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Introduction: The ~400 m diameter asteroid 

99942 Apophis will make a close approach to Earth on 
April 13, 2029, passing at a distance of only 36700 ± 
9000 km (or 5.7 ± 1.4 Earth radii) [1] – closer than 
geosynchronous satellites. While the approach is not 
close enough to disaggregate the asteroid, it is ex-
pected to produce changes in the rotational state, solid 
body deformation, and surface morphology [2–6]. 
Apophis’ encounter with the Earth presents a unique 
opportunity for a detailed study of a Near-Earth Aster-
oid (NEA) with a small spacecraft. The Asteroid Probe 
Experiment (APEX) mission is to characterize the in-
ternal structure, rotational dynamics, and surface mor-
phology as Apophis passes the Earth in 2029. This 
mission would place a seismometer on the surface to 
monitor seismic signals generated during the 
Earth/asteroid encounter. 

The seismometer mission requirements for APEX 
are to record seismic energy on 3 orthogonal compo-
nents and across a range of high frequencies (10–500 
Hz), and amplitudes (> 10–100 ng), spanning several 
weeks. The seismometer concept has been developed 
by Hongyu Yu at Arizona State University with APL 
participation under the NASA MATISSE program [6]. 
This instrument senses seismic displacement via elec-
trolyte flow through a sensor plate, instead of the more 
conventional "mass on a spring" designs. As there are 
no moving parts, a critical aspect of the sensor is that it 
is orientation independent (i.e., it does not need to be 
leveled), greatly simplifying deployment. The seismo-
meter would be deployed by the spacecraft pushing it 
into the surface. 

 
Figure 1. Possible interior structure of asteroids, modi-
fied from Walker et al. [7]. 
 

Asteroid Interiors: Defining the internal structure 
of a small body is critical to understanding its origin 
and geologic history as well as its potential effects 
should it impact the Earth. A body composed of a 
loose aggregate of particles might disaggregate due to 
tidal forces as it encounters the Earth and be further 

dispersed upon entry into the atmosphere. A single 
solid object could survive tidal forces and pass through 
the atmosphere more easily.  

Detailed assessments of the internal structure of 
Apophis will be conducted during the Earth encounter 
by analyzing seismic signals generated by three pro-
cesses: release of internal stress generating tectonic 
seismicity, surface thermal stress release seismicity, 
and impact seismicity. Models of asteroid interiors 
(Fig. 1) suggest a range of possible conditions from 
solid massive objects to collections of relatively small 
particles (rubble piles). There is no direct data con-
straining the interior structure of Apophis. Its 27-hour 
rotation period would place Apophis among the slow 
rotators that have been interpreted as rubble piles, but a 
monolith object could also rotate slowly [1]. 

 
Figure 2. Cross-sectional snapshot through our seismic 
wave propagation simulation using the Apophis shape 
model of [13]. Results are in ground acceleration 
(m/s2); the source is a 1 N point force applied at the 
surface of the asteroid. 
 

Seismology of Asteroids: Several studies have ex-
amined possible techniques for conducting seismic 
experiments on small bodies [7–11]. Seismic experi-
ments have not been conducted on asteroids, but they 
have been performed on the Moon, and the lunar rego-
lith provides a reasonable model for the seismic struc-
ture of what might expected at shallow depths on an 
asteroid. The shallow lunar crust at the Apollo 17 site 
has a shear wavespeed of about 250 m/s to depths of 
~300 m, with a deeper layer having a speed of 1200 
m/s [12]. We use the Apollo active source seismic ex-
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periments to provide a reasonable starting point for 
estimating the internal properties of Apophis.  

Seismic Modeling: To investigate the propagation 
of seismic waves within Apophis, we constructed a 
linear tetrahedral mesh of the asteroid shape model and 
used the mesh to perform isoparemetric Finite Element 
Modeling (FEM) of seismic waves. The meshing al-
lows for inner discontinuities, such as cracks and mate-
rial contrasts, and for finer meshes at the surface to 
model a low velocity regolith. Our initial models focus 
on a rock-like velocity through the asteroid (Vp = 2000 

m/s), although the model allows for arbitrarily layered 
and heterogeneous media like lunar regolith. The 
source is implemented as an arbitrary spatial pattern, 
for example, as a pressure wavelet of desired ampli-
tude, or as an impact source with a given momentum 
impulse (Fig. 2). The code is designed to run on GPUs 
and requires 3 million elements to obtain the results 
shown here (~100 Hz corner frequency). Further de-
velopment will extend modeling to higher frequencies 
(> 500 Hz) by leveraging parallel computation across 
>20 CPU cores to allow substantially denser meshes. 

 
Figure 3. Peak ground motion (displacement, in me-
ters) for a surface seismic source. The source is located 
in the wide yellow area seen in the lower right. Units 
on each axis are meters, and the 3D model is rotated to 
show the ground motion around the sphere. 

 
Results: The modeling shows that ground motion 

does not undergo significant attenuation or geometrical 
spreading in the body, although scattering from surface 
topography is pronounced. Our 3D simulation indi-
cates that there is a focusing effect at the antipode of 
the asteroid (Fig. 3) that amplifies the strength of the 
incoming signal. In general, a 1 kg object striking the 
surface at 1 m/s (1 N) results in a ground motion of 0.4 
m/s2 at the source (enough to loft particles off the sur-
face in the microgravity of the asteroid), and waves 
propagate with amplitudes > 10-5 m/s2 within the aster-
oid. 

Since the seismometer will (ideally) not coincide in 
location with a source, the most likely amplitudes are 
bounded by the lower-end estimate of ground motion. 

Even accounting for the effects of scattering within the 
asteroid, which will reduce the amplitudes by at least 
an order of magnitude, 10-5 m/s2 is still well above the 
noise floor sensitivity of most terrestrial seismometers. 
The key parameter for a future mission to measure 
seismic activity at Apophis will therefore be coupling, 
instrument orientation, and a precise location on the 
MET sensor on the surface, as ground motion is highly 
dependent upon the asteroid shape model. 
Conclusions/Recommendations: Our goals are to 
determine: 1) the expected ground motions (accelera-
tions) on an asteroid given a range of tidally modulated 
sources; and 2) optimal seismometer locations for de-
tecting seismic signals. Our numerical experiment 
shows that small forces (< 1 N) potentially associated 
with tidal flexing or thermal disturbances in the rego-
lith will produce ground motions sufficiently large to 
be detected by our seismic instrumentation. Prelimi-
nary modeling of the encounter treating Apophis as a 
rubble pile of gravel-like material using a soft-sphere 
discrete element method shows that bulk deformation 
on the scale of millimeters over a period of a few hours 
may be expected.  

Peak ground shaking takes place at the pinched in-
terface between the two nodes of the asteroid and at 
the antipodes to the source. The highest likelihood of 
strong ground motion is modeled to be in proximity to 
this local low region on the asteroid, and/or at topo-
graphic highs. A preliminary recommendation is that 
seismic instrumentation be placed in the vicinity of the 
neck or away from topographic peaks. To study travel 
time differences, locate seismicity, and understand the 
asteroid interior, the modeling indicates that an instru-
ment with a center frequency > 10 Hz and a high sam-
pling rate (> 500 Hz) will be necessary to capture the 
full spectrum of the asteroid seismic wavefield. 
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