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Abstract

The spectra of water ice on the surfaces of icy satellites and Kuiper Belt Ob-
jects (KBOs) indicate that the surface ice on these bodies is in a crystalline state.
This conflicts with theoretical models, which predict that radiation (Galactic cos-
mic rays and solar ultraviolet) should damage the crystalline structure of ice on
geologically short timescales. Temperatures are too low in the outer solar system
for the ice to anneal, and reflectance spectra of these bodies should match those of
amorphous solid water (ASW). We assess whether the kinetic energy deposited as
heat by micrometeorite impacts on outer solar system bodies is sufficient to anneal
their surface ice down to a near infrared optical depth (350 µm). We calculate the
kinetic energy flux from interplanetary micrometeorite impacts, including gravita-
tional focusing. We also calculate the thermal diffusion of impact heat in various
surfaces and the rate of annealing of ice. We conclude that the rate of annealing
from micrometeorite impacts is sufficient to explain the crystallinity of ice on nearly
all the surfaces of the saturnian, uranian and neptunian satellites. We discuss how
the model can be used in conjunction with spectra of KBOs to probe dust fluxes in
the Kuiper Belt.

Key words: SATELLITES, SURFACES, ICES, IR SPECTROSCOPY, SATURN,
SATELLITES, URANUS, SATELLITES, KUIPER BELT, INTERPLANETARY
DUST

1 Introduction

Effectively airless icy objects in the outer solar system — satellites, comets,
and Kuiper Belt Objects (KBOs) — play host to one of the most common
but least understood solid surfaces in the solar system. While spacecraft have
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observed their large-scale morphologies, which often are dominated by impact
craters and tectonic features, the nature of their surfaces remain difficult to
observe at small scales. Reflectance spectra represent the most reliable way
of probing the composition of their surfaces. The dominant features in the
reflectance spectra of outer solar system bodies are the vibrational modes of
water ice, in the infrared. More detailed modeling often reveals that their
surfaces are porous regoliths of mainly water ice, mixed with various organics,
and a spectrally neutral phase, possibly hydrated silicates (Roush, 2001).

At low pressures below 150 K, water ice can exist in either a crystalline state
(either hexagonal Ih or cubic Ic ice) or as amorphous ice (amorphous solid
water; ASW) (Jenniskens and Blake, 1996). These can be spectrally distin-
guished by an absorption feature at 1.65 µm, which is strong in both Ic and
Ih (especially at low temperatures: Mastrapa and Brown (2006)), but is much
weaker in ASW. Spectra returned by the Visual and Infrared Mapping Spec-
trometer (VIMS) on the NASA/ESA Cassini spacecraft appear to show that
crystalline water is present on the surfaces of nearly all the airless satellites
of Saturn (Filacchione et al., 2007). In addition, ground-based spectra of both
the regular satellites of Uranus (Bauer et al., 2002; Grundy et al., 2006) and
several Kuiper Belt Objects (KBOs) also appear to show the 1.65 µm feature
(Barkume et al., 2008; Cook et al., 2007; Jewitt and Luu, 2004). Nearly every
large (¿200 km) outer solar system body with water ice has shown evidence
of crystalline water ice.

The prevalence of crystalline water ice surfaces beyond Jupiter’s orbit is unex-
pected (Jenniskens and Blake, 1996). Below approximately 150 K, water vapor
will deposit onto a surface as ASW, and can only be annealed to crystalline
ice through the application of external heat (Jenniskens and Blake, 1996).
More important, the crystalline structure of ice can be damaged by radiation;
laboratory tests have shown that both solar ultraviolet (UV) radiation (Leto
and Baratta, 2003) and Galactic cosmic rays (Mastrapa and Brown, 2006) can
convert crystalline ice into ASW. The timescales for this amorphization are on
the order of 1500 kyr for Galactic cosmic rays (GCRs) throughout the outer
solar system, and 50 kyr for UV amorphization at 40 AU (assuming that all
solar UV photons shortward of 200 nm are as capable, per photon energy, at
amorphizing ice as Lyα photons), decreasing with greater distance from the
Sun (Cook et al., 2007). Some widespread annealing process must therefore
be effectively competing with GCRs and solar UV in order for the 1.65 µm
spectral feature to be so common.

