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Abstract

Impact-induced seismic vibrations have long been suspected of being an important surface modification process on small sa
asteroids. In this study, we use a series of linked seismic and geomorphic models to investigate the process in detail. We begin by
a basic theory for the propagation of seismic energy in a highly fractured asteroid, and we use this theory to model the global
experienced on the surface of an asteroid following an impact. These synthetic seismograms are then applied to a model of regolith
a slope, and the resulting downslope motion is computed for a full range of impactor sizes. Next, this computed downslope regol
used in a morphological model of impact crater degradation and erasure, showing how topographic erosion accumulates as a func
and the number of impacts. Finally, these results are applied in a stochastic cratering model for the surface of an Eros-like body (sa
and surface area as the asteroid), with craters formed by impacts and then erased by the effects of superposing craters, ejecta c
seismic shakedown. This simulation shows good agreement with the observed 433 Eros cratering record at a Main Belt expos
400± 200 Myr, including the observed paucity of small craters. The lowered equilibrium numbers (loss rate= production rate) for crater
less than∼100 m in diameter is a direct result of seismic erasure, which requires less than a meter of mobilized regolith to repro
NEAR observations. This study also points to an upper limit on asteroid size for experiencing global, surface-modifying, seism
from individual impacts of about 70–100 km (depending upon asteroid seismic properties). Larger asteroids will experience only
(regional) seismic effects from individual impacts.
 2005 Elsevier Inc. All rights reserved.

Keywords:Asteroids, composition; Asteroids, Eros; Impact processes; Regoliths; Surfaces, asteroids
oid
face
ick

eral

of
l on

, a
ters
er
2;

t al.,
a is
nts

a-
and

od-
he
1. Introduction

1.1. Background

The NEAR–Shoemaker orbiter mission to the Aster
433 Eros (2000–2001) revealed a heavily cratered sur
covered with a veneer of loose regolith (tens of meters th
in places) and peppered with numerous boulders(Veverka
et al., 2001; Robinson et al., 2002). This regolith layer dis-
plays direct evidence of downslope movement in sev
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0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
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,

forms (seeFig. 1): slumps and debris aprons at the base
steep slopes, bright streaks of freshly exposed materia
crater walls, the pooling of regolith in topographic lows
large number of degraded craters, and a deficit of cra
less than∼100 m in diameter as extrapolated from larg
crater sizes(Veverka et al., 2001; Chapman et al., 200
Cheng et al., 2002a; Thomas et al., 2002; Robinson e
2002). One proposed explanation for these phenomen
seismic reverberation of the asteroid following impact eve
(Veverka et al., 2001), which is potentially capable of dest
bilizing slopes, causing regolith to migrate downslope,
degrading or erasing small craters.

The idea that impact-produced seismic activity can m
ify the surface of a target body is hardly a new one. T

http://www.elsevier.com/locate/icarus
mailto:richardson@astro.cornell.edu
http://dx.doi.org/10.1016/j.icarus.2005.07.005
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5366792
craters,
, 6.28 S,
Fig. 1. Indications of downslope regolith motion on 433 Eros, imaged by the NEAR–Shoemaker spacecraft, in the form of: (A) bright steaks
exposed material on a large crater wall, as the darker material moves downslope (MET 154409710, 14.79 W, 14.21 S, 2.67 m pixel−1); (B) talus cones and
debris avalanches emanating from a steep scarp (MET 132929106, 284.42 W, 41.31 N, 4.60 m pixel−1); (C) a debris apron extending into a highly erod
crater from a rise at the top of the image, and a thick layer of regolith gently encroaching into the same crater from the bottom of the image (MET 10,
260.29 W, 14.89 S, 3.41 m pixel−1); and (D) the collection of regolith (and scattered boulders) in topographic lows, several degraded (softened)
a few barely visible ‘ghost’ craters, and a general lack of small craters, particularly in the smooth areas on the right (MET 154251925, 24.81 W
2.10 m pixel−1).
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Ranger images of the Earth’s moon revealed downslope
of material on lunar slopes in the form of slides, slum
and creep processes, and impact-induced seismicity was
posed as a potential cause(Titley, 1966). Further analysis
showed that while impacts large enough to produce com
craters and basins can produce widespread seismic e
on the Moon(Schultz and Gault, 1975a, 1975b), the impacts
that form small, simple craters will affect only localized a
eas of high slope(Houston et al., 1973). The Mariner and
Viking images of the martian moons, Phobos and Deim
opened up this same question with regard to small sate
and asteroids. J. Arnold is given credit for first sugges
that the downslope movement of regolith could be an
portant surface process on asteroids, despite the tiny su
gravitational fields on these small bodies(Chapman, 1978).
In the same year,Cintala et al. (1978)published two of the
primary reasons why impact-induced seismic shaking
small body is an attractive surface modification mechani
First, the small volume of the body keeps the concen
tion of seismic energy high even after the seismic ene
-

s

e

injected by an impact has completely dispersed throug
the target body. Second, the very low surface gravity o
small body (ga < 10−3gEarth) permits relatively small seis
mic accelerations to destabilize material resting on slo
where destabilization begins at 0.2–0.5ga for loose regolith
(Lambe and Whitman, 1979).

Modeling of the elastic stresses and seismic effect
large impacts on small bodies began with the work
Fujiwara (1991)and Ivanov (1991), who investigated the
formation of the Stickney impact basin on Phobos and
resulting stress features on its surface. In a separate ana
Asphaug and Melosh (1993)performed hydrocode mode
ing of the impact that produced the Stickney basin, and
a by-product estimated the resulting velocities imparted
hypothetical regolith layer resting on the surface of the sm
satellite, along with approximate ballistic travel distanc
an effect called seismic ‘jolt’(Nolan et al., 1992). Asphaug
and Melosh (1993)thus produced the first published com
putation of impact seismic effects on the regolith layer
a small body. Following up on this method, M. Nolan pr



Impact-induced seismic activity on fractured asteroids 327

aces

e
ely.
ter-
ffec
be-

ose
us-
oda

from
reg-

l-
ema
on-
ced
10–
pac
atch
ous
r-
the
mall
-

all

ted
r’s
uce

y
pes
es-

to
ster

ed
-

a-

ock
um
)

um

en-
os-
be-

y

ss-

t-

t of

d

ic

act

f

y
9)

he

se
duced more extensive seismic jolt estimates for the surf
of Asteroid 951 Gaspra(Greenberg et al., 1994)and 243 Ida
(Greenberg et al., 1996), which were imaged at close rang
by the Galileo spacecraft in 1991 and 1993, respectiv
These analyses indicated that impacts producing kilome
sized craters on these small asteroids can have severe e
on their cratering records, erasing most of the craters
low a few hundred meters in diameter when a thick, lo
regolith layer exists. Further three-dimensional modeling
ing an Ida shape model demonstrated how severe antip
surface damage (such as groove formation) can result
large impacts, even when the target body has a highly ir
ular shape(Asphaug et al., 1996).

In this study, we will use the high-resolution, globa
coverage, 433 Eros data set returned by the NEAR–Sho
ker spacecraft to provide us with important modeling c
straints in investigating the phenomena of impact-indu
seismic shaking on fractured, stony asteroids in the
100 km size range; such that any adequate model of im
generated seismic effects must be able to explain and m
this observational evidence. In addition to the more obvi
indications of downslope regolith motion, we will pay pa
ticular attention to the Eros cratering record, especially
large number of degraded craters and the paucity of s
craters (seeChapman et al. (2002)for size-frequency distri
bution plots and discussion).

1.2. Minimum impactor size for global seismic effects (I)

Why is seismic shaking an attractive mechanism for sm
asteroids? We can illustrate both points raised byCintala et
al. (1978)(above) by equating the seismic energy injec
by an impactor, which is a small fraction of the impacto
kinetic energy, with the seismic energy necessary to prod
accelerations that exceed the asteroid’s surface gravitga

throughout its volume, and therefore destabilize all slo
on the surface. This calculation will give us an analytical
timate of the minimum diameter of impactor necessary
cause global seismic effects on the surface of a target a
oid.

The seismic energy injected by an impactorEi is given
by:

(1)Ei = ηEk = 1

12
ηπρpv2

pD3
p,

whereη is an impact seismic efficiency factor (address
in further detail below),Ek is the kinetic energy of an im
pactor,ρp is the mean projectile density,vp is the impact
velocity, andDp is the spherical projectile diameter. Equ
tion (1) gives us one half of our desired expression.

The average seismic strain energy per unit volume of r
εd (energy density), expressed in terms of the maxim
half-cycle amplitudeA resulting from a single (primary
seismic frequency is derived inLay and Wallace (1995)as:

(2)εd = π2ρa

A2

2
,

τ

ts

l

-

t

-

whereρa is the mean density of the asteroid andτ is the
period of the seismic waves. Placing Eq.(2) in terms of the
seismic frequency in Hertzf rather than periodτ gives:

(3)εd = ρaπ
2f 2A2.

Since the maximum accelerationa experienced by the
medium can be expressed as a function of the maxim
displacementA and frequencyf (a = −4π2f 2A2), we can
rewrite Eq.(3) in these terms:

(4)εd = ρaa
2

16π2f 2
.

Equation(4) gives us an expression for the strain (pot
tial) energy density in the system. Similar to a harmonic
cillator, the total energy in the system is equally divided
tween potential and kinetic energy(Lay and Wallace, 1995).
Therefore, we can express thetotal seismic energy densit
in the system asεs = 2εd , giving:

(5)εs = ρaa
2

8π2f 2
.

Equation(5) thus provides us with a method for expre
ing the total seismic energy densityεs in terms of the maxi-
mum accelerationa imparted to the rock. Therefore, equa
ing a with the gravitational accelerationga on the surface
of a spherical asteroid, and then multiplyingεs by the vol-
ume of this spherical asteroid gives us the total amoun
seismic energyEs necessary to produce 1ga accelerations
throughout the asteroid volume:

(6)Es = 1πG2ρ3
aD5

a

108f 2
,

whereG is the gravitational constant andDa is the asteroid
diameter. Equation(6) gives us the other half of our desire
expression.

We now equateEi (Eq. (1)) with Es (Eq. (6)) and solve
for the diameter of a stony projectileDp which meets this
condition as a function of asteroid diameterDa , yielding:

(7)Dp =
[

G2ρ3
aD5

a

9ηρpv2
pf 2

]1/3

.

