
Bulletin of the Seismological Society of America, Vol. 86, No. 6, pp. 1845-1852, December 1996 

Large-Amplitude Moho Reflections (SmS) from Landers Aftershocks, 

Southern California 

b y  J im  M o i l  and  D o n a l d  H e l m b e r g e r  

Abstract Closely spaced aftershocks of  the 28 June 1992 Landers earthquake (Mw 
7.3) were used to make event record sections that show the transverse components  
of  S and SmS arrivals at a distance of  70 to 170 km. For the data recorded toward 
the north in the Mojave desert, large SInS phases are observed with amplitudes 2 to 
5 times greater than the direct S. For similar distances to the south, the SmS arrival 

is comparable to or smaller than the S. Comparisons to synthetic seismograms in- 
dicate that the large-amplitude SInS phases are produced by the simple crustal struc- 
ture of  the Mojave desert that allows a large Moho reflection. In contrast, the more 
complex geologic structure to the south partitions the seismic energy into a more 
complicated set of  seismic phases, so that the Moho reflection is diminished in am- 
plitude. The large SInS phases observed in the Mojave enhance the overall ground 
motions by a factor of  2 to 3. This suggests that when damaging earthquakes occur 
in other regions of  simple crustal structures, Moho reflections will produce amplified 
strong motions at distance ranges around 100 km depending on the local structure. 

Introduction 

In southern California, at epicentral distances of 80 to 
120 km, one of the largest amplitude seismic arrivals can be 
the S-wave reflections (SmS) from the Mohorovicic discon- 
tinuity (Moho) between the crust and mantle. Because of its 
large amplitude, SInS can control the strong shaking from 
moderate and large earthquakes in this distance range. Using 
recorded strong-motion data from the 1968 Borrego Moun- 
tain earthquake, Burger et al. (1987) showed that the largest 
ground velocities at San Onofre were from S reflections off 
the Moho. Other observational studies (Somerville and 
Yoshimura, 1990; Somerville et al., 1993) concluded that 
the strong shaking in San Francisco from the Loma Prieta 
earthquake was 2 or more times stronger because of the SmS 
phase. An understanding of SInS amplitudes is important for 
characterizing strong ground motions at distances around 
100 krn, and attenuation relations may be improved by ac- 
counting for the amplification (or lack of) caused by this 
phase. 

This study uses closely spaced aftershock data from the 
28 June 1992 Landers earthquake (Mw7.3) to make event 
record sections that show clear examples of the varying am- 
plitudes of SINS. Some of the data show strong SInS phases 
that are 2 to 5 times larger than the direct S wave, while 
other recordings at comparable distances show SmS ampli- 
tudes that are smaller than the direct S. Using comparisons 
to synthetic seismograms, we explain the amplitude varia- 
tions in terms of the local crustal and Moho structure. The 
results are used to infer general types of crustal structure that 
are likely to produce the large-amplitude SInS arrivals. 

Data 

This study takes advantage of the large amount of high- 
quality broadband data collected from the aftershocks of 
the Landers earthquake. By combining seismograms from 
closely spaced aftershocks recorded at single stations, de- 
tailed seismic sections can be constructed that show the com- 
plexity of the wave propagation with distance (i.e., Spudich 
and Bostwick, 1987; Moil, 1991). These resulting sections 
are similar to those produced by refraction experiments, ex- 
cept that refraction data usually have a few explosion sources 
with many recorders, while this study uses many sources 
recorded at a few stations. An important advantage of using 
earthquake sources is that one can see the waves that actually 
cause damage during an earthquake (i.e., S, SmS, and short- 
period surface waves). Experimental data using explosion 
sources contain less shear-wave energy, so these phases are 
commonly not well observed in refraction studies, and often 
it is necessary to use the strength of PmP to infer the be- 
havior of the S reflections. 

Figure 1 shows the locations of 107 Landers aftershocks 
(M --> 3.0 to 4.0) and the two TERRAscope (Kanamori et 
al., 1991) stations that recorded the data for this study. The 
aftershocks form a nearly linear array of sources that are 
recorded to the north at Goldstone (GSC) and to the south 
at Pinyon Flat (PFO). GSC is located nearly along strike of 
the Landers rupture, providing a simple geometry to form 
an event record section that extends for over 100 km. PFO 
toward the south is not aligned as closely to the strike di- 
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Figure 1. Locations of Landers aftershocks (filled 
circles) and TERRAscope stations (triangles) used in 
this study. Shaded regions show SmS bounce points, 
assuming the crustal structures in Tables 1 and 2. 

