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ABSTRACT

Strong motion records digitally recorded on an accelerograph array installed since
1985 above the Guerrero, Mexico subduction zone are inverted to find the source spec-
tra, the site response, and the quality factor Q of S waves. Results obtained using a two-
step inversion and a complete parametric approach are not significantly different We
assume that the geometrical spreading is proportional to the inverse of the hypocentral
distance and find that the frequency dependence of Q for frequencies f> 0.8 Hz does
not follow a simple linear relation as observed in previous studies of attenuation in
other regions. When the source spectra are interpreted in terms of Brune’s model, the
stress drops obtained are less than 20 bars for the larger events analyzed. The site func-
tions obtained indicate that although all the stations used are on rock, the effect of the
near surface geology caused important amplifications at some stations.

An extended data set from the same region was also used to analyze ratios of
spectral amplitudes of P-wave radiation relative to S. P-wave spectra from the Guerrero
events frequently equal or exceed the S-wave spectra at high frequencies (f> 10 Hz).
Attenuation alone cannot account for such high ratios. This result is not predicted by
simple dislocation models of earthquakes. To explain the results, Haskell’s (1964) for-
mulation was used to calculate the energy radiated by a shear fault, with energy from
tensile motion superimposed. Small motions normal to the fault can account for P/S
spectral ratios close to one. These results suggest that fault normal motions may be

causing the anomalous P-wave radiation observed.



Numerical dislocation models based on Haskell’s (1969) formulation are also
used to estimate the magnitude of the normal motions necessary to produce the high
P/S spectral ratios observed. Although these models depend on the nature of the
assumed dislocations, a normal motion with amplitude of less than 10 % of the ampli-

tude of shear slip is sufficient to produce P/S values comparable with the observations,
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INTRODUCTION

One of the most important problems in seismology is reaching a full understand-
ing of the various processes, such as attenuation, seismic source and site response, that
affect the ground motion. The seismic source is basically characterized by the
dimension and geometry of the rupture area, and the amount of slip. The radiation of
seismic waves from the source also depends on the elastic properties of the material
and the stress and strength near the rupture area.

The heterogeneous distribution of the strength on the faults, the friction and the
irregularities of the fault geometry are important factors causing a complex radiation of
energy at high frequency. Many studies of earthquakes document the occurrence of
complex ruptures (Brune, 1990) that can be explained for these factors.

Propagation depends on the seismic velocity structure of the Earth between the
source and receiver. Once the wave motion begins, the waves propagate through mate-
rial with different composition and elastic properties. During propagation, the stresses
and strains applied on the material may produce irreversible changes in the media. This
process, called internal friction (Aki and Richards, 1980), causes imperfections in the
elastic properties of the material and as a result, the waves attenuate along their path.
The anelasticity of the media is quantified with the parameter called Q the
energy lost per cycle). Anelasticity is most important at high frequencies because the

waves travel more cycles between source and receiver.



Near the surface, where most of the records of earthquakes are obtained, drastic
variations of the impedance (resistance to particle motion) due to changes in the lithol-
ogy from hard rock to sediments or unconsolidated soils may amplify or further attenu-
ate the seismic waves. High frequency waves are most affected by the strong
near-surface variability of the velocity structure because the period of resonance of the
shallow layers is comparable with the wavelengths propagating. Therefore, at high fre-
quencies the identification and separation of the source, attenuation, and near surface
effects is an interesting and important scientific problem.

In studying source processes, it is common to restrict the frequency band of the
observations to less than 1Hz (Langston and Helmberger, 1975; Kanamori and Ste-
wart, 1976; Romanowicz and Monfret, 1986; among others), since at low frequencies
propagation may be well approximated by vertically layered media. Thus, the strong
interaction of source and propagation effects can be resolved. Ground motion at high
frequencies (f> 1Hz), however, is particularly important in earthquake engineering for
studies of seismic risk. For these cases, the separation of the source and propagation
effects becomes more difficult.

The main objective of this thesis is to study the source and propagation character-
istics of body-waves generated by earthquakes recorded in the Guerrero, Mexico sub-
duction zone. We also explore possible mechanisms to explain unexpectedly large
amplitudes of high frequency radiation of P-waves, compared to S-waves, observed in
many records from this region.

The Guerrero subduction zone is located along the west cost of Mexico. This
region is known as the "Guerrero gap" because of the spatial break in the seismicity of
the rupture zone. The last large earthquakes occurred in 1899 (M=7.9), 1908 (M=7.0)
and 1911 (M=7.6) (Singh et al.,1981). Based on empirical relations between the aver-
age seismic moment and the average recurrence period in this region, Astiz et al.

(1987) suggest a possible moment release of 1028dyne-cm in a large event or a



sequence of small earthquakes. From the cumulative moment release of the Guerrero
gap, Anderson, et al. (1989) estimated a slip rate of 6.2 cm/year which account for 90
% of the slip estimated from plate tectonics by Minster and Jordan (1978, 1979). Thus,
the frequent occurrence of small and intermediate magnitude earthquakes and the high
probability for a big event make the Guerrero gap a promising region to study subduc-
tion zone earthquakes.

A digital strong motion array has been operating in this region since 1985 (Ander-
son et al. 1986). Since the installation, the array has recorded on scale events at close
hypocentral distances with magnitudes ranging from 2.2 to 8.1. The advantages of
digital recording include high sampling rate (100 and 200 samples per second), high
dynamic range and high signal to noise ratio. Because all the stations are located on
granitic or metamorphic outcrops, data from this array provides a good opportunity to
study several characteristics of the ground motion at high frequencies.

In the first part of this thesis, we study the decay of the spectral amplitudes with
distance using intermediate magnitude (4 <M < 7) earthquakes recorded along the
coast of Guerrero. We obtain attenuation curves for frequencies between 0.1 and 40 Hz.
These attenuation curves are interpreted in terms of the specific attenuation Q(f). In a
second step, site effects and source functions are obtained by inverting the spectral
amplitudes, after correction for attenuation. We also explore an alternative method to
separate source and path effects from the spectral records. We adopt a parametric form
for the attenuation and solve for Q, source, and site functions using a least-square
inversion scheme. Since we do not constrain the source spectral functions to any partic-
ular shape, the results can be compared with parametric models proposed in the litera-
ture to infer the dynamics of the rupture. In addition, the resulting site functions can be

used to analyze the variability of ground motions on rock sites.



Earthquake dislocation models (i.e. Aid, 1967; Brune, 1970) predict a body-wave
spectral amplitude that is constant at low frequencies and that decays with frequency
beyond a spectrum’s comer frequency. Several models (Haskell, 1964; Savage, 1972)
also predict the comer frequency of S to be equal or greater than that for P-waves.
Other models predict higher comer frequencies for P waves (Molnar et al., 1973).
Many studies of earthquakes report high amplitude P-wave radiation relative to S-wave
at high frequencies (Hanks, 1981). In studying the spectral records from the Guerrero
subduction zone, we also observed high P/S spectral amplitudes at high frequencies.
Although these observations may reflect differences in the attenuation between P and
S-waves, a complex rupture process may also be the cause. In the second part of the
thesis (chapter 3), we study characteristics of the ground motion that can help to dis-
criminate between source or propagation origin of the high P/S ratios observed in Guer-
rero, Mexico.

Recently, Brune et al. (1989) have suggested that normal fault motions are a char-
acteristic of seismic faulting. If present, these would appear presumably at high fre-
quencies because the likely short-period nature of these normal vibrations. In the last
part of the thesis (chapter 4), we study simple dislocation models, based on Haskell’s
(1969) formulation, that generate high P/S amplitude ratios. These numerical models
are also used to estimate the magnitude of the normal motions necessary to produce the
high P/S spectral ratios observed. In addition, since we used a homogeneous, isotropic,
elastic space, we can reach a good understanding of the kinematics of the source that
can be used to establish simple guide lines to distinguish path an source effects.

A complete understanding of high frequency waves has not yet been reached.
This thesis however reports progress toward this goal in estimating the attenuation of
S-waves for a wide band of frequencies (0.1 <f <40 Hz), in evaluating the site

response of hard rocks and in analyzing the radiation of P- and S-waves from kinematic

source models.
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CHAPTER I

SITE RESPONSE, ATTENUATION AND SOURCE SPECTRA

OF S WAVES

INTRODUCTION

The Guerrero Accelerograph Array (Anderson et al., 1986) provides an unequaled
opportunity to study several characteristics of the ground motion induced by subduc-
tion earthquakes. The array has recorded, on scale and at close distances, ground
motions from events with magnitudes ranging from less than 3 to 8.1, and several
small and moderate earthquakes over a large range of distances (Anderson and Quaas,
1988). Thus, this high quality data set allows us to determine source spectra and esti-
mates of Q. Since all the stations are sited on rock, and many of them have recorded
several events, the strong motion records of the array can also be used to study the
variability of ground motions on rock sites. Source functions, attenuation and site
effects are important components needed for a study of the empirical characteristics of

ground motions on rock sites.



We utilize two approaches to characterize the decay of spectral amplitudes with
distance along the Guerrero subduction zone. The first approach is to seek a smooth
description of the average amplitude as a function of distance without adopting any
assumed parametric form. As pointed out by Baker et al.(1988), in the presence of
crustal velocity gradients, the attenuation of body waves with distance may be more
complicated than a simple I/r geometrical spreading function and the non-parametric
approach is intended to show the effect of any such complexities if they arc present.
The specific attenuation Q(f) is obtained from the non-parametric curves in a second
step. Site effects and source functions arc also obtained after the spectral amplitudes are
corrected for attenuation using the non-parametric curves.

The second approach is to adopt a parametric form for the attenuation and use a
least squares inversion to obtain estimates of Q, source spectra and site response simul-
taneously. Here instead of using a two step inversion as in the first part of the analysis,
we define an exponential attenuation function and specify the geometrical spreading to
be either Vr or (1fr)m .

Even at rock sites, the site response plays an important role in the shape of the
source spectra (e.g. Frankel, 1982; Anderson and Hough, 1984; Singh et al., 1988).
When the site effect is common to all sites, it becomes difficult to distinguish between
source and site effect In our approach, which is similar to Andrews (1986), all system-
atic effects are assigned to the source by requiring that the geometrical average of the
site effect over all sites is unity. Tucker et al., (1984) observed that typical rock sites
amplify or deamplify the amplitudes of incident motion depending upon the azimuth
and incidence angle of the incoming signal. Ideally, using events at different azimuths

and distances, on the average these effects cancel out.



DATA

The data set used for this study consists of 9 moderate earthquakes 4 <M <7
recorded by at least three stations along the subduction zone (Table 1-1). These data are
described in reports by Anderson et al. (1987,1988,1989). Figure 1-1 shows the loca-
tion of the epicenters and the distribution of the stations of the array. The stations used
for the present analysis are plotted with solid circles. The hypocentral distances range
from 13 km to 133 km and as shown in Figure 1-2, most of the stations are at distances
r > 30 km. All the instruments have a clock that is synchronized to Universal Time by
Omega navigation signals. The events were located using P and S arrivals of the array
and local seismological networks, as described by Anderson et al. (1988). The locations
shown in Table 1-1 have an estimated error of about +/- 5 km (on the average, the hori-

zontal and vertical errors as given by the program HYPOINV are 2.7 km and 2.4 km

respectively).
TABLE 1-1
Events used in this study

No. Date LatN LonW H H (PDE) Mn‘ pip  Ms
1 Feb 18,86  17.009 99.209 31.2 4.0

2 May 29, 86 16.851 98.932 35.6 36.4 50 52 42
3 Jun 16,86  17.076 99.621 33.8 43 45

4 Apr02, 87  16.839 99.694 18.0 40 48

5 Jun 07, 87 16.654 98.909 229 40.6 49 55 48
6 Jun 09, 87  16.943 99.844 297 40 4.2

7 Feb 08, 88  17.500 101.140 19.7 58.0 50 55 58
8 Aug 16,838 17.034 99.834 125 46 4.2

9 Apr25,89  16.579 99.462 173 33.0 6.3 6.9

1 Mnis assigned by the Institute de Ingenieria, UNAM, based on coda duration on
short period vertical seismometers.



GUERRERO ACCELEROGRAPH ARRAY

Figure 1-1. Epicenters and station locations. Only stations with solid circles were
used.



Figure 1-2.

Hypocentral distances of the events used.
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Singh et al. (1988) observed that stations inland from the coast are characterized
by anomalous amplification. Such effects could result from wave propagation phe-
nomena associated with the dipping slab or geological differences among the sites.
Inland stations usually have to be sited on the andesites of the trans-Mexican volcanic
belt, while stations on the coast are most often sited on plutons. We decided to limit our
study of attenuation to source - station paths which lie within the vicinity of the Pacific
coast. On this basis, records from the stations Teacalco, Tonalapa, Filo de Caballo and
La Comunidad (see Table 1-2) were removed for this study. The station El Paraiso
(PARS) was also not used because those accelerograms appear to resonate at 10 Hz.
Consequently the peak accelerations from this station are usually higher than the maxi-
mum acceleration recorded at other sites at comparable distances. For the April 25,
1989 earthquake, for instance, the peak acceleration at PARS is about four times higher

than that for stations El Cayaco, Filo de Caballo and Atoyac (Figure 1-1).

