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ARTICLE INFO ABSTRACT

Keywords: Asteroid 16 Psyche is the largest metallic Main Belt Asteroid and is the subject of a forthcoming NASA

Psyche mission. The composition of Psyche is still unknown and subject of recent debate. In particular, how much

Porosity ) porosity is within Psyche, along with how much of Psyche consists of non-metallic versus metallic materials,

ra;tr)‘l)poflomy are central questions to the issue of Psyche’s composition. If Psyche is indeed predominantly composed of
ubble pile

metallic materials, it would need to have considerable porosity (~ 30%-50%) for a composition consistent
with its expected bulk density (~ 3.7-4.1 g/cm?). In this work, we vary the density and strength of Psyche
by including uniform and layered fields of pseudo-microporosity, in addition to investigating the presence of
macroscopic voids, i.e., spaces larger than the size of the simulation’s mesh cells, in rubble-pile configurations.
All configurations result in bulk densities within the uncertainties of measured values, however the strength of
Psyche and the distribution of pseudo-pores are varied. Through 3D computational models of Psyche’s deepest
impact structure, we show that Psyche’s composition is unlikely to contain only pseudo-microporosity. Rather,
rubble pile structures, which include macroscopic voids, are shown to match the crater’s measured aspect ratio
better than simulations of structures that included only pseudo-microporosity.

Impact cratering

1. Introduction In this work, we particularly focus on variation of density and
strength within Psyche, which could be representative of some non-

Asteroid (16) Psyche (henceforth referred to as Psyche), the largest
M-type (metallic) Main Belt Asteroid (MBA), is the subject of a forth-
coming National Aeronautics and Space Administration (NASA) discov-
ery mission (Lupishko, 2006; Oh et al., 2016). The mission will be
the first of its kind to explore a metallic asteroid (Oh et al., 2016).
In response to this mission, there have been many recent efforts using
experimental, observational, and modeling techniques to investigate
Psyche. Of the many aspects that can be investigated, one of the fun-
damental remaining questions about Psyche is its composition. Earth-
based measurement techniques estimate that Psyche has a bulk density
range of 1.1-7.6 g/cm?, though the majority of these estimates have
ranges of 3.7-4.1 g/cm?® (Lupishko, 2006; Viateau, 2000; Kochetova,
2003; Shepard et al.,, 2017; Elkins-Tanton et al., 2020; Siltala and
Granvik, 2021). Recent estimates for bulk densities within the median

metallic component of the asteroid, which may be porosity or some
other material. We consider what we term as ‘pseudo-microporosity’
and ‘macroscopic voids’ present within Psyche that results in con-
figurations that are consistent with measured bulk density estimates.
Pseudo-microporosity within the asteroid is meant to be representative
of a structure that has been fractured through numerous hit-and-run
collisions, resulting in a porous aggregate. In this case, small cracks and
voids, which are comparable to the material’s grain size, are distributed
throughout the asteroid (Flynn et al., 1999). The primary difference
between pseudo-microporosity as modeled here and more realistic
cracks and voids is that modeling constraints the pseudo-microporosity
model used in this study do not include PdV work done by pore
compaction processes, which can affect shock attenuation, thermal

range have called into question that Psyche is an intact metal (iron)
core remnant. These bulk density estimates indicate that Psyche ei-
ther has considerable porosity, considerable non-metallic constituents,
or a combination of both. The degree of porosity and amount of
non-metallic materials comprising Psyche is one of the most pressing
questions regarding Psyche’s composition (Elkins-Tanton et al., 2020).
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response, ejecta speed, and other physics (Melosh, 1989, 2011). We
highlight that the primary focus of this work is a comparison of the
resulting crater profiles with those that have been measured. For this
application, the pseudo-microporosity provides a way to vary Psyche’s
density, and corresponding strength, so that the impact on the crater
shape can be investigated. The pseudo-microporosity also allows us to
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vary the distribution of the pseudo-microporosity so uniform versus
layered target configurations can be studied.

On a larger length scale, macroscopic voids or macroporosity is
representative of a rubble-pile structure, in which case the asteroid
was shattered by previous impacts and then re-accreted into a single
body with macroscopic density variations (Flynn et al., 1999). Inter-
estingly, Psyche’s mass, estimated to be 0.54-1.8 x10~!'M (solar
mass) (Lupishko, 2006) is on the order of 10'° kg, near the threshold
(i.e., > 10%° kg) at which one might expect high interior pressures
to compact or crush out much of the asteroid’s macroporosity (Carry,
2012). However, this threshold value is based on the pressures needed
for silicate grain compaction, and the higher strength of the metal
constituents within Psyche may withstand higher internal pressures
than Psyche reaches under hydrostatic equilibrium. Hence, it is rea-
sonable to consider the possibility of several different types of porosity
within Psyche’s structure, such as uniform pseudo-microporosity, lay-
ered pseudo-microporosity (with lower pseudo-porosity values in the
interior and a less dense regolith at the surface), and macroscopic
voids or rubble-like structures, all of which could result in current bulk
density estimates of Psyche. Ultimately, it is likely that Psyche includes
porosity across a wide range of length scales.

Micro- and macro-porosity have been previously shown to have
notable effects on the structure of craters in highly porous materi-
als (e.g., silicates and chondrites) resulting from high-velocity im-
pacts (Housen and Holsapple, 2003; Housen et al., 1999; Flynn et al.,
1999). Thus, the morphology of craters on asteroids can provide in-
formation that can help to constrain Psyche’s bulk properties. Psyche’s
Southern hemisphere has two such large impact structures (Shepard
et al., 2017). Modeling the formation of either of these impact sites on
Psyche can help to inform the current understanding of Psyche’s com-
position. With relatively little cost, computational models provide the
chance to explore many possible compositions of Psyche with the same
or similar bulk densities; comparison of predicted crater structures to
known measurements can help to eliminate unlikely compositions.

Typically, models operative at the largest of length scales are used
to model impact craters in planetary science applications. Generally,
hydrodynamic codes, or hydrocodes, are used because they can capture
shock wave processes in various types of materials (i.e., gas, liquid,
solid, and combinations thereof). For applications in planetary science,
several studies have benchmarked hydrocodes using impact cratering
simulations (Pierazzo et al., 2008; Caldwell et al., 2018; Stickle et al.,
2020). These studies included both solution verification for physi-
cal quantities in both the strength-dominated and gravity-dominated
regimes of impact crater formation and validation comparisons to ex-
perimental results of laboratory-scale, high-velocity impacts into fluid
and solid targets. Recently, Raducan et al. (2020) used the iSALE
code to investigate several possible internal asteroid structures that
may explain Psyche’s composition by modeling impact crater forma-
tion. More specifically, they investigated the effect of microporosity
within possible iron-rock layer configurations. These simulations found
that the crater structures varied from bowl-shaped structures when
Psyche’s near-surface structure was assumed to be homogeneous to
shallower craters with flat floors when Psyche was assumed to have a
layered structure. While this paper addresses important questions about
microporosity along with the possible presence and structure of the
non-metallic components within Psyche, it does not consider the effect
of varying amounts of microporosity, the possibility of macroporosity,
Psyche’s curved surface, or oblique impacts on the crater morphology.
This work aims to address some of these possibilities.

