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An asteroid’s interior dictates how its space environment changes its shape
and surface, which provides arecord of the collisional and dynamical

evolution of the Solar System. Knowledge of asteroid interiors also enables
the formulation of mitigation strategies against hazardous asteroids.
Despite thisimportance, asteroid interiors remain poorly understood.
Asteroids between 0.2 km and 10 kmin diameter are thought to have
rubble-pileinteriors, transitioning to fractured interiors at 10 km scales,
then to coherent and differentiated interiors at 2100 km scales. The asteroid
433 Eros, the only 10-km-scale asteroid explored by a rendezvous mission, is
anexemplar of asteroids atintermediate scales. Recent exploration of
smaller rubble piles has provided insight into physical properties that are
shared with Eros-sized objects. Here we quantify the seismic and physical

properties of Eros’ interior through measurements and modelling of crater
degradation and erasure from the impact that formed the 7.5-km-diameter
Shoemaker crater on Eros. Our results indicate that Eros’ deep interior has a

seismic wave scattering length of 0.5 + 0.1 km and effective quality factor
Q< 63' 5 at frequencies >0.06 Hz. Contrary to the established view of Eros
asafracturedshard, our findings suggest that Eros’ interior properties are
consistent with those of arubble-pile asteroid.

While never directly measured, the interior properties of aster-
oids have been inferred through analyses of their impact cra-
ters, spin properties and gravitational dynamics'”. 433 Eros is an
elongated 34 km x 11 km x 11 km near-Earth asteroid (NEA) that
was visited by the Near Earth Asteroid Rendezvous (NEAR) mis-
sion, which obtained global imaging coverage of the asteroid with
its Multi-Spectral Imager (MSI)®. As Eros is the only 10-km-scale
asteroid to be visited by a rendezvous space mission, NEAR data
enable the detailed study of the connection between surface pro-
cesses and hypothesized interiors for intermediate-size (10-100 km)
asteroids®>.

MSlIrevealed aregolith-covered surface on Erosthatis heavily cratered
at>1kmscales®. Eros has threelargeimpact craters that dominateits shape:
Himeros (9.7 km diameter), Shoemaker (7.5 km diameter) and Psyche
(5.6 km diameter). Shoemaker is thought to be the youngest of these cra-
ters, based onits superposition of Himeros and the distribution of boulders
and cratersinitsvicinity’. Geologicinterpretation of MSlimages of the Eros
surfacesuggeststhatitsinterioris heavily fractured yet coherent, indicated
by cratersthatappear toformwithstructural control’, surface lineaments'
andits estimated macroporosity of 16-19% (refs. 11-15).

More recent spacecraft observations of smaller kilometre-scale
NEAs'**indicate ‘rubble-pile’interiors that are different from fractured
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Fig.1|Eros exhibits a diversity in crater morphology. a-c, Examples of

local DTMs of Eros craters (contour maps of geometric height, left) and their
measured profiles (right): an example of a shallow crater, CRT328 (65° S, 19°E),
d/D=0.056 +0.016 (a); an example of a crater with average d/D, CRT210 (3° N,
310°E),d/D=0.130 + 0.011 (b); an example of a deep crater CRT095(32°S,
225°E), d/D=0.205 + 0.020 (c). Eight profiles, with origins at the crater centre
and equally spaced in the azimuthal direction, are used to obtain a robust
measurement of crater morphology. Each profile has two asterisks that mark
the positions of the crater rim.

shards. A rubble pile is a gravitational aggregate that is hypoth-
esized to have been sourced from the catastrophic disruption of a
larger 100-km-scale parent body that creates an asteroid family*. The
rubble-pile nature and collisional origin of these kilometre-scale NEAs
is supported by analysis of returned samples'>*° and measurements of
their rotation periods?.

Asteroids larger than 10 km, like Eros, are thought to be suf-
ficiently large that solar radiative torques and collisions could not
disrupt them in timescales smaller than the age of the Solar Sys-
tem*. Hence, it is plausible that intermediate-size asteroids are
primordial and preserve their original, albeit fractured, coher-
ent interiors. However, intermediate-size asteroids have been
observed to be part of asteroid families”, suggesting that some
may be rubble-pile products of catastrophic disruption events.
Furthermore, bulk density measurements of kilometre-scale NEAs

indicate that their macroporosities may be lower than those esti-
mated for Eros™*.

Therefore, analyses of Eros’ interior and structural properties
could provide a conceptual bridge for understanding the relationship
between 100 km planetesimal parent bodies and the kilometre-scale
NEAs: are intermediate-size asteroids also rubble piles formed from
the catastrophic disruption of a100 km parent body, or are they frac-
tured shards that persevered an inherently primordial interior struc-
ture? A detailed quantitative understanding of intermediate-scale
asteroid interior informs asteroid crater chronologies, which cap-
ture the dynamical history of the inner Solar System®. Furthermore,
the dissipative qualities of the asteroid interior also determine how
multi-component asteroid systems evolve through tidal forcing?, and
contribute to formulating mitigation strategies against hazardous
asteroids™.

We consider the crater population of Eros to probe its interior
properties. Previous work has shown that Eros exhibits a global defi-
ciency in small craters®, with craters <200 m depleted relative to pre-
dicted empirical saturation. Depletion of small crater populations has
also been observed on smaller NEAs™. On the basis of Eros” hypoth-
esized coherent interior structure, ref. 25 argues qualitatively that
body seismic waves generated by the Shoemaker-forming impact
could have caused regional resurfacing on Eros. In contrast, ref. 26 used
numerical models ofimpact-induced global seismicity, assuming lunar
mega-regolith-like seismic properties for Eros, to argue that crater deg-
radation on Eros proceeds through the cumulative effect of itsimpact
history. Therefore, it is unclear whether seismic shaking on fractured
10-km-scale asteroids leads to global*** or regional® resurfacing, as
quantitative knowledge of asteroid interior and seismic properties is
unknown. Through adetailed morphological assessment of Eros’ cra-
ters, we study crater degradation and erasure on Eros without making
apriori assumptions of its interior structure properties.

