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Three large earthquakes in Southern California — the Whittier Narrows
earthquake of 1 October 1987 (WN), and the Elmore Ranch (ER) and Super-
stition Hills (SH) earthquakes of 24 November 1987 are analyzed using
broadband recordings from the Graefenberg (GRF) array. The P-wave sei-
smograms from all stations of the array are utilized to determine the magni-
tude spectra of the earthquakes. The magnitude spectrum represents the’
velocity amplitude density spectrum at the earthquake sourge, scaled in
magnitude units. At 1 Hz the magnitude spectra show good agreement with
the NEIC my, (5.8, 5.7, and 6.0 respectively for events WN, ER, and SH). The
maximum magnitudes, however, occur at longer periods (16 s, 4.1 5, and 3.6
s, for WN, ER, and SH) and have larger values (6.3, 6.6, and 6.7 for WN, ER,
and SH). Other source parameters determined from the magnitude spectra
are P-wave energy, seismic moment, fault length, average stress drop, and
source complexity. The magnitude spectra and the source parameters show
systematic variations across the stations of the GRF array. These variations
are interpreted as the effect of changes in the local geologic conditions under-
neath the array. The variations are smallest for the maximum spectral ma-
gnitude (with a standard deviation of less than 1%) and largest for the stress
drop (average standard deviation of 40%).

Additional source parameters derived from the magnitude spectra are:
asperity radius, displacement across the asperity, localized stress drop, and
ambient faulting stress. Significant differences in the magnitude speetra and
source parameters are observed between ER and SH on one side and WN on
the other. The magnitude spectra of ER and SH are much simpler in shape,
as compared to WN, which in turn is characterized by a high complexity and
a low average stress drop (0.1 MPa). ER appears to be the result of a smooth
and simple rupture with a homogeneous stress drop. SH reveals a moderate
rupture complexity.

Keywords: Magnitude spectra, earthquake source parameters, Southern Ca-
lifornia.
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Spektri magnituda P valova, pad napetosti, sloZenost
rasjedanja i drugi parametri potresnih izvora
odredeni analizom Sirokopojasnih seizmograma tri
Juznokalifornijska potresa iz 1987. godine

Tri velika juZnokalifornijska potresa — Whilttier Narrows potres od 1.
listopada 1987. (WN), te Elmore Ranch (ER) i Superstition Hills (SH) od 24.
studenoga 1987. — analizirana su na temelju Sirokopojasnih seizmograma
seizmografske mreZe Graefenberg (GRF). Zapisi P valova sa svih postaja
mreZe rabljeni su za odredivanje spektara magnituda koji su reprezentativni
za spektre gustoée brzine pomaka u izvoru izraiene jedinicama magnitude.
Na frekvenciji od 1 Hz magnitudni se spektri dobro sla%u s mp magnitudama
odredenim u NEIC-u (5.8, 5.7 i 6.0, redom za potrese WN, ER i SH). Maksi-
malna se magnituda medutim javlja na duzim periodima (16 s, 4.1 51 3.6 s
za WN, ER i SH) i vedeg je iznosa (6.3, 6.6 i 6.7 za WR, ER i SH). Na osnovi
magnitudnih spektara odredeni su i drugi parametri seizmiékih izvora: ener-
gija P valova, seizmitki moment, duljina rasjeda, prosjeéni pad napetosti i
sloZenost izvora, koji unutar GRF mreZe pokazuju sustavne varijacije. Te se
varijacije mogu ohjasniti lokalnim geolodkim svejstvima tla na podru&ju
mreze. Najmanje su za maksimalnu spektralnu magnitudu (sa standardnom
devijacijom manjom od 1%) a najvede za pad napetosti (srednja standardna
devijacija od 40%).

Dodatni parametri izvora koje je bilo moguce odrediti su: polumjer
»asperity« podrucja na rasjedu i pomak na njima, lokalizirani pad napetosti,
te okolna napetost rasjedanja. Znacajne razlike u spektrima magnituda i
parametrima izvora vidljive su izmedu ER 1 SH s jedne, i WN potresa s druge
strane. Spektri magnituda ER i SH su jednostavnijeg oblika, dok oni koji se
odnose na WN iskazuju vecéu sloZenost i manji prosjetni pad napetosti (0.1
MPa). Cini se da je u slugaju ER dozlo do jednostavnog i glatkog rasjedanja
s homogenim padom napetosti. SH pokazuje umjerenu sloZenost rasjedanja.

Introduction

Three large earthquakes occurred in Southern California in 1987, within
a time span of eight weeks. They are the Whittier Narrows earthquake (WN)
of October 1, and the Elmore Ranch (ER) and Superstition Hills earthquakes
(SH) on 24 November, the last being the strongest in the region since the
Imperial Valley earthquake of 1979. The epicenters of these events are located
within a distance of 250 km of each other. The temporal and spatial proximity
of the events, particularly of the latter two, indicates an interdependence. The
fact that these two events are located on a conjugate fault system charac-
terized by intense seismicity supports such a notion (Hudnut et al., 1989;
Hanks and Allen, 1989; Hamilton, 1972; and Johnson and Hutton, 1982).

The three events have been studied extensively. The studies are based
mainly on the analysis of regional seismological data collected from short- and
long-period seismographs, as well as from accelerographs. A special section on
the Whittier Narrows earthquake (Journal of Geophysical Research, Vol, 94,
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1989), and a special issue on the Elmore Ranch and Superstion Hills earth-
quakes (Bulletin of the Seismological Society of America, Vol. 79, 1989) have
been published.

In this paper we present data obtained from the broadband seismographs
at the Central Seismological Observatory of the Federal Republic of Germany
at Erlangen, located at a distance of about 85° from the epicenters. We discuss
the problem of extracting source parameters from the teleseismic observa-
tions, and the possibility of recognizing and quantifying individual features of
the radiation process at the hypocenters. The analysis is based on the concept
of magnitude spectra. The higher attenuation of S-waves, and the generally
less favorable signal-to-noise ratio for these waves renders the analysis of
spectral S-wave magnitudes at large epicentral distances impossible at least
in the present case. Thus, in the following only spectral P-wave magnitudes
are analyzed.