Fig. 2 shows a plot of Eq.(7), giving the minimum
impactor diameterDp necessary to cause global seism
effects on an asteroid of diameterDa for three differ-
ent seismic frequencies, using a typical asteroid imp
speed ofvp = 5 kms−1 (Bottke et al., 1994), asteroid
density of ρa = 2700 kmm−3 (near the Eros value o
2670± 30 kmm−3 (Yeomans et al., 2000)), projectile den-
sity of ρp = 2500 kmm−3, and impact seismic efficienc
of η = 10−4 (Schultz and Gault, 1975a; Melosh, 198.
Also shown is the minimum impactor diameterDp neces-
sary to cause the disruption of an asteroid of diameterDa

(loss to space of>50% of the asteroid’s mass), using t
formulae given inMelosh and Ryan (1997)andBenz and
Asphaug (1999), respectively. The region bounded by the
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Fig. 2. (Lower curves) Minimum stony impactor diameter necessar
cause 1ga accelerations throughout the volume of a stony asteroid
given diameter (destabilizing all regolith-covered slopes on the surface
seismic frequenciesf of 1 Hz (dashed), 10 Hz (dot-dashed), and 100 Hz
(dot-dot-dashed). (Upper solid curves) Minimum stony impactor diame
necessary to cause disruption of a stony asteroid of given diameter, c
lated perMelosh and Ryan (1997)(top), andBenz and Asphaug (1999
(bottom). The region bounded by these curves, shown ingray, highlights
the wide range of impactor sizes that can cause global seismic effec
an asteroid without disrupting it. This plot, however, doesnot include the
important effect of seismic attenuation as the energy propagates throu
the asteroid volume.

two sets of curves (shown ingray) suggests the plausibilit
of a broad range of impactor sizes that can produce gl
seismic effects without disrupting the target asteroid.
an asteroid the size of Eros (mean diameterDa ≈ 17 km)
the minimum impactor diameter necessary to achieve gl
seismic accelerations of 1ga is quite small,Dp ≈ 2 m (0.5–
10 m): far smaller than the size of impactor that wo
disrupt the asteroid:Dp ≈ 1.1 km(Melosh and Ryan, 1997,
Dp ≈ 1.6 km (Benz and Asphaug, 1999). These plots are
rather simplistic, however, because the important effec
seismic energy attenuation is not included. We will the
fore revisit this analytical calculation further on in th
study.

The impact seismic efficiency factorη, the fraction of the
impactor’s kinetic energy that is ultimately converted to se
mic energy within the target body, is an important, but poo
constrained parameter. Various values from the literature
clude:

• Gault and Heitowit (1963)report an upper limit of 10−2

for small laboratory impacts.
• Titley (1966)reports 3× 10−1 to 3× 10−3 for nuclear

and other large explosion sources.
• McGarr et al. (1969)report 10−4 to 10−6 from labora-

tory experiments.
-

t

• Latham et al. (1968)report 1× 10−5 to 5× 10−5 from
White Sands missile impact tests.

• Latham et al. (1968)report 10−5 to 10−6 for low angle
Lunar Module impacts on the Moon.

• Schultz and Gault (1975a)estimate 10−3 to 10−5 from
various sources.

As listed above, the Saturn IVB booster and Lunar M
ule (LM) impacts performed as part of the Apollo Pass
Seismic Experiment (PSE) gave values ofη between 10−5

and 10−6 (Latham et al., 1968; Toksoz et al., 1974). How-
ever, only the long-period (LP) seismometers were used
these determinations, which had an upper frequency lim
about 1 Hz(Toksoz et al., 1974). As will be shown in Sec-
tion 2, the peak seismic frequencies produced by an im
are higher, generally falling within the range of 5–50 H
Consequently, the lunar impact determinations ofη sampled
only the low-frequency, low-energy ‘wing’ of the impa
seismic signal power spectrum, and we thus adoptη = 10−6

as a loose lower limit onη in our modeling. On the othe
hand,Schultz and Gault (1975a)adoptedη = 10−4 for large
impacts, and this value is also given as a typical value
most impacts byMelosh (1989). We will therefore utilize
two values for this constant in this work: (1) following pr
vious precedent we adoptη = 10−4 as our ‘typical’ value,
but (2) we will also investigate the more restrictive case
η = 10−6.

1.3. Determining the surface effects of seismic shaking

In Section1.2 we demonstrated the availability of suf
cient seismic energy from even modest-sized impactors
producing global seismic effects on an asteroid less
200 km in diameter, but a much more detailed analysi
required to quantify this effect as a surface modificat
process. The precursor for this work is a classic study
the seismic effect of impacts on lunar surface topogra
performed byHouston et al. (1973). Building upon these
earlier techniques, we investigate the seismic modifica
process through three modeling phases: seismic mod
(Section2), geomorphic modeling (Section3), and impact
cratering statistics modeling (Section4). In Section2, we
develop a basic seismic theory for fractured asteroids,
the typical seismic frequencies generated by an impact,
then use these to synthesize generic impact seismog
for a test case asteroid (433 Eros). In Section3, we com-
pute the mechanical response of regolith-covered slope
impact-induced seismic vibrations, and then apply this c
puted downslope flow to a morphological model of t
degradation and erasure of impact craters. As an app
tion, in Section4 we use this crater degradation model
a stochastic cratering simulation which reproduces the
tistics of the cratering record on the surface of 433 E
and shows how seismic shakedown results in the obse
abundance of ‘softened’ craters and deficit of small imp
craters.
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spacecraft
Fig. 3. Two examples of evidence for a joint and fracture structure underlying the regolith layer on 433 Eros, imaged by the NEAR–Shoemaker,
in the form of: (A) several structurally controlled, ‘square’ impact craters (MET 132151598, 218.91 W, 16.64 S, 5.57 m pixel−1); and (B) a network of
criss-crossing ridges and grooves, with a few, small, structurally controlled craters (MET 136266921, 218.72 W, 42.00 N, 4.58 m pixel−1).
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2. Seismic modeling

2.1. Seismic energy dispersion in a fractured medium

The Galileo images of 951 Gaspra and 243 Ida reve
two battered objects, with visible systems of ridges a
grooves on their surfaces, several large concavities (m
presumed to be from impacts(Greenberg et al., 1994, 1996,
and highly irregular shapes indicative of at least some
gree of structural strength(Belton et al., 1992, 1996; Ca
et al., 1994; Sullivan et al., 1996). Rather than being sin
gle stone monoliths or highly pulverized ‘rubble pile
these features suggest that these asteroids are som
in between. Further work has characterized an entire s
trum of asteroid structural types, called ‘gravitational a
gregates’ byRichardson et al. (2002), which span the ex
tremes from monolith to highly comminuted rubble pi
Britt et al. (2002)further identified a transition group i
the central region of this spectrum, called ‘fractured mo
liths’ or ‘fractured asteroids,’ and placed 951 Gaspra and
Ida into this transitional category based upon porosity e
mates.

The NEAR–Shoemaker observations of 433 Eros li
wise showed an asteroid that most likely falls into this tr
sitional category of fractured monolith, based upon sev
lines of supporting evidence (seeFig. 3):

• Indications of structural control of impact craters a
other features(Prockter et al., 2002).

• The presence of a global network of visible join
ridges, and grooves(Zuber et al., 2000; Prockter et a
2002).

• A mean porosity measurement of about 20–30%, c
sistent with a fractured rock composition(Wilkison et
al., 2002; Britt et al., 2002).

• A center-of-figure to center-of-mass distance of o
30–60 m; indicative of a relatively homogeneous str
g
-

ture, without large-scale heterogeneities. That is,
measured porosity is likelynot due to huge void space
(which would probably be asymmetrical in distribution
but is instead most likely due to a homogeneous frac
and/or pore-space distribution(Thomas et al., 2002).

• A highly irregular shape, indicative of some inhere
structural strength(Thomas et al., 2002; Robinson et a
2002).

While describing the geology of 243 Ida,Sullivan et al.
(1996) suggested a likely similarity between the intern
structure of a fractured S-type (stony) asteroid and the up
most crustal layers of the Earth’s moon(Dainty et al., 1974;
Toksoz et al., 1974; Nakamura, 1976). Both are composed o
silicate rock, presumably began as monolithic structures,
have since been exposed to impactor fluxes of similar po
law distribution for millions to billions of years—albeit o
different overall magnitudes(Ivanov et al., 2002). This simi-
larity should produce similar fracture structures within ea
consisting of (seeFig. 4): (1) a thin, comminuted regolith
layer on the surface, (2) a highly fractured mixture of ro
and regolith beneath (a ‘megaregolith’ layer), and (3) a
creasing gradient of fractured bedrock below(Sullivan et al.,
1996). In the case of the upper lunar crust, this fracture st
ture extends to depths of about 20–25 km(Dainty et al.,
1974; Toksoz et al., 1974), but in the case of asteroids th
size of Gaspra, Eros, and Ida, this fracture structure sh
extend throughout the body.

This type of structure provides us with an advanta
in modeling the seismicity of fractured asteroids, in t
the seismic behavior of the upper lunar crust in respo
to impacts was well characterized during the Apollo
(seeFig. 5). These lunar seismic studies showed that
dispersion of seismic energy in a fractured, highly sc
tering medium is a diffusion process. Therefore, the s
mic energy densityεs at a given location within a frac
tured asteroid should obey the equation(Dainty et al., 1974;
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ed astero
s within
; and (
m

Fig. 4. Schematic view of the analogy between the upper lunar crust (investigated via the Apollo seismic experiments) and a proposed fracturid
structure(Sullivan et al., 1996). If each began as monolithic rock, exposure to similar impactor populations should produce similar fracture structure
each: (1) a thin, comminuted regolith layer on the surface; (2) a highly fractured mixture of rock and regolith beneath (a ‘megaregolith’ layer)3)
a decreasing gradient of fractured bedrock below. In the case of the upper lunar crust, this fracture structure extends to depths of about 20–25 k(Dainty et
al., 1974; Toksoz et al., 1974), but in the case of asteroids, this fracture structure should extend throughout the body. Based on Fig. 4 ofDainty et al. (1974).
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Fig. 5. Examples of one artificial and two natural impact seismogr
recorded by the Apollo 12 seismic experiment (ALSEP) long-period (
instrument in 1969. Note the smooth, teardrop-shaped, seismic amp
envelopes indicative of a diffusion process, and the long ‘coda’ tails (
duration vibrations) indicative of an extremely low seismic attenua
rate—primarily due to a near zero moisture content and vacuum condit
Based on Fig. 2 ofLatham et al. (1970).

Toksoz et al., 1974):

(8)
∂εs

∂t
= Ks �2 εs − 2πf εs

Q
,

wheret is the time,Ks is the seismic diffusivity (in m2 s−1),
andQ is the seismic quality factor (seismic attenuation
rameter).