Previously, we modeled the formation of Psyche’s largest impact
structure using the arbitrary Lagrangian—Eulerian (ALE) hydrocode
FLAG (Caldwell et al., 2020). This work primarily focused on investi-
gating possible metallic materials that could comprise Psyche (namely,
nickel, iron, and the Monel alloy), and the effect of uniform pseudo-
microporosity. Simulations were completed in 3D, and best matches
to measured crater dimensions were found using the Monel alloy
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with about 30%-50% pseudo-microporosity. These results were in
good agreement with calculations presented by Elkins-Tanton et al.
(2020), which show that if non-metallic components are not consid-
ered, Psyche’s porosity is expected to be 40%-50%. However, we
note that Elkins-Tanton et al. assumed Psyche to be a kamacite body
(Pram = 7-870 g/cm?), which has a slightly lower density than the
Monel alloy (pon = 8.81 g/cm?). If Monel is considered to be the
primary metallic component comprising Psyche, the expected porosity
will slightly increase to ~50%-60%. Thus, high porosity within Psyche
remains a possibility, particularly if Psyche’s composition is dominated
by metallic materials.

Extending beyond our original study, this work seeks to further
explore the effects of internal composition on crater formation by
simulating Psyche’s deepest impact structure (i.e., a different impact
structure than that modeled in our previous work) (Caldwell et al.,
2020), located in its Southern hemisphere, with an estimated depth
of 6.4 + 0.64 km and an estimated diameter of 53 + 15 km (Shepard
et al., 2017). In particular, we consider varying amounts of uniform and
layered pseudo-microporosity, along with rubble-pile configurations,
which include both macroscopic voids and pseudo-microporosity. By
varying the density and strength of Psyche, we test a number of
potential compositions with bulk densities within the range of estimates
obtained from other measuring techniques.

The methods and results of this paper are organized as follows:
Section 2 describes details of the different models used in this study,
including the material models and a brief summary of the FLAG
hydrocode; Section 3 presents preliminary results in preparation for
our density composition study, including variations in impactor mass
and momentum; Sections 4-6 then present results for uniform pseudo-
microporosity, layered pseudo-microporosity structures, and rubble
piles, respectively. In all cases, a set of 2D simulations are completed
first, followed by 3D simulations of compositions shown to produce
promising crater dimensions in the 2D scoping studies. Section 7
presents discussion of these results, followed by final conclusions in
Section 8.

2. Methodology

For all simulations completed as part of this work, we used the
ALE hydrocode FLAG, developed and maintained by Los Alamos Na-
tional Laboratory (Hill, 2017; Burton, 1992, 1994b,a). FLAG has been
previously verified and validated for impact cratering problems (Cald-
well et al.,, 2018, 2021) and has been used for planetary science
applications (Caldwell et al., 2020; Plesko et al., 2019). FLAG is a
multi-physics hydrocode with a variety of material modeling and equa-
tion of state (EOS) capabilities (Hill, 2017; Burton, 1992, 1994b,a).
FLAG can be used for simulations in 1-3 spatial dimensions with
Lagrangian, Eulerian, or ALE strategies, including adaptive mesh refine-
ment (AMR) (Hill, 2017; Burton, 1992, 1994b,a; Kenamond, 2020).

Because our simulations focused primarily on density composition
rather than material, we chose to use the alloy Monel for both target
and impactor in all simulations. For completeness, Section 3 shows
2D impact crater results for varying impactor and target materials for
solid materials. As discussed previously, pseudo-porous Monel was used
in our prior study of Psyche and produced crater dimensions within
the uncertainties of the measured dimensions (Caldwell et al., 2020).
Monel is a nickel alloy with a solid density of 8.81 g/cm?® and is
likely extraterrestrial in origin, which makes it a reasonable choice for
modeling metallic asteroids (Shoemaker and Smith, 2006; Riller, 2005).
Monel also contains small amounts of non-metallic materials that are
common in solid bodies in the solar system. Thus, we use Monel for
both the target and impactor material, and vary the amount and type of
pseudo-porosity in Psyche to gain further insight into Psyche’s probable
composition given current bulk density estimates.

For the EOS, we used an analytic Mie-Griineisen EOS, which is an
appropriate choice for these simulations because melt is not expected
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to play a significant role (Melosh, 2011). Previous work modeling
impacts in FLAG explored EOS choice and found only miniscule differ-
ences between physical properties when only the EOS varied (Caldwell
et al., 2018; Caldwell, 2019). We used the Steinberg-Guinan constitu-
tive model (Steinberg et al., 1980) to model the material flow stress
and shear modulus, which have dependence on the material density,
pressure, and temperature. In addition, when pseudo-microporosity
is considered, the material flow stress and shear modulus are first
calculated using the solid material density and then adjusted using
a volume-fraction weighting based on the total void volume within
a computational zone. The flow stress and shear modulus are up-
dated at every time step. Damaged material was defined by minimum
pressure and compression values. The Steinberg-Guinan model was
designed to model flow stress behavior in metals at high strain rates
(up to ~ 10° s71) (Steinberg et al., 1980). Since its development, the
model has been tested over a wide variety of high-rate loading condi-
tions, including impact loading conditions, and presented reasonable
comparison to experimental data (Caldwell, 2019; Peng et al., 2008;
Krygier et al., 2019; Vogler et al., 2009; Harrison et al., 1995). The
model parameters for Monel for both the Mie-Griineisen EOS and the
Steinberg-Guinan strength model were taken from Steinberg (1996).
No additional efforts were made to optimize the parameter set. Rel-
evant parameters for these models are included in Appendix B. To
account for the effect of pseudo-microporosity within Psyche on the
volumetric response, the pressure is first determined at each time
step using the Mie-Griineisen EOS and the solid material density.
Quantities calculated with the EOS, including the pressure and bulk
modulus, are then adjusted to account for pseudo-microporosity using
a volume-fraction weighting based on the total void volume within a
computational zone, which is consistent with adjustments made to the
flow stress and shear modulus to account for pseudo-microporosity.
A separate compaction model was not used in this approach, and
previous work using FLAG to model impacts into pseudo-porous ma-
terials matched measured crater dimensions within the uncertainties
and compared well to other computational models of porous-target
impacts (Kumamoto et al., 2022; Stickle et al., 2022; Caldwell et al.,
2020). A failure criteria was also employed such that regions with
a specified minimum pressure or compression would fail, meaning
these computational cells no longer maintained any material strength.
This choice was made to capture the effect of tensile regions created
by shock wave interaction that may cause spallation. The material
surrounding Psyche, including the space between boulders in the rubble
piles, was modeled as void.