Cook et al. (2007) reviewed several annealing mechanisms in the context of
Charon, all of which are applicable to icy objects in general. A solid-state
greenhouse effect, utilizing ice’s transparency in the visual and opacity in the
infrared, was shown to be ineffective at raising the temperature of surface ice
more than a few Kelvin on that body. Likewise, solid-state convection cannot
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work effectively to expose subsurface crystalline ice for surface temperatures
below 140 K (at which point ASW would self-anneal), because the viscosity
is too high. Cook et al. (2007) therefore favored for Charon the mechanism of
cryovolcanism, in which subsurface liquid water erupts on the surface, freez-
ing on the surface at above 150 K, and preserving its crystalline structure as
it cools to the ambient temperature. Radar mapping by Cassini appears to
show several surface morphologies on Titan that could indicate cryovolcanic
flows (Lopes et al., 2007). In addition, imaging by NASA’s Voyager 2 space-
craft appeared to show cryovolcanic flow features on both Ariel (Smith et al.,
1986) and Triton (Smith et al., 1989). Desch et al. (2009) have recently shown
through thermal interior modeling that cryovolcanism may be presently act-
ing on many KBOs or icy satellites at least 600 km in radius and contain
ammonia. However, many icy satellites with crystalline ice features are simply
too small to sustain cryovolcanism, and an alternative annealing mechanism
is still sought.

One final method reviewed by Cook et al. (2007) was micrometeorite impact
annealing. In this process, interplanetary dust particles (IDPs) impact the
surface ice and deposit their kinetic energy as heat. This heat then diffuses
into the surrounding ice, briefly raising its temperature high enough to cause
the ice to crystallize (into either Ic or Ih). Cook et al. (2007) did not favor
this mechanism for KBOs or Charon, because the dust fluxes were thought to
be too low (we revisit this point below). However, because IDPs are gravita-
tionally focused in the gravity wells of large planets (Krivov et al., 2003), the
IDP kinetic energy fluxes at the orbits of the saturnian and uranian regular
satellites can be much enhanced over the values previously inferred by Cook
et al. (2007) for KBOs.

This paper re-examines the role of micrometeorite annealing on the crys-
tallinity of ice on outer solar system icy bodies. First, the impact annealing
process will be described and quantified. Next, it will be applied to the icy
satellites of Saturn, Uranus, and Neptune. Finally, micrometeorite annealing
on KBOs will estimated, and methods of using micrometeorite annealing as a
probe of Kuiper Belt dust production will be discussed.

2 Modeling Micrometeorite Annealing

In order to quantify the rate at which kinetic energy deposited by micromete-
orite impacts could anneal ice on a surface, we first simulated the effects of a
single impact. Cook et al. (2007) laid the groundwork for this model by esti-
mating the mass of surface ice raised to greater than 185 K (even if only for a
fraction of a second) during a given impact event. Under conditions appropri-
ate for Charon, they found that ice approximately ten times the mass of the
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impactor is annealed. However, the micrometeorites impacting the moons of
Saturn and Uranus are considerably faster and of higher number density than
in the Kuiper Belt, due chiefly to planetary gravity (see below). We there-
fore decided to attempt a more rigorous simulation of the annealing of these
moons’ surface ice.

2.1 Theoretical Model

For the model, we assumed the micrometeorites implant themselves deeply
(many particle diameters) in the icy regolith, and deposit a fraction ξ of their
kinetic energy as heat where they are stopped. Typically ξ = 2/3, the rest
being converted into mechanical work (Hartmann, 1985). This heat then dif-
fuses spherically outward through the ice, assumed to be ASW. It is assumed
in the calculations that the micrometeorites stop at depths at least 30 times
their own radius, justifying spherical symmetry. Laboratory tests of hyperve-
locity impacts into silicate regoliths actually indicate that impactors generally
do not penetrate that deep (Hartmann, 1985), so that some fraction of heat
energy necessarily is lost at the surface and does not anneal ice, effectively
lowering ξ.

While most of the mid-size moons of Saturn have a nearly pure ice surface
(Grundy et al., 1999), the surfaces of the moons of Uranus as well as nearly
every KBO have mixtures of organics and silicates with a lower thermal con-
ductivity than ice (Barkume et al., 2008; Grundy et al., 2006), which will lead
to a higher fraction of ice being annealed than this model estimates.

In the results described below, we sought to parameterize these limits to the
amount of ASW that a single impact can convert to crystalline ice. For the
thermal model, we therefore set ξ = 1, allowing a lower ξ to be used once the
relationship between energy and mass annealed is known (see Equation 6).