We solve Eq.(8) in Cartesian coordinates for a rectang
lar target body of lengthL, width W , and heightH . We also
approximate the initial seismic energy distribution (injec
by an impactor) as a delta function: reasonable becaus
 e

impactor sizes considered here are much smaller than
target asteroid. This leads to the particular solution:

εs(x, y, z, t)

= e−2πf t/Q

[
1+ 2

∞∑
n=1

cos
nπxo

L
cos

nπx

L
e−Ksn

2π2t/L2

]

×
[

1+ 2
∞∑

n=1

cos
nπyo

W
cos

nπy

W
e−Ksn

2π2t/W2

]

(9)×
[

1+ 2
∞∑

n=1

cos
nπzo

H
cos

nπz

H
e−Ksn

2π2t/H2

]
,

where the impact occurs at pointxo, yo, zo (logically, a point
on the surface should be chosen).

If the impact occurs at the origin (one corner of the tar
body) and the seismic receiver is placed at pointL, W , H

(the opposite corner of the target body), and we furthe
the asteroid shape be cubical, such thatW = L andH = L

(whereL is the cubed root of the asteroid’s volume), Eq.(9)
collapses to:

(10)εs(t) = e−2πf t/Q

[
1+ 2

∞∑
n=1

(−1)ne−Ksn
2π2t/L2

]3

,

for the normalized energy density as a function of tim
seen on one corner of the cube from an impact on
opposite corner. This is in good agreement with the t
dimensional solutions described inCarslow and Jaege
(1959)andToksoz et al. (1974). The normalization schem
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chosen here lets the seismic energy densityεs go to 1.0 as
time goes to infinity when no attenuation is present.

It may seem overly simplistic to use a cubical aster
shape to represent an irregularly shaped asteroid suc
Eros (like the proverbial, spherical-cow model). Howev
our purpose here is to obtain ageneric, globally represen
tative, ‘far-side,’ seismic energy solution, using an impa
to-receiver distance of

√
3L: between that of the long-ax

and short-axis lengths of the actual asteroid, but still hav
the correct asteroid volume into which the seismic energ
dispersed. Since the goal of this study is to characterize
less severe ‘global’ effects of seismic shaking (without look-
ing at enhanced vibrations closer to an impact site or look
for focusing effects due to the asteroid’s irregular shape)
Cartesian solution was determined to be adequate.

In Eqs.(9) and (10)the key propagation parameters a
the seismic diffusivityKs and the seismic quality factorQ.
The seismic diffusivity is defined as(Dainty et al., 1974;
Toksoz et al., 1974):

(11)Ks = 1

3
vsls,

wherevs is the seismic P-wave velocity in competent ro
and ls is the mean free path for the scattering of seis
waves; that is, the distance over which 1/e of the seismic
energy is scattered. The seismic velocityvs is determined by
the rock’s elastic properties, and the mean free path for s
tering ls is directly proportional to the mean fracture spa
ing within the asteroid. To adopt reasonable assumption
each, we use values consistent with the upper lunar crus
termined from the lunar seismic experiments): a compe
rock seismic velocity ofvs = 3 km s−1, and a range of mea
free paths for scattering ofls = 0.125–2.000 km(Dainty et
al., 1974; Toksoz et al., 1974).

The seismic quality factorQ deserves special attentio
because of its unusual history with regard to the lunar c
Initial analysis of Moon rocks returned by the Apollo a
tronauts showed rather typical values forQ, on the order
of a few hundred or so(Tittmann, 1977). At the same time
the lunar seismic experiments showed extremely high va
for Q (Pandit and Tozer, 1970). The difference was rec
onciled by a series of experiments described inTittmann
(1977)andTittmann et al. (1980)—among other papers b
this group—which showed that under conditions of incre
ing vacuum and extremely low moisture content, many ro
(including the lunar samples) display an exponentially
creasing seismic quality factorQ (decreasing seismic a
tenuation) up to the values determined by the lunar s
mic experiments. Because S-type asteroids, such as
are likewise composed of silicate rock, reside in a v
uum, and have extremely low moisture contents, we ad
lunar-like seismic quality factors in our modeling. The v
ues ofQ published for the upper lunar crust fall into tw
ranges:Q = 3000–5000 based upon data from the lo
period (LP) instruments(Dainty et al., 1974; Toksoz et al
1974), andQ = 1600–2300 based upon data from the sh
period (SP) instruments(Nakamura, 1976). The difference
s

-

,

Fig. 6. A plot of the normalized seismic energy density for 3 min follo
ing an impact for (dotted) an impact and receiver located in the centers
perpendicular faces on a cubical target, using Eq.(9); and (solid) an impact
and receiver located on opposite corners of a cubical target, using Eq.(10).
Note the transient seismic energy peak in the dotted curve as compa
the gentle build-up and decay of seismic energy shown in the solid cur

in these values is related to different propagation distan
propagation depths, and frequency bands used in the
studies (seismic energy leakageunderneaththe fractured
zone also plays a role). We therefore cautiously adopt
ues ofQ = 1000–2000 in our asteroid modeling, given th
a Q of 2000 represents a rough lower limit to the actuaQ

of the uppermost lunar crustal layers(Nakamura, 1976).
Applying these assumed values,Fig. 6 plots the seismic

energy density as a function of time for (dotted) an impact
and receiver located in the centers of perpendicular face
a cubical target body (using Eq.(9)) and (solid) an impact
and receiver located on opposite corners of a cubical ta
body (using Eq.(10)). These solutions employ an Eros vo
ume of 2535± 20 km3 (Robinson et al., 2002)which gives
L = 13.64 km and an opposing-corner, impact-to-recei
distance of

√
3L = 23.62 km. Comparing this value fo

L to the actual mean diameter of Eros, 16.92 ± 0.04 km
(Robinson et al., 2002)indicates that Eq.(10) thus yields
energy profiles that arelower than what we would obtain
using the actual mean diameter of the asteroid, giving
reasonably conservative generic solution.

2.2. Minimum impactor size for global seismic effects (II

An examination of Eq.(10)shows two exponential term
one for the build-up of seismic energy (as seen from the
ceiver),e−Ksn

2π2t/L2
, and one for the attenuation of seism

energy,e2πf t/Q. These two terms provide us with a mea
for adding an estimate for seismic energy propagation-t
and attenuation into our previous expression (Eq.(7)) for
the size of an impactor capable of producing global surf
modification on a target asteroid.

An approximation for the amount of time necessary
seismic energy to propagate from one side of an aste
to the other can be found by finding the time at which
seismic energy build-up term from Eq.(10) goes toe−1 for
the lowest spatial wave numbern. That is, we find the ‘e-
folding’ time constant for the expression, giving us a rou
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estimate of the time required for thefirst (and strongest
seismic waves from the impact to reach the far side of
asteroid. This yields:

(12)t = L2

Ksπ2
.

Next, we substitute this timet into the seismic energ
attenuation term from Eq.(10), obtaining an estimate for th
amount of seismic attenuation that occurs over the cours
propagating from one side of the asteroid to the other. T
gives:

(13)As = e(−2πf L2)/(Ksπ
2Q),

whereAs is our attenuation estimate.
We can now modify Eq.(1) to solve for the size of im

pactor necessary to produce 1ga accelerations on the ‘far
side’ of a target asteroid, correcting for seismic attenuat
Multiplying Eq. (1) by As gives:

(14)Ei = ηEk = 1

12
ηπρpv2

pD3
pe(−2πf D2

a)/(Ksπ
2Q),

whereL has been replaced by the diameter of our targe
teroidDa .

Equating this newEi with theEs from Eq.(6) as before
yields:

(15)Dp = e(2πf D2
a)/(Ksπ

2Q)

[
G2ρ3

aD5
a

9ηρpv2
pf 2

]1/3

.

Fig. 7plots Eq.(15), showing the minimum impactor d
ameterDp necessary to cause global seismic effects on
asteroid of diameterDa for three different seismic frequen
cies, and using the same parameters listed in Section1.2
along with a seismic diffusivity ofKs = 0.250 km2 s−1, and
a seismic quality factor ofQ = 2000. Note that these thre
frequencies represent the broad frequency spectrum pr
in asingleimpact seismic signal, a feature which will be e
plored in detail in Section2.3. As before, we also show th
minimum impactor diameterDp necessary cause the disru
tion of an asteroid of diameterDa , using the formulae given
in Melosh and Ryan (1997)andBenz and Asphaug (1999.
The region bounded by these two sets of curves (sh
in gray) indicates that, although reduced as compare
Fig. 2, there remains a broad range of impactor sizes tha
produce global seismic effects without disrupting smal
medium-sized asteroids. At large target asteroid sizes, h
ever, the impactor size necessary to produce global sei
effects begins to approach the impactor size that can po
tially disrupt the body. Consequently, a practical limit f
global seismic effects exists, such that asteroids greater
about∼100 km diameter will experience only localized (r
gional) seismic effects from individual impacts (althou
the seismic effects from large impacts will still be wid
spread over a large portion of the asteroid’s surface). N
also that the lower seismic frequencies suffer less atte
tion and therefore penetrate farther than the higher sei
frequencies, a feature observed during the Apollo seis
f

t

-

-

Fig. 7. (Lower curves) Minimum stony impactor diameter necessar
cause 1ga accelerations throughout the volume of a stony asteroid
given diameter (destabilizing all regolith-covered slopes on the surfa
for seismic frequenciesf of 1 Hz (dashed), 10 Hz (dot-dashed), and 100
Hz (dot-dot-dashed). In this case, an estimate of seismic attenuation
been included (compare toFig. 2), such that each seismic frequency h
a finite distance over which it will be effective, with lower frequenc
penetrating further than higher frequencies. Note that a single impac
produce a seismic frequency spectrum containing all of these freque
(1–100 Hz). (Upper solid curves) Minimum stony impactor diameter n
essary to cause disruption of a stony asteroid of given diameter, calcu
perMelosh and Ryan (1997)(top), andBenz and Asphaug (1999)(bottom).
The region bounded by these curves, shown ingray, continues to show a
wide range of impactor sizes that can cause global seismic effects on
to medium sized asteroids without disrupting them. However, this ana
cal calculation does point to an upper asteroid size limit of about∼100 km
for global seismic effects from impacts. Larger asteroids will experie
localized seismic effects only.

experiments in that the short-period (SP) instruments w
only able to detect relatively close impacts (both artific
and meteoritic), while the long-period (LP) instruments w
able to detect impacts out to much greater ranges(Dainty et
al., 1974; Duennebier and Sutton, 1974; Latham et al., 1
Toksoz et al., 1974).