All calculated (2D and 3D) crater profiles were compared to crater
dimensions from radar shape model data (Shepard et al., 2017) and
to the theoretical pre-modification crater (henceforth denoted the tran-
sient crater) (Melosh, 2011). The transient crater was calculated assum-
ing a normal impact into a metallic target using Holsapple’s transient
crater formulas (Holsapple, 1993). Because the resulting crater was
spherical, we defined the transient crater as the portion of the sphere
cut by a plane that produced the correct depth predicted by the Hol-
sapple calculations. Note that the spherical transient crater is defined
as the maximum diameter and depth the cavity attains before the
crater modification stage begins (Melosh, 1989; Holsapple, 1993). The
radar shape model data provided a picture of the crater’s shape after
extensive time had passed, and the crater’s morphology has since likely
evolved as a result of strength and gravity effects along with processes
such as impact gardening and erosion. Our current modeling approach
did not account for all of these effects, as the long time scales on which
these processes occur are not conducive to computational modeling
in hydrocodes. Thus, the current crater dimensions determined from
the radar shape model data are likely shallower than those following
the formation of the crater. The transient crater dimensions offered an
alternate perspective to the radar shape model. Namely, the transient
crater provided dimensions prior to crater collapse, i.e., before any ma-
terial settled down into the newly formed crater (Grieve, 1991; Melosh,
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1989; Grieve and Cintala, 1982; French, 1998). Thus, the transient
crater dimensions were expected to be deeper than estimated crater
dimensions from observational data. We note that the transient crater
calculation presented in this work is based on a normal impact and will
likely be larger (deeper and wider) than a transient crater formed via an
oblique impact. Overall, promising calculated crater dimensions in 2D,
in which only normal impacts can be modeled, were identified as those
between (or very close to) the transient crater dimensions and those
taken from the radar data. Specifically, reasonable crater dimensions
would have depths near that of the transient crater profile. Simulations
that resulted in promising crater dimensions in 2D were then tested in
3D, in which oblique impacts could be considered.

It is highly likely that the craters on Psyche were formed via oblique
impacts (Caldwell et al., 2020; Melosh, 2011; Lupishko, 2006). The
crater shape can vary with the impact angle, and capturing this aspect
in 3D can be important for accurate comparisons to available data.
Generally, oblique impact angles produce shallower craters, and the
amount of excavated mass decreases with increasing obliquity (Gault
and Wedekind, 1978; Suzuki et al., 2021; Elbeshausen and Wunne-
mann, 2013; Nishida et al., 2019). While the crater depth can show
notable differences with relatively small changes in impact angle, the
crater diameter (length and width) changes at a slower rate with
elongated shapes achieved at highly oblique impact angles (Melosh,
2011; Burchell and Whitehorn, 2003; Ogawa et al., 2021; Burchell
and Mackay, 1998; Davison et al., 2011). For 3D rubble piles, impacts
will also be compared based upon the location at which the impactor
strikes the boulder(s). All systems are first tested in 2D, and if the crater
profile is promising (meaning a crater depth near to that of the transient
crater and narrower crater diameter), then the system is selected for
3D simulations. For rubble pile simulations, oblique impact angles are
explored to determine the effects of impact location when the angle of
impact results in a change in the impact surface (e.g., a direct impact
on a single boulder versus an impact that strikes several boulders at
an angle). Additional rubble-pile simulations compared varying impact
angles striking the same location on Psyche to allow for a more direct
comparison of the effects of impact angle on crater morphology.

In the cases of uniform pseudo-microporosity and pseudo-
microporosity within layered structures, unless otherwise indicated, the
Monel impactor initial conditions were a sphere (3D) or semicircle (2D)
of radius 3.75 km, with a mass of 1.94e15 kg and an impact velocity of
4.5 km/s (Farinella and Davis, 1992). The Monel target was modeled
using a shape model (Shepard et al., 2017) with a spherical cap of
radius 110 km (3D) to cover pre-existing craters in the impact area
(see Figs. 1(a)-1(c)) or a semicircle (2D) of radius 125 km (Caldwell,
2019; Caldwell et al., 2020). For simulations in which impactor size and
velocity were varied, mass and velocity are discussed in the relevant
sections. In the layered structures, Psyche was modeled with a denser
core region surrounded by a less dense mantle region, and the radius
of the core region varied across simulations with the total target radius
remaining 125 km. The 2D simulations for uniform and layered pseudo-
microporosity used axisymmetric boundary conditions, and the initial
simulation geometries are shown in Figs. 2(a)-2(d). We note that with
axisymmetric boundary conditions, the 2D semicircular impactor and
target are revolved about the midline and thus simulate spherical
regions. The rubble piles were modeled with both a regular hexagonal
close packing and a regular square packing. Each packing consisted
of spheres (3D) or circles (2D) with radii of 12.5 km. The maximum
target radius and impactor size and velocity were the same as those
used for the uniform/layered pseudo-microporosity simulations. These
simulations were in a Cartesian coordinate system in order to avoid
extraneous hoop stresses that would be present in an axisymmetric
simulation of this arrangement. Because the 2D rubble-pile simulations
used Cartesian coordinates, the circles comprising the impactor and
target rubble pile represent infinitely long cylinders. This modeling
choice ensures that the rubble piles are not simulated as stacked tori,
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Fig. 1. Psyche shape model (yellow) and spherical cap (green), showing the 3D Psyche model used in this study. The spherical cap was added to cover the existing craters,
which were re-created numerically in this study Figure (a) shows the overhead view of the spherical cap, (b) shows a side view, and (c) presents an angled view of the spherical
cap. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

which would introduce artificial hoop stresses if run on a 2D axisym-
metric mesh. Figs. 2(e)-2(f) show the 2D rubble-pile simulations at
initialization, and Figs. 3(a)-3(c) show the 3D rubble-pile simulations
at initialization.

Simulations ran to a maximum time of 381 s, which allows for
sufficient time for the crater modification stage with a substantial buffer
period to account for uncertainties (Caldwell, 2019). Because of the
significant run times of some simulations, they would be restarted
several times until completed. In these instances, simulations were
checked prior to restarting to determine whether target material was
still moving out of the crater and if any material velocity exceeded
escape velocity. If the material had settled, the simulation was not
restarted, and crater measurements were taken. Thus, while simulations
had different run times in some cases, each simulation was “complete”
in the sense that the transient crater formation had completed, and the
crater had entered the quasi-static modification stage. The simulation
stopping time was calculated based on the relationship between crater
formation time and volume of excavated material, which was based on
observational and theoretical crater measurements. Our method used
an adaptive time step and an Eulerian mesh relaxer. The 2D simulations
used a mesh with a uniform zone size equivalent to about 11 cells
per projectile radius (cppr), while the 3D simulations, unless otherwise
indicated, used a varied mesh resolution of 5 cppr around the point
of impact, coarsening farther from the region of interest. Fig. 2(a)
shows the mesh resolution used in each of the 2D simulations, and
Fig. 3(a) shows the mesh resolution for 3D simulations, including the
computational mesh.

