
Bulletin of the Seismological Society of America, Vol. 81, No. 5, pp. 1540 1572, October 1991 

RUPTURE MODEL OF THE 1989 LOMA PRIETA 
EARTHQUAKE FROM THE INVERSION OF STRONG-MOTION 

AND BROADBAND TELESEISMIC DATA 

BY DAVID J. WALD, DONALD V. HELMBERGER, AND THOMAS H. HEATON 

ABSTRACT 

We have used 24 broadband teleseismic and 48 components of local 
strong-motion velocity records of the 1989 Loma Prieta earthquake in a formal 
inversion to determine the temporal and spatial distribution of slip. Separate 
inversions of the teleseismic data (periods of 3 to 30 sec) or strong-motion data 
(periods of 1 to 5 sec) result in similar models. The data require bilateral rupture 
with relatively little slip in the region directly updip from the hypocenter. Slip is 
concentrated in two patches: one centered 6 km northwest of the hypocenter at 
a depth of 12 km and with a maximum slip of 350 cm, and the other centered 
about 5 km southeast of the hypocenter at a depth of 16 km and with a maximum 
slip of 460 cm. The bilateral nature of the rupture results in large amplitude 
ground motions at sites located along the fault strike, both to the northwest and 
the southeast. However, the northwestern patch has a larger moment and overall 
stress drop and is, consequently, the source of the largest ground motion 
velocities, consistent with the observed recordings. This bilateral rupture also 
produces relatively modest ground motign amplitudes directly updip from the 
hypocenter, which is in agreement with the velocity ground motions observed at 
Corralitos. There is clear evidence of a foreshock (magnitude between 3.5 and 
5.0) or a slow rupture nucleation about 2 sec before the main part of the rupture; 
the origin time implied by strong-motion trigger times is systematically 2 sec 
later than the time predicted from the high-gain regional network data. The 
seismic moment obtained from either of the separate data sets or both sets 
combined is about 3.0 × 1026 dyne-cm and the potency is 0.95 km 3. 

INTRODUCTION 

In this study, we use a least-squares linear inversion of strong motion and 
teleseismic waveform data to solve for the temporal and spatial distribution of 
slip vectors during the 1989 Loma Prieta earthquake (M s = 7.1). Although the 
geometry of the fault plane is fixed in the inversion, it is chosen to be 
compatible with teleseismic waveforms and the distribution of aftershocks. Our 
estimates of the spatial and temporal distribution of slip will enhance studies of 
fault segmentation and earthquake recurrence (King et al., 1990; Working 
Group on California Earthquake Probabilities, 1988), which depend on reliable 
estimates of the rupture dimensions and amplitude of slip. Furthermore, the 
variation in rake angle as a function of position along strike and downdip on the 
fault plane is critical to analyses of the complicated fault interactions within 
the Sargent-San Andreas system (Dietz and Ellsworth, 1990; Michael et al., 
1990; Olson, 1990; Schwartz et al., 1990; Seeber and Armbruster, 1990). 

The method we employ is that of Hartzell and Heaton (1983), which has been 
shown to provide valuable insight into the rupture history of other California 
earthquakes (Hartzell and Heaton, 1983; Hartzell and Heaton, 1986; Hartzell, 
1989; Wald et al., 1990), as have other finite fault approaches (Olson and Apsel, 
1982; Archuleta, 1984; Beroza and Spudich, 1988). In addition to providing an 
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estimate of the rupture  history for individual earthquakes,  these studies also 
provide new insight into the general characteristics of the rupture process that  
are common to many events. After studying slip models from several earth- 
quakes, Mendoza and Hartzell  (1988) suggested that  large gaps in aftershock 
pat terns often coincide with the regions of relatively large slip. From the 
distribution of slip, we can also place constraints on the location and depth 
extent of significant energy release and characterize the distribution of stress 
changes on the faults. These results provide a start ing point for calculating 
ground motions for future events comparable to size to the Loma Prieta earth- 
quake. Such ground motion calculations are important for augmenting the 
sparse data base of near-source strong-motion recordings of crustal ear thquakes 
having magnitudes of 7 or larger. 

The Loma Prieta ear thquake was well recorded at both local strong-motion 
and teleseismic broadband stations. The strong-motion velocity recordings used 
here are dominated by energy in the range of 1 to 5 sec, while the broadband 
teleseismic recordings range from 3 to 30 sec. This wealth of data provides an 
opportunity to compare rupture models that  are derived independently from 
either the strong-motion or the teleseismic waveforms with models derived from 
the combined data sets and over a wide range of frequencies. Our results 
provide insight into the limitations and constraints provided by previous studies 
that  have less extensive data sets. 

DATA 

Ground motions from the Loma Prieta ear thquake were recorded over a wide 
range of frequencies and distances, from high-frequency waveforms on local 
accelerometers and regional seismic networks to very low frequencies observed 
in teleseismic surface waves and geodetic line length changes. Unfortunately,  
deterministic waveform inversion of high-frequency motion (> 3 Hz) requires 
an accurate and detailed knowledge of the wave propagation in the geologically 
complex structure in the Loma Prieta  region. Furthermore,  inversion of high 
frequencies requires a proliferation of free variables that  significantly increase 
the computation t ime and decrease the stability of the inversion process. 
Therefore, we have chosen to concentrate our study on the lower frequency part 
of the rupture history. Near-source low-pass-filtered strong-motion and teleseis- 
mic body waves seem to be the most suitable data sets to study the general 
characteristics of the slip history. Geodetic data can also provide important 
constraints on an ear thquake slip distribution model. Unfortunately,  we were 
not able to obtain enough geodetic data at the time of this study to justify- its 
inclusion in the formal inversion process. 

Teleseismic 

The teleseismic stations chosen for this study are listed in Table 1. The data 
are digital recordings obtained from the Chinese Digital Seismograph Network 
(CDSN), GEOSCOPE and Incorporated Research Institution for Seismology 
(IRIS) broadband components, and Global Digital Seismograph Network (GDSN) 
intermediate-period components. These stations provide a uniform azimuthal 
coverage of the focal sphere and also contain several near-nodal observation for 
both P and SH source radiation( Fig. 1). In this analysis, instrument responses 
were deconvolved from the original recordings to obtain true ground velocities. 
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TABLE 1 
TELESEISMIC STATIONS 

Distance Phases 
Station ( ° ) Azimuth Backazirnuth Used 

AFI 69.2 232.6 40.8 P, SH 
ARU 86.9 359.7 0.4 P, SH 
CAY 70.8 98.6 307.6 P, SH 
COL 31.8 339.4 138.5 P 
HIA 77.9 324.0 45,9 P 
HON 35.0 253.5 55.2 P 
HRV 38.5 65.7 279.2 P 
MDJ 76.0 305.2 51.3 P 
NNA 64.8 130.1 321.5 P, SH 
OBN 85.1 11.9 343.0 P, SH 
PPT 60.5 210.6 25.2 P, SH 
RPN 65.2 167.7 349.0 P, SH 
SCP 34.1 67.8 278.3 P 
SSB 84.6 34.7 319.8 P 
TOL 84.3 43,0 314.8 P, SH 
WFM 38.5 65.6 279.1 P 

P $H 
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FIG. 1. Global station distribution for teleseismic records shown by takeoff angles plotted on focal 
spheres. The P (left) and SH (right) radiation patterns are given for a mechanism with strike, dip, 
and rake equal to 128 °, 70 °, and 138 °, respectively. For SH, up refers to clockwise motion. 