TABLE 1-2

Stations used in this study

Station Code Lat°N Lon°W Ko sec Events
Atoyac ATYC 17211 100.433 0.0218 7.9
Cerro de Piedra CPDR 16.761 99.644 0.0453 2345689
Copala COPL 16.610 98.980 0.0369 9
Coyuca COYC 16.995 100.120 0.0498 3.4.56.7.9
El Balcon BALC 18.009 101.222 0.0109 7
La Llave LLAV 17.344 100.830 0.0416 7
La Union UNIO 17.980 101.810 0.0273 7
La Venta VNTA 16913 99.819 0.0247 4,6,8,9
Las Mesas MSAS 17.008 99.457 0.0240 12.3.5.6.9
Las Vigas VIGA 16.758 99.230 0.0192 U ,3,5,6.8.9

Los Magueyes MAGY 17.387 100.594 0.0143 7
Ocotillo OCLL 17.036 99.880 0.0258 4.5.6.8.9
Ocotito OCTT 17.246 99.507 0.0365 12.5.6.8.9
Papanoa PAPN 17.325 101.039 0.0167 7
Petatlan PETA 17.539 101.272 0.0246 7

San Marcos SMR2 16.772 99.439 0.0221 5,8,9
Suchil SUCH 17.224 100.639 0.0293 7

Xaltianguis XALT 17.091 99.726 0.0251 45,689

Zihuatanejo AZIH 17.608 101.462 0.0355 7
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The accelerograms were base-line corrected by subtraction of the average of all
the points of the time series. For each horizontal component the Fourier transform of
the shear wave group of arrivals was computed. The initial time of the S-wave window
was selected visually and the final time was selected automatically where the energy
reaches 95% ofthe total. As described below, we initially analyze how the amplitudes
decay with distance for different frequencies. For simplicity, we selected 26 spectral
amplitudes in the frequency band 0.1 < f <40 Hz. To make these amplitudes as
representative as possible of the average around the selected frequency, the use of
smoothed spectra is preferable. The spectra were smoothed using a variable frequency
band of +/- 25 % of the central frequency. This algorithm has the property of conserv-
ing the total energy. Because in some cases the spectral amplitude of one of the
components reaches the noise level before the other, each horizontal component was
considered an independent measurement instead of using the average. For some fre-
quencies only the amplitude of one of the components was used.

Figure 1-3 shows an example of one of the accelerograms used, the window
selected and the corresponding spectrum. Some records are contaminated by noise at
high and/or low frequencies. Spectra likely to be contaminated were removed by two
techniques. First, we visually selected spectral windows for which the amplitudes
appeared to exceed the noise. At low frequencies, we did not use the spectral ampli-
tudes that tend to increase towards the low frequencies. For the record on Figure 1-3,
for example, spectral amplitudes for frequencies less than 0.6 Hz were not used.
Second, minimum spectral amplitudes were defined from instrumental characteristics,
and frequencies with spectral amplitudes below this minimum (0.1 cm/sec) were

excluded.



Figure 1-3.
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Accelerogram recorded at Papanoa and smoothed spectra. On top of
the records the window selected for the analysis is also plotted.
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METHOD OF ANALYSIS
Attenuation Functions
We explore the dependence of the spectral amplitudes with distance by consider-
ing that for a fixed frequency the amplitudes can be represented by the following
model:

Di(f,r) = Mi(f) A (fj) (M)

where A(f,r) is the attenuation function, M,(f) is a scalar that depends upon the size of
the I* source and Dj(f,r) is a datum from event i recorded at hypocenter distance r and
frequency f. Here we assume that the attenuation function implicitly contains geometri-
cal spreading and Q. With this approach the attenuation function remains independent
of the size of the event.

Instead of immediately parameterizing A(f,r) by assuming a particular distance
dependence, we constrain A(f,r) to be a smooth function ofr with a value of 1 at r=0. A
similar approach has been used before by Anderson (1989) to model the spectral atten-
uation in Southern California. With the smoothness constraint described in Anderson
(1989), we also compel A(f,r) to be a monotonically decreasing function. These
constraints require that the amplitude varies relatively slowly with distance and are
based on the idea that the inelastic properties in the crust tend to decrease the ampli-
tudes with distance and that undulations may be related to other factors such as site
conditions and wave propagation effects.

A least square inversion was used to solve (1) for each of the 26 frequencies
selected (see Appendix). The result was a discretized attenuation function and a scaling

factor Mj for each event.
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Figure 1-4a shows the values of Log D,(f r) (Equation 1-1) obtained for 0.5 Hz
and all nine events in the study. The attenuation function shifts with the size of the
event. In Figures 1-4b and 1-4c we plot A(fj) for 8 frequencies and the geometrical
spreading functions 0(0-00 *)» and G(r)=30/r. The attenuation functions A(f,) in
Figure 1-4c¢ were normalized to 30 km dividing A(f,r) by the value of the function at 30
km for the corresponding frequency. Since the functions A(f,r) cany the attenuation
due to geometrical spreading and the attenuation due to Q, we expect A (fj) to decay
faster than G(r). Between 1and 5 Hz, the slope of A (fj) is only slightly bigger than
G(r)=30/r indicating either a high value of Q or a less severe geometrical spreading
function.

A comparison between the observed spectral amplitudes for event 9 (Table 1-1)
and the amplitudes predicted by the inversion is displayed in Figure 1-5. Since the
shape of the attenuation function A(f,r) was constrained to be the same for all the
events, the functions shown in Figure 1-5 represent the best fit in the least square sense,
of all the events. Thus the function shown in this Figure not only has to match the trend
of the data for this particular event, but the amplitudes and trends of the other 8§ events
as well. Relaxing the smoothness constraint would allow more structure in A(f,r). From
Figure 1-5, we conclude that the scatter in the data are great enough that less smoothing
applied to A(f,r) would not be justified.

The attenuation function obtained at 40 Hz is the least reliable because the spec-
tral amplitudes at this frequency reach values close to the noise level (0.1 cm/sec). We
also calculated the attenuation functions defining the noise level at 0.15 cm/sec, and
found only small variation at frequencies lower than 40 Hz. The scatter of the observed
spectral amplitudes can be attributed to site effects and to unmodeled radiation pattern
and wave propagation effects. Because these curves made no assumption about the
character of wave propagation, the contribution from wave propagation ought to be

small, although some contribution could result from the smoothing applied to the atten-
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Figure 1-4b.

ATTENUATION FUNCTIONS

Attenuation functions A(f,r) obtained (Equation (1)) for 8 of the 26
frequencies analyzed. The geometrical spreading functions used to
estimate Q are also shown. The dashed line on top correspond to
G(r)=(30/r)12and the dashed line below to G(r)=30/r.
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ATTENUATION FUNCTIONS
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Figure 1-4c. Same as 4b but normalized to 30 km



Figure 1-5.

0.2 Hz 0.5 Hz

2.0 Hz

Open circles are spectral amplitudes recorded for the April 25,1989

event (Ms=6.9) and the solid lines the amplitude functions obtained
using Equation 1
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Log D9(f.r)

Open circles are spectral amplitudes recorded for the April 25, 1989
event (Ms=6.9) and the solid lines the amplitude functions obtained
using Equation

Figure 1-5.



21

uation function and some could result from lateral heterogeneity. In the next section we
will show that at high frequencies the scattering tends to average out the radiation
pattern. Previous strong motion studies (Vidale and Helmberger, 1988 and Vidale,
1989) indicate that large changes in amplitude over short distances are more likely
being caused by the near-receiver effects. Thus in a later section the scatter is modeled

as site effects.
Determination of Q

As mentioned before, the attenuation function A(f,r) combines the effect of the
geometrical spreading and the anelastic attenuation in the same function. An advantage
ofusing the non-parametric form for A(f,r) is that it is easily tested against any
assumed geometrical spreading without repeating earlier computations. Estimates of Q
can only be obtained relative to some assumed geometrical spreading curve. Thus, we

parameterize A(f,r) to estimate Q as follows:

Log A(f,r) =Log G(r) - Loge (12)

where G(r) is the geometrical spreading and 3= 3.2 km/sec is the shear wave velocity.

If G(r) is assumed, the attenuation function A(f,r) can be corrected for this effect and
the resulting slope from a linear least square fit of Log A(f,r) - Log G(r) will be
proportional to f/Q. Because most of the stations recorded events at distances r > 30
km, we normalize A(f,r) to 30 km. Figure 1-6 shows the attenuation functions corrected
by geometrical spreading and the regression used to estimate Q. At low frequencies (f <
0.5 Hz) the number of data points used to derive the attenuation functions is smaller

than it is at higher frequencies and consequently the uncertainties are bigger. In Figure



Figure 1-6.

Distonce (km)

Attenuation functions obtained using the non-parametric model
(Ration !) after the geometrical spreading conection. Triangles for
G(r)=30/r and squares for G(r)=(30/r),/2. The slope of the regression
lines shown are proportional to 1/Q (see Equation (2)).
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geometrical spreading for that frequency band.

To test possible variations of Q due to radiation pattern, we used four of the big-
gest earthquakes (events 2,5,7,9 in Table 1-1) for which the focal mechanism was
reported by the PDE, and calculate the S-wave far-field radiation pattern (see Aid and
Richards, 1980 p. 115) for each of the stations that recorded these events. We calculate
Q for G(r)-30/r as described previously, using spectral amplitudes corrected by the
radiation pattern and also using unconnected amplitudes for the same events. In Figure
I*7c we compare Ae values of Q obtained using the corrected and the uncorrected
amplitudes. At high frequencies (f> 10 Hz), Q is insensitive to the correction. This
may be the result of the heterogeneous crust causing sufficient scattering to average out
the radiation pattern (Vidale, 1989). At low frequencies, the radiation pattern correction
has a moderate effect. The values of 1/Q are less than a factor of two different after the
correction for f < 6 Hz. These differences can be neglected when compared to the
uncertainties related to the shape of the attenuation function and the focal mechanisms
used to calculate the radiation pattern. This result indicates that the radiation pattern for
events recorded along the coast will not affect the estimates of Q at high frequencies.
Thus, remaining calculations do not utilize any radiation pattern correction.

In another set of calculations, we evaluated the effect of near surface attenuation
(e.g. Singh et al., 1982; Anderson and Hough, 1984). Anderson and Hough (1984)
described the trend of the spectrum at high frequencies by the exponential form
exp(-1K/). They associate tq,, the value of ¥ found for events recorded at short dis-
tances, with near surface attenuation at the site. We used observations of k reported by
Anguiano (1989) from the sites of the Guerrero Accelerograph Array and estimated
values of Ko for each station with the method described in Anderson (1989). Table 1-2
lists the values of Koobtained. We correct all spectral amplitudes for the attenuation
near the surface with this assumed exponential form. With the corrected amplitudes,

we recalculated A(f,r) and Q as before. Figure 1-7d shows the values of Q obtained
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when data .1 all distances ate included. Comparing with Q obtained before the correc-
tion (Figure 1-7a), we observe an increasing difference as ftequency is increased. At
higher frequencies, the values of Q obtained in the calculation that did not utilize any
* correction are smaller. Since tq, is assumed to be ftequency independent and the fil-
ter expdt/K.) used to cotrect the spectral amplitudes will have a stronger effect at high
frequencies, the resulting attenuation functions A(fj) wilU have a slower decay and
consequently a higher Q. The differences, however, are only a factor ofabout 2 at fre-
quencies where Q is very high (over 1000). The near surface Q might also have fte-
quency dependence, so that the filter expfrt/iq,) may be an incomplete model. The
attenuation functions have been calculated assuming that the site effects have a zero
average effect, however the results in Figure 1-7d show that for the values given by
Anguiano (1989), the near surface attenuation is slighdy contaminating the estimates of
Q. Smce an analysis of high frequency spectra using a much larger data set, under way,
is not yet available, we used the uncorrected amplitudes for the rest of the analysis.
Source and Site Functions

Since for small to moderate events, the source is small, and likely to be simple, it
is valid to assume a point source to model the spectral amplitudes of S-waves. Thus,
given the empirical functions A(f,r), we can normalize the spectral amplitudes to a
common distance, at which differences in the residuals will be determined by the prod-

uct of the acceleration source spectra and the site response, e.g.:
Rij(f) = Si(f) Zj(f) = Dj(f*) / A(f,r) (13)

Here, S,(f) is the acceleration source function of the event i at ftequency f, Zj(f) is the
site response of the station j, and R*f) is the residual spectral amplitude after correction
for path effect using A(f,r). The average of R*(f) over all stations recoixiing the i* event

would yield Mj(f) as defined in Equation (1-1). We assume that the site term in



26

Equation (1-3) cames the amplification due to low velocity layer, near the surface,
topographic and other three-dimensional effects, and some of the near surface attenu-
ation. Phillips and Aid (1986) and Andrews (1986) ured a similar model to separate
site effects from source functions in California.