rection, but the aftershocks still span a significant distance 
range to provide a good record section. Traces in the record 
sections were formed by rotating the two horizontal com- 
ponents of the velocity seismograms to the transverse direc- 
tion and plotting them as a function of epicentral distance. 
All of the traces were lined up on the initial P-wave arrival, 
as timed from the vertical component. The traces are nor- 
malized by their peak amplitudes, since the absolute ampli- 
tudes vary considerably with the magnitudes of the earth- 
quakes. The broadband TERRAscope data have a bandwidth 
of 0.0028 to 5 Hz, and the data of this study have energy 
predominantly in the range of 0.5 to 5 Hz. Since most of 
these events have strike-slip focal mechanisms (Hauksson et 
al., 1993), using the transverse component has two advan- 

tages. First, the recording stations are nearly in the strike 
direction, so the transverse components have large, stable 
amplitudes. Second, the azimuthal effects of the radiation 
pattern are minimized, since the shape of transverse wave- 
forms do not depend on azimuthal take-off angle for pure 
strike-slip mechanisms. 

Figure 2 and 3 show the event record sections from GSC 
and PFO, respectively, for similar distance ranges of 70 to 
170 km. Since the individual traces are normalized, these 
figures do not show the decay of absolute amplitudes with 
distance, but the data clearly show the relative amplitudes 
of the various phases in each seismogram. For the GSC data 
to the north of the aftershocks, the range of 80 to 120 km 
shows strong SmS arrivals 2 to 4 sec after the direct S with 
amplitudes that are several times larger than the direct S. 
The SInS energy is the largest feature on the GSC seismo- 
grams in this distance range. Using similar data at lower 
frequencies, Jones (1995) showed that the displacement seis- 
mograms from larger aftershocks at GSC also had large- 
amplitude SmS and sSmS arrivals. For the comparable dis- 
tance range as recorded to the south at PFO, the SmS energy 
is not as apparent. In these data, the direct S arrivals are quite 
clear, and the following 5- to 8-sec windows have relatively 
large sustained amplitudes such that distinct SmS arrivals 
cannot be easily seen. The large gap in the record section 
between 115 and 160 km reflects the gap in the aftershocks 
seen in Figure 1. The GSC record section does not show this 
because the gap is at distances closer than 70 km. 

In order to clarify the size of the SmS arrivals relative 
to the direct S in the GSC data, we produced a stacked record 
section in the distance range where the large Moho reflec- 
tions are observed. The seismograms recorded from 75 to 
110 km were rectified, and data within ranges of 10-kin ep- 
icentral distances were averaged together (Fig. 4). All data 
from GSC and PFO were also processed in this same manner 
for comparisons with synthetic waveforms, which will be 
shown later. In this stacked record section, the direct S and 
SmS arrivals have about equal amplitudes from 75 to 85 km. 
At farther ranges of 90 to 110 km, which are past the critical 
distance, SmS amplitudes are observed to be much larger 
than the direct S by factors of 2 to 5. 

S and SmS Ampli tudes versus Distance 

The GSC record section (Fig. 2) and the stacked version 
(Fig. 4), which are both trace normalized, clearly show SInS 
amplitudes that are significantly larger (2 to 5 times the am- 
plitude) than the direct S. One important distinction to be 
made is whether the amplitude of the direct S is unusually 
small or the amplitude of the SmS is unusually large. If  the 
S waves are small, the SmS amplitudes may be large only 
relative to the direct S and would not be indictative of en- 
hanced ground shaking. If we examine the coda levels in 
Figure 2, we can see that there is a distinct reduction in coda 
amplitudes for those events at distances around 90 km. This 
is not observed in Figure 3, which suggests that SmS arrivals 
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Figure 2. Event record section composed of 
the transverse components of velocity from 
Landers aftershocks recorded toward the north 
in the Mojave desert at GSC. Note the large 
SmS arrivals several seconds after the S in the 
distance range of 80 to 120 krn. 
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Figure 3. Event record section composed of 
the transverse components of velocity from 
Landers aftershocks recorded toward the south 
at PFO. 

do have larger absolute amplitudes in the GSC profile. To 
investigate this issue, we measured the peak velocity ampli- 
tudes of the transverse components and normalized them by 
the anti-log of the earthquake magnitude (Fig. 5). The mag- 
nitudes were taken from the Southern California Seismic 
Network catalog, which are typically determined using 20 
to 30 amplitude readings in the 1- to 5-Hz range from sta- 
tions distributed throughout southern California (Wald et aL, 
1995). 

