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Abstract

The goal of this project is to generate realistic strong motion synthetic seismograms at distances of engineering significance,
with emphasis on parameterizing the models with variables that are in standard use by seismologists. This approach is
transferable to new regions, where strong motion data are sparse. Wave propagation is approximated with thin, flat,
attenuating layers to approximate the local velocity gradient found by exploration seismology. The method produces
seismograms with appropriately-polarized P-waves, S-waves, and surface waves. The attenuation model has high values of
Q in the crustal waveguide (e.g. >5 km deep) to reproduce the distance dependence of the spectral amplitudes and of the
spectral decay parameter (kappa), and low values of Q in shallow soil layers to reproduce the values of kappa extrapolated
to zero distance (kappa-0).

The application we describe here simulates a M7.65 earthquake, approximating the southern end of where the 1857 rupture
of the San Andreas fault passed Lovejoy Buttes with about 4 m of slip. Precarious rocks at Lovejoy Buttes mostly appear
old enough that they survived the 1857 earthquake. Within the range of observed physical values for the input parameters,
we can generate synthetic seismograms that topple very few of these rocks, and others that topple most of them. Thus
calibrating with precarious rocks, the composite source model has the potential to explore source physics parameters as well
as to provide realistic, constrained ground motions from future great earthquakes.
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1. Introduction
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Many engineering projects need time histories or strong motion seismograms in a terminology used among
seismologists. If synthetic time histories can be made sufficiently realistic, they can be used as input to models
of structures, in order to test a proposed project design. Many approaches are available to generate synthetics
(e.g- [11 121 [3]1 [4] [5] [6] [7])- The composite source model [8] has been developed with a priority on following
the physics of the problem wherever practical. This paper will briefly describe the model, and then illustrate
some of its features via a calibration exercise in southern California.

2. Model Description

The framework used to generate synthetic seismograms is the seismic representation theorem [9]. The
displacement of the ground, u{X: t}, at location x and time t is given by:

U (T, 1) = /_o:c dr //L [u., ( .
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InEq. 1, Un (7,1) gives the n™ component of the displacement of the ground at an arbitrary location # and at
time t. The vector ¢ is normal to the fault, and the positive direction of the normal defines the positive side of
the fault for defining the slip discontinuity. The i™ component of the discontinuity in the slip across the fault is
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occurs. The Green’s function is given by

r) w where £ represents a location on the fault surface, X, and 7 is the time that this displacement

G,,,(.“:f— E0) o . .
v \* & ) This gives the motion in the n direction at location

& and time t caused by a an impulse point force acting in the p direction at location € and time =. Finally, Cijpq
gives the elastic constants of the medium. We assume an isotropic medium, so

Cijpg = ABJijOpg + 1t (dirdjt + dird; ’f-), where Ag and x are the Lame constants. By convention, in Eq. 1

summation takes place over repeated indices.

Although complicated in appearance, Eq. 1 simply represents the ground motion at the site as the sum
(integral) of the contributions from each point on the fault surface. The duration of the rupture at each point is
covered by the time convolution. Thus calculating ground motions requires specification of two contributions:
the offset on the fault as a function of location and time, and a model for the wave propagation.
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Fig. 1. Velocity and Q model used for the Mojave
calculations. Realistic synthetics for these velocities
require high Q in the deeper crustal waveguide and low
Q in shallower layers to model greater heterogeneity and
intrinsic attenuation mechanisms.
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Fig. 2. Kappa consequences of Q model for a calibration

with data from the Loma Prieta earthquake. The Loma

Prieta velocity model is similar to the Mojave model

shown in Fig. 1, except the Moho is at a depth of 25 km,

instead of 31 km as in Fig. 1.
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The Green’s functions are calculated using the assumption of a flat-layered structure with frequency-
independent Q. They are calculated using the numerical procedure described by Luco and Apsel [10], which is
numerically stable for calculating response of a finely-layered velocity profile. Thus it is used to compute the
Green’s functions for the complete range of frequencies of interest, from 0 Hz to 25 Hz. Realistic velocity
models for the crust often have velocity gradients as opposed to uniform layers. Because of the stability of the
Luco and Apsel algorithm, the gradient can be approximated with thin layers (1 km or less is used here) all the
way to the Moho. Globally, the Moho is typically ~40 km depth, but it is as shallow as ~25 km in parts of
California. Fig. 1 shows the velocity model used to generate synthetic seismograms in this paper.

The Q model in Fig. 1 has been shown to be approximately consistent with the geometrical spreading
deriving from the specific velocity model ([8] and unpublished results). Fig. 2 shows that the very low Q in the
shallow layers, selected consistent with results of Assimaki et al. [11], and high Q in the crustal waveguide [8],
results in the right dependence of kappa with distance. The distance dependence of spectral amplitudes is also
tested (not shown) and found to be consistent with this model.

