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An icy satellite whose interior is composed of a homogeneous ice/rock mixture must avoid melting
during its entire history, including during its formation when it was heated by deposition of accretional
energy and short-lived radioisotopes. Estimates of the temperature rise associated with radiogenic and
accretional heating, coupled with limits on satellite melting can be used to constrain the timing of
formation of a partially differentiated satellite relative to the origin of the calcium-aluminum-rich
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Ca}l,listo inclusions (CAI's) as a function of its accretion timescale and the protosatellite disk temperature (Tg).
Jupiter Geological characterization and spacecraft radio tracking data suggest that Callisto, the outermost regular
Saturn satellite of Jupiter, and Saturn’s mid-sized satellite Rhea, are partially differentiated if their interiors are

in hydrostatic equilibrium. Because the specific conditions during the satellites’ formation are uncertain,
we determine accretional temperature profiles for a range of values for T4 and accretion time scales with
the limiting assumption that impactors deposit all their energy close to the surface, leading to maximally
effective radiative cooling. We find that Callisto can remain unmelted during formation if it accreted
on a time scale longer than 0.6 Myr. Considering both radiogenic and accretional heating, Callisto must
have finished accreting no earlier than ~4 Myr after formation of CAI's for Ty = 100 K. Warmer disks
or larger impactors that deposit their energy at depth in the satellite would require longer and/or later
formation times. If Rhea accreted slowly (in 10° to 10% years), its growth must have finished no earlier
than ~2 Myr after CAI's for 70 K < Ty < 250 K to avoid early melting. If Rhea formed quickly (<103 yr),
its formation must have been delayed until at least 2 to 7 Myr after CAI's and in a disk with Ty < 190 K
in the small impactor limit. If the satellites form in slow-inflow-supplied disks as proposed by Canup and
Ward [Canup, R.M., Ward, W.R,, 2002. Astron. ]. 124, 3404-3423], the implied satellite ages suggest that
gas inflow to the giant planets ceased no earlier than ~4 Myr after CAl's, comparable to average nebular
lifetimes inferred from observations of circumstellar disks.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Satellites whose interiors contain a homogeneous mixture of
ice and rock provide a unique opportunity to constrain the tim-
ing and duration of their formation. A partially differentiated icy
satellite must have avoided ice melting during its entire history,
including during formation when its surface is heated by accre-
tional impacts; the amount of heating depends on the accretion
time scale, impactor size, and impactor velocity. Growing satellites
also receive a burst of energy in their interiors from the decay of
short-lived radioisotopes such as 26Al. A large satellite that is cur-
rently partially differentiated must have formed slowly, so that its
accretional energy can be radiated away between successive im-
pacts, and relatively late in Solar System history to avoid internal
melting from heating by short-lived radioisotopes. If the satellites
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form in the final stages of giant planet gas accretion at the end of
the lifetime of the solar nebula (e.g., Canup and Ward, 2002, 2006),
constraints on the endpoint of satellite accretion can constrain
the timing of giant planet formation relative to the formation of
calcium-aluminume-rich inclusions (CAI's), inferred to be the oldest
solid materials in the Solar System.

All four Galilean satellites have roughly similar masses and have
an increasing mass fraction of ice with increasing radial distance
from Jupiter. Innermost lo, Europa, and Ganymede are in a mutual
Laplace resonance, and have been physically and chemically pro-
cessed by tidal dissipation, which has also driven global endogenic
resurfacing (McEwen et al., 2004; Greeley et al., 2004; Pappalardo
et al,, 2004). Icy Ganymede is fully differentiated, with a metal-
lic core and rocky mantle, overlain by rock-free ice (Schubert et
al., 2004). Outermost Callisto (semi-major axis a = 26R; where
R; is Jupiter’'s radius, and satellite radius Rs = 2410 km) shows
no evidence of endogenic resurfacing (Moore et al., 2004), and
early work interpreted Callisto’s ancient surface as evidence for an
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undifferentiated interior (Schubert et al., 1981). Subsequent work
suggests that tides may be a key driving force for endogenic resur-
facing on icy satellites, so Callisto’s surface cannot be interpreted
as definitive evidence for a primitive interior (see Pappalardo et
al.,, 2004 for discussion). However, close flybys of Callisto during
the Galileo mission provided further evidence for an undifferenti-
ated interior, giving an estimate of its moment of inertia constant
C/MR? = 0.3549 + 0.0042 (Anderson et al., 2001) assuming hy-
drostatic equilibrium, which is midway between the value for fully
differentiated Ganymede, C/MR? = 0.3115 #+ 0.0028 (Schubert et
al.,, 2004), and a value appropriate for a homogeneous-density
Callisto accounting for compression of ice at depth, C/MR? =
0.38 (McKinnon, 1997). In the simplest interpretation of Callis-
to’s C/MR? value, its interior consists of a homogeneous ice/rock
mixture beneath an outer shell of rock-free ice ~300 km thick
(Anderson et al., 2001; Schubert et al., 2004).

Voyager images of saturnian satellite Rhea (a = 8.7Rsaturn, Rs =
765 km) suggest that it has an old and heavily cratered sur-
face that records only limited evidence of endogenic resurfacing
(Moore et al., 1985). A relatively inactive Rhea is supported by
crater counting using Cassini images, which suggests an old sur-
face (Kirchoff and Schenk, 2008), and Rhea’s limited interaction
with Saturn’s magnetic field (Khurana et al., 2008). Cassini data
suggest that Rhea is partially differentiated and much of its inte-
rior consists of a homogeneous mixture of ice and rock (Anderson
and Schubert, 2007; Iess et al., 2007), although this interpretation
assumes hydrostatic equilibrium which may not be valid for Rhea
(Mackenzie et al., 2008).

A rough estimate of the energy liberated within a satellite dur-
ing formation is given by the gravitational binding energy per
unit mass, E; ~ 3/5(GM;s/Rs), where M; is the satellite’s mass
and G is the gravitational constant. Callisto’s binding energy E; ~
2 x 108 Jkg™! is roughly 6x the latent heat of fusion of water
ice (~3 x 10° Jkg™!), suggesting that its icy component should
melt during formation if all of its accretional energy is retained.
Rhea, which is a much smaller satellite, can avoid melting due to
accretional energy because Eq ~ 10° Jkg™!, sufficient to raise the
temperature of its icy component (Cp = 2100 Jkg™1) by only 60 K.
Although accretional energy alone may not be sufficient to melt
Rhea, accretional and radiogenic heating combined may be able to
drive global melting in Rhea’s interior early in its history.

Existing models of the thermal evolution of growing satellites
rely on a simple approach wherein a poorly constrained fraction
“h” of energy deposited by accretional impacts is retained and
used to heat the satellite (Kaula, 1979; Stevenson et al., 1986).
This and similar approaches have been used to estimate accre-
tional heating in both Rhea and Callisto (Schubert et al., 1986;
Stevenson et al., 1986; Squyres et al., 1988). For h ~ 0.1, corre-
sponding to small impactors that deposit their energy close to the
satellite’s surface, it is possible to obtain unmelted callistos (e.g.,
Stevenson et al., 1986). However, it has not been known whether
such a low value of h is realistic. If Callisto avoids accreting a sub-
stantial gaseous envelope, its surface can cool by radiation, and
if it also forms slowly (accretion time scale Tacc > 10° yr) and/or
from small satellitesimals, it may be possible for it to avoid melt-
ing during formation (Stevenson et al., 1986). Aluminum-26 alone
provides enough heat to melt the ice in Callisto unless it formed
after the decay of 26Al, some 2.6 to 3 Myr after CAI condensa-
tion (McKinnon, 2006b). Although prior studies have placed loose
constraints on the timing and duration of Callisto’s accretion, none
have included both accretional energy and 26Al heating.

Squyres et al. (1988) applied a modified “h” parameterization to
determine accretional temperature profiles for rheas that form in
<1000 yr in a minimum-mass subnebula (described in Section 2.1)
around Saturn. Squyres et al. (1988) assumed that ~20 to 60%
of the impact energy was retained at depth to heat the satellite,

and the remainder deposited at the surface where it was subject
to radiative cooling. In such a model, Rhea reaches a maximum
temperature of 215 to 225 K at a depth of 25 to 90 km below
its surface. Although these results suggest that Rhea avoids melt-
ing during formation, several assumptions in Squyres’ work may
have led to unrealistically cold rheas. Squyres et al. (1988) assumed
that the temperature of material accreting onto Rhea was essen-
tially negligible compared to the satellite’s temperature and also
ignored radiogenic heating. However, nebular temperatures could
have yielded accreting material that was substantially warmer. Re-
cent satellite evolution models linking the current state of lapetus
to early heating from short-lived radioisotopes (Castillo-Rogez et
al.,, 2007) require formation times for the saturnian system as early
as 2.5 Myr after CAI formation. As we will show below, Rhea ex-
periences melting during formation if its accretion is rapid, occurs
in a warm disk, and occurs early in Solar System history. For ex-
ample, if Rhea formed in a disk with a mid-plane disk temperature
T4 2 100 K (see Fig. 1), from impactors having comparable interior
temperatures, finished forming 2.5 Myr after CAI's, and retained all
of its 26Al and accretional heating, its temperature would be raised
to 2260 K.