S t r o n g  Mot ion  

The d is t r ibut ion  of near-source g round  velocities used in this  s tudy is dis- 
p layed in F igures  2a to c. S ta t ion  abbrevia t ions ,  s ta t ion  geometr ies  wi th  respect  
to the  epicenter ,  and  t r igger  t imes  (when available)  are given in Table 2. The 
velocity waveforms  were obta ined by i n t eg ra t i ng  corrected accelerat ion record- 
ings provided by the  CDMG (Shaka l  et al., 1989) and  the  USGS (Maley et al., 
1989) and  uncor rec ted  recordings  f rom the  Un ive r s i ty  of Cal i fornia  San t a  Cruz 
(UCSC). The velocity wavefo rms  were bandpass  f i l tered be tween  0.1 and  1.0 Hz 
us ing a zero-phase third-order ,  B u t t e r w o r t h  filter. The hor izonta l  components  
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FIG. 2. (a) Location map showing strong-motion stations (solid triangles). The shaded region 
represents the surface projection of the model fault plane used in this study. The epicenter is shown 
with a star. Radial ground velocities are displayed for each of the stations. Amplitudes are in 
cm/sec. The faults are a digitized version of major Quaternary faults of Jennings (1975). (b) Same 
as (a) except Tangential ground velocity is shown. Also shown in the distribution of aftershocks. (c) 
Same as (a) except vertical ground velocity is shown. Also shown is the Modified Mercalli isoseismal 
contour separating regions of intensity VII and VIII (from Stover et al., 1990). 

are  r o t a t e d  w i t h  r e s p e c t  to  t h e  e p i c e n t e r  to  o b t a i n  rad ia l  and  t a n g e n t i a l  
c o m p o n e n t s .  W h i l e  t h i s  r o t a t i o n  is  correc t  for t h e  e n e r g y  o r i g i n a t i n g  n e a r  t h e  
e p i c e n t e r ,  it  is  o n l y  a p p r o x i m a t e  for s o u r c e  r e g i o n s  f u r t h e r  n o r t h w e s t  and  
s o u t h e a s t  a l o n g  t h e  fau l t .  
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FIG. 2. (Continued) 

T A B L E  2 
LOMA PRIETA S T R O N G - M o T I O N  STATIONS 

D a t a  Distance* Stat ion Tr igger  Tr igger  
Abbrevia t ion  Sta t ion  N a m e  Source (km) Azimuth*  Delay* Times  ~ O.T.§ 

A N D  A n d e r s o n  D a m  U S G S  26.1 57.6 0.0 23.0 7.8 
B R N  Branc i fo r t e  Dr ive  U C S C  9.5 275.4 - -  - -  - -  
CAP Capitola Fire Station CDMG 9.7 222.0 -- -- -- 

CLD Coyote Lake Dam GDMG 30.7 72.1 0.0 24.5 9.3 

C O R  Corra l i tos  C D M G  6.8 83.5 0.0 20.4 5.2 
GGC G a v i l a n  College C D M G  28.6 104.8 - 0.4 23.9¶ 8.7 
GHB Gilroy His t .  Bldg.  C D M G  27.8 96.9 - 0 . 2  23.4 8.2 
GL6 Gilroy A r r a y  6 C D M G  35.2 92.4 0.7 26.0 10.8 
H O L  Hol l i s t e r -P ine  St  C D M G  47.9 116.3 1.9 27.5 12.3 
LEX L e x i n g t o n  D a m  C D M G  19.1 331.0 - 0.3 21.1 5.9 
LGP  Los Ga t e s  Pres .  Cen t .  U C S S  18.8 321.7 - -  - -  - -  
SAR Saratoga-Aloha Ave CDMG 27.5 330.6 -- -- -- 

SNJ San Jose-Harry Rd CDMG 20.1 19.6 - 0.2 18.3 3.1 # 

UCS U.C. Santa Cruz UCSC 16.8 255.0 -- -- -- 

WAH Walter's House UCSC 12.9 233.4 -- -- -- 

WAT Watsonville CDMG 18.1 142.8 0.3 21.6 6.4 

*Wi th  respec t  to ep icen te r  a t  37°2 .37 'N  121°52.81 ' W. 
t A d j u s t m e n t  to abso lu te  t i m e  in sec; see  t ex t  for deta i ls .  
$Sec af te r  00 04 00.0 GM T  18 October  1989. 
§Or ig in  t i m e  a t  00 04 15.21 GM T  18 October  1989. 
- - N o  abso lu te  t ime .  
¶Accura t e ly  e s t i m a t e d  f rom t i m e  on Gilroy 1. 
# D i g i t a l  i n s t r u m e n t  w i t h  m e m o r y  before t r i gge r  t i m e  ( P  wave  a t  1.7 sec). 
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Two criteria were used to select stations to include in the inversion: The 
observations should be close to the aftershock zone and also well distributed in 
azimuth. Within the epicentral region, peak ground motions are relatively 
independent of surface geology (Benuska, 1990). Care was also taken to avoid 
stations that  seemed to have unusual  site responses. For this reason, the CDMG 
station Agnew was not used, although, fortunately, it is at a similar distance 
and azimuth as station LEX. UCSC stations BRN, LGP, UCS, and WAH were 
included to provide important  station coverage to the west and southwest of the 
epicenter. Unfortunately,  the UCSC stations did not record absolute time and 
required additional processing to remove glitches in the raw acceleration data. 
The deglitching process may be inadequate at high frequencies, but  it provides 
useful velocity recordings at the frequencies of interest in this analysis (0.1 to 1 
Hz). We address the issue of est imating absolute time for these stations in the 
section on the inversion method. ~ 

FAULT RUPTURE MODEL 

The fault parameterizat ion and modeling procedure we employ is that  de- 
scribed by Hartzell and Heaton (1983) in their study of the 1979 Imperial 
Valley earthquake.  Faul t ing is represented as slip on a planar surface that  is 
discretized into a number  of subfaults. The ground motion at a given station can 
be represented as a linear sum of subfault  contributions, each appropriately 
delayed in time to simulate fault  rupture.  Formal inversion procedures are then 
used to deduce the slip distribution on these subfaults that  minimizes the 
difference between the observed and synthetic waveforms. 

In the study, we represent  the Loma Prieta rupture area as a 40-km-long 
plane striking N 128°E and dipping 70 ° toward the southwest. The fault 
extends from a depth of 1.5 km to 20.3 km, giving a downdip width of 20 km 
(Fig. 3). We chose the overall dimensions of the fault to enclose the region of 
major aftershock activity (Dietz and Ellsworth, 1990), although there has been 
some discussion about the possibility of vertical strike-slip faulting on a second 
plane extending past  the southern end of our inferred rupture area. This 
possibility is discussed later. The strike and dip values of our fault plane were 

FAULT MODEL 
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FIG. 3. Northwest-southeast cross section of the fault rupture model along the fault plane 
indicating subfault layout. The subfault enlargement displays the distribution of point sources for 
each subfault. The largest circle radiating outward from the hypocenter (star) represents the 
progression of the rupture front after 5 sec. Smaller concentric circles delimit the (slightly 
overlapping) fault regions slipping in t ime windows 1 (twl--shaded), 2 (tw2), and 3 (tw3). 
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chosen from the broadband inversion results of Kanamori and Satake (1990). 
This fault plane is also consistent with the aftershock lineation (Dietz and 
Ellsworth, 1990), the focal mechanism determined from first-motion data (Op- 
penheimer, 1990), and the P and S H  teleseismic waveforms shown in Figure 4. 
Slight discrepancies in strike and dip would have little effect on our model 
results and conclusions. 

The fault-plane geometry chosen for this study differs somewhat from the 
geometry used by Lisowski et al. (1990) to model the geodetic data. Although 
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they also used a dip of 70 ° , they found that a strike of N 136°E (8 ° more 
northerly than ours) was necessary to explain their data. Furthermore, their 
fault plane was shifted about 2 km westward of our assumed plane, which was 
chosen to coincide with the aftershock distribution. In general, the geodetic data 
are more sensitive to fault geometry than the waveform data but as not as 
powerful in resolving details of the slip distribution. Differences in the fault 
geometry inferred from the static offsets, when compared with waveform stud- 
ies, may reflect complexities in the nature of the rupture, such as a nonplanar 
fault or multiple fault rupture. These complexities are not considered in this 
study. 