Within the model, the ice to be annealed is broken into 300 spherical shells
of equal thickness ∆x. The simulation is initialized by depositing the kinetic
energy of the impactor evenly in the 10 innermost zones. All other zones are
initialized at the given surface temperature. To convert between temperature
and energy, we assumed the following simplified Debye model for specific heat
within shell i (bounded by radii xi−1 and xi):

Ei(T ) =

T
∫

0

Mi CP (T ′) dT ′ ≈ ρAT 2, (1)

where Mi is the mass within shell i, equal to its volume times the material
density ρ: Mi = (4π/3)

(

x3
i − x3

i−1

)

ρ. For the innermost 10 zones correspond-
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ing to the impactor, we have assumed parameters appropriate for a silicate
IDP (Messenger et al., 2003), A = 1.4 J kg−1 K−2 [corresponding to a heat ca-
pacity of 280 (T/100 K) J kg−1 K−1], and ρ = 2500 kg m−3. For the surrounding
ice, we have assumed A = 3.87 J kg−1 K−2 [corresponding to a heat capacity of
773 (T/100 K) J kg−1 K−1], and ρ = 500 kg m−3, which implies a regolith poros-
ity of 0.5 (Grundy et al., 1999). We then calculated the spherically symmetric
heat flux (evaluated at the boundaries of zones) to be

Fi ≡ Flux(i→i + 1) = −k
∂T

∂r

∣

∣

∣

∣

∣

xi

= −
(ki + ki+1)

2
·

Ti+1 − Ti

(xi+1 − xi−1)/2
, (2)

and the resulting change in internal energy in zone i over a timestep ∆t to be

∆Ei =
(

4πx2
i−1 Fi−1 − 4πx2

i Fi

)

∆t, (3)

where ki, and Ti are the thermal conductivity and temperature within shell
i, evaluated at its center. We approximated the conductivity of the regolith
to be that of crystalline ice (Klinger, 1980), setting ρ = 0.5 to account for
porosity:

k(T ) = 567

(

ρ

1 g cm−3

)

(

T

K

)−1

W m−1 K−1 (4)

The thermal conductivity of crystalline ice is much higher than ASW (Ander-
sson and Suga, 2002), and thus a provides a lower limit on the mass annealed.
Once the new thermal energies of all shells are calculated, Equation 1 is then
inverted to find the new temperatures within the shells at each timestep.

The temperature within a shell, and the length of time it spends at each
temperature, are used to assess whether the ice in the shell is annealed. Based
on the data in Baragiola (2003), we assumed that the time it takes to fully
anneal a sample of amorphous solid water is

tanneal ≈ 8 × 1016 exp
(

−
0.225 T

K

)

s (5)

During each timestep of length ∆t (10−6 s), we assume a fraction ∆t/tanneal << 1
of the ice is annealed.
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2.2 Implementation and Results

We implemented the model above using a computer program in the C++
language with inputs of surface ice temperature Tsurf , impactor diameter Dp,
and impactor velocity Vimp, and outputs of mass annealed Manneal and effective
diffusion time. We then ran this program across a parameter space ranging
from Tsurf = 40 − 100 K, Dp = 10 − 150 µm, and Vimp = 1 − 25 km s−1, at
increments of 10 K, 10µm, and 1 km s−1. Because the computing time needed
to conduct a single impact simulation is long, we decided to seek an emperical
relationship between the inputs and the mass of ice annealed per impact.
We plotted the total mass annealed per impact versus the impactor’s kinetic
energy, and results can be seen in Figure 1. Because the diffusion times were so
fast (less than a minute in all but highest energy cases), the mass annealed was
mostly insensitive to the surface ice temperature. In addition, only the inner
few shells were generally vaporized, and quickly recondensed, thus confirming
the calculation of Cook et al. (2007). There did appear to be a strong power-
law correspondence between the mass annealed and the impact energy. Using
a simple regression fit, we found this relationship to be

Manneal ≈ 3.9 × 10−7

(

ξ
KE

1 J

)1.33

kg (6)

Where KE is the impactor’s kinetic energy, and ξ is the efficiency factor in con-
verting KE into thermal energy capable of annealing ice, ≈ 2/3 (Hartmann,
1985). Equation 6 also shows that the mass annealed, and thus the annealing
rate, is directly proportional to ξ1.33. The scatter in the plot is mainly due
to there being a larger amount of data points with a moderate kinetic energy
(e.g. large and slow or small and fast IDP) than the upper and lower ends of
the energy range.

