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DIRECTIONAL SITE RESONANCES OBSERVED FROM
AFTERSHOCKS OF THE 18 OCTOBER 1989 LOMA
PRIETA EARTHQUAKE

BY ORNELLA BoNamAssa AND JoHN E. VIDALE

ABSTRACT

Two weeks after the 18 October 1989 Loma Prieta, California, earthquake, 18
three-component digital seismometers were deployed in the epicentral area to
form three six-station subarrays. The subarray configuration allowed us to
investigate the presence of direction- and frequency-dependent site resonances.
We measured the shear-wave polarization from the recordings of 10 aftershocks
from the Loma Prieta earthquake.

Our observations show that the site response has a strong azimuthal depen-
dence and that both the shear-wave polarization and the spectral amplitude of
the ground motions are affected by site characteristics. In the frequency range
from 1 to 18 Hz, the majority of stations examined showed preferred azimuths of
ground motion for the scattered waves that did not depend either on the
earthquake location or on the polarization of the shear waves expected from the
known focal mechanism. The measurements were made from 5-sec windows that
included direct and scattered shear waves, which contain the largest amplitude
motions in the near-source region and are therefore of most interest to earth-
quake engineers. However, in the 0- to 2-Hz frequency range, the first puise of
shear waves shows a polarization that is well predicted by the mechanism and
location of the earthquake.

The rapid spatial variation of the preferred directions and their corresponding
frequencies indicate that geologic structures within a distance of the order of 50
m probably control these site effects. We suggest that the site ampilified the
motion of scattered waves in one preferred direction, altering the resuiting
polarization and modulating the spectral amplitude.

INTRODUCTION

The analysis of strong ground motions recorded at various surficial sites (Seed
et al., 1976; Campbell, 1981; Joyner and Boore, 1981; Rogers et al., 1984;
Kagami et al., 1986) and in boreholes (Haukkson et al., 1987; Malin et al.,
1988) shows that near-receiver geology is an important factor in determining
the strength of shaking from an earthquake. Spectral analysis of time histories
recorded at the same site for Italian earthquakes has shown amplification (or
deamplification) in specific frequency bands that is independent of earthquake
location and that is not reproduced at neighboring sites (Rovelli et al., 1988).
On the basis of observations such as these, the sum of the complex phenomena
that take place near the receiver has been termed the site effect. Although both
source and site effects strongly influence observed spectral amplitudes, it is still
possible to distinguish between the two effects (e.g., Andrews, 1984; Castro et
al., 1990; Mueller and Bonamassa, manuscript in preparation).

In many cases, flat-layered receiver structure has been useful in explaining
observed site amplification (e.g., Seed et al., 1972; Joyner et al., 1976). The
amplification of 2-sec energy by lakebed deposits in Mexico City during the
1985 Michoacan earthquake is a dramatic example of the influence of thin
low-velocity layers near the Earth’s surface (Campillo ef al., 1989). Patterns of
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amplification and duration of shaking on the surface that require lateral
variations in geologic structure (Vidale and Helmberger, 1988), and strong-
motion effects of some simple large-scale structures (Vidale et al., 1985; Bard
and Gariel, 1986; Kawase and Aki, 1989) have been investigated; however, the
importance of near-receiver structures more complicated than horizontal layers
has not been previously documented for high-frequency seismic energy.

The aim of our study is to investigate the presence of direction- and fre-
quency-dependent station resonances. Previous work on the 1987 Whittier
Narrows, California, earthquake sequence suggests that the strength of the
shaking at a site partly depends on the focal mechanism (Vidale, 1989), but this
study indicates that in many cases the direction of polarization of the motion
depends on the site geology. We show that in the frequency range from 1 to 20
Hz, some sites have preferred directions of ground motion polarization that do
not depend either on the earthquake location or on the polarization of the shear
waves expected from the focal mechanism. The most likely explanation for
these azimuthal patterns is that particle motion in one direction is amplified
compared to the motion in the orthogonal direction. The observations that these
amplifications can change on a scale of 25 m and that the preferred directions of
motion remain relatively constant through the S-wave arrival and coda suggest
that these structures are very near the receivers, probably within distances of
the order of 50 m. It is of great interest to earthquake engineers whether
particular sites are likely to be strongly shaken in particular directions in a
given frequency range. Our observations are not explicable by the conventional
azimuthally symmetric models of site response.