Figure 5 shows the distance dependence of the ampli- 
tudes as recorded at the two sites. For the PFO data recorded 
to the south of the aftershocks, the amplitude data show a 
smooth decay as a function of distance, which is typical of 
the S wave at these distances. There is a relatively large 
amount of scatter in the amplitude data, which may be at- 
tributed to differences in source depth and focal mechanism. 
In contrast to the PFO data, the GSC amplitudes are 2 to 3 

times larger than the general trend at distances of 80 to 105 
km, which is the range where the large SmS arrivals are 
observed in the record sections of Figures 2 and 4. These 
results show that the SmS arrivals produce real enhanced 
amplitudes. However, the amplitudes are larger by only a 
factor of 2 to 3, not the full value of the SInS to direct S 
amplitude ratio. Comparison to the synthetic seismograms 
later in this article will show that the large ratio of SmS to 
direct S amplitudes is due to both large SmS arrivals and 
small direct S arrivals. 

Comparison to Model Synthetics 

The striking difference in the SInS amplitudes recorded 
to the north at GSC and to the south at PFO can be attributed 
to the differences in the local crustal and Moho structures. 
It is not a source effect since the same set of earthquakes are 
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wave. 
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Figure 5. Maximum velocity amplitudes of 
the Landers aftershocks, normalized by mag- 
nitude, for the transverse component of veloc- 
ity. Top shows amplitudes recorded toward the 
north in the Mojave desert at GSC, and bottom 
shows amplitudes toward the south at PFO. 
Dotted lines in the GSC data show the distance 
range where the large SInS arrivals are ob- 
served. 

used for both record sections. Also, it is not due to the ra- 
diation pattern, since the transverse components from strike- 
slip mechanisms have weak azimuthal dependence. To show 
the effect of  the local crustal and Moho structure, we cal- 
culated generalized ray synthetic seismograms (Helmberger, 
1983) for two simple models. The point of  the synthetic 

calculations was not to match all the various crustal arrivals, 
but rather to understand the general characteristics of  the 
amplitudes and waveform. No attempt was made to adjust 
the velocity models to match the data; instead, velocity mod- 
els derived from previous studies were used to try and un- 
derstand the variations in the S and SInS amplitudes. The 
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source for all the synthetics was a vertical strike-slip fault at 
10 krn depth with a short duration of 0.2 sec. 

For the Mojave desert, model 1 (Table 1) is a simple S- 
wave model that consists of a one-layer crust, overlain by 
two shallow layers and a Moho at 28 km. Below the Moho, 
there is a mantle velocity of 4.3 km/sec. This structure has 
been used by Jones (1995) in studies to model propagation 
paths across the Mojave desert and seems appropriate for 
paths from the Landers aftershocks northward toward GSC. 
The synthetic seismograms for this Mojave structure (Fig. 
6) show large SmS phases throughout the distance range and 
a relatively small direct S arrival. The sS has even smaller 
amplitudes than the direct S and essentially cannot be seen 
in the synthetics. The Moho reflection is largest past the 
critical distance (68 km for a 10-deep source) where the 
reflection coefficient from the Moho is 1.0. Both the direct 
S and the SmS phases diminish in amplitude with distance 
because of geometric spreading and changes in the trans- 
mission coefficient of the shallower layers. This general pat- 
tern of roughly equal S and SmS at closer distances (70 to 80 
kin) and then much larger SInS at greater distances (>80 km) 
can be seen on the data recorded at GSC (Figs. 2 and 4). 

The second velocity structure, which is more appropri- 
ate to regions of southern Califomia west of the San Andreas 
fault (Helmberger et al., 1993), is slightly more complicated 

Table 1 
Mojave Velocity Structure with a Moho at 28 km Depth 

Depth S Velocity 
(km) (km/sec) 

0.0 2.6 
2.5 3.5 
5.5 3.6 

28.0 4.3 

with two crustal layers overlain by the same two shallow 
layers used in the Mojave model. The thicknesses and ve- 
locities of the crustal layers were originally determined from 
blast data by Hadley and Kanamori (1979). The Moho is at 
a 35-km depth with a mantle velocity of 4.4 km/sec (Table 
2). Because of the additional "Conrad discontinuity," the 
synthetic seismograms become more complicated as the 
crustal layering produces more arrivals (Fig. 7). There is a 
recognizable SInS that has largest amplitudes near the critical 
distance of 105 kin, but compared to the Mojave structure, 
it is weaker and mixed with other crustal phases. The overall 
effect of adding the extra crustal layer of the southern Cali- 
fornia model is to produce more complexity in both the S 
and SINS. For the S wave, the interactions with the crustal 
layering produces a packet of several arrivals that always 
has fairly large amplitudes throughout the record section. 
The interactions of SinS as it passes through the crustal layers 
tend to reduce its amplitude. Compared to the Mojave struc- 
ture, the SInS is not seen as distinctly because of the larger- 
amplitude S-wave packet, the smaller-amplitude SmS, and 
the various complicating phases. These effects in obscuring 
the SInS arrivals are amplified in the data where the arrivals 
are not simple pulses but high-frequency envelopes with a 
duration of several seconds (Fig. 3). 

