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Introduction

Mercury has revealed itself to be full of geologic mys-
teries, as reviewed in Mercury: The View after Mes-
senger [1]. One of the greatest surprises, to be stud-
ied further by the ESA/JAXA BepiColumbo mission
and by future landers, has been the preponderance
of volatiles and semi-volatiles on the surface. These
should have been reduced to less-than-lunar abun-
dances in the remnant planet, according to the clas-
sic giant impact model [2] where proto-Mercury is in-
tensely disrupted and dispersed to result in the planet’s
missing silicate mantle, and a bulk composition which
is mostly metallic iron.

One possible idea for the preservation of Mercury’s
volatiles is a lower velocity giant impact, in which
Mercury is the “runner” from a hit and run collision
(HRC). Instead of blasting proto-Mercury apart, an
HRC pulls the mantle off, by creating outward gravity
gradients during a collision into proto-Earth or proto-
Venus. Although feasible dynamically [3] it has been
found [4] that a single HRC, to get rid of enough
mantle, would have to be intensely energetic. In the
“best case” single-HRC scenario [3], proto-Mercury
impacts a Venus-mass target at 3.25vesc and loses over
3/4 of its mass—a catastrophic event that does leave a
metallic runner, as desired, but involves a dynamically
exotic projectile [5], in a scenario that might not end
up explaining the volatile geochemistry either.

Because of planetesimal damping, most late stage
collisions were much slower than this, with impact ve-
locities in the range of around 1.1− 1.4vesc. These
velocities are too slow for target disruption, but they
result in hit and run collisions as often as accretion;
HRC may even be the dominant outcome [6]. Two or
three HRCs at those lower velocities could remove as
much mantle from a runner as a single, less likely, con-
siderably more energetic event. If the work of mantle
removal is divided between 3 HRCs, each at a frac-
tion of the velocity, then far less kinetic energy ends
up being converted into heat.

We base our analyses on hundreds of simulations of
giant impacts [6], but we have not yet explicitly mod-

eled sequential hit and run collisions, in the sense of
using the outputs of one simulation as inputs to an-
other. Although in principle it is not that difficult to
do so, it requires making an arbitrary choice for the
angle of the second collision, which we have found
[7] is indistinguishable from the random distribution.
The median collision contact angle is 45◦ (assuming
spheres) and the median angle between the collision
plane and the target equator is 90◦—except for the few
return collisions that happen directly within thousands
of years. Prograde collisions followed by prograde
collisions would have substantially different outcomes
than orthogonal or retrograde collisions, for example,
leading to divergent predictions in terms of forward
models.

What is meant by “survivor” can mean many things,
depending on the kind of hit and run collision (or col-
lisions) that occurred. Apart from any mantle strip-
ping, HRCs have a tendency to decompress the run-
ner’s interior, tidally unloading the hydrostatic pres-
sure throughout the body for a timescale of almost an
hour, with interesting petrological consequences.

Accreted bodies tell no tales

For now we have taken a closer look at the probability
of leaving a multiple hit-and-run remnant “on the ta-
ble”, by which we mean Mercury [4]. We have applied
a machine-learning basis for collision outcomes [7] us-
ing a Markov-Chain Monte-Carlo analysis. Consistent
with our previous estimates, we find that stranded run-
ners are probable, and specifically, that it is likely for
Mercury to have been a multiple-HRC survivor.

Detailed simulations of giant impacts have conclu-
sively shown that net accretion only happens about
half the time. Just as often, a largely-intact “runner”
escapes, or a few, plus a lot of debris. Most of these
runners return but some of them remain stranded, at
least for the timeframe of 20 Ma that we have studied
[7].

When fragmentation and realistic impact conditions
are statistically combined (Figure 1), the surviving
projectiles tell stories of multiple encounters with their
oligarchs, namely proto-Earth and proto-Venus for the
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Figure 1: Occurrence of hit-and-run collisions for test
particles that survive simulated terrestrial planetary
formation. The distribution results from a "flip-the-
coin" statistical study [4] which uses data-driven colli-
sion model [7]. Two oligarchs, Earth and Venus, starts
at 1/10 of their masses and accrete smaller embryos
with initial mass = 0.01 M⊕. The impact velocity and
angle are randomly sampled from a Rayleigh distri-
bution peaking at 1.2 Vesc and sin2θ distribution, re-
spectively. The simulation ends when Earth and Venus
achieve their actual masses.

inner solar system. While accretion of most of the pro-
jectiles is still a necessary outcome of planetary for-
mation, the effect of multiple HRCs is to lengthen the
time scale of late stage accretion, and to increase the
diversity of the survivors.

Towards an inversion of outcome

The “Mercury problem" is degenerate so far, because
different models ([2–4]) produces similar outcomes:
a Mercury mass of 0.05M⊕ and core-to-mantle ratio
of 0.68. However, while these bulk outcomes may be
alike, the collision scenarios are profoundly different
in terms of what thermal physics dictates for preserva-
tion of volatiles in the thin mantle of the remnant, and
the resulting geochemistry of the surface, and beneath
the surface, once the planet solidifies.

Data-driven models are quick and accurate. Using
data from MESSENGER (volatile abundances, crustal
evolution models) a combination of machine learning
and Bayesian (Markov-Chain Monte Carlo) statistics
applied to giant impact outcomes has the potential to
constrain the likelihood of specified scenarios for Mer-
cury and other collisional remnants, through an inver-
sion of outcome (e.g., Figure 2.)

Figure 2: Markov-Chain Monte Carlo Bayesian inver-
sion of the observed geophysical properties of Mer-
cury using data-driven models [6]. The inversion
scheme assumes that Mercury is the second largest
remnant of a single HRC [3]. The four panels show the
normalized posterior distributions for the impact prop-
erties; the solution by [3] (Mtar = 0.85M⊕, Mpro j =
4.52M', Vimp = 3.25Vesc, θimp = 34◦, dashed lines)
is within the admissible values. The predicted colli-
sion gives a Mercury-like second-largest remnant with
mass 0.05M⊕ and core-to-mantle ratio of 0.67.
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