Sﬂatial relationships of crater properties and
Shoemaker

We measured the depths and diameters of craters (=240 m in diam-
eter,and complete to 550 m) by creating high-resolution (3 mground
sample distance) digital terrain models (DTMs) using co-registered
high-resolutionimages from MSl and a high-resolution stereophotocli-
nometry (SPC) shape model of Eros*® (Fig.1). The accuracy of the DTMs
was confirmed by comparison with topographic data from the NEAR
Laser Rangefinder (NLR) (‘Crater shape models’ section in Methods).
The SPC model enables global crater morphology measurements as it
isnot limited by illumination conditions (for shadow-based measure-
ments on individual images) or the alignment of an NLR track with a
crater centre.

We find that the global mean d/Dratio for craters in our survey is
0.12 + 0.03 (Extended Data Fig. 1a). This value is small compared with
an ‘ideal’ fresh lunar crater ratio of 0.2 (ref. 29); however, it is close
to the mean d/D value on other asteroids (-0.15; ref. 30). Thereis a
larger spread in d/D values at smaller sizes, and craters 500-1,000 m
indiameter exhibit the largest degree of degradation (Extended Data
Fig. 1b). The minimum d/D measured was 0.05 + 0.01 (Crater430),
although shallower craters may be difficult to identify. The maximum
d/D measured was 0.23 + 0.01 (Crater017).

A spatial analysis of our crater morphology measurements reveals
that themedian d/D of craters with D > 500 mincreases with distance to
Shoemaker crater (Fig.2a), before reaching amedian saturation value
of-0.12 atdistances of -10 km. A similar analysis for smaller (D <500 m)
craters found no clear trend (Extended DataFig. 1c). Furthermore, no
other clear trend of d/D with distance from the other large craters on
Eros (D >2 km) is apparent (Extended Data Fig. 2).

Previous studies of Eros have shown that thelarge boulder popula-
tion (>30 mdiameter) probably tracks ejecta from Shoemaker crater?,
and the relative crater density is shallowest in aregion surrounding the
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Fig.2|The depth-to-diameter ratios of large craters and the spatial density
of all cratersincrease with distance from Shoemaker crater. a, The geometric
d/D of craters increases as a function of distance from the centre of Shoemaker
crater for craters with D> 500 m, up to a distance of -10-12 km. The red curve
shows the moving average (median) of d/D at abin size of 0.8 km. The vertical
dashed black line marks one Shoemaker crater radius. b, The area average crater
density, R, of craters with D=500-2,000 malso increases as a function of surface
(geodesic, red curve with triangles) distance from the centre of Shoemaker
crater. ¢, The same as b, except for straight-line (Euclidean, grey curve with
circles, similar to fig. 2b of ref. 25) distance. The shaded region in each subpanel
represents the 1-sigma standard deviation centred on each bin.

same crater®. In Fig. 2b,c, we used a shape model of Eros with a mean
facetlength of 150 m (ref. 28) to reproduce the analysis of ref. 31 showing
theincreaseintheareaaverage crater density R (the meancrater density
within 2 km x 2 km bins for craters with D = 0.5-2 km) as a function of
straight-line distance from the centre of Shoemaker crater (grey curve
withcircles). We also show how crater R varies with the surface distance
from Shoemaker crater (red curve with triangles), which we define
as the shortest distance along the surface to Shoemaker crater (that
is, the geodesic). We find that the median values of both crater R and
d/Dincrease with distance to Shoemaker crater; however, both crater
properties asymptote at larger values of surface distance compared
with straight-line distances (Fig. 2b,c and Extended Data Fig. 3).
These trends are more clearly visualized in shape-model-projected
data of crater properties and their spatial relationship to Shoemaker
crater (Fig. 3), where each facet is coloured on the basis of the median
value of each property within a 2 km radius. We mapped a contin-
uous region of shallow craters that surrounds Shoemaker (Fig. 3,
magenta polygon). We term this region the Shallow Crater Region of
Eros, which makes up ~20% of Eros’ surface area. Figure 3f highlights
the Shoemaker-crater antipode, where a chevron pattern of crater
depletion is apparent for craters with D= 0.177-1km, noted by ref.
25 as possible evidence for a seismic resurfacing event generated by
the Shoemaker-forming impact. We note that this chevron pattern
disappears when only large craters are considered (D = 0.5-2 km).

Here, we do not find a similar spatial pattern emerging in the d/D data
(compareFig.3b,f).

InFig. 4, we compare crater R size frequency distribution globally
and for tworegions of interest (ROIs): the Shoemaker antipode (marked
by the chevron shape in Fig. 3f) and the Shallow Crater Region. From
Fig. 4, we see that the Shallow Crater Region has a clear paucity of
craters compared with both the global population and the Shoemaker
antipode. Indeed, the Shoemaker antipode’s crater R looks markedly
similar to the global population at D> 600 m, and there is a higher
crater density compared with the Shallow Crater Region for D >250 m.

The marked difference in crater R and d/D in the two ROls is sur-
prising because both regions extend to approximately equivalent
straight-line distances from the centre of Shoemaker crater. If body
seismic waves generated from the Shoemaker-forming impact were
the dominant source for global resurfacing, then one could expect
asimilar degree of surface changes within the two ROIs. Therefore,
alternative mechanisms, such as crater ejecta, probably play arole in
crater erasure and degradation from the Shoemaker-formingimpact.