A system of linear equations can be set by rewriting (1-3):

Log S,(f) + Log Z,(f) = Log Rjj(f) (M)

Equation (1-4) was solved for site and source for the 26 frequencies used previously.
Since all the stations used in this analysis are on hard rock, we impose that the
logarithmic sum of site effects in (1-4) equals zero. This condition eliminates the linear
dependence in which an arbitrary function of frequency can be added to the site term
and subtracted from the source term for a system without the constraint. The term S((f)
will differ from M,(f) (Equation (1-1)) because in Equation (1-4) the average of Log
3(f) over all stations in the array is constrained to equal zero. In contrast, in Equation
(1-1) the implicit assumption is that the average of Log Zff) over all stations recording
the i* event is zero.

Figure 1-8 shows the acceleration source spectra normalized to 30 km as a func-
tion of frequency for the 9 events used. Figure 1-9 shows the site response of each sta-
tion. The errors associated with this result for the different frequencies are listed in
Table 1-3.

The source functions obtained can also be expressed in terms of the far-field

source acceleration spectrum f*M"f) by writing (e.g. Boore, 1986):

S(f) = (i.5)



Log S(f) CM/SEC

Figure 1-8.

Acceleration source function normalized to 30 km using the non-
parametric approach (Equation (3)).
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In Figure 1-10 we plot =M,,(f) with p = 2.8gre/cm’, 0 = 3.2knt/sec. r-30 km and aver

age radiation pattern Rp,=0.6.

TABLE 1-3

RMS residuals of the computations

f 1Log D(fj) 2LogR,(f) LogD(f") O & 4Q(f)'1 for
(Hz) (Eq. 1) (Eq. 4) (Eq. 6)  G(n)=30/r G(r)=(30/r)V
0.126 0.139 0.046 0.048 0.0067 0.0096
0.158 0.204 0.056 0.057 0.0310 0.0452
0.200 0.222 0.129 0.114 0.0125 0.0264
0.251 0.221 0.130 0.129 0.0147 0.0292
0.316 0.259 0.142 0.143 0.0245 0.0394
0.398 0.238 0.160 0.147 0.0065 0.0160
0.501 0.243 0.190 0.191 0.0023 0.0146
0.631 0.242 0.192 0.190 0.0289 0.0136
0.794 0.237 0.195 0.198 0.0356 0.0206
1.000 0.236 0.191 0.198 0.0112
1.259 0.185 0.136 0.153 0.0144
1.585 0.223 0.171 0.180 0.0153
1.995 0.273 0.198 0.211 0.0457 0.0303
2.512 0.318 0.208 0.219 0.0662 0.0506
3.162 0.300 0.196 0.200 0.0448 0.0293
3.981 0.300 0.201 0.204 0.0455
5.012 0.339 0.199 0.199 0.0245 0.0117
6.310 0.322 0.192 0.192 0.0110 0.0172
7.943 0.301 0.192 0.191 0.0244 0.0106
10.000 0.282 0.160 0.158 0.0293 0.0140
12.589 0.271 0.184 0.183 0.0242 0.0096
15.849 0.285 0.185 0.181 0.0211 0.0088
19.953 0.307 0.168 0.164 0.0105 0.0069
25.119 0.301 0.147 0.146 0.0033 0.0142
31.623 0.278 0.129 0.132 0.0151 0.0290
39.811 0.220 0.127 0.131 0.0104 0.0153

RMS = [I/nZ(rcSi)7,2
res* = Log D*fir) - Log [M,(f) A(f/)]
re§ =Log R,(f) - Log [Si(f) Zj(H)]

Jresi= Log Dij(f;r) - Log [Sj(f) Z,(f) G(r)], for G(r)=30/r
res—CLog Ax- Log G(r)) -t fLog e n/ PQ
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Figure 1-9. Site response functions. Light lines for the non-parametric model

after reducing the spectral amplitudes to zero distance and the solid
lines for the parametric model for G(r)=30/r (Equation 5).



Figure 1-9.

Site response functions. Light lines for the non-parametric model
after reducing the spectral amplitudes to zero distance and the solid
lines for the parametric model for G(r)=30/r (Equation 5).
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Figure 1-10.

EV. 1 M=4.0

EV. 2 M-4.2 EV. 3 M=45

EV. 5 M=438 EV. 6 M=42

EV. 7 M=5.8 EV. 8 M=4.6 EV. 9 M=6.9
Frequency (Hz)

Far-field source spectrum in acceleration Solid lines for the

parametric and dotted lines for the non-parametric model.
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Parametric Model

The previous non-parametric estimate for the attenuation function is experimen-
tal, and its shape depends to some extent on the smoothness constraint Thus, we also
calculated the source, site, and attenuation parameters with the more traditional
approach of assuming a parametric shape for the attenuation function from the outset.
We simultaneously estimate Q, the source spectrum, and the site response by assuming
that the acceleration spectral amplitudes can be characterized by the following equa-

tion:

Dy(fr) = S,(H) Zj(f) e-*** G(r) (1.6)

As before, subscript i refers to the event and j in this case to the station, and the
solution is carried out for each frequency f independently.

To reduce one degree of freedom from (6), we assume G(r)=1/r for one case and
G(r)=(l/r)12for another. We also assume as before that XLog Zj=0 and normalize the
spectral amplitudes at a distance of 30 km. As described in the Appendix, we solved
the system of equations (1-6) using a least square scheme for frequencies in the range
of 0.1 < f<40 Hz.

Figure 1-7b shows the values of Q obtained. Only values of Q > 0 are plotted in
this Figure. In general, very high values of Q were obtained between 0.9 Hz and 2.5 Hz
regardless of the assumption of G(r). For comparison, we also plot in this Figure the
values of 1/Q computed from the non-parametric attenuation model (Figure 1-7a), con-
tinuous line for G(r)=(30/r)12and dashed line for G(r)=30/r. At high frequencies (f> 8
Hz) the parametric model predicts higher values of Q. With the assumptions of G(r)
made, we obtain the likely upper and lower limits of Q for the area under study. The

geometrical spreading corrections used are based on numerical results obtained by



33

Wang and Hermann (1980) for a layer* cnmal model. Their resnlis indicate that a.
short epicentral distances the spectral amplitudes decay as a body wave (as 1/r) whUe at
greater distances the body wave arrivals combine to form surface waves and then the
amplitudes decay as (1/r),a. To test the possibility of a more rapid decay, we also
solved (6) assuming G(r)=(30/r>* obtaining negative values of Q for all the ftequencies
considered except for 20< f <32 where 12300> Q >8500. We consider the values of Q
after the 30/r correction a reasonable upper limit,

The acceleration source functions and the site responses are shown in Figures
1-10 and 1-9 respectively for G(r)=30/r. The residuals between model and observation
(RMS) associated with the inversion (RMS2=|| T x - d||2/ n) are listed in Table 1-3. It is
interesting to notice the consistency ofresults between the parametric and the non-

parametric solutions.
DISCUSSION

Attenuation

As in previous studies of the attenuation in the Guerrero region (Rodriguez et al.,
1983; Mahdyiar et al., 1986; Novelo-Casanova et al., 1985; Singh et al., 1989), we also
find a frequency-dependent Q function. The lines on Figure 1-7a are the result of a least
square fit of the form 1/Q = ¢ + d/f. The solid line on top of this Figure was obtained
using the values of Q for G(r)=(30/r),2(solid squares) and the dashed line below using
the values of Q for G(r)=30/r (open triangles). This equation is an additive attenuation
model (e.g. Rovelli, 1982; Richards and Menke, 1983; Hough et al., 1988) in which the
apparent attenuation equals the sum of a Q frequency dependent function plus a fre-
quency independent attenuation part We also fit the values of Q shown in this Figure
with an exponential function of the form Q=af*\ Table 1-4 lists the coefficients a to d

obtained and the RMS for 1/Q. Because for either the parametric or the non-parametric
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approach we have computed individual inversions per frequency, the uncertainties in
the estimated parameters are different from one frequency to another. Thus to obtain
the model parameters shown in Table 1-4 we used a weighted linear regression. Each
value of Q was weighted by 1/etr where ere is the sum of the variance of Q after fitting
Equation (1-2) and the variance of A(f,r) resulting from Equation (1-1). Based on the
RMS values obtained, the estimates of Q are better fit with a model of the form 1/Q(f)=
1/3413+ 1/248f for G(r)=30/r and Qff)=96fc"* forG(r)=30/r)F* (scc Table 1-4).

In general, the values of Q obtained from the non-patametric model between 0.8 and 6
Hz are higher than the values expected from either the additive or the exponential mod-
els. This suggests that Q(f) in this frequency band is a more complicated function than

previously thought.

TABLE 1-4

Regression parameters for Q=af* and Q '*+d f1

G(r) a b rms c d rms
1/r 278 0.92  0.0059 0.000293 0.004029 0.0046
(U/r)12 96  0.96 0.0066 0.000347 0.009631 0.0067

Source Functions

One advantage of using the attenuation functions A(f,r) (Equation (1-1) and Fig-
ure 1-4) to separate the path effect from the spectral records is that we do not have to
assume any particular geometrical spreading function, since this is included in A(fj).
By applying this correction, we reduced the acceleration source functions shown in
Figure 1-8 to 30 km. The low frequency slopes of many of the source spectra displayed
in this Figure appear to be less than to2 The spectra are approximately flat for interme-
diate frequencies. At higher frequencies (f> 20 Hz), however, the source spectra

obtained in this study diminish abruptly. The same result was obtained when we used
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the parametric model prescribed in Equation (1-6). This departure of the source spectral
amplitudes at high frequencies has been interpreted in other studies (Hanks, 1982;
Anderson and Hough, 1984; Singh et al., 1989) as a site effect. An alternative explana-
tion is that this feature of the spectra is controlled by the source (Papageorgiou and
Aki, 1983a,b; Hanks, 1982; Archuleta et al., 1982).

Although some near-surface propagation effects are carried by the site term in
Equations (1-3) and (1-6), probably the source term includes the array average of the
near-surface attenuation, which is responsible for the rapid amplitude fall-off with fre-
quency. When the source spectra shown in Figure 1-8 is corrected using an average
Kq= 0.02, the abrupt high-frequency fall-off disappears. However, since both site and
source terms are frequency dependent, this ambiguity may not have been resolved com-
pletely by imposing the constraint ELog Zj=0 when we solved Equations (1-3) and
d-é).

To analyze in more detail the source spectra obtained, we converted the accelera-
tion spectra to displacement (Figure 1-11). For the larger earthquakes (events 2,5,7
and 9 listed in Table 1-1) we also plot the low frequency level expected from the

seismic moment, e.g.:

Q = 2/2mAfV4rcpPX (Keilis-Borok, 1960) (1-7)

We used the same values for p, (3, r and Rp, as above. In general the level of the
displacement spectra agrees reasonably well with the low-frequency level expected
from Mo reported by PDE. The low-frequency level calculated from MOis slightly
higher than that from the source spectra but this discrepancy is likely due to an
overestimated Mo. The focal depths used by PDE to estimate MOare generally deeper

than the focal depths obtained after locating the events using local data (see Table 1-1).



36

The comparison of low-frequency levels between different data sets shown in Fig-
ure 1-11 indicates that the baseline of the source spectra was not altered by imposing
the condition iL og Zj=0 when solving Equations (1-3) and (1-6), and the possibility of
a shifting of the source spectra level due to this condition must be ruled out.

It is also interesting to notice in Figure 1-11 that the amplitude decay rate changes
for the different events. Events 1 and 9, the smallest and biggest events respectively,
tend to decay as cal up to about 15 Hz where as for the rest of the events, the spectral
amplitudes decay abruptly. The rest of the events, having intermediate magnitudes with
respect to events 1 and 9 may decay close to oflat low frequencies. Changes in the rate
of decay of spectral amplitudes for earthquakes with different moments have also been
observed in other regions. Tucker and Brune, 1973 found a correlation between low
stress drop events and the high-frequency fall off studying the aftershocks of the San
Fernando earthquake, namely, displacement spectra with slopes o f-1 at high frequen-
cies had low stress drops. They interpreted this correlation as an evidence of a partial
stress drop mechanism (Brune, 1970). Archuleta et al., 1982 also observed differences
in the slope of the spectral amplitudes of earthquakes with a wide range of seismic
moments in Mammoth Lakes, California. More recently Brune et al., 1986, analyzing
earthquakes from the Anza, California array, also found that events with low stress
drops (0.1 bar to 1.0 bar) tend to have a high-frequency spectral fall-off less steep than
the events with higher stress drops.