The magnitude spectrum is a generalization of the concept of the body
wave magnitude. Customarily, a short-period and a long-period body wave
magnitude is published for seismic events. The National Earthquake Informa-
tion Center (NEIC) of the U.S. Geological Survey, for example, publishes
short-period body wave magnitudes based on P-waves in the period range
from 0.1 s-3.0 s, i.e. m; is an average value over nearly 5 octaves.! An
additional, intermediate-period body wave magnitude is also given occasion-
ally. The body wave magnitudes of a particular earthquake constitute discrete
samples of the velocity density spectrum, the samples being averages corre-
sponding to period ranges, not always specified (Nortmann and Duda, 1982,
1983). The sampling of the spectra is strongly influenced by the passband of
the seismometer-galvanometer system. Thus. e.g. for a short-period, WWSSN
seismometer-galvanometer system which has a maximum magnification at 1
Hz and a passband between 0.79 and 1.67 Hz, the body wave magnitude is a
measure of the velocity density spectrum in the frequency range 0.79-1.67 Hz
(0.60-1.27 s).

In the case of a broadband seismogram, practically the whole spectrum of
the arriving signal is recorded without amplitude distortion. If a set of filters,
with non-overlapping bandwidths is applied to the broadband signal, band-
pass seismograms are obtained from which P- (and S-) wave magnitudes of
the given earthquake can be determined (Sarkar and Duda, 1985; Kaiser and
Duda, 1986; and Chowdhury and Duda, 1986). Narrowing the passband to the
resolvable frequency chosen for the Fourier transform, i.e. admitting only one
Fourier component to each passband, yields a sequence of magnitudes which

! One might remind here that an ordinary piano comprises about 8 octaves. In analogy, mp, as
published by NEIC, corresponds then to a single measure of sound intensity in case keys of the
piano are struck simultaneously over more than half of their range, with relative striking
intensities varying from case to case. Such a measure is difficult to interpret indeed.
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will constitute the P- (or S-) wave magnitude spectrum of the given earth-
quake. The magnitude spectrum is a quasi-continuous estimate of the velocity
density spectrum of P- (or S-) waves expressed in magnitude units (Kaiser and
Duda, 1988). Unlike the conventional body wave magnitudes, the magnitude
spectrum represents the complete P- (or S-) wave energy radiated from the
focus. The maximum of the magnitude spectrum along with the period at
which the maximum occurs are thereby the most characteristic quantities of
the radiated spectrum, at variance with the conventional body wave magni-
tudes determined at incidental periods and from unspecified ranges.

Determination of magnitude spectrum

Table 1 lists the pertinent details of the three Southern California earth-
quakes and the locations of the seismographs of the Grifenberg (GRF) array
belonging to the Central Seismological Observatory of the Federal Republic of
Germany. The earthquake epicenters, the positions of the seismographs, and
the instrument response to the ground motions are given in Figures 1a, b. The
instruments have a constant amplification to ground velocity between 0.2 s
and 20 s. The range of constant amplification is further extended to a longer
period by inverse filtering of the spectrum of the signal; it is shown by the
solid line (Fig. 1b).

Table 1. Earthquakes and stations

_Earthquake parameters (from NEIC, U. S. Geological Survey)

. Origin time - Hypocenter

ID Region year mon day hr min s Lat. Long. Depth ™Ms» M ‘}%’0
CN) (W) (km) (10" Nm)
WN Whittier

Narrows 1987 10 01 14 42 200 34.060 118.080 10 58 5.7 8.4
ER Elmore

Ranch 1987 11 24 01 54 145 33.083 115.775 5 5.7 6.2 8.1
SH Superstition

Hills 1987 11 24 13 15 564 33010 115840 2 60 6.6 62.0

Central Seismological Observatory (GRF) — Location of Stations of Array
Sta- Lat. Long. Altitude Sta-  Lat. Long. Altitude Sta-  Lat. Long. Altitude

ton CN) __ (E)  (m) tion (N) (E)  (m) tion _(°N) __ (E) (m)
Al 49692 11222 500 Bl 49392 11.654 494 Cl 48996 11522 512
AZ 49655 11.360 512 B2 49271 11669 552 C2 48868 11375 445
A3 49.762 11319 455 B3 49344 11.806 517 C3 48890 11.585 . 438
A4 49565 11436 503 B4 49469 11561 507 C4 49.087 11527 503

_ B5 49111 11679 525

Figures 2a, b, ¢ (top) show the broadband P-wave records of the three
earthquakes on the vertical component seismograph at station A1l (center of
A-subarray) of GRF. The signals show little similarity. In the frequency do-
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Figure 1. (a) Epicentral map
with major active faults in Sou-
thern  California.  Asterisks
mark the location of epicenters
for the three earthquakes listed
in Table 1: WN — Whittier Nar-
rows, ER and SH - Elmore
Ranch and Superstition Hills.
The major faults are: B — Bra-
wley, CU — Cucumonga, B — El-
sinore, I — Imperial, NI — New-
port Inglewood, R — Raymond
Hill, RM — Red Mountain, SA —
San Andreas, SF — San Fernan-
do, SJ — San Jacinto, SH-Super-
stition Hills, V-Ventura, WH -
Whittier. (b) Geographic loca-
tion of the GRF array in Sou-
thern Germany and velocity re-
sponse characteristic of the
seismograph system. The veloci-
ty response curves of the short-
period and long-period World-
Wide Standard Seismographs
are plotted for comparison.
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main, however, the Elmore Ranch and the Superstition Hills earthquakes
reveal a high degree of congruence, whereas the spectrum of the Whittier
Narrows (WN) earthquake is different. The feature is to be analyzed in the
later part of the paper.

