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We investigated the conditions under which a giant collision between a hypothetical
proto-Mercury and a planet one-sixth its mass would result in the loss of most of the
silicate mantle of the planet, leaving behind an iron-rich planet and thus explaining the
anomalously high density of Mercury. We carried out a series of numerical simulations
using our three-dimensional smoothed particle hydrocode, varying the impact parameter
and the relative velocity between the planet and impactor. We demonstrate that the
details of the equation of state do not play an important role. We show that a head-on
collision at 20 km/sec and an off-axis (impact parameter equal to half the radius of
proto-Mercury) collision at 35 km/sec are about equivalent as far as damage to proto-
Mercury is concerned. Both collisions leave behind a remnant that has the required
characteristics of the present Mercury. Whether this scenario is actually successful de-
pends on the size of the condensates in the ejected cloud of debris. Preliminary estimates
show that most of the ejected mass is probably removed from Mercury-crossing orbits. If
this turns out to be true, a giant collision is a plausible explanation for the strange density

of Mercury. © 1988 Academic Press, Inc.

INTRODUCTION

The mean density of Mercury is anoma-
lously high, 5.44 g/cm?, or, removing the
effects of compression, ~5.3 g/cm?® (Smith
1979). From this, Urey (1951, 1952) noted
that Mercury must have an iron-to-silicate
ratio much larger than that for any other
terrestrial planet. The iron-to-silicate mass
ratio has been estimated to lie in the range
66:34 to 70:30, about twice that of any of
the other terrestrial planets, the Moon, or
the Eucrite Parent Body (Basaltic Volca-
nism Study Project 1981). For comparison
note that the mean density of the Earth is
5.52 g/cm?, corresponding to an uncom-
pressed density of ~4.45 g/cm® (Lewis
1972).

A variety of hypotheses have been sug-
gested to account for the strange density of
Mercury. A particularly promising one is
the suggestion that one or more major colli-
sions with Mercury blew off the bulk of the

silicate mantle from the original Mercury
protoplanet (Smith 1979, Wetherill 1985).
Since the escape velocity from Mercury is
rather low and relative velocities between
colliding planets at Mercury’s orbit are
high, one can reasonably expect that a ma-
Jor collision might indeed result in an appre-
ciable loss of material. What is less evident,
however, is whether one can achieve a se-
lective loss of material, in which the silicate
mantle is preferentially lost relative to the
iron core.

In this paper we investigate the possibil-
ity of this selective loss of material using
our program of three-dimensional hydrody-
namic calculations of planetary collisions to
simulate the effects of single collisions
upon a Mercury protoplanet. For the hypo-
thetical protoplanet we take an estimated
mass of the present iron core in Mercury
and restore enough missing silicates to give
the planet approximately chondritic com-
position. This leads to a protoplanetary
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mass some 2.25 times the present mass of
Mercury. Wetherill (1986) has noted that
major terrestrial protoplanets are quite
likely to have had collisions with planetary
bodies of comparable or only slightly infe-
rior mass. He has also noted that in the
region of formation of Mercury the ex-
pected random velocities are sufficiently
high that a collision of proto-Mercury with
a comparable mass is likely to be com-
pletely disruptive. For these reasons we
chose to subject our Mercury protoplanet
to collisions with an object one-sixth its
mass. We have varied the collision velocity
and the impact parameter in the set of runs
reported here. We did not vary the mass of
the impactor. One has to bear in mind that
the only real constraint we have in this case
is the observed mean density, which by it-
self is not sufficient to determine the param-
eters of the collision. We present these
results in order to impart some flavor of the
types of results to be expected in such colli-
sions.

SMOOTHED PARTICLE HYDRODYNAMICS

The calculations reported here made use
of a three-dimensional hydrodynamic code
run on Cray X-MP supercomputers at the
Los Alamos National Laboratory. The
method used is called ‘‘smoothed particle
hydrodynamics’’; this method has been de-
scribed in detail by Benz et al. (1986),
where it was used to investigate the origin
of the Moon as a result of a major planetary
impact.