Ejecta contributions to crater erasure and
egradation

To investigate the relative contribution of crater ejecta deposition
onthe d/D, we performed a series of direct N-body simulations that
tracked the fate of Shoemaker crater ejecta. We used the N-body col-
lisional code pkdgrav®* combined with empirical scaling relationships
for the velocity distribution of ejecta following a hypervelocity impact
(‘pkdgrav simulations of the fate of Shoemaker ejecta’ sectionin Meth-
ods). Figure 5 shows snapshots from one of the pkdgrav simulations
(Supplementary Video 1) for case 1in Extended Data Table 2.

By tracking ejectathat are deposited across Eros, we measure the
total change in depth across different regions (Fig. 3i-1). We find that
the volume of ejecta may not be sufficient to explain the degradation
of most craters immediately surrounding Shoemaker crater, but it
may explain the depletion of small craters (<500 m) at the antipode
(Supplementary Information). We find that the simulations consistently
produce ejecta patterns witha chevron shape at the antipode (Fig. 3j).
This patternemerges due to Eros’ unique shape, withsome contribution
fromits spin state (Eros is arelatively fast principal axis rotator with a
spinperiod of 5.27 h). Material that is ejected westwards has a relatively
short path tothe antipode, leading to achevron shape uponreimpact.
Analysing the depth of ejectarequired to erase craters (Supplementary
Information), we find that Shoemaker ejecta may have been sufficient
to erase the small crater population (D <250 m) at the antipode, while
keeping thelarge crater population (D > 500 m) relatively undegraded,
which may explain the mismatch in spatial patterns of the antipode
between the maps of crater Rand d/DinFig. 3b,f.

Seismic shaking contributions to crater erasure
and degradation
To investigate the limited observable extent of seismic effects from
Shoemaker crater’s formation, we combined our measurements of
crater d/D in the vicinity of Shoemaker crater with a first-principles
analysis of seismic wave propagation® and using the mathematical
descriptions for crater degradation through regolith downslope dif-
fusion (‘Crater degradation model’ section in Methods). As we have
shown that craters with D >500 m up to a surface distance of ~-12 km
of Shoemaker crater were probably degraded by Shoemaker’s forma-
tion, weisolate these craters and measure the magnitude of downslope
material diffusion, K, required to degrade each crater to its observed
state (‘Crater degradation model’ sectionin Methods). We find aclear
decreasein Kasafunction of surface distance (Fig. 4b) and model this
decay through the propagation of a surface seismic wave from the
centre of Shoemaker.

In‘Seismic wave decay model’ section in Methods, we show that,
under the assumption of a strongly scattering medium, the decay in
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d/D, crater R, modelled Shoemaker ejecta depth and surface distance from
Shoemaker crater are projected onto an Eros shape model generated using the
Small Body Mapping Tool (SBMT)®, shown with a projected basemap of Eros®*.
Each facet represents the median value ina2 km x 2 kmbin. Both d/D and crater
Rareataminimumin aregion surrounding Shoemaker crater. a-d, Four views
of'theareaaverage d/D of craters on Eros: centred on (0° N, 90° E) (a), centred on
(0°N, 270°E) (b), centred on the southern pole (c) and centred on the northern
pole (d). Northis upinaandb. The Shallow Crater Region is outlined in magenta.
e-h, Similar views of Eros as shown in a-d, respectively, but with the crater R

of Eros’ surface shown for craters that have D = 0.177-1 km (similar to fig. 1 of
ref. 25). The antipodal region of Shoemaker crater (shown in the second row)

(f) exhibits a chevron shape region with small values of crater R. i-1, Similar
views of Eros as shown in a-d, respectively, but with the ejecta depth shown.
Ejectadepthis calculated from numerical simulations of ejecta deposition
using pkdgrav. The ejectadepthis largest on the southern rim of Shoemaker,
but the values are not large enough to explain the observed crater degradation.
However, ejecta deposition may explain the decrease in crater R at the antipodal
region (h), as the simulations reproduce the chevron pattern. m-p, Similar views
of Eros asshown ina-d, respectively, but with the surface distance from the
centre of Shoemaker crater shown.
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Fig. 4| Crater erasure from the Shoemaker-forming impact was most efficient
inthe Shallow Crater Region that surrounds Shoemaker. Crater R for the global
surface excluding crater countsin the ROIs (black circles), the Shoemaker antipode
region (cyansquares) and the Shallow Crater Region (magenta triangles). The
horizontal dashed black lines show the range for crater saturation (0.1-0.3). The data
points represent the mean crater R and the 1-sigma standard deviation assuming
Poisson statistics. The Shallow Crater Region exhibits a strong depletion of craters
atallsizes compared with the global population of craters that excludes the ROIs. In
contrast, the Shoemaker antipode is saturated with craters for D >300 m.

the energy density of Rayleigh surface waves with distance is param-
eterized by only the scattering length, L,, which describes the mean
free path of seismic waves as they diffuse from the source. Therefore,
the value of L, for the Eros interior can be measured using our fit to

the K'versus surface distance to Shoemaker data (Fig. 4b), and we find
L,=0.5+0.1km. Our modelled decay of K as a function of distance
provides insights into the limited contribution of seismic shaking
to global resurfacing and crater erasure on Eros. For a given value
of K, the maximum crater size that could be erased by downslope
diffusion can be determined (‘Crater degradation model’ section
in Methods). In the Shallow Crater Region, which extends out to a
surface distance of 10 km, our model predicts the complete erasure
of craterswith D <250-350 m (Extended Data Figs.4 and 5, and Sup-
plementary Information). Here, we define complete erasure as the
point at which a crater has a sufficiently shallow d/D that it can no
longer be detected in the data products at hand. A surface wave would
only erase <70-m-diameter cratersin the antipodal region (a surface
distance of >20 km). Extended Data Table 1 summarizes how the
combination of ejecta and seismic surface waves can explain crater
observations and highlights the diminished contribution of seismic
body waves to regional resurfacing.