2.3. The frequency spectrum of an impact

The goal of the seismic portion of this modeling work
to produce a series of generic, synthetic seismograms
cal of impacts on a fractured asteroid. To use the previo
derived seismic energy diffusion and attenuation theor
this end (Section2.1), we first need to find the typical sei
mic frequency spectrum produced by a small asteroid im
(0.5–500 m impactor diameter). However, with the single
ception ofDuennebier and Sutton (1974)for lunar impacts
recorded via the Apollo 14 short-period (SP) PSE, th
are no published power spectra for impact seismic sign
We therefore obtain our power spectra through detailed
merical simulation, using theSALES-2hydrocode packag
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h
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m
ve arrival a
Fig. 8. (Left background) This diagram illustrates the basic components of an impact seismic source, modeled in cylindrical coordinates as part of aydrocode
simulation. Nodal velocity vectors are shown during the initial acceleration of two selected mesh points, one downward and axial (−z direction) and one radia
and on the surface (r direction). (Left foreground) The resulting pressure contours in the hydrocode mesh after 0.04 s showing a hemispherical, e
body (P) wave, and an advancing surface or Rayleigh (R) wave. (Right) Theoretical (dashed) and hydrocode produced (solid) surface seismograms at 0.5 k
distance from an impact into a homogeneous rock half-space, showing a weak body (P) wave arrival at 0.25 s and a strong surface (Rayleigh) wat
0.5 s. Based on Fig. 2 ofRichardson et al. (2004).
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(Amsden et al., 1980; Collins et al., 2002)in its most basic
mode: monitoring the elastic response of rock to an imp
source, without viscosity or accumulated damage (Hoo
law response only).

Rather than modeling an impact directly (with all of its i
herent complexity and Lagrangian mesh-stability problem
the impactor is instead treated as an idealized seismic
nal source(Lay and Wallace, 1995; Walker and Huebn
2004), having vertical and radial components in an axia
symmetric mesh (left half ofFig. 8). Two individual mesh
elements are treated as dynamic point sources, with fo
applied to them in the specified component directions.
total amount of energy injected into the mesh is prop
tional to the impact energy (through the seismic efficie
constantη), while the impulse velocity and duration are co
sistent with the contact-and-compression phase of a s
impact(Melosh, 1989). The motion of the mesh in respon
to this brief impulse force is then monitored as a funct
of time to produce synthetic seismograms at various lo
tions on the model’s outer free surface, as shown in the r
half of Fig. 8 (solid lines). We tested this hydrocode sei
mic modeling method against a theoretical computation
the seismic response of a homogeneous half-space to a
pact, using the techniques described inKanamori and Given
(1983)andRichards (1979). The resulting theoretical seis
mograms compare well with our numerical seismogra
(within the frequency resolution limitations of the hydroco
model), and are shown in the right half ofFig. 8 (dashed
lines).

Asteroids are, of course, not seismically homogene
bodies, so the numerical modeling was next moved u
l

-

the simulation of an impact into a fractured, multiple m
terial, spherical asteroid—about the size of Dactyl (1-
diameter). Small mesh and cell sizes are required to k
the frequency resolution of the mesh at 125 Hz in the sl
est material (used to represent a fault gouge or regolith).
mesh setup is shown inFig. 9A. The seismic motion of the
free surface, shown inFig. 9B is recorded as a synthetic se
mogram, from which the power spectrum is taken.

One important question regarding these hydrocode-
duced seismograms is: What is controlling the primary
quencies produced? To answer this question we perfor
additional (and more typical) hydrocode impact simulatio
for two different impactor sizes striking both a homogene
spherical target and a fractured spherical target (as show
Fig. 9A). Fig. 10shows the normalized vertical power spe
tra for a 4- and 60-m impactor striking a 1-km-diameter
mogeneous sphere (left column) and fractured sphere (right
column) at 100 m s−1, where the slow speed is necessary
maintain good stability in a Lagrangian mesh for at least
following impact.

These slow-speed simulations indicate that the frac
blocks within the target act as a crude band-pass filte
the injected signal. That is, the fractured body preferenti
passes those seismic frequencies close to the harmoni
quencies associated with the mean fracture spacing w
the body. Note that even in the case of the larger impa
which has an inherently lower injected frequency spectr
the fractured mesh continues to select out the preferred
80 Hz range. We therefore choose a fracture structure
produces results consistent with impacts into the upper l
crust. The resulting seismograms (Fig. 9B) have a frequency
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Fig. 9. (A) Cross-sectional view of an axially symmetric hydrocode m
showing the pressure contours produced by seismic waves propag
through a ‘fractured,’ 1-km-diameter, spherical, rock target following
impact. The wave propagation is a mix of unreflected, reflected, and
tiply reflected wave-fronts, such that the propagation of seismic ener
beginning to approach the behavior of a diffusion process. (B) Hydroc
produced surface seismograms at 90◦ away (half-way around the spheric
model surface) from an impact into this ‘fractured,’ 1-km-diameter, sp
ical, rock target. Note that although the vibrations are extremely mixe
nature, produced by multiple wave-front arrivals (both body and sur
waves), an amplitude ‘envelope’ can be discerned in each, particula
the vertical motion. Based on Fig. 2 ofRichardson et al. (2004).

spectrum generally falling between 1 and 100 Hz, wit
peak at about 10–20 Hz. Other impact seismic studies
reported peak frequencies of 10–40 Hz (White Sands
sile impacts(Latham et al., 1968)), 20–30 Hz (Lunar Active
Seismic Experiment(Houston et al., 1973)), and 5–15 Hz
(Lunar Passive Seismic Experiment, short-period instrum
(Duennebier and Sutton, 1974)).

With regard to our use of a two-dimensional hydroco
(as compared to a three-dimensional hydrocode), this
quency spectrum matching led us to a fracture spacin
200–400 m in the mesh, a spacing that would necessari
smaller in a three-dimensional mesh to achieve the same
quency results. The two-dimensional results, however,
adequate for our purposes since moving to the added c
plexity of a three-dimensional model would not add sign
icantly to the power and phase spectra obtained. To be
sistent with our selected fracture spacing, we addition
adopt a ‘nominal’ mean free path for seismic wave scatte
of ls = 0.250 km, although other values will be investigat
(ls = 0.125–2.000 km).

Also note that free oscillations of the entire, thre
dimensional, irregularly shaped asteroid are not impor
to this study because the frequencies involved with s
free oscillations will be out in the low-frequency, low-pow
‘wing’ of the frequency spectrum produced by the impa
That is, the oscillation amplitudes necessary to create d
bilizing accelerations on the asteroid surface will be lo
gone by the time the signal decays to the point that wh
body free oscillations dominate.

2.4. Creating synthetic impact seismograms

The diffusion theory for the propagation of seismic e
ergy in a fractured asteroid from Section2.1 can be com-
bined with the power spectra of an impact seismic sig
from Section2.3to produce synthetic seismograms for a
riety of impactor sizes on a given model asteroid target
synthesize a generic seismogram for a body having the
ume and approximate mean diameter of Eros, we begi
finding the fraction of impactor energy that is converted
seismic energy (usingη), and then divide this energy int
frequency components in accordance with the power s
tra obtained in Section2.3. Stepping through time, Eq.(10)
is then used to simulate the build-up of seismic energy
diffusion and the loss of seismic energy by attenuation
each frequency component. These components are the
combined using inverse Fourier analysis to produce a
seismogram level at each time step.

Fig. 11 shows the typical, ‘far-side’ seismic vibration
resulting from the impact of a 10-m stony object into o
Eros-like model asteroid, which would produce an∼300 m
impact crater on the surface (compare this seismogra
those inFig. 5). Note that accelerations exceeding the s
face gravity of the asteroid (taken to be 5 mm s−2) last for
∼5 min following the impact. We produced similar gener
synthetic seismograms for a wide range impactor diame
(from 0.5 to 500 m) and our Eros test-case target aste
This modeling shows that seismic reverberations excee
the surface gravity of the asteroidga last from a few minutes
for impactors of a few meters in diameter, up to about
hour for the largest impactor sizes modeled (a few hund
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Fig. 10. (Top row) Normalized vertical power spectra (for seismic motion) from a 4-m impactor striking a 1-km-diameter, homogeneous rock sp(left)
and fractured rock sphere(right) at 100 m s−1. The slow speed helps to maintains stability in a Lagrangian mesh for at least 3 s. (Bottom row) Norm
vertical power spectra (for seismic motion) from a 60-m impactor striking a 1-km-diameter, homogeneous rock sphere(left) and fractured rock sphere(right)
at 100 m s−1. The smaller impactor produces an inherently higher frequency spectrum than that produced by the larger impactor, when no fra
present. However, when fractures are present these spectra show that the blocks within the fractured mesh act as a crude band-pass filter to the ind signal,
preferentially passing those frequencies with wavelengths near the harmonics associated with the typical fracture spacing (about 10–80 Hz).
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meters in diameter). The next stage in this study is to inv
tigate how these impact-induced seismic motions will aff
the surface morphology of the asteroid. In particular, d
this seismic activity cause the degradation of impact crat

3. Geomorphic modeling

3.1. Downslope motion modeling

To evaluate the effects of seismic shaking on aste
surface morphology, a downslope motion model was
veloped which takes the accelerations recorded in the
thetic seismograms described in Section2.4 and applies
them to a hypothetical regolith layer resting on a slo
of variable angle, and placed in an asteroid gravity fie
For this, we use a form of Newmark slide-block ana
sis (Newmark, 1965), which can be applied when the r
golith layer thickness under consideration is much sma
than the seismic wavelengths involved(Houston et al., 1973
Jibson et al., 1998). This assumption works well for all bu
the highest impact seismic frequencies, which are the m
quickly lost by attenuation. Under this restriction, we c
approximate the motion of a mobilized regolith layer
modeling the motion of a rigid block resting on an inclin
plane (for discussions of the forces involved, seeLambe
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Fig. 11. (A) The first 6 min of a synthetic seismogram for the ‘far-side’ of Eros following the strike of a 10-m stony impactor, showing an asymm
mixed-phase, reverberation signal (compare toFig. 5). (B) The corresponding seismic accelerations(gray) for the seismogram shown in (A). The two dash
lines indicate the approximate surface gravity magnitude (ga = 5 mm s−2), indicating that seismic accelerations that exceed 1ga last for about 5 min following
this impact. Based on Fig. 2 ofRichardson et al. (2004).
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and Whitman, 1979; Newmark, 1965; Melosh, 1979). We
compute the accelerations imparted to the block by
asteroid’s surface gravity (static loading) and seismic
shaking slope (dynamic loading) to obtain an overall blo
(layer) displacement.Fig. 12 shows a schematic view o
this model and an example of the type of layer motio
achieved during seismic shaking. Note that much of
downslope motion observed is a combination of hopp
and sliding, which is much more effective at moving rego
downslope than simple stick-slip motion (horizontal slidi
only).