The ‘‘smoothed particle hydrodynam-
ics”” (SPH) method was first introduced by
Lucy (1977) and was shown to be especially
powerful in many applications, mainly by
the work of Gingold and Monaghan (1982,
1983) and more recently by Monaghan
(1986). Since this method has been de-
scribed many times elsewhere, we only re-
call briefly its general principles; a reader
interested in the details should consult the
above references. SPH is a free Lagrangian
approach for solving the conservation
equations of hydrodynamics. A finite set of
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spatially extended particles replaces the
continuum of hydrodynamic variables. The
usual mesh is not needed; this technique
therefore does not suffer from mesh tan-
gling or inaccuracies associated with severe
distortion of the mesh. The method is there-
fore particularly suited for the simulation of
highly distorted flows such as those occur-
ring during impacts. The simulation evolves
in time by computing the trajectories of all
particles, given the various forces acting
between them. These forces are computed
from the interactions between the particles
that are derived from the particles’ relative
positions and velocities.

The three-dimensional shape of a particle
is given by a function called the ‘‘kernel.”
Although the primary use of this function is
to allow interpolation, it may be viewed as
the density distribution of an individual par-
ticle. Several kernels have been proposed
in the literature—polynomials (Lucy 1977),
Gaussians (Gingold and Monaghan 1982,
1983), and exponentials (Wood 1981, Benz
et al. 1986). Recently, however, Monaghan
and Lattanzio (1985) have proposed the use
of splines defined on a compact support.
Since their method not only allows good
interpolations but also speeds up the com-
putation, we adopted their kernel (W, in
their notation) in these calculations.

For calculations described by Benz et al.
(1986, see also Benz et al. 1987), a modified
Mie-Gruneisen equation of state of the Til-
lotson (1962) form was used. With this
equation of state, granite was chosen to
represent rocky material, since the relevant
data were available at Los Alamos. We also
used the Tillotson granite equation of state
for the first seven of our proto-Mercury
runs reported here. Beyond our Mercury
run 7 we used the ANEOS equation of state
which was developed at the Sandia Labora-
tories (Thompson and Lauson 1984). This
analytical equation of state includes treat-
ment of the melt, liquid—vapor, and solid-
vapor transitions. Each phase is described
in terms of its Helmholtz free energy poten-
tial. Separate phases are treated as separate
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components in a mixture that is always
in pressure and temperature equilibrium.
Mixed phases can coexist at the same Gibbs
potential. We used dunite to represent
rocky material with this equation of state;
the appropriate equation-of-state parame-
ters for dunite were determined by Jay Me-
losh, and we are grateful to him for provid-
ing them to us. The main reason for the
change was that the Tillotson equation of
state does not give a thermodynamically
consistent description of a two-phase me-
dium and therefore may lead to errors
in determining pressure gradients. The
ANEOS equation treats mixed phases in a
thermodynamically correct manner. It ap-
pears, however, that the sensitivity of the
results to the equation of state is small (see
detailed results below). This observation is
encouraging since any known equation of
state is stretched beyond testable range in
the kind of situation we are simulating, and
too large a dependence on its details would
result in large uncertainties in the final
results.

For the first two proto-Mercury collision
runs we used a relatively small number of
particles; these results were for our prelimi-
nary orientation to the problem, and we do
not report them here. Runs 3 and 4 had
more particles and used rock plus an iron
core for the target (amounting to just less
than a third of its mass) but just rock for the
projectile. After run 4 the projectile had an
iron core as well. In these runs the proto-
Mercury target was represented by 3000
particles, of which 959 were iron and 2041
were silicate rock. The projectile of one-
sixth the mass was represented by 1000 par-
ticles, each half the mass of the particles
used in the target. In the runs in which the
projectile had an iron core (beyond run 4)
319 of the particles were iron and 681 were
rock.