Based on the Brune, 1970 model, we calculate the stress drop for events 2,5,7 and
9 (Aa =2.5939 x 10'2M0fc3),see Table 1-5 and Figure 1-11. The comer frequency fc
was selected as the intersection of the low frequency level calculated from M,, and a
straight line that fit the spectral roll off. The slope of this line decays as to-1 for events 2

(M=4.2) and 5 (M=4.8), as cd) 15for event 7 (M=5.8) and as to-2 for event 9 (M=6.9). It
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EV. 1 M=4.0 _
BV. 2 M=42 EV. 3 M=45

EV. 7 M=538

Far-field source spectrum in displacement M,,(f). Solid lines for the
parametric and dotted lines for the non-parametric model. The hori-
zontal dashed line on source functions 2,5,7,9 defines the spectral
level expected from the H, reported by PDE. The arrow indicates the
point where fcwas selected
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is interesting to notice how the spectral decay seems to increase as the sire of the event
increases. This however does not hold for event 1, the smallest event, which has a well

defined decay of to-2.

TABLE 1-5

Source parameters

Event MO (PDE) fc r Ac a.
No. (dyne-cm) (Hz) (km) (bars) (bars)
2 7.6X1023 0.170 7.0 1.0 15
5 L.Ix10 4 0.120 9.9 0.5 51
7 7.4x104 0.117 10.2 3.1 2J
9 2.2x102% 0.070 17.0 195 1.0

The low stress drop obtained 0.5 < Act < 19 bars, agrees with the generally low

stress drop events observed for other thrust events (Kanamori and Anderson, 1975) and
in particular for events in the Mexican subduction zone (Singh et al., 1981,1984; Chael
and Stewart, 1982; Astiz and Kanamori, 1984).

The integration of S-wave spectra for the determination of source parameters has
been shown to be a fairly robust method. Andrews (1986) and Snoke (1987) have
derived relations between spectral integrals and febased on Brune’s model. These rela-
tions are very useful when the spectral amplitudes decay as of2at high-frequencies. It
is clear from Figure 1-11 that the source spectra of events 2 to 8 differ from the of2
decay. Because the definition of apparent stress does not require any high-frequency
decay assumption, e. g.:

a.=pE,/MO (1-8)
this parameter will give a better estimate of the stress when derived from the source

spectra shown in Figure 1-11.
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In Equation (1-8) E, is the seismic energy radiated as S-wave and is determined
from the integration of the squared velocity spectra (Wu, 1966):

= IpPr2/ VXf) df (1.9)
where [ = 24tc/ 15, p = 3.3 x 10u dyne/cm and p, p, Mc and r the same as above. Table

1-5 lists the values of a. obtained using (8) and (9). Although the values of apparent
stress are as low as the values of Aa previously obtained, o. does not increase with
either M,, or the rate of high-frequency decay.

Site Response

The site functions obtained using the two approaches described in the previous
sections (Equations (1-3) and (1-6)) are shown in Figure 1-9. In general, there is very
good agreement between the functions obtained using the corrected spectral amplitudes
(Equation (1-3)) and the site functions obtained using the parametric model (Equation
(1-6)). In interpreting the site functions, it is important to keep in mind that these were
obtained under the condition that for a given frequency their sum over all sites must
equal zero and that we do not account for effects due to wave propagation through a
possible laterally heterogeneous medium nor low-frequency radiation pattern effects.
Thus the amplifications shown in Figure 1-9 may not be entirely due to changes in
impedance or thickness of near-surface layers.

The character of the site responses shown suggests that in addition to the amplifi-
cations due to the low velocity layers near the surface, these functions also have infor-
mation about deamplifications possibly produced near the surface. At high frequencies,
this deamplification could be related to the near surface attenuation mechanism
described by Anderson, 1989 but only to the extent that iq,for the site differs from the
array average. Notice, for instance, stations UNIO and AZIH for f> 1.5 Hz and SUCH
for > 6 Hz. For other stations like PAPN and MAGY, the amplification of these sites

at high frequencies seems to predominate over the near surface attenuation.
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The site functions of stations UNIO, BALC and AZIH are the least reliable. Note
in Figure 1-1 that these stations arc located in the extreme of the array, and one source
was used (event 7). Thus, estimates for their site functions do not benefit from redun-
dant data, and are more likely than other sites to have systematic errors.

In general we can distinguish 3 groups of sites: (1) sites with maximum amplifica-
tions in a well defined frequency band such as MSAS, CPDR, SUCH, XALT, OCTT;
(2) stations with small amplifications or lack of them (OCLL, UNIO, BALC, AZIH,
SMR2, VNTA); and (3) sites with amplifications that ring in a wider frequency band
(the rest of the stations). The maximum amplification of the first group of stations is
possibly related with the natural period ofresonance of the site. The stations OCTT and
LLAYV, are the sites with the most important amplifications. OCTT amplifying the
spectral amplitudes up to about 4 times at 5 Hz and LLAV up to about 6 times at 7 Hz.

Although we do not have independent information to test the validity of the site
functions obtained, we can make a consistency test by multiplying the site functions
with the corresponding source and attenuation functions to estimate the spectral ampli-
tudes at a given site. In Figure 1-12 we compared the strong motion spectra recorded at
OCTT and VIGA from the May 29,1986 (M=4.2) earthquake with the spectral
amplitude obtained after source, attenuation and corresponding site function were mul-
tiplied. The observed spectrum is the average between the horizontal components. The
calculated spectra for these stations, with high site effects, is in good agreement with
the spectral amplitudes observed. This is true in general for our data set, indicating that
the source, attenuation and site functions are the only factors needed to describe the
main features of the observed spectra.

In view of that, we estimate the average site effects of stations El Paraiso (PARS),
La Comunidad (COMD) and Filo de Caballo (FICA) which were previously excluded
in the analysis. Figure 1-13 shows the site functions estimated for these stations using

the non-parametric attenuation functions discussed above. The average site effect of
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The solid lines are average spectral amplitudes observed at OCTT and
VIGA from event 2 and the dashed lines the spectral amplitudes cal-
culated multiplying source, site and attenuation functions obtained
using the non-parametric approach.
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10“ E 10’
PARS
Figure 1-13. Average site effect estimated using the non-parametric attenuation

functions (Equation 1) and the source functions (Equation 3) normal-
ized to zero distance. The site function shown for PARS is the aver-
age obtained from the source functions 3,7 and 9.
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PARS was obtained using the source functions from events 3,7, and 9 (see Table 1-1);
and for stations COMD and FICA using event 7 and 9 respectively. Although the sta-
tions Teacalco (TEAC) and Tonalapa (TNLP) recorded events 7 and 9, their hypocen-
tral distances are beyond the range of the attenuation functions, consequently we could
not estimate their site effect The large amplification at PARS at 10 Hzjustifies the
decision to not include that station in the initial regression. The relatively flat amplifi-
cation at COMD does notjustify our concern that the station would have anomalous
effects because it is inland. FICA, however, does have a large site effect, perhaps in

part because it is inland, but also perhaps in part due to its location on a ridge.

CONCLUSIONS

We derive attenuation functions that describe the decay of the spectral amplitudes
with distance at different frequencies (0.1 < f< 40 Hz). These curves were used to
obtained a frequency dependent quality factor Q of S-waves that can be approximated
by 1/Q(f) 1/3413 + 1/248fand 1/Q(f)= 1/2882 + 1/104f assuming that the geometri-
cal spreading is proportional to 1/r and (1/r)12respectively. Between 0.8 and 6 Hz, the
values of Q depart considerably from the above relations, suggesting a more
complicated frequency dependence of Q.

The spectral decay of the displacement source functions obtained after correcting
the spectral amplitudes by the effect of attenuation tends to increase as the magnitude
of the event increases for > 4.2. The low stress drop (Aa <20 bars) estimated for the
largest events using Brune’s model seems to be a common characteristic of subduction
zone events (e.g. Kanamori and Anderson, 1975, Singh et al. 1981,1984) in the Guer-
rero region. However, these low stress drops can also be explained by a partial stress

drop mechanism (Brune, 1970).
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The source and the site response functions obtained are consistent with those
obtained using an entirely parametric model. Stations that show important site effects
(e.g. OCIT, LLAV) can have amplifications up to 6 times compared to other stations at
frequencies perhaps related to the natural frequency of the site. Although the models
used to derived the site functions (Equations (1-3) and (1-6)) do not account for wave
propagation effects such as Moho reflections, these have been minimized by introduc-
ing smoothing constraints in the analyses. However, if reflections or other wave propa-
gation mechanisms are affecting the spectral amplitudes, then the site functions here
obtained would carry that effect. In any event, the site functions obtained show that the
near surface characteristics of hard rock sites should be taken into account for future

spectral studies in this area.
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CHAPTER H

P/S SPECTRAL RATIOS FROM THE GUERRERO

ACCELEROGRAPH ARRAY

INTRODUCTION

High amplitude of high frequency P-wave radiation relative to S-wave radiation
has been observed in many spectral studies of earthquakes recorded at close distances
(Linde and Sacks, 1972; Trifunac, 1972; etc.) and teleseismic distances (Hanks and
Wyss, 1972; Wyss and Hanks, 1972; among others). A review ofthese studies is given
by Hanks (1981). Rautian et al. (1978), studying earthquakes from the Garm region
observed that in addition to the comer frequency of S being smaller than that of P
waves, at high frequencies the ratio of P/S spectra often continued to increase. More
recently, Abrahamson and Litehiser (1989) suggested that the ratio of vertical to hori-
zontal peak acceleration increases with magnitude. These observations have been inter-
preted as an effect of the differences in the attenuation between P and S waves (Furuya,
1969; King and Helmberger, 1975), but it has also been suggested that they are a

source property (Tucker and Brune, 1973; Molnar et al., 1973; Rautian et al., 1978;

Hanks, 1981).
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A fundamental problem in interpreting the differences between the radiated P and
S-wave energy is the separation of source and structure. This problem cannot be defini-
tively solved for surface observations since attenuation common to all sites can always
be hypothesized. In the light of these difficulties, however, this paper attempts to
identify those characteristics of ground motion that would be most useful to discrimi-
nate between a source or propagation origin for high amplitudes of the P-wave relative
to the S-wave. In brief, if the cause of high P/S spectral amplitudes is caused by a wave
propagation effect, then a distance dependence is expected. If it is caused by wave
propagation only in the vicinity of the accelerograph site, then variability from site to
site is expected. If it is caused by a source effect, then a magnitude dependent effect is
expected. In the next section we give some quantitative estimates of the size of the
expected effects.

Following this, we apply these criteria to strong motion records from Guerrero,
Mexico. These data are specially suited for several reasons. Since the Guerrero network
uses digital strong motion accelerographs, it records larger earthquakes with lower cor-
ner frequencies than typical networks. Secondly, the stations of the Guerrero Accelero-
graph Array (GAA) are all sited on igneous or metamorphic outcrops. And finally, the
attenuation of S-waves in the region is known from recent studies of Q
(Novelo-Casanova et al., 1985; Mahdyiar et al., 1986; Singh et al. 1989; Castro et al.
1990). Thus uncertainties due to propagation path can be minimized.

By comparing the spectral amplitudes of P and S-waves recorded for the GAA at
different sites and a variety of distances and azimuths, we will show that the enrich-
ment in high-frequency motion of P-waves compared to S is highly variable, to the
point where dependence on the hypocentral distance and the recording site is of lower
order. Dependence of the P/S spectral ratio on earthquake size would imply a source

phenomenon rather than an effect of attenuation. While our data are equivocal in this
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respect, we demonstrate the possibility of the hypothesis that anomalous P-wave radi-
ation may be generated during the rupture process by normal motions, as recently sug-

gested by Brune et al. (1989) and Oden and Martins (1985).

DIAGNOSTIC CHARACTERISTICS
Diagnostics of a Wave Propagation Effect

To explore the effects of wave propagation, we employ a simple model for spec-

tral amplitudes of P and S waves, after Boore (1986):
UV(f,I') = C: G(r) DV(f,I') S(f) Za (2_1)

In (2-1), Uufr) is the spectral amplitude at frequency f and hypocentral distance r, Cy is
a scaling factor that depends on wave type and radiation pattern, G(r) is the geometrical
spreading, Dvdescribes the effects of anelastic and scattering attenuation, S(f) is the
source function and Z* is the surface amplification factor. Following Boore, we take Cy
= Rpy/ 27tpv3where Rpy is radiation pattern, p is the density, and v is eithera (P veloc-
ity) or P (S velocity). The shape of the source function S(f) is controlled mainly by the
seismic moment Mo and the comer frequency fv, the later may be different for P- and
S-waves. Molnar et al. (1973) showed that dislocation models for which both the dura-
tion of slip and the time required for the rupture area to develop are small compared to
the time needed by the body waves to cross the source area can generate fp> f,.