A feature of observed seismograms that is not generated by a flat-layered structure is the coda. First order
properties of the coda have been characterized by the single-scatering model of Aki [12], and although there
have been subsequent improvements to this model (e.g. [13] [14] ), the present implementation of the CSM
generates a coda using the single-scattering approach. The effect of this scattering is implemented as a
convolution with the synthetic Green’s function. Scatterers are not along the direct path from the source to the
site, but convolution of the coda function with a Green’s function for radial motion, for instance, will still be
polarized in the radial direction. Thus a coda generated from all three components of the Green’s function is
added to each component, with the phase of the coda from one of the horizontal components scrambled using a
Hilbert transform.

The source is a superposition of overlapping circular subevents. The magnitude of each subevent is chosen
at random according to a Gutenberg-Richter relationship with b-value of 1.0. The number of subevents is chosen
to match the seismic moment of the earthquake being synthesized. The subevents are distributed randomly,
uniformly on the fault. A hypocenter is chosen at random as well, and then each subevent radiates a Brune pulse
[15] at its rupture time. This time is found assuming a constant rupture velocity starting at the hypocenter. This
source model is motivated by Frankel [16], as described by Zeng et al. [1].

The stress drop of the subevents, Ats, is a critical parameter. Higher values of Ats have two effects: the
number of subevents is decreased because the slip in each subevent is increased, and the radiation from each
subevent is increased. In the complete seismograms that result, since the moment is fixed, the total low
frequency radiation does not change with a change in subevent stress drop, but the energy radiated at high
frequencies is increased. Thus higher values of Ats are associated with higher apparent stress [17].

3. Calibration Exercise

3.1 Description

Fig. 3 shows a map of southern California, including the San Andreas fault and Lovejoy Buttes. The modeled
part of the San Andreas fault is a relatively linear section bounding the Mojave Desert to the north, and the San
Gabriel Mountains to the south. The geological structure of the Mojave Desert is relatively simple and spatially
uniform, so the flat-layered structure in Fig. 1 is reasonable. Lovejoy Buttes are low granitic hills in the Mojave
Desert. Brune [18] has found several somewhat precarious rock features in the Lovejoy Buttes that are believed
to be very old (Fig. 4). The most recent major earthquake on this part of the San Andreas fault occured in 1857.
The rock features found by Brune ([18]) would almost certainly have experienced the 1857 earthquake in their
present geometry. We generated synthetic seismograms for locations of 15 rocks (Fig. 3), and determined if they
would topple the rocks.
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Fig. 3. Map of southern California, showing the coastline (black), major faults (blue), Lovejoy Buttes, and the model fault
used to generate synthetic seismograms (heavy black). Location in ruptures runs from zero at the southeast end to 146 km at
the northwest end. Lovejoy Buttes is nearest the fault at ~45 km. The small map at right shows relative locations of the
rocks at Lovejoy Buttes. Rock 9, mentioned in the text, is highlighted.

In winter-early spring 2016, two of us (J. N. Brune and R. J. Brune) developed 3-dimensional models of
the 15 rocks located in Fig. 3. The 3-D response of these rocks to any seismogram can thus be evaluated.

The composite source model (CSM) was used to generate synthetics for ruptures on the 146 km segment
of the San Andreas fault highlighted in Fig. 3. The magnitude of the 1857 earthquake is estimated to be M,7.9
[19], and the average slip on the Mojave Desert part modeled was about 4 m [20]. The approximate model for
the southern end of the 1857 rupture was assigned My, 7.65, implying 4.2 m average slip. Shaking from the more
northerly part of the 1857 rupture would be attenuated by the distance, so we believe that the My, 7.65 model
gives a reasonable approximation to the shaking at Lovejoy Buttes that the CSM would produce from a full
model of the 1857 event.
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Fig. 4. Photos of three of the rocks located in Fig. 3 and used to test these simulations. The rock on the left (Rock 12 in Fig.
12) was toppled 39 times by the 20 bar source models, and all of the 60 bar source models (50 models). The center rock
(Rock 2 in Fig. 12) was toppled by four of the 20 bar calculations, but by 43 of the 60 bar source models. The rock on the
right side of the outcrop in the photo on the right (Fock 1 in Fig. 12), with the San Andreas fault at the front of the
mountains in back, was toppled by ten of the 20 bar source models, and by 43 of the 60 bar source models.
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3.2 Accelerogram properties

Figs. 5 — 8 show examples of four source functions, and associated synthetic seismograms, for Rock 9 (Fig. 3) of
Lovejoy Buttes, located 15.3 km from the fault. The source realizations are chosen to illustrate toppling features
that are discussed in the subsequent section. One realistic feature to notice in these seismograms are the
permanent displacements at the station in the direction that is expected from the permanent offset at the fault.
The velocity is dominated by strong, long-period pulses that vary depending on the rupture direction. On this
scale, the envelope of the acceleration seems plausible, but it is difficult to see the details.