In the smoothed particle method, if two
particles are far away from each other, they
interact by gravitational attraction only,
and pressure gradients are negligible or
zero. After the collision has taken place and
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the debris has spread out in an expanding
cloud into space we reach a situation where
the density of particles is so low that they
only interact gravitationally. From there
on, a hydrodynamical treatment is no
longer necessary and the system can be
treated as a standard N-body problem to be
solved on a personal computer. Such a de-
bris cloud is made of single particles as well
as of clumps of particles. We solved the N-
body problem for those clumps containing
more than three particles. Each clump was
first replaced by one particle having the to-
tal mass of the clump and located at its cen-
ter of mass. These larger clumps were fol-
lowed in their motions under their mutual
gravitational forces (neglecting forces due
to the Sun and the other planets) until it
could be determined whether they had es-
caped from the site of the collision, or until
they fell back and merged together into a
central object. The smaller clumps (of three
particles or less, mostly single particles)
were individually followed in their trajecto-
ries until they (predominantly) escaped or
were reaccumulated. The results listed in
the tables are those obtained at the end of
these additional calculations.

CENTRAL COLLISIONS

A summary of the results of our collision
calculations is shown in Table 1. In run 3
the projectile had an impact velocity of 27
km/sec at infinity; it hit the target centrally
and knocked off most of the silicate rock
and some of the iron. This would be a good
candidate for the kind of collision that
would produce the observed Mercury, ex-
cept that the composition of the projectile is
unrealistic (the projectile was made of rock
exclusively). In run 4 the velocity of the
impactor was increased to 38 km/sec, re-
sulting in complete disruption of the target.

With run 5 we started a realistic series of
cases by putting an iron core into the pro-
jectile (its mass again just below a third of
the planet’s mass). The impact velocity was
25 km/sec and the target was once again
totally disintegrated. The denser core in
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TABLE [

THE OUTCOME OF THE MERCURY COLLISION SCENARIOS

Case Velocity Impact Target Projectile  Target Projectile Silicate/iron  Mass
(km/sec) parameter iron iron silicate silicate ratio ratio
3 27 0.00 76.5% 5.1% 0.4% 0.14 0.63
4 38 0.00 Disintegrated
Below here the impactor had an iron core
5 25 0.00 Disintegrated
6 20 0.00 56.1% 37.7% 5.9% 7.5% 0.25 0.56
7 22 0.46 93.1% 7.2% 22.0% 2.8% 0.51 1.02
Below here the ANEOS equation of state was used
8 20 0.00 48.8% 42.0% 8.8% 11.3% 0.41 0.57
9 15 0.00 86.2% 69.3% 42.1% 31.3% 1.03 1.43
10 10 0.00 99.2% 97.8% 79.1% 58.6% 1.64 2.19
11 15 0.59 99.4% 0.6% 70.3% 12.3% 1.55 1.82
12 20 0.51 94.3% 3.8% 47.1% 6.8% 1.08 1.42
13 28 0.53 80.0% 0.0% 20.0% 1.2% 0.54 0.89
14 35 0.54 57.0% 0.3% 7.8% 0.3% 0.29 0.53

Note. The impact parameter is given in units of the target radius. The values given for target and
projectile iron and silicate are the percentages of the numbers of particles in the residual body
coming from these four sources. The mass ratio is the residual mass relative to the present mass of

the planet Mercury (3.3 x 10% g).

this impactor enabled the target to be disin-
tegrated at a significantly lower velocity
than in the softer case in which the impac-
tor consisted only of rock. In run 6 the ve-
locity was lowered to 20 km/sec and the
target survived the collision, after once
again losing nearly all its silicates. It is in-
teresting to note, however, that the iron
core in the target lost 43.9% of its mass but
picked up 37.7% of the mass of the iron
core in the projectile. This is an excellent
candidate to be the scenario for the forma-
tion of Mercury.

The ANEOS equation of state was used
in run 8 and in subsequent runs. As stated
above, this equation of state provides a
much better treatment of mixed-phase re-
gimes. The importance of this on the out-
come of the collision was questioned in our
simulations about the origin of the Moon
(see a somewhat more detailed discussion
of this point in Benz et al. 1987). Therefore
the first case we ran using this equation of
state, run 8, was a repeat of the conditions
in run 6. The results of these two runs were

very similar, indicating that the results do
not depend very sensitively on the charac-
ter of the equation of state or on the choice
of rocky material. The amount of iron left in
the residual body is nearly the same; there
is a little less iron from the target and a little
more from the projectile. The total mass
left behind after the collision is nearly the
same in the two cases. This mass amounts
to 60% of the present mass of Mercury,
which provides an opportunity for Mercury
to reaccumulate some of the mass blown
away in the collision which remains in solar
orbits crossing the orbit of Mercury.