DATA ANALYSIS

The analysis performed in this article is based on data collected with the
instruments provided by the IRIS-PASSCAL Loma Prieta Aftershock Project.
During the first 2 weeks after the 18 October 1989 Loma Prieta earthquake, 21
stations, each consisting of one Reftek 16-bit digitizer and two L-22 three-
component geophones (resonance frequency is 2 Hz), operated in the epicentral
region. For the following 3 weeks, nine of these instruments were reconfigured
to form three six-station, three-component subarrays (for a total of 18 recording
sites) to allow a detailed study of ground motions (see Fig. 1). The geometry of
the subarrays was designed to be favorable for the analysis of the spatial and
frequency coherence of the shaking. Figure 2 shows the location of the sensors
at the ZAYA array whose records we examined in detail in this article.

Ten aftershocks characterized by varying locations and differing focal mecha-
nisms (see Table 1) were selected for analysis. All events have an excellent
signal-to-noise ratio and clear initial P-wave onsets and were recorded by all six
stations installed at the ZAYA array.

This study is focused on the ZAYA site, but a preliminary analysis of data
from the two other array sites shows similar levels of site effects at the PREZ
array and less severe site effects at the WVRD array. A typical suite of the
north-south component seismograms for all six elements of the ZAYA array is
shown in Figure 3. It is remarkable that even the instruments spaced only 25 m
apart record noticeably different signals.

Our analysis of site effect is based on both the polarization and spectral
amplification of shear waves at the stations of the ZAYA array. On each
seismogram, a cosine-tapered 5-sec window is applied in order to analyze both
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Fic. 1. Map view of the IRIS-PASSCAL stations and earthquake locations used in the analysis.
Earthquake locations were obtained from David Oppenheimer (personal comm.).

1200™\_|
{ RN
Ridge

( E T
000 Z6 0 100 m
- S

Contour Interval = 40 feet

Fic. 2. Location of the six three-component stations comprising the ZAYA array. The array has

the geometry of an inner and an outer triangle whose sides are approximately 25 and 300 m,
respectively.

direct and scattered shear waves. The use of the 5-sec window for earthquakes
having source duration less than 1 sec is justified by the need to study the part
of the seismogram that shows the strongest shaking. If strong shaking lasts less
than 5 sec, the polarization analysis is weighted by the square of the amplitude
of shaking and therefore is dominated by the time intervals that have strong
shaking. The spectra used below are an rms of the amplitude spectra of the two
horizontal components. For each event, an average spectrum is computed by a
logarithmic average of the spectra at all triggered stations, excluding the



1948 0. BONAMASSA AND J. E. VIDALE

TABLE 1
EARTHQUAKE PARAMETERS
Depth A Dip
Day Time Latitude Longitude (km) (km) Magnitude Direction™ Dip Rake

11-14-89 00:02 37°10 —121°51/ 3.7 17 1.9 145° 80° 50°
11-14-89 04:50 37°1V —121°58 6.0 7 2.3 2156° 40° 130°
11-14-89 08:41 37°1% - 122°09 8.4 16 2.0 230° 30° 120°
11-14-89 17:33  37°48’ —-121°3¢4 7.1 58 3.1 90° 15°  -130°
11-14-89 20:41 37°05 —-121°50 5.7 19 2.8 220° 358° 100°
11-14-89 21:16 37°05’ -121°51" 5.6 20 3.4 165° 50° 10°
11-15-89 10:04 37°04 -121°53 15.0 15 2.5 275° 40° -50°
11-15.89  10:08 37°04’ -121°53° 148 16 2.3 260° 35° —50°
11-16-89 04:59  37°11’ -122°03° 10.8 5 2.9 240° 45° 160°
11-16-89  14:07 37°12’ -122°03 10.5 5 2.4 200° 65° 100°

