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Introduction:  In recent years, spacecraft observa-
tions of asteroids 951 Gaspra, 243 Ida, 253 Mathilde,
and 433 Eros have shown the overriding dominance of
impact processes with regard to the structure and ap-
pearance of these small, irregular bodies. One currently
unanswered question is:  to what degree does seismic
shaking from impacts affect the surface morphology of
these bodies [1]?  Through detailed modeling, we be-
gin to address this question.

The Impact Seismic Signal:  An impact can be
modeled as an impulsive point source acting on a free
surface.  The displacement field consists of a down-
ward, vertical singlet component and two orthogonal,
horizontal dipole components, which create an ex-
panding, hemispherical pressure pulse within the me-
dium.  The resulting seismic waveform is shown in Fig.
1, consisting of a small P-wave displacement and a
larger Raleigh wave displacement, and is quite similar
to the waveform of the ‘classic’ Lamb pulse [2].  A
power spectrum of the impact seismic waveform dis-
plays a broad frequency peak between 1 and 200 Hz
(max. at 50-80 Hz), which agrees well with experi-
mental (missile impact) results [3].  The seismic effects
of an impact on an asteroid can be divided into two
categories:  short-term pulse effects and long-term re-
verberation effects.

Seismic Pulse Effects:  This is surface modifica-
tion due to the passage of discrete seismic pulses over
the surface of the asteroid shortly after impact.  These
effects are significant because only tiny accelerations
are needed to overcome the resistance due to gravity on
these bodies (on the order of 1/1000 Earth g).  Thus,
relatively small impacts can have ‘global’ seismic ef-
fects.  For example, hydrocode models of an impact
producing a 1 km diameter crater on a 20 km diameter
asteroid show that it will generate a magnitude 4 quake,
impart surface accelerations of over 10 asteroid g out
to an angular radius of 50o from the impact site, and
destabilize all slopes on the surface.

Seismic Reverberation Effects:  Due to their
small volumes and potentially high seismic quality
factors (Q = 2000-4000 [4]), asteroids can experience
seismic reverberations lasting for several minutes fol-
lowing the dispersion of the initial seismic pulses.
These reverberations would create additional accelera-
tions on the surface and likely cause further surface
modification.  For example, numerically modeled im-
pacts which produce craters in the 0.1-1 km range on a
20 km diameter asteroid are able to generate rever-
berations of better than 1 asteroid g acceleration over
the entire surface, again destabilizing all slopes and
rearranging loose material.

Figure 1:  (left) Radial and vertical synthetic seismograms taken 1 km from an impact into a homogeneous half-
space, displaying an initial P-wave passage (0.25 sec) followed by a larger Raleigh wave passage.  (right) Vertical
synthetic seismograms for an impact into a homogeneous, 20 km diameter spherical body, shown (top to bottom) at
60o, 120o, and 180o angular distance from the impact.  Note the antipodal concentration in the bottom seismogram.
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Figure 2:  (left) Ground displacement as a function of time due to seismic reverberation from an impact producing a
1 km diameter crater on a 20 km diameter asteroid.  (right) Down-slope motion of a lunar-like regolith layer, caused
by the reverberations shown at left, and showing about 1-20 mm of displacement on all slopes (a global effect).

Modeling the Seismic Pulse Signal: The impact
seismic signal is modeled using the SALES-2 hydro-
code package.  Rather than modeling an impact di-
rectly, the impact is treated as an idealized seismic
signal source, having vertical and radial components
in an axially symmetric mesh.  Two individual mesh
elements are treated as dynamic point sources, with
forces applied to them in the specified component
directions.  The total amount of energy injected into
the mesh is proportional to the impact energy
(through a seismic efficiency constant [4]).  The re-
sponse of the mesh to this brief impact force is then
monitored as a function of time to produce synthetic
seismograms at various locations on the modeled
surface (Fig. 1).

Modeling the Seismic Reverberation Signal:
The reverberation response of the asteroid is modeled
by finding the injected seismic energy per unit vol-
ume from a particular impact (following energy dis-
persion), and applying this energy to an impact seis-
mic power spectrum (from the hydrocode) to generate
a synthetic reverberation seismogram (Fig 2).  Given
a particular seismic quality factor (Q), this synthetic
seismogram is allowed to decay over time, decreasing
in both amplitude and frequency, until surface accel-
erations are no longer able to create potential down-
slope motion.

Modeling Surface Modification: To evaluate the
effects of seismic shaking on asteroid morphology, a
down-slope motion model was developed which takes
the surface accelerations recorded by the synthetic
seismograms and applies them to a hypothetical re-
golith layer resting on a slope of variable angle
(Newmark slide-block analysis [6]). The motion of
the regolith layer is then time-integrated to compute
the total amount of down-slope motion achieved un-
der either short-term seismic pulse (Fig. 1) or long-
term seismic reverberation (Fig. 2) shaking condi-

tions.  Both sliding and “jumping” can be simulated.
Two types of regolith layers have been tested:  (1) a
loose, non-cohesive, uniform porosity, “sand-like”
layer and (2) a slightly cohesive, variable porosity
layer having lunar soil analogous properties, modeled
after [3].  The aim of this model is to investigate to
what degree regolith-formed topography, such as
small shallow craters, will be degraded by seismic
shaking from individual impact events.

Early Results: Preliminary simulations indicate
that relatively small impacts, resulting in craters of
500-1500 m diameter on a 20 km diameter model
asteroid, are able to generate global seismic effects,
destabilizing all regolith slopes on the surface for
several minutes following the impact.  However, for
slope angles less than the angle of repose (about 30o),
the amount of motion experienced is only on the or-
der of a few centimeters, due to the very small driving
gravitational force.  Significant surface modification
occurs only in the immediate vicinity of the impact
(for this size range).  The effects of impacts creating
larger craters (of a few km in diameter) has yet to be
investigated, but are expected to be similar to that
found in past hydrocode studies [7,8].
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