Our solutionissimilar to the scatteringlength of lunar regolith (on
the order of 0.1-0.3 km)** and that determined for Eros from statisti-
cal analysis of global crater erasure on Eros through the effect of its
cumulative impact history (0.25-1km)?¥. Here, theimpact that formed
Shoemaker crater excited surface seismic waves that probe deep into
the Eros interior (up to -5 km from the surface; Supplementary Infor-
mation). Furthermore, unlike prior studies of resurfacing on Eros*
thatassumed lunar-like mega-regolith properties for the Eros interior,
this solution suggests that the interior is highly dissipative, where the
effective quality factor fQ «1,000.
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Fig. 5| N-body simulations show that ejecta from the Shoemaker-forming
impact are emplaced on the antipode. Snapshots of a pkdgrav simulation
(case 1; Extended Data Table 2) in a 5.27-h-period rotating frame showing the
evolution of ejecta and its reimpact on a pkdgrav model of Eros (brown rigid
body) over the course of 0.5 of an Eros spin period from time t = 0.28 t0 2.18 h

afterimpact. Ejecta are able to be emplaced onto the antipode with a clear
preference for the region west of Psyche crater owing to the irregular shape of
Eros. The antipodally emplaced ejecta form a chevron-shaped pattern (Fig. 3j).
Supplementary Video 1shows an animated visualization of this simulation.

In combination, our modelling and observations suggest that a
body seismic wave could not have caused widespread resurfacing on
Eros, as proposed by ref. 25 (Supplementary Information and Extended
DataTable1). Instead, the marked differenceincrater Rand d/Dinthe
two ROIs indicates that a combination of mechanisms contributed to
their resurfacing: surface seismic waves and ejecta.

Constraints on quality factor

Giventhelack of any observableresurfacing at the antipode that can be
directly attributed to body seismic waves, we can use our solution for
L to constrain the seismic quality factor of the interior, at the seismic
frequencies excited by the Shoemaker-formingimpact. As the seismic
properties of the Eros deep interior are unknown (such as compres-
sional wave speed, V,, and seismic efficiency, ), we model the diffusion
of seismic body waves with straight-line distance using two different
models for the interior: (1) a heavily fractured but coherent interior
that is weakly scattering and where attenuation is parameterized by
anintrinsic seismic quality factor, 'Qs, and (2) a rubble-pile interior
that is strongly scattering (Fig. 6b and Supplementary Information).

Using aMonte-Carlo analysis that varied V, and n=107*-107° (ref.
35), we evaluate how seismic accelerations, a, attenuate with distance
until they are equivalent to the meangravity on Eros, g, which we define
as theresurfacing limit?*. We find that body seismic waves are attenu-
ated below the resurfacing limit for the heavily fractured model for an
upper limit of 'Qs = 63ﬂ§ (1-sigma uncertainties; Fig. 6¢). Evaluating
the seismic source duration for the Shoemaker-forming impact indi-
cates that this is the value of the quality factor for seismic cut-off fre-
quencies, ws, >0.06 Hz. Characteristic frequencies for thebody waves
generated by this impact are on the order of 2 Hz. We note that a
rubble-pileinterior would attenuate a/g at distances <3 kmfor arange
of reasonable assumptions for . In comparison, laboratory measure-
ments of porous sandstone and granite are 'Qs = 60 and 250, respec-
tively; however, those measurements are made at frequencies higher
than the seismic frequencies involved with the Shoemaker impact®®.
Values of 'Qs = 60 at ws = 0.1-1 Hz have never been directly measured
on planetary surfaces but are closer to values of the scattering loss
quality factor measured for the lunar mega-regolith®. This surprisingly
low value for the 'Qs solution suggests that the attenuation of body
waves may be dominated by scattering losses, such that the scattering
quality factor dominates over an intrinsic quality factor. Thus, our
solution may more accurately reflect an upper limit for the effective
quality factor of the Eros interior, Q.

Our results place new constraints on the dissipative properties of
anasteroid’sinterior, which has never been directly characterized. On
the basis of the tidal evolution of planetary satellites, ref. 38 suggest
that asteroid monoliths may have tidal quality factors Q; = 100 at tidal
periods of -10-100 h or tidal frequency w; =10™*-10° (common for
solar systemsatellites) and that rubble piles should have much smaller
Q;, although precisely how much smaller is unknown.

For larger planetary bodies, £Q has been scaled to a value of Q;
using the following relationship: Q; =£Q (w;/w)", where y = 0.2-0.33
(refs.39,40). For rubble piles, the scaling from *Q to Q; may be valid if
tidal dissipationisalsodrivenby theinteraction ofindividual elements,
whichis the source of seismic scattering, as hypothesized by refs. 2,38.

Using the range of y defined above, our modelling would indi-
cate that a rubble-pile Eros would have Q; < 5-22. This upper limit
for Q;is up to an order of magnitude smaller than had been previ-
ously measured for the 100 km asteroid Kleopatra, on the basis of
tidal lag measurements*, but these values are consistent with tidal
quality factors for rubble piles determined through direct numerical
simulations*.