Two types of regolith layers were tested: (1) a Mo
Coulomb, non-cohesive, uniform porosity, sand-like lay
and (2) a regolith layer having a porosity and cohesion
dient as a function of depth. This second model rego
type stems from the evidence on Eros for weak regolith
hesion (non-zero shear strength), most notably in the f
of steep crater walls in small craters which were clea
formed in regolith and ponded deposits(Robinson et al.
2001). On the other hand, broader slope studies indic
that on 300-m scales, only 1–3% of slopes are above
ical angles of repose (about 30◦), with an observed max
imum of 36◦ (Thomas et al., 2002). Thus, although som
features do show indications of cohesion and strength
the form of crater walls, boulders, outcrops, ridges,
groove edges), areas of obvious regolith coverage all
to lie below typical angles of repose(Thomas et al., 2002
Robinson et al., 2002). There is also ubiquitous evidenc
of slope destabilization and the downslope migration of
golith over the entire surface of the asteroid, as mentio
in Section1.1. This evidence suggests that although pres
existing cohesion forces seem to be relatively easy to o
come.

The importance of even weak cohesive forces in
‘milli-gravity’ environment can be demonstrated by looki
at the Factor of Safety equation for our slide-block mode

(16)FOS= C + (µsρrgahcosθ)

ρrgahsinθ
,

where FOS is the factor of safety,C is the cohesion,µs is
the coefficient of static friction,ρr is the regolith density
h is the regolith depth, andθ is the slope angle. Under th
gravity conditions on the surface or Eros, a typical dry-s
regolith layer 5 m in depth with a low cohesion value
C = 100 Pa can maintain angles of stability (FOS= 1) up to
80◦. We therefore felt it necessary to investigate the effe
of cohesion in our slide-block modeling. Lacking any act
data on the asteroid’s regolith beyond the evidence prov
by the NEAR images, we build a model regolith by (aga
relying on the data set collected during the Apollo era on
lunar regolith as our starting point and best analogy.

Analytical calculations of slope factors of safety, ang
of stability, and angles of repose indicate that directly
plying lunar regolith properties (taken fromHouston et al.,
1973) in an Eros gravity field results in a regolith layer th
can maintain nearly vertical (greater than 85◦) slopes up to
depths of 20 m. Thus, using the lunar regolith values dire
results in a regolith layer which contradicts the visible e
dence from Eros, where most regolith slopes lie at be
typical values (<30◦) for the angle of repose(Thomas et
al., 2002; Robinson et al., 2002). In an effort to bring the
model more in-line with the actual evidence, we theref
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a

steroid.

in
Fig. 12. (Left) A basic illustration of the Newmark slide-block model. The regolith layer resting on a slope is represented by a rigid block resting oninclined
plane. Forces on the rigid block include surface gravity (static loading), seismic accelerations (dynamic loading—applied by the inclined plane),and frictional
forces (both static and dynamic). Ballistic launching of the block (layer) is also permitted and tracked in this model. (Upper right) Overall motion of an asteroid
regolith layer (1 m depth) resting on a 10◦ slope, under the seismic shaking conditions produced by a 10-m impactor on the ‘far-side’ of an Eros-like a
Note that the motion involves vertical hopping in addition to horizontal sliding in the asteroid’s very low gravity field (∼5 mm s−2). (Lower right) Close up
view of the vertical motion of the inclined plane(dotted)and slide-block(solid), showing the vertical launching and ‘flight’ of the block (regolith layer)
detail.
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reduced the cohesion formula derived for the lunar rego
by an order of magnitude, to obtain the following terms
a hypothetical asteroid regolith:

(17)Pr = 0.52− 0.007h,

(18)Vr = Pr

1− Pr

,

(19)Cr = 9.82× 10(1.14−Vr )/0.45,

(20)φr = tan−1 0.7

Vr

,

wherePr is the regolith porosity in %,h is the mobilized
regolith layer thickness (depth),Vr is the void ratio,Cr is the
cohesion in Pascal (N m−2), andφr is the angle of interna
friction.

These formulae give values of regolith cohesionCr of
13–146 Pa for the first 20 m of regolith depth, which
sufficient to permit angles of stability of>70◦ for shallow
depths (up to a few meters), but also gives angles of re
of ∼35◦–45◦ for regolith depths up to 20 m. This large d
ference between the regolith angle of stability and repos
at least somewhat consistent with the observations desc
by Robinson et al. (2001), without violating the larger scal
regolith properties described byThomas et al. (2002). Our
hypothetical model regolith is obviously not much more th
a guess at the true Eros regolith properties, but does
vide us with a way of testing seismic shaking against bo
simple non-cohesive regolith and a first-order estimate
cohesive asteroid regolith.

3.2. Minimum impactor size for global seismic effects (II

One way of testing our combination of synthetic seism
grams and downslope regolith flow modeling is to comp
these numerical methods to our previous analytical calc
tions of the minimum size of impactors necessary to ca
global seismic surface effects.Fig. 13maps out the diame
ter of impactor necessary to produce greater than 1ga ac-
celerations (vertical launching) of ah = 1 m thick model
regolith layer resting on a slight 2◦ slope, for a variety of as
teroid diameters, seismic properties, and the two diffe
regolith types.Fig. 13A uses ‘nominal’ seismic propaga
tion conditions (η = 10−4, Q = 2000) and a non-cohesiv
regolith layer, whileFig. 13B uses more restrictive seism
propagation conditions (η = 10−6, Q = 1000) and the cohe
sive regolith model described in Section3.1. In both cases
a variety of seismic diffusivitiesKs values are tested: from
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Fig. 13. (Lower curves) A plot of the size of impactor necessary to produce greater than 1ga accelerations (vertical launching) of anh = 1 m thick model
regolith layer resting on a slight 2◦ slope, for a variety of asteroid sizes, seismic properties, and regolith types. For (A) we use ‘nominal’ seismic prop
conditions (η = 10−4, vs = 3 kms−1, Q = 2000) and a non-cohesive regolith layer, while for (B) we used more restrictive seismic propagation con
(η = 10−6, vs = 3 km s−1, Q = 1000) and the cohesive regolith model described in Section3.1. In both cases, a variety of seismic diffusivity values are tes
from Ks = 0.125 km2 s−1 to Ks = 2.000 km2 s−1, corresponding to mean free paths for scatteringls of: 2.000 km(solid), 1.000 km(dashed), 0.500 km
(dot-dashed), 0.250 km(dot-dot-dashed), and 0.125 km(dot-dot-dot-dashed). (Upper solid curves) Minimum stony impactor diameter necessary to c
disruption of a stony asteroid of given diameter, calculated perMelosh and Ryan (1997)(top), andBenz and Asphaug (1999)(bottom). The region where
global surface effects can occur from a single impact without disrupting the asteroid is shown ingray. This modeling agrees well with our previous analytic
calculations (Fig. 7) and indicates an upper asteroid size limit of about 70–100 km for global seismic effects from impacts.
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Ks = 0.125 km2 s−1 to Ks = 2.000 km2 s−1, corresponding
to mean free paths for scattering ofls = 0.125–2.000 km.

This numerical modeling matches the previous analyt
result (shown inFig. 7) quite well and also shows that th
mechanism continues to be effective even under the mor
strictive conditions used in the second case,Fig. 13B. These
results also support a practical limit for impact-induc
global seismic effects, such that asteroids greater than a
70–100 km diameter will experience only localized (
gional) seismic effects from all but the largest impacts
previously described in Section2.2.

With regard to our Eros test case, this slide-block m
eling indicates that for an asteroid having the volume
approximate mean diameter of Eros, global downslope
tion on all slopes (2◦–30◦) and for ls = 0.250 km begins
at impactor diameters of∼2 m for a non-cohesive regolit
and ‘nominal’ seismic conditions, and∼40 m for a sim-
ple cohesive regolith and more severe seismic propaga
conditions. These values are still far smaller than the
of impactor that would disrupt the asteroid, and show
availability of a wide range of impactor sizes capable of tr
gering the more obvious indications of downslope rego
motion observed on the surface of Eros (shown inFig. 1).

3.3. Crater degradation by topographic diffusion

The next phase of the study is to demonstrate how s
mically triggered downslope flow also contributes to the e
sion of cratered topography. We begin by applying our E
test-case seismograms to a Newmark slide-block mod
an h = 1 m non-cohesive regolith layer resting on a slo
-

t

done over a wide variety of impactor sizes (0.5–500
and slope angles (2◦–30◦). This modeling yields a set o
curves plotting downslope volumetric debris flux per imp
qi (m3 m−2) as a function of slope�z (Fig. 14A), which
shows one curve for each impactor size. The motion
played in these curves is typical of non-linear, disturban
driven downslope regolith transport, and can be describe
the equation(Roering et al., 1999):

(21)qi = Ki � z

1− [| � z|/Sc]2 ,

whereSc is the critical slope (the slope at which sliding o
curs under static loading conditions).

We therefore use Eq.(21) to fit each downslope flux
curve and determine the downslope diffusion constantKi

(Fig. 14B solid circles), and the critical slopeSc. Note that
under normal sliding conditions, the critical slopeSc would
be equal to the coefficient of static friction assigned to
regolith layer in the model,µs = 0.7, but due to the bal
listic hopping of the layer while in motion, this parame
was better left as a free parameter in the fit, with value
Sc falling between 0.55–0.65 (near the assigned coeffic
of dynamic friction,µr = 0.6). These fits yield a set of dif
fusion constantsKi (m3 m−2 per impact) as a function o
impactor diameterDp that follow power-law relationship
(seeFig. 14B). These relationships fall into two regime
Dp = 1–4 m, where sliding occurs in stick-slip fashion; a
Dp > 4 m, where sliding occurs in hop-slip fashion. The
computed diffusion constant values can be thought of
‘maximum’ downslope regolith displacement per impact
very steep slopes), and as such permit us to perform a r
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fit
Fig. 14. (A) Newmark slide-block model results for six impactor sizes, plotting volumetric flux per impactqi (m3 m−2) as a function of slope gradient�z and
displaying the non-linear relationship typical of disturbance-driven flow(Roering et al., 1999). (B) Downslope diffusion constants per impactKi (m3 m−2 or
simply m) plotted as a function of impactor sizeDp wheresolid circlesshow the derived values from Eq.(21) andsolid linesshows a linear least-squares
to these points. The resulting power-law relationships fall into two regimes:Dp = 1–4 m, where sliding occurs in stick-slip fashion; andDp > 4 m, where
sliding occurs in hop-slip fashion. This plot is compared with the seismic ‘jump’ distances reported inGreenberg et al. (1994, 1996), which were estimated
from surface velocities on a homogeneous, spherical hydrocode model following impact. Based on Fig. 3 ofRichardson et al. (2004).
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comparison between theseKi values and the regolith sei
mic ‘jump’ distances (per impact) reported inGreenberg e
al. (1994, 1996). Shown inFig. 14B, these ballistic ‘jump’
distances were estimated from the maximum velocities
parted to the surface of a homogeneous, spherical hydro
model following impact, and therefore represent the dow
lope motion resulting from a single seismic ‘jolt’ (P-wa
and Rayleigh wave passage). Not surprisingly, our dow
lope diffusion constants are significantly greater (by a or
of magnitude or more) because in this study we have m
eled the amount of downslope motion resulting from theen-
tire duration of seismic motion following an impact, whic
can last from a few minutes to up to an hour.