Considering both accretional and radiogenic heating, we show
that callistos and rheas formed from small impactors, over long
time scales, and in cold disks can remain unmelted during for-
mation for reasonable start times relative to CAl condensation, ac-
cretion time scales, and protosatellite disk temperatures. For Rhea,
fast accretion can also be consistent with limited melting, although
in this case, more restrictive constraints on T4 and/or accretion
start times apply than for the slow accretion case. We find that
Rhea and Callisto can remain unmelted even if ammonia is present
in their interiors. Finally, we show that conditions consistent with
an undifferentiated Callisto can create melted ganymedes, suggest-
ing that the differences between their interior states could be pri-
mordial.

2. Formation environment

The ranges of accretion time scales and protosatellite disk tem-
peratures we consider are motivated by several different scenar-
ios for conditions in the gas giant protosatellite disk: the tradi-
tional minimum-mass subnebula model (e.g., Lunine and Steven-
son, 1982; Pollack and Consolmagno, 1984), the solid-enhanced
minimum mass (SEMM) model (Mosqueira and Estrada, 2003), and
the slow inflow/gas-starved disk model (Canup and Ward, 2002,
2006). The rate of mass accretion (M) onto a growing satellite of
radius r is M ~ as.errng, where o is the surface mass den-
sity of solid ices and rock in the disk, §2 is the satellite’s orbital

frequency (£2 = ,/GMp /a3, with M, the planet’s mass and a the

satellite’s semi-major axis), and Fg =1+ (vesc/voo)2 > 1 is the
gravitational focusing factor, which is a function of the character-
istic relative velocity of accreting material, v, and the escape
velocity of the satellite, vesc. The satellite formation time scale
Tacc = M/M = 4/3(1/Fg)(pr/0s5)27".

2.1. Minimum-mass subnebula

Historically, satellite formation models focus on the evolution
of a minimum-mass subnebula (MMSN), wherein the masses of
the currently observed satellites are combined with gas to create
a massive solar-composition disk around the parent planet (e.g.,
Lunine and Stevenson, 1982; Coradini et al., 1989). A MMSN disk
at Rhea’s location has o5 ~ 10° to 10* kgm™2 (e.g., Squyres et al.,
1988), implying Tacc ~ 500 yr (1/F¢)(0/1233 kg m~3)(r/765 km) x
(5 x 10> kgm~2/05). A jovian MMSN has o5 ~ 10* to 10°> kgm~2
at Callisto’s location (e.g., Coradini et al., 1989; Canup and Ward,
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Fig. 1. (Left) Sample midplane temperatures for the CW model (solid line, after Canup and Ward, 2008) for the time period of Galilean satellite accretion, assuming a gas-
to-solids ratio in the inflow f ~ 100, an exponentially decaying inflow with 7, = 108 yr, a disk viscosity alpha parameter o = 0.006, an ambient temperature Tpep = 20 K,
planetary temperature T, = 500 K (e.g., Burrows et al., 1997), and a solar composition dust opacity (i.e., Planck and Rosseland opacities kg ~ kg ~ 1). See Appendix A for
details. Dotted line shows the temperature profile for the subjovian nebula model from Fig. 3 of Mosqueira and Estrada (2003). Gray line shows temperature profiles for
the circumjovian disk from Lunine and Stevenson (1982). Letters indicate present positions of lo, Europa, Ganymede, and Callisto. (Right) Midplane temperatures in the
inner circumsaturnian disk in the CW model (solid line) during the formation of the inner saturnian satellites with 7;, = 108 Myr, a = 0.006, Tp =400 K, Tpep =20 K,
and kg ~ kg ~ 1. Dotted line shows the saturnian disk temperature profile from Fig. 3 of Mosqueira and Estrada (2003). Letters indicate the present locations of Mimas,

Enceladus, Tethys (T), Dione, Rhea, and Titan (Ti).

2002), implying an accretion time scale Tacc ~ 800 yr (1/Fg) x
(5/1800 kgm~3)(r/2410 km)(5 x 10* kgm~2 /o). Such short ac-
cretion time scales result in ice melting, if not complete ice va-
porization, during the formation of Ganymede- and Callisto-sized
satellites (Stevenson et al., 1986). It is seemingly impossible to cre-
ate an undifferentiated ice-rock callisto in a traditional MMSN.
Traditional MMSN models for the Galilean satellites also face a
number of other challenges (see Canup and Ward, 2002 for discus-
sion).

MMSN models predict dense, gas-rich protosatellite disks and
typically assume a radial disk temperature profile T4 ocr~! (see
e.g., Fig. 1), with suggested values at Rhea’s distance ranging from
Tgq ~ Tpep Where Tpep is the solar nebula temperature at Saturn’s
orbit during satellite accretion, to T4 ~ 250 K (Pollack and Consol-
magno, 1984). In a jovian MMSN disk, T4 ~ 150 K is a commonly
quoted value at Callisto’s location (Lunine and Stevenson, 1982;
Mosqueira and Estrada, 2003). The sizes of the impactors that as-
semble satellites in a MMSN are not well-understood, but could be
large.

Disk temperatures quoted for the SEMM, which are based on
a heuristic disk model, are similar to those quoted for the MMSN
(see Fig. 1). In the Mosqueira and Estrada (2003) model, Callisto
forms in the outer disk on a timescale controlled by the time it
takes gas drag to clear the outer disk of embryos, giving Tacc ~
108 yr. They estimate that Ganymede forms more quickly within
the inner disk, in 103 to 10* years, while for Titan, Tacc ~ 10% to
10° yr. For Callisto, Mosqueira and Estrada (2003) estimate charac-
teristic impactor sizes of 300 to 500 km, although the actual size
may be smaller because this calculation does not include fragmen-
tation (I. Mosqueira, personal communication).

2.2. Gas-starved disk

An alternative approach (Canup and Ward, 2002, 2006) consid-
ers satellite growth in a “gas-starved” disk supplied by the slow in-
flow of gas and <1 meter-sized rock and ice particles from solar to
planetary orbit. Recent models of gas giant planet formation sug-
gest that Jupiter and Saturn contracted to a scale similar to their
current sizes before the solar nebula dissipated (e.g., Papaloizou
and Nelson, 2005). In this case, during the final stages of a gas gi-
ant’s growth, gas and small entrained particles in solar orbit flow

into the growing planet’s Hill sphere and produce a circumplane-
tary disk (e.g., Lubow et al., 1999). In the Canup and Ward model
(hereafter CW), once the gas and small particles achieve plane-
tary orbit, the gaseous component is assumed to spread viscously,
both inward onto the growing gas giant, and outward. As the disk
is continuously supplied with new material from solar orbit, the
gas density in the disk achieves a quasi-steady state. Solids be-
come concentrated in the disk over time because ice/rock particles
quickly grow to sizes large enough to become de-coupled from
the gas, and so remain in orbit around the planet where they are
swept up by accreting satellites.

Direct accretion simulations demonstrate that such conditions
produce Galilean- and saturnian-like satellite systems, and show
that during inflow, multiple generations of satellites can be cre-
ated with all but the last colliding with the growing planet (Canup
and Ward, 2006). Assuming that the inflow decays with time, the
final Galilean and saturnian satellites then form during the wan-
ing stages of Jupiter and Saturn’s gas accretion (Canup and Ward,
2002, 2006). This implies that the observed satellites formed in
a disk with a much lower gas density than suggested by MMSN
models, and that the satellites accreted slowly, at a rate controlled
by the final inflow rate of solids to the disk.

Suppose that gas and solid inflow to the disk decays exponen-
tially with time constant tj,, so that the mass inflow rate F,(t) =
F.(0) exp(—t/tin). The total mass delivered to the disk after time
t' is M (t") = f[‘,’c F.(t)dt = F.(t')Tin. The final generation of satel-
lites, which contains a mass Mt in solids, forms at a time t; when
the inflow rate has decayed so that Mj,(t;) = fMrt, where f is the
gas-to-solids ratio in the inflow, implying F,(ts) = f (Mt /Ti). For
an exponentially decaying inflow, the satellite accretion timescale
iS Tace ~ Tin. If Ty is set by the dispersal of the solar nebula,
Tacc ~ Tin ~ 10% to 107 yr (Haisch et al, 2001). Alternatively, a
maximum inflow rate can be derived from the icy satellites’ com-
positions because disk temperatures depend on the mass inflow
rate (Canup and Ward, 2002, 2008; see also Appendix A).