Runs 9 and 10 were head-on collisions
like run 8, but at progressively lower colli-
sion velocities, 15 km/sec for run 9 and 10
km/sec for run 10. The amount of mass
ejected in the collision decreases with de-
creasing collision velocity, so that in the 10
km/sec case the planet is left with about
the mass it had at the beginning. Neither of
these cases is a candidate to produce the
current planet Mercury.

We noticed some striking features of
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these head-on collisions. As an illustration
we show in Fig. 1 snapshots of the evolu-
tion of run 8. This run (20 km/sec relative
velocity and zero impact parameter) is what
we called above a successful case, since the
collision left less than a Mercury mass with
the appropriate iron-to-silicate ratio. At the
time the two planets hit, a very strong jet-
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ting occurs in a plane almost perpendicular
to the collision axis since this is the direc-
tion of least resistance (Fig. 1b). By the
time the shock has reached the boundaries
one sees gjecta flying away downrange as
well as uprange (Figs. 1c, d). As the colli-
sion proceeds (Fig. 1d) more and more ma-
terial is jetted out and the two cores are
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F1G. 1. Snapshots taken during the evolution of run 8 (vy,c = 20 km/sec, head-on). Velocity vectors
are plotted at particle locations. The velocity has been normalized to its maximum value in each frame.
Time (in hours from first impact) and coordinates of the four corners of the plotted field (in units of
3.46 x 103 cm) are given in the upper line (note the change of scale between frames). For iron particles,

a @ is plotted at the bottom of the arrow.
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Fi1G. 1—Continued.

transformed into a thin sheet lying in the
plane perpendicular to the collision axis
(Fig. 1d). This sheet, made mostly of iron,
is the slowest expanding material. The ex-
pansion velocity is low enough to prohibit
this material from escaping its own gravita-
tional attraction. The inner parts of the
“‘plate” eventually break up into a few
clumps (Fig. le). The somewhat remark-
able distribution of these clumps is best
seen if one looks at the system along the
collision axis. Figure 2 displays for four dif-
ferent times the evolution of the central re-
gion after the collision and the formation of
an annulus. The clumps forming this annu-
lus (almost entirely iron), together with
some surrounding material, are still gravita-
tionally bound and eventually fall back
(there is no angular momentum present
since the collision was head-on), collapsing
into a final (spherical) object whose charac-
teristics are listed in Table I. Due to com-
puting time limitations we could not follow
the evolution that far with the SPH code;
the hydrodynamic simulations stopped af-
ter the equivalent of a little bit more than 5%
hr of real time (Fig. 1f). Beyond that point
we followed the system with a personal
computer in the way described above.

At the lower collision velocities, the for-
mation of this iron annulus was not so
clear; the core never really disrupts but
rather collapses from the ‘‘plate-like’” con-
figuration to the form of a stubby cigar with
its long axis in the direction of the collision,
before relaxing into a more rounded shape.
At the higher collision velocities the whole
target planet would break into fragments
spreading apart in the plane at right angles
to the direction of the collision, in a way
similar to that illustrated in Fig. 1. The ex-
pansion velocities of the fragment are now
high enough so they manage to escape their
own gravitational attraction, resulting in
complete destruction of the planet.

OFF-AXIS COLLISIONS

Runs 7 and 11 and higher runs involved
cases in which the projectile hit the target
off-center, with an impact parameter
around half the radius of the target. The
impact parameter given in Table 1 is in fact
the distance of closest approach that the
planets would have if they were point
masses. The striking characteristic of these
runs turned out to be that the off-center col-
lision is much less effective in ejecting mass
from the target. This is easily understand-
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FIG. 2. Plots of the positions of the silicate (open circles) and iron (filled circles) particles at four
different times taken from Cray run 8, viewed from the direction of collision. The bar shown at the
bottom of each plot represents a distance of 10° cm. After the first panel, only the central region of the
mass distribution is contained within the boundaries of the plot.
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able since jetting mechanisms responsible
for ejecting mass strongly depend on the
strength of the shock, which 1s maximized
for a head-on collision. Whereas a central
collision at 20 km/sec leaves a residue of
only 0.57 Mercury mass, a similar collision
that is noncentral leaves 1.42 Mercury
mass, obviously too large a mass to make
this a candidate collision to have produced
the present Mercury. Only in run 14, where
the impact velocity was 35 km/sec, does the
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planetary remnant become reduced to 0.53
Mercury mass, which makes it a good can-
didate for forming the observed planet.
Thus this off-axis collision at 35 km/sec is
equivalent to a central collision of 20 km/
sec in its destructive effects. It is clear that
the collision velocity required to produce
this degree of destruction is a steep func-
tion of the impact parameter.