We are primarily interested in the spectral ratio of P to S waves, derived from
Equation (2-1). For this purpose, and since our initial object is to investigate wave
propagation effects on the spectral ratios, we will assume that P and S waves both fol-

low the same geometrical spreading (G(r)), and both have the same source function
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S(f). Using an average of Rp, over the radiation pattern equal to 0.44, and Rp, of 0.60

(Boore and Boatwright, 1984), and assuming a = 1.7320, gives Cp/Q = 0.14. Combin-

ing these with Equation (2-1) gives:

*W r> ni +ZrDP<f’r) 2%2)
Us(f,r) - ZsD,(f,r)

To account for attenuation along the path and also in the near surface, we expand (2)

using the assumption:

DW(£.r) = d M r) expCHiKo/), 2-3)

where dv(fj) =exp(-;cfr/ v Qu{)) and iq, is the decay parameter near the surface (An-
derson and Hough, 1984). In Guerrero, unlike in California, k has a very weak distance
dependence, at least for S-waves (J. Humphrey, personal communication), so that in

this case d* effectively isolates the effects of whole path attenuation.

The surface amplification factor is Z* = (p,,vt/prvr) 12 where vOand p0 are the

average crustal velocity and density respectively and vrand pr the velocity and density
near the surface (Boore, 1986), thus Z>/ Z, = 1. Boore introduced a frequency depen-
dence in the amplification factors by averaging the wave velocities over a depth corre-
sponding to a quarter-wavelength using standard crustal velocities. He obtained that for
f< 1Hz, Zp/Z, = 1 and Zp< Z, for higher frequencies. Thus by using Zp= Z, at high
frequencies, we may overestimate the effect of wave propagation in the generation of
high P/S ratios. In reality, however, the decreasing velocities, and possible occurrence

of stratifications, are likely to generate complicated patterns of amplitude interference
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at different frequencies for the P and S waves incident on the site. Castro et al. (1990)
found evidence of variability in the S-wave amplification among the Guerrero sites.
Because of the limited number of P-waves per station in the data set here used, we can-
not infer the P-wave site response. In addition, the variability in site response to inci-
dent S- and P-waves cannot be simply modeled. It is likely, however, that the
consequence would be introduction of considerable variability from one site to another
in the P/S spectral ratios. Thus, we will interpret stability of the P/S spectral ratios with
regard to observations on several sites as evidence that near surface site effects are not
a dominant factor in controlling the amplitudes.

Several attenuation studies that used stations sited on hard rock (e.g. Frankel,
1982, Anderson and Hough, 1984, among others) indicate that the near-surface attenu-
ation is also an important factor controlling the shape of the spectral amplitudes. Hough
et al. (1988), based on estimates of the spectral decay parameter k, found average
values ofiq, 0f 7.9 and 4.9 msec for P- and S-waves, respectively, in hard rock at Anza,
California, implying higher attenuation for P-waves near the surface. More recendy,
Frankel and Wennerberg (1989) found for the same region that the values of Q for P
and S of the shallow layer below the stations are not significandy different Since the
stations of the GAA are also on hard rock, we expect the near-surface attenuation of P-
to be comparable to that for the S-waves.

To evaluate the attenuation function (Equation 2-3) quantitatively, we use the val-
ues of Q,(f) reported by Castro et al. (1990) for Guerrero (see Figure 2-1) and k, = 0.02.
Although Q for P-waves is not known for the Guerrero region, we can estimate upper
and lower limits by using values of Qp/ Q, reported in other studies (e.g. Hough and
Anderson, 1988). Observed values of Qp/ Q, varied from 0.58 for Central Asia (Rau-
tian et al.,1978) to 1.66 for the San Andreas region. Hough et al. (1988) obtained a Qp/
Q, = 0.83 for California from observations on hard rock sites. We used this value and

Qp/ Q, = 9/4 (Knopoff, 1964) as the lower and upper limits, respectively, for our calcu-



Figure 2-1.

Os

Q for S-waves in Guerrero taken from Castro et al. (1990). The dash
line correspond to the Q frequency relation 1/Q,= 1/3413 + 1/248f.
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laoons. On the right side of Figure 2-2, we isolate the attenuation effect along the path
(cU and plot the P/S ratio as a function of frequency. For the entire range of Qp/Q,
considered, dp/d, increases with distance. The increase is more rapid for larger values of
Qp/Q,. The Figures on the right side of Figure 2-2 all show that for whole-path attenu-
ation alone, dp/d, can be expected to reach very large values.

The left side of Figure 2-2 shows the effect of combining this strong attenuation
factor with other terms of Equation (2-1), including the near-surface term.
The near surface attenuation term in Equation (2-2) can be estimated making x; =1/
QW, Mt*1 K /K*= Q.fyOpV* thus, for Qp/ Q, = 9/4, k, = 0.257k,, and for Qp/ Q, =
0.83, Kp= 0.693k,. Compared to the near-surface results from Anza, quoted above,
these values tend to give a larger contribution to high P/S spectral ratios caused by
attenuation.
The left side of Figure 2-2 shows the P/S spectral amplitudes calculated using Equation
(2-1) for three values of Qp/ Q, and distances r = 30, 60 and 90 km. In general, Up/ U,
still increases with distance and frequency. Up/ U, reaches the highest values, in excess
of 1.0, for Qp/ Q, = 9/4. Thus, if Qp/ Q, > 1 for Guerrero, we do not expect the effect of
differential attenuation of P and S waves to appear at short distances unless it also
shows a very strong distance dependence. Notice also that if S(f) is the same for P and
S waves, then Up/ U, is independent of magnitude.
Diagnostics of a Source Effect

Recent studies of rupture mechanism in foam rubber by Brune et al. (1989) and
numerical modeling of stick-slip by Oden and Martins (1985) have suggested that nor-
mal motions are an important factor in the rupture process. Haskell (1964) has also
shown numerically that tensile fault ruptures introduced additional energy in the P
radiation compared with a pure shear faulting. Blandford (1975) combined Haskell’s
results for the far field radiation of tensile and shear faults to explain the comer fre-

quency shift of shallow earthquakes (Trifunac, 1972; Molnaret al.,1973; Hanks, 1981).
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(a) P/S spectral ratio calculated using equation 1 and the values of
Q(f) for S-waves reported by Castro et al. (1990). Solid line for a
hypocentral distance of 30 Ion, dashed line for 60 km and dotted line
for 90 km. (b) P/S attenuation ratio along the path for the same dis-

tances used in (a).
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If high P/S spectral ratios are the consequence of a seismic source effect, then it is
plausible that the ratio will depend on the size of the earthquake. We will pursue the
assumption that the high ratios arc generated by tensile asperities on the fault plane.
Then, to test the dependence of Up/ U, on magnitude, we investigate two alternatives.
The first is that the sizes and amount of displacement of the tensile asperities scale in
proportion to the total size of the fault. In this case, the number of tensile asperities is
the same for small or large fault planes. The second alternative is that the size of the
tensile asperities is independent of the size of the fault, but that the number of these
asperities increases in proportion to the area of the fault plane. Clearly, many other
assumptions can be devised and a more thorough examination using additional assump-
tions would be justified, however, our main objective here is to obtain a first-order idea
of the effect tensile motions might have.

We explored the dependence of Up/ U, on magnitude using an approach similar to
Blandford (1975) by combining the energy radiated by a shear fault with the energy
radiated by small tensile faults. As a first approximation, we used Haskell’s (1964)
expressions for the spectral energy density derived for the case of point sources distrib-
uted over a plane (see Appendix B). We assume that the faults are linearly independent
and simulate the total radiation of P and S by adding the energy generated by a main
longitudinal shear fault and the contribution of small tensile faults, i.e., (Equations B.I

and B.3 for P; and B.2 and B.4 for S)
E”*co) = EWco)L+ n EW(co)T (2-4)

The spectral density of the far-field radiated energy can also be expressed in terms of

the displacement spectrum (Haskell, 1967) as:
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Ev(q)) = STipvrWu”co)2 (2-5)

where p is the density, v is either P- or S-wave velocity, r is the distance between the

source and the observation point, and Uy(a» the displacement spectrum.

Figure 2-3a shows Up/ U, for the idealized case in which the size of the asperities
increases with magnitude for M = 4,5 and 6. Table 2-1 lists the fault dimensions used.
The area of the main fault and the slip chosen satisfies the definition of the seismic
moment (M ,,= pA s) for p= 3.3 x 10" dyne/cm2 The duration of the source function
for the asperities is scaled with the width (x=W/Vr) and the opening is 20 % of the slip
of the main fault. Large asperities excite the spectral amplitudes of P at low frequencies
while small asperities excite them at high frequencies. As a result, Up/ U, increases
with magnitude in the frequency band that is affected by large asperities but not small

ones, 5-10 Hz in Figure 2-3a.

TABLE 2-1

Fault parameters used in Figure 2a. The number of
subfaults was kept constant (n=4). Rupture velo-
city Vr= 2.3 km/sec and distance r = 40 km.

Main Fault Subfaults

M L w D X L w D X

(km) (km) (cm) (sec) (km) (km) (cm) (sec)

4 224 112 121 097 050 025 0.242 0.11
5 485 242 815 211 1.08 0.54 1.630 0.23

6 1048 524 5515 456 234 1.17 11.03 0.51
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(0)

Figure 2-3. (a) Spectral ratio calculated using Equation (B7) of the appendix. The
fault dimensions used are listed in Table 2-1. Solid line for a magni-
tude M=4, dashed line for M=5 and dotted for M=6. The number of
subfaults is the same for the three cases (n=4).



In Figure 2-3b, we keep the size of the tensile asperities constant and change the
number of them with increased magnitude. The sum of the areas of the subfaults is 20
% of the area of the main fault for all three cases. Despite the fewer subfaults for M=4,
relative to that for M=5 and M=6, the spectral amplitudes of P at f > 10 Hz are consid-
erably greater than S. This indicates that the size of the asperity relative to the size of
the main fault is more important than the density of the subfaults in generating high
values of Up/ U,. Notice that the comer frequency associated with the size of the sub-

fault is about 12 Hz, where the Up/ U, curves cross each other.

TABLE 2-2

Fault parameters used in Figure 3b. All subfaults have the same
length L=0.5 km, width W=0.24 km, 0.24 cm of normal motion and
0.11 sec of source time duration. VF=2.3 km/sec and r=40.0 km.

M n L w D X

(km) (km) (cm)  (sec)

4 4 2.24 1.12 1.21 0.97
5 19 4.85 2.42 8.15 2.11
6 88 1048 5.24 55.15 4.56

In both cases (Figure 2-3a and Figure 2-3b), the Up/ U, ratio show potential diag-
nostic characteristics. In Figure 2-3a, the spectral ratios increase to a high value at a
frequency that depends strongly on magnitude. In Figure 2-3b, the ratio also increases
at high frequencies above the level expected for a shear crack. In this case also, at high

frequencies, the spectral ratio is magnitude dependent, small earthquakes showing a
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Figure 2-3. (b) Same as in (a) but the dimensions of the subfaults are the same
(see Table 2-2). The density of the subfaults increase with M.
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higher P/S spectral ratio than large events. The generality of these diagnostic character-
istics is unknown at present. We next compare them with actual data from the Guerrero

array.

GUERRERO DATA SET

We analyze events that trigger the stations of the Guerrero Accelerograph Array
with the P arrival since the installation of the array (spring of 1985) to May of 1989 and
four events that occurred on May of 1990. This data set consists of 80 recordings of
events with magnitudes between 3.0 and 6.9 and hypocentral distances of less than 120
km. Figure 2-4 shows the location of the stations and the distribution of the events with
known epicentral coordinates.

An example of a strong motion record with high P/S amplitudes recorded at hypo-
central distance of 23 km is displayed in Figure 2-5. Notice the high frequency energy
content in the P-wave arrivals. To compare the spectral amplitudes of the P and
S-waves, we choose windows that include the first arrivals and avoid the codas as
much as possible. The windows selected for P are always smaller than S (on the aver-
age half the size). For most of the cases this does not affect the P/S spectral amplitudes
at high frequencies (f> 1 Hz). However, when the time windows of the S-waves are
considerable larger than the P windows, the S-wave spectra will tend to have higher
amplitudes. In the next section we will show that in spite of that, we observed high P/S
spectral ratios. The same window was used for the 3 channels to compute the Fourier
transform, the spectral amplitudes were smoothed, and then the vectorial sum for each
frequency was calculated. Figure 2-5 also shows the square root of the sum of the
power spectra of the 3 components as a function of frequency, in dashed lines for P and
in solid lines for S. The spectral amplitudes of P for this event exceed the S-wave spec-

tra for frequencies higher than 20 Hz. More typical examples of the spectral amplitudes



Figure 2-4.

Distribution of stations used and locations of events.