Prior works consider the lower limit on the temperatures in
the protosatellite disks at Jupiter and Saturn to be the solar
nebula temperatures at the parent planets’ locations, Tpep ~ 100
to 150 K for Jupiter, and Tpep ~ 90 K at Saturn (Lewis, 1974;
Garaud and Lin, 2007). However, if Jupiter and Saturn opened gaps
in the solar nebula (e.g., Bate et al., 2003), their disks could radi-
ate predominantly into a colder, ~20 K background (D’Angelo et
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al., 2003). During inflow, the disk is heated by the planet’s lumi-
nosity, viscous dissipation, and the release of potential energy of
infalling material. Fig. 1 shows example temperature profiles for
protosatellite disks at Jupiter and Saturn in the CW model created
by solar-composition inflows (f ~ 100) with T, = 108 yr. Details
of the thermal model used to generate the CW curves are given
in Appendix A. The jovian disk in Fig. 1 is shown at time t; af-
ter which the last mass in solids equal to that of the Galilean
satellites (Mt =2 x 10‘4MJ) will be delivered by an exponentially
decaying inflow (i.e., Mj,(ts) =2 x 10_4fM]). The inner saturnian
satellites (Mimas, Enceladus, Tethys, Dione, and Rhea) have a total
mass My ~ 7 x 10-8Ms. Their formation is predicted to occur after
the formation of Titan in the CW model (see Appendix A). Fig. 1
shows the saturnian disk at the time after which a final mass of
f(7 x 107%)Ms is delivered to the disk interior to 15Rsatum, as-
suming a uniform inflow per area across the disk and an outer ra-
dius of the inflow region ~30Rsatyr (e.g., Canup and Ward, 2002,
2006).

Slow accretion in a cold gas-starved disk does not guarantee the
creation of unmelted satellites. Callisto must be assembled from
objects small enough to deposit most of their heat near the sur-
face where it can be removed by radiative cooling. Small impactors
also promote the creation of a homogeneous ice/rock interior: for
example, if Callisto is assembled from fully differentiated satellites-
imals, the large fragments of rock in the centers of the impactors
may sink through the ice/rock mantle, causing slow differentiation
(see Nagel et al., 2004 for discussion). In Appendix B, we estimate
the characteristic impactor size rpr in the CW model by assum-
ing a balance between the rate of particle supply to the disk, rate
of particle collision with the growing satellite, and rate of collision
between particles within the disk. We find characteristic impactor
sizes at Rhea of 1 m, comparable to the largest particles that would
flow into the saturnian nebula with the gas (Canup and Ward,
2002). Impactors that assemble Callisto are estimated to have radii
of ~0 (1) km or less, depending on the fraction of particle-particle
collisions that result in accretion vs fragmentation.

2.3. Range of accretion conditions

Given the variety of suggested formation scenarios for the
Galilean and saturnian satellites, we model the thermal evolu-
tion of satellites growing in a wide range of conditions. We con-
sider temperatures at Rhea’s location ranging from T4 = 70 K to
Tq = 250 K and at Callisto’s location ranging from T4 = 70 K to
T4 = 165 K. We also explore accretion time scales between 103 yr
appropriate for MMSN disks, and 7, ~ the approximate upper
limit on the lifetime of the solar nebula of 107 yr (Haisch et al.,
2001), the longest time appropriate for inflow-regulated accretion.

3. Constraints

The simplest interpretation of Callisto’s moment of inertia con-
stant suggests that its inner ~2000 km consists of a mixture of
rock and ice. However, the interpretation of Callisto’s moment of
inertia is uncertain. Because all of the Galileo Callisto flybys were
nearly equatorial and because Callisto is a slow rotator (Schubert
et al., 2004), it was not possible to obtain independent estimates of
J2 and Cy, to determine whether Callisto is in hydrostatic equilib-
rium. The moment of inertia coefficient reported by Anderson et al.
(2001) was obtained from radio tracking data under the assump-
tion of hydrostatic equilibrium. This assumption may be reasonable
given Callisto’s size (Anderson et al., 2001; Schubert et al., 2004),
but it should be noted that a non-hydrostatic figure (for exam-
ple, the presence of mass anomalies at the surface of a rocky core)
could potentially mask a higher degree of differentiation (Mueller
and McKinnon, 1988; McKinnon, 1997).

If the ice component of Callisto’s interior melts, rock particles
will rapidly sink to the bottom of the melted region, resulting in
local differentiation. Due to uncertainties in differentiation dynam-
ics in icy bodies, it is not clear whether successive local differ-
entiation events could trigger global ice-rock separation, but this
is certainly a possibility for Callisto (Lunine and Stevenson, 1982;
Mueller and McKinnon, 1988). The energy of differentiating Callisto
is ~2.5 x 10° Jkg~!, sufficient to raise its interior temperature by
~170 K, so that even partial differentiation could contribute sig-
nificantly to its heat budget (Friedson and Stevenson, 1983). If the
temperature of Callisto’s interior is warmed close to the ice melt-
ing point, slow differentiation can occur due to downward sinking
of co-accreted rock particles by Stokes flow. The Stokes flow veloc-
ity is proportional to the square of the radius of the rock particle,
so the rocks in Callisto’s interior must be relatively small to avoid
settling out over the accretional time scale. The Stokes flow ve-
locity is also inversely proportional to the ice viscosity, which is
strongly temperature-dependent (Durham et al., 1997). If the high-
pressure ice polymorphs in Callisto’s interior were warmed close to
their melting points, the ice mantle viscosity is plausibly 7 ~ 1016
to 10'7 Pas, allowing a boulder of radius b to sink at a veloc-
ity of ~30 myr—! (b/5 km)? (10'® Pas/n). A 5 km-radius boulder
can traverse the satellite radius in only ~10° yr. This argues for
satellite assembly from homogeneous ice/rock bodies rather than
from fully differentiated parent bodies with large rock cores. In
the CW model, we expect that Callisto’s impactors will themselves
be undifferentiated because their gravitational binding energies are
extremely small, Eq ~ 3/5(GMpar/rpar) ~ 1 Jkg’1 for rpar ~ 1 km.

Accreting Callisto from small ice/rock impactors and keeping its
interior as cold as possible to keep its ice highly viscous during its
early evolution seems to be the most straightforward way to avoid
slow ice-rock separation during accretion. Based on its moment
of inertia factor and the energetics of its differentiation, we con-
sider it likely that Callisto must avoid melting altogether in order
to avoid runaway differentiation and impose the constraint that
Callisto’s temperature must remain below the melting point as it
forms. We do not shed light on whether Callisto’s present ocean
(Zimmer et al., 2000) formed during accretion, or later in its his-
tory as its interior was warmed by long-lived radiogenic heating.

A number of conflicting interpretations for the gravity data ob-
tained during the November, 2005 flyby of Rhea have been pro-
posed. Anderson and Schubert (2007) derive a moment of iner-
tia for Rhea of C/MR? = 0.3911 + 0.0045 by reducing the radio
tracking data under the assumption of hydrostatic equilibrium.
less et al. (2007) perform similar analyses and find C/MR? =
0.3721 £ 0.0036. A recent re-evaluation of the radio tracking and
navigation data without an a priori assumption of hydrostatic equi-
librium suggests J»/Cy ~ 3.7 to 3.9, larger than the 10/3 value
consistent with hydrostatic equilibrium (Mackenzie et al., 2008).
Nimmo and Matsuyama (2007) suggest that reorientation of Rhea
due to torques from uncompensated impact basins may lead to
substantial contributions to its gravity signature and complicate
the interpretation of the radio tracking data. At present, a non-
hydrostatic Rhea is not a foregone conclusion; a rebuttal paper
addressing the methods of Mackenzie et al. (2008) is currently in
preparation (G. Schubert, personal communication). Assuming hy-
drostatic equilibrium, both moment of inertia values suggest model
rheas that are incompletely differentiated. If the interior of Rhea
consists of a homogeneous ice/rock core and near-surface rock-
free layer, the thickness of its outer pure ice layer, zjc., would
be zce = 46 & 24 km thick (adopting C/MR? = 0.3911, ice den-
sity p; = 1000 kgm~3, and rock density p, = 3000 kgm~3), or
Zice = 158 23 km thick (adopting C/MR? = 0.3721). For Rhea, we
apply the constraint that melting can occur only in its outer 46 or
158 km.
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Table 1

Satellite parameters

Parameter Symbol Ganymede Callisto Rhea

Parent planet mass M), 1.90 x 107 kg 1.90 x 10*” kg  5.68 x 10%° kg

Parent planet radius R 71,938 km 71,938 km 60,330 km
Satellite orbital a/R, 15 264 8.7
distance

Orbital frequency £ 1.01 x 107> s7! 436x106s7 1 1.61x107>s!

Satellite radius Rs 2631 km 2410 km 765 km
Satellite mass M 1.48 x 102 kg 1.07 x 1023 kg 2.30 x 102! kg
Mean density yo 1942 kg m~—3 1834 kgm—3 1233 kgm—3
Table 2

Assumed properties of satellite interiors

Parameter Symbol Ganymede Callisto Rhea

Rock density Or 3000 kgm—3 3000 kgm—3 3000 kgm—3
Ice density Di 1400 kgm—3 1400 kgm—3 1000 kg m—3
Rock mass fraction m; 0.52 0.44 0.28

Specific heat Cp 1370 Jkg~'K~! 1480 Jkg~'K~! 1700 Jkg~'K~!
4. Methods

4.1. Accretional temperature profiles

To determine accretional temperature profiles within a growing
satellite, we balance radiation from its surface, heating of impacted
material from its initial temperature (which we assume = Ty) to
the satellite’s time-dependent surface temperature T, and accre-
tional heating (Squyres et al., 1988),
dr 1 Mu?
dt ~ 24mr?
where r is the time-dependent satellite radius, osp is the Stefan-
Boltzmann constant, C, is the specific heat, Ty is the ambient
temperature in the protosatellite disk, o is the satellite mean den-
sity, and u; is the impact velocity. Equation (1) assumes that the
growing satellite radiates into an optically thick disk (see Ap-
pendix A). The impact velocity is u? = v +v2,, where we assume
Voo is a function of the time-dependent satellite escape velocity,
vgsc =2GM(t)/r(t), as Voo = Vesc/2, Which corresponds to a grav-
itational focusing factor Fg =1+ (Vesc/Voo)®> = 5 (see Appendix
B). For each satellite we also include radiogenic heating, discussed
below. Values of the physical properties of the satellites are sum-
marized in Tables 1 and 2. The spherical symmetry of Eq. (1)
implies that the energy deposited from a single impact is aver-
aged over the satellite’s surface, a good assumption if accretion is
due to a large number of uniformly distributed impactors.