Discussion

Theresults of our analyses suggest adifferent model for the Eros interior
compared with prior studies that argued for a coherent but fractured
interior® . Given that the effective quality factor of Eros’interior is most
similar to the scattering quality factor of planetary regolith”, our analy-
sissuggests that Erosisarubble pile or, at the veryleast, the Erosinterior
responds to exterior stresses similar to arubble pile. However, we cau-
tionthatarubble-pileinterior model for Eros would be fundamentally
different than whatis commonly envisioned for smaller kilometre-scale
rubble piles visited by spacecraft'®™®, For Eros, the scattering length
solution, L;= 0.5 + 0.1 km, suggests that the Eros interior contains large
blocks that may span the entirety of the smaller kilometre-scale aster-
oids. Furthermore, we expect that the value of L should naturally scale
with asteroid size, with smaller rubble piles having shorter seismic
scattering lengths as they are composed of smaller blocks. Therefore,
kilometre-scale NEAs would have more strongly attenuating interiors.
We note that this work only approximately models the decay of seismic
waves, neglecting geometric effects such as antipodal focusing. Given
the apparently strongly scattering nature of the Eros surface, as indi-
cated by our analyses, we do not foresee antipodal focusing of surface
waves as animportant contributor. Our model predicts arelatively small
scattering length for surface seismic waves compared with the tortuous
paths that surface waves would need to take toreach the antipode (up to
~60 km). However, we do foresee that future detailed geometric mod-
elling of seismic wave propagation* applied to Eros could potentially
provide better constraints on Eros internal properties.

Previous work pointed to surface expressions of subsurface
strength on Eros, such as surface lineaments'®, as evidence for a
‘fractured-shard’ nature. Lineaments on rubble piles canbe the result of
aweakly cohesive layer existing below the top-most cohesionless rego-
lithlayer. Furthermore, ref. 10 showed that the largest set of lineaments
on Eros pre-date its largest craters, suggesting active resurfacingon a
relatively weak body, or structureinherited from the gravitational reac-
cumulation event that led to the formation of Eros. Linear features on
the Martian moon Phobos have been demonstrated to form throughthe
tidal deformation of the small body that leads to the opening of drainage
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Fig. 6| Modelling the degradation of craters from seismic waves induced by
the Shoemaker-forming impactindicates that the Eros interior is highly
dissipative. a, For each crater within 10 km of the centre of Shoemaker crater
(black dots), the downslope diffusion constant, K, needed for the crater to evolve
from aninitial d/Dtoits current d/D. The best-fit solution to the decay of the
surface seismic wave (dashed curve) gives & = 2.0 + 0.3 km. The shaded blue
region denotes 1-sigma uncertainty that is centred on the best-fit curve. The data
points represent the mean K + 1standard deviation based on N = 50 Monte-Carlo
samples. b, The surface acceleration due to body seismic waves with distance
from theimpact point for L= 0.5km, 7=10"and V, =3 km ™. The solid, dashed

Distance (m)

and dotted magenta curves show a/g for'Qs=2,000, 200 and 5, respectively. The
dot-dashed yellow curve shows a/gfor'Qs = 60, where a/g =1 (dotted horizontal
blackline) when distance, r =10 km (dotted vertical black line). The cyan curve
shows a/gfor astrongly scattering interior. ¢, The distribution of solutions

for the upper limit of 'Qs from a Monte-Carlo simulation (N = 10,000 samples)
thatvaried L, = 0.5 + 0.1km (normally distributed), 7 =107*-10"¢ (uniformly
distributed) and V, =1-5 km s™ (uniformly distributed). The solutions
(histogram) are well represented by alognormal distribution (magenta curve).
The solutions have a median value of 'Qs = 631'{2, where the uncertainty reflects
the 1-sigma confidence interval.

grooves in subsurface cohesive layers of arubble-pile interior*‘, which
can be sustained in low-gravity environments with a relatively small
magnitude of inter-particle cohesion. References ** have shown that
layering may also be present on smaller NEAs such as Bennu.

Arubble-pileinterior for Eros would be consistent with theories for
the formation of NEAs through catastrophic disruption of 100 km par-
ent bodies. Our findings imply that (1) all second-generation-or-later
asteroidsmay berubble piles, regardless of size, and (2) that an Eros par-
entbody must exist somewhere in the main asteroid belt. Alternatively,
Eros is not a product of a catastrophic disruption, and it formed with
the planetesimals retaining, although fractured, its primordial interior
structure. If so, itsinterior has been shattered by approximately aSolar
System age worth of collisions to the point that its seismic properties
are similar to those of arubble pile.

A precise mapping of a quantitative value of *Q to a qualitative
description of theinterior structure does not exist for asteroids. Here,

theinference forarubble-pile interior is made on the basis of compari-
sonswithterrestrial laboratory experiments and seismicinvestigations
on the Moon and Mars*, which show that the uppermost ‘coherent’
layer onthese planetary surfacesis far less dissipative than our solution
forEros. If Erosisinstead a heavily fractured but coherent asteroid, then
our findings suggest that smaller rubble-pile asteroids are more dissi-
pative by anadditional order of magnitude, with Q; = 1. This remaining
ambiguity underscores the value that future seismicinvestigations at
anasteroid would provide for understanding the origins and evolution
of the population as awhole®.

By elucidating Q; for asteroids, our findings enable tighter con-
straints on the rigidity and rheology of asteroids through telescopic
observations of the tidal evolution of multiple systems?. Future space-
craft visits to asteroids*®*” will provide an additional testbed for this
type of analysis, which can provide further insight into the potential
diversity of asteroid interiors.
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Methods

Crater shape models

SPC. SPC is a well-established method of constructing shape mod-
els using images, and it has been used to generate both global DTMs
of planetary objects*® as well as local DTMs of geologic features of
interest®. The detailed workings of SPC are described in refs. 48,50.
Here, we provide a brief description. To begin, a patch of surface, or
maplet, surrounding achosen landmarkis modelled digitally to match
images with a range of resolutions, incidence angles and emission
angles. Cross-correlation of theimaging data with several views of the
modelled maplet pinpoints the location of the landmark. Once many
landmarks have been located in many images across a body, a linear
minimization of the sum-squared residuals between the observed and
modelled landmarks yields asolution for eachlandmark’s positionon
thebody, the spacecraftattitude, and the location and rotation of the
body. Additional information is employed to improve this solution,
such asthe position of landmark maplets onthe limbs of some images,
correlations of adjacent maplets due to common topography and
nominal spacecraft trajectory information.