Before focusing on the Lovejoy Buttes calibration using precarious rocks, it is worthwhile to look at two
characteristics of the CSM synthetics. First, an example of the polarization of the ground acceleration is shown
in Fig. 9. Especially for strike-slip faulting, one expects that the wavefield will be dominated by SH-waves, so it
should be possible to follow the progress of the rupture by changes in the polarization. Fig. 9 indeed shows this
effect very clearly for a station 50 km north of the fault.

Another general feature of CSM synthetics is illustrated in Fig. 10. Here the acceleration is shown filtered
with different frequency bands. For comparison, we show the strong motion recorded at the Sakarya record of
the 1999 Kocaeli, Turkey earthquake (My7.4). Sakarya is about midway along the rupture, and 3.1 km from the
fault [21]. Both accelerogram in Fig. 10 have pulses of energy that, in different frequency bands, arrive at
different times. In the CSM synthetics, these are due to contributions of different subevent sizes at different
random times.
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Fig. 5. Acceleration, velocity, and displacement seismograms generated for Lovejoy Rock #9, using A t s =20 bars and
Mw=7.65. The peak amplitude of each synthetic seismogram is shown on the right. The bottom frame shows a
representation of source model #5 used to generate these seismograms. As noted in the caption for Fig. 3, zero distance in
the length scale for the source representation is at the southeast end and Lovejoy Buttes project onto the fault at 45 km.
Thus for this source realization, the hypocenter (star) is close to the point on the fault nearest to Lovejoy Buttes.
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Fig. 6. Equivalent to Fig. 5 for source model #11. As for Source 5, the hypocenter is close to Lovejoy Buttes., but this
source model caused only one of the rocks to topple.

Sitz §, Evenl 36

1 =344
| -
"‘_he N o W mEx=HE1 1
= AV oy
=
8 a . . Z =02 2
) s il Ny Pyl
B =AY
B N L, U RV - = fiy-£2
v . T =3 78
i M f"\ M= it o
E \ '\J = L' " =
L3
2 aat L.a0
= — =
- 20s
J_//\/VA 1= waEx=1 138
/\ T mEx=1110 7
I3 2
= s Y e N
‘L‘D\I i

20s

Fig. 7. Equivalent to Fig. 5 for source model #36. Since this hypocenter is far from Lovejoy Buttes directivity is expected to
be strong. However, this source model would not cause any of the rocks at Lovejoy Buttes to topple.
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Fig. 8. Equivalent to Fig. 5 for source model #46. Note that the hypocenter is far from Lovejoy Buttes, close to the
hypocenter in Fig. 7. This source model caused 5 of the rocks to topple.
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Fig. 9. Polarization of ground motions in different time windows at a station 50 km from the My,7.65 model fault in Fig. 3.
The station, not shown on the map, is located on a line perpendicular to the fault running through Lovejoy Buttes. At this
station, the first S-wave from a hypocenter near Lovejoy Buttes arrives at t~15.7 s. The direct S-waves continue beyond the
last time window shown here. Rupture is proceeding to the northwest, and the S-waves particle accelerations, dominated by
SH, are rotating as they remain predominantly perpendicular to the backazimuth.
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Fig. 10. Left: Synthetic accelerograms for rupture starting relatively far from Lovejoy Buttes and propagating past the
station. The band pass filters are acaual 6-pole Butterworth filter, with corner frequencies indicated in the legend. All traces
are normalized to the peak value, and filtered records are offset. Right: Acceleration from the Sakarya station, recorded in
the 1999 Kocaeli, Turkey earthquake (Mw=7.4).
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Fig. 11. Left: Average Fourier amplitude spectrum for Rock 9 (Fig. 3) for four source models, as discussed in
the text. Right: Average pseudo-acceleration response spectra (PSA, 5% damping) corresponding to the same
source models. The uncertainty due to the source variability, estimated from the 50 realizations, is shown for the
full range of periods, while the spectra themselves are plotted on a linear scale that shows only the periods with
the highest amplitudes.

3.3 Application to the Lovejoy Buttes rocks

The synthetics for Lovejoy Buttes were prepared for two different values of Azs, 20 bars and 60 bars, and for
magnitudes 7.55 and 7.65. The average slips are 300 cm and 420 cm, respectively. The two magnitudes thus
primarily illustrate the dependence on average slip. Fig. 11 shows the average Fourier amplitude spectra and
PSA response spectra calculated for rock 9, for 50 realizations with each combination of source parameters. The
average low frequencies converge to different values depending on magnitude or average slip. On the other
hand, the high frequencies, while affected by magnitude, are strongly dependent on Azs.
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Fig. 12. Histogram of toppling counts for 50 realizations of synthetics for precarious rocks at Lovejoy Buttes, for two
source models. Both models are on the approximation to the San Andreas fault shown in Fig. 3, and use Mw=7.65, implying
that the average slip on the fault is 420 cm. They differ in subevent stress drop, as indicated in the legend.