Squyres et al. (1988) define an 7 parameter analogous to the
“h” used in earlier works (Schubert et al., 1986; Stevenson et al.,
1986) as the fraction of impact energy deposited at depth within
the satellite where it is not subject to radiative cooling. In the limit
of small impactors that deposit energy very close to the satellite’s
surface, n ~ 0, which is the implicit assumption in Eq. (1) above.
Here, we solve Eq. (1) in the limit 7 — O to determine the mini-
mum T(r) for a given set of formation conditions, which will allow
us to estimate the earliest start time for satellite accretion, the
shortest possible accretion time scale, and the warmest disk con-
sistent with Callisto and Rhea’s interior states. If Callisto or Rhea
were assembled from large bodies, the effective n would increase,
and more impact heat would be retained within the satellite (see
discussion in Squyres et al., 1988), leading to more restrictive con-
straints on the timing and/or duration of the satellites’ formation.

Equation (1) does not include solid-state heat transport by
diffusion or solid-state convection. Diffusion will transport heat
over a characteristic length scale of only ~./kTacc < 30 km for
Tace < 107 yr (using a thermal diffusivity for warm ice x = 2.6 x
10~ m?s~1). A growing satellite is heated mostly from its surface

PCp(T —Tg) —os(T* = T7), (1)

by accretional energy. This leads to a temperature gradient in the
opposite sense than that required for convection—a surface-heated
ice or ice/rock mantle of uniform rock content with depth is grav-
itationally stable and will not convect. Radiogenic heating in the
satellite’s interior may drive convection in its core, but it is un-
likely that convection can start on a time scale shorter than the
satellite accretion time. The onset time for convection in the satel-
lites’ interiors (t,) can be estimated as a function of its physical
and rheological parameters (Zaranek and Parmentier, 2004),

500 (paAT,-g)m
? Nok ’

K
where AT; ~ 20 K is the approximate magnitude of the tempera-
ture variations available to drive convection in the satellite’s core,
g is the local gravitational acceleration, « is the coefficient of
expansion of water ice, and 1, is the ice viscosity. Ice I is the
dominant ice phase in Rhea’s core, where the central pressure
is 124 MPa. The lower limit on the onset time for convection
in Rhea’s interior t, ~ 3 x 108 yr is obtained using the surface
gravity g = 0.26 ms—2, and 1, = 10 Pas, the melting point vis-
cosity of ice I deforming due to diffusion creep with a grain size
of 1 mm (Goldsby and Kohlstedt, 2001). At the center of a ho-
mogeneous Callisto, ice VII is the dominant phase, but very lit-
tle is known about its rheology. If we suppose that the rheology
of ice VII is similar to ice V and VI, its melting point viscosity
1o ~ 107 Pas (Durham et al., 1997). Assuming that the thermody-
namic properties of the high-pressure polymorphs are similar to
ice , « #1074 K™, k 1078 m?s~! (Kirk and Stevenson, 1987).
In the innermost core, g ~ 0.1 ms—2, which gives t, ~ 108 yr. Be-
cause the onset time of convection is much longer than likely
accretional time scales, we do not expect convection to substan-
tially affect accretional temperature profiles in either satellite. We
do not include latent heat in the satellite’s energy budget because
we seek to determine the value of r at which the satellite melts
during its formation; once melting occurs, the simulation is ended.

The amount of radiogenic heating in the satellite’s interior de-
pends on the time at which a layer at radius r forms,

(2)

tr(r) = tstart + Tacc<L), (3)
Rs
where tgare is the time at which the satellite begins accreting rel-
ative to the formation of CAI's and t.., which is a free parameter,
is the time scale to accrete the fully assembled satellite of radius
Rs. Radiogenic heating also depends on the mass fraction of rock
in the satellite, m;, which is related to the uniform rock and ice
densities (por, pi) as
m, = ,er(p — Pi) '
p(pr — pi)

Values of p, and p; assumed for each satellite are summarized
in Table 2. For Callisto, we construct simple interior models by as-
suming a constant ice and rock density as a function of depth, p, =
3000 kgm~3, midway between values for Prinn/Fegley rock (o, ~
3300 kgm™2) and CI chondrite (o, ~ 2800 kgm~2), which are two
models for the composition of the satellites’ rocky components
used by Mueller and McKinnon (1988), and p; = 1400 kgm~3, rep-
resentative of the compressed densities of the various ice phases
in Callisto’s deep interior (including ice I at the surface, and layers
of ice IIl, V, VI, and VII at depth). Because the accretional tem-
perature profile is a strong function of the rock mass fraction, the
ice density for Callisto has been chosen so that m; in our sim-
ple uniform-density model is equal to the value obtained from
more detailed structural models (McKinnon, 1997), m, = 0.44. For
Rhea, we assume a uniform-density model with p; = 1000 kgm~3,
giving m, = 0.28. The specific heat of the bulk satellite is esti-
mated using the mass-weighted average of the rock specific heat

(4)
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Table 3
Radiogenic heating
Isotope MeV decay—'2 Initial abundance® q(0) (Wkg1) cl A (yrh) t1/2 (yr)
28y 471 0.01873 1.6 x 1012 1.55 x 1010 4.46 x 10°
L5y 442 0.005918 2.99 x 10712 9.84 x 10710 7.04 x 108
232Th 39.9 0.04399 1.00 x 10~ 12 4.95 x 10~ 1.40 x 1010
40K > 40Ca 0.52 5.37 1.43 x 10~ 11¢ 4.96 x 10710 1.39 x 10°
40K — 40Ar 0.16 5.37 6.36 x 10~ 13¢ 5.81 x 10710 1.19 x 10°
26] 3.3 84100 1.82 x 1074 9.68 x 1077 7.16 x 10°
60Fe 0.502 768900 (°6Fe) (1.3440.76) x 107%¢ 4.26 x 1077 1.5 x 106

4 Values from Urey (1955).

b Atoms per 106 atoms Si; 106,500 x 105 g Si/g CI (Lodders, 2003).

¢ 40K 5 40C3 with 89% probability, and 4°K — “OAr with 11% probability.

d Initial Solar System 26A1/27Al = 5.85 x 10~ (Thrane et al., 2006).

e

Cp,r ~700 Jkg™'K~! and ice specific heat Cp,i =2100 JkgT1 K71,
with Cp =m;Cp; + (1 —m;)Cp ;, which gives C, = 1480 Jkg~' K~!
for Callisto and C, = 1700 Jkg~1K~! for Rhea.

Table 3 summarizes radiogenic heating rates in CI chondrite
in the early Solar System. We consider 26Al as the primary heat
source in the early histories of Rhea and Callisto because it pro-
vides a factor of 100x more heat than other short-lived isotopes
such as ®OFe. Long-lived isotopes are not important heat sources
during accretion. Aluminum-26 heating is particularly effective at
melting bodies early in their histories because of its high elemental
abundance in rock, and because its heat is delivered quickly—faster
than it can be removed by conduction and possible convection.
We estimate the 26Al heating rates for the satellites’ rocky com-
ponents using Cl elemental abundances from Lodders (2003). The
initial Solar System 26Al/2’Al ratio and its spatial heterogeneity
is an area of active research. The value is commonly assumed
to be homogeneous within the Solar System and between ~5
to 7 x 107> (Bizzarro et al., 2004, 2005; Thrane et al, 2006;
Wadhwa et al., 2007). We adopt an initial Solar System 26A1/%7Al
= 5.85 x 10~ (Thrane et al., 2006) appropriate for carbonaceous
chondrites, and in the middle of measured values from various
meteorite types. If t =0 corresponds to CAI formation, the initial
heating rate from 26Al is g,6(0) = 1.82 x 10~7 Wkg™!, which is a
factor of 10° higher than present chondritic values from long-lived
isotopes (Spohn and Schubert, 2003). The heating rate decays as
exp(—Azet) with Az = 9.68 x 10~7 yr—!, which corresponds to a
half life of 0.716 Myr.