The evolution of this collision is illus-
trated in a series of snapshots in Fig. 3.
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F1G. 3. Snapshots taken during the evolution of run 14 (v;,; = 35 km/sec, off-axis). The symbols have

the same meaning as in Fig. 1.
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Again, one sees strong jets during early
times (Fig. 3a) followed by almost complete
destruction of both planets. A remarkable
feature of these plots is the selective way
the shock affects the silicate mantle and the
iron core. Figures 3¢ and f give the impres-
sion that the mantle literally explodes and
separates from the core which seems to suf-
fer somewhat less from the collision. This is
the key mechanism that really allows the
separation of the mantle from the core and
makes the giant impact scenario a plausible
one to explain the strange density of Mer-
cury.

ACCEPTABLE CONDITIONS

As discussed earlier, the present silicate/
iron ratio in Mercury is about 0.4-0.5. As
we shall see, subsequent reaccumulation is
more likely to add silicates to the collision
remnant that iron (mainly because only a
little iron was ejected), and hence the sili-
cate/iron ratio should generally increase
during the course of subsequent accretion.
Thus, for a remnant produced in these cal-
culations to be considered a candidate pro-
toplanet leading to the present Mercury,
the silicate/iron ratio following the collision
should be less than 0.5. As may be seen in

Table I, only the central collisions near 20
km/sec and the noncentral collisions near
35 km/sec satisfy this criterion.

A separate but related criterion is that the
collision remnant should have a total mass
less than that of Mercury now. This condi-
tion would be weakened if Mercury were to
sustain one or more further destructive col-
lisions of large magnitude.

We conclude therefore that the only
cases in which we have found conditions
leading to nearly complete silicate loss and
relatively little net iron loss from proto-
Mercury are a nearly central collision at
about 20 km/sec and a noncentral collision
at about 35 km/sec. The amount of mass is
a sensitive function of the collision velocity
and the impact parameter.

FATE OF EJECTED MATTER

In the course of a typical collision a great
deal of material is thrown out from the site
of the collision, some to escape and the rest
to fall back onto the planet. Of the material
thrown out, some is clumped into clusters
of particles and the rest consists of single
particles. The larger clumps are composed
predominantly of iron; the single particles
are almost entirely made of rock. During
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the course of the collision itself, the great
majority of these single silicate particles are
in a condition which the ANEOS equation
of state describes as vaporized or mixed
phase, partly vapor and partly condensed
liquid. Upon expansion of the material,
cooling will occur, so that at a later time the
particles may show as totally in a con-
densed phase. Of course, the resolution of
our calculation and the input physics does
not allow the determination of the number
and sizes of the condensations.

Raizer (1960) made an estimate of the
size of condensations in a cloud of vapor-
ized matter expanding in a vacuum. Al-
though he was concerned with an iron me-
teorite striking the Moon, which is far from
this problem, his results may give us an in-
dication of what should be expected. De-
tailed calculations of this point are planned
in a later paper since this is a rather critical
point that determines largely what happens
to the e¢jected matter. Raizer found that
about half the iron escapes into space in the
form of gas that has not condensed, and the
other half condenses into particles of radius
roughly 1073 ¢cm. The theory of Raizer also
predicts that the sizes of the condensates
should scale with the dimension of the re-
gion in which condensation takes place and
depend to some power of the inverse of the
initial energy input. The conclusion one is
tempted to draw from this is that most of
the ejected matter from the proto-Mercury
collisions condenses (if at all) in very small
particles.