Our fault  area is discretized into 12 subfault  elements along strike and eight 
elements downdip, giving each subfault  a length of 2.5 km and a vertical width 
of 3.33 km (Fig. 3). This subfault  area is a compromise chosen to give sufficient 
freedom to allow rupture  variations necessary to successfully model the ground 
motions and yet minimize computational time. The computation time for the 
inversion is proportional to the cube of the number of unknown parameters,  in 
this case the number  of subfault  slip values to be determined. 

Synthetic Green's Functions 

The synthetic ground motion contribution for each subfault  is computed using 
the Green's function summation and interpolation method of Heaton (1982) and 
is only briefly summarized here. The subfault  motions are obtained by summing 
the responses of a number  of point sources distributed over the subfault. We 
sum 49 equally spaced point sources (see Fig. 3) appropriately lagged in time to 
include the travel-time difference due to the varying source positions and to 
simulate the propagation of the rupture front across each subfault. In all, 4704 
point sources are summed to construct the teleseismic and strong-motion syn- 
thetics at each station for both a pure strike-slip and a pure dip-slip mechanism. 
Thus, each subfault  includes the effects of directivity. 

The point source responses, or Green's functions, for teleseismic P or S H  
body-wave synthetic seismograms are computed using the generalized ray 
method (Langston and Helmberger,  1975). We include the responses of all rays 
up to two internal reflections in a layered velocity model, including free surface 
and internal phase conversions. A Q operator (Futterman, 1962) is applied with 
the at tenuat ion time constant t* equal to 1 and 4 sec for P and S H  waves, 
respectively. 

The point source responses for the strong motions are computed for a layered 
velocity model with the discrete wavenumber/ f in i te  element (DWFE) methodol- 
ogy of Olson et al. (1984) for frequencies up to 3.5 Hz. In practice, we calculate a 
master  set of synthetics for increments in depth from 1.5 to 20.3 km and for 
ranges between 0 and 75 km, to allow for the closest and furthest  possible 
subfault-station combinations. Then for each subfault-station pair, the required 
subfault  response is derived by the summation of 49 point source responses 
obtained by the linear interpolation of the closest Green's functions available in 
the master  set. The linear interpolation of adjacent Green's functions is per- 
formed by aligning the waveforms according to their shear-wave travel times. 
Subfault  contributions from both a pure dip-slip and pure right-lateral-slip 
mechanism are computed using the assumed fault geometry. The relative 
weights of these fundamental  mechanisms, as well as the amount  of slip on each 
subfault, are determined in the inversion process described later. 
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Velocity Model  

The velocity model used to compute the DWFE Green's functions is given in 
Table 3. The P-wave velocities were obtained by averaging the two velocity 
depth profiles in this region given by Dietz and Ellsworth (1990) for regions 
northeast and southwest of the San Andreas fault. We have also added a thin, 
slower layer to this model to better approximate elastic properties just beneath 
the strong-motion stations. S-wave velocities were obtained by assuming that 
the structure is a Poisson solid. 

The velocity model used to compute the teleseismic Green's functions is a 
five-layer approximation of the velocity model given in Table 3. Heaton and 
Heaton (1989) discuss difficulties that arise when seismic moments derived 
from different velocity models are compared. Fortunately, the seismic velocities 
are nearly constant for both the teleseismic and strong-motion velocity models 
in the depth range from 7 to 18 km (the region of highest slip). This favorable 
coincidence means that a simple comparison of seismic moments derived from 
teleseismic and strong-motion inversions is approximately valid. 

So~[rce Time Function and Rupture Velocity 

The subfault synthetics are convolved with a dislocation time history, which 
we represent by the integral of an isosceles triangle with a duration of 0.7 sec. 
This slip function was chosen based on a comparison of the synthetic velocity 
pulse width for a single subfault with the shortest duration velocity pulse width 
observed, as well as on prior experience with this inversion method (Heaton, 
1990). As Hartzell and Mendoza (1991) point out, resolution of the slip function 
is difficult, although we are required by the strong motion recordings to employ 
a relatively short (< 0.8 sec) duration. 

The rupture velocity is assumed to be a constant 2.7 km/sec, or 75% of the 
shear-wave velocity in the main part of the source region (Table 3). Many 
observations, including the absence of tectonic surface slip (U.S. Geological 
Survey Staff, 1990), indicate that little dislocation occurred above a depth of 
about 4 km. The position of the rupture front 5 sec after the nucleation time is 
shown in Figure 3. 

Some flexibility in the rupture velocity and slip time history is obtained by 
introducing time windows (Hartzell and Heaton, 1983). Each subfault is 

TABLE 3 

LOMA PR~ETA VELOCITY STRUCTURE 

1.73 1.00 1.50 0.1 .1 
3.38 1.95 1.55 0.4 .5 
4.29 2.48 1.85 0.5 1.0 
4.80 2.77 2.05 2.0 3.0 
5.37 3.10 2.26 2.0 5.0 
5.74 3.31 2.45 2.0 7.0 
6.15 3.55 2.58 2.0 9.0 
6.25 3.61 2.62 4.0 13.0 
6.27 3.62 2.63 5.0 18.0 
6.67 3.85 2.77 7.0 25.0 
8.00 4.62 3.28 50. 

vp V~ p h z 
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allowed to slip in any of three identical 0.7-sec time windows following the 
passage of the rupture  front thereby allowing for the possibility of a longer slip 
duration or a locally slower rupture velocity. Hartzell and Mendoza (1991) 
obtained very similar dislocation models for the 1978 Tabas, Iran, ear thquake 
(M s -- 7.4) using both a linear inversion parameterizing slip with three time 
windows (as is done here) and also using a nonlinear iterative inversion, which 
allows a single rupture at each point on the fault, but  which allows the rupture 
velocity to vary. 

In this study, each t ime window is separated by 0.6 sec, allowing a small 
overlap of the 0.7-sec duration subfault  source-time function. Thus, as depicted 
in Figure 3, the region of the fault  that  is allowed to slip 5 sec (for example) 
after the nucleation of rupture is within concentric bands occupied by the three 
time windows. As will be discussed later, the relative slip amounts in each time 
window indicate that  there is little evidence for significant rupture velocity 
variation for this earthquake.  

INVERSION METHOD 

A constrained, damped, linear, least-squares inversion procedure is used to 
obtain the subfault  dislocation values that  give the best fit to the strong-motion 
velocity waveforms. The inversion is stabilized by requiring that  the slip is 
everywhere positive and that  the difference in dislocation between adjacent 
subfaults (during each time window) as well as the total moment is minimized. 
These constraints have been previously discussed by Hartzell and Heaton 
(1983). 

Both the strong-motion observations and subfault  synthetic seismograms are 
bandpass filtered from 0.1 to 1.0 Hz with a zero-phase Butterworth filter and 
are resampled at a uniform time step of 10 samples per sec. The teleseismic 
data were similarly filtered from 0.02 to 1.0 Hz. The upper frequency limit is 
imposed by the nature of the strong-motion recordings. In general, there is more 
coherence in the waveforms at periods greater than 1 sec than at higher 
frequencies. Originally, the strong-motion data were low-pass filtered at 3 Hz, 
but  we found indications of significant complication apparently caused by local 
site response effects. We modeled the first 25 sec of the record for teleseismic 
data and between 14 to 22 sec of the strong-motion records (depending on the 
individual record). 