In our model, after material at a radius r is accreted onto the
satellite with its temperature T(r) determined by Eq. (1), radio-
genic heating increases its temperature by an amount AT,

t
1
ATp(r,t) = I / myqae(t) dt
ptf(r)

= %ﬁ?[exp(—xzsrf (1)) — exp(~260)]. (5)
where t¢(r) is the formation time of a given layer at radius r rela-
tive to CAI's (given by Eq. (3)). At every time step, a layer is added
to the satellite, and T(r) + AT, (r, t) is calculated for all r < rpax(t),
where rmax is the radius of the outermost layer of the satellite
at time t. Solutions of Eqs. (1) and (5) give time-dependent ac-
cretional temperature profiles within the growing satellite. For ex-
ample, Fig. 2 illustrates time-dependent temperature profiles in a
model callisto that accretes in T,cc = 0.4 Myr and starts accretion
tstart = 2.5 Myr after CAI's. Because T (1) + AT, (r,t) > T, when the
satellite has grown to a radius of 2000 km, this is considered to be
an unsuccessful model.

Temperatures for r < rmax are compared to the ice phase di-
agram at every time step, to assess whether the satellite melts

Initial Solar System 50Fe/*6Fe = (1.9 +0.9) x 10~7 (Tachibana and Huss, 2003; Mostefaoui et al., 2004).

while it accretes. The liquidus temperature of mixtures of ice I and
ammonia are determined using (Leliwa-Kopystyfiski et al., 2002)

Tm(P, X)~ T, + AP + BP?> — CX — DX?, (6)

where T,, A, and B are coefficients for the solidus curve for pure
water ice (see Table 4), X (0 < X < 1) is the ammonia concen-
tration by mass, C = 53.8, and D = 650. The melting point of a
30% NH3z-water ice mixture (X = 0.3) ranges from 198 K at Rhea’s
surface to 186 K in Rhea’s core. Phase behavior of ammonia-
water mixtures at high pressures is not well-constrained, so we are
limited to considering the effect of melting due to the presence
of NH3 in the outer layers of the satellites only. The pressure-
dependent melting curve for the high-pressure phases of water ice
are calculated using Eq. (6) with X = 0. Data from Hobbs (1974)
were used to determine A and if appropriate, B, for ice III, V, VI,
and VIL The pressure P is calculated assuming the unmelted satel-
lite has a uniform density,

P(r,t)= %”cpz(rfmx(t) —r?). (7)

The pressure at a given location within the satellite will increase
over time as the satellite grows.

Because solid-state convection and thermal diffusion are in-
effective at removing heat from the satellites’ interiors over the
lifetime of 26Al, we consider it likely that all 26Al heat will be re-
tained. Although a satellite may remain unmelted while forming,
it may still melt if 26Al heating warms it above its melting point
before convection and diffusion can cool the satellite. We compute
its final temperature profile by adding the full complement of 26Al
heating possible,

oo
/ mrqa6(t) dt =
tf(Rs)

and check for melting by comparing T (r) + AT, (r, Tacc) + ATy final ()
to the pressure-dependent melting curves in the fully assembled
satellite (see the bottom right panel of Fig. 2).

mrq26(0)

1
ATy final(r) = C_
p/26

exp(—Azetf), (8)

5. Results

Accretional temperature profiles depend on three key parame-
ters: the accretion time scale, T, the protosatellite disk tempera-
ture T4, and the start time relative to CAI condensation, tggare. For a
given Tacc and Ty, there exists a critical start time tgg o Satellites
that form earlier than tg, are excessively melted, but satellites
forming later than fgrr,c remain unmelted to the extent needed
for consistency with their moment of inertia constraints (see Sec-
tion 3). The satellite finishes forming at fend,c = tstart,c + Tacc. ES-
timates of tepq,c are used to constrain the earliest time at which
an unmelted satellite could form, and in the context of the Canup
and Ward model, the earliest time at which gas inflow to the par-
ent planet ends.
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Fig. 2. Time-dependent accretional temperature profiles for Callisto T(r) + AT (r,t) (black) and final temperature profile T (r) + AT, (r, Tacc) + ATy final (), accounting for all
26A] heating after accretion ends (gray) for Ty = 100 K, Tacc = 0.4 Myr, and tggre = 2.5 Myr. Time-dependent temperature profiles 0.2 Myr into accretion, when the radius of
protocallisto is 1000 km (top, left), 0.25 Myr into accretion, when the satellite has grown to 1500 km (top, right), 0.3 Myr when its radius is 2000 km (bottom, left), and
t = tstart + Tace = 2.9 Myr after CAI's, when Callisto has finished forming (bottom, right). To avoid melting during formation, the temperature profile must always stay below
the pressure-dependent melting curves for water ice (dotted lines), even when the maximum amount of 26Al heating is included, as in the final temperature profile (gray

line in bottom right panel).

Table 4

Ice properties

Ice phase  Pressure range To (K) A (KPa~!) B (KPa=—2)

Ice I P < 209 MPa 2732  —7.95x107% —9.6x 10717
Ice Il 209 MPa < P <344 MPa  247.7 2.38x 1078 0

Ice V 344 MPa < P <626 MPa 2425 49x10°8 0

Ice VI 626 MPa < P <2150 MPa  190.3 154x10~7 —3.43x107"
Ice VII P > 2240 MPa 149.9 9.14 x 1078 0

5.1. Keeping Rhea unmelted

Fig. 3 shows example accretional temperature profiles for Ty =
95 K. In a very slowly accreting Rhea (7, = 1 Myr), the interior
of the satellite is warmer than the surface because energy lost due
to radiative cooling exceeds the accretional energy flux. For shorter
accretion time scales, the accretional energy flux is larger, leading
to satellites with surfaces that are warmer than their deep inte-
riors. If Rhea forms in 7ic = 1000 yr, surface temperatures are
above the melting point of ice, unless accretion is delayed until
tstart > 2.5 Myr after CAI formation for Ty, =95 K.

Fig. 4 illustrates how the critical end time tend,c = start,c + Tacc
for Rhea varies as a function of Ty, Tac, and ammonia abun-
dance. Given the constraints on accretional melting from Iess et al.
(2007) (zjce < 158 km), Rhea must finish accreting no earlier than
1.9 Myr after CAI formation, obtained for the coldest disk tem-

perature T4 = 70 K. For a warm disk with T4 = 160 K, and fast
accretion time, Tacc = 103 yr, Rhea must complete its formation no
earlier than 3.8 Myr after CAI formation. For Tac < 103 yr, and
Tq > 190 K, melting occurs even without radiogenic heating. The
constraint on Zzjce < 46 km from Anderson and Schubert (2007)
requires cooler disk temperatures, later te,q, and longer Tacc. For
Zice < 46 km, Rhea must still finish accretion no earlier than 1.9 to
7 Myr, but fast accretion (Tacc = 103 yr) in this scenario requires a
cooler disk (T4 < 155 K).

If Rhea contains 30% NHs (close to the maximum NHs abun-
dance; see Schubert et al., 1986), it must have finished accreting
2.5 Myr < tepd,c <7 Myr after CAI's, regardless of the value of zjce.
The presence of ammonia in Rhea requires low disk temperatures,
T4 < 185 K, essentially below the melting point of a 30% NH3-H,0
mixture, even if the satellite forms slowly. Fast accretion with 30%
NH3 leads to excessive melting in most cases.

5.2. Keeping Callisto unmelted

Fig. 5 illustrates how the final accretional temperature profiles
for Callisto depend on tgr¢ and Taec for T = 100 K. Callistos with
accretion time scales «1 Myr suffer complete ice melting. Callis-
tos that accrete in <1 Myr are heated principally at their surfaces
by impacts so dT(r)/dr > 0 throughout most of their interiors,
while very slow accretion times (T, > 3 Myr) yield cases that
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Fig. 3. Final accretional temperature profiles (T (r) + AT;(r, Tacc) + ATy final(r)) for Rhea with Ty =95 K, tstare = 2 Myr (bold black), 3 Myr (solid black), 4 Myr (gray), and
5 Myr (dashed) after CAI formation. If Rhea forms in 1000 yr (top, left) it is heated principally by impacts leading to a warm surface and cool interior. If Rhea forms in
Tace = 1 Myr (bottom, right) it is heated principally by 26Al decay and is warm inside and cold at is surface. Melting temperatures of pure water ice I (upper dotted line)
range from 273 to 260 K. The pressure-dependent melting point of a 30% NH3-H,0 mixture (185 to 200 K) is shown by the lower dotted line.

are heated primarily by 26Al and have relatively warm interiors
(T ~200-350 K) and cold surfaces T ~ T4. This may facilitate the
rapid onset of convection post-accretion and prevent Callisto from
melting during the first 500 Myr of its thermal evolution.

In order for Callisto to avoid melting during formation, it must
form in T, > 0.6 Myr. This can be obtained by solving Eq. (1) in
the absence of radiogenic heating for Tacc,

- F -
P iy PG — Cp(T = Ta)]
3o5p(T4 — T7) '

Tacc,min = (9)
The requirement that T = 253 K at a depth of 100 km (r =
2310 km), the location of the minimum melting point for water
ice, gives Tace,min = 0.6 Myr for a nominal Tg =100 K and Fg = 5.
The requirement that Callisto avoid global melting due to short-
lived radioisotope heating alone suggests that Callisto must finish
forming no earlier than ~2.6 to 3 Myr (McKinnon, 2006b).