*The dip direction is the strike direction increased by 90°.
Mechanisms were provided by D. Oppenheimer (personal comm.).
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Fic. 3. North-south component seismograms for all six elements of the ZAYA array. The top
three seismograms were recorded at the inner sites spaced 25 m apart; however signals are

noticeably different.

stations of the ZAYA array. In this way, azimuthal amplitude variations and
site effects have been averaged, providing a spectrum characteristic of the
event. We did not correct for instrumental response, geometrical spreading,
focal mechanism, or attenuation along the path. With logarithmic averaging,
geometric spreading corrections would only shift the baseline of the spectra, not
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change the patterns shown. Attenuation appears to depend on the path in
unpredictable ways; this may be the subject of future studies. We note, however,
that some studies have inverted for attenuation (e.g., Castro et al., 1990).

Spectral amplitude ratios are computed between each of ZAYA’s six stations
and the average event spectrum at frequencies of 1 to 20 Hz. Ratios estimated
for each event are averaged for the 10 events considered and are shown in
Figure 4. This figure compares the average spectral amplitude of ZAYA’s
stations to the rest of the network. A value of the ratio equal to one would
represent spectral behavior similar to the rest of the stations; in general, some
amplification is seen. An increase in the ratio in two distinct frequency ranges
is evident: at low frequency between 2 and 7 Hz for all stations, and at high
frequency between 13 and 18 Hz for some stations. The amplitude ratios for the
inner three elements are similar at 6 Hz and lower frequencies; the outer
elements are similar only below 3 Hz.

The primary goal of this analysis is to investigate directional site effects and
to determine their consistency and strength. A site effect that introduces a
consistent amplification of one component of the motion will be most easily
recognizable in a polarization study. Therefore, we have performed a systematic
estimate of shear-wave polarization direction at different frequencies for many
earthquakes with various locations and mechanisms recorded at the stations of
the ZAYA array. Cosine-bell-shaped 2-Hz-wide windows centered from 1 to 20
Hz have been applied in the frequency domain as bandpass filters in overlap-
ping frequency bands. Polarization directions have been estimated from the
covariance matrix of the real signal. The eigenvector associated with the largest
eigenvalue points in the direction of the largest amount of ground motion: this
direction is indicated in this article as the polarization direction (Montalbetti
and Kanasewich, 1970; Vidale, 1986). In order to eliminate scattered compres-
sional waves from the analysis of shear-wave polarization, we have estimated
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Fia. 4. Average spectral ratios for the six elements of the ZAYA array. Solid symbols are from
the inner elements, open symbols from the outer elements.
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Fic. 5. Direction of strongest polarization plotted against frequency for the station Z1. Data from
10 events are shown. The symbol size is proportional to the amplification relative to the average
spectra computed from stations outside the ZAYA array. The polarization has a range of 180°; the
range extends from east to west through north. Thus, the polarization direction wraps from the top
of the plot to the bottom.

the dip angle of each filtered signal. Data having polarization dips larger than
25° from the horizontal are most likely due to late P-wave coda, which we
verified by inspecting the time domain records, and have been discarded. This
selection has reduced the number of polarization measurements available at
frequencies higher than 10 Hz.