Timing 

The initial al ignment in t ime of the observed and synthetic seismograms is a 
critical issue in modeling waveform data in order to determine the temporal and 
spatial distribution of slip on the fault plane. In this type of study, two 
approaches can be taken. One approach (commonly used for teleseismic wave- 
form inversions) is to time-shift the synthetic waveform from a point source 
hypocenter until  the first significant motion of the synthetic is aligned with 
that  of the observed recording. Later  source contributions (from the developing 
rupture process) can then be determined by modeling the remaining features of 
the record. This method is adequate when (1) observed first arrival t ime is not 
ambiguous and (2) it is clear that  the initial arrival is actually from the locally 
determined hypocenter (including the origin time). Unfortunately,  the first 
arrivals (observed on local seismic networks) for waves from the hypocenter 
may be too small to be seen teleseismically or on strong-motion recordings. 
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These first arrivals are, however, used to determine the hypocenter and origin 
time of the earthquake.  Serious problems arise if it is erroneously assumed that  
the first arrival on a teleseismic or strong-motion record is from the hypocenter 
determined from local seismic network data. Hartzell  and Heaton (1983) show 
how this is a serious problem when interpreting the 1979 Imperial Valley, 
California, ear thquake.  

In the second approach, all correlations are done in absolute time, with 
appropriate t ime delays to accommodate errors introduced by inadequacies of 
the assumed velocity model. At teleseismic distances, these delays can be 
substantial ,  so master  event techniques must  be employed (e.g., Hartzell and 
Heaton, 1983). For the local strong-motion data, the use of absolute t ime is 
preferable if it is known for a majority of the recordings. We use this second 
approach in this strong-motion modeling study. 

When the trigger t ime is available (see Table 2), synthetic and observed 
waveforms are aligned in absolute time. Slight adjustments are also made to 
allow for variat ions in travel  t ime not predicted by the assumed 1-D velocity 
structure (Table 2, station delays). While this provides an approximate static 
station delay, it will not improve t iming errors introduced by lateral variations 
encountered by subfault  to station travel  paths that  vary significantly along the 
fault. This issue can be addressed later with the analysis of aftershock record- 
ings at strong-motion sites when these data are made available. 

For stations without  absolute time, synthetic and observed waveforms are 
aligned based on the assumption that  the initial P wave triggers the instru- 
ment. The stations with t iming are weighted heavily in the inversion, and those 
without are downweighted, effectively removing them from the inversion. Us- 
ing the prel iminary inversion results,  synthetic waveforms are calculated for 
those stations without  timing, and new time est imates are obtained by compar- 
ing synthetic and observed waveforms. At some stations (UCS and WAH), the 
forward prediction was insufficient to est imate the timing, and these stations 
were not given significant weighting in subsequent  inversions. We did, how- 
ever, continue to compute waveforms for these for comparison with the observed 
waveforms and for later analysis. 

TELESEISMIC MODELING 

Previous Studies and Preliminary Analysis 

To date, several broadband teleseismic studies of the Loma Prieta ear thquake 
have been made, and their conclusions are partially summarized in Table 4. As 
pointed out by Choy and Boatwright  (1990), three distinct arrivals can be 
recognized on most of the broadband teleseismic recording. Choy and Boatwright  
(1990) associate each of the three separate pulses with separate subevents. 
These can be seen on the observed velocity recordings in Figure 4 (top traces) 
and are marked with arrows at selected stations. The first arrival is quite small 
but  can be seen on the P-wave records, about 1 sec into the trace, at stations 
ARU, OBN, and TOL. The first subevent  is at the threshold of resolution for 
waveform modeling for the teleseismic data. 

In general, these teleseimic models describe this ear thquake as a simple two 
point source combination representing two later, dominant subevents. The 
seismic moments determined in these broadband studies range from 2.0 to 
3.0 x 102~ dyne-cm. There is also a large variat ion in the ratio of the relative 
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TABLE 4 

LOMA PRIETA EARTHQUAKE TELESEISMIC STUDIES 

1551 

Mechanism M o (dyne-cm) 

Author(s) Strike Dip Rake x 10 . .26  Data Used Centroid Location* 

Barker  and 130 73 146 2.8 LB, BB D1 = 18 km, D2 = 14 km, 
Salzberg (1990) Mol = 27%, M02 = 73% 
Choy and 
Boatwright  (1990) 130 65 140 2.2 BB 15 P 8 S H  D1 = 16 km, D2 = 12 kin, 

Mol = 34%, Mo2 = 50% 
Kanamor i  and 128 70 138 3.0 BB 8 P 8 S H  D = 15 km 
Satake (1990) 128 70 137 2.5 Surface waves 
Langs ton  et  a l  130 56 158 2.3 BB 8 P 6 S H  D = 8 km 
(1990) 
N~b~lek (1990) 128 63 128 3.0 BB D = 7 to 12 km 
Romanowicz and 128 66 138 2.2 BB 9 P 6 S H  D = 10 km 
Lyon-Caen (1990) 127 66 132 3.3 Rayleigh 
Ruff and Tichlaar  138 76 120 2.0 BB 8 P 2 S H  D = 10 km 
(1990) 
Wallace {1990) 132 69 134 2.1 BB Z1 = 17 km, Z2 = 11 km, 

Mol = 20%, Mo2 = 80% 
Zhang  and 130 70 135 3.4 Rayleigh 
Lay (1990) 

*For best point source of centroid one, value is given; if more t ha n  one point source or subevent  
was described, depths and relative moments  are given as D1, Mol, D2, Mo2, etc. 

moments for subevent 3 compared with subevent 2, from about 1.5:1 up to about 
4:1 (Table 4), depending on the assumptions of the individual researcher. In 
addition, there is a wide spread in the est imate of the best point source depths 
for the second and third subevents,  or for a single est imate of the centroid 
location. This suggests tha t  the rupture,  although over a finite area, was not 
extensive enough to be easily resolved teleseismically (i.e., less than about 35 
kin), consistent with the limited extend of rupture inferred from the aftershock 
distribution alone (Dietz and Ellsworth, 1990). 

When teleseismic velocity waveforms are integrated into displacements, it 
becomes difficult to distinguish arrivals from individual subevents. In particu- 
lar, the arrival from the second subevent  appears as a subtle inflection in the 
large pulse from the third subevent.  Although very similar results were ob- 
tained by modeling the teleseismic displacement waveforms, we find it easier to 
compare synthetic and observed velocity waveforms. 

Inversion Results 

The spatial distribution of slip obtained from inversion of only the teleseismic 
data is shown in Figure 5. The slip contours are in intervals of 50 cm, and 
increased shading indicates larger slip as displayed in the legend shown at the 
right of each diagram. We use a large contour interval to emphasize robust 
features in the model and to minimize the importance of smaller details. The 
dislocations shown represent  the combined slip for the three time windows 
previously mentioned. 

Our teleseismic model has a seismic moment of 2.8 x 1028 dyne-cm. Compari- 
son of the observed teleseismic records (top) and the synthetic seismograms 
(bottom) predicted by the teleseismic dislocation model are shown in Figure 4. 
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The  a m p l i t u d e s  a re  g iven  in  mic rons  per  sec. The  m a i n  f ea tu r e s  of th is  model  
a re  (1) a two-lobed b i l a t e r a l  r u p t u r e  w i t h  a s l ight ly  l a r g e r  slip to the  nor thwes t ,  
(2) t he  l a rge s t  sl ips c o n c e n t r a t e d  a t  a dep th  of 11 k m  for the  n o r t h w e s t e r n  pa t ch  
and  s l ight ly  deeper  for the  s o u t h e a s t e r n  pa tch ,  a n d  (3) l i t t le  slip in the  reg ion  
updip  f rom the  hypocen te r .  