Since the 1857 average slip is believed to be about 400 cm, Fig. 12 shows toppling statistics for the
Mw7.65 model, for Azs of 20 bars and 60 bars. Three of the rocks toppled in more than 10 of the source
realizations with Azs of 20 bars, while 9 of the 15 rocks are modeled to topple that frequently for Azs of 60 bars.
Thus by this test, Azs 0of 20 bars would be preferred for generating synthetic seismograms for events of this
magnitude. We note that for the M7.55 earthquake, only two rocks topple for more than one of the 50 source
realizations with Azs of 20 bars, while the results for 60 bars are in between the two cases shown on Fig. 12.
These results are consistent with the relative amplitudes of the spectra in Fig. 11.

The events in Figs. 5-8 were chosen to illustrate effects of directivity and spatial variability of fault slip.
Figures 5 and 6 select source realizations with minimal directivity at Lovejoy Buttes, since Lovejoy Buttes
project onto the fault close to these hypocenters. Realization 5 (Fig. 5) causes 5 rocks to topple while realization
11 (Fig. 6) causes only 1 to topple. Realization 36 (Fig. 7) has rupture propagation towards Lovejoy Buttes, but
no rocks are toppled, while the similar realization 46 (Fig. 8) causes 5 to topple. These results suggest that for
precarious rocks at the distance of Lovejoy Buttes from the fault, in the composite source model the distribution
of slip patches is more important than directivity.

Another interesting feature was recognized by considering what would happen to these rocks if they were
rotated around a vertical axis and then exposed to the same ground motions. Interestingly, the number that would
be toppled increased significantly. This suggests that the polarization of the synthetic seismograms is also being
tested by this numerical exercise. A purely random polarization, not incorporating the physics built into the
composite source model, would not show this effect. One feature of the particle motion is that the acceleration
(high frequencies) is predominantly polarized in the fault-parallel direction, consistent with high frequencies
dominated by SH waves radiated on the nearest section of the fault. The velocity and displacement (low
frequencies) are more often polarized more in a fault-normal direction, consistent with the large fault-normal
pulses expected from directivity in the forward propagation direction from the fault.

9
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Fig. 13. Sensitivity of synthetic seismograms to the upper 100 m of the velocity model. These three spectra (averaged over
50 realizations each) have Vs30=250 m/s, but shallow models are created to have different site periods, Ts, as indicated in
the legend. Below 100 m, the velocity model is identical to the model in Fig. 1, starting with a 30 meter thick layer having
Vs=863 m/s. The peak at short periods comes partly from deeper structure (Fig. 2) and the earthquake source (Fig. 3), but is
enhanced by the site model with 0.33s resonant period.

4. Discussion and Conclusions

This paper has briefly summarized some of the physical phenomena that affect strong ground motion and are
built into the composite source model. The reasonable range of parameters that characterize these phenomena is
known. The application discussed in this paper is to combine these phenomena to generate synthetic
seismograms intended to approximate the great 1857 earthquake on the San Andreas fault. Some of the
synthetics generated in this way would destroy precarious rocks that survived the 1857 earthquake, while others
that are intentionally less energetic would not. We consider it a success that the synthetics span this threshold,
since the observed rocks, being the most precarious that have been discovered in the study area, are themselves
on the threshold of survival. Thus the results confirm the premises on which the composite source model is built
and present the opportunity to calibrate the model for a magnitude and distance range lacking in instrumental
observations. The figures presented here are not a complete exploration of the physical parameter space
encompassed in the composite source model synthetics, but they do demonstrate that such an exploration will
lead to meaningful, useful results.

The wave propagation model that is used to generate the composite source model synthetics is based on
the physics of elastic waves in flat-layered media. One important point is that the model can handle thin layers
even though the synthetics can be generated at distances of tens to a couple hundred kilometers or more. For
example, Fig. 13 shows response spectra for seismograms generated 50 km from the fault using three different
models of the upper 100 m, with differing site resonant periods. The three response spectra are quite different.
This illustrates the potential to merge site response with wave propagation from the source for improved
synthetic seismograms. However the challenge of incorporating a general site response remains to be solved.

A critical issue is acceptance criteria: how can we decide if a seismogram (either synthetic or scaled) is
“good enough” for engineering applications. For instance the SCEC Broadband Project has up to this point
focused heavily on the ability to recover response spectra. This is of course reasonable for some engineering
applications. However seismograms can be very rich in other properties that derive from wave propagation or
source characteristics. If it is known which and how many of those need to be preserved in synthetics for various
types of engineering applications, synthetics that incorporate those phenomena can probably be developed.
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