The topographic modelling of each maplet takes advantage
of two-dimensional photoclinometry and stereo effects. Observed
brightness variations of a patch of surface are caused by albedo vari-
ations and the orientation of each surface element with respect to the
sunand the camera. These variations constrain the slope and albedo at
each maplet pixel using a linear minimization of the summed-square
brightness residuals between the maplet and many images with dif-
ferent viewing geometries and illuminations. A Monte-Carlo integra-
tion allows the determination of local terrain heights relative to the
landmarks. Height constraints from overlapping or lower-resolution
maplets, limbs and geometric stereo are critical for deriving the
normalized photometric function for image radiometry that relates
slope to albedo, as no a priori function is assumed. The resulting
normalized photometric function provides the basis for extrapolat-
ing the stereo-derived topography in low-resolution maplets to the
high-resolution SPC topography.

The use of the SPC shape model allows the measurement of
any profile across any crater on the surface of Eros, not limiting the
dataset to those craters with NLR tracks through their centres. The
highest-resolution global SPC shape model consists of 1.57 million vec-
tors was constructed from MSlimages®®; higher-resolution maplets that
were used to derive the global shape model were used in this study to
constructlocal DTMs (3 mground sample distance) to measure crater
diameter, depth and localslope, to get the highest possible resolution
for the measurements. Supplementary Fig. 1 shows a comparison
between an MSI image and an SPC local DTM of the 2.2-km-diameter
crater Eurydice, depicting the quality of the SPC data.

Morphology measurements. The properties of the craters were
measured by

(1) mapping out the location of the crater rim using a rendered
image of the topography and the high-resolution contours as a
guide;

(2) fitting an ellipse to the crater rim and using the mean of the
ellipse dimensions to estimate a diameter and compute an
estimate of the standard deviation;

(3) fitting a plane to the mapped rim and using this plane and the
diameter, computed in step 2, to measure the crater depth from
the height above the plane;

(4) estimating the uncertainty by using two rim fits: one for the
90% best fit rims height and one for the entire rim heights,
giving a more representative error;

(5) displaying contours on a DTM visualization and hand-picking
the depth as the reasonable lowest point in the crater. This step
was done by hand as numerical procedures may sometimes
select a smaller crater within the crater being measured.

We also measured crater dimensions through the use of crater
profiles by

(6) constructing eight profiles across the hand-picked crater
centre;

(7) verifying the automatically detected crater rims by comparing
their locations on the rendered image and with other profiles;

(8) selecting several representative profiles by hand to compute
aprofile-based diameter (this step was necessary to avoid the
inclusion of profiles that were difficult to measure due to influ-
ence from the local topography, such as superposed craters and
boulders);

(9) determining depths for each profile using the same procedure
asstep 5;

(10)reporting the mean geometric depths of each crater.

pkdgrav simulations of the fate of Shoemaker ejecta
We simulated the fate of ejecta from the Shoemaker-forming impact
by combining ejecta scaling rules® with direct N-body simulations
of the gravitational and collisional dynamics of that ejecta using the
code pkdgrav. pkdgravis a highly parallelized N-body code capable of
accurately simulating the gravitational and collisional interactions of
Nparticles™.

We took the following steps to set up the simulations:

(1) We created a representation of Eros in pkdgrav by using a
low-resolution shape model®® and ensuring that its mass, volume
and density matched that of NEAR observations'. The resultis a
rigid aggregate made out of ~20,000 spheres of equal mass.

(2) We used a low-resolution three-dimensional shape model of
Eros®® and created an alpha shape of Shoemaker crater (see ref. 52
for alpha shape details) by selecting points on the crater rim.

(3) The alpha shape is used to create a pre-Shoemaker-impact sur-
face on Eros constructed out of pkdgrav particles, N=10,000
spheres.

(4) The Shoemaker particles are given ejection velocities based on
ejectascaling rules of ref. 51.

The ejection velocities of each pkdgrav particle, v,;, at a distance
rfrom the point ofimpact are calculated on the basis of the following

formulation®:

—1/pe P
Uej (1) = C(gR)l/z (5) (1 - %R) ,ma<r<nR, (6]

where Uistheimpact speed, Ris the crater radius, i, isascaling param-
eter related to material properties, and the constants n;, n, and p are
determined by fits to ejection velocity data. The values of R =3.25 km.
We set U=5.2 km s™ based on the average main belt impact speed.
n,=1.2andthevalues of C=0.55, 4. = 0.41,n,=13and p = 0.3 are taken
on the basis of experimental results of impacts on sand targets with
35% porosity. Additional simulations where g, = 0.35 and 0.55 were
performed to evaluate sensitivity of outcomes with ..

(1) With ejection velocities for Shoemaker defined, the spin prop-
erties of the entire asteroid, including Shoemaker particles, are
modified. Here, we varied the spin period (4 h, 5.27 h, 8 hand no
spin) to evaluate its influence on ejecta deposition.

(2) The simulation is then allowed to run for 2 weeks of simulated
time, which is much longer than expected crater formation
timescale for Shoemaker (<10 min). More than 99% of the ejecta
that are bound to Eros are reaccumulated at the end of each
simulation.

(3) Here, we are chiefly concerned with the gravitational dynamics
of ejected particles around anirregularly shaped body and only
track the initial reimpact location of each particle on the Eros
body. pkdgrav particles may bounce or roll after impact, but,
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as the simulated particles are large (-50 m diameter), we ignore
this subsequent motion.

(4) As the reimpact location of each particle is recorded, we can esti-
mate the total depth of ejecta, d,;, deposited at different locations
on Eros by dividing the total volume of ejecta that impacts each
facet of the shape model by that facet’s surface area.