Note that if the slope�z is small, Eq.(21) becomes ap
proximately linear with respect to slope:

(22)qi ≈ Ki � z,

which will permit the computed values of downslope diff
sion per impactKi to be used in a topographic modificatio
model of the degradation and erasure of impact craters.
modeling is done using an analytical theory of erosion
transport-limited downslope regolith flow first described
Culling (1960). We assume that the downslope flow of
golith is controlled by the transportation rate and not by
regolith supply or production rate (weathering-limited flo
(Nash, 1980). This assumption should hold true for mo
of the surface of Eros, due to its copious regolith cover
and the ability of impact ‘gardening’ to produce a cont
uous supply of loose regolith around each new crater
this process, classically modeled byShoemaker et al. (1970
andGault et al. (1974)for the lunar surface, small impac
overturn a shallow portion of the regolith layer, while larg
impacts overturn the regolith at greater depths. Becaus
e

f

their shallow excavation depths, impacts producing cra
up to a few hundred meters in diameter will tend to o
‘recycle’ the existing regolith (and ‘megaregolith’) layer
with some small loss of material to space after each im
due to ejection at greater than the escape velocity of the
teroid. ‘New’ regolith is thus only generated by the larg
impacts, which excavate a portion of the fractured bedr
below these regolith layers. It is this constant regolith
cycling (with occasional replenishment) that allows us
assume a transport-limited regolith supply.

To develop this erosion theory, we begin with an expr
sion for the conservation of mass on an infinitely small p
tion of a hillslope, in Cartesian coordinates(Culling, 1960):

(23)
∂z

∂t
= −

[
∂fx

∂x
+ ∂fy

∂y

]
,

wherez is the elevation, andfx andfy are the flow rates o
regolith in thex andy directions, respectively.

If the regolith layer is isotropic with regard to mater
flow, and the flow rate is linearly proportional to the slop
gradient (as in Eq.(22)), then:

(24)fx = −Kd

∂z

∂x
and fy = −Kd

∂z

∂y
,

whereKd is a downslope diffusion constant, which has un
of m3 m−2 s−1 (volume flux per unit time) or m s−1 (downs-
lope motion per unit time).

Substituting Eq.(24) into Eq.(23)gives:

(25)
∂z

∂t
= Kd

[
∂2z

∂x2
+ ∂2z

∂y2

]
,

which we re-write in diffusion equation form:

(26)
∂z = Kd �2 z.

∂t
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Because we wish to investigate the degradation of a f
impact crater due to the infilling of regolith (through down
lope flow), we take advantage of the axial-symmetry of
crater’s shape and solve this diffusion equation in cylin
cal coordinates (r , z). The general solution is given by (bas
upon the techniques outlined inKreyszig, 1993):

(27)z(r, t) =
∞∑

k=0

CkJo(kr)e−Kdhk2t ,

whereh is the mobilized regolith layer thickness,k is the
spatial wave number, andJo is a zeroth order Bessel fun
tion of the first kind. Note that this equation is a functi
of time, applicable when the diffusion constantKd is some
constant rate with respect to time (units of either m3 m−2 s−1

or m s−1). In our case, however, we have determined a s
cific amount of downslope diffusion per impactKi (units of
m3 m−2 per impact, or simply m per impact), which is itse
a function of the impactor’s size. Thus, we desire a solu
that becomes a function of the number of impacts (and t
individual diffusion constants).

Converting to the appropriate variables gives:

(28)z(r, t) =
∞∑

k=0

CkJo(kr)e−Khk2
,

where:

(29)K =
n∑

i=0

Ki,

and n is the number of impacts andKi is the amount of
downslope diffusion per impact.

The constant terms,Ck , are computed from the initia
topographic form, for which we use a fresh impact cra
shape taken fromMelosh (1989);

(30)Ck = −dD2

128
k2D2e−k2D2/16,

whered is the crater depth,D is the crater diameter, an
where the crater has an initiald/D ratio of 0.2. Of particular
note, the exponential term in Eq.(30) produces a Gaussia
distribution of Ck values with a peak amplitude at wa
numberko = 4/D.

This solution is used to simulate the degradation (
ing) of a crater due to seismic shaking (shown inFig. 15),
given our derived downslope diffusion constants—an ef
we call ‘seismic shakedown.’ The most important term
this solution is the relaxation term,R = e−Khk2

, and in our
modeling the crater is considered to be erased after six/e

decays,R = e−6 = 0.0025, which gives a depth to diam
eter (d/D) ratio of 0.0005 whenR = e−6 is (artificially)
assumed over all spatial wave numbers. In actuality,
amount of relaxation for a given amount of downslope
golith diffusion K is strongly dependent upon the wa
numberk, with higher wave numbers being more strong
affected than lower wave numbers. Thus, sharp crater
and other high-frequency features will be the first to re
(erode), while the overall bowl shape of the crater will
the last.

It should also be remembered that the downslope reg
motion displayed inFig. 14A and described by Eq.(21) is
non-linear in nature, such that downslope regolith trans
increases significantly with increasing slope. This me
that our linearization of the downslope flow (Eq.(22)) makes
our degradation model more conservative than what
might actually expect to see on the asteroid surface,
the modeled crater degradation time-scales correspond
longer. However, our purpose here is to demonstrate th
ficacy of the seismic shakedown mechanism, and this fi
order, linearized approach serves this purpose well.

Since our Bessel function form of the initial crater sha
consists of a narrow Gaussian range of spatial wave n
bers, the point at which a crater becomes erased ca
approximated by substitutingko for k in the relaxation term
R and equating the arguments−6= −Kh[4/D]2 to give:

(31)K � 3D2

8h
,

for the erased state. That is, we find the total amoun
downslope diffusion that takes the relaxation termR to
e−6 for the principle wave number of the crater. When t
amount of downslope diffusionK (given by Eq.(31)) is ap-
plied to Eq.(28) for all spatial wave numbers, we obtain
depth to diameter (d/D) ratio of 0.0041; at least twice a
flat as what could reasonably be detected from NEAR
ages,d/D = 0.01 (Robinson et al., 2002). Equation(31)
therefore permits an assessment of an impact crater’s ‘
mic damage,’ as downslope diffusion accumulates over
and subsequent impacts (via Eq.(29)) until final crater era-
sure. This expression will be used in the following section
add the effect of seismic damage to a model of the evolu
of the cratering record on the surface of an asteroid.

4. Impact cratering statistics modeling

4.1. A stochastic cratering model

In the final phase of this study, we use these seis
and geomorphic results to model the evolution of the cr
size-frequency distribution on a simulated asteroid surf
and show how seismic modification changes the crater
ulation statistics. This model uses Monte Carlo techniq
(Press et al., 1992)to populate a two-dimensional contin
ous test surface, 34×34 km in size (1156 km2, near the Eros
value of 1125 km2 (Robinson et al., 2002)), with craters as a
function of time. The simulation then allows these crater
be obliterated by the effects of subsequent impacts: (1)
sion by superposing craters, (2) blanketing by impact eje
and (3) erasure by seismic shakedown. The following s
sections describe the key components of this model and
cuss the results, while the details of the model are descr
in Appendix A.
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area as Er
e of about

13880745
Fig. 15. (Left) Vertical cross-sections taken through a 200-m-diameter crater, shown inlight gray (horizon level shown indark gray), plotted at four different
times and showing its gradual degradation and erasure by impact-induced seismic shakedown on an asteroid having the same volume and surfaceos.
Complete erasure occurs at a crater age of about 30 Myr in a Main Belt impactor flux. A 20-m crater under the same conditions, will have a life-tim
300 kyr. Note the rapid initial degradation while the slopes are still relatively high, followed by a more gradual degradation as slopes flatten. (Right) A field of
softened and degraded craters on the surface of Eros, showing a range of morphologies consistent with degradation by seismic shakedown (MET8,
154.34 W, 6.15 S, 5.12 m pixel−1).
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4.2. The Main Belt impactor population

The impactor population used by this model was sele
to represent the average population of asteroids prese
the Main Belt, where Eros has spent most of its lifeti
(Michel et al., 1998). However, for our modeling purpos
we desired an impactor population in the size range from
to 500 m, which is below the sizes of asteroid that can
surveyed directly. We therefore have to rely upon model
timates for the distribution of smaller asteroids (impacto
in the Main Belt, from 0.5 to 500 m in size.

The impactor population that we chose for use in our s
ulations was produced via the asteroid collision and dyna
population modeling performed byO’Brien and Greenberg
(2005). O’Brien and Greenberg’s asteroid population w
derived so as to be consistent with six constraints:

1. the observed population of the Main Belt asteroids fr
various surveys,

2. the observed population of the near-Earth asteroids f
various surveys,

3. the observed number of asteroid families in the M
Belt,

4. the measured cosmic ray exposure ages of meteorit
5. the preservation of the basaltic crust of Vesta,
6. the observed cratering records on asteroids.

In their model,O’Brien and Greenberg (2005)also in-
cludes the Yarkovsky effect as a means of removing sm
asteroids from the Main Belt and delivering them to
near-Earth population (for a discussion on this effect,
(Farinella et al., 1998)). Even with this effect added, the c
mulative log–log slope of the small Main Belt asteroid po
ulation remains relatively steep at∼−3, with no deficit of
small impactors indicated by the model (a deficit sugge
by Chapman et al. (2002)to potentially explain the lack o
small craters on Eros).

Fig. 16A shows an expanded view of the numerical dis
bution of impactor produced by theO’Brien and Greenberg
(2005)model, as it compares with similar impactor popu
tion models used byBelton et al. (1992)andGreenberg et al
(1994, 1996)to model the cratering records on the Astero
951 Gaspra and 243 Ida. In this figure, the vertical axis
been converted from a cumulative number of asteroids
cumulative number of impacts per year per square kilo
ter of surface area on the target body, in accordance with
asteroid collision probability estimates described inBottke
and Greenberg (1993).

4.3. Impactor to crater diameter relationship

The relationship between impactor size and resul
crater size on an asteroid-sized body is a subject of
tinuing study by various researchers. For our modeling,
accept the consensus that crater sizes on these bodie
generally be in the strength-scaling regime at small sizes
transition to the gravity-scaling regime at larger crater siz
consistent with the numerical hydrocode modeling descr
in Greenberg et al. (1994, 1996), andNolan et al. (1996).
These studies led us to adopt a simple ‘cube-root’ scal
law for Eros such that the resulting crater sizes are dire
proportional to the impactor size(Melosh, 1989):

(32)D = 30Dp.