ResuLTs

The polarization direction versus frequency at station Z1 is shown in Figure 5
for the 10 events analyzed. In the hypothesis that the polarization is controlled
exclusively by the focal mechanism at all frequencies, we would expect the
polarization to have a certain azimuth at 1 Hz and to maintain that azimuth for
all frequency bands. Plotting together the angles estimated for 10 different
events for the range of frequencies, we would expect the angle values not to
change with frequency for the same site for a given event, with each event
showing a different direction of shaking. Instead, we see that in the frequency
range from 2 to 5 Hz, most events produce particle motion with an azimuth of
about —20° (N20°W) in correspondence with the spectral amplification seen in
Figure 4 for this station. The spectral amplification may also be seen in the
clustering of the largest symbols near —20° at 22 to 4 Hz. Perhaps some
alignment at the azimuth 70° is seen for frequencies from 15 to 18 Hz. The
similarity of particle motion directions for the 10 events, despite differences in
focal mechanisms, suggests that the geologic structure that is amplifying
motion at 2 to 5 Hz is more complicated than a simple stack of flat layers. Our
interpretation of Figure 5 is that ground motion at site Z1 in the 2- to 5-Hz
range is most prone to strong shaking with an azimuth of —20°, and the
particle motion carries little information about the focal mechanism, with the
exception of the first 0.5 sec, as noted below.
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That this directionality is significant may be seen in Figure 6, which shows
the horizontal particle motion of the ground in the passband from 3 to 5 Hz. The
ratio of amplitude in the direction of strongest shaking (generally N20°W) to
the amplitude in the orthogonal direction ranges from 1.4 to 2.5 and averages
1.8. The ratio of 1.8 in amplitude means a ratio of 3.2 in the energy of shaking,
which may be significant to engineers.

Horizontal Particle Motion
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Fie. 6. Horizontal particle motion in a 5-sec window that starts with the shear-wave arrival for
station Z1. Data are filtered in the passband from 3 to 5 Hz. The arrows point in the polarization
direction predicted by the focal mechanism. The events are specified by hour and minute in the

lower left corner of each frame.
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Four of the six elements in the ZAYA array show strongly preferred S-wave
particle motion directions in some frequency bands. Plots for station Z2 to Z6
are shown in Figure 7. Station Z2 shows a preferred direction of motion that
shifts continuously clockwise from about 0° toward 90° with increasing fre-
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Fic. 7. Direction of strongest polarization plotted against frequency for the stations Z2 to Z6.
Data from 10 events are plotted. The symbol size is proportional to the amplification relative to the
average spectra computed from stations outside the ZAYA array.
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quency. Stations Z3 and Z6 show no strong direction-dependent patterns, how-
ever neither do they show agreement with the direction expected from the
locations and focal mechanisms. Station Z3 may show the more traditional
direction-independent amplification at 3 to 5 Hz, consistent with the expected
results from a flat-layered structure. Station Z4 shows motions centered around
—45° at 1 Hz and a strong —60° clustering and amplification at 15 Hz. This
behavior differs strongly from 1-Hz observations at the inner stations that show
a preferred direction for the polarization in the positive range. Thus, the
amplitude at 1 Hz is similar across the array, as seen in Figure 4, but the
polarization directions at 1 Hz vary, as seen in Figures 5 and 7. Station Z5
shows particle motion orientation that rotates counterclockwise from 0° to
—90° in the frequency range from 1 to 10 Hz.

The estimated polarization directions are due to the strongest shaking in the
5-sec windows and apparently carry little information about the source. A closer
examination of the seismograms allows us to formulate an interpretation of the
observed phenomenon.

Figure 8a shows the seismograms of the event of 14 November 1989 at 00:02
GMT (same event shown in Fig. 3, details are given in Table 1) recorded by the
six sensors of the ZAYA array. The top traces are the stack of the recordings
shown below. For each sensor, two horizontal components are plotted: the upper
trace is in direction of the polarization consistent with the focal mechanism; the
lower is in the orthogonal direction. Data have been filtered with a passband of
0 to 2 Hz. The component in the direction of the expected polarization starts
with a 0.5-sec pulse, followed by a scattered coda characterized by a lower
amplitude. The orthogonal component is quiet at the time of the pulse, but it
shows a series of scattered waves in the coda whose amplitude is comparable
with the coda on the other component. This phenomenon is evident for all the
six sensors, confirming that the polarization direction of the first 0.5-sec pulse is
consistent with the polarization direction predicted by the focal mechanism.
This initial coherence is expected (see Bernard and Zollo, 1989, for a review;
Menke et al., 1990). Figure 8b shows the same data, but bandpass filtered
between 3 and 5 Hz, where the directional resonance is observed for station Z1.
Various stacking strategies were tried, but the 3- to 5-Hz energy simply does not
stack well. As in the previous figure, the first pulse is present in the top
seismogram recorded at Z1 and is almost absent in the orthogonal component.
The coda, however, shows peak amplitudes larger than in the first 0.5-sec of the
signal. This coda can be interpreted as a resonance effect that generates the
strongest shaking of the signal and whose directional dependence is evident in
the analysis of the polarization.