Fig. 6 illustrates the required end time for Callisto’s formation
as a function of 7, and Ty, based on calculations using Egs. (1)
and (5), and (8). When both accretional and radiogenic heating
are considered together, we find that a model callisto forming
in a disk with 70 K < Ty < 165 K must finish forming no earlier
than 3.9 Myr after CAI condensation to avoid melting. In a warm
disk with T4 =160 K at Callisto’s location, the satellite must finish
forming no earlier than 4.4 Myr after CAI condensation to avoid
melting.

During most of Callisto’s accretion when u; > 0.8 kms™!, the
specific impact energy exceeds the latent heat of fusion of water

ice. This suggests that the ice components of impactors will melt
during accretion. In our calculations we require that impactors are
small enough to deposit heat at depths shallow enough for effi-
cient radiative cooling. Therefore, release of rock from impactors
during accretion should not significantly affect the overall rock dis-
tribution in the outer layers of the satellite. We note that the fate
of rock released from satellitesimals will be important for driving
early differentiation dynamics and should be considered in future
work.

5.3. Presence of ammonia in Callisto

Galileo magnetometer results indicate that Callisto shows an in-
ductive response to the apparent time-variable jovian magnetic
field (Zimmer et al., 2000). This suggests that Callisto has a lig-
uid water ocean underneath its outer layers of solid ice. In or-
der for Callisto’s ocean to remain thermodynamically stable over
time, the heat flux from its interior must exceed the conductive
(and possibly convective) heat flux across its ice shells. Because
it is likely that Callisto’s outer ice shell is thick enough to con-
vect (Spohn and Schubert, 2003; McKinnon, 2006a), convection
should remove enough of the radiogenic heat from its interior
to cause the ocean to freeze (Spohn and Schubert, 2003). It has
been suggested that if Callisto’s ice shell contained 5% NHs; by
weight, a subsurface liquid water ocean can remain in thermody-
namic steady state against heat transport by solid-state convection
(Spohn and Schubert, 2003). [Other materials such as sulfate salts,
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which may be present in Europa’s ice shell due to water-rock
chemistry (McKinnon and Zolensky, 2003), can lower the melting
point of the ocean, as well.] Although NH3; may help explain the
current presence of an ocean, is it compatible with formation of
an unmelted Callisto?

A Hy0-NH3 mixture that is 5% NH3 by weight has a minimum
melting temperature of 248 K at a pressure of 209 MPa (Leliwa-
Kopystynski et al., 2002). In our model callistos, this corresponds
to a depth of 100 km. Using Eq. (9), we impose the limit that the
interior temperature T < 248 K at r = 2310 km, and solve for the
required T, to keep an ammonia-rich Callisto unmelted. We find
that T,cc > 0.7 Myr for Ty = 100 K. Uncertainties in the liquidus
temperature of H,O-NH3 mixtures at the high pressures associ-
ated with Callisto’s deep interior prevents us from placing tighter
limits on the start time of accretion of an ammonia-water callisto.
However, because the melting temperature of the water/ammonia
mixture is not much lower than pure water ice, it is likely that the
constraints on tg,¢ for the water/ammonia case will be similar to
those for the pure water case. This implies that up to 5% NHs its
ocean is consistent with the formation of an initially undifferenti-
ated Callisto provided it accreted in Ty > 0.7 Myr.

5.4. Fate of Ganymede

Despite their similarities in size and mean density, Ganymede
and Callisto have remarkably different surfaces and interior struc-
tures. Two-thirds of Ganymede’s surface is covered with bright
“grooved terrain” consisting of lanes of parallel grooves formed by
intense lithospheric deformation, interred to be evidence of a past
epoch of endogenic activity driven by tides and interior fluid mo-
tions (Kirk and Stevenson, 1987; Showman and Malhotra, 1997).
Magnetic field measurements in the vicinity of Ganymede suggest
that it has an intrinsic dipole magnetic field, perhaps evidence of
a metallic core (Schubert et al., 1996). Ganymede’s moment of in-
ertia constant is consistent with a fully differentiated interior with
a metal core, rock mantle, a thick mantle of high-pressure water
ice phases, a liquid water ocean, and an outer layer of water ice I
(Schubert et al., 2004).

Several causes for the differences between these satellites
have been proposed. It is possible that the dichotomy is pri-
mordial, resulting from differences in the retention of accretional
heat (Schubert et al., 1981), differences in accretional time scales
(Mosqueira and Estrada, 2003), differing nebular temperatures
(Stevenson et al., 1986), and/or differing roles of atmospheric
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Fig. 6. Required te,q for Callisto to remain unmelted as a function of the accretion
time (7acc) and nebular temperature (T4) (similar to Fig. 4). In the absence of ra-
diogenic heating, for accretion times less than ~0.6 Myr, Callisto melts during its
formation. If Callisto finishes accreting earlier than 3.9 Myr after CAI's, it will melt
during formation or immediately thereafter due to decay of 26Al in its interior.

drag in planetesimal breakup (Lunine and Stevenson, 1982). It is
also possible that both satellites formed undifferentiated but fol-
lowed different evolutionary pathways, with Ganymede receiving
more heat from radiogenic decay (Friedson and Stevenson, 1983;
Mueller and McKinnon, 1988) and tidal heating during resonance
passages (Showman and Malhotra, 1997).

Because Ganymede is larger, has more rock than Callisto, and
is closer to Jupiter in the protosatellite disk, we expect that the
accretional temperature profiles in Ganymede will be somewhat
warmer. In the CW model, Ganymede and Callisto would form
with similar 7i. To evaluate whether the differences between
Ganymede and Callisto could be due to differences in their ac-
cretional environments, we determine time-dependent accretional
profiles for Ganymede using values of Tac.c and tgare that resulted
in unmelted callistos. For a disk temperature of 100 K at Callisto’s
orbital radius and 140 K< T¢ < 180 K at Ganymede, Fig. 7 shows
conditions in which Callisto is unmelted while Ganymede melts
(white regions). The region of parameter space that produces a pri-
mordial dichotomy grows as the difference in disk temperatures is
increased. We find that accretion times on the low end of those
consistent with an unmelted Callisto and early start times favor
melted ganymedes, consistent with a primordial dichotomy.

6. Discussion
Partially differentiated satellites provide a unique opportunity

to constrain the timing and duration of their formation. To avoid
complete ice/rock separation, partially differentiated satellites must
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avoid widespread melting during their entire histories, including
during formation, when their surfaces would have been heated
by impacts and interiors heated by short-lived 26Al. By calculating
accretional temperature profiles for two candidate partially differ-
entiated satellites, Callisto and Rhea, we have placed constraints on
the timing and duration of each satellite’s accretion.

If Callisto was assembled from small planetesimals that de-
posit their impact energy close to the surface where it can be lost
by radiative cooling, it can avoid melting if it formed on a time
scale longer than 0.6 Myr. Considering both 26Al and accretional
heating, Callisto must finish forming no earlier than ~4 Myr after
CAI's. The possible presence of 5% NHj3, which lowers the min-
imum melting point of the ice mixture to 248 K and enhances
the thermodynamic stability of its present-day ocean (Spohn and
Schubert, 2003) is compatible with a partially differentiated Cal-
listo formed in T, > 0.7 Myr. Saturn’s satellite Rhea must have
finished accreting no earlier than 1.9 Myr after CAI condensation to
avoid early melting. In the case of rapid formation (Tacc < 103 yr),
Rhea’s formation must have been delayed until at least 2.6 Myr
after CAI's if the disk temperature is ~70 K; if Ty = 120 K, forma-
tion must be delayed until 3.6 Myr after CAI's. For 75 < 1000 yr
and T4 2 155 K to 190 K, Rhea melts in excess of that implied by
current moment of inertia estimates. If Rhea has 30% NH3, its ac-
cretion must end no earlier than 2.5 Myr after CAI condensation
and occur in a disk with T4 < 185 K to avoid excessive melting.

Considering timing constraints at both Jupiter and Saturn im-
plies that gas giant satellite formation ended no earlier than
~4 Myr after CAI's. It is likely that the saturnian satellites formed
at the same time as, or later than Jupiter’s, which suggests that
Rhea’s interior (and by extension, the interiors of the other inner
saturnian satellites Mimas, Enceladus, Tethys, and Dione), would
not have experienced much 26Al heating. By 4 Myr after CAI con-
densation, the 26Al heating rate has decayed to 2% of its initial
value, or ~1079 Wkg™! of CI. The temperature rise due to 26Al in
the interior of an icy satellite with 30% rock would be limited to
0(10) K. This places constraints on the amount of activity driven
by early heating in the Saturn system (Castillo-Rogez et al., 2007).

Satellites and/or the material that comprises them may migrate
inward in orbital radius as the satellites form. If such migration
is significant, disk and impactor temperatures lower than those
estimated for the current satellite locations (e.g., Fig. 1) would ap-
ply. The satellite accretion simulations of Canup and Ward (2006)
demonstrate that in the presence of ongoing inflow to the disk,

satellite orbits spiral inward via Type I migration (e.g., Ward, 1997)
once they exceed a critical mass. As long as the inflow continues,
a decaying satellite (and entire satellite systems) will ultimately
be lost to collision with the planet. The satellite systems we see
today are those that avoid this fate by forming as the inflow
ended and the circumplanetary disk dissipated. In the Canup and
Ward (2006) simulations that produced Jupiter-like systems, the
Callisto analogs migrated inward in semi-major axis by less than
<5 planetary radii before the inflow ended and Type I migration
ceased (e.g., their Fig. 3). Their predicted disk temperatures do not
change much across this scale of orbital radius (see Fig. 1). In their
Saturn-like systems, Canup and Ward (2006) find that the small- to
medium-sized inner satellites do not migrate substantially, because
they are too small for Type I migration to be important. In the
Mosqueira and Estrada (2003) model, the solids that accrete into
Rhea may have initially been located outside Rhea’s current orbit
(I. Mosqueira, personal communication), while the satellitesimals
that accrete into Callisto are predicted to originate at distances as
large as ~100R; (Mosqueira and Estrada, 2003).