Two factors are taken into consideration when selecting the length of the
time window of 102.4 s (see Fig. 2) for the Fourier transform of the signals.
First, the window must be sufficiently long to yield a stable corner period.
Secondly, the window length should be the same for the earthquakes inves-
tigated (Bath, 1974). Kaiser and Duda (1988) have shown that the corner
period depends on the window length, generally increasing asymptotically
with the length. It was found that a stable value of the corner period is
obtained when the window length is at least six times the corner period. The
surface- and core-reflected phases that follow the P-waves (e.g. pP, sP, PcP)
have little influence on the P-wave spectrum (Tucker and Brune, 1977). Based
on prior experience (Kaiser and Duda, 1988), a window length of 102.4 s
(corresponding to 2048 sample points), starting with the onset of P-wave, is
selected. Prior to the Fourier transform a 10% cosine tapering function is used
at both ends of the windowed signal. This tapering starts before the P-onset.
The spectrum is corrected for the instrument response for periods between
20 and 102.4 s by dividing the spectrum by the instrument response. In order
to obtain the velocity-amplitude density spectrum radiated from the source,
each Fourier component is compensated for losses along the ray path through
the use of the magnitude calibrating function of Nortmann and Duda (1983).
The function is a generalization of Gutenberg and Richter’s (1956) calibration
function, and depends not only on epicentral distance and focal depth, but on
the period of the wave as well. The magnitude calibrating function is based
on generally accepted velocity- and @-models of the earth (Nortmann and
Duda 1982, 1983). The corrected spectrum which has been compensated for
the propagation losses (both geometric and anelastic attenuation) and the
instrument response, is a measure of the total seismic energy radiated from
the hypocenter; it is termed magnitude spectrum.

The magnitude spectra of the three events are shown in Figures 2a, b, ¢
(bottom). In all cases the signal-to-noise ratio is low for periods longer than
20 s due to a decrease in radiated energy at longer periods, and a simultane-
ous increase in the long-period noise. The increased noise is due to the com-
bined effect of long-period atmospheric noise (Berckhemer, 1971; Savino et
al. 1972), as well as instrumental and computational noise. The signal-to-
noise ratio is again low around the 4 s period, where the effect of oceanic
microseisms is strong. However, over most of the period range utilized the
signal-to-noise ratio is larger than half an order of magnitude, and the mag-
nitude spectrum does not appear to be perturbed by the noise. At periods
shorter than about 0.6 s the local microseismic noise renders an unacceptable
signal-to-noise ratio. Thus, the magnitude spectra are considered only for
periods between 0.6 and 20 s (dashed lines in Fig. 2).
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Inspection of the magnitude spectra of the three events indicate that for
the Elmor Ranch and Superstition Hills earthquakes the spectra are rela-
tively simple in shape. The magnitude spectrum of the Whittier Narrows
earthquake on the other hand is broad and complex, with a number of secon-
dary maxima. In all three cases, the values of the magnitude spectra at 1 s
period agree well with the body wave magnitudes (my) determined by NEIC,
respectively. In each case however, the maximum magnitude m; of the earth-
quake occurs at periods greater than those used by NEIC to determine my,
The maximum magnitude is indicated in the plot by a horizontal line. The
maximum magnitude m; together with the period at which it occurs, is con-
sidered to be generally more representative of the strength of the earthquakes
than my,

The broadband records of the P-wave and the magnitude spectra for the
remaining stations of the array (A2-C4) (Table 1) are shown in Figures 3a, b, c.
Only minor differences exist in the magnitude spectra recorded at the 13 sites
of the array for each of the three events. The maximum magnitudes are
remarkably stable, with standard deviations of less than 0.1 (column 3, Table
2). The corner periods, Ty, at which the maximum magnitudes m; occur, are
obtained from the magnitude spectra and are listed in column 4, Table 2. They
correspond to corner periods obtained from straight-line approximations of
the displacement density spectra, a method used extensively (Hanks and
Wyss, 1972; Fletcher et al., 1987) but subjected to similar uncertainties re-
lated to the length of the time window as discussed above. Comparison of the
magnitude spectra between the three events indicates that the average corner
period and the standard deviation of the corner periods, as observed at the 13
stations, are much greater for the Whittier Narrows (WN) earthquake than
for the Elmore Ranch (ER) and Superstition Hills (SH) earthquakes. The
differences in the corner periods and in the complexities of the spectra appar-
ently indicate some profound differences in the source parameters of the two
groups of earthquakes.

Determination of the source parameters

For elastic waves (P- or S-waves) in a homogeneous medium, the velocity
amplitude density spectrum V() is related to the energy density spectrum EH
by

E(f) = 8n pg cs 2 V() (1)