In order to estimate the effect of a rockier regolith, we ran a modified version
of the above model with a 50% rock, 50% ice composition, with the thermal
conductivities blended in the same way as in Desch et al. (2009). The result
was that slightly more than half the mass of ice was annealed for a given
input energy and regolith volume, resulting in relative crystalline fractions
10-20% higher than for pure ice. The fraction of ice annealed is mostly a
function of the time the ice spends above the annealing point, rather than the
peak temperature. Thus, the slower thermal conductivity of the rock in the
regolith allows for longer diffusion times, and thus slightly more annealing.
Amorphous ice also has a lower thermal conductivity than crystalline ice, and
versions of the code that accounted for this showed a similar effect. We thus
considered the canonical case (all crystalline conductivity) to be a lower limit
to ice annealed per impact.
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Finally, we constructed a third model to represent the case where the mi-
crometeorite distributes its energy equally along a linear path down to 350
µm, the optical depth of ice for 1.6 µm near infrared (NIR). Since there is no
energy difference along the path, and thus no vertical thermal diffusion, this
can be modeled as a one-dimensional cylindrical geometry, with heat diffus-
ing perpendicular to the path. Since the major bottleneck to annealing in the
spherical case was in transporting the heat initially out of the micrometeorite,
the larger initial heated volume of the linear case promised a higher annealed
mass. This did indeed turn out to be the case for most impact energies, with
the linear pure ice model annealing up to a factor of ten more ice than the
spherical pure ice model (Eq. 6). On the other hand, micrometeorites at the
smaller / slower end of the considered range tended to dump their energy into
the ice too fast, annealing as little as a quarter of the ice annealed in the
spherical case. Since the actual diffusion geometry in real impacts would be
somewhere in between these two end members, we considered the model fit to
the spherical case to be a realistic conservative estimate.

3 Annealing on Icy Satellites

Observing the surfaces of airless icy satellites is on the one hand eased by the
lack of any substantial interference other than telluric, but is also complicated
by their small angular size. Grundy et al. (1999) provide a very comprehensive
collection of near-infrared ground-based spectra for large icy satellites. Europa
and Ganymede both show noticeable 1.65 µm features, while the rockiness of
Callisto mostly obscures the vibrational modes of water. Likewise, Iapetus,
Rhea, Dione, Tethys, Enceladus, and the A and B rings all show deep ab-
sorption features at 1.65 µm. This has been confirmed by measurements from
Cassini (Filacchione et al., 2007), and crystallinity maps are available for
Enceladus (Newman et al., 2008). Ground-based spectra also show crystalline
ice on all of the five regular satellites of Uranus, though the signal-to-noise for
Umbriel is low due to the small amount of exposed ice on its surface (Bauer
et al., 2002; Grundy et al., 1999, 2006).

3.1 Dust Sources

Micrometeorites that impact icy satellites can have two sources: interplane-
tary dust swept up by the planet’s gravity; and dust particles native to the
planetary system. Dust in orbit around the planet naturally imparts less ki-
netic energy onto satellites, due to its lower velocity relative to the satellites;
it is therefore only competitive with IDPs at very high densities, such as in
a planetary ring. The only dense ring known to hold large satellites is the E-
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ring of Saturn. Measurements of dust flux by the Cassini spacecraft appear to
show that Enceladus is the source of the E-ring dust (Spahn et al., 2006). As
can be seen in Figure 2, only at Enceladus is the E-ring dense enough to have
a kinetic energy flux comparable to (though lower than) IDPs at the same
radius. The primary dust source for micrometeorite annealing on icy satellites
is therefore interplanetary dust particles.

Dust densities are difficult to measure obsevationally, and so spacecraft mission
offer the best dust data for the outer solar system. The first in-situ measure-
ments of IDPs beyond the orbit of Jupiter were made by NASA’s Pioneer 10

and 11 spacecraft in the 1970s (Humes, 1980). Though the Pioneer 11 de-
tector was saturated during its close encounter with Saturn, the Pioneer 10

detector reported the interplanetary dust flux out to 18 AU. It found that the
spatial density of particles ≥ 10−12 kg was nearly constant from Jupiter out
to 18 AU, implying that Uranus encounters a similar flux as Saturn. Divine
(1993) modeled this data and Krivov et al. (2003) adapted it to find a dust
flux of 1.8 × 10−16 kg m−2 s−1 at Saturn; applying their modeling we expect
a flux at Uranus of 1.2 × 10−16 kg m−2 s−1. Further modeling by Liou and
Zook (1999) has revealed the two-dimensional structure of Kuiper Belt dust,
and implies that the dust spatial density is similar at Neptune to Uranus (see
their Figure 7). Scaling for orbital velocity, we can then assume the IDP flux
at Neptune to be approximately 1.0 × 10−16 kg m−2 s−1. Experimental confir-
mation of these fluxes is being collected now by the Student Dust Counter on
NASA’s New Horizons spacecraft, which passed the orbit of Saturn in June
2008 and will reach Pluto in July 2015 (Horányi et al., 2008). The Student
Dust Counter has a sensitivity down to 10−15 kg, and so could detect whole
populations of IDPs missed by Pioneer 10.