The 2D simulations ran on either 36 cores, with run times ranging
from 8.8-21.3 h, or 180 cores, with run times ranging from 1.3-39.5 h.
Solid-target simulations ran for shorter times (about 3-4 h), while more
complicated simulations with porosity required greater computational
resources. The 3D solid simulations ran on 1080 cores for 16.8-18.4 h,
while 3D uniform pseudo-microporosity simulations ran on 1440 cores
for about 50 h. The 3D rubble pile simulations ran on 2484 cores for
22.3-29.0 h.

3. Scoping study of materials and kinetic energies

While our primary focus is how Psyche’s composition impacts crater
shape, we first include a brief section in which we vary impactor
and target properties for completeness. We note that these cases are
meant to provide bounds for better constraining crater dimensions and,
thus, we did not expect all of these simulations to result in craters
within uncertainty measurements. In this section, we explore different
materials for Psyche, different impactor sizes, and different impact
velocities. While the broader scope of this work focuses primarily on
composition, this section can help to frame those results in context

when considering other variables, such as impactor mass or impact
momentum.

In our previous work, we found that kinetic energy (KE), the im-
pactor mass multiplied by the square of the impact velocity, was a key
variable (Caldwell et al., 2020). Impactors of less dense material with
equivalent KE to their denser metallic counterparts resulted in similar
crater dimensions. Before exploring varying internal compositions, we
first consider impacts into solid models of Psyche. In these preliminary
simulations, we modeled Psyche as solid Monel, solid nickel, and solid
iron. We modeled the impactor as solid Monel, solid nickel, solid iron,
and solid silicon dioxide (SiO,). Because of the noteworthy difference
in density, and thus, mass and KE between SiO, and metallic im-
pactors, we considered SiO, impactors with equivalent radii to metallic
impactors, denoted with subscript RAD, and SiO, impactors with
equivalent KE to metallic impactors, denoted with subscript K E. Each
of these solid simulations was run in 2D with axisymmetry, using an
impact velocity of 4.5 km/s.

Fig. 4 shows the results of these preliminary solid simulations.
In the figure’s legend, impactor materials are listed first, and the
target materials are listed second. Note the three smallest craters from
these simulations resulted from SiO, impactors with equivalent radii of
metallic impactors. Because of the lower densities of these impactors,
the mass and KE were lower than for metallic impactors. As expected, in
these cases, the craters were smaller. In contrast, when an impactor of
SiO, had equivalent KE of a metallic impactor, the resulting crater was
much larger than in the previous case and excavated a similar amount
of material as a metallic impactor with the same KE. As expected,
hypervelocity cratering properties depend strongly on the KE of the
impact in this regime, in which material strength dominates crater
formation. For much larger impacts, in which gravity is dominant, such
relationships are not a given, and other factors determine features of
the cratering process (Holsapple, 1993). The current work focuses only
on the strength regime.

Because previous results have largely consisted of craters that were
too large, we ran additional 2D simulations to explore impactor size
(mass) and impact velocity (momentum) in both solid and 50% pseudo-
porous targets. We considered three impactor diameters: 10 km, 12.5
km, and 15 km. The respective impactor masses were 4.61el5 kg,
9.00el15 kg, and 1.56e16 kg. The respective KEs of the impacts were
9.34e22 J, 1.82e23 J, and 3.16e23 J. Table 1 shows the crater dimen-
sions from these simulations. As expected, impacts into pseudo-porous
targets resulted in larger craters than impacts into solid craters when
the impactor was the same. Likewise, larger impactors resulted in larger
craters when the target was the same.

We also ran simulations varying impact velocity. We tested impact
velocities of 4 km/s, 5.5 km/s, 6.5 km/s, 7 km/s, 8.5 km/s, 9 km/s, 10
km/s, and 12 km/s (Farinella and Davis, 1992). The impactor mass did
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Fig. 2. 2D simulations at initialization, showing setups for (a) uniform pseudo-microporosity (zone size 330 m), (b)-(d) layered pseudo-microporosity, and (e)-(f) rubble-pile
configurations. The 2D simulations utilize axisymmetric boundary conditions, and the layered pseudo-microporosity cases include 3 different core radii. In the rubble-pile
configurations, the circles represent boulders of 25 km in diameter; they are not smooth-particle hydrodynamics (SPH) particles.

Table 1
Results from 2D axisymmetric simulations varying impactor diameter for both solid
and 50% pseudo-porous targets.

Impactor diameter Pseudo-Porosity Crater radius (km) Crater depth (km)

10 km solid 14.75 14.57
10 km 50% 16.15 20.60
12.5 km solid 18.95 20.54
12.5 km 50% 23.20 18.75
15 km solid 23.10 25.32
15 km 50% 26.25 41.00

not change, as in the previous cases, but the KE changed as a result of
the velocity change. The respective KE of these impactors was 3.10e22
J, 5.87e22 J, 8.20e22 J, 9.51e22 J, 1.40e23 J, 1.57e23 J, 1.94e23 J,
and 2.79e23 J. Table 2 shows these results.

While these preliminary results add completeness to our study by
exploring impactor mass and momentum through variations of material
properties, impactor size, and impact velocity, the primary focus of this
study is the effect of target density composition on crater formation.

Thus, in the remaining sections, a single impactor model is used for
consistent size, shape, mass, and KE. This impactor had a diameter of
7.5 km, a velocity of 4.5 km/s, a mass of 1.94el5 kg, and a KE of
3.93e22 J. Keeping the physical properties of the impactor constant
will provide more insight into the effects of density and corresponding
strength variations within Psyche.

4. Uniform pseudo-microporosity results

To begin, we consider Psyche as an homogeneous body with pseudo-
microporosity uniformly distributed throughout, resulting in a con-
stant, but degraded, density throughout the asteroid. In 2D, we con-
sidered pseudo-microporosity values of 30%, 40%, and 50%, resulting
in bulk density values of 6.167 g/cm?, 5.286 g/cm?, and 4.405 g/cm?,
respectively. Fig. 5 shows the crater profiles from these simulations,
along with the crater profile from a simulation in which the target
was assumed to be solid. Simulations with 40% and 50% pseudo-
microporosity ran to the maximum time of 381 s. The simulation
with 30% pseudo-microporosity ran to 162.1 s, at which point all
ejected material had been expelled from the crater. As expected,
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Fig. 3. 3D simulations at initialization, showing setups for uniform pseudo-microporosity and rubble piles. Figure (a) shows a zoomed in region of the 3D mesh with a resolution
of 5 cells per projectile radius (cppr), which corresponds to a zone size of 750 m. Figure (b) shows the 3D Cartesian set-up for the case of uniform psuedo-microporosity, and (c)
shows the 3D set-up for the hexagonal close packed rubble-pile configuration. Figure (c) is rotated to show the impactor height above the surface, and we note that the spheres

are boulders in the rubble-pile and are not SPH.
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Fig. 4. Crater profiles from 2D axisymmetric simulations using solid materials for both
impactor and Psyche. Impactor materials are listed first, followed by materials for
Psyche. Profile points from simulations with Monel targets are indicated with stars,
those from iron targets are indicated with squares, and those from nickel targets are
indicated with diamonds.

increasing pseudo-porosity (or decreasing density) resulted in increased
crater dimensions. In particular, less dense targets resulted in deeper
craters. Many of the pseudo-microporosity simulations resulted in

Table 2

Results from 2D axisymmetric simulations varying impact velocity for both solid and
50% pseudo-porous targets. Measurements for radius were taken at the pre-impact
surface, and measurements for depth were taken at the axisymmetric boundary. For
some impacts, underdense material in and above the crater prevented measuring the
void material. In these instances, marked with *, a density threshold was applied to
remove underdense material before measurements were taken. For impacts into pseudo-
porous targets, impact velocities of 6.5 km/s and higher resulted in significant changes
in the asteroid. Thus, these craters did not always follow expected morphology because
of the effects of the KE, which can lead to asteroid disruption and/or affect the interior
of the asteroid.