In order to make a better comparison between the model 
calculations and show that the propagation effects described 
above are consistent with the observed data, we convolved 
a "source envelope" with the point source synthetics. The 
point source synthetics are similar to those shown in Figures 
6 and 7, but without a 0.2-sec source duration. The source 
envelope was derived by averaging together traces of data 
from both GSC and PFO and contains an estimate of the high- 
frequency duration of the S- or SmS-wave packet seen in the 
data. In order to minimize the effects of multiple phases in 
the source envelope, we chose data in which a single arrival 

7O_ 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

0.00 

Mojove Structure 

S S m S  s S m S  

:-,-~.., 
I ' ~  Y¢ 

t t 
t t 
¢ t 

t ¸ t 
t 

2.6 

3.5 

3.6 
krn/sec 

4.3 

(SEC) 
g.O0 13.oo i%.oo ~o.oo ~s.oo ~o.oo ~5.oo go.oo 

0 km 

28 krn 

45.00 

Figure 6. Synthetic seismograms for the 
Mojave velocity structure (Table 1). The source 
is a vertical strike-slip fault at 10 km depth. 
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predominated. We used data from the SmS arrival at GSC in 
the distance range of 85 to 105 km and data for the direct- 
S at PFO in the range of 75 to 90 kin. The same source 
envelope was used in both the GSC and PFO comparisons 
(Fig. 8). After convolving with the source envelope, the syn- 
thetics were rectified and stacked in the same manner as the 
data. The synthetic seismograms from the Mojave velocity 
structure are shown with the GSC profile in Figure 8, and 
the synthetics for the southern California model are shown 
with the PFO data in Figure 9. The data in these two figures 
are the record sections rectified and stacked as described 
previously in the data section. 

It is difficult to model all the high-frequency character- 
istics of the recorded data, but examination of the stacked 
waveforms show correlated features that can be simulated. 
In particular, we can investigate the relative arrival times 
and amplitudes between S andSmS. The stacking procedure 
will tend to minimize variations in focal mechanisms and 
directivity effects that can affect the amplitudes. For the GSC 
comparison, both the data and the synthetics show equal 
amplitude wave packets for the S and SInS at closer ranges 
(75 to 85 km), then much smaller-amplitude S waves at dis- 
tances greater than 85 kin. The PFO data and synthetics have 
a different character, with a large S-wave packet (consisting 
of direct S and secondary arrivals generated by the velocity 

contrast at 16 km depth) throughout the record section fol- 
lowed by a series of other arrivals that includes the SmS. 
Another difference between the two record sections is that 
the largest amplitudes of SmS (indicating the distance near 
the critical reflection) are near 80 km for the GSC profile and 
near 105 km for the PFO profile. This difference in the crit- 
ical distance is a due to the regional differences in Moho 
depth (assuming flat-lying structures) and the crustal struc- 
ture. 

Both synthetic record sections show large-amplitude 
surface reflections (sS and sSmS) that are not clearly seen in 
the data. The lack of large free-surface phases may be due 
to radiation patterns that are different from the assumed ver- 
tical strike-slip mechanisms, or due to near-surface material 
that would tend to scatter and attenuate these phases at high 
frequency. The conjecture that shallow structure may be 
scattering and attenuating these high-frequency arrivals is 
supported by the observations that surface reflections are 
more easily observed in broadband data (Helmberger et al., 
1993; Jones, 1995), where the longer periods are not as sen- 
sitive to the shallow structure. Also, all the aftershocks are 
not at the same 10-km source depth assumed in the syn- 
thetics, so that there would be much less coherence of the 
free-surface reflections in the event record section that com- 
bines all these events. 