3.2 Gravitational Focusing

To find the amount of ice that could be annealed by IDPs, we need to find
the kinetic energy they deposit on the satellites’ surfaces. As an IDP enters
a planet’s Hill radius, it is accelerated towards the planet. Thus, both the
velocity and the number of IDPs increases dramatically close to the planet.
Colombo et al. (1966) found (using energy conservation arguments) the veloc-
ity scaling as a dust particle approaches a planet to be the sum in quadrature
of the IDP’s heliocentric velocity and the planetocentric escape velocity:

vimp

v∞
imp

=

√

√

√

√1 +
2GMp

r(v∞
imp)

2
, (7)

where Mp is the planet’s mass, r the distance from the planet, and v∞
imp is the

dust’s distant velocity relative to the planet, assumed here to be the planet’s
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orbital velocity times
√

e2 + i2, where e ≈ i ≈ 0.3. Spahn et al. (2006) cor-
rected Colombo et al. (1966) to find the number density scaling to be

nimp

n∞
imp

=
1

2

vimp

v∞
imp

+
1

2





(

vimp

v∞
imp

)2

−
(

Rp

r

)2
(

1 +
2GMp

Rp(v∞
imp)

2

)





1/2

. (8)

The velocity with which an IDP impacts a satellite is a combination of both its
velocity relative to the planet, as well as the satellite’s planetocentric velocity,
Vsat. If we assume that a median impact is perpendicular to the satellite’s orbit,
we can find the average kinetic energy on impact, KEimp = (1/2)mimpV

2
net,

where the impact velocity is

Vnet =

√

√

√

√V 2
sat +

(

Vimp

V ∞
imp

V ∞
imp

)2

. (9)

To account for the eccentricity of satellites’ orbits, the kinetic energy flux was
numerically integrated and averaged over a full orbit. Since nearly all these
satellites have circular orbits, this was generally a negligible effect, although
the annealing rate on the highly eccentric satellite Nereid was doubled com-
pared to the case where its orbit had zero eccentricity. Knowing the average
kinetic energy imparted per impact, Equation 6 was used to find the mean
mass of ice annealed per micrometeorite impact, m̄anneal.

The annealing rate was then found by multiplying the mass annealed per
impact by the number of impacts with this energy. This is related to the flux
of kinetic energy onto the satellites,

KEflux =

(

F∞
imp

v∞
imp

)(

nimp

n∞
imp

)

V 3
net

2
(10)

where F∞
imp is the distant mass flux of IDPs in kg m−2 s−1. The rate at which

ice is annealed on the surface of a satellite (mass per area per time) is then
straightforwardly found to be (KEflux/KEimp) m̄anneal, and the timescale to
anneal all but 1/e of the ice down to a depth dice is

τanneal ≈ 0.63 diceρice

KEimp

KEflux m̄anneal

. (11)

3.3 Ice Amorphization

The most effective process micrometeorite annealing has to compete with is
the conversion of crystalline water ice into amorphous solid water by either
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ultraviolet or GCR ion irradiation. Leto and Baratta (2003) have shown that
low-temperature (16 K) ice exposed to Lyman α radiation will have its spectral
signature transformed from crystalline (strong 1.65 µm feature) to amorphous
(weak 1.65 µm feature) with a dosage of ≈ 10 eV/molecule. Likewise, Mas-
trapa and Brown (2006) have shown that a similar dose of protons is sufficient
to amorphize ice at 40 K, but starts to become ineffective above 50 K. Since
the H2O ice temperatures reported by Grundy et al. (1999) for the Saturnian
and Uranian systems are all above 70K, the efficiency of radiation amorphiza-
tion per eV of dose should be considerably lower for icy satellites than in the
colder Kuiper Belt. On the other hand, while the GCR dose is smaller closer
to the Sun (deeper into the solar magnetosphere), the UV flux is much larger,
as it scales with total solar flux. We therefore used a constant amorphization
timescale of 1500 kyr for Galactic cosmic rays (GCRs) throughout the outer
solar system. Solar wind particle radiation was not considered, as it is suf-
ficiently weak in the outer solar system that GCRs dominate the radiation
dose. We also did not consider the effects of sputtering from either GCRs or
the IDPs themselves, as the yields are very low compared to the expected
annealing and amorphization rates. In addition, sputtered H2O would proba-
bly recondense in the regolith (Hapke, 1986) with sufficient thermal energy to
form crystalline ice.