Impact velocity Pseudo-Porosity Crater radius (km) Crater depth (km)

4 km/s solid 10.27 10.95
4 km/s 50% 11.50* 15.00%
5.5 km/s solid 12.25 13.66
5.5 km/s 50% 22.10* 17.4*
6.5 km/s solid 13.39 15.29
6.5 km/s 50% - -

7 km/s solid 13.85 16.75
7 km/s 50% 37.20 34.25
8.5 km/s solid 15.28 17.28
8.5 km/s 50% 22.40 9.00
9 km/s solid 15.67 17.87
9 km/s 50% 18.50 19.50
10 km/s solid 16.54 18.89
10 km/s 50% 25.50 31.50
12 km/s solid 17.94 20.50
12 km/s 50% - -




W.K. Caldwell et al.

10 T T T T T T
Fualal
5| ]
OF . B
£ o
£ 73 4 ]
53 of
[a} o
4 i
—10f+ a ]
[SE]
] ©-@ Shape Model Data (with error bars)
a A—A Transient Crater Estimate
¢—¢ Solid
—15F o H
DDDd,_—‘ﬂD ©-© 30% Microporosity
o
OO 40% Microporosity
*—#* 50% Microporosity
-20 . . n n n
0 5 10 15 20 25 30

Radius (km)
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Fig. 6. Crater profiles from 3D Cartesian simulations modeling Psyche with uniform
pseudo-microporosity at oblique impact angles 45° from vertical. Simulations with 30%
and 40% porosity, as well as simulations at impact angles 60° from vertical, did not
run to sufficient times for extracting crater profiles.

depths within or close to the desired range between that of the theoret-
ical transient crater and current shape model data, making these cases
good candidates for 3D simulations. We note that because of the 2D
simulations being limited to normal impacts, we do not expect crater
diameters to match well with this geometry, which also motivates 3D
simulations.

In 3D, we tested pseudo-microporosities of 0% (solid), 30%, 40%,
and 50% with an impact angle 45° from vertical. In successful simula-
tions, the resulting craters were within the depth uncertainties of the
shape model data but failed to match the diameter of the existing crater.
Fig. 6 shows the crater profiles from these successful simulations.
Because the impacts occurred on a curved surface (the geodesic of the
spherical cap), profiles were rotated to allow for direct comparison
to theoretical and observed dimensions. The simulation using 50%
pseudo-porosity was stopped at a simulation time of about 113.2 s. At
this time, no material had a velocity near or above escape velocity, so
the crater profile was taken at the end of the simulation without any
further modification.

Icarus 408 (2024) 115780

Table 3

Initialization of targets with layered pseudo-microporosity and resulting crater di-
mensions. Crater radius measurements were taken at the pre-impact surface, and
depth measurements are given relative to the pre-impact surface. Bulk densities were
calculated using a volume weighted average. Pseudo-porosity is represented by ¢,
density is represented by p, and the initial radius of the core is represented by R.g..

Initial target properties Final crater

Reore Pcore h Psurface layer Poulk radius depth

(km) Peore (km) 2 surface_layer Pbulk (km) (km)

100 40% 25 70% 54.7% 12.2 24.5
5.280 2.640 3.996

100 40% 25 80% 59.5% 12.5 28.0
5.280 1.760 3.566

100 50% 25 60% 54.9% 12.1 23.0
4.400 3.520 3.975

100 50% 25 70% 59.8% 12.0 26.5
4.400 2.640 3.545

100 50% 25 80% 64.6% 12.0 30.0
4.400 1.760 3.115

100 60% 25 70% 64.9% 12.1 26.0
3.520 2.640 3.096

100 60% 25 80% 69.8% 12.1 30.5
3.520 1.760 2.664

110 50% 15 60% 53.2% 121 21.5
4.400 3.520 4.124

110 50% 15 70% 56.4% 12.1 24.5
4.400 2.640 3.844

110 60% 15 70% 63.2% 12.3 24.5
3.520 2.640 3.243

110 60% 15 80% 66.4% 12.1 24.5
3.520 1.760 2.963

120 60% 5 70% 61.2% 12.9 23.5
3.520 2.640 3.422

120 60% 5 80% 62.3% 13.4 24.5
3.520 1.760 3.321

The crater profiles in Fig. 6 have notably smaller diameters in
comparison to the shape model data and transient crater dimensions. In
addition, the predicted crater profile for the 50% pseudo-microporosity
case appears shallower than the shape model data. Thus, not all aspects
of the crater dimensions are well captured, motivating exploration of
non-uniform density distributions.

5. Layered pseudo-microporosity results

Moving from a uniform density variations, we now consider layered
structures, in which a more dense central core region is surrounded by
less dense surface material. Here we address two areas of interest: the
effect of varying amounts of pseudo-microporosity and, thus, density
variations, within the core and surface regions, and the effect of the
thickness of the surface material. We considered compositions that
resulted in overall bulk densities within the ranges of current bulk
density estimates of Psyche. The overall pseudo-porosities (¢) and bulk
densities (p) of the configurations tested are shown in Table 3. Bulk
densities (p) were calculated using a volume weighted average. Fig. 2
shows the initial setup of 3 layered structures considered here, with
inner core radii (Rer) of 100 km, 110 km, and 120 km, resulting
in respective surface layer depths (h) of 25 km, 15 km, and 5 km,
for a total target radius of 125 km. The reported crater radius was
measured at the pre-impact surface at the end of the simulation, and the
crater depth was measured relative near the axisymmetric boundary,
also at the end of the simulation, with depth values given relative to
the pre-impact surface height.