There is an additional complication in the
present case. The condensation of iron is a
direct process, since the compositions of
the gas and condensed phases are the same.
But rock vapors are decomposed into sim-
pler molecules in the vapor phase, so that
when these molecules land on the surface
of a condensate, they must wander around
the surface looking for their complemen-
tary molecules in order to form a molecule
of the condensed phase, and they must suc-
ceed before evaporating off the surface.
The effects of this on the nucleation and
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growth of the particles must be evaluated.
We plan to investigate this situation in more
detail.

If most of the material ejected in the colli-
sion were to be reaccumulated upon Mer-
cury, then the collision would have made
only a minor perturbation to the composi-
tion of the planet. Thus the collision can
produce the strange composition of Mer-
cury only if a majority of the ejected silicate
fraction does not reaccumulate upon the
planet. To prevent reaccumulation of this
material by Mercury it has to be removed
from Mercury-crossing orbits. There are at
least two major effects that can achieve this
for the condensed particles: perturbation by
other planets and the Poynting—Robertson
effect. We will give some consideration to
the two mechanisms below. Individual gas
molecules that have not condensed will
quickly become ionized and will then be
carried away by the solar wind.

Perturbation by Other Planets

We have considered a ‘‘successful’’ colli-
sion to be one in which the mass of the
protoplanet is reduced well below that of
the present planet Mercury and in which
the remnant is composed predominantly of
iron. All of the material that is ejected in
the collision goes into independent orbit
around the Sun; these orbits must necessar-
ily cross the orbit of the protoplanet rem-
nant. The present orbital elements of Mer-
cury are subject to secular variation with
time due to other planetary perturbations,
so we do not know what the orbit of the
remnant would have been, nor do we know
the degree to which the orbit would be mod-
ified by subsequent collisions of smaller but
still substantial magnitude. Nevertheless,
to gain some insight into the problem, we
took the present orbit of Mercury as a suit-
able prototype of the remnant orbit, and
calculated whether any of the particles
gjected from the collision would have been
put into orbits that would cross the orbit of
Venus. We found that in general only a few
of the particles would do so if ejected as
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aphelion, and usually a few dozen and at
most a few hundred would do so at perihe-
lion. Thus only a minority of the particles
ejected in the collision can be removed
from Mercury-crossing orbits by other
planetary perturbations.

Poynting—Robertson Effect

Particles with dimensions of the order of
107> may have optical properties in which
solar radiation is strongly absorbed or scat-
tered. In this case the radiation pressure
force on the particle may exceed the gravi-
tational attraction of the Sun, so that the
particle will be quickly expelled from the
Solar System. We consider here particles
for which this would not happen.

Because particles reemit solar photons
randomly, they lose angular momentum
and therefore eventually spiral into smaller
and smaller orbits about the Sun. The im-
portance of this effect is dependent on the
size of the particles. The important ques-
tion is to determine the maximum size of a
particle that would be removed from a Mer-
cury-crossing orbit in a time shorter than its
expected collision time with the planet,
which is about 10° years (George Wetherill,
private communication). We found this size
to be of the order of 1 cm. As noted above,
a large part of the ejected silicate material
will have passed through the vapor phase.
Upon expansion, this material will cool and
condense into solid particles, but if the va-
por is by that time at fairly low density,
then the particle sizes will probably be very
small, in the subcentimeter size range.
Such small particles will be drawn into the
Sun by the Poynting—Robertson effect. The
remaining question, for which we do not
obtain information from our simulation, is
what mass fraction of the ejected material is
likely to be in form of very small (subcenti-
meter) particles.