Di rec t iv i ty  controls  t he  w a v e f o r m  and  a m p l i t u d e  only  w h e n  the  r u p t u r e  f ront  
p rogresses  a t  a t  ve loc i ty  c o m p a r a b l e  to the  phase  of in te res t .  For  th i s  reason,  
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the teleseismic body waves, all having steep takeoff angles, are limited in their 
ability to resolve rupture directivity along strike but  are quite sensitive to up or 
downdip rupture propagation. The lack of vertical directivity in our solution is 
apparent. Since the teleseismic data do not allow significant slip updip or 
downdip from the hypocenter, the majority of slip must  occur along strike from 
the hypocenter. Bilateral rupture is indicated by the t iming of the second and 
third arrivals and by the absence of significant azimuthal arrival time differ- 
ences between the two dominant arrivals. As will be discussed in the following 
section, this model explains many features observed in the local strong-motion 
data. 

STRONG-MOTION MODELING 

Preliminary Analysis 

Peak Motions. Inspection of the pat tern of near-source peak ground velocities 
(Fig. 2) reveals that  the largest motions occurred at stations located near the 
northwestern (LEX, LGP, SAR) and southeastern (HOL, WAT, GHB) ends of 
the aftershock zones. Tendency for large motions at both ends of the aftershock 
zone, particularly to the northwest,  can be seen in the Modified Mercalli 
intensity VIII isoseismal map shown in Figure 2c. This contrasts with the 
relatively low amplitudes recorded at COR, which is directly updip from the 
hypocenter, a location at which we expect to see strong directivity from a 
rupture propagating updip. 

Additional evidence for bilateral rupture can be seen in the t iming and 
similarity of the velocity recordings at GGC and SAR (Fig. 6, middle 6 traces). 
As seen in Figure 2, these stations are symmetrically located about the fault 
plane and are at nearly the same epicentral distance. Polarities for the radial 
and vertical components for station SAR have been reversed to correct for the 
change in sign of the P-SV radiation pat tern in order to enhance the compari- 
son. Although absolute time was not available for SAR, its t iming was esti- 
mated by noting the similarity of the S waveform with LEX (Fig. 2) and then 
correcting for the additional shear-wave propagation time from LEX to SAR. 
The timing and waveforms of the main arrivals at GGC and SAR are similar, 
although they are slightly earlier at GGC than at SAR. However, the peak 
amplitudes are considerably larger at SAR (Fig. 2). These observations demand 
a nearly symmetric, bilateral  rupture with considerably more 1-Hz energy 
radiated towards the northwest.  A single asperity centered at or above the 
hypocenter could also explain the symmetry in t iming and waveform at these 
stations, but  this is inconsistent with the small velocity amplitudes observed at 
stations located near the center of the aftershock region (BRN, CAP, COR, UCS, 
and WAH) that  should be otherwise enhanced in amplitude by a slip concentra- 
tion in the center of the fault. Further ,  a central asperity cannot easily account 
for the larger amplitude velocities observed toward the northwest and smaller 
velocities observed toward the southeast.  These observations agree with the 
main features found from the inversion of the teleseismic data. 

Trigger Times and Rupture Initiation 

The hypocentral parameters  we use are from Dietz and Ellsworth (1990) and 
are given in Table 2. In Figure 7, we compare the theoretical P-wave travel 
t imes for each station with the corresponding trigger times. Because only 
vertical motions trigger the strong-motion accelerometers, it is likely that  they 



STRONG MOTION TIMING 

TANGENTIAL 

GGC 

PJ~DIAL VERTICAL 

NW 

OBB, 

1 5 5 4  D . J .  WALD E T  AL.  

,E4.R 

~ OBS.~ 

I - - J  

0 Sec 10 

S 

FIG. 6. Comparison of velocity recordings for s tat ions GGC and SAR aligned vertically in 
absolute time. Polari t ies of the  radial  and vert ical  components for s ta t ion SAR have been reversed 
to enhance the  comparison. The synthet ic  contr ibut ion from the  nor thwest  (NW) and southeast  (SE) 
halves of the  faul t  model are shown in addition to the complete synthetic velocity. For each 
component, the  records are on the  same scale and normalized to the  peak value. The observed 
records are adjacent to each other in  the  center of the  figure. 

were triggered by P-wave arrivals. However, the accelerometers were actually 
triggered about 2 sec later than the P-wave arrival time predicted from the 
hypocentral parameters of Dietz and Ellsworth (1990). At COR, nearly directly 
above the hypocenter, the observed trigger time is about 1.8 sec after the 
P-wave arrival time predicted using the velocity model shown in Table 3. Other 
stations show similar delays. We examine this delay in Figure 8 by displaying 
the waveforms and timing of data from a variety of instrument types. The low- 
and high-gain vertical components at CALNET station BSR are shown at the 
top of the figure, followed by teleseismic station TOL, strong-motion station 
SAR, and station SAO, a Berkeley broadband instrument. These waveforms are 
aligned in absolute time, with the exception of TOL, which is aligned according 
to our interpretation of the rupture initiation. That is, the simplest explanation 
for this 2-sec delay is that a foreshock, whose magnitude was too small (less 
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t h a n  about  5) to t r igger  the  s t rong-mot ion  ins t rumen t s ,  occurred about  2 sec 
before the  ma in  pa r t  of the  rup tu re ,  and  it is th is  foreshock t h a t  was located as 
the  hypocen te r  us ing  the  h igh-ga in  regional  ne twork  data.  However ,  we suggest  
t ha t  the  ini t ia l  2 sec r ep resen t s  the  in i t ia l  s tage of rup tu re ,  pe rhaps  a smooth,  
slow growth  episode (Wald etal., 1991). As shown in F igu re  8, the  ini t ia l  s tage 
of r up tu r e  clipped the  n e a r b y  h igh-gain  s ta t ion  BSR but  shows a long-period 
component  as seen in the  low-gain component .  The  low-gain component  clipped 
af te r  about  1.6 sec. It  is a f te r  th is  t ime  t h a t  (1) the  first  te leseismic ene rgy  
becomes visible, (2) the  s t rong-mot ion  s tat ions,  begin  to t r igger ,  and  (3) the  local 
b roadband  s ta t ions  change  cha rac t e r  f rom a long-period one-sided waveform and 
d ramat i ca l ly  clip. These  observat ions  can  be i n t e r p r e t a t e d  as a slow r u p t u r e  
nuc lea t ion  t h a t  gene ra t ed  insuff ic ient  long-period ene rgy  to be seen te leseimi-  
cal ly and insuff ic ient  h igh- f requency  rad ia t ion  to t r igger  the  s t rong-motion 
ins t rumen t s .  

The observa t ion  t ha t  led to the  discovery of this  t im ing  problem was the  
ini t ia l  invers ion  of the  s t rong-mot ion  waveforms  us ing  absolute  t ime.  The 
re su l t ing  slip d i s t r ibu t ion  model  r equ i r ed  a two-lobed p a t t e r n  s imi lar  to the  
te lese ismic  resul ts ,  bu t  the  centers  of these  lobes were  forced toward  the  sides of 
the  fault .  The  slip d i s t r ibu t ion  was incons is tent  wi th  t h a t  der ived f rom the  
te leseismic da ta  and  also wi th  the  source region suggested  by the  af te rshock 
pa t t e r  (Dietz and  El lswor th ,  1990). F u r t h e r m o r e ,  it  gene ra t ed  infer ior  fits to the  
s t rong-mot ion data .  
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Thus ,  fa i lu re  to account  for th i s  de lay  can ser iously  affect source models  based 
on wavefo rm invers ion  us ing  absolute  t iming.  In par t i cu la r ,  the  modeled  rup- 
tu re  f ron t  would a l ready  have  progressed  5 k m  away  f rom the  hypocen te r  
dur ing  th is  2-sec in te rva l ,  w h e n  in fact  t he re  was probably  ve ry  l i t t le  r u p t u r e  
p ropaga t ion  dur ing  th i s  period.  In the  model ing  t h a t  follows, the  s t rong-motion 
syn the t ic  se i smograms  have  been  lagged in t ime  by 1.8 sec. We thus  chose to 
ignore  the  foreshock or r u p t u r e  in i t ia t ion ,  and  we begin  model ing  at  the  t ime  of 
the  first  s ignif icant  s t rong g round  motion.  We assume th a t  t he  ma in  ru p tu r e  
began  at  or ne a r  the  ne twork  hypocen te r  locat ion and  t h e n  allow ru p tu r e  to 
p ropaga te  out  f rom t h a t  location. This  approach is consis tent  wi th  our  analys is  
of the  te lese ismic  data ,  which  also beg in  wi th  the  first  s ignif icant  rup tu re ,  since 
the  in i t ia l  r u p t u r e  or foreshock was  too smal l  to be recorded te lese ismical ly .  
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It is not uncommon for the hypocenter determined from high-gain regional 
network data to represent  a foreshock or an earlier stage of rupture not 
observed on other data sets. Wald et al. (1990) discuss the rupture process of the 
1987 Superstit ion Hills ear thquake and suggest that  the network hypocenter 
represents an earlier foreshock and not the main rupture initiation. Hence, 
as seen on the strong-motion and teleseismic data, that  event began rupturing 
in a different location than the hypocentral coordinates determined from the 
regional network data. 