Fig. 7 shows crater profiles from these simulations. While results
from each simulation varied somewhat, the overall trend was the
same: the crater depth was affected more than the crater diameter in
comparison to the 2D crater profiles shown in Fig. 5 that considered
a uniform pseudo-microporosity distribution resulting in constant den-
sity throughout Psyche. In general, more dense core regions and less
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Fig. 7. Crater profiles from 2D axisymmetric simulations modeling Psyche with a more dense core and a less dense outer region, with each region having a different level of
pseudo-microporosity. Both Psyche and impactor are modeled as Monel. The pseudo-porosity of the inner, denser core is listed first, followed by the pseudo-porosity of the outer,
less dense mantle region. The radius of the inner core is listed for each figure, and Psyche’s total radius was 125 km in each simulation.

dense mantle layers resulted in deeper craters. When the mantle layer
had extremely low density (80% pseudo-microporosity), the crater
shape starts to form a wide, flat base. While the degrees of pseudo-
microporosity and materials are different, this corroborates results
from Raducan et al. (2020), who also predicted flat-bottomed crater
shapes in some layered structures. However, the occurrence of flat-
bottomed craters varied from previous results. Raducan et al. found
that the presence of flat-bottomed craters was related to the ratio of the
outer layer thickness (h) to the crater diameter (D). In our work, the
density of the outer layer was the quantity most closely associated with
the presence of flat-bottomed craters. We attribute these differences to
material differences, and also differences in modeling choices. In our
work, the core and mantle layers are the same material (i.e., Monel),
varying only in density resulting from pseudo-microporosity, while the
materials tested by Raducan et al. included iron and dunite, which
have greater variations of material properties. Furthermore, our mod-
eling approach does not include compaction processes, which will
have a larger effect on the results for cases in which we tested high
pseudo-microporosity materials.

Because these simulations resulted in crater profiles that were far
too deep and narrow to reflect the current crater shape, we did not
run these compositions in 3D. However, by including the results, we
can rule out some material compositions and conclude that Psyche
is unlikely to have a layered composition like the ones tested in this
work, which employed a single metallic material system with density
variations. Simulations involving layered structures with varied mate-
rials could still be possible, and further studies would contribute to the
overall understanding of Psyche’s composition, but such simulations
would necessitate using multiple materials and are thus beyond the
scope of this single-material study.

6. Rubble-pile configuration results

To consider macroscopic voids, we modeled Psyche as a rubble
pile, resulting in an asteroid with varied regions of lower and higher
densities. We considered two rubble-pile configurations: regular hexag-
onal close packing and regular square packing. The hexagonal close
packing allows for minimum space between boulders, maximizing the
number of boulders with uniform size. The square packing allows for
more space between boulders and fewer boulders overall. The boulder
radius (12.5 km) was chosen to allow 10 boulders in the vertical
direction along a normal impact trajectory. The boulder size was larger
than the impactor, but not so large that the effects between a solid
target and rubble pile target could not be differentiated. The boulder
size was not so small that the computational cost was prohibitively

expensive. We note that the chosen boulder size is an assumed value,
and not a physically informed value. In general, the internal structure
of a rubble pile is extremely difficult to observe, and thus it must be
approximated based on other known properties of an asteroid, which
are typically derived from data about the surfaces of asteroids (for more
information see Walsh (2018) and references therein). Varying the size
of the boulders in the rubble pile, and also investigating the effect of
non-uniform boulder structure is left to future work.

The hexagonal packing had a macroporosity of 7.72%. For the case
of solid boulders, the bulk density of the total asteroid was 8.130
g/cm?. For the case in which the boulders had a pseudo-microporosity
of 40%, the bulk density was 4.878 g/cm?. The square packing had
macroporosity of 17.4%. The bulk density for solid boulders was 7.280
g/cm?, while the bulk density for the case of 40% pseudo-microporous
boulders was 4.368 g/cm>. For both packings, the solid cases were
consistent with a primarily metallic asteroid and had bulk densities
near the higher estimates, while the bulk density of the pseudo-
microporosity cases were closer to the median range of bulk density
estimates of Psyche.

For our 2D simulations, we chose to use Cartesian coordinates in or-
der to avoid hoop stress effects that would result from an axisymmetric
mesh geometry. Fig. 8 shows the 2D rubble-pile configurations for a
regular hexagonal close packing (Figs. 8(a)-8(b) and a regular square
packing (Figs. 8(d)-8(e)) during crater excavation and after crater
modification. Figs. 8(c) and 8(f) show the pressure wave traveling
through each rubble pile about 5 s after impact. In the hexagonal
packing, the pressure wave travels in the direction of impact (normal
to the pre-impact surface) as well as following trajectories from the
sphere’s center to the tangent points of other spheres in the packing.
For the square packing, the pressure wave travels along the impact
trajectory and normal to the impact trajectory, from the sphere’s center
to the tangents points of other spheres. The different shapes of the
pressure waves contribute to the different crater morphologies at the
end of the simulations.

Fig. 9 shows the final crater profiles for the 2D rubble-pile simula-
tions, along with the current shape model data and theoretical transient
crater. The rubble-pile configurations were the only 2D compositions
that resulted in craters as wide as — or wider than — current shape
model data. The solid simulations had crater diameters of 77.6 km
and 46.5 km for the hexagonal and square packings, respectively. The
respective depths were 17.7 km and 22.2 km. For the simulations
with pseudo-microporosity, crater diameters were 85.0 km and 54.0
km, respectively, for hexagonal and square packings. The respective
depths were 25.0 km and 30.4 km. For comparison, the theoretical
transient crater had a diameter of 53.5 km and a depth of 14.6 km.
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Fig. 8. 2D Cartesian simulations of rubble piles with a regular hexagonal close packing and a regular square packing, (left) during crater excavation, (center) after crater

modification, and (right) colored by pressure to show the direction of the shock wave.

We note that while the craters from these simulations are larger than
the current crater on Psyche, processes such as impact gardening could
have resulted in filling in some of the crater, resulting in a smaller
crater today. Further, for the hexagonal packing, the shape of the crater
is wide and shallow, consistent with observations of the current crater.
Thus, rubble piles should be explored further in 3D to account for their
complex structure and to accommodate varied angles of impact, which
could demonstrate how varying the location of the impact on a boulder
structure affects crater morphology.

Our 3D rubble pile simulations used the hexagonal close packing
arrangement for solid boulders and considered impact angles normal
to Psyche’s surface, 30° from vertical, and 45° from vertical. Consid-
ering the 2D simulations, the 2D hexagonal close packing simulations
resulted in crater profiles considerably wider than their depths, more
consistent with both the theoretical transient crater and current shape
model data and thus more likely to yield successful results in 3D.

Fig. 10 shows the final crater profiles from 3D rubble-pile simula-
tions. The angle of impact had a measurable effect on the final crater
profile. Each simulation labeled only with the angle of impact began
with the impactor positioned above the rubble pile (see Fig. 3(c)),
with the impactor traveling along the velocity trajectory toward the
rubble pile for about 5 km before impact. Thus, the point at which
the impactor first struck a boulder in the rubble pile changed with
impact angle. Fig. 2(e) provides a clearer visualization of these effects.
An impactor traveling normal to the surface would strike the boulder
directly under the impactor, directly above the center of the boulder.
An oblique impact would start at the same point but would not strike
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Fig. 9. Crater profiles from 2D Cartesian simulations modeling Psyche as a rubble pile.
Both Psyche and impactor are modeled as Monel. Each simulation included macroscopic
voids as gaps between the rubble, and some included pseudo-microporosity for the
rubble boulders. We modeled Psyche as a regularly packed rubble pile using both
hexagonal and square packings. Each rubble pile simulation had a bulk density within
the estimated range of Psyche’s bulk density.
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Fig. 10. Crater profiles from 3D Cartesian simulations modeling Psyche as a rubble pile
with a regular hexagonal close-packed configuration. For these simulations, we varied
the angle of impact, given relative to the normal/vertical position. The pre-impact
boulder diameter was about half the crater diameter of the shape model. Because of the
pre-impact boulder configuration, the final crater profiles included multiple boulders,
which explains the differences in shapes as well as size. The 45-degree impact resulted
in a crater that included tangent points for multiple boulders, which is why it appears
similar to a complex crater with a central peak, but it is not.