Cook et al. (2007) estimated that the UV amorphization timescale to be ≈40
kyr to anneal the fraction (1−e−1 ≈ 63%) of crystalline ice down to 0.35 mm,
the 1/e optical depth of ice at 1.65 µm. Considering the constraints above,
we estimate the lower limit to the UV amorphization time τamor to be 150
kyr, 100 kyr, and 50 kyr, for the saturnian, uranian, and neptunian systems,
respectively. Since both τamor and τanneal are timescales to modify ≈ 63% of
the ice, their relative proportion gives the fraction of ice currently in steady
state crystalline form on an icy satellite’s surface:

%Crystalline =
τamor

τanneal + τamor

· 100% (12)

It should also be noted that Mastrapa et al. (2008) have shown that only a 20%
fraction of crystalline ice is sufficient to make a sample’s spectra look nearly
fully crystalline. Therefore, a crystalline fraction greater than 20% should be
considered sufficient to explain most observed crystalline features.

3.4 Icy Satellite Results

Table 1 lists the results of the above analysis for several icy satellites. In
general, micrometeorite impact heating was found to be effective in anneal-
ing amorphous solid water into crystalline ice in fractions that can explain
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observed icy satellite spectra. Specifically, the number density and velocity
scaling from gravitational focusing greatly increased the effectiveness of mi-
crometeorites, by up to three orders of magnitude. In addition, the increased
dust densities closer to the Sun allowed for generally higher crystalline frac-
tions at Saturn relative to Neptune. This, though, appears to be a second-order
effect when compared to gravitational focusing from the planets.

The three icy satellites of Jupiter have surface temperatures that could self-
anneal amorphous ice (Grundy et al., 1999), but also inhabit the very high
radiation environment of the jovian magnetosphere. Determining the effect,
therefore, of micrometeorite impacts on surface crystallinity is difficult; for a
full treatment, see Hansen and McCord (2004). Nonetheless, we calculate that
the micrometeorite annealing times for Europa, Ganymede, and Callisto to be
2.3 kyr, 6.7 kyr, and 24 kyr, respectively.

The saturnian system boasts a great variety of icy satellites, and their wide
range of orbits shows the effectiveness of gravitational focusing. While close-in
Mimas is annealed very rapidly (4.4 kyr), distant Phoebe is only annealed in 14
Myr. Enceladus’s active endogenic processes (Waite et al., 2006) may mask any
effect of IDP micrometeorites, especially in the southern hemisphere. However,
on the apparently more geologically quiescent Mimas, Tethys, Dione, Rhea,
and Iapetus, micrometeorite annealing may be the dominant active process
controlling the observed ice spectra. Hyperion and Phoebe are both irregular,
low density objects whose pockmarked surfaces may act as blackbody cavi-
ties to mask their thermal infrared spectral structure (Cooper et al., 2002).
However, their surface ice could still be noticeably affected by micrometeorite
impact heating. Titan was obviously not considered due to its dense atmo-
sphere.

Uranus has five regular satellites orbiting around its askew rotational axis.
Though this means that the effective day/night cycle on these moons is 84
years, this is sufficiently lower than the predicted annealing and amorphization
timescales as to not be a concern. The regular spacing of their orbits also
shows very well the drop-off of gravitational focusing with distance from the
host planet. The uranian satellites have considerably more non-icy material
on their surfaces than the similar-sized moons of Saturn, but still show strong
crystalline ice spectral signatures. This corresponds well with the predicted
annealing timescales, which range from 121 kyr for Mimas, to 2.4 Myr for
Oberon.

The satellite system of Neptune is less regular. The close-in proximity of Pro-
teus to the planet allows for a comparable annealing rate to Rhea. Triton is
probably a captured dwarf planet from the Kuiper Belt (Agnor and Hamilton,
2006), and the active geysers and surface features observed on it by the NASA
Voyager 2 probe may mask any IDP annealing signature. Nereid is notable
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for its highly eccentric orbit (e=0.75) which nearly doubles its annealing rate,
but not enough to effectively anneal its surface.