Inversion Results 

The distribution of the slip from the inversion of only the strong motion 
velocities is shown in Figure 9. Comparison of the observed (top) and synthetic 
(bottom) strong-motion velocities are shown in Figure 10. The strong-motion 
rupture model is similar to that  derived from the teleseismic inversion (Fig. 5). 
Again, slip is concentrated in two patches, one centered about 8 km northwest 
of the hypocenter at a depth of 12 km and with a maximum slip of 350 cm, and 
the other centered about 6 km southeast  of the hypocenter at a depth of 16 km 
with a maximum slip of 460 cm. These parameters  are summarized in Table 5. 
As for the teleseismic inversion, the largest localized slip concentrations are 
northwest of the hypocenter. 

The overall pat tern of the strong-motion duration and waveform complexity 
can be explained by the relative position of individual stations with respect to 
the two lobes of concentrated slip. In Figure 11, for selected strong-motion 
stations, we display in map view the observed (top trace) and the synthetic 
(second trace) velocities along with the surface projection of the fault plane and 
strong-motion slip distribution. To better  understand our synthetic waveforms, 
we also show synthetics that  result  from rupture on only the northwest 
(NW--thi rd  trace) and southeast  (SE--bot tom trace) halves of the fault. A 
similar breakdown of the synthetic ground motions for all components at 
stations GGC and SAR is shown in Figure 6. Velocities at stations located 
nearly along strike (LEX, SAR, GGC, GHB) are controlled by the nearby slip 
concentration and show little contribution from the further lobe. This is at- 
t r ibutable to both the additional distance from the further lobe of concentrated 
slip and the favorable source directivity for stations in the direction of rupture.  
For this reason, the waveforms at along-strike stations are simple, large in 
amplitude, and short in duration. Stations in the central portion of the fault 
(CAP, COR) show smaller ampli tudes and more waveform complexity, resulting 
from the lack of rupture directivity and the interference of contributions from 
the northwest and southeast  regions of large slip. We expect these waveforms to 
be the most difficult to model, since the synthetic seismograms are controlled by 
the interference of the wave fields from two propagating rupture fronts that  are 
diverging from one another. 

JOINT TELESEISMIC AND STRONG-MOTION INVERSION 

Although there are several features that  the teleseismic and strong-motion 
models have in common, variations in the results are apparent.  The teleseismic 
model has considerably more strike-slip in the shallow southeast  region of the 
fault. In addition, the overall depth of the slip concentration in the southeast  
half  of the fault is deeper in the strong-motion model. 
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FIG. 9. Northwest-southeast  cross section of the fault model showing contours of dislocation for 
strike-slip (top), dip-slip (middle), and oblique-slip (bottom) resulting from the strong-motion 
inversion. Contour interval is 50 cm. Shading values indicating slip in cm are given by the scale to 
the right of each diagram. Aftershocks with M > 4.0 projected onto the fault plane are represented 
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In order to test  the compatibility of the teleseismic and strong-motion data 
and to establish a model consistent with both, we have performed a combined 
inversion of both data sets. There is a general tendency for teleseismic inver- 
sions to prefer solutions with numerous isolated, large slip subfaults, so signifi- 
cant smoothing was required to minimize the variation of slip between adjacent 
subfaults. The strong-motion inversion is more sensitive to higher frequency 
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radiation and therefore automatically limits extreme variations in rupture that 
produce excessive short-period radiation. Therefore, the strong-motion inversion 
needed little additional smoothing. In the combined inversion, we used the 
average of the smoothing weights used in the separate inversions. Also, because 
of the relatively small source dimensions, the near-source strong-motion data 
has more resolving power than the teleseismic data. The teleseismic data are 
dominated by a single velocity pulse, which is not as sensitive to subtle changes 
in the details of the rupture process as are the higher-frequency strong-motion 
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data. Accordingly, we have chosen to weight the strong-motion results by a 
factor of 2 over the teleseismic data in the combined inversion. 

The slip distribution resulting from the joint inversion of the strong-motion 
and teleseismic models (Fig. 12) is very similar to that resulting from the 
inversion of either the strong-motion or teleseismic waveforms. This could have 
been anticipated since our previous models, which were derived from these 
independent data sets, are so similar. The combined inversion model is our 
preferred model, and it represents a compromise between our two previous 
source models. However, in order to best satisfy both data sets, slip is more 
concentrated in the central portion of the northwest lobe of dislocation when 
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TABLE 5 

INVERSION MODEL SUMMARY 

Moment Maximum Slip Radius* Average Stress Drop ~ 
Model ( × 10..26 dyne-cm) Slip (cm) (kin) Slip (cm) (bars) 

Strong motion 
Northwest  t 1.9 350 7.2 
Southeast* 1.2 460 6.2 
Total 3.1 460 

Teleseismic 
Northwest  2.0 347 6.3 
Southeast  0.8 420 5.8 
Total 2.8 420 

Strong motion and 
teleseismic 

Northwest  2.2 491 5.3 
Southeast  0.8 371 6.2 
Total 3.0 491 

209 138 
148 114 
134 46 

210 155 
129 105 
118 41 

248 218 
181 136 
141 49 

*Asperity radius for stress drop calculations (Fig. 12). 
tNor thwest  and southeast  halves of the  model fault. 
*Stress drop of asperit ies in  nor thwest  and southeast  halves of the fault  shade in Figure 12 (see 

text  for details). 

S t r o n g  M o t i o n  C o n t r i b u t i o n s  
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FIG. II. Display of strong-motion data (top trace), complete synthetic seismograms (second trace), 
and contributions from the northwest half (third trace--NW) and southeast half (bottom trace--SE) 
of the model fault. For each station, all traces are scaled to a common peak value. The surface 
projection of the strong-motion slip distribution is also shown. 

our inversion models, we show slip vectors for individual subfaults in Figure 13. 
Maximum values for the absolute slips are given in Table 5. The average rake 
angles, based on the relative components strike slip and dip slip for the 
strong-motion, teleseismic, and combined inversions are 142 °, 144 °, and 145 °, 
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FIG. 12. Northwest-southeast cross section of the fault model showing contours of dislocation for 
strike-slip (top), dip-slip (middle), and oblique-slip (bottom) resulting from the combined strong-mo- 
tion and teleseismic inversion. Contour interval is 50 cm. Shading values indicating slip in cm are 
given by the scale to the right of each diagram. 

respec t ive ly .  Th is  ag rees  well  w i t h  the  r a n g e  of va lue s  g iven  in  the  t e lese i smic  
point  source s tud ies  of  o the r  r e s e a r c h e r s  (Table  4) and  w i t h  geodetic mode l ing  
r e su l t s  (Lisowski  et al., 1990). 