the boulder directly above the center; instead, the impactor would
strike a side of the first boulder and continue its trajectory into a
region of void material enclosed by other boulders. Thus, the final
crater would include the void region and would likely appear larger
or deeper than the crater from the normal impact. As a result, these
crater profiles vary significantly in shape based on the impact point
determined by the velocity vector. These results appear in the figure
in pastel colors with circular points along the crater profile. We also
considered simulations with a fixed impact point, in which the impactor
struck the same location in each simulation, varying only the angle
of impact. These results appear in the figure in darker colors with
square points along the crater profile. When the impact point is held
constant, the oblique impacts resulted in shallower craters, consistent
with our previous work in solid and uniformly pseudo-microporous
targets (Caldwell et al., 2020).

As in the 3D uniform pseudo-microporosity simulations, crater pro-
files were rotated to account for the curved impact surface and to allow
direct comparison to observed and theoretical results. For impacts into
different boulder locations, the normal impact resulted in a crater depth
of 12.1 km, between the observed and theoretical profiles. The 30°
impact had a depth of 15.6 km, which slightly exceeds the depth of
the theoretical transient crater. The 45° impact resulted in a crater
that was considerably shallower than the others, with a depth of 2.39
km. Diameter measurements for the oblique impact angles were similar,
24.7 km and 29.3 km, respectively, for the 30° and 45° impacts. These
diameters are about half the size of current crater measurements. The
normal impact resulted in a crater diameter of 43.5 km, which is within
the uncertainties from current measurements when taking into account
numerical errors based on mesh resolution (Caldwell et al., 2018). For
simulations with a fixed point of impact, the normal impact resulted
in a maximum crater depth of 13.7 km, between the observed and
theoretical profiles. The 30 ° impact resulted in a maximum crater
depth of 9.82 km, which also lies between the theoretical and observed
crater depths. In contrast, the 45° impact resulted in a crater with
a maximum depth of 4.74 km, shallower than the crater’s current
observed depth. The crater diameters from the normal, 30°, and 45°
impacts were 39.8 km, 32.3 km, and 19.4 km. These measurements
were taken in reference to the pre-impact surface at a fixed y value of
250 km, which sliced through each crater.
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7. Discussion

Overall, a wide range of possible compositions for Psyche, guided by
bulk density measurements, were modeled. Matching the crater dimen-
sions proved more difficult in simulations that only considered pseudo-
microporosity (i.e., uniform density) compared to our rubble-pile simu-
lations, which considered both pseudo-microporosity and macroscopic
voids, i.e., heterogeneous density composition. Table 4 presents bulk
density and crater dimensions for the 3D simulations completed here,
which include both uniform pseudo-microporosity and rubble-pile con-
figurations. In addition, Fig. 11 shows the ratio between crater depth
and diameter for all simulations.

Our simulations strongly suggest that Psyche’s internal composition
is more likely to include density variations such as those seen in cases
with macroscopic voids than to consist solely of uniform density as in
simulations considering only pseudo-microporosity. Rubble-pile config-
urations provided the closest matches to current crater dimensions, and
the 3D rubble-pile simulation with a regular hexagonal close packing
of solid Monel boulders and a normal impact resulted in depths and
diameters well within the uncertainties. Simulations that resulted in
dimensions close to — but not within — the uncertainties included
impact angles 45° from vertical with rubble piles and uniform pseudo-
microporosity. We note that two simulations resulted in depth and
diameter within the uncertainties: the 3D regular hexagonal close pack-
ings with impacts normal to the surface of Psyche, with the impactor
beginning above the surface of Psyche and on the surface of Psyche
(referred to as the fixed impact point). We also note that for rubble-
pile simulations with a fixed impact point, the depth:diameter ratio
decreases as obliquity increases. The 3D simulations in general matched
better than their 2D counterparts, and, overall, rubble piles matched
better than uniform or layered pseudo-microporosity cases. The 2D
simulations of the regular hexagonal close packing resulted in craters
that were too wide and too deep, though their depth-to-diameter ratios
matched current crater data well. Interestingly, most simulations that
produced crater dimensions that compared reasonably to the measured
values had bulk densities that were on the higher side of reported bulk
densities (see Table 4), which could suggest that Psyche’s composition
is partially composed of non-metallic components if the bulk density
is in fact closer to the mean of measured values. Layered pseudo-
microporosity structures with denser cores and lower-density mantles
did not match well, despite having bulk density values closer to the
mean of the reported measured values (see Table 3).

Our previous work (Caldwell et al., 2020) considered only uniform
pseudo-microporosity and Psyche’s largest crater. The best match in
that case was a 3D simulation of Monel impacting 50% pseudo-porous
Monel at an angle 60° from vertical. In comparison, our current results
also present similarly close matches for simulations considering uni-
form pseudo-microporosity and oblique impact angles. In both cases,
the resulting crater dimensions were close but not within the range of
measured values, and the 60° impact angle tested previously produced
results closer than the 45° cases tested here. Thus, these configurations
for Psyche’s composition cannot be ruled out, particularly if non-
metallic components are considered. Of course, our previous work
included only uniform densities and did not consider rubble-pile config-
urations, which were shown in this case to produce even better results
in the case of a normal impact. In general, oblique impacts are more
likely than normal impacts, though normal impacts cannot be ruled
out. Based on the shape of the crater, an oblique impact seemed more
likely; however, we were able to achieve the correct shape with normal
impacts into a regular hexagonally packed rubble piles rather than
oblique impacts into solid or uniformly pseudo-microporous surfaces.
Successful rubble-pile simulations with close matches to current crater
shapes involved the impactor striking a single boulder along on a
trajectory collinear with the tangent points at which boulders are in
contact.
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Table of 3D simulations that either ran to completion or ran long enough that most of the target material movement had ceased at the end of the simulation.
Simulations labeled “Rubble, Fixed" indicate rubble-pile simulations for which the point of impact was fixed across all impact angles.

