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Introduction: The Main Belt asteroid (16) Pysche, 

target of the NASA Psyche mission, has radar albedo 
[1], bulk density [e.g. 2], and near-infrared spectra [3] 
that are consistent with it being predominantly com-
posed of high density core-type materials [4]. Given that 
high-density, iron-rich materials are concentrated in the 
cores of planetary bodies through differentiation, sev-
eral questions emerge: What happened to (16) Psyche’s 
overlying mantle? Did the removal of silicates happen 
before, during, or after differentiation? We examine the 
possible dynamical environments that might describe 
Psyche’s formative collisional environment, and use hy-
drodynamic/shock-physics codes [5,6] to explore end-
member scenarios. Given that Psyche-sized objects rep-
resent a transition regime in collisional physics, as de-
scribed below, and as indicated by the kink in the size 
distribution of asteroids at around its size [7], our pre-
sent efforts are geared towards expanding the set of for-
mation hypotheses for (16) Psyche’s collisional origin, 
in the way that numerous proposals now exist for Mer-
cury and its large core [8,9,10]. Visible imaging, com-
positional measurements, and magnetometry will 
thereby apply powerful constraints on its formation. 

Formation environment:  It has been proposed that 
(16) Psyche’s composition represents the product of a 
collision, or series of collisions, that produced a stripped 
or ‘stranded’ planetesimal core [11]. Considering that 
the parent bodies of iron meteorites formed so early [e.g. 
12], it is possible that the collision(s) producing (16) 
Psyche occurred in a disk of similar-sized bodies at the 
early stages of accretion. Under self-stirred conditions, 
their collisions would occur roughly at velocities near 
the mutual escape velocity of the predominant bodies in 
the feeding zone. For bodies the size of Psyche to Ceres, 
these collisions would be at sub-sound speed velocities 
(<<1 km/s). Such collisions would be inefficient at pro-
ducing vapor-rich plumes that may devolatilize primi-
tive mantle materials. But nevertheless, the gravitational 
interactions would scale, so that sub-sound speed colli-
sion(s) could still strip the progenitor body of its mantle, 
potentially through hit-and-run collisions. 

Alternatively, (16) Psyche may have formed in a 
more energetic, recent collision, closer to the modern-
day dispersion velocity in the Main Belt, ~5 km/s. In 
contrast to sub-sound-speed collisions, these would cat-
astrophically destroy the target and introduce a consid-
erable amount of irreversible work into the mantles of 
the colliding bodies. A supersonic collision (or a series 
of them) would more efficiently devolatilize the 

primitive mantle of the progenitor planetesimal. De-
pending on the post-impact dynamics, namely the bal-
ance between the expanding silicate vapor plume and its 
recondensation and reaccretion, the volatiles in these 
collisions may be permanently lost, or preferentially re-
distributed to the crust and surface. In either case, the 
processing of debris and its potential reaccretion may 
also be affected by the presence of nebular gas [13]. 

Styles of accretion: There are a few end member 
scenarios, for instance (1) sub-sound-speed accretion-
regime collisions between similar-sized bodies (e.g. hit-
and-run origin); or (2) supersonic collisions where a 
smaller yet faster impactor destroys a target; or (3) ero-
sion by multiple collisions. For (1) there lies additional 
variability which stems simply from the impact angle of 
the colliding bodies; in many or even most cases the im-
pactor may only minimally disrupt the target and con-
tinue along a deflected trajectory downrange, a ‘hit-and-
run’ collision [e.g. 14]. These are found to be probable 
across a range of dynamical scenarios [15,16] and are 
thus a proposed pathway for the formation of several 
planetary bodies, including the large core of Mercury 
[9,16,17] and possibly the Moon [17,18]. An additional 
complication is that the occurrence of hit-and-run may 
be influenced by the core-mass fraction of the colliding 
bodies, such that planetesimals with large cores hit-and-
run less often [19]. 

In summary, the possible pathways for the formation 
of stripped cores is considerably rich – potentially in-
volving several collisions ranging from hit-and-run (in-
efficient accretion) to merging (efficient accretion), to 
disruptive collisions long after its formation. Fortu-
nately, each kind of collision has a different kind of out-
come, not just in terms of mantle stripping but in terms 
of melting, degassing, volatile redistribution, and post-
impact rotation that we can relate to Psyche mission sci-
ence observations. 