I nve r s ion  of only  t he  t e l e se i smic  da t a  does not  r e su l t  in sy s t ema t i c  spa t i a l  
v a r i a t i o n s  of t he  r a k e  ang le  (Fig. 13, middle). However ,  invers ions  us ing  the  
s t rong-mot ion  d a t a  (F igures  13, top and  bottom) show a c lear  t endency  for more  
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FIG. 13. Northwest-southeast cross section of the fault model showing the rake angle for each 
subfault as determined in each inversion. The length of the vector is proportional to the amount of 
slip, each normalized by the peak slip on the fault plane. 

v e r t i c a l  r a k e  a n g l e s  for  slip t h a t  is n o r t h w e s t  of  t h e  h y p o c e n t e r  a n d  for  m o r e  
h o r i z o n t a l  r a k e  a n g l e s  for  slip t h a t  is to  t h e  s o u t h e a s t .  A l t h o u g h  our  mode l s  
a s s u m e  all  slip occurs  on  a s ing le  70 ° d i p p i n g  p l ane ,  t h i s  s y s t e m a t i c  c h a n g e  in  
r a k e  a n g l e  co inc ides  w i t h  a n  a p p a r e n t  c h a n g e  in  t h e  dip of  t he  a f t e r s h o c k  zone 
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from about 70 ° for the segment northwest of the hypocenter to nearly vertical 
near the southeastern edge of the fault plane (Dietz and Ellsworth, 1990). 

One shortcoming of our model is its failure to produce the large amplitude 
transverse motions observed at HOL (Fig. 10b), although site response studies 
do indicate significant site amplifications at this station (K. Aki, personal 
comm.). HOL is located along the southeast  projection of the fault, and it has an 
unusual ly  large motion perpendicular to the fault strike (Fig. 2b). Strike-slip 
faulting on a separate vertically dipping, southeast-trending fault plane located 
at the southeast  end of the aftershock area (perhaps the San Andreas fault) is 
suggested by this waveform. The radiation pat tern from a vertical strike-slip 
mechanism would greatly enhance the tangential  component and yet not con- 
tr ibute to the near-nodal radial and vertical components. Such a model is 
consistent with the near vertical aftershock distribution and strike-slip mecha- 
nisms near the southeastern edge of the inferred rupture zone (Dietz and 
Ellsworth, 1990). Pure strike-slip motion occurs on the shallow, southeastern 
section of our fault inferred from the teleseismic data, but  it is not seen in 
models inferred from strong-motion data. 

To estimate the stress drop for the regions of concentrated slip, we approxi- 
mate their area with a circular region and calculate the average slip within 
that  region. The choice of regions for stress drop calculations are the shaded 
regions in Figure 13. The stress drop expression of Eshelby (1957) for a circular 
fault, A a = (7~r//z~)/(16 a) (where # is the rigidity, ~ is the average dislocation, 
and a is the radius) is used for this calculation. Using ~ = 3.4 × 1011 dyne/cm 2, 
we obtain the stress drop values given in Table 5. For the entire fault rupture,  
it is more appropriate to use the relationship of Parsons et al. (1988) for a long, 
buried, strike slip fault, Aa = ( C ~ ) / ( w ) ,  where w is the downdip fault width 
and C is a constant dependent on the fault plane dimensions. Using our fault 
dimensions, their results require C to be approximately equal to 1.75. We 
use w = 17 km and have tabulated the stress drops for all three inversions in 
Table 5. 

In general, the rupture dimensions of significant slip agree well with the 
overall slip dimensions based on the active perimeter of the aftershock zone 
(Dietz and Ellsworth, 1990). This result  is consistent with the observation of 
Mendoza and Hartzell  (1988) that  aftershocks often cluster along the margin of 
regions of the fault  that  experienced large co-seismic slips. The regions of major 
slip in our models coincide with a region of relatively few aftershocks in the 
central portion of the aftershock zone. However, our model suggests less updip 
rupture than inferred by Dietz and Ellsworth (1990) from the aftershock distri- 
bution alone. Hence, while the general features of the rupture may often be 
inferred from the aftershock activity, significant features of the rupture may be 
obscured in the aftershock patterns.  The exact details of the aftershock pat tern 
for this ear thquake vary significantly depending on the time duration chosen 
for the analysis (see for example Dietz and Ellsworth, 1990, Figs. 3a through c). 
Consequently, we consider only the larger (M > 4.0) aftershocks including 
those within the first 34 min of the mainshock (Simila et al., 1990) and find a 
tendency for aftershocks to cluster around the major slip concentrations in our 
models (Fig. 9, bottom), part icularly in the  northwest region of the fault. 

The use of three time windows (each having a duration of 0.7 sec) allows us to 
make general observations about the nature of the rupture velocity and slip 
time history. We expect regions requiring a locally slower rupture velocity to 
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make use of the later time windows in order to compensate for the slower, fixed 
rupture velocity. Likewise, regions with a faster rupture velocity would take 
advantage of only the first rupture window. Overall, in both the strong-motion 
and teleseismic inversion, slip in the first window dominates, with minor slip 
occurring in the second and third windows (Fig. 14) over much of the fault. This 
implies that the rupture t iming in our model satisfies the data and that large 
variations in the rupture velocity are unnecessary. There is some suggestion of 
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Fro. 14. Separate oblique-slip contributions for t ime window 1 (top), 2 (middle), and 3 (bottom) 
resulting from the strong-motion inversion. Each time window is separated by 0.6 sec. Contour 
interval is 25 cm. 
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locally slower rupture  velocity or somewhat longer slip duration along the outer 
northwest margin of the northwestern asperity, the same region that  exhibits 
the majority of M > 4.0 aftershocks. 

The fact that  most of the slip is concentrated in the first t ime window 
indicates that  our models prefer short slip durations (less than 1 sec) for a given 
point on the fault. This implies that  only a small portion of the entire rupture 
surface is slipping at any given time. For example, the portion of the fault 
rupturing 5 sec after the nucleation time is depicted in Figure 3 as the shaded 
area within time window 1. Short slip durations have been inferred for other 
earthquakes,  and they have an important implication for rupture mechanics 
(Heaton, 1990). 

CONCLUSIONS 

From analysis of the three inversion results, we find a bilateral dislocation 
pat tern with two main regions of oblique slip. One region is centered about 6 to 
8 km northwest  of the hypocenter at a depth of 11 to 13 km, and the other is 
centered at 7 to 9 km southeast  of the hypocenter near a depth of 15 to 16 km. 
The northwestern patch has a larger moment, a higher average slip, and 
consequently a larger overall stress drop (Table 5). It is also the source of the 
largest observed strong-motion velocities recorded about 20 km northwest of the 
epicenter (See Figs. 2 and 11). Dominant  radiation toward the northwest is also 
confirmed by the overall damage patterns and landslides concentrated in re- 
gions northwest of the epicenter (Benuska, 1990). Likewise, there is an az- 
imuthal  dependence to the peak ground motions as observed by Boore et al. 
(1989, Fig. 6). They note a tendency for high residuals relative to predicted 
peak values at rock sites toward the northwest compared to all other azimuths. 

At the request  of the Editor, we now compare our slip model with the other 
dislocation models presented in this volume (Beroza, 1991; Hartzell et al. ,  1991; 
Steidl et  al. ,  1991). Although there are significant differences in the amplitude 
and direction of slip vectors between our model and others, there is also 
remarkable  agreement  in these models concerning the overall nature of this 
rupture.  All researchers conclude that  bilateral rupture with relatively little 
slip updip from the hypocenter best explains the waveforms. All researchers 
find that  the majority of slip occurred in two relatively small patches nearly 
equidistant from the hypocenter: one to the northwest and one to the southeast.  
All studies indicate that  a fairly uniform rupture velocity of approximately 80% 
of the local shear-wave velocity together with a relatively short slip duration at 
any point (less than about 1.5 sec) best explains the waveforms. 