The focal mechanism can also be observed in the average polarization of the
array in the low-frequency passband (0 to 2 Hz). Figure 9 shows the comparison
between the polarization direction predicted by the focal mechanism and the
polarization direction obtained by averaging the 0- to 2-Hz covariance matrix of
the six sites at ZAYA array (Jurkevics, 1988). Aside from the case of observa-
tions predicted to be nodal, the agreement between focal mechanism and
average array polarization is quite good.

The physical cause of this resonance effect may be topography and surface
geology, given the lack of information available about the detailed structure
beneath the sensors. The six sensors lie at the two sides of the San Lorenzo
syncline in a geologically homogeneous area of Tertiary age. The surface
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Fic. 8. Data from the 14 November 1989 (00:02 GMT) aftershock. The horizontal component
seismograms recorded at the six sites of the ZAYA array have been rotated in the direction of
polarization expected from the focal mechanism and in the orthogonal direction. (a) The data have
been filtered in the 0- to 2-Hz passband. The fop two seismograms are the stack of the six
two-component data shown below. (b) Same as (a), except that the seismograms have been filtered
in the 3- to 5-Hz passband.

geology indicates that the sensors Z1, 722, Z3, 74, and Z5 have been buried in
Lambert Shale (Marine semi-siliceous shale and siltstone; Saucesian stage, late
Miocene), while sensor Z6 is in the slightly older Vaqueros Sandstone (Marine
arkosic sandstone; minor siltstone; Saucesian and Zemorrian stages, Brabb and
Dibblee, 1979). Surface geology and topography are similar for the three inner
sensors, leaving the observed differences unexplained. The sensor Z4, located on
a steep slope near a ridge, resonates with directions that are not easily related
to topography, while sensor Z6 lies on a steepest ridge and does not show a
well-defined site effect. In sum, observations are not easily related to topogra-
phy, while geology probably plays a significant role.

Figure 10 summarizes our results. For each station, the arrows indicate the
direction of polarization and its frequency band. In general, sites that exhibit
some directional effect show resonance at low frequency (1 to 3 Hz) in the
northwest-southeast direction and at higher frequency in the east-west direc-
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F1c. 10. Map of the ZAYA array displaying a summary of the observed directional resonances.
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tion. We will not attempt to interpret this probably coincidental correlation
here.

The most likely explanation for the observed resonance patterns is that
particle motion in selected frequency bands is amplified in particular directions
compared to motions in other directions. The specific geological structures that
cause this amplification are not yet known. The direction of amplified particle
motion changes across the inner 25-m triangle of stations, and the preferred
directions of motion at each station remain relatively constant through the
S-wave arrival and coda.
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CONCLUSIONS

The analysis of 10 events recorded at a small-aperture array of six digital
stations has shown that polarization, as well as spectral amplitude of the
ground motion, can be affected by site characteristics. Similar directional site
resonances have also been noticed by the authors for the 1 October 1987
Whittier Narrows earthquake (Vidale et al., 1991). We suggest that the site
may amplify the motion in one preferred direction, leaving the motion in the
orthogonal direction unaffected or diminished. This direction-dependent ampli-
fication alters the particle motion. However, the first 0.5-sec pulse of the
recorded signals often shows a polarization direction consistent with the
polarization direction predicted by the focal mechanism. The observation of a
directional resonance is new, while site-specific spectral amplifications have
previously been widely observed.

The specific geological structures that cause this amplification are not yet
known. Lateral gradients in near-surface shear-wave velocity are the most
likely cause of these lateral resonances. The observations that these amplifica-
tions can change on a scale of 25 m and that the preferred directions of motion
remain relatively constant through the S-wave arrival and coda suggest that
these structures are very near the receivers, probably within a few tens of
meters. The predictability of the preferred direction of strong shaking should
prove useful to earthquake engineers.
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