62



Figure 2-5.
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On top, the acceleration record of 2 May, 1989 earthquake (M=5.2) at
San Marcos (SMR2). The time windows used to calculate the Fourier
spectra are indicated with the brackets. Below, the acceleration spec-
tra (square root of the sum of the power spectra of the three compo-
nents) is displayed. Dashed line for P and solid line for S waves.
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analyzed are shown in Figure 2-6.

For comparison purposes, in the next Figures dashed lines will always refer to P-wave

spectra and solid lines to S-wave spectra.

P AND S-WAVE SPECTRAL OBSERVATIONS

To analyze the spectral character of the acceleration records in the Guerrero
region, we first compare the amplitudes of P relative to S waves from earthquakes with
the same magnitude recorded at different hypocentral distances. Figure 2-7 shows P/S
spectral ratios for events with 4.2< M <6.9 and hypocentral distance r between 17 and
119 km. Each curve in Figures 2-7a and 2-7b is the P/S spectral ratio at a particular
station. The horizontal dashed line is the value of Cp/C,= 0.14 in Equation (2-2). That
is the expected value of P/S when the comer frequencies fp= f, and there is no path
effect

Although at high frequencies it is very likely that the scattering generated by the
structure along the path tends to average out the radiation pattern (e.g. Vidale, 1989),
we explore how the P/S spectral ratios shown for two events are affected by a radiation
pattern correction. We used the source parameters reported by Anderson et al. (1989)
for the 25 April 1989 event and by PDE for the 2 May 1989 event to calculate the radi-
ation pattern (Aki and Richards, 1980 p.1 15) for these earthquakes. Figures 2-8a and
2-8b show the P/S ratios after the radiation pattern correction. The two numbers that
label the curves are hypocentral distance and azimuth. These Figures show that even if
the scattering does not average out the radiation pattern, we still observe high P/S spec-
tral values. Notice also that at high frequencies the variability of the ratios increased

after the correction suggesting that the uncorrected spectral amplitudes had already

averaged out.
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Figure 2-6. Typical acceleration spectra observed at different sites. The numbers
in parenthesis are magnitude and hypocentral distance respectively.
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Figure 2-7. Observed spectral ratios for magnitudes 4.2 <M < 6.9. Each frame

contains several earthquakes, except for M=5.2 and M=6.9 that have
only one. The range of hypocentral distances r is indicated on top of
each frame. We used solid lines for events with hypocentral distance r
< 40 Km, dashed line for 40<r < 70, and dotted line forr > 70 Km.
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Observed spectral ratios for magnitudes 4.2 <M < 6.9. Each frame
contains several earthquakes, except for M=5.2 and M=6.9 that have
only one. The range of hypocentral distances r is indicated on top of
each frame. We used solid lines for events with hypocentral distance r
< 40 Km, dashed line for 40<r <70, and dotted line forr > 70 Km.
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Figure 2-8. (a) P/S spectral ratios of the 2 May 1989 earthquake after the P and S

wave spectra were corrected by the effect of the radiation pattern.



Figure 2-8.

(b) Same as in (a) but for the 25 April 1989 event.
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We prepare another version of Figure 2-7 by making a partial attenuation correc-
tion. Although Q for P is not known in the Guerrero region, we can correct the S-wave
spectra using the Q frequency dependent relation derived by Castro et al. (1990)
relative to a geometrical spreading function that is proportional to 1/r, namely 1/Q, =
1/3413 + 1/248f (see Figure 2-1). This expression does not account for the near surface
attenuation which may vary from one site to the other. Thus, to account for the attenu-
ation of the S-waves along the path, we correct the spectral amplitudes using this Q
function in d, (Equation 2-3). Then we calculate the P/S spectral ratio for all the records
available. Figures 2-9a, b and ¢ display these P/S values for events with 3.0 <M < 4.1,
4.1 <M <5.0,and 5.0 <M < 6.9, respectively. Since the spectral amplitudes of P were
not corrected for Q, these Figures show smaller P/S spectral ratios than the raw data. In
spite of this, we still observe an increase of the P/S ratio as the frequency increases and
several cases in which the P/S ratio is higher than one. Thus, the high P/S values
observed can not be explained by the differential attenuation between P and S-waves
along the path if Qp/Q, < 1 (see Figure 2-2).

In general, the spectral ratios on Figures 2-7 to 2-9 tend to increase with fre-
quency at frequencies larger than about 10 Hz. We first discuss whether these match
the criteria for a whole path attenuation effect. On average, the trends of the data are
not inconsistent with trends in Figure 2-2, and thus at first glance might be attributed to
attenuation. However, the different types of lines for different distance ranges in Figure
2-7 show no significant trends with distance. Nearly halfthe records have a spectral
ratio greater than one, some at frequencies as low as about 20 Hz. As discussed in the
previous section (see Figure 2-2), differences in attenuation between P and S can pro-
duce P/S ratios greater than one at frequencies f> 20 Hz for the extreme case in which
Qp/Q, > 2. However, Qp > 2Q, was not found in shallow crustal conditions in any of the

papers reviewed by Anderson and Hough (1988). Thus, differences in whole path atten-
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50 < M < 6.9

Figure 2-9.
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uation between P and S waves alone are not sufficient to explain the high P/S ratios
displayed in Figure 2-7; this points toward additional differences in their source
functions or site effects.

In Figure 2-10 we plot P/S amplitudes as a function of distance for 2, 3,5,10,20
and 40 Hz, as an alternative way to examine whole path attenuation. Based on Figure
2-2, we expect an increase of P/S with distance for large values of Qp/Q, or in the other
extreme a constant P/S ratio for small Qp/Q, values. Instead, Figure 2-10 shows high
variability of P/S with distance. To explore the role of site response in causing this
variability, we plot in Figure 2-11 a subset of the data from Figure 2-10 for stations that
recorded five or more events. We used different symbols for the different stations. The
station OCLL (triangles) shows an increase of P/S with distance at 5,10 and 20 Hz.
However, the other stations do not show any clear trend, although the average P/S val-
ues tend to increase with increasing frequency. In Figures 2-10 and 11 we plot P/S val-
ues from events with different magnitudes (3.0< M < 6.9). It is possible that for some
of the events the source function of P- is different from that of S-waves, so that the
source effect is not eliminated when calculating the P/S ratio. Thus, the scatter in Fig-
ure 2-11 for the different sites may be due to source differences between P- and
S-waves. Figure 2-11 indicates that data for particular stations tends to show somewhat
less scatter than the data set as a whole, suggesting a small but non-zero average site
effect. Within the scatter, there may be a tendency for the P/S ratio to increase with
distance, but the confidence of such a trend is low. Thus the data do not suggest a
strong propagation path effect.

We next discuss whether the data match the criteria for a source effect. It is clear
from Equation (2-1) that if the source function S(f) is the same for P and S waves
(S(H)p/S(f), = constant), then for a fixed distance r the P/S spectral ratio at a given fre-
quency f must be the same for all magnitudes. On Figures 2-7 or 2-9 there are no

obvious tendencies for the ratios to depend on magnitude, but a tendency could be



Figure 2-10.
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Spectral ratios as a function of hypocentral distance for 2, 3, 5,10,20
and 40 Hz. The events used have magnitudes M < 6.9.
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hidden by the scatter in the curves. This is explored more in Figure 2-12 where we plot
P/S ratios versus magnitude for the same frequencies as Figure 2-11. We group the
events by symbol according to their hypocentral distance. The dashed line is the aver-
age P/S value. Because of the high values of Q in Guerrero, we do not expect devi-
ations in P/S amplitudes due to attenuation greater than about 0.2 (see Figure 2-2) for
the 10 km interval chosen for grouping the events. As shown in Figure 2-12, if there is
a systematic variation of P/S with M, it is masked by the scatter in the data. However,
the average P/S value for f< 5 Hz is 0.17 and tend to increase at the higher frequencies.
Because in this Figure we have used P/S amplitudes from different stations, part of the
deviation of P/S from a constant value may be due to differences in site response. To
explore this possibility, we plot in Figure 2-13 P/S amplitudes from only one station
(PAPN), and one distance range (20-30 km). Thus Figure 2-13 isolates the various
effects more thoroughly than the previous Figures. The result shows that P/S is strongly
scattered even in this case. The average P/S value, shown with the dashed line, equals
0.144,0.135 and 0.145 for 3,5 and 10 Hz respectively, these values are approximately
the same value of Cp/C, = 0.14 in Equation (2-2). However, for 20 and 40 Hz all the
P/S values (and their average) are above 0.14, and most importantly, many of them

above the expected P/S amplitudes for Qp/Q, <1.0 (see Figure 2-2).

PATH EFFECT CANCELLATION

An alternative method to separate path effects from the spectral source function is
to use wave arrivals that have traveled along similar paths. This method has been used
in previous studies to infer attenuation and/or source properties (Bakun and Bufe, 1975;

Castro, 1983; Frankel and Wennerberg, 1989; among others). For two events of differ-

ent size but same focal location and recorded at the same station, the path effect can be
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Figure 2-11. Same as Figure 10. Only stations with 5 or more events are displayed.

Different symbols are used to identify the stations as follow: OCLL
triangles, PAPN octagons, VIGA diamonds, and XALT pluses.



Figure 2-12.
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Spectral ratios as a function of magnitude for the same frequencies
shown in figure 10. (a) The symbols identify events with same dis-
tance range as follows: triangles for 20 <r < 30 Km, octagons for
30.1 <r <40 Km, diamonds for 40.1 <r <50 Km, and pluses for 50.1
<r <60 Km.



Figure 2-12. (b) same as (a) but only spectral ratios from PAPN is displayed.
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eliminated by taking the spectral ratio of the two events for either P- or S-waves. Since
the smaller earthquake has a higher comer frequency fc, the resulting spectral ratio
describes the source characteristics of the bigger event at frequencies smaller than £5.

To apply this technique we look for accelerograms with P and S-waves recorded
above the noise level by the same station. We found one pair of events recorded in La
Comunidad (COMD), both with an S-P arrival of 6.7 seconds and located in the same
epicentral area. One of these events occurred on 11 June 1986 (M=5.1) and the other on
29 August 1987 (M=4). Another pair of events was recorded at La Llave (LLAV) on
31 May 1990 with an S-P 0f4.0 seconds.

Because we want to determine possible differences between P and S-wave energy
radiated at high frequencies, we eliminate the path effect first by dividing the P-wave
spectra of the 11 June 1986 record by the P-wave spectra of the 29 August 1987, and
likewise for the S-waves. If the focal mechanism of the two events used is the same,
then the radiation pattern is canceled when the P/P and the S/S spectral ratio is calcu-
lated. Although the first arrival of the two events analyzed have the same polarity and
similar wave forms, the actual focal mechanisms are not known. Consequently the
possibility that results of this analysis are contaminated by differences between the
focal mechanisms ofthe two events remains open. Figure 2-14a shows the computed
ratio in dashed line for P and solid line for S-waves at frequencies where the signal to
noise ratio is adequate (beyond the comer frequency of the two events). Figure 2-14b
shows the P/S ratio of the ratios shown in Figure 2-14a. Referring back to Equation
(2-1), the ratios in Figure 2-14a should both be asymptotic to the ratio of seismic
moments (23.8 for those events) at low frequencies (not shown). Above the comer fre-
quency of the larger event (fe=1.8 Hz) the ratio should begin to drop, and then level
out beyond the comer frequency of the smaller event (fc= 6.3 Hz). The ratio ofratios is
expected to be one at the low frequency asymptote. At high frequencies a value of the

ratio ofratios in excess of one indicates that the earthquake in the numerator generated
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Figure 2-13. Spectral ratios at COMD (La Comunidad) between the 11 June 1986
(M=5.1) and the 29 August 1987 (M=4) earthquakes, (a) The dashed
line between the P-wave spectra and the solid line between the
S-wave spectra, (b) The ratio of the ratios between P and S waves is

shown.
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Figure 2-14. Spectral ratios at LLAV from a pair of events recorded on 31 May
1990 at 07hrs:35min (M=5.8) and 07hrs:36min (M=3.9). As in Figure
13, (a) P/P and S/S ratios; and (b) the ratio of the ratios.
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proportionately more high frequency energy than the earthquake in the denominator.
Figure 2-14b show this to be the case, especially above 30 Hz. This indicates an origin
at the source of some of the excessive high frequency energy.

We used the same procedure with the pair of events recorded at LLAV on 31 May
1990. One ofthese events has a magnitude M=5.8 and the other an M=3.9. The two
events have the same hypocenter and their origin time is 1.5 minutes apart Figure
2-15a shows the P/P and S/S ratios and the Figure 2-15b the ratio of the ratios. Since
the hypocentral distance to the recording station (LLAV) of these pair of events is
shorter than the distance of the pair recorded at COMD, the signal to noise ratio is
higher for frequencies f < 50 Hz. This permit us to use spectral amplitudes at higher
frequencies for the spectral ratios than those in Figure 2-14.

