included in the above esti
mate, because the corner frequency occurs outside 
of the frequency range available for analysis. We 
can check whether the locally recorded spectra 
agree approximately with the teleseismic .ones by 

TABLE 6.- Local observations of radiated seismic energies 

Station and Phase Energy, 1019 ergs' 

Pasadena: 
P(Z) ...................................................... l.3 
S(NS) .................................................... 2.3 
S(EW) ................................................... 2.5 

Riverside: 
P(Z) ...................................................... 2.6 
S(NS) ..................................................... 9 
S(EW) ................................................... l.O 

'Estimate ba!led on spectral amplitudes corrected for 
seismic attenuation, with Q==500 in the bandwidth 0.5 ~ 
f;a 2.5 Hz. 

extrapolating the slope of the local spectra as a 
straight line to lower frequencies. At the average 
corner frequency, this straight line should inter-

.. sect with the long-perio·d flat level of the spectrum, 
which at that particular station corresponds to the 
average moment. The agreement is fairly good. 
If we assume that the long-period level corre
sponding to the average moment, the corner fre
quency, and the slope of spectral decay to high 
frequencies are given, we estimate the total radi
ated energy based on the Pasadena record to be 
approximately 2·1020 ergs. 

The energy estimated from the energy-magni
tude relationship (Gutenberg and Richter, 1956) 
amounts to several times 1021 ergs, depending on 
the relation used. The spectral estimates dis
cussed above are an order of magnitude smaller. 
The energies estimated by integration agree with 
the energy estimated by DeNoyer (1959) for earth
quakes with comparable magnitude. The problem 
of energy should be studied in detail, but for this 
task complete spectra, including the corner fre
quency from nearby stations, are needed. 

An interesting result is that the ratio of the 
S-wave to the P-wave energy is 3.3 despite the con
siderably larger long-period S-wave amplitudes. 
Since the energy is a function of the ratio of 
amplitude over period, the .larger long-period S
wave amplitudes are partly offset by a smaller 
fo (S). This relation is best understood in terms of 

equation 6, where no is proportional to ~,, while 
V'' 

fo and k are proportional to v (v=respective propa
gation velocity). Therefore, the ratio of StoP wave 
energy should be (a/ {3)2 = 3. Gut en berg and 
Richter (1956) assumed a ratio of 2; this ratio 
agrees with our observation. 

STRESS-DROP 

The stress-drop da-=a-. -u-2 (a-.= stress prior to 
rupture, a-2=stress after completion of the event) 
can be estimated from the moment and the source 
radius through the relation (Brune, 1970) 

7 Mo 
da-=16 ~· (8) 

From the field observations, the ·stress-drop was 
also estimated using Knopoff's (1958) equation 

da-=~~' where u=dislocation and h=depth. The 

three different estimates are given in table 5. 
They agree well, and the average stress-drop is 
da-=9 bar. This value is much smaller than the 
stresses that the earth's crust is able to maintain. 
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From the stress-drops of large shallow earth
quakes, Chinnery (1964) estimated that the crust 
c·an accumulate 100 bar shear stresses. Brune, 
Henyey, and Roy (1969) obtained an upper bound 
of 200 bars for the stresses accumulated on the 
San Andreas fault, based on heat-flow measure
ments. Evidently, the Borrego Mountain earth
quake is another low stress-drop event like the 
Parkfield (Aki, 1967; Wyss and Brune, 1968) and 
the Imperial (Brune and Allen, 1967) earthquakes. 
This result lends further support to the observa
tion that the stress-drop of small earthquakes is 
in general smaller than that of large earthquakes 
(King and Knopoff, 1968; Wyss, 1970). 

CONCLUSIONS 

With the assumption of a double-couple source 
model, the use of teleseismically observed body
wave spectra has been successful in determining 
the fault dimension and seismic moment (and, 
equivalently, total offset and stress-drop) of the 
Borrego Mountain earthquake. The results are in 
close agreement with independently obtained 
values resulting from local field observations. The 
average fault length is 37 km, the average moment 
is 6.3 ·1025 dyne em, and the average stress-drop is 
9 bars. 

The radiated seismic energy estimated from 
teleseismic observations is 0.69 · 1020 erg and from 
local observations, extrapolated to include the 
whole frequency range, is-2·1020 erg. 
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