Although our model is similar in most respects to the others presented in this 
volume, it differs substantial ly in two aspects. First, the local rake vectors vary 
significantly among the models discussed here. On average, the rake vectors in 
the region southeast  of the hypocenter for our model and that  of Hartzell et al. 
(1991) agree and are about 145 °. Both these models have similar oblique rake 
components in the northwestern asperity. In contrast, the southeastern asperity 
in the models of Beroza (1991) and Steidl et al. (1991) shows rake angles 
indicating nearly pure strike-slip (rake approximately 160 to 170°), yet have 
almost pure thrust ing rake vectors (80 to 90 ° ) within the northwestern asper- 
ity. These two models require an approximately 80 ° change in rake vector from 
the southern to northern halves of the fault with no corresponding change in 
dip. It should also be emphasized that,  although the slip distributions of 
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Hartzell et al. (1991) and Beroza (1991) look similar, the rake vector in the 
region of dominant slip for these models (the southeast  asperity) is different by 
about 40 ° and would likely produce substantial ly different near-field ground 
motions. 

Second, in addition to the variat ion in the local rake directions, the partition- 
ing of the total slip along strike in asperities northwest  and southeast  of the 
epicenter in our model requires more slip in the northwest  region (Figs. 5, 9 and 
13; Table 5); the other models require a majority of the slip in the southeast 
asperity. Considering that  rise times, rupture velocities, and source geometries 
are similar among the various models, disparities in the resulting slip distribu- 
tion models most likely reflect variations in the data sets employed. Other 
parameters  being comparable, station coverage and weighting are perhaps the 
most critical elements controlling the slip partitioning. A source of dominant 
radiation northwest  of the epicenter is required by the strong-motion data used 
in our study (see Fig. 2). In particular,  the large, coherent arrivals at stations 
SAR, LEX and LGP require significant slip and directivity in tha t  direction. A 
comparison of waveform fits at station SAR by the various models is particu- 
larly revealing and reflects the differences in modeling strategy. 

The strategy adopted by Steidl et al. (1991) was to obtain the largest possible 
azimuthal coverage by including stations out to 60 km. Thus, they modeled a 
number of distant stations to the north (FRE, FMS, WFS, CSS, and CSP) quite 
well, while doing a relatively poor job at SAR in fitting both waveform and 
amplitude. They did not use LEX and LGP, the two stations with the largest 
observed ground velocities, and therefore the wave field at these ray parameters  
is down-weighted relative to distant samples. If their Green's functions are 
adequate for these distant stations and ours prove less than desirable at LEX, 
SAR, and LGP, then they have a more reasonable interpretation. A detailed 
study of aftershock recordings at the various stations is one way to resolve this 
particular issue, since local receiver structures can be recognized and the 
adequacy of the theoretical Green's functions may be examined. 

It is not so clear why the slip distribution model of Beroza (1991) has different 
characteristics than ours. Although he does not use the vertical components of 
the ground motion, his station selection in the northwest  region of the fault is 
similar to that  in our study. Waveforms fits at  his northwestern stations show 
significant differences from those of our model. Perhaps the slip distribution 
variabili ty is part ial ly due to the differences in the applied Green's functions, as 
he suggests; we employed the complete layered space solutions, whereas he used 
only geometric ray approximations. Again, a comparison of near-field and 
far-field Green's functions with simple aftershocks at SAR and other stations 
should help resolve this issue. 

Slip in the southeastern asperity is obviously constrained by the southeastern 
stations, as described in F igure  11. We used station WAT and a few of the 
Gilroy stations. We observed that  the other Gilroy stations have complex 
receiver functions and omitted them. The data sets from the other studies 
excluded WAT and used additional stations from the Gilroy array. The use of a 
dense set of stations over a limited distance and azimuthal ranges provides 
redundant  coverage and may favor slip in the southern portion of the fault 
plane. 

Clearly, the teleseismic data has less resolving power along strike than the 
strong motion, as can be observed by comparison of P and S H  waveforms from 
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this study and those of Hartzell et al. (1991). Although the slip models are quite 
different, indeed they are nearly northwest-southeast reversed, they produce 
very similar teleseismic waveforms, which suggests a lack of resolution from 
this data set. The teleseismic data, however, does resolve updip directivity and 
requires a bilateral rupture with little updip slip. Again, it is most likely that 
the differences in the teleseismic models result from variations in station 
coverage. Hartzell et al. (1991) use similar teleseismic stations to ours, but they 
add several additional stations, particularly in the northwestern and northeast- 
ern azimuths. These additions do not substantially augment azimuthal cover- 
age and may actually bias the result. Removal of these stations from their 
inversion results in a model similar to our results, favoring northwestern slip 
(Steve Hartzell, personal comm.). 

It is important to note that, even though the slip distribution and rake vectors 
vary, the net sum of any of these models will be very similar at long periods. 
This can be explained by the fact that the bilateral rupture radiates from both 
asperities simultaneously. Hence, as long as the net rake vector and total 
moment are preserved, the resulting models should produce similar and ade- 
quate teleseismic waveform matches. This, however, is not true for the near-field 
data. That the waveform comparisons for all the strong-motion models are less 
than remarkable may reflect the need for a more complex rupture surface than 
the idealized flat planar models used here. 

In general, the rupture process of the Loma Prieta earthquake was fairly 
simple for a magnitude 7.1 earthquake, rupturing only a relatively short (< 35 
km) fault segment (Kanamori and Satake, 1990). The relatively short duration 
of strong motion can be partially attributed to the bilateral nature of the 
rupture. Further, the relatively large depth of slip concentrations had the effect 
of moderating the size of the ground velocities in the near-source region. 

Most of our current knowledge of fault asperity characteristics has been 
derived from ground-motion frequencies that are lower (< 1 Hz) than the 
frequency range of most interest in earthquake engineering. Wald et al. (1987, 
1988) found that large-scale asperity models derived from longer-period velocity 
data also explained many characteristics of the higher-frequency accelerograms. 
Our results here indicate that the asperities that control the broadband teleseis- 
mic waveforms (3 to 30 sec) also dominate the higher-frequency strong motions 
(1 to 5 sec). 

In an effort to understand the radiation of the higher frequency motions 
during the Loma Prieta earthquake, we have performed an inversion with the 
observations and synthetic seismograms bandpassed filtered from 0.1 to 3 Hz. 
We used a finer discretization of the fault plane, with 200 subfaults each having 
dimensions of 2.0 km along strike and 2.0 km downdip. We also reduced the 
duration of the source-time-function to 0.5 sec. Our results indicate that 
the same regions of large slip that control the longer period teleseismic wave- 
forms and the strong-motion velocities up to 1 Hz are also responsible for 
higher-frequency (> 1.0 Hz) radiation. We also note that the inversion using 
higher-frequency data appears to favor slightly more concentrated asperities. 
Understanding the relationship between long-period source models of large 
earthquakes and the radiation of high frequencies is critical for the prediction of 
ground motions in the frequency range of engineering interest. Future work 
will address the nature of the high-frequency radiation further. This will 
require more sophisticated timing corrections based on the aftershock data 
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r eco rded  a t  m a n y  of t h e  s t r o n g - m o t i o n  s t a t i o n s  u s e d  h e r e  a n d  a m o r e  d e t a i l e d  

t r e a t m e n t  of t h e  v a r i a t i o n s  i n  p r o p a g a t i o n  p a t h s  a n d  s i te  effects  of i n d i v i d u a l  
s t a t i o n s .  
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