An important conclusion from the analyses of the two pairs of events is that the
source ratio of high frequencies is variable from event to event, consistent with the

large scatter in the ratios shown in previous Figures.

DISCUSSION

This paper has documented high P/S spectral ratios and compared systematic
behavior of these ratios with predictions based on source and wave propagation models
for their origin. In spite of the lack of measurements of Q for P in Guerrero, the use of
reported values of Qp/Q,permit us to establish simple diagnostic tests to distinguish the
effects of the differential attenuation between P and S waves from those caused by the
source. To a large extent, any systematic behavior predicted by these diagnostic tests
has been masked by large scatter in the data. Thus, any hypothesis for the origin of
these high ratios must explain the scatter. Figure 2-13 is particularly suggestive towards
a unifying hypothesis, since all the effects are isolated. On this Figure, at 10,20 and 40

Hz particularly, there is a well developed trend of points, with averages at 0.145,0.265,
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and 0.631, respectively, that might be taken to represent the "normal values" incorpo-
rating attenuation, that is the value for which S(f)p/S(f), = constant. At 5 Hz, the trend
at 0.135 is less well developed. Significant deviations from this trend occur primarily
with the occurrence of higher P/S values. We suggest that normal motions on the fault
to cause the high deviations, are common, but not universal in occurrence. Quantitative
comparison of the "normal values" with Figure 2-2 is interesting. At 5 to 20 Hz, these

normal values" are all closest to the prediction based on attenuation for Qp/Q, < 1, but
at 40 Hz they are greater. While this may be explained by a different Q model, it might
also result from a greater probability for 40 Hz data at all the magnitudes considered to
be affected by small asperities as suggested by the model presented on Figure 2-3b.
Furthermore, we see a tendency for more deviations (i.e., excess of P-wave energy) at
small magnitudes than at large. This may be a consequence of a tendency for tensile
sub-events, when they occur, to be small (Figure 2-3b) as opposed to the alternative
model (Figure 2-3a) in which the tensile sub-events are proportional to the size of the
fault. Then, the tendency for the larger events to be more concentrated toward a "nor-
mal value" is in line with Figure 2-3b.

In summary, it appears likely that both attenuation and source processes contrib-

ute to higher than expected ratios of P- to S-spectra. The sensitivity study in Figure 2-2
shows that, at short ranges (r < 30 km), Q alone is not sufficient to generate ratios over
one, but it contributes to some increase. Figures 2-3a and 2-3b demonstrate the plausi-
bility of normal motions on the fault generating the high, but variable, ratios at short
range. The validity ofthe assumed source functions, the appropriate strength of the
normal motions, and the sensitivity of the calculated ratios to these assumptions
remains an open question. We conclude that normal motions during the rupture process
may play an important role in determining the amount of high frequency P-wave

energy that is radiated.
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CHAPTER m

P AND S-WAVE DISPLACEMENTS FROM KINEMATIC

DISLOCATION MODELS

INTRODUCTION

Complex rupture histories are one of the most common features reported from
many studies ofreal earthquakes (e.g. Wyss and Brune, 1967; Trifunac and Brune,
1970; Kanamori and Stewart, 1978). The complex nature of the fault displacements is
usually interpreted as multiple events (Singh et al., 1984; Anderson et al., 1986; Choy
and Boatwright, 1988 among others). These complexities can also be caused by an
inhomogeneous distribution of the strength on the fault, by irregularities of the fault
geometry (Sibson, 1985,1989) and by variations of the friction on the fault that pro-
duce an irregular rupture front. Models that incorporate complexities on planar faults
assume stress heterogeneities in the form of barriers (Papageogiou and Aki, 1983) or in
the form of asperities (Rudnicki and Kanamori, 1981). Complexity due to irregularities
of the fault geometry has also been introduced in models of nonplanar faults (Andrews,

1989).

Recently, in addition to these, Brune et al (1989) have suggested that fault-normal
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vibrations are a characteristic of seismic faulting, an idea suggested originally by Has-
kell (1964) and considered by Blandford (1975). Because tensile dislocations tend to
emit higher P-wave energy than shear faults (Haskell, 1964), normal vibrations on the
fault would increase P/S spectral ratios at high frequencies.

Two recent studies (Vernon et al., 1989 and Castro et al., 1989) have examined
data specifically to look for high P/S ratios in this context Castro et al. 1990 found P/S
ratios greater than what can be easily explained by attenuation. Figure 3-1 shows sev-
eral examples of the typical P/S spectral ratios observed in Guerrero, Mexico after cor-
rection for Q,.
The occurrence of tensile faults has been observed in rock mechanic experiments
(Reches and Lockner, 1990). Tensile faulting might also occur during the intrusion of
magmatic material. Although for real earthquakes the predominant motion on the fault
is likely to be purely shear, important tensile contributions or fault-normal vibrations
may occur. If this is the case, there must be a relationship between the increase of P/S
relative to pure shear faulting and the amount of normal motion on the fault. In this
paper we explore simple dislocation models with superimposed normal motions. We
study a planar fault in which small normal motions occur during slip. We also analyze
the dilatational effect of a fault jog linking strike-slip fault segments. These models
provide us with an estimate of the amount of normal motion required to explain the
high P/S spectral amplitudes observed in a previous study of earthquakes in the Guer-

rero subduction zone (Castro et al., 1990).

SENSITIVITY TO SOURCE TIME FUNCTION

We use the formulation of Haskell (1969) and Haskell and Thomson (1972) to
calculate the displacement at a point in an infinite space for a homogeneous, isotropic,

elastic solid. We evaluate the integrals of Haskell’s (1969) equations using Romberg’s
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Figure 3-1 Typical P/S spectral amplitudes observed in the Guerrero, Mexico

subduction zone after the S-waves were corrected by Q,. Taken from
Castro et al. (1990).
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method of integration (e.g. Anderson, 1974; Anderson and Richards, 1975). As in Has-
kell s formulation the shear displacement on the fault surface is prescribed by a propa-
gating ramp on a rectangular fault. In this paper we also use a trapezoidal time function
of dislocation for the normal vibrations. In Haskell (1969), the fault length L, the width
W, the permanent slip D, the rupture velocity, and the rise time are prescribed. The rup-
ture front propagates unilaterally at a constant velocity over the length of the fault. To
analyze the effect of normal motions during slip, we add the displacements due to pure
shear faulting and the displacements due to tensile dislocations.

We first study the effect of the source time function on the excitation of P-waves
for pure tensile faults and compare the results with those for S-waves. For this purpose
we consider a vertical fault, and calculate the far-field displacements for three different
time functions.

The first time function is a trapezoidal time function defined as

7

D&ut)= ¢ D

where T is the duration, Tj = T/3, T2= 2T/3, D is the amplitude of the normal motion, u

the rupture velocity and the distance along the fault from the hypocenter. This time

function is used to simulate a tensile fault that opens and closes during the time T. For
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all the calculations we use P and S velocities of the medium of oc=4.5 Km/sec and p =
2.6 km/sec, respectively. We make L =W =0.6 km, T = 0.1 sec and D = 1 cm. Figure
3-2 shows the geometry of the reference system used. The azimuths are defined as the
angle measure from the Xi axis in the counter-clockwise direction. We calculate the P
and S-wave displacements for azimuths of 30,60 and 90 degrees for rupture velocities
0f0.9 a and 0.9 p. We used 130 km for the epicentral distance to be sure we were in
the far field.

The second time function used to calculate P and S-wave displacements is a prop-
agating ramp (Haskell and Thomson, 1972), using a rise time of 0.1 seconds and the
same geometry and parameters as above. Whereas the first time function does not have
a permanent offset, this one does. The "moment" is p L W D.

The third time function is intended to represent a circular tension crack. For this
case the rupture starts at the center of the fault and propagates radially outwards. The
radiated energy for P and S-waves for a circular crack has been studied in detail by
Walter and Brune (1990). The displacement of the crack is maximal at the center and
decreases to zero for r=c, where r = and c is the radius of the fault We charac-
terized the spatial variation of this displacement with the function u(r) = Dc(c2-r " /c.
This function is the displacement function obtained by Sneddon (1951) for a circular

tensile crack. The time history of the rupture was stipulated using ramp functions with

variable rise time, 7\r) = A so that the final dislocation is
0 t<tr

D3(r,t) = A u(r)(t-0/T(r) tf<t <t, + T(r)
u(r) t,+T(r) <t

where # ~ jj, and the moment for this case is 1% li Dec\

Figure 3-3 shows the P wave and Figure 3-4 the S-waves obtained using these source

time functions. The displacement at the observation point is proportional to the dis-
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Figure 3-2. Fault geometry and coordinate system used.
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using a ramp function, dashed line for a trapezoidal time function and

dotted line for a circular crack. The P-waves on the left were calcu-
lated using a rupture velocity of 2.34 km/sec and the waves on the

right for 4.05 km/sec. Only the component with the maximum
displacement is shown.
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Figure 3-4. Same as in Figure 3-3 but for the S-wave.
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placement and the area of the fault Thus, to make the comparison in Figures 3-3 and
3-4 meaningful, we normalize the displacement of the circular crack to the same
seismic moment as the previous case. By comparing these Figures, we observed that
the circular crack is more efficient in the excitation of the high frequency P-waves
relative to high frequency S-waves than the square fault with either a ramp or a
trapezoidal time function, at least for the far field. The very short rise time near the
outer edge of the crack contributes to this high efficiency. In general, the P-waves have
maximum amplitude in the X3direction for 90° and in the X, direction for 0° where the
S-waves are nodal.

In Figure 3-5 we plot the P/S spectral ratios obtained using the wave forms shown in
Figures 3-3 and 3-4. To calculate these ratios we used the power spectra of the 3
components as a function of frequency. The horizontal dotted line for 30° and 60° in
Figure 3-5 is the P/S value for a point source shear dislocation. In Figure 3-6 we
compare P/S values between shear and tensile dislocations for a point source. P/S is
singular for the shear dislocation at 45° where the S-waves are nodal. P/S is higher for
the tensile dislocation between 0° and 30° and between 60° and 90°. The three tensile
models used in Figure 3-5 give a higher ratio at low frequency compared with the point
source shear dislocation. Therefore, at frequencies that are unaffected by the details of
the assumed normal motion the superposition of normal motion onto a shear disloca-
tion is expected to increase the P/S ratio. At higher frequencies, above the comer

frequency of the dislocation, the ratio is more variable.

MODELS THAT INCORPORATE BOTH SHEAR AND TENSILE
MOTIONS

Because observations of high P/S spectral ratios (Molnar et al., 1973; Vernon et

al., 1989; Castro et al., 1991, and others) suggest that complex source ruptures may
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Figure 3-5.

30* :ﬂ

P/S spectral ratios obtained using the wave forms shown on Figures
3-3 and 3-4. The different lines identify the source time functions
used as in Figure 3-3.
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Figure 3-6. P/S ratio for a point source. Solid line for a shear dislocation and
dashed line for a tensile dislocation.
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need to be modeled using non-pure shear faulting, we explore models that introduce
normal vibrations on the fault plane. We consider a planar shear fault containing
patches that superimpose normal motions. Figure 3-7 shows a rectangular fault which
has been gridded into small subfaults. The fault dips 15° and slips toward the X3direc-
tion. This geometry resembles a situation similar to a subduction zone. The entire fault
slips in a coherent shear rupture. We model normal motions on the fault by causing
some of the subfaults to rupture as pure tensile faults, and adding their displacements to
the displacement generated by the main shear fault In this manner we analyze how
much the P/S amplitudes increase relative to a pure shear faulting. An additional source
complexity was introduced by triggering the subfaults randomly in time and space.
This is justified by studies of fracture mechanics that indicates a chaotic rupture behav-
ior during slip (Reches and Lockner, 1990).