Type Impact Angle Bulk Density Pseudo- Depth Diameter
(g/cm®) Porosity (km) (km)
Measured - 3.7-4.1 - 6.4 +0.64 53+ 15 km
Lupishko (2006), Shepard et al. Shepard et al.
Viateau (2000), (2017) (2017)
Kochetova
(2003), Shepard
et al. (2017),
Elkins-Tanton
et al. (2020),
Siltala and
Granvik (2021)
Uniform 45° 8.81 0.0% 4.6 20.4
Uniform 45° 6.17 30.0% 18.1 33.6
Uniform 45° 4.41 50.0% 7.07 28.4
Rubble Pile Normal 6.12 30.0% 12.1 43.5
Rubble Pile 30° 6.12 30.0% 15.6 24.7
Rubble Pile 30° 6.12 30.0% 2.39 29.3
Rubble, Fixed Normal 6.12 30.0% 13.7 39.8
Rubble, Fixed 30° 6.12 30.0% 9.82 323
Rubble, Fixed 45° 6.12 30.0% 4.74 19.4
A A Transient Crater (with errors) 44 R100, in 40%, out 80% &3 R120, in 60%, out 80%
#¢ Radar Data (with errors) #*—% R100, in 50%, out 60% @@ 2D Solid Hexagonal Rubble
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2D 50% W& R110, in 50%, out 60% " 3D 30° Rubble
40| [WW 30 Solid 45° ¥ R110, in 50%, out 70% 3D 45° Rubble |
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Fig. 11. Ratios between crater depth and diameter from FLAG simulations.

While the purpose of this study was to focus on density distribution
rather than material composition, we can still draw some conclusions
regarding the material composition of Psyche from the present work.
The general trend of craters being too small indicates that Psyche’s
material composition is unlikely to be uniformly metallic or uniform
in density and is instead likely to contain density variations in the
form of rocky components that are more susceptible to deformation
than metals. Comparison to recent work by Raducan et al. (2020) also
supports this notion. In their simulations of 2D axisymmetric impacts
into various possible compositions of Psyche, they found that the wider
craters were more likely to have formed from rock materials such as
dunite rather than porous metals. However, when simulating impactors
similar in size to impactors tested in the current study, they achieved

11

similar results: smaller crater radii resulting from porous metallic com-
positions of Psyche, with larger impactors into porous metals resulting
in crater dimensions comparable to the crater that is the focus of our
current work. Further, as we hypothesize, impacts into rocky asteroids
resulted in wider craters than impacts into solid or porous metals.
Finally, our results highlight the need for information beyond bulk
density. Our simulations tested a variety of material compositions with
similar bulk densities, yet this feature alone was not sufficient for
matching crater dimensions. The type of porosity distribution played
a larger role than the bulk density itself. Simulations using layered
pseudo-porosity had poor matches to current crater dimensions and
underperformed both uniform pseudo-microporosity and rubble-pile
configurations of Psyche. In addition, the best match came from a
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-

(a) 30° from vertical

(b) 45° from vertical
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(c) 60° from vertical

Fig. 12. Final craters from coarse 3D solid simulations of Monel impacting Monel at varied impact angles. The crater rim shape appears to correlate with the angle of impact,
with steeper impacts resulting in circular rims and shallower impacts resulting in elliptical rims.

Psyche model with a bulk density on the high end of Psyche’s estimated
range. In fact, this rubble-pile configuration only considered macro-
scopic voids (i.e., boulders were modeled as solid), so the amount of
pseudo-microporosity within boulders maybe very low. Thus, it is likely
that, if Psyche is indeed a rubble pile, some portion of its material
composition includes non-metallic components with lower densities,
such as carbon and silicates.

8. Conclusions

Our simulations indicate that Psyche is more likely to be a rubble
pile of multiple solid boulders than a single body with either uniform or
layered density variations. Simulations modeling Psyche as a uniform
rubble pile resulted in crater profiles with depth-to-diameter ratios
more closely resembling Psyche’s deepest impact crater than simula-
tions with other pseudo-porosity configurations. Furthermore, the 3D
simulation with a regular hexagonal packing of solid boulders and
a normal impact angle resulted in a crater with depth and diameter
values within the uncertainties.

We cannot rule out microporous compositions with an oblique
impact angle from our simulations alone, although such a composition
is less likely to be found in a large asteroid such as Psyche. Our
results demonstrate that bulk density alone is insufficient when mod-
eling target asteroids in impact cratering simulations. Our simulations
considered a variety of pseudo-porosity distributions and compositions
with similar bulk densities using a single material, and the resulting
craters varied considerably in these simulations. Forthcoming discovery
missions, including the planned mission to Psyche, can benefit from our
results by focusing on gathering data not only on bulk densities but also
on microporosity, macroporosity, and near-surface porosity.
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Appendix A. 3D solid results

Figs. 12(a)-12(c) show preliminary results from 3D solid simula-
tions of Monel impactors and targets varying the angle of impact.
These solid profiles were excluded from the main text because of the
coarse resolution, which does not guarantee convergence. However,
these images do provide a reference for crater dimensions related to the
angle of impact. The steeper impact angles (closer to normal) resulted
in crater rims that were closer to circular, while impact angles with
greater variation from vertical resulted in more elliptical crater rims.

Appendix B. Parameter sets

See Tables 5-8.

Table 5
Mie-Griineisen equation of state parameters for Monel (Steinberg, 1996).

FLAG parameter Parameter definition Value Units
r0 Density 8810. kg/m?
c Bulk sound speed 4190. m/s
b y volume dependence coefficient 0.49 -
g0 Griineisen y 1.95 -
sl Hugoniot slope coefficient 1.54 -
eta_max Maximum compression 2.75 -
Table 6
Steinberg—Guinan material model parameters for Monel (Steinberg, 1996).
FLAG parameter Parameter definition Value Units
0 Density 8810. kg/m?
sm0 Initial shear modulus 6.88e10 Pa
yo Initial yield strength 8.3e8 Pa
xn Work-hardening parameter 0.23 -
yb Work-hardening parameter 36. -
yX Work-hardening maximum 1.92e9 Pa
Table 7
Steinberg—Guinan shear modulus model parameters for Monel (Steinberg, 1996).
FLAG parameter  Parameter definition Value Units
0 Density 8810. kg/m?
sm0 Initial shear modulus 6.88e10 Pa
au Shear modulus pressure dependence 2.47e-11 pa~!
bu Shear modulus temperature dependence  1.45e—4 K!
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Table 8
Internally calculated Steinberg-Guinan material model parameters for Pseudo-Porous Monel (Steinberg, 1996).
Pseudo-Porosity FLAG parameter Parameter definition Initial value Units
30% 0 Density 6167 kg/m?
sm0 Initial shear modulus 4.82e10 Pa
yo Initial yield strength 5.8e8 Pa
40% r0 Density 5286 kg/m?
sm0 Initial shear modulus 4.13e10 Pa
yo Initial yield strength 5.0e8 Pa
50% r0 Density 4405 kg/m?
sm0 Initial shear modulus 3.44e10 Pa
yo Initial yield strength 4.2e8 Pa
60% r0 Density 3524 kg/m?
sm0 Initial shear modulus 2.75e10 Pa
yo Initial yield strength 3.3e8 Pa
70% 0 Density 2643 kg/m?
sm0 Initial shear modulus 2.06e10 Pa
yo Initial yield strength 2.5e8 Pa
80% 0 Density 1762 kg/m?
sm0 Initial shear modulus 1.38e10 Pa
yo Initial yield strength 1.7e8 Pa

Icarus 408 (2024) 115780
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