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current thinking holds that after the formation of the terres-
trial planets giant impacts decreased on ∼ 100 Ma timescales,
as Moon- to Mars-sized bodies accreted onto the inner plan-
ets. More controversial is the concept that this late stage was
followed by the “Late Heavy Bombardment” (LHB), a hypoth-
esized era of impact rates elevated about a thousandfold above
the background in the inner Solar System some 3.8–4.1 billion
years before the present. The notion of a Late Heavy Bom-
bardment occurring a half billion years after planet formation
originated with the dating of Apollo lunar samples thought to
be from basins such asMare Nectaris, Serenitatis, and Imbrium
that are clustered in age around ∼ 3.9 billion years.
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Figure 1: Diameter Ri of disruption impactors vs. satellite ra-
dius Rs for impact velocities of vi = 20 km s−1 for the three
criteria (binding energy, crater scaling, and disruption Q∗

D) dis-
cussed in the text.

One recently proposed theory of the cause of the LHB is the
so-called “Nice Model”, in which the original architecture of
the outer solar system post-formation was considerably differ-
ent from that of the present day. In the model, the giant planets
are pictured as orbiting in the region from ∼ 5 to 14 AU, with
a relatively massive (∼ 35M⊕) planetesimal disk exterior to
the planets extending to ∼ 35 AU. Tidal scattering of the disk
planetesimals induces gradual expansion of the outer planet
orbits, and a crossing of the 1:2 mean motion resonance by
Jupiter and Saturn excites destabilization of Uranus and Nep-
tune into eccentric orbits that penetrate into the planetesimal
disk. Planetesimals scattered by Uranus and Neptune damp
the eccentricities of the orbits of these planets to present-day
values. The Jupiter-Saturn resonance crossing also destabilizes
orbits of asteroids in the Main Belt between Mars and Jupiter,
which then become the dominant source of LHB impacts on the
Earth, Moon, and Mars, accounting for the large basins seen
on the Moon, the age-cluster of which is the primary evidence
for the LHB. As noted by [2], large impactors in the outer solar
system by contrast would be trans-Neptunian in origin.

Satellite Nd Psurv

Io 2.00×10−3 9.98×10−1
Europa 1.00×10−3 9.99×10−1
Ganymede 2.00×10−3 9.98×10−1
Callisto 0.00×10−0 1.00×10−0

Mimas 7.85×10−0 3.91×10−4
Enceladus 2.30×10−0 9.99×10−2
Tethys 3.69×10−1 6.91×10−1
Dione 1.20×10−1 8.87×10−1
Rhea 3.90×10−2 9.62×10−1
Titan 0.00×10−0 1.00×10−0
Hyperion 3.03×10−0 4.83×10−2
Iapetus 6.00×10−3 9.94×10−1

Miranda 4.55×10−0 1.05×10−2
Ariel 1.04×10−1 9.01×10−1
Umbriel 1.00×10−1 9.05×10−1
Titania 1.10×10−2 9.89×10−1
Oberon 2.00×10−2 9.80×10−1

Table 1: Average number of disruptive collisions Nd and corre-
sponding survival probability Psurv, as calculated from Monte
Carlo simulations for the major satellites of the Jovian, Satur-
nian, and Uranian systems.

It has been suggested Saturn’s satellites might not be pri-
mordial, due to massive disruptive impacts [6,7]. One can
imagine several disruption criteria: 1) the gravitational binding
energy of the target to the kinetic energy of the impactor:
Ri = (8πG/5)1/3(ρ2/3

s /ρ1/3
i )v−2/3i R5/3

s ,
2) scaling the volumes of crater and the target satellite[5]
Ri = [(13.5Gρs)

µ/2.1]1/(3−µ)v−2µ/(3−µ)
i R(3+µ)/(3−µ)

s ,
and 3) a catastrophic Q∗

D disruption criterion derived from nu-
merical hydrodynamical impact simulations[3,4]
Ri = 5.8×10−2(ρ0.466

s /ρ1/3
i )v−0.4i R1.4

s .
Disruptor radii Ri vs. satellite radii Rs are plotted in Fig. 1 for
an impact velocity vi = 20 km s−1 and unit-density impactors
and targets. It will be seen that the catastrophic disruption cri-
terion is the most conservative, and it will be one for which
report results below.

Monte Carlo Simulations of Satellite Survival

We base our simulations on the procedure described by [6,7],
combined with the disruption criterion [3,4] described above.