As discussed in the previous section, the amount of P-wave energy introduced by the
subfaults will depend upon the choice of the source time function and the recording azi-
muth. Because of the great variety of combinations, it is impossible to present in this
paper all the possible alternatives. We chose a trapezoidal time function for the tensile
subfaults and a ramp function for the shear fault. Thus, although we introduce normal
vibrations during the rupture process, the fault will not open permanently. We used a
fault length of 3 Km and a width of 1 km and divided it into 21 subfaults. We calcu-
lated P and S-wave displacements for an epicentral distance of 130 km and an azimuth
of 60°. We calculated the body-wave displacements of the main shear fault using a
ramp function with two seconds ofrise time and final dislocation of 10 cm. Figure 3-8
shows the P and S-waves obtained before the addition of the tensile subfaults. Each of
the subfault displacements were obtained using a trapezoidal function with 0.5 seconds
duration and maximum amplitude of 1 cm. Figure 3-9 shows the body-wave displace-
ments obtained for three of the subfaults (note the shorter time scale). We add to the

displacements shown in Figure 3-8 the displacements of the tensile faults. 21 random
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Figure 3-8. Body wave displacements from a pure shear rectangular fault The
left frame for P and the right for the S-wave. A ramp with 2.0 seconds
ofrise rime, and 10 cm of final dislocation was used.
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Figure 3-9. P and S-wave displacements (left and right frames, respectively) from

3 of the 21 tensile subfaults.
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subfaults were used in the addition along with random starting time. We restricted the
trigger time of the subfaults to be during the time required by the main shear fault to
reach the maximum slip (between the first two seconds). In this random process, the
subfaults do not rupture more than twice and always at different times. The sum of the
areas of the subfault equals the area of the main fault (3 km2) and the rupture velocity is
2.3 km/sec (0.9(3). In Figure 3-10 we display the body-waves obtained after adding the
contribution of the normal motions. To emphasize the high frequency energy intro-
duced by the subfaults, we also plot the particle velocity and accelerations. These were
calculated using the first and second central divided differences of the displacement.
We also calculated the P/S spectral ratios (see Figure 3-11) from the vectorial sum of
the three components as in Figure 3-5. As mentioned above, in this simulation the fault
has a permanent offset of 10 cm and temporal normal motions of only 1 cm during the
first 2 seconds of the rupture, 10% ofthe permanent offset. This small normal motions,
however, increase the P/S amplitudes shown in Figure 3-11 by at least a factor of 1.5 at
frequencies f > 3 Hz. For frequencies higher than the comer frequency associated with
the dimensions of the subfault (fc~ 5 Hz) the normal motions have a stronger effect on
the P/S amplitudes. At low frequencies (f< 1Hz), the P/S amplitudes are independent
of the fault-normal vibrations.

As mentioned before, irregularities in the fault geometry can also introduce dilata-
tion in the rupture process. Sibson (1989) has shown how complex geologic structures
such as faultjogs and fault bends can produce dilatational or antidilatational features
during rupture propagation. In a dilatational jog the friction at the tips diminishes, facil-
itating sliding so that the slip can be transferred along the fault system. Sibson (1985),
however, also points out that for several recent earthquakes the rupture has stopped
near a large dilatational jog. We nevertheless analyze how a dilatational jog may intro-
duce additional P-wave energy in the particle displacements when the slip is transferred

from one section of the fault to another.
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Figure 3-10. Displacement, velocity and acceleration obtained after adding the
contribution of the tensile subfaults.
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Figure 3-11. P/S spectral amplitudes calculated from the displacements displayed
in Figure 3-9. TTie dashed line is the spectral ratio for the pure shear
displacement (see also Figure 3-8).
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Figure 3-12 shows a strike-slip system of faults like those described by Sibson (1985,
1989), that is, a dilatational jog consisting of a left step under left-lateral shear. We
assume that the three segments of the system rupture in a progressive manner so that
the total body-wave displacement consists of the contribution of the 3 segments of the
fault. The rupture starts on the left (segment 1 in Figure 3-12); when the rupture front
reaches the lower edge of the step the second segment of the fault is triggered. At this
point the slip D will have a normal and a transversal component on segment 2 whose
magnitude will depend on the angle of the step. The third segment of the fault triggers
when the rupture front reaches the upper edge of the jog. The first and the third seg-
ments rupture in a pure shear fashion. For these two segments we use a ramp function
with 7.8 seconds ofrise time and a final dislocation D = 25 cm. The length and the
width of the two segments are 12 km and 6 Km, respectively. The step of the fault has
an angle of 10°; thus the slip on the second segment has 24.6 cm of shear displacement
and 4.34 cm of normal motion. We consider an angle of 10° reasonable based on
mapped surface traces of large strike-slip ruptures (Sibson, 1989). For this segment we
use a ramp function with 4.2 seconds ofrise time for the shear and the tensile compo-
nent We use the same width as the other two segments and a length of 6.5 km. By
using a ramp function for the tensile component of the rupture instead of a trapezoidal
function, we let the second segment of the fault open permanently 4.34 cm.

Figure 3-13 shows the displacements obtained for an epicentral distance of 200 km and
azimuths of30°, 60° and 90°. In Figure 3-14 we plot the P/S spectral amplitudes
obtained using the vectorial sum of the 3 components. We also test the case in which
the second segment of the fault opens and closes in the 4.2 sec interval by using a trap-
ezoidal function. Figure 3-15 shows the P/S spectral amplitudes obtained for this case.
For both cases, the P/S amplitudes are independent of the fault normal motion at
frequencies lower than the comer frequency of the dilatational jog (fc~ 0.3 Hz). In Fig-

ures 3-14 and 3-15 we also plot the P/S amplitudes obtained from a planar pure-shear
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Figure 3-12. Cartoon of a dilatational jog on a left-lateral strike-slip fault (modi-
fied from Sibson,1989). The rupture propagates from left to right.



Figure 3-13.
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Body-wave displacements obtained from the fault system shown in
Figure 3-12. Top for an azimuth of 30°, middle for 60° and on the
bottom for 90° and an epicentral distance of 200 km. A ramp function
was used for the three segments of the fault.
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Figure 3-14. P/S spectral amplitudes obtained from the displacements shown in
Figure 3-13. The dashed line indicates where a rise time of 0.5 sec
was used, and the dotted line for the case of a planar strike-slip fault
and no normal component of motion.
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Figure 3-15. Same as Figure 3-14 but P/S spectral amplitudes obtained using a
trapezoidal time function for the second segment of the fault shown in
Figure 3-12.



fault with a length of 30.5 km and a width of 6 km. We generate the P- and S-waves
using a ramp function with a rise time of 7.8 sec and a permanent offset of 25 cm.

The rise time used in the above calculations are consistent with the rupture duration,
however, dislocation time histories obtained from recent studies of earthquakes (Hea-
ton, 1989) suggest that slip-pulse models may be more adequate. We test this model by
using arise time of 0.5 seconds for the ramp functions and the duration of the
trapezoidal function used to model the system of faults shown in Figure 3-12. We keep
the same values for the other parameters. Figures 3-14 and 3-15 also show the P/S

spectral amplitudes obtained for this case.

DISCUSSION AND CONCLUSIONS

We have explored two models that introduce normal vibrations during slip. When
the geometry of the fault changes (Figure 3-12), the magnitude of the motion normal to
the fault depends on the angle of the jog and the amount of slip that is transferred from
one section of the fault to another. Thus, the geometry of non-planar faults is the main
physical constrain on the amount of normal motion on the fault. In both models, how-
ever, the amplitudes of the body-waves will depend on the source time function chosen
(see Figures 3-3 and 3-4). To simulate the opening and closing of the fault, we selected
a trapezoidal time function to model the tensile component of faulting for the models
considered in this paper. As it turns out, this time function is not the most efficient way
to excite P relative to S-waves. However, by using this function we establish an upper
limit on the magnitude of the normal motions on the fault required to explain P/S spec-
tral amplitudes observed in previous studies (Castro et al., 1990). For the planar-fault
model (Figure 3-7), normal motions of 10 % of the slip on the fault increase the P/S
amplitudes from a factor of 1.5 at 3 Hz to a factor of 4.7 at 25 Hz (see Figure 3-11). For

this model, the subfaults also introduce complexity into the S-waves as can be seen
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from the accelerations shown in Figure 3-10. However, the excitation of P-waves at
high frequencies (f> 1Hz) is more efficient for a tensile rupture; thus, P/S tends to
increase with frequency.

For the non-planar model (Figure 3-12), ajog with an angle of 10 introduces a normal
component of 18 % of the slip on the fault. In this model, however, the area of the jog
represents only 20 % of'the area of the whole system. In Figures 3-14 and 3-15 we
compare the P/S spectral amplitudes between this model and a planar pure-shear fault
with same rupture area. At 30° the S-waves for the pure-shear fault are close to the
node while at 90° the P-waves are nodal. Thus, P/S is high for 30° and low for 90 .
When the fault opens and closes (Figure 3-15) P/S is higher than when opens perma-
nendy (Figure 3-14) for 60° and 90°. For intermediate azimuths (-60°), the P/S values
shown in Figure 3-15 increase by a factor of 1.9 between 1 Hz and 10 Hz relative to the
planar model. This indicates that the near and intermediate field terms for the trapezoi-
dal time function introduce more P-wave energy relative to S-wave than the ramp time
function. We also observed in Figures 3-14 and 3-15 that a source with a rise time
shorter than the overall rupture duration tends to give higher P/S amplitudes for azi-
muths between 30° and 60° and smaller for an azimuth of 90°.

Based on the geometry of mapped surface traces of earthquake ruptures (Sibson, 1989),
a fault normal motion of 18 % of the slip on the fault is plausible. This introduce addi-
tional P-wave energy in the particle motions that explain the high P/S spectral ampli-
tudes observed in previous studies (Castro et al., 1990). For a planar fault, normal
vibrations of only 10 % of the slip also give P/S amplitudes consistent with the
observations. It is clear from Figures 3-5,3-14 and 3-15 that for an homogeneous full
space the radiation pattern plays an important role on the P/S spectral amplitudes. For

the real earth, the elastic properties of the medium changes laterally and with depth. It



is likely that at high frequencies, the scattering may tend to average the radiation pat-
tern. Thus, any conclusion from this study must be based on the overall values

obtained.
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APPENDIX A

The attenuation model, Equation (1-1) in the text, e.g.

Di(f,r) = MiA (/) (A-])
is linearized by taking logarithms at both sides of the equation. Then (A-1) for a fix
frequency f can be rewritten as

dy = nii + gj (A-2)
where dij = Log Dj(f;r) is the spectral amplitude from event i at distance j, n* = Log M|
is the scalar for event i and %= Log A(f,r) the attenuation at distance j.

In matrix form, Equation (A-2) is
T *=Db (A-3)

where h is the data vector containing the elements dy (the subscripts only identify the
origin of the data), a is the solution vector containing the model parameters m; and aj
and the elements of T are illustrated in Figure A-1. The smoothing constrain is also
included on T.
The weighting factors Wj and w2are used to constrain a,=0 at r=0 and to weight the
second derivative respectively. In practice w2is varied in multiple runs, and an optimal
choice is selected by visual examination of the solution.
For the case of the parametric model, Equation (1-6) in the text can be rewritten as

dji=§+7+1 (A-4)
where dy = Log Dy(f,r) - Log G(r) is the spectral amplitude from event i at site j after
the geometrical spreading correction, §= Log S«f), 4 = Log Zj(f) and t = -rcfr/pQ Log

e. Equation (A-4) in matrix form becomes:
ri=_nR (A-5)
where now no smoothness constraints are needed because of the assumed distance

dependence.
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The system of equations (A-3) and (A-5) is solved for 26 frequencies between 0.1 and
40 Hz using a least-squares inversion (Menke, 1984). The solution is given by

i =(TTn 1rTd

(A-6)
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Figure A-1
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APPENDIX B

Haskell (1964) derived expressions for the spectral energy density radiated by
point sources over a fault plane. In his model the fault is assumed to be rectangular and
propagates at a constant velocity in the direction of the length L. The slip occurs simul-
taneously across the width of the fault W.

For a longitudinal shear fault the spectral energy density (Haskell, 1964, equations 45
and 46) is given by:

A

Ep(co)L= (pW2L2D22;tp)(p/a)5|G(co)|2B"to) (B-1)

E,(co)l = (pW2L2D22rcp) 1G(co)j2 B2(co) (B-2)
where p is the density, a and p the P- and S-wave velocities, respectively, G(co) the
acceleration spectra of the time function, and Bj(co) and B2(co) (Haskell, 1964 equations
47 and 48) are the integrals that account for effects of rupture propagation.
We use a ramp function of duration T for the displacement time function and make
T=L/Vrwhere Vris the rupture velocity.
Similarly, the spectral energy density for a tensile fault with displacement normal to the
fault plane (Haskell, 1964, equations 80 and SIA)\ are:

Ep(co)T= (pW2D2.22tta) |G(m) | 2 BXco) (B-3)

Et(Q)T= (pW2D2L227ip) |G(co) | 2B co) (B-4)
Instead of using a ramp function for G(t) as above, we choose a trapezoidal time
function. This function simulates a fault that opens and then closes in a time T=W/Vr.
If we superimpose small tensile faults to a main longitudinal fault and assume that the
faults are linearly independent, then the total spectral energy will be:

Ed(co) = Ec(co)l + 1n Ec(cd)t (B-5)
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where n is the number of tensile faults superimposed.

Then the P/S spectral energy ratio is:
E>«b)  Ep(co)L+ nEp((0)T (B-6)
E,(0)) E,(co)L+ nE,(co)T

This energy ratio can be converted to displacement using equation (2-5) of the text

(Haskell, 1967), i.e.:
Up(co) p12{[Ep(co)l] 12+ n[Ep(0))T] 112) (B-7)

U.(co) a 122{[E.(0))l],2+ n[E,(co)T]1/2}