To see the upper bound of the annealing based on uncertainties in the Pio-

neer 10 data, Table 1 lists the effectiveness of multiplying IDP fluxes by ten.
This increases the number of satellites on which micrometeorite annealing is
effective by one or two per planetary system. Likewise, assuming that UV
amorphization is ineffective, and the Galactic Cosmic Ray (GCR) amorphiza-
tion timescale is ≈ 1.5 Myr, allows all but the most distant satellites to be
crystalline.

4 Discussion

In addition to the possible diffusion geometries discussed above, some uncer-
tainty in these estimates comes from the estimate of ξ. This estimate is based
on relatively low velocity (<5 km/s) laboratory tests onto silicate (versus icy)
powders. Additional experimentation would help to constrain this value for
high velocity impacts onto cryogenic ices. Also, better constraints on the in-
terplanetary dust flux beyond Jupiter would be very beneficial to estimating
annealing rates. The Student Dust Counter on the New Horizons spacecraft
will help considerably with this, as will New Horizon’s direct observations of
Pluto and Charon.

The nature of these calculations also allowed for an estimate of the total mass
of IDP material that would accumulate on the surfaces of these satellites.
Multiplying the gravitationally-focused mass flux by 4.0 Gyr produced a mass
density ranging from 300 kg/m2 (for Mimas) to 30 kg/m2 (for Phoebe). If
all these particles had a mean density of 2500 kg/m3 (as assumed above),
and were stacked with a 50% porosity, they would be 240 mm and 24 mm
deep, respectively. While this is deeper than our assumed penetration depths
for IDPs, they are reasonable depths to be fully mixed into the regolith by
impact gardening in 4.0 Gyr. In addition, if the IDP are sourced mainly from
comets and KBO, they could be mostly water ice themselves.

Observationally testing the effectiveness of micrometeorite annealing from
Earth requires a well-constrained comparison. The irregular satellites of Nep-
tune could be used, as they all recieve the same solar and galactic illumination,
are small enough that endogenic processes would not affect their spectra, but
experience a broad range of gravitationally-focused dust velocities. Proteus
and Nereid have very different predicted annealing rates, and thus could rep-
resent opposite endmembers of micrometeorite annealing effectiveness. The
spectra of Nereid obsevered by Brown et al. (1999) show water ice, but not
at sufficient resolution to measure crystallinity. Likewise, HST NICMOS pho-
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tometry of Proteus did not cover the 1.65 µm feature (Dumas et al., 2003).
Future near IR obsevations of theses two satellites are thus required to use
them as tests of micrometoerite annealing.

Micrometeorite annealing appears to be effective for most icy satellites, rais-
ing the question of how much effect this process may have on Kuiper Belt
Objects (KBOs). Since the lower temperatures of the Kuiper Belt allow for
faster radiation amorphization times, and considering the lack of a giant planet
to gravitationally focus IDPs, the immediate answer would seem to be that
annealing should be minimal on these objects. However, the Kuiper Belt is
potentially the dustiest part of the solar system (Liou and Zook, 1999). Since
no in-situ dust data is available yet for beyond the orbit of Uranus, current
models for Kuiper Belt dust are based on dust measurements farther in, and
inferences about the rate of inward migration. These models tend to show a
peak in dust density at around 40-45 AU. If this true, then KBOs passing
through this region could be effectively annealed by micrometeorites.

To quantify this effect, Table 2 lists the IDP fluxes required to anneal a variety
of Kuiper Belt objects to 20% crystalline. The UV and GCR amorphization
timescales used are the same as previously calculated by Cook et al. (2007) for
Charon (40 kyr and 1.5 Myr, respectively). The range of these two timescales
thus provides a upper and lower limit to the minimum required dust flux for
annealing to be effective. Since the regression fit used in Equation 6 is more
appropriate for higher thermal and kinetic energies, the full thermal diffusion
model was applied to each case. The calculations were made by integrating
each object across its orbit to find the mean kinetic energy flux per a constant
mass flux. Generally, the KBOs required an order magnitude less dust than
Pioneer 10 observed at Uranus (1.0 × 10−16 kg s−1m−2) to compete with UV
amorphization, and even less to compete with galactic cosmic rays.