Our collision models: We examine the outcomes of 
end-member scenarios for the formation of (16) Psyche 
using Smoothed Particle Hydrodynamics (SPH) codes 
[5,6]. Importantly, these codes utilize the ANEOS and 
M-ANEOS equations of state (EOS) which are thermo-
dynamically consistent, unlike the commonly-used Til-
lotson EOS [20], and thus the codes accurately account 
for phase transitions in supersonic collisions. But the 
standard SPH models for large bodies, e.g. Moon and 
Mercury, cannot be reliably applied to the progenitor(s) 
of Psyche. From classical giant impact scaling work 
[21] and more modern numerical models [22] it is 
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known that collisions between bodies smaller than hun-
dreds of kilometers diameter, e.g. progenitors to (16) 
Psyche, are subject to the friction forces that are grossly 
overcome by gravitational/tidal stresses and the higher 
temperature of larger collisions. The inclusion of 
strength will act to reduce the amount of disruption as a 
proportion of the work will be used to overcome the 
competency of the material. Few studies exist in this 
area [e.g., 22,23] as it is as challenging to model as it is 
to validate. We approach the problem at first in terms of 
understanding the thermodynamics of these smaller gi-
ant impacts, to understand the scale of collision at which 
shock effects become unimportant, and the effect of 
pressure unloading during tidal responses. 

A path toward measurables: This is not a problem 
for theory alone. By examining the processing and de-
volatilization of materials in end-member (16) Psyche 
formation scenarios, we aim to provide measurables for 
the range of compositional instrumentation onboard 
NASA’s Pysche spacecraft, including the Psyche Mul-
tispectral Imager, the Gamma Ray and Neutron Spec-
trometer, the Magnetometer, and the X-band Gravity 
Science Investigation [4]. Shock heating through 
smaller impactors, for example, will may produce late-
stage, localized remelting of materials which allows for 
stages of fractional recrystallization that post-date the 
differentiation of the progenitor body. This pathway 
may produce measurable anomalies in geochemistry 
and mineralogy to the composition predicted by simple 
core stripping. Collisions of different scales can also 
produce detectable differences in the volatile inventory 
and distribution. 

 
Acknowledgments: The authors acknowledge the 

development and continued support of SPH tools from 
M. Owen, C. Raskin, M. Bruck-Syal, W. Benz, E. Em-
senhuber, and A. Reufer. T.S.J. Gabriel acknowledges 
funding support from the Arizona State University 
Space Technology and Science ("NewSpace") Initiative 
(URL: https://newspace.asu.edu/), as well as computa-
tional support from the Livermore Computing Center at 
the Department of Energy Lawrence Livermore Na-
tional Laboratory (URL: https://hpc.llnl.gov/) and from 
Research Computing at Arizona State University for 
providing {HPC, storage, etc.} (URL: http://www.re-
searchcomputing.asu.edu). E. Asphaug acknowledges 
support from the Psyche mission and an allocation of 
computer time from the University of Arizona Research 
Computing High Performance Computing (HPC). 

 
References: [1] Shepard, M.K., et al. (2016) Icarus, 

1–16, [2] Siltala, L. & Granvik, M., Submitted to As-
tronomy & Astrophysics, 
https://arxiv.org/abs/1911.05418, [3] Ockert-Bell, M.E. 

et al. (2010) Icarus, 210, 2, [4] Elkins-Tanton, L.T., et 
al. (2019) EPSC, 11, [5] Reufer, A. Ph.D. Thesis (2011) 
University of Bern, [6] Owen, J. M. (2014) Numerical 
Methods in Fluids, 75, 11, [7] Bottke Jr., W.F. et al. 
(2005), Icarus, 175, 111-140, [8] Benz, W.  et al. (2008) 
Space Science Series, 26, [9] Asphaug and Reufer 
(2017) Nature Geoscience, 7, 564–568, [10] Chau et al. 
(2018) The Astrophysical Journal, 865:35, [11] As-
phaug, E. (2016) Cambridge University Press, L.T. 
Elkins-tanton & B.P. Weiss Eds.,  [12] Goldstein, J.I. et 
al. (2009) Chemie de Erde, 69, 293–325, [13] Stewart-
Mukhopadhyay, S. et al. (2019) LPSC, 2132, [14] As-
phaug, E. (2010) Chemie de Erde, 70, 3, 199–219, [15] 
Emsenhuber, A. & Asphaug, E. (2019) The Astrophys-
ical Journal, 875, 95, [16] Asphaug, E. (2014), Nature, 
511, 129, [17] Jackson, A. et al. (2017) Monthly Notices 
of the Royal Astronomical Society, 474, 3, [18] Reufer, 
A. et al. (2012) Icarus, 221, 1, 296–299, [19] Gabriel, 
T.S.J. et  al. Accepted in The Astrophysical Journal, 
[20] Stewart-Mukhopadhyay, S. et al. (2019) 
http://arxiv.org/abs/1910.04687, [21] Benz & Asphaug 
(1999), Icarus, 142, 5–20, [22] Jutzi, M. (2015) Plane-
tary and Space Science, 107, 3–9, [23] Sugiura, K. et al. 
(in press) Planetary and Space Science. 

2984.pdf51st Lunar and Planetary Science Conference (2020)