This scaling-law is plotted inFig. 16B, showing it in com-
parison to strength scaling(Holsapple, 1993), gravity scaling
(Holsapple, 1993; Melosh, 1989), and the hydrocode simu
lations for 951 Gaspra and 243 Ida(Greenberg et al., 1994
1996).
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spherical

stic cr
Fig. 16. (A) An inverted cumulative distribution curve showing the mean time between impacts from impactors of a given size (or greater) on a
asteroid with a surface area matching that of 433 Eros (1125 km2). In this work we use an impactor population produced by the modeling described inO’Brien
and Greenberg (2005)(solid), which has a cumulative log–log slope of 2.93 for impactor diametersDp in the range 0.1 < Dp < 95 m, and shallowing to a
cumulative log–log slope of∼1 for impactor diametersDp > 95 m. Also plotted are the similar impactor populations used byBelton et al. (1992)(dashed)and
Greenberg et al. (1994, 1996)(dotted)to model the cratering records on the Asteroids 951 Gaspra and 243 Ida. (B) A plot of the simple 30× scaling-law used
in this study for mapping impactor size to crater size(solid), showing it in comparison to strength scaling(Holsapple, 1993), gravity scaling(Holsapple, 1993;
Melosh, 1989), and the hydrocode simulations for 951 Gaspra(dot-dashed)from Greenberg et al. (1994)and 243 Ida(dashed)from Greenberg et al. (1996).
The gray bands represent a variety of target material types, from loose sand to competent rock. Note that the size of impactors used in our stochaatering
model range from 0.667 m (producing 20 m craters) to 667 m (producing 20 km craters).
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4.4. The 433 Eros cratering record

Equipped with a workable model for the evolution
craters on the surface of an asteroid, we next attemp
recreate the statistics of the cratering record on the sur
of 433 Eros, included the observed paucity of small crat
Example screens from this stochastic cratering model
shown inFig. 17, which display model runswithoutandwith
(respectively) the effects of seismic shakedown includ
A relative size-frequency distribution plot (R-plot) of th
model output is also shown inFig. 18 for the case which
includes the effects of seismic shakedown(Arvidson et al.,
1979). In both figures, the observed(Chapman et al., 2002
Robinson et al., 2002)and modeled distributions are in goo
agreement (for craters>100 m) at a Main Belt exposure ag
of 400± 200 Myr. Note that this age is neither an absol
age for Eros, since major impacts can potentially ‘reset’
asteroid surface record(Greenberg et al., 1994, 1996), nor
is it an accurate age for the current surface record, bec
the chaotic nature of Eros’s orbit has exposed it to a hig
variable impactor flux(Michel et al., 1998)—rather than the
assumed constant flux used in our modeling. At best,
surface age represents a lower limit, assuming that an
erage Main Belt impactor flux is at the high end of wh
Eros has actually been exposed to. The observed and
eled crater populations differ at larger crater sizes (>2 km),
where the statistics of small numbers and random crater
eration make matching the observed crater population a
end of the curve difficult. The simulations lead to two pos
bilities to explain this mismatch:
e

-

-

1. the age obtained could be an absolute Main Belt ex
sure age for Eros, and we have simply not had a m
run which generates the correct large crater popula
to match the observed distribution, or

2. the number of very large craters on Eros is indicative
a much older body than the current cratering record
flects, such that the measured Main Belt exposure
reflects the time elapsed since the last major imp
event, which ‘reset’ the small crater record(Greenberg
et al., 1994, 1996).

Additional modeling tends to support the latter interpre
tion, in that good matches to the large crater record (>2 km)
are obtained after about 1–2 Gyr. At these model ages, h
ever, the ‘dip’ in the Eros cratering record between 1
6 km diameters is replaced by standard ‘empirical sat
tion’ levels, since the current model does not simulate glo
cratering record resets from very large impact events.

Note that it is only inFigs. 17B and 18—where the ef-
fects of seismic shakedown are included—that the obse
small cratering record is matched by the models. The
duced number of small craters is a result of seismic era
(cumulative seismic damage via Eqs.(29) and (31)), caus-
ing lower equilibrium crater numbers for craters<100 m
diameter than would otherwise be expected (empirical
uration). This equilibrium point is a sensitive function
the assumed thickness of the mobilized regolith layerh. By
varying this parameter, we find a best fit corresponding
h ≈ 0.1 m, with actual values forh perhaps as high as
few meters (due to the assumptions and uncertainties in
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displays
ribution

cr
bserved
Fig. 17. Example screens from the stochastic cratering model following 400 Myr of impacts on an Eros-like target body. The area shown in theseis
34× 34 km (1156 km2), with a model resolution of 20× 20 m. Craters are color coded by size (see color bar). The curves shown in the cumulative dist
plots are: geometric saturation(dashed), estimates of empirical saturation at 5–10% geometric saturation(dotted), modeled crater distribution(thick solid), and
the observed crater distribution on 433 Eros(dot-dashed)from Chapman et al. (2002); Robinson et al. (2002). (Top) Crater population after 400 Myrwithout
seismic shaking included in the simulation. Note the empirical saturation level of small craters and a poor match with the observed distribution ofaters on
Eros. (Bottom) Crater population after 400 Myrwith seismic shaking included in the simulation. Note the excellent match between the modeled and o
crater distributions, particular with regard to small craters (less than 100 m diameters).
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modeling). This value is significantly less than the estima
for a loose regolith layer thickness on the order of ‘tens
meters’ from the NEAR observations(Thomas et al., 2002
Robinson et al., 2002). We infer from this difference tha
much of the regolith layer possesses a depth-depen
porosity and cohesion gradient, perhaps due to compa
from seismic shaking. This characteristic would produ
lower porosity and higher cohesion with increasing de
(Robinson et al., 2002). Such a gradient was observed f
t

the lunar regolith (down to sampling depths of a few mete
and would cause the regolith layer to preferentially slide
‘break’) at shallow critical depths, rather than mobilizing t
entire regolith layer(Houston et al., 1973).

It should be pointed out that based upon this study, la
asteroids greater than about 70–100 km diameter (seeFigs. 7
and 13) should not experience the same degree of sm
crater erasure as asteroids in the size range of Eros
should therefore have small crater equilibrium numbers
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owing
).
l satur
Fig. 18. A relative size-frequency distribution plot(Arvidson et al., 1979)of 433 Eros craters per square kilometer as a function of crater diameter, sh
a favorable comparison between observed(Chapman et al., 2002; Robinson et al., 2002)and modeled values after 400± 200 Myr (Main Belt exposure age
The low abundance of small craters is a result of seismic erasure, causing lower equilibrium values than would otherwise be expected (empiricaation;
thin dashed line). Symbols are the same as those listed in Table 1 ofChapman et al. (2002). Based on Fig. 4 ofRichardson et al. (2004).
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proaching more typical ‘empirical saturation’ levels (the d
ted lines inFig. 17. Such bodies should only experien
localized seismic effects from all but the largest impacts,
not the global seismic effects modeled in this study. As
example of a much larger body, the Earth’s moon does s
some minor, local variations in small crater numbers depe
ing upon the surface material and age; however, most a
display rather typical levels of empirical saturation at sm
crater diameters (5–200 m) when observation effects,
as sun angle, are taken into account(Schultz et al., 1977).

4.5. The enigma of ponded deposits on Eros

One of the most extraordinary finds of the NEAR
Shoemaker mission was the ponded deposits found in s
craters up to a few hundred meters in diameter (seeFig. 19).
These ponds show clear evidence of downslope mat
motion, and impact-induced seismic shaking has been
gested as a possible means for their formation(Cheng et
al., 2002b). However, the ponds display several features,
scribed inRobinson et al. (2001), that differ from the mode
of downslope motion and crater erosion that we have es
lished in this work:

• A difference in geomorphology: the ponds appear as
tremely flat deposits in the bottoms of craters and to
graphic lows, while craters degraded by seismic sha
down maintain their curving, bowl shape and slow
‘soften’ over time (Fig. 15).

• An apparent difference in flow style: the very fl
ponded deposits are indicative of a frictionless, flu
s

l

l
-

like flow, while the downslope flow induced by seism
shaking involves frictional forces and requires a slo
(gradient) to occur (Section3.3).

• A difference in localities: the ponded deposits a
concentrated primarily in areas of prolonged termi
tor exposure and low surface gravity, while impa
induced seismic effects should be global in distrib
tion.

• A difference in grain-size: the ponds appear visually
be composed of finer-grained material than their s
roundings, a conclusion supported by their bluer co
while debris flow induced by seismic shaking wou
tend to be more assorted (or even cause thelarger
grain sizes to rise to the top via the ‘Brazil Nut’ effe
(Asphaug et al., 2001)).

These features all lend support to electrostatic dust
itation (Lee, 1996; Colwell et al., 2005)as the mechanism
for the formation of ponded deposits on Eros, as origin
suggested inRobinson et al. (2001). There may be area
where the two effects are mixed, with seismic shaking
ing as the bulk mover of material downslope and the prim
agent of crater erosion, but with electrostatic dust levita
producing a veneer of thin, flat deposits during the time
riods between major impacts. This mixing of two differe
processes is supported by the presence of morphologi
‘fresh’ ponds located in the bottom of heavily degrad
(softened) craters(Robinson et al., 2002). It is possible that
while Eros was located in the Main Asteroid Belt, seism
shaking was the dominant force for downslope flow and
face modification. However, now that Eros has moved to
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Fig. 19. Two examples of ponded deposits on 433 Eros, imaged by the NEAR–Shoemaker spacecraft. Note the marked difference in morpholo
these ponds and the degraded craters shownFig. 1 (D) andFig. 15, indicative of different formation processes. The ponds shown here are located on t
surface-gravity (2.5–3.0 mm s−2) ‘nose’ of the asteroid, which also spends a longer than average amount of time near the terminator (light/dark bo
(A) A beautiful 100-m diameter ponded deposit containing an embedded 25 m boulder. Note the extremely flat surface containing a tiny (few-meter diameer)
impact crater (MET 155888598, 179.04 W, 2.42 S, 0.55 m pixel−1). (B) A smaller 75-m diameter ponded deposit. Note the difference between the sm
fine-grained pond surface and the coarse, boulder strewn terrain surrounding the deposit (MET 155888731, 183.88 W, 3.21 S, 0.63 m pixel−1).
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near-Earth asteroid environment, the impactor flux has b
reduced by a factor of 102–103 (Ivanov et al., 2002)and the
solar flux has increased by factor of about 4. Thus elec
static dust levitation could currently be the dominant surf
modification mechanism on the asteroid. At the least,
much longer (on average) intervening time period betw
major impacts permit electrostatically formed ponds to fo
and grow to larger sizes than previously, without seismic
ruption.