where p; and cs are the density and wave velocity of the given wave type in
the material near the source and r is the distance from the source to the point
of observation. For P-waves, the energy spectral density of the source E f) is
related to the magnitude spectrum m(f) through
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Figure 3 (Continues on the next page).
Broadband P-wave signals as recorded at
the 13 stations of the GRF array (A1-C4)
and corresponding magnitude spectra for
the earthquakes listed in Table 1. Note the
different magnification for each of the sei-
smograms. For further details see Figure
2.(a) 1 October 1987, 14:42:20 (WN); (b) 24
November 1987, 1:54:14 (ER); (¢} 24 No-
vember 1987, 13:15:56 (SH).
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Table 2. Source parameters determined from magnitude spectra of the three earthquakes listed in Table 1.
E.B <§' 3 Parameters based on T, < Parameters based on 7% B
55 g % 8 E
e oh B 2 5 Mo L D, As & M, L D, 40 BE
g E ] ) 5 Eﬂ E@ (10"Nm) (km) (em) (MPa) £= (10'Nm) (km) (em) (MPa) ‘g E-
#O A ZE O o8 &8
(a) 1 October, 1987, 14:42:20.0 (WN)
Al 079 631 171 17.2 73.3 2 0.02 6.4 6.4 27.4 5] 011 2.22
A2 064 633 171 17.9 73.3 3 0.02 4.7 5.0 20.3 9 0.21 1.23
A3 0.61 637 178 20.6 76.4 3 0.02 6.2 7.2 26.7 8 013 1.27
Ad 0.63 632 128 134 54.9 3 0.03 5.1 5.3 21.8 8 0.18 1.31
Bl 047 626 128 11.5 54.9 3 0.02 4.5 4.1 19.5 8 019 1.13
B2 0.40 6.21 124 9.9 53.3 3 0.02 5T 4.6 24.5 6 011 1.58
B3 0.44 6.24 132 114 56.7 3 0.02 7.6 6.6 32.5 5 0.07 197
B4 052 6.31 128 12.9 54.9 3 0.03 6.4 6.4 27.3 6 0.11 1.44
B5 052 639 178 21.9 76.4 3 0.02 9.9 12.2 42.7 5 0.06 1.53
C1 038 636 178 20.2 76.4 3 002 7.6 86 326 6 009 101
c2 043 636 164 18.5 70.3 3 0.02 74 83 3.7 & 009 111
Cc3 036 635 164 18.4 70.5 3 002 2.3 10.4 398 5 006 119
C4 048 635 178 197 764 3 002 101 11.2 433 4 005 174
Aver-
age: 0.51 632 156 16.4 66.7 3 0.02 7.0 7.4 30.0 6 0.11 1.44
SD: 012 0.05 22 3.9 96 03 0004 18 25 TT 1 005 034
(b} 24 November 1987 01:54:14.5 (ER)
Al 28 669 38 9.3 16.3 26 0.8 3.0 75 131 33 1.2 0,63
A2 2.8 6.73 35 9.5 15.2 31 L0 3.2 8.5 13.6 34 1.2 0.55
A3 2.3 6.60 36 7.1 15.5 22 0.7 a1 6.1 13.1 27 1.0 0.78
Ad 19 661 3.5 71 15.2 24 0.7 3.2 6.4 13.6 26 0.9 0.65
Bl 11 640 3.2 4.0 13.7 16 05 3.1 3.9 13.5 16 0.6 1.02
B2 1.3 6.54 3.6 6.2 15.5 19 0.6 3.3 5.7 14.1 21 0.7 0.64
B3 1.3 6.50 6.3 9.9 27.0 10 02 3.6 5.7 15.6 18 0.5 0.87
B4 1.2 6.47 35 5.1 15.0 17 05 2.8 4.1 12.0 21 0.8 0.73
B5 1.3 6.54 3.6 6.2 15.5 19 06 3.4 5.9 14.5 21 0.7 0.67
C1l 08 643 32 4.2 13,7 17 0.6 3.3 44 143 16 05 0.67
C2
C3 0.9 6.48 5.9 8.8 253 10 0.2 3.9 5.3 16.7 16 0.4 0.67
C4 15 655 53 93 227 14 03 3.6 63 154 20 06 017
Aver :
age: 16 655 4.1 72 176 19 08 3.3 59 141 22 08 072
SD: 07 010 10 2.0 44 6 02 0.3 13 12 6 03 012
(b) 24 November 1987 13:15:56.8 {SH)
Al T8 6.84 386 123 154 39 1.2 3.1 10.7 13.4 45 1.6 0.93
AZ 6.4 6.76 4.1 11.7 17.6 28 0.8 3.2 9.2 13.9 36 1.2 1.14
A3 5.5 6.78 3.8 10.8 15.5 34 1.0 3.0 5.9 12.8 41 1.5 0.82
A4 41 665 35 7.8 15.0 26 0.8 3.0 66 127 31 11 1.09
B1 3.3 662 35 7.2 15.0 24 0.7 3.1 6.4 13.4 27 0.9 1.09
B2 2.5 660 3.6 7.1 15.5 22 0.7 3.1 6.0 13.2 26 0.9 0.89
B3 2.5 600 36 7.1 155 22 0.7 3.1 6.1 13.4 26 0.9 0.90
B4 3.6 6.86 3.5 12.6 15.0 42 13 3.1 7.0 13.1 31 1.1 0.94
B5 3.2 6.68 3.6 8.5 15.5 27 0.8 3.2 7.7 13.9 30 1.0 0.80
C1 3.0 6.63 3.5 7.5 15.2 25 0.8 3.5 1.5 14.9 25 0.8 1.03
c2 2.3 6.62 3.8 7.9 16.3 22 06 3.5 7.1 15.0 24 0.7 0.87
Cc3 2.1 665 38 8.4 16.3 24 0.7 3.7 82 16.0 24 07 0.72
C4 2.5 6.62 3.6 7.4 15.5 23 0.7 3.1 6.4 13.2 28 1.0 0.79
Aver-
age: 88 669 36 89 156 28 08 32 75 138 30 10 092
SD: 17 009 02 02 0.7 6 02 02 13 09 6 03 013
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Ep(ﬂ = 102m{H-14 (2)

(Nortmann and Duda, 1983). E(f) is thereby expressed in J/Hz. By combining
(1) and (2) for P-waves we obtain

m(f) = % log (87 pyc, %) + log V() + 0.7 . (3)

This formula relates the velocity amplitude density spectrum of far-field P-
waves to the P-wave magnitude spectrum of the seismic source. Theoretical
spectra predicted by a given source model may be used to determine theoreti-
cal magnitude spectra which in turn can be compared with the observed
magnitude spectrum of an earthquake. By simultaneous variation of the
relevant source parameters, the best match with the observed spectrum can
be found.

According to the omega-square model (Aki, 1967; Brune, 1970), the far-
field displacement density spectrum of body waves is described by

D(O)

= (4)
1+ (flf)?

where f, is the corner frequency of the source spectrum and D(O) is the value
of the flat part of the displacement density spectrum D(f).

Since
V() = 2n £ D(f), (5)

the far-field velocity amplitude density spectrum of the omega-square model
is given by

_ 2nfD(O)

= : (6
1+ (f/f)? !

viH

This function has the maximum at the corner frequency f,. The value of
the flat part of the displacement density spectrum D(O) is proportional to the
seismic moment

_4n7 (ps pr )2 cB2 D(0)

0 (")
Roy
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(Aki and Richards, 1980). Here, p, and ¢, are the density and wave velocity of
the material near the receiver and Ry, is the radiation pattern coefficient.
Combining (3), (6) and (7), the magnitude spectrum of the omega-square
model is expressed as

_l 2n MOR%f
m(f) = log [Pr B 03J+10g ["""—1 (IR

+0.7. (8)

The magnitude spectrum is primarily determined by the seismic moment M,
and the corner frequency f,. The maximum value of the magnitude spectrum
my is attained at the corner frequency f:

- 1 2n M, Ry, [,
mf=§1og{p 4]+10g [*’T“ +0.7. (9)

r>~r*>s

Rewriting (9), the seismic moment can be calculated knowing my and the
corner period T = 1/f, of the P-wave magnitude spectrum from

1/2
2p, ¢, cé}

m = 0.7
M, =(10™ )TC[ s (10)
09

M, is expressed in Nm.