Besides the fact that the particles formed
from condensing gas are likely to be smail,
collisions between these particles will act
as a ‘‘grinding’’ mechanism, reducing their
sizes even more (if the collision occurs at a

BENZ, SLATTERY, AND CAMERON

high velocity). It is therefore of interest to
estimate the time scale between collisions
and to compare this time scale again with
the collision time scale of a fragment with
Mercury. The collision time scale 7., can
be estimated by

T =
col nov

where # is the number density of particles,
o = 4mr? is the geometrical cross section
(the fragments are too small for gravita-
tional focusing to be of any importance),
and v is the average random velocity of the
fragments. The number density n of frag-
ments is given by n = M/m;V, where M is
the ejected mass, m,is the mass of one frag-
ment (we have supposed that the total mass
is distributed in fragments with a single
value of the mass), and V is the volume in
which the fragments are dispersed. We esti-
mate this volume by V = 27(R2, — Ri)h.
In this formula R, and R;, are, respec-
tively, the outer and inner edges of the disk
formed by the fragments and /% is half the
thickness of this disk. We estimate / in the
usual way by & = (V/Ugire) Riean» With Rmean
= (Row + Rin)/2 and v, the Keplerian ve-
locity at R..,. Inserting these expressions
into the equation giving the time scale
yields, after some trivial algebra,

27TP”(R<2)U1 - Rngn R?rgan
IMYV GMsgy,

Teol =

Interestingly, the time scale does not de-
pend directly on the random velocities.
This comes from the fact that increasing the
random velocities increases the thickness
of the disk and therefore decreases the
number density of fragments, canceling out
the velocity dependence of the collisional
time scale. Of course, velocity dependence
is hidden in the values of the outer and in-
ner boundaries of the disk.

To obtain a numerical estimation for this
time scale we introduce the following val-
ues: R = 0.723 AU (orbit of Venus), Rj, =
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0.19 AU (half the orbit of Mercury), p = 3.3
g/cm?® (dunite), and M = 6.7 x 10 ¢
(results of runs 8 and 14). We obtain 7., =
0.18r years (r in centimeters). The radius of
a fragment for which the time between a
collision with another fragment is equal to
the collision time with Mercury (10 years)
is therefore r = 56 km. We conclude that
collisions among the fragments will be very
frequent.

The above estimate assumes that the rel-
ative velocities of the particles is random.
Initially the particles ejected from the site
of the collision are nearly comoving if they
are close to one another. However, the or-
bits of the particles will bring them back to
the vicinity of the original collision, at
which time proto-Mercury is unlikely to be
present. At that time they will have relative
velocities comparable to those in the initial
gjection, provided they started in dissimilar
orbits. The velocities of ejection ranged
from nearly zero (particles barely escaping)
to about 10 km/sec, with a few particles
being ejected at velocities up to 20 km/sec.

These collisions are likely to be destruc-
tive since they would commonly occur with
velocities comparable to or greater than the
speed of sound in rock (~4 km/sec). This
will greatly increase the mass that can be
removed from Mercury-crossing orbits by
the Poynting—Robertson effect.

CONCLUSIONS

We have carried out a series of three-
dimensional numerical simulations of colli-
sions between a proto-Mercury and an ob-
ject one-sixth its mass. We have shown that
for a given impact parameter and a given
velocity it is quite possible to remove most
of the planet’s mantle, leaving behind an
object that has about the right iron-to-sili-
cate ratio. The amount of ejected mass
decreases very strongly with increasing
impact parameter. It is possible to compen-
sate for this by increasing the impact veloc-
ity. To have about the same destructive ef-
fects as a 20 km/sec head-on collision, one
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needs a velocity of about 35 km/sec if the
impact parameter is equal to half the radius
of the planet. This already high value sug-
gests that the type of collision that pro-
duced the present Mercury (if the colli-
sional origin is correct) was close to
head-on.

We have investigated elsewhere (Benz et
al. 1986, 1987) the collisional origin of the
Earth’s Moon and have found that this sce-
nario is quite plausible. A criticism that of-
ten appears about giant impacts is the low
probability that the right collisional parame-
ters (relative velocity, impact parameter,
masses, etc.) would occur to produce the
observed results. Of course, other colli-
sional parameters would produce large
numbers of other unobserved results,
which might nevertheless appear quite
anomalous. Some set of collisional parame-
ters will be selected by chance, and from
this point of view the parameters that ap-
pear to be involved in the Moon and Mer-
cury collisional cases do not appear un-
usual. Several other planets in the Solar
System appear to have characteristics that
may have been produced predominantly by
a single giant collision. Further investiga-
tions of these cases are needed.