The suggestion has also been made that electros
dust levitation may be the cause for the deficit in sm
crater numbers on 433 Eros(Asphaug, 2004), rather than
seismic shakedown. However, the paucity of small cra
on Eros has aglobal distribution, as does the distributio
of degraded and softened craters(Chapman et al., 2002
Robinson et al., 2002), while ponded deposits are conce
trated primarily in areas of prolonged terminator expos
and low surface gravity, and therefore have very locali
distributions(Robinson et al., 2001). Additionally, if ponded
deposits were the agent of small crater erasure, we sh
have observed a wide variety of crater-pond ‘fill’ leve
covering the full range from light veneers in the botto
of fresh craters to nearly flat, circular depressions (alm
filled craters). Instead, the observed ponded deposits fi
only a small fraction of the bowls of those craters wh
had ponds, with a maximum depth of just a few meters
the largest craters(Robinson et al., 2001, 2002). Further
analysis showed that very little material (<0.2 m) needs
to be removed from the interior slopes of a host crate
form a pond, assuming no exterior source for the dep
(Robinson et al., 2002). This evidence suggests strong
that although an important surface modification mechan
pond formation (most likely from electrostatic dust levi
tion) is not the mechanism for small crater erasure on
asteroid.
5. Conclusion

For 433 Eros, the modeling work presented here has
duced excellent agreement with the empirical observati
particularly with regard to the time evolution of crater mo
phology and the statistics of the impact cratering reco
Nevertheless, we note that there is considerable uncert
with regard to the asteroid’s actual seismic and regolith p
erties. We have based our results on values appropria
the one impact-generated environment that has been st
in detail: the upper lunar crust. Even with these uncert
ties, however, this work constrains these properties and
fectively demonstrates the ability of impact-induced seis
shaking of an Eros-sized asteroid to destabilize slopes, c
regolith to migrate downslope, and to degrade and eventu
erase small impact craters on the surface. Additionally,
result lends support to an internal ‘fractured monolith’ str
ture for Eros, and also supports asteroid population mo
that produce a steep population of small asteroids despit
moval by the Yarkovsky effect.

While the true efficacy of this mechanism (and the ac
racy of our modeling) will not be shown until seismomet
are landed on asteroid surfaces and their response to
cial and natural impacts measured, an earlier test of this w
will occur when detailed images of large Main Belt astero
(greater than 70–100 km diameter) are returned. Such a
oids should exhibit less small-crater erasure, due to the
of global seismic effects, and should therefore have sm
crater numbers more indicative of the actual small impa
population (or show more typical empirical saturation le
els).

This modeling also demonstrates the potential of seis
studies of asteroids to investigate their interiors. Such stu
could not only give us information about the internal str
ture of these bodies; such as major fracture boundaries, i
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nal stratigraphy, voids, and small-scale fracture spacing
could also provide information about the rock compositi
compositional variations, elastic response, and seismic d
pation properties. Both reflection and standard seismolog
techniques could be employed, building upon our experie
with the Apollo seismic experiments and taking advantag
the advances that have occurred in the field since that t
We look forward to the openings that this tool offers towa
our understanding of these fascinating objects.
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Appendix A. Stochastic cratering model

A.1. Basics of the Monte Carlo cratering model

As described in Section4, the stochastic cratering mod
uses Monte Carlo techniques(Press et al., 1992)to pop-
ulate a model surface with craters as a function of t
and then allows them to be eroding by superposing cra
covered with impact ejecta, and seismically shaken by
sequent impacts. The model is loosely based upon sim
previous models(Woronow, 1978; Chapman and McKin
non, 1986)and consists of six two-dimensional matrix la
ers (representing the surface area of an asteroid) to fo
‘pseudo three-dimensional’ model. Two layers are use
store crater diameter values, two are used to store e
coverage values, and two are used to store crater se
damage values. The purpose for having two sets of in
mation is to permit the superposition of smaller craters
top of larger craters, while preserving the information ab
the larger crater (below). The superposing and other c
erasure rules are explained in the following sections.

The computer program begins by setting up a bl
asteroid surface area for study, consisting of a six-la
1700× 1700 element matrix, where each element repres
a 20×20 m pixel−1 on a 34×34 km surface area (1156 km2,
close to the Eros surface area of 1125 km2 (Robinson et al.
2002)). All six matrix layers (crater diameters, ejecta cov
age, and seismic damage) begin at zero values. The pro
next reads in a supplied data file which gives the proba
ity of an impact from a particular sized impactor per ye
per square kilometer on the surface of an asteroid in
Main Belt, based on the population derived byO’Brien and
.

,

c

Greenberg (2005). It then uses a random number genera
and the supplied probabilities to produce a series of ran
impactor sizes and impact locations on the surface. C
diameters are calculated from the impactor size, and
new crater is placed on the surface by writing the crat
diameter value to all pixel elements within the crater’s
dius, in accordance with the superposition rules descr
below. Also, within the new crater’s radius, all ejecta cov
age and seismic damage values are set to zero. Note th
model matrix has periodic boundary conditions, such
craters positioned near a border (either vertical or horiz
tal) are wrapped around to the opposite side of the ma
In effect, this creates a smooth, continuous surface are
study, without boundaries and boundary effects on the c
counting.

A.2. Erasure by crater superposing

Two matrix layers are maintained to store the crater
ameter values: a ‘first generation’ layer and a ‘second ge
ation’ layer. The first generation layer is generally the m
permanent layer, storing information about larger and lon
lasting craters. The second generation surface is gene
the more temporary layer, particularly for small craters
perposed upon a larger crater but not contributing to
erasure of the larger crater. Initially, new craters are wri
onto both 1st and 2nd generation layers, until superpo
begins to occur. In that case, the program decides whet
new crater actually erases a portion of an older, pre-exis
crater (1st generation) or is just superposed upon the
face of the older crater (2nd generation) with the older cr
intact underneath. In order to erase a portion of a la
pre-existing crater, the new crater must have a diam
which is at least 1/10 the diameter of the pre-existing cra
(Soderblom, 1970). If erasure or writing to a blank surfac
occurs, then the new crater is written onto both 1st and
generation layers, while if a superposition only occurs, t
the new crater is written only onto the 2nd generation la
If a 2nd generation crater is subsequently erased by ejec
seismic shaking later, it is ‘cleaned off’ the 2nd generat
layer and any pre-existing 1st generation crater undern
is restored to the master 2nd generation layer above. A
these events occur on a element by element basis, suc
once a crater is implanted, it is treated only in a unit a
fashion from that moment on, not as an entire feature.

This erasure and superposition method is based upo
principle of impact gardening (seeMelosh, 1989, for details)
and the crater erosion work described inSoderblom, 1970, in
which each new crater will only affect and turn over a de
of rock and regolith which is about 1/8–1/12 of its diameter.
For example, while new, very small craters (tens of me
in diameters) can superpose themselves on the larger c
on Eros, such as Himeros (∼10-km diameter), Shoemake
(7.6-km diameter), and Psyche (5.3-km diameter), they
not erase these features—it takes a new impact on the
size scale as the old one to actually erase a portion of it,
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as the portion of Himeros which has been removed by
emplacement of Shoemaker.

A.3. Erasure by crater ejecta coverage

Whenever a new crater is formed (whether 1st gen
tion or 2nd generation), the area within 5 crater radii of
impact site is affected by and examined for possible cr
erasure by the ejecta blanket emplaced by the new imp
The ejecta blanket thickness (height) as a function of
tance from the new crater center is found using Eq. (6.
from Melosh (1989):

(A.1)Hb = 0.14R0.74
[

r

R

]−3

,

whereHb is the ejecta blanket thickness,r is the distance
from the crater center, andR is the new crater radius. Not
that this equation is based upon lunar craters, and will th
fore require an upgrade as additional work is done on
teroid craters and ejecta. It also assumes gravity domin
cratering only—a problematic assumption on its own, es
cially near the small crater end of the asteroid cratering sc

If we assume that a crater is parabolic in shape and h
d/D ratio of 1/5, then the crater volumeV and areaA are
given by:

(A.2)V = 1

40
πD3,

(A.3)A = 1

4
πD2.

Dividing V by A implies that if the area of the craterA is
covered by ejecta to a depth of 1/10 D, the crater should b
effectively filled (perhaps with agitation by seismic shak
from subsequent impacts). Two matrices (one for 1st ge
ation and one for 2nd generation craters) keep track of
total amount of ejecta collected per unit surface area (cr
element) in each crater, and when the depth in a given m
element reaches 1/10 D of the crater in question, that un
area is considered filled or erased.

This ejecta erasure method is admittedly rather simp
tic, but adding to the sophistication of the method with o
current knowledge level regarding ejecta blanketing on sm
bodies is unwarranted. As this gap is filled in, a more co
plicated method can be incorporated.

A.4. Erasure by seismic shaking

Two separate matrix layers are used to track seismic d
age to both 1st generation and 2nd generation craters
new crater’s impactor is at least 1 m in diameter, then
other craters on the 1st and 2nd generation surfaces re
seismic damage in accordance with Eq.(29); that is, a value
of downslope diffusionKi is computed for each new impac
and this value is added to the total diffusion sumK for all
mesh elements outside of the new crater’s radius. If the
tal diffusion sumK for a particular crater element equals
.

e

exceeds the value computed by the right side of Eq.(31) for
that crater, then that unit area is considered filled or eras

A.5. Observation rules

Because the craters produced by this model are han
in a per-unit-area (pixel) fashion during crater product
and erasure, some rules need to be applied when the
counted for the production of a crater size-frequency
tribution curve. Actual crater counting requires that at le
enough of the rim of the crater remains, such that a ra
of curvature can be estimated within the resolution limits
the image being examined. To incorporate a semblanc
this feature of crater counting into this model, We use s
ple rules specifying that some fraction of the original cra
area must remain in order to be counted. These rules are
rently that>25% of craters>200 m in diameter must rema
to be counted,>50% of craters between 130 and 200
must remain to be counted,>75% of craters between 10
and 130 m must remain to be counted, and that 100%
craters<100 m must remain to be counted. Note that th
rules are heavily affected by the pixelation of the craters,
pecially for craters less than 100 m (5 pixels across). Th
observation rules were derived practically by calibrating
model at empirical crater saturation levels (without seis
shaking) to produce a relatively straight log–log cumula
distribution at about 7–8% of geometric saturation (for d
cussion seeMelosh, 1989).

A.6. Global cratering record resets?

At the large end of the impactor scale, the vertical
locities imparted to the rigid block in the Newmark slid
block model begin to approach the escape velocity of
asteroid. In these instances, it is assumed that the New
model begins to break down, and that a global upset
re-arrangement of the asteroid’s regolith (and some und
ing fractured bedrock) will occur. This effect was estima
in Greenberg et al. (1994)and then used to explain the u
usual shape of the size-frequency distribution of craters
951 Gaspra. This effect requires further investigation,
has not yet been implemented in the impact cratering mo
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