Here, ¢, and c,, the P-wave velocities of the material near the source and
near the receiver respectively are assumed to be 5800 m/s and 6100 m/s
respectively, p,, the density of the material near the receiver, is taken to be
2720 kg m3, p, the shear modulus, is assumed to be 2.7 x 101° Pa, and Ry,
the radiation pattern coefficient for P-waves, is taken as 0.44, which is the
average value over the focal sphere (Boore and Boatwright, 1984).

The fault length L is approximated by the diameter 2a, of the Brune
(1970, 1971) circular fault model (L = 2a,). Thus

a, = 0.37 ¢ /f. (11a)
L =0.74 ¢T, (11b)

The average displacement D, is calculated from

D—M°

. (12)
nmag

(Aki, 1966), and finally the average static stress drop Ac is determined from
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_ 1M
16 o

Ac (13)

(Keilis-Borok, 1957).

Earthquakes with complex rupture processes generally have broad and
complicated spectra with secondary maxima at periods shorter or longer than
T,, the period at which the maximum magnitude m; occurs (see Fig. 2a). The
difficulty in determining the corner periods from such spectra has been dis-
cussed by Madariaga (1979), Snoke et al. (1983), Boatwright (1984) and oth-
ers. Following Duda and Kaiser (1989) three different measures of the corner
period are utilized in the present study:

1. T,, the period at which the maximum magnitude m¢ oceurs, as outlined
above. The proximity of secondary maxima at other periods is not taken into
account.

2. T, the location of the first moment of the energy density spectrum Ep(f)
(eq.2) defined as:

Tc _ w_.‘?L.__ (14)
| Bxtry F
0
where
Eo=| Exf) of (15)
0

with Ep, being the total P-wave energy radiated from the earthquake focus.

The numerical value for the integrals in equations (14) and (15) is cor-
rected for the energy carried in the signal outside the frequency band consid-
ered. The method used to calculate these correction terms has been described
by Duda and Kaiser (1989) and earlier by Boatwright and Choy (1986), Snoke
(1987), and Di Bona and Rovelli (1988).

3. T,, determined from

2m,— 1.4
Ry 107°°
Te= o

S EP

(16)

(Snoke, 1987; Duda and Kaiser, 1989). Limitations of this method have been
discussed by Di Bona and Rovelli (1988).
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For an omega-square-spectrum (Aki, 1967; Brune, 1970) T',, T\, and T, are
identical. In the case of complex spectra with several maxima, T, is a weighted
average value, the weight of each corner period depending on the energy
carried in the respective maximum. Using the first moment of the energy
density spectrum (or power spectrum of ground velocity), instead of the first
moment of the velocity density spectrum, puts more weight on the largest
maximum and therefore shows better agreement with the corner period 7,
obtained from visual inspection.

The source parameters are determined individually from the magnitude
spectra recorded at the stations of the Graefenberg array. In parallel, source
parameters are calculated using T, the period where the maximum value of
the magnitude spectrum, mg, occurs. In this case in equations (10) and (11b)
T,.is replaced by T,. The parameters determined are listed in Table 2 (see algo
Figure 6).

Interpretation of the magnitude spectrum in terms of the
asperity model of the source

A measure of rupture complexity has been proposed by Duda and Kaiser
(1989) as

C=T/T. am

" where T, and Ty are defined by equations (14) and (16) respectively. 7%, by
definition, is the corner period of a P-wave magnitude spectrum with total
P-wave energy Ep and with maximum magnitude my as determined from the
observed spectrum, but with a shape corresponding to an omega-square-dis-
placement spectrum for far field P-waves (Aki, 1967; Brune, 1970). If the
observed spectrum complies with the omega-square-spectrum, T, and T, are
identical and C = 1. Earthquakes with complex ruptures radiate compara-
tively more energy at frequencies above the corner frequency; the spectral
falloff toward higher frequencies is more gentle, and consequently 7. is
smaller than the corner period T, and C > 1. This is the case for the magni-
tude spectrum shown in Figure 2a, where C = 2.22 (see Table 2a). The values
for the complexity of intermediate to large earthquakes fall in practice in the
range 0.5 < C < 2.5 (Kaiser, 1989). In the following section the complexity
factor C is interpreted in terms of an asperity model.

McGarr (1981) assumes the failure of a circular asperity of radius «;
surrounded by a previously faulted annular region of outer radius a, (Fig-
ure 4). Before the seismic event, the annular region ¢; < a < a, has failed under .
the influence of the ambient faulting stress o, in either preceding earth-
quakes or in aseismic creep. The ambient faulting stress o, is the difference
between the regional applied shear stress and the frictional stress that resists
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Figure 4. Asperity model adapted from McGarr
(1981). The view is normal to the fault plane, where
before the event faulting is assumed to have ocecur-
red in the hatched annular region. In the faulting
process, the asperity with radius a; fails, followed by
a dynamic readjustment of the whole fault plane.

sliding across a fault plane. In the faulting process, the asperity fails with a
high stress drop Ag; followed by a dynamic readjustment of the annular fault
zone, resulting in a lower stress drop Ac throughout the total zone of faulting.
The failure of the asperity is associated with the displacement D; and the
large-scale average slip is D,. The new source parameters can now be deter-
mined utilizing equations (8), (9), and (10) of McGarr (1981), which are re-
peated here with slightly changed notation, and assuming fla;/a,) = 1.00 in the
original equations, as suggested by McGarr (1981).

2 3

2 a, 5 a; a;
Cat=g Ao o 1+ 0.06 0 +0.33 {—} +0.04 L—] (18)
1 [s} o 0
2
2 a;
Ag; = 3 Ac {a—] (19)
Ac a?
D, = 1.52 4o ap (20)
TOU @

The radius of the asperity a; can be determined from the measurement of peak
ground velocity V and peak acceleration A of the far-field S-wave (equations
19, 21, and 25, McGarr, 1981). Equation 25, being the most reliable from both
theoretical and observational standpoints according to McGarr (1981), is used
in the present study.