We note that although in our simulations
many collisions have left observational sig-
natures, we have found many more that do
not appear to modify the planet in a signifi-
cant way. Therefore, the existence of ap-
parently “‘normal’’ planets (no anomalous
density or collisionally produced satellites)
is not unexpected. Mars, Venus, and Mer-
cury have no large satellites. Mars, Venus,
and the Earth show little deviation in the
silicate-to-iron ratio. Venus and Mars are
too massive for a collision to eject a signifi-
cant fraction of their mantle (see Benz et al.
1986, 1987). In the Mars case the planet is
only about twice as massive as Mercury,
but it is located much further out in the po-
tential well of the Sun. We expect the aver-
age collision to occur at too low a speed to
produce significant mass low during the col-
lision.



528

ACKNOWLEDGMENTS

We thank Jay Melosh not only for providing us with
the ANEOS dunite equation of state, but also for help-
ful discussions on the conditions for condensation of
the ejecta gas. This research has been supported in
part by NASA Grant NGR 22-007-269 at Harvard Uni-
versity. W. Benz also acknowledges support from the
Swiss National Science Foundation. We are grateful to
the Los Alamos National Laboratory for the provision
of the computer time that has been used on this
problem.

REFERENCES

Basaltic Volcanism Study Project 1981. Basaltic Vol-
canism on the Terrestrial Planets. Pergamon Elms-
ford, NY

BENZ, W., W. L. SLATTERY, AND A. G. W. CAMERON
1986. The origin of the Moon and the single-impact
hypothesis L. Icarus 66, 515-535.

Benz, W., W. L. SLATTERY, AND A. G. W. CAMERON
1987. The origin of the Moon and the single-impact
hypothesis 1. Icarus T1, 30-45.

GINGOLD, R. A., AND J. J. MONAGHAN 1982. Kernel
estimates as a basis for general particle methods in
hydrodynamics. J. Comput. Phys. 46, 429-453.

GINGOLD, R. A., AND J. J. MONAGHAN 1983. On the
fragmentation of differentially rotating clouds. Mon.
Not. R. Astron. Soc. 204, 715-733.

LEwIs, J. S. 1972. Metal/silicate fractionation in the
solar system. Earth Planet. Sci. Lett. 15, 286-290.

Lucy, L. 1977. A numerical approach to the testing of
the fission hypothesis. Astron. J. 82, 1013-1024.

BENZ, SLATTERY, AND CAMERON

MONAGHAN, JI. J. 1986. Particle method for hydrody-
namics. Comput. Phys. Commun. 3, 72-124.

MONAGHAN, J. J., aND J. C. LATTANZIO 1985. A re-
fined particle method for astrophysical problems.
Astron. Astrophys. 149, 135-143.

RA1ZER, YU. P. 1960. Condensation of a cloud of va-
porized matter expanding in vacuum. Sov. Phys.
JETP 10, 1229-1235.

SMiTH, J. V. 1979. Mineralogy of the planets: A voy-
age in space and time. Mineral. Mag. 43, 1-89.

THompsoN, S. L., AND H. S. Lauson 1984. Improve-
ment in the Chart D Radiation-Hydrodynamic
Code. HI. Revised Analytic Equations of State. San-
dia Laboratories Report SC-RR-71 0714.

TiLLoTson, J. H. 1962. Metallic Equations of State
for Hypervelocity Impacts. General Atomic Report
GA-3216, July 1962.

URey. H. C. 1951. The origin and development of the
Earth and other terrestrial planets. Geochim. Cos-
mochim. Acta 1, 209-277.

URrey, H. C. 1952. The Planets. Yale Univ. Press,
New Haven, Conn.

WETHERILL, G. W, 1985. Remark at Lunar and Plane-
tary Science Conference, Houston.

WETHERILL, G. W. 1986. Accumulation of the terres-
trial planets and implications concerning lunar ori-
gin. In The Origin of the Moon (W. K. Hartmann, R.
J. Phillips, and G. J. Taylor, Eds.). Lunar and Plane-
tary Institute, Houston.

Woob, D. 1981. Collapse and fragmentation of iso-
thermal gas clouds. Mon. Not. R. Astron. Soc. 194,
201-218.