For each satellite on our list, we f rst calculate the expected
mass of Mi of impacting material using the amount of mass
striking Ganymede as given by [1], 6× 1023 gm, scaled by
the relative probability of impact as found by [7]: Mi = 6×
1023(Ps/PGanymede) gm. The relevant satellite parameters are
its orbital velocity vs, radius Rs, and density ρs.
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Figure 2: Survival probabilities Psurv for Mimas, Enceladus,
Hyperion, andMiranda against LHB-associated bombardment,
as a function of the coeff cient of the disruption criterion (nom-
inal value 10−4).

We choose the impactor velocity vi as follows. The im-
pactor is assumed to come from an isotropic distribution of
inclinations i = cos−1 x1, where x1 is a random variable uni-
formly distributed. For the eccentricity, we f rst assume a value
for v∞, the velocity at inf nity; the eccentricity e and periapse q
[6] are given by e = [1+x2U2

∞(U
2
∞ +2)]1/2, q = (e−1)/U2

∞,
whereU∞ = v∞/vs, and x2 is a random variable uniformly dis-
tributed 0 < x2 < 1. The scaled impact velocity is given by
U = [3− (1−e)/q−2[q(1+e)]1/2 cos i]1/2 with vi = vsU . For
v∞ we chose values v∞ = 4.4 or 7 km s−1 as given by [1,7].

The impactor radius is chosen from a cumulative distribu-
tion N(> r) of impactor sizes that consists of power-laws with
break points at radii r1 and r2:
N(> r) = N2 (r1/r2)

1−β2 (r/r1)
1−β1 for r < r1, N2 (r/r2)

1−β2

for r1 < r < r2, and N2 (r/r2))
1−β3 for r > r2, where the nor-

malization N2 = N(> r2) is the the number of objects of radius
r2 or larger. This distribution is continuous at the break points
r1 and r2 and hence the differential distribution dN(r)/dr is
discontinuous at r1 and r2. The power-law indices β1, β2,
and β3 are the differential power-law values. We chose our
index values and break-point radii to follow ones suggested by
[2]: case 1, in which there is only one power-law break-point
(r2 = 100 km, β2 = 3.5 for r < 100, km, β3 = 4.5 for r > 100
km),and case 2, for which r1 = 7.5 km, r2 = 100 km, and
β1 = 2.5, β2 = 3.5, and β3 = 4.5). Case 1 is derived from the
current Kuiper-belt size distribution, and case 2 is derived from
scaling from impact basins on the surface of Iapetus.

Formally the size distribution extends to zero radius, but

as long as β1 < 4, the mass in the small end of the distribution
(i.e. r less than some modest f ducial radius r0) is f nite, and
we may neglect the effects of impactors with radius r < r0. We
choose r0 such that it is smaller than the smallest impactor that
can disrupt any of the satellites under consideration, but large
enough to make the simulations run rapidly. A value of r0 = 1
km satisf es both criteria.

Having generated a value of ri we follow [1] in taking
into account the effects of off-center collisions (i.e. oblique
collisions) on the satellites. The impact angle θi is chosen from
the distribution θi = 1/2cos−1(2x3 − 1), where 0 < x3 < 1
is an uniformly distributed variable (and θ = π/2 is a head-
on collision). We def ne an equivalent impactor radius r̃i =
1.07ri(sinθ )1/2 for θ < π/3, and ri for θ > π/3.

The amount of mass M0 in the distribution with radii less
than r0 is accounted for by subtracting it from the expected
impact mass Mi, so that the actual Monte Carlo calculations
are carried out with intercepted masses M = Mi −M0. In any
case M0 is< 6% of Mi, for the more unfavorable case 1, so the
effects are small.

Results

We ran 1000 trial bombardments for each satellite and cal-
culated the average number of disruptive impacts Nd and the
corresponding survival probability Psurv = e−Nd . Results are
shown in Table I for the most conservative disruption criterion,
i.e. the catastrophic disruption criterion given by [3,4]. Of the
major satellites, Mimas, Enceladus, Hyperion, and Miranda
are in signif cant danger of disruption during the LHB-related
bombardment. The combination of small size and high orbital
velocity (especially for Mimas and Enceladus) results in high
vulnerability for these objects. Similar results have been noted
previously by other groups (e.g. [2]).

Sensitivity tests of various parameters (e.g. velocity at in-
f nity) show the overwhelming determinant of satellite survival
is the impact disruption criterion. We have tested scenarios in
which the coeff cient of the disruption criterion is raised from
1×10−4 by factors of up to 6. Results are shown in Fig 2, where
Psurv is plotted against the disruption criterion coeff cient.
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