To relate the peak ground motion parameters of the far-field S-wave
magnitude spectrum to the far-field P-wave magnitude spectrum we assume
that the S-wave parameters are proportional to the respective ground motion
parameters of the far-field P-wave. As illustrated before, C — the complexity
— is a measure of the additional energy radiated at frequencies above the
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corner frequency, and therefore reflects the high-frequency ground motion. It
is thus related to the peak ground acceleration A. The rupture of a heteroge-
neous fault plane (described by asperities, barriers, multiple ruptures, etc.)
explains the radiation of additional high-frequency waves (Madariaga, 1983),
which generally introduce an /! decay in the far-field displacement spectrum
(Boore and Joyner, 1978). Here we choose a simple spectral model with an
intermediate f! spectral fall-off for the far-field body wave displacement
amplitude spectrum at frequencies near the corner frequency as an extension
of the Brune (1970) spectrum. A spectrum with this fall-off has been discussed
by Madariaga (1976) for his circular fault model and by Stefansson et al.
(1979) for earthquakes with uneven rupture propagation or heterogeneous
stress distribution. Madariaga (1976) defined three distinct regions in the
spectrum, corresponding to the three regions in the present spectral model.
Thus, the intermediate frequency region is controlled by the size of the fault.
This region also determines the energy of the far-field radiation, since the
velocity spectrum is maximum at T, (equation 14). More recently, Brune et al.
(1986) and Priestley et al. (1988) observed the existence of an f~! fall-off for
frequencies just above the corner frequency for complex multiple events with
incoherent stress release. Choy and Boatwright (1988) observed an interme-
diate slope in the source spectra of complex earthquakes and interpreted it as
an indication that the rupture processes were dominated by the failure of
asperities. In terms of the velocity spectrum V(f), this introduces a flat portion
with two corner frequencies at f, + Af and f, — Af, as shown in Figure 5. In this
case, the acceleration spectrum, given by

Alf)=2n fFV(H (21)

has its maximum at the higher corner frequency (f; + Af) (compare with Figure
1 of Joyner, 1984). The relationship between C, Af, and A(f) is examined in the
next section. It must be stressed that the spectrum shown in Figure 5 has
been constructed only to find the relation between C and A, and that it is not
connected physically to the specific asperity model of McGarr (1981) or any
other heterogeneous earthquake source model.

From the definition of C [equations (14), (16), and (17)] it follows that
EP = EB C (22)

where Ep is the total seismic energy determined from the spectrum by equa-
tion (15) and Ep is the energy of the theoretical Brune (1970) spectrum Vg(f)
in Figure 5. Since the velocity amplitude density spectrum V(f) is related to
the energy density spectrum E(f) by equation (1), we can calculate Eg and Ep
carried by the theoretical spectra shown in Figure 5 from:
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Figure 5. Velocity amplitu-
de spectrum in the far-field

T for the complex source mo-
g del shown in Figure 4 and
indicated by V. Vi (dashed
line) corresponds to model
of Brune (1970). The corner
< 1 L A frequency fr = 1/T: is defi-
log frequency ned by equation {14).
- i 4 @ f 4
e 8
Eg = | Ex(f) df = Ex(f) f L df + i df | =% Ep(fo f2 (23)
: A a\f 15
0 L ‘Sf fl- +Af o f‘ Af
s
Ep=Bo df =Eoi)| | [ fAf]df v Jar s ] { ; ]df -
0 0 4 fo=0f fo+4&f
- A +
= Ep(f) {fc 5 f+ 2Af + ﬁ"TAf} (24)
where from (1)
Ep(f;) = 8n Ps Cy re V%(fc) (25)
and from Figure 5
Ep(f)) = Ep(fo) (26)
Inserting (23) and (24) in (22) and considering (26) we obtain:
Af=4f.(C—1). @27

Thus, knowing C in equation (27) permits us to determine the frequency at
which the maximum of the acceleration spectrum A(f, + Af) in Figure 5 occurs.
Since V(f, + Af) = V(f,), equations (21) and (27) yield:

A(f, + Af) = 2 £, (4C - 3) V() (28a)

or
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A 1
A, + b)) 2nf.(4C-3)

(28b)

Using our assumption that the peak ground parameters of velocity and accel-
eration are proportional to the respective maximum values of the P-wave
velocity and acceleration spectra, i.e. V ~ V(f,) and A ~ A(f. + Af), we find:

g N — (29)
A f,(4C-3)
For P-waves (c; = a), equation (25) of McGarr (1981) results in
3aV
e (30)
A

Considering equations (11a) and (29) and that a,~ o/f;, equation (30) becomes:

%o 31)
U ac—3)

Equation (31) in turn permits us to determine the asperity radius a; from C,
except for a proportionality factor. This factor can be derived from the Brune
spectrum, i.e. for C = 1, the value of a,/a; is equal to 5.7 (McGarr, 1981). Thus,
(31) finally changes to

%:5.7(40—3). (32)

1

Equation (32) enables us to calculate ¢ /a; from C for complex earthquakes.
For simple earthquakes (C < 0.80), we would arrive at an unrealistic result,
(ay/a;) < 1, that is, the asperity radius would exceed the radius of the total
faulted area. Thus, the model spectrum (Figure 5) and related assumptions
are not adequate for simple-rupture earthquakes. Consequently, for C > 0.80
we calculate a,/a; from (32) and the additional source parameters .1, Ac; and
D; from equations (18), (19), and (20) respectively. For C < 0.8, however, we
simply consider the source as homogeneous, and therefore Ac; = Ao = 6, and
D; = D,. The additional source parameters are determined on the basis of the
array-averaged parameters of Table 2, and the results are displayed in Table 3.
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Table 3. Array-averaged source parameters determined from magnitude spectra, considering T,
and C, of the three earthquakes listed in Table 1.