Since not all of these objects appear to have large amounts of water ice on their
surfaces, measuring the crystalline/amorphous ratio can difficult. Values that
have been reported in the literature thus far include Orcus at 50% crystalline
(Barucci et al., 2008), Quaoar at 50% (Jewitt and Luu, 2004), Charon at 90%
(Cook et al., 2007), and Haumea (formerly 2003 EL61) at 66-80% (Trujillo
et al., 2007) or 40-60% (Pinilla-Alonso et al., 2009). Haumea is an interesting
case; it has a highly irregular shape, a rapid rotation rate, and a surface
that appears to be mostly water ice (Rabinowitz et al., 2006; Lacerda et al.,
2008; Trujillo et al., 2007). Impact annealing could be effective on its surface,
explaining its crystallinity without need for surface cryovolcanism. Indeed, as
Table 2 shows, micrometeorite annealing is potentially a very effective process
for crystallizing surface ice across the Kuiper Belt.

In summary, micrometeorite annealing is effective for most icy satellites. The
micrometeorite impact heating process was modeled diffusively for an icy re-
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golith, allowing for the estimation of mass annealed per impact as a function of
impact kinetic energy. In addition, the gravitational focusing of IDPs by giant
planets can considerably increase the micrometeorite kinetic energy flux onto
the surfaces of their satellites. These can then be combined to calculate the
amount of time to anneal the surface of an icy satellite. UV and ion irradiation
work to reverse this process, but not effectively so for nearly all the regular
saturnian and uranian satellites. This model has the potential to explain some
of the crystalline ice present on Kuiper Belt Objects and could be expanded
to use the crystalline fraction measured for KBOs as a probe of dust fluxes in
the Kuiper Belt.
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Vnet nimp/ Annealing % Crystalline Annealing effective with:
Object (km/s) n∞

imp Time (kyr) w/UV Amor. UV GCR 10x
Mimas 25.3 12.7 4.39 97.2 Yes Yes Yes

Enceladus 22.5 10.7 7.90 95.0 Yes Yes Yes
Tethys 20.5 9.21 12.9 92.1 Yes Yes Yes
Dione 18.3 7.69 22.9 86.8 Yes Yes Yes
Rhea 15.9 6.03 49.0 75.4 Yes Yes Yes

Hyperion 9.73 3.00 567 20.9 Yes Yes Yes
Iapetus 7.55 1.88 2290 6.16 No Yes Yes
Phoebe 5.15 1.26 13500 1.10 No Maybe No

Miranda 12.1 6.88 121 45.3 Yes Yes Yes
Ariel 10.5 5.24 264 27.5 Yes Yes Yes

Umbriel 9.10 4.19 557 15.2 Maybe Yes Yes
Titania 7.71 3.05 1390 6.72 No Yes Yes
Oberon 6.89 2.57 2460 3.91 No Yes Yes
Proteus 13.6 12.4 42.2 54.2 Yes Yes Yes
Triton 9.42 5.41 364 12.1 Maybe Yes Yes
Nereid 3.12 1.34 65200 0.0767 No No No

Table 1
Micrometeorite annealing results for the saturnian, uranian, and neptunian satellite
systems. ’GCR’ discounts all amorphization but by galactic cosmic rays, and ’10x’
scales the IDP flux by ten while assuming UV amorphization.
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Semimajor Surface Vnet Needed F∞
imp(kg s−1m−2):

Object axis (AU) Temp. (K) (km/s) UV GCR
Orcus 39.2 45 2.48 1.9e-17 5.1e-19

Charon 39.5 40 2.61 1.9e-17 5.0e-19
Pluto 39.5 40 3.25 1.6e-17 4.4e-19

Haumea 43.1 40 2.79 1.8e-17 4.9e-19
Quaoar 43.6 45 2.64 1.8e-17 4.9e-19

Makemake 45.8 35 2.69 1.9e-17 5.1e-19
Eris 67.7 40 2.85 1.8e-17 4.9e-19

Sedna 526 35 1.02 1.4e-16 3.6e-18
Table 2
Micrometeorite annealing results for selected Kuiper Belt objects. F∞

imp is the IDP
mass flux required to produce an annealed fraction of 20%, and assumes an amor-
phization time of 40 kyr for UV and 1.5 Myr for GCR.
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Fig. 1. Mass of ice annealed as a function of impactor kinetic energy and surface
temperature. The symbols are data points produced by the diffusion simulation,
and the line is a regression fit.
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Fig. 2. Sum of kinetic energy per unit volume around Saturn for IDP and E-Ring
particles from the model of Spahn et al. (2006). The three circles represent the
orbits of Mimas, Enceladus, and Tethys.
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