(5) Crater degradation by ejecta emplacement is calculated by
subtracting the ejecta volume deposited onto a crater with
diameter, D, as V,, ,, = d;(nD*/4), from the initial volume of that
crater, V;,;, and then calculating the height of a paraboloid cra-
ter with volume V,; =V, ;.

Additional strength-scaled simulations were performed to evalu-
ate ejecta deposition for a strength-controlled surface. The ejection
velocities were scaled by a strength term, such that

12 ~n

Uej (N = C(:—;) (g) e(1— Fr,?)p,nla <r<nR, 2)

where Yand p are the cratering strength and bulk density of the surface,
respectively. Here, we assumed p was the same as the bulk density
measured for Eros", based on measurements of Eros’ relatively homo-
geneous gravity field.

Crater degradation model

We model the degradation of craters by first considering axially sym-
metric crater profiles. Followingref. 53, the initial depth, z, of an axially
symmetric crater as a function of radial distance, r, from the crater
centre can be analytically represented by

4 [s+]
2() = % f 1 exp(—k2D2/16) Jo (kr) dk, 3)
0

wheredis crater depth, Dis crater diameter, J,is the zeroth-order Bessel
functionand kis the wavenumber. Any axially symmetric crater profile
can be represented as an integral over a series of J, Bessel functions
similar to how linear functions canbe represented as aFourier integral
over sine and cosine functions.

We consider degradation of a crater due toimpact-induced seis-
micshaking to proceed through the downslope diffusion of regolith®.
A general solution for the change in crater depth, z, as a function of
radial distance is given by ref. 26 on the basis of techniques outlined
inref. 54:

4 (o5}
2(r) = % f K3 exp(—k2D2/16) Jo (kr) exp(—Khk?) dk, @)
0

which is similar to equation (3) except for the additional exponen-
tial term inside the integral R = exp(-Khk?). This additional term, R,
describes the influence of downslope diffusion events on the volume
and morphology of the crater. K'is the amount of downslope diffusion
resulting from the impact, which quantifies the volume of material
that is mobilized per unit area (m* m2), and h is the mobilized regolith
thickness. For a constant impact energy (or seismic energy), a crater
can be more easily erased for larger values of h (that is, thicker mobi-
lized regolith layers). Similarly, the value of K depends on the energy of
the impact such that more energetic impacts lead to stronger seismic
shaking and more downslope diffusion of material. A demonstration
of the use of these functional forms to model crater d/D is shown in
Supplementary Fig. 2a.

A crater can be considered erased if it can no longer be detected
duetoasufficiently shallow profile. From our survey of crater d/D, we
find that this occurs when d/D < 0.04. We take halfthis value to be con-
servative in our analysis. This limit can be combined with the definition
of Rto obtainan estimate for the Krequired to erase a crater of agiven

diameter, D, by setting k= k, = 4/D, the peak amplitude of the spatial
waves. This gives a critical downslope diffusion value

2
Kez 20, )

which can be rearranged to estimate the maximum crater size erased
by aseismic wave that agitates the surface to a specific value of K:

Dpnax = (16hK/1.3)"%. (6)
We model the decay of the seismic wave by numerically solving for
the value of K for each crater within the resurfaced region. In this
manner, we can estimate how the value of K varies as a function of
distance fromthe centre of theimpact. We assume avalueof h=1m
(ref. 26), although this value for & only serves to scale the absolute
value of Kand has no bearing on our estimates of the seismic proper-
ties of Eros. For each crater, we perform the following Monte-Carlo
simulation:

(1) randomly assign the crater an initial d/D value based on the
normal distribution of d/D values of craters of its size (Supple-
mentary Fig. 2b);

(2) numerically integrate equation (4) using the randomly drawn
value of d/D as an input and using an initial guess at the value of
Kbased on equation (5);

(3) perform a gradient descent with updated values of K minimiz-
ing the difference, ¢, between z; (0) and the measured depth of
the crater;

(4) once ¢is less than some small tolerance value (<107*), save the
value of K'that produces z; (0) = d;

(5) repeat steps 1-4 49 more times to obtain an estimate on how
the unknown initial d/D value of the crater influences the calcu-
lated K for the crater;

(6) repeat steps 1-5, for each crater in our sample.

Seismic wave decay model

For impact-induced seismicity, we can define the following relation-
ship between the impact energy, E,,,, and the total seismic energy,
E, as follows:

Es = nEimp, (7)

where npis the seismic efficiency, which describes the total amount of
kinetic energy thatis converted to seismic energy uponimpact. Based
on lunar seismology, n has been estimated to range between 10~® and
107*. It has yet to be directly measured for an asteroid, although it has
been estimated for the 1 km rubble-pile Ryugu to be <107¢, based on
image analysis of the region surrounding the artificial crater formed
by the Small Carry-on Impactor released by Hayabusa2>.

Here, we are concerned with attenuation of the surface seismic
wave energy as it propagates to adistance, r, due tointrinsic absorption
and scattering characteristics of the surface. For a Rayleigh wave, the
attenuation factor, A,, can be written as*

A; = exp ( —2nfr> , 8

where fis the seismic wave frequency, V; is the Rayleigh wave speed
and EQ is the effective seismic quality factor, which depends on an
intrinsic absorption quality factor, 'Qs, and a scattering loss quality
factor, >°Q:

1 1 1

Qg ¥ )
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In this manner, the total seismic energy decays as Eg(r) = nEimpA,-
Thesscattering loss quality factor, *Q, depends on frequency and seis-
mic diffusivity, £ (ref. 56):

%= F. (10)
R

Values of 'Q for the lunar surface range from ~2,000 to 5,000
(refs. 57,58).5°Q has not been measured independently of fQ, but an
EQ =5hasbeen measured for unconsolidated sand*’. Therefore, In the
limit where 'Q » 5°Q, equation (9) shows that °Q = Q. We later inde-
pendently show that this initial assumption is valid (Supplementary
Information). In this manner, we can combine equations (7), (8) and
(10) toshow that