Here we have calculated accretional temperature profiles for
Callisto and Rhea in the limit of maximally efficient cooling, and
corresponding to small impactors. This assumption is valid if the
satellite is assembled from impactors small enough to deposit their
impact energy in a layer of thickness Shear, Which is thinner than
or comparable to the depth, .91, to Which the satellite cools con-
ductively in the time it takes the satellite to accrete an additional
layer of thickness Speat, ~8heat(dr/dt)~!. Simulations and exper-
iments suggest that impact-induced shock heating is deposited
in a near-surface layer Shear ~ 3 to 5 times the impactor radius
in impacts with u; ~5 to 10 kms~! (Gault and Heitowit, 1963;
O’Keefe and Ahrens, 1982; Squyres et al., 1988). Numerical im-
pact simulations show that for a given impactor size, the depth
of heat deposition of shock heating is proportional to impact
velocity (e.g., Pierazzo et al., 1997), so impacts with u; ~ 1 to
3 kms~! should have 8pe,; comparable to the impactor radius. The
thickness of the near-surface boundary layer that cools conduc-
tively is 8cool ~ K (dr/dt)~1, with k¥ ~ 2 x 1076 m?s~! for ice and
dr/dt ~1/(3Tacc). We find that Spear < 8cool fOr impactors with radii
Tpar S10% M (Taee/10% yr)(1000 km/r). For Taee ~ 10° yr, these
critical impactor sizes are larger than the characteristic sizes of
objects predicted to accrete onto Rhea and Ganymede in the CW
model, but smaller than the maximum values predicted for ob-
jects impacting Callisto (< km-sized, see Appendix B). Thus, n ~ 0
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should be a good approximation for Rhea and Ganymede, but may
underestimate accretional heating in Callisto in the CW model.
Even larger impactors may be appropriate to other scenarios.
For example, Mosqueira and Estrada (2003) propose that Callisto
was assembled from 300 to 500 km-scale objects, although this
estimate did not include the potential effects of fragmentation
(I. Mosqueira, personal communication). Retention of accretional
energy associated with larger impactors as a function of depth will
result in warmer predicted temperature profiles for a given set of
nebular conditions, and will lead to longer required accretion times
and/or later required end times for accretion.

Our calculations do not consider the formation of atmospheres
on growing model callistos or rheas. We do not expect an impact-
generated atmosphere to form on either body, because the impacts
that form both satellites have characteristic velocities too low to
generate shock-induced vapor. Complete vaporization of ice, which
would be required to form a substantial atmosphere, occurs for
u; > 10 kms~! (Pierazzo et al., 1997), but the maximum u; ex-
pected on Rhea and Callisto are only ~1 to 3 kms~!. Large icy
satellites such as Callisto with M > 1022 kg have escape velocities
that exceed the likely sound speed in the disk’s gas, and as a re-
sult, the gas density in the satellite’s Hill sphere can exceed that in
the disk as a whole (Lunine and Stevenson, 1982). The formation
of such an atmosphere makes it extremely difficult to prevent Cal-
listo from melting (Stevenson et al., 1986). Inclusion of this effect
and re-evaluation of the likelihood that Callisto accretes a gaseous
envelope that “blankets” its surface during accretion is a subject of
future work.

Although our calculations suggest that Callisto can avoid melt-
ing and differentiation during formation, the early differentiation
dynamics in a homogeneous Callisto and its long-term thermal
evolution as a partially differentiated body remain somewhat mys-
terious. After Callisto’s formation, its interior will be heated by
long-lived radioisotopes present in the co-accreted rock. As rec-
ognized by Friedson and Stevenson (1983), this heat must be re-
moved from its interior by efficient solid-state convection, other-
wise Callisto will warm to close to its melting point and begin to
differentiate. However, even a small increase in rock fraction as
a function of depth would inhibit solid-state convection because
thermal buoyancy perturbations that drive shell convection would
be overwhelmed by the increase in bulk satellite density. The end
result would be a gravitationally stable ice-rock mantle that would
be unable to remove heat liberated by downward sinking rock par-
ticles and radiogenic heating. Without convection, differentiation
of Callisto would be driven to completion.

7. Summary

For reasonable accretion conditions, we find that both Rhea and
Callisto can avoid melting in excess of that consistent with their
present moment of inertia values during their formation. Rhea can
remain unmelted even if it formed rapidly provided disk temper-
atures are cold enough, and it finishes forming late enough to
avoid melting by 26Al heating (~2 Myr after CAI's). Expanding on
prior predictions (Stevenson et al., 1986), we find that Callisto must
form slowly, in T > 0.6 Myr (for a nominal T4 = 100 K), to avoid
global melting during accretion in the limit of small impactors. If
Callisto is warmed by both accretional and radiogenic heating, it
must finish forming no earlier than ~4 Myr after CAI's to avoid
melting and differentiation during accretion. The same accretion
start times and time scales that give undifferentiated callistos can
be consistent with melted ganymedes and a primordial origin for
the satellites’ differing interior structures.

Our accretional temperature profiles are calculated in the limit
of maximally efficient cooling, in the limit of small impactors
(h ~ 0). Large, differentiated impactors are likely particularly prob-

lematic for Callisto because intact rock fragments larger than a few
km can sink to its center during accretion, potentially triggering
differentiation. Any retention of heat at depth and/or satellite as-
sembly from larger objects will yield warmer temperature profiles
and more restrictive constraints on the satellites formation envi-
ronments than those given here.

Because Callisto is a much larger object than Rhea, and the en-
ergy associated with its assembly is much higher, the requirement
that Callisto remain unmelted provides much more restrictive con-
straints on the timing of satellite formation and solar nebula disk
dispersal. If Saturn formed at the same time as, or soon after
Jupiter, the requirement that Callisto remain unmelted during for-
mation implies that satellite formation at both Jupiter and Saturn
ended no earlier than ~4 Myr after CAI's. In the context of the
CW model, the earliest end time for Callisto’s accretion implies
that the complete removal of the solar nebula occurred no ear-
lier than 4 Myr after CAI's. This is slightly longer than the mean
nebular lifetime of 3 Myr inferred in young star clusters based on
measurements of excess infrared emission from constituent stars
(Haisch et al., 2001; Bouwman et al., 2006). It is also comparable
to the time scale needed to form Jupiter in recent calculations in-
volving a 5Mg core and a reduced envelope opacity (Hubickyj et
al., 2005).
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Appendix A. Midplane disk temperature profiles in the Canup
and Ward model

We here describe the method used to estimate mid-plane tem-
peratures in an inflow-supplied protosatellite disk (e.g., the CW
curves in Fig. 1). For details, the reader is referred to Canup and
Ward (2002, 2006, 2008).

The disk is heated by luminosity from the planet, viscous dis-
sipation, and energy dissipation associated with the difference be-
tween the free-fall energy of the incoming gas and that of a Keple-
rian orbit. These energy sources are balanced by radiative cooling.
CW consider an alpha viscosity, with v =acH ~ ac?/$2, where «
is a constant, c is the gas sound speed, H &~ c/2 is the disk’s ver-
tical scale height, and £2 = (GM,/a3)'/? is the orbital frequency at
radius a in the disk. The equation for thermal balance is (Canup
and Ward, 2002)

2
2[053T3<%> % n Xotczog] =206 (T4 — T4,). (A1)
where T, and Rp are the planet’s temperature and radius, og is
the gas surface density in the disk, x =1+ %[(rc/a)2 —1/5]7!
is a term arising from the mass infall, r. is the outer radius of the
inflow region, Tpep is the ambient temperature into which the cir-
cumplanetary disk radiates, Tef is the disk’s effective temperature,
and the factor of 2 on the rh.s. arises because the disk radiates
from both its upper and lower surfaces.

In the CW model, the gas surface density reflects a quasi-
steady-state balance between the supply of gas from inflow, and
gas removal due to viscous spreading onto the planet or beyond
the disk’s outer edge. We calculate o using Eq. (18) of Canup
and Ward (2002), assuming that the inflow across the disk is uni-
form, and relate T to the disk mid-plane temperature Ty using
an expression appropriate in both the high and low optical depth
regimes [Eq. (A.15) of Nakamoto and Nakagawa, 1994; see also
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Fig. 8. (Left) Sample midplane temperatures in the Canup and Ward model at the current locations of Ganymede (gray curve) and Callisto (black curve) as a function of the
inflow rate of gas and solids to Jupiter in Earth masses (M) per year. The top axis is the total remaining mass in solids (scaled to the mass of the Galilean satellites, Mga;)
that will be delivered to the disk before the inflow ends as a function of F,, assuming a solar composition inflow (f ~ 10%) and Tj, = 10% yr. The dotted line shows the time
after which a mass in solids equal to that of the Galilean satellites will be delivered to the disk. (Right) Same as left frame, only for Saturn at the current location of Rhea.
Here the dotted line shows the time after which a mass equal to that of the inner saturnian satellites will be delivered to the disk interior to Titan.