D Ep my Te ” M, L D, Ac C aolai ai Dy Aai Taf

(10" (s) (10""Nm) (km) (cm) (MPa) (km) (cm) (MPa) (MPa)
WN 051 632 70 74 300 6 0.1 144 157 095 47 181 1.2
ER 16 655 33 59 141 22 08 072 ~1 ~T 22 08 08

SH 38 6.69 32 7.5 13.8 30 10 0.92 39 178 48 10.0 27

Influence of local site conditions

Local geologic conditions in the vicinity of the receiving station can am-
plify or attenuate the amplitudes of the signals to be studied. To investigate
this effect we compare the P-wave signals, magnitude spectra, and source
parameters of each earthquake at different stations. All stations of the array
are located on homogeneous geological structures in the Swabian-Frankonian
Jura (Figure 1b; Harjes and Seidl, 1978).

The signal shape of each earthquake is similar at all stations of the array,
but the maximum amplitudes vary by more than a factor of two between
different stations (Figure 3). The largest amplitudes are consistently observed
at station Al. Frequency-dependent effects are studied more conveniently by
comparing the magnitude spectra. Several details in the spectra can be recog-
nized throughout the array: a principal maximum magnitude of 6.3 at a
period of 16 s, a broad and complicated spectrum with several secondary
maxima at shorter periods (7 s, 4 s, and between 1 and 2 s) for the 1 October
Whittier Narrows (WN) earthquake (Figure 3a). The differences between the
magnitude spectra are larger at shorter periods, e.g. compare the secondary
maximum at periods between 1 and 2 s at the northernmost stations Al and
A3 to the same maximum from signals at the southernmost stations C'2 and
C3 in Figure 3a. This observation illustrates that high-frequency amplitudes
are more strongly affected by local site conditions. The characteristic shape of
the spectrum, however, remains constant, and is clearly different from the
magnitude spectra of the remaining two earthquakes at Elmore Ranch (ER)
and Superstition Hills (SH) (Figure 3b, c). Clear differences in the magnitude
spectra of the 1 October earthquake (WN) on one side and of the 24 November
earthquakes (ER and SH) on the other can be recognized uniformly at all
stations of the array (Fig. 3). From Table 2 and Figure 6 further conclusions
may be drawn regarding the influence of local site conditions. The P-wave
energy of each earthquake is found generally to be largest for subarray A and
smallest for subarray C. This fact is in agreement with the assumption of a
regional decrease of @ values in the N—S direction underneath the array. The
differences can be up to a factor of four between stations Al and C3. The value
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SOUTHERN CALIFORNIA EARTHQUAKES

a. | OCT. 1987 14:42:20.0 (WN)
b. 24 NOV. 1987 1:54:145 (ER)
c. 24 NOV. 1987 13:15:56.4 [SH)
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Figure 6. Source parameters determined from magnitude spectra (Figure 3) at the 13 stations
(A1-C4) as listed in Table 2. The arithmetic mean over all stations of the array is indicated by a
vertical dashed line with the value displayed at the upper end.
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of the maximum spectral magnitude however reveals a remarkable stability
at the stations of the array, with a standard deviation of only 1%.

The corner periods T, and T, for the earthquakes of 24 November (ER and
SH) are similar, T, being generally smaller, and fairly stable throughout the
array. For the 1 October earthquake (WN), T, is more than twice as large as
T;, and there is a considerable amount of scatter, both in T, and 7. This
signifies not only that the determination of the corner period of broad complex
spectra is difficult if only one station is used, but, in addition, that such corner
periods are more affected by near-station-conditions than those of simple
spectra. In all cases, however, the amount of scatter is smaller for T, than for
T,. The relatively high stability of 7, results from the integration of the
spectrum. The respective advantage of using integrals of spectra has been
pointed out earlier by Boatwright (1980), Hanks (1982), Snoke et al. (1983),
and Andrews (1986).

The absolute values of seismic moment and the stress drop are dependent
on the way the corner period is determined in practice, and therefore sub-
Jected to the same uncertainties as the corner period itself. This drawback
does not apply to the relative values of the parameters if determined in one
and the same way, especially if the values are determined as array-averages.
The parameters based on T, show less scatter and appear to have more
realistic values (Table 2). The standard deviation from the mean for each
event is 17-34% for M, 6-26% for L, 17-27% for D, and 30-45% for Ac.

The complexity shows no obvious correlation with any other source pa-
rameter nor any systematic dependence on the location of the station (Figure
6). Different conditions near the station seem to have only minor effects on
this measure of source complexity.

Comparison and interpretation of source parameters

The average values of the source parameters determined from the Griifen-
berg (GRF) broadband array for the three events are presented in Table 3.
The seismic moments determined in the present study are compared in Ta-
ble 4 with results obtained by other investigators through different analytical
techniques and utilizing different data sources. The seismic moments publish-
ed in the Preliminary Determination of Epicenters (NEIC) are determined
from long-period body waves using the moment tensor inversion method de-
scribed by Sipkin (1982). However, a different teleseismic data set and a
time-dependent moment-tensor algorithm were used by Sipkin (1989) for the
Elmore Ranch (ER) and Superstition Hills (SH) earthquakes. Agnew and
Wyatt (1989) obtained estimates of the moments from the strain/tilt data,
whereas Bent et al. (1988, 1989) and Frankel and Wennerberg (1988, 1989)
utilized long-period body wave data and strong-motion accelerograms for the
ER and SH events. Regional broadband data were used by Bolt et al. (1989);
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Table 4. Comparison of seismic moments determined in various studies

(a) 1 October 1987, Whittier Narrows (WN) Earthquake

Investigators My (x10 lr’er)
Barker (1988) 7.4
Bent and Helmberger (1989) 12.0
Bolt et al. (1989) 10.0
Hartzell and Iida (1990) 7.4 to0 10.0
Lin and Stein (1989) 10.0
Linde and Johnston (1989) 6.7
NEIC (1987) 8.4
Present Study 7.4

{(b) 24 November 1987, Elmore I{anch (ER) and Superstition Hill;s
{SH) Earthquakes
Mo (x10""Nm)

Investigators ) ER SH
Agnew and Wyatt (1989) : 7.5 32 to 63
Bent et al. (1989) 27.0 36 to 72
Frankel and Wennerberg (1989) - 14
NEIC (1987) 91 62
Sipkin (1989) 23 100
Present Study 5.9 7.5

short- and long-period data were utilized by Bent and Helmberger (1989), and
geodetic elevation changes were employed by Lin and Stein (1989) for the
Whittier Narrows (WN) earthquake.