Eo () = nEmpexp 5" )- an

Finally, to compare our measured values of crater degradation
to the seismic attenuation properties of the Eros surface, we consider
theresults of ref. 27, who performed a series of numerical simulations
to understand the relationship between K and the properties of the
impactor and target, finding the following prescription for K:

1/4
Kou2 = (Eimp) -

(12)
where v;,, is theimpact speed. Combining equations (11) and (12), the
attenuating properties of the Eros surface can be constrained from
estimated values of K as
—-r

K(r) = Ko exp (7), 13)
where a =12&/Vy and K, is the value of K at r = 0, which captures the
efficiency in transfer of kinetic impact energy to seismic energy. This
solution provides a constraint on the scattering length as***’

£= WL /3, (14)

where L, is the scattering length. Therefore, a measure of a directly
determines L as substituting equation (14) into equation (11) shows that
a=4L,.Ourobservations of crater degradation allow us to estimate the
value of K for craters asafunction of distance, r, from the impact point,
with the median values of K from our Monte Carlo simulation (‘Crater
degradation model’ section in Methods), and the standard deviation
of Kfor each crater as our uncertainty. Using anonlinear least-squares
regression technique®, we fit our datato afunction of the form shown
inequation (13), whichreturns estimates for the value of K, and a. These
values canthenbe subsequently used to estimate the maximum crater
size erased as a function of distance, using equation (6).

Crater scalingrelationships

Reference ® introduced generalized formulations of crater proper-
ties based on the Buckingham m theorem, which uses dimensionless
numbers to estimate the crater volume, V,, givenimpactor and target
properties such asimpactor theimpactor radius, a,impactor velocity,
U, impactor mass density, §, target density, p, target strength, Y, and
surface gravity, g. The mgroup parameters are related by

=3t/ (2+1e)
My = Kl[nzrr;m + (KZIT;)(Z”‘*)/Z] (15)
and
3
my = PVe _ PRe/K) a6)
mimp mimp

where m;,, is the projectile mass and R. is the crater radius. K}, K,, K, and
U are crater scaling constants that depend on the target material. K,
relates the radius of the crater to its volume. The m-group parameters
that control the cratering efficiency, m, are

=8

m = Uz (17)
Y

= — 18

3 U2 18)

Ty = g. 19)

Here, we are interested in the cratering efficiency for Shoemaker
crater. Based on our observation of d/D = 0.2 for the largest craters
on Eros, we set K,=1.2 and generally K, =1. We assume §=3 g cm>,
p=2.7gcm>and g=5mms™ For the gravity-dominated case, we
consider the results stemming from the small carry-on impactor
experimenton1kmrubble-pile Ryugu, part of the Hayabsua2 mission,
which determined thatK; = 0.15,and y, = 0.41 (ref. 6). We also show that
HU.=0.41is consistent with the crater degradation pattern seen onthe
Shoemaker antipode as replicated in our ejecta simulations that area
describedinthe maintext and Supplementary Information. Note that
their in-text formulation of the m-scaling laws neglects K, leading to
a different quoted value of K. For the strength-dominated case, we
consider the material properties of dry soil®>, which has Y= 0.18 MPa,
K;=0.24and u.=0.41.

Data availability

MSI images and NLR data from the NEAR mission are available
in the Planetary Data System Small Bodies Node hosted by the
University of Maryland (https://pds-smallbodies.astro.umd.edu/
data_sb/missions/near/index.shtml). The DTMs analysed here are
available in a permanent archive associated with this paper in the
JHU/APL Data Archive. Measured diameters, depths, d/D, associated
uncertainties and locations of craters are available in Supplementary
Tablel.

Code availability
The SmallBody Mapping Toolis apublicly available mapping toolset that
isavailable through the software’s website (http://sbmt.jhuapl.edu/).
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Extended Data Table 1| A matrix of Eros geologic observations that can be explained with a given mechanism or
combination of mechanisms

i Body Surface
Mechanism Waves S Ejecta | BW + Ejecta | SW + Ejecta | BW + SW

Observation (BW) Waves (SW)

SCR Small Crater R no yes no no yes yes
SCR Large Crater d/D no yes no no yes yes
é::grolie Sroall partial no yes yes yes partial
é::;g:g;:DLarge partial yes yes yes yes partial
?;tgﬁde Chevron partial no yes yes yes partial

The transition between small and large craters is at approximately 500 m. The observations and modeling suggest that this demarcation is not so starkly defined and there exists a transition
region between 250 and 500 m. However, for the purposes of this exercise, it is useful to define a clear transition where the differences in geologic properties are clearly observed.
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Extended Data Table 2 | Summary of pkdgrav ejecta deposition simulation cases and outcomes

Case He Scaling Material | P(h) | f Vot (km?)
1 0.35 Gravity Sand 5.27 0.35 5:72
2 0.41 Gravity Sand 5.27 0.41 6.67
3 0.55 Gravity Sand 5.27 0.54 8.73
4 0.41 Gravity Sand no spin | 0.45 7.26
5 0.41 Gravity Sand 4 0.40 6.47
6 0.41 Gravity Sand 8 0.43 6.94
7 0.46 | Strength 0.10 MPa WCB 527 | 032 5.21
8 0.46 | Strength 0.45 MPa WCB 5.27 0.11 1.72
9 0.55 Strength 30 MPa Rock 5.27 | <0.01 0.02

The ejection scaling parameter, p,, was varied between 0.35-0.55, with a nominal value of 0.41. P = rotation period, f.. = fraction of escaped ejecta, V,, = volume of retained ejecta. Properties of
different materials are described in the Supplementary Information.
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