Canup and Ward, 2008]. The mid-plane temperature depends on
kg and kg, the disk’s Rosseland and Planck opacities, respectively.
Because the CW model invokes the delivery of small particles to
the disk with the inflowing gas, an accompanying population of
dust and grains appears likely, and in this case, kg ~ kg ~ a few
cm?g~! (e.g., Semenov et al., 2003).

The above calculation yields Tq oc F2/%(«c /a)1/> when the disk
is optically thick (which is true in the regular satellite region when
kr ~ kg ~ 1), and so the disk mid-plane temperature is most
strongly affected by the rate of inflow to the disk, F, (Canup and
Ward, 2002, 2008). During runaway gas accretion, inflow rates are
predicted to be as high as ~10~2 Earth masses per year (e.g., Bate
et al,, 2003), although a jovian planet would probably be too dis-
tended at this early time to possess a circumplanetary disk or
satellites. Between this early period of rapid inflow and the ces-
sation of gas accretion, the CW model assumes that the inflow to
the planet slows, due to depletion of the supply of local gas by the
planet and/or the dispersal of the nebula itself. Because T4 is pri-
marily a function of the inflow rate, the disk cools as the rate of
inflow to the planet decreases.

Canup and Ward (2006) perform direct simulations of satellite
accretion at Jupiter and Saturn, assuming an exponentially decay-
ing inflow with a decay timescale comparable to nebular lifetimes.
They find that multiple generations of satellites form and are lost
due to inward orbital migration and collision with the planet.
In each generation, a satellite system with a similar total mass
(~10*4Mp) is formed and then lost as another accretes in its place.
The surviving satellites are those that form in the last generation
as the inflow ends. Both Galilean-like systems with multiple sim-
ilarly sized satellites and saturnian-like systems in which most of
the system mass is in a single satellite (like Titan) can result (Fig. 3
of Canup and Ward, 2006), depending on the timing of the end of
inflow relative to the cycles of satellite growth and loss.

Fig. 8 shows the predicted evolution of the midplane tempera-
ture in the CW model as a function of inflow rate to Jupiter (left)
and Saturn (right) at the current locations of Callisto, Ganymede,
and Rhea. All assume o = 0.006, background temperature Tpep =
20 K (appropriate for a planet that has opened a gap in the disk,
e.g., D’Angelo et al,, 2003), T, =500 K for Jupiter and T, for Sat-
urn (e.g., Burrows et al., 1997), and kg ~ kg ~ 1. For an exponen-
tially decaying inflow with a time constant Tj, ~ 108 yr, the peak

inflow rates shown in both plots correspond to a time when the
planet has acquired approximately 70% of its final mass.

The top axis in both plots shows the total remaining mass in
solids that will be delivered to the disk before the inflow ends as
a function of F,, assuming a solar composition inflow (f ~ 100)
and 7, = 10° yr. In the Jupiter plot, the vertical dotted line shows
the time after which a mass in solids equal to that of the Galilean
satellites will be delivered to the disk. We consider this to be the
inflow rate at which the Galilean satellites begin to form, and show
the temperature profile at this time in Fig. 1 (left). In the CW
model, a Saturn-like system is created when the inflow to the disk
ends soon after all large inner satellites (whose masses would have
been comparable to that of Titan) have migrated into the planet
and been lost (Canup and Ward, 2006). This implies that the cur-
rent inner saturnian satellites formed last, after the loss of any
inner large companions to Titan, and during the very last stages
of inflow. In the Saturn plot below, the vertical dotted line shows
the time after which a mass in solids equal to that of the inner sat-
urnian satellites will be delivered to the disk within 15 saturnian
radii, assuming that the outer edge of the inflow region is ~30Rp.
We consider this to be the inflow rate at which the inner satur-
nian satellites form, and show temperatures at this time in Fig. 1
(right).

Appendix B. Size estimates for satellitesimals in the Canup and
Ward model

Estimates of the sizes of objects accreting onto Callisto and
Rhea are key to understanding their post-formation interior states.
Here, we estimate the sizes of objects that create each satellite
in an inflow-produced gas-starved disk. We estimate particle sizes
by assuming a balance between the rate of particle supply to the
disk, rate of particle collision with the growing satellite, and rate
of collision between particles within the disk. First, we consider
the balance between particle supply and loss by collision with the
growing satellite. For simplicity we consider a uniform inflow of
solids per unit area into the disk between the parent planet’s ra-
dius and an outer radial distance r.. The small particles interact
with each other, and with a population of much larger satellites
with mass M; and radius R;. The large satellites may be thought
of as having an effective surface mass density oy = M;/A, where A
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is the area of the annular “feeding zone” of each satellite. The feed-
ing zone area A = 2mada = 2wa*C(M;/3M)p)'/3, where the radial
extent of the feeding zone 8a = Ca(Ms/3Mp)!/3, C is the annu-
lus width in satellite Hill radii, and M is the mass of the parent
planet.

The small particle population will self-regulate so that the
mass rate of particle supply from the inflow to the annulus,
~(F*/f)(A/nr§), is comparable to the mass removal rate of par-
ticles due to collision with the satellite, ~71R§opar.QFg where
Fe=(1+ (Vesc/Voo)?) is the gravitational focusing factor, and Vesc
is the escape velocity of the growing satellite. Equating these rates,
solving for the small particle surface density op,r, dividing by
0s = Ms/A, and setting F, = F,(t;) = f (Mt /Tin) gives

Opar F.(ts) A A 1

e () (22) (55 ()
2\/Mr\ C? [ p\?[a\°[a\?

B () &) G

NHS e T N R
Fg M; (Gpp)l/z Tin \ Pp Rp re)’ ’

where F,(ts) is the inflow rate during the final satellite formation,
pp and ps are the planet and satellite densities, Rp, is the radius
of the planet, and (M1 /M;) ~ a few as the satellite nears its final
mass.

Next, we compute the upper limit on the characteristic im-
pactor size, which is the size to which a particle grows due to
mutual collisions with other particles before it collides with the
satellite in the limit of perfect accretion. This size can be estimated
by assuming that the rate of mutual collisions between the small
particles is equal to the rate of collision with the satellite, or

2
nrparo'par-Q N ﬂR?O’SQ
Mpar M

Fg, (B.2)

which gives rpar/Rs ~ ((7[,ar/crs)Fg_1 for ppar ~ ps, or
By x 10—6(5)2(106 vr)(a&)”
Rs 10 Tin 20
2 2
<(53) (7) () e
0.3 Fg M;

with pp ~ 1000 kgm~3. Because rpar o (1/R2), the predicted im-
pactor size decreases as the satellite grows. For parameter values
similar to those in the Canup and Ward (2006) simulations that
produce Saturn-like systems (e.g., rc = 30R,, C ~ 15), and with
Fg =5 and Tj, = 10° yr, we estimate rpar ~ 10 ®Rgpes ~ 1 m, com-
parable to the size of the largest initial inflowing particles. For the
jovian satellites with My ~ 2 x 107#Mp, C ~ 15, and rc = 30R),
impactor radii are ~4 km to 800 m for Callisto and ~30 to 6 m
for Ganymede, decreasing by a factor of about 5 as each satel-
lite grows from one-tenth of its final mass to its final mass. Our
estimates likely give an upper limit on rp,; because we assume
that small particle collisions always result in accretion. Velocities
of small particles will exceed their mutual escape velocities due to
viscous stirring by the satellite, so particle-particle collisions will
probably not be accretionary, which would lead to values of rpar
smaller than our estimates here.

Implicit in our treatment of the satellite accretion rate is the
assumption that the dispersion velocities of accreted particles are
a constant fraction of the satellite’s time-dependent escape veloc-
ity (i.e, we consider a constant value of Fg =5), and that the
bulk of the satellite’s growth occurs in the “orderly” regime in

which Tacce ~ M /M o r. Orderly growth implies that gravitational
stirring by the large satellite dominates over stirring among the

small background particles (Goldreich et al.,, 2004). This would
be the case throughout the majority of satellite growth in the
CW model because the background particle surface density is pre-
dicted to be much smaller than the equivalent surface density
of the satellite [Eq. (B.1)]. A rough estimate of the small particle
dispersion velocity can be obtained by assuming that it reflects
a steady-state balance between viscous stirring by the satellite
and collisional damping due to particle-particle collisions, so that
(Voo/Vesc(Rs)) ~ [(Us/apar)(rpar/Rs)]l/4 (Goldreich et al., 2004),
which, together with Eqgs. (B.1) and (B.3) gives veo ~ 0.8Vesc(Rs).
If particles do not grow beyond their initial size delivered with the
inflow due to their mutual collisions, collisional damping is more
effective, and (Voo/Vesc) ~ 0(0.1) results. In our temperature pro-
file calculations, we set Fg =5, OI Voo = Vesc/2.
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