Table 2 
Southern California Velocity Model with a Moho at 35 km Depth 

Depth S Velocity 
(km) (km/sec) 

0.0 2.6 
2.5 3.5 
5.5 3.6 

16.0 3.9 
35.0 4.4 

Discussion 

Synthetic seismograms calculations (Burger et al., 
1987; Helmberger et al., 1993) and strong-motion observa- 
tions from Loma Prieta (Somerville et al., 1993; McGarr et 
al., 1991) indicate that Moho reflections can control the am- 
plitudes at distances near 100 km. However, amplifying ef- 
fects from SmS can vary significantly. In this study, we re- 
port on large SmS amplitudes observed in the Mojave desert 
that increase the ground motions by a factor of 2 to 3, com- 
pared with smaller SmS arrivals in the opposite direction that 
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stacked data from PFO with synthetic seis- 
mograms calculated using the southern Cali- 
fornia velocity structure. The synthetics in- 
clude a convolution with the source envelope 
shown in Figure 8. 

do not amplify the overall motions. Statistical studies of 
earthquake magnitude determinations show systematically 
large amplitudes at distance ranges of 75 to 125 km for cen- 
tral California (Bakun and Joyner, 1984) and around 60 km 
for southern California (Hutton and Boore, 1987). These en- 
hanced amplitudes might be attributed to SInS arrivals; how- 
ever, in these studies, which include thousands of ampli- 
tudes, there is an average increase of only about 25%. The 
large amplifications observed in individual studies and the 
rather small average increase in the statistical studies suggest 
that there are limited conditions where the SInS causes the 
large-amplitude enhancements. 

The results of this study indicate that the regions of 
simple crustal structure can produce the large-amplitude SInS 
arrivals. Simple crustal structures, such as observed in the 
Mojave desert north of the Landers aftershocks, allow a large 
reflection from the Moho since there is little interaction of 

the phase with other crustal features. The results seen in the 
synthetic seismogram profiles show that the addition of just 
one more layer, such as the Conrad discontinuity, can sig- 
nificantly reduce the size of this reflection. As the velocity 
structure becomes more complex, the energy tends to be 
partitioned into more phases, so the amplitude of any one 
phase such as SInS tends to become smaller. The smaller 
SInS amplitudes observed at PFO along a path of more com- 
plicated geologic structures are consistent with this result. 
The actual velocity structure from the Landers aftershocks 
to PFO is probably even more complicated than the southern 
California model used in this study. There could be two- and 
three-dimensional effects since the ray paths cross the San 
Andreas fault and Transverse Ranges. All of these added 
structures would tend to further reduce the size of the Moho 
reflection, so it is not surprising that the SmS amplitudes are 
not very large. This conclusion about simple crustal struc- 
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tures is also consistent with the results of Burger et al., where 
they used a homogeneous crustal structure to model the large 
SmS phases observed from the Borrego Mountain earth- 
quake. 

An alternative explanation of the difference in SmS am- 
plitudes at GSC and PFO is that there is a regional southward 
dip to the Moho, which would be consistent with the differ- 
ent Moho depths in the two models used in this study, and 
also the results of Heam (1984). Such a dipping Moho would 
tend to produce larger-amplitude reflection in the updip di- 
rection toward GSC, compared to the downdip direction to- 
ward PFO. This effect is seen in data from an active seismic 
experiment in the region of the 1989 Loma Prieta earth- 
quake, where large-amplitude reflections are attributed to a 
dipping Moho (Catchings and Kohler, 1996). This interpre- 
tation accounts for the difference in SmS amplitudes but does 
not explain the greater complexity in the waveforms that are 
observed in the data recorded at PFO. Moho dip may be a 
factor in producing the difference in SmS amplitudes, but 
more complex structure toward the south is still necessary 
to produce the more complicated waveforms. 

The large scatter in amplitude data due to regional 
crustal structure is not limited to the SmS arrivals. Regres- 
sions of amplitudes from strong-motion data, which are 
comprised of primarily S waves, also have large variability 
that can be attributed to local crustal and site structures (i.e., 
Joyner and Boore, 1981). However, understanding the am- 
plitude effects of the SmS phase and other lower crustal ar- 
rivals can lead to better regional estimates of the strong mo- 
tions produced by damaging earthquakes at distances near 
100 kin. 

Conclusions 

We have shown that for seismograms recorded to the 
north of the Landers aftershocks in the Mojave desert, there 
are large-amplitude SInS phases that amplify the peak ground 
motions by factors of 2 to 3. From comparisons of the data 
with synthetic seismograms, we can attribute the large-am- 
plitude SmS phases to simple crustal structure that allows 
simple reflections from the Moho. This is in contrast to the 
region south of the Landers aftershocks where more com- 
plicated crustal structure produces less distinctive Moho re- 
flections. Extending this interpretation to other regions, we 
infer that in areas with simple flat-lying crustal structures, 
especially where there is no Conrad discontinuity, one would 
expect Moho reflections to produce amplified ground mo- 
tions in the distance range around 100 km. 
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