The seismic moment of 7.4 x 107 Nm estimated by us for WN is identical
with the result obtained by Barker (1988) and agrees well with the values
obtained by Hartzell and Iida (1990) and Linde and Johnston (1989) and
NEIC (1987), but is slightly lower than the value of 10 x 107 Nm obtained by
Bolt et al. (1989) and Lin and Stein (1989). The result obtained by Bent and
Helmberger (1989) is only 1.6 times our estimate of the seismic moment.
Further, Barker's (1988) waveform inversion yields moment tensors with
large non-double couple component, about 30 to 50% of a pure double couple.
Such a large deviation can be indicative of a complex, multiple rupture proc-
ess (Dziewonski and Woodhouse, 1983; Hinzen, 1986; and Sipkin, 1986). In
fact Bent and Helmberger (1989) concluded from a long- and short-period body
waveform study that the WN main shock consisted of two subevents, the
second occurring 1 s later and 3 km shallower than the first. Hartzell and Iida
(1990) inverted strong motion data of WN and obtained a complex rupture
process with separate concentrations of slip, the major source having a radius
of 2-3 km and a slip of 55-90 cm. Their results are in good agreement with
ours with asperity radius of a; = 0.95 km and slip over asperity, d; = 47 cm.
The multiple ruptures within the focal zone during a short interval undoubt-
edly make the radiated energy complex as indicated by the high value of the
complexity factor C for the WN earthquake.
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Strong-motion recordings of the Elmore Ranch and the Superstition Hills
earthquakes analyzed by Frankel and Wennerberg (1988, 1989) and Wald and
Somerville (1988), as well as the comparison of teleseismic waveforms by Bent
et al. (1988, 1989), indicate a simple, uniform rupture for ER and a complex,
multiple rupture for SH. The C-values determined in this study agree well
with these observations. Wald and Somerville (1988) explain this difference
in complexity by the fact that SH ruptured through a geologically more com-
plex region. As a result of this complexity, the value for a a; is four times
greater for SH, and the local stress drop Ag; is larger by a factor of 10 for SH
if compared to ER, though the average stress drop Ac is similar for these two
events. According to McGarr (1981) Ac; represents the highest localized stress
drop measured within a faulted region. The largest estimate for Ac; is ob-
tained for WN (18 MPa), although this event has by far the lowest average
stress drop Ac (0.1 MPa).

Though similar in magnitude, WN and ER are two extremely different
earthquakes. WN is a very complex event with a local stress drop more than
two orders of magnitude higher than the average stress drop over the fault,
whereas ER is the result of a smooth, simple rupture with a homogeneous
stress drop. The relative asperity size a,/a; and the localized stress drop Ac;
mainly reflect the nonuniform distribution of various physical properties on
the fault plane, which Papageorgiou and Aki (1983) summarily call the inho-
mogeneity of the fault.

As seen in Table 3, the average stress drop Ac does not reflect the level of
the regional stress field for complex events. The ambient faulting stress, Cafs
determines the level of stress accumulation within a seismogenic province
(McGarr, 1981), and represents the assumed regional level of shear stress
that can cause displacement along a fault. It is interesting to note that o,¢ for
SH is three times the value for ER, although both events occur in the same
region. There are several possible explanations:

1. A temporal increase in the level of the regional stress field occurred
within the 12 hours between the two shocks. Given and Stuart (1988)
and Hudnut et al. (1989) provided convincing evidence that the rupture
of SH was triggered by a stress field change caused by ER.

2. The frictional stress resisting fault slip is higher at the fault that
ruptured in SH. This could be the consequence of the fact mentioned
before, that this fault is geologically more complex.

3. The stress field has a higher level in the NW—SE than in the NE-SW
direction.

4. The value of 6, for SH is possibly erroneous because the GRF array is
near nodal for this event.

It is difficult to determine which of the four explanations is the most
plausible.
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On the basis of Table 3 as well as from Figures 2 and 6, we divide the
earthquakes investigated in two groups. The earthquake at Whittier Narrows
(WN) is characterized by a high rupture complexity with an extremely inho-
mogeneous stress drop compared to the Elmore Ranch (ER) and the Supersti-
tion Hills (SH) earthquakes. The focal mechanism by NEIC of WN corre-
sponds to thrust faulting with a moderate strike-slip component, whereas ER
and SH are both strike-slip events. This fact also suggests a different tectonic
environment in the two regions. Regional variations in stress drop and appar-
ent stress for Southern California earthquakes have been reported, by among
others, Wyss and Brune (1971), Thatcher and Hanks (1973), and Fletcher et
al. (1987). Estimates of the complexity C and related earthquake source
parameters should supplement such observations.

Conclusions

The main results derived from the analysis of broadband seismograms
from the GRF array for the three major 1987 Southern California earth-
quakes are:

1. P-wave magnitude spectra can be determined fairly reliably at a single
station. The magnitude spectrum is more affected by local site condi-
tions at shorter periods. This can explain the remarkable stability of
the maximum magnitude at longer periods with an uncertainty of less
than 0.1 magnitude units.

2. A method for routine determination of other source parameters such as
the seismic moment, the energy, the average stress drop, and the am-
bient faulting stress from the P-wave magnitude spectra yields reliable
estimates of these parameters, provided the station is not near a nodal
plane.

3. The most significant difference between the three earthquakes investi-
gated rests in the rupture complexity C. The earthquake at Whittier
Narrows reveals a high value for C, whereas the Elmore Ranch and
Superstition Hills earthquakes have low to intermediate C-values. The
complexity C and the ambient faulting stress o, are useful parameters
describing the inhomogeneity of a fault and assessing the relative level
of stress accumulation within a seismogenic region. Because the com-
plexities on a fault are the main source of the high-frequency waves
generated during earthquake faulting (Madariaga, 1983; Heaton and
Hartzell, 1988), estimating C for an earthquake fault will be essential
for the prediction of strong motion. Regions with high levels of stress
accumulation might indicate the location of future large earthquakes.
Thus, observations of the regional and temporal distribution of the
ambient faulting stress could be relevant to the problem of earthquake
prediction.
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