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Introduction: The model of Callisto as a partially
differentiated ice/rock body, designed to fit the rela-
tively large moment of inertia (Mol) inferred from
Galileo data, has played a key role in defining the cur-
rent landscape of satellite accretion models. The gas-
poor subnebula model [1] was in part motivated by the
dichotomy between Ganymede and Callisto, primarily
expressed in the contrast in the Mol values characteriz-
ing each object. However, we argue that the observa-
tional evidence behind this widely accepted model is
weak, by suggesting an alternative interpretation of the
Galileo gravity data. In our model, Callisto has differ-
entiated an icy shell and rocky core, and in the latter a
large fraction of the accreted water is stored in the
form of water of hydration. This model is consistent
with the observed moment of inertia, supported by
experimental measurements, and with geophysical
constraints inferred from Callisto’s geological history.

Galileo’s Gravity Data: At the core of the prob-
lem is the assumption that Callisto is in hydrostatic
equilibrium, which was used as the basis for interpret-
ing gravity data provided by the Galileo Mission. Be-
fore Galileo reached the Jovian system it was explic-
itly noted [2] that the possibility of non-hydrostaticity
could make ambiguous the interpretation of gravity
data. As a matter of fact, the available dataset, while
scarce, does present a number of anomalies suggesting
that the moon is not in hydrostatic equilibrium.

First, the value of the mean moment of inertia sig-
nificantly decreased as more gravity data became
available, starting from 0.416+?? after two flybys [3]
to 0.354 9+0.004 2 from combining the whole set of
four flybys [4]. The error bars inferred from successive
solutions do not overlap, and the actual error on the
Mol used in geophysical studies is not constrained,
since it can only account for systematic effects. The
ratio of the degree-coefficients J, to C»; is close to 1/3,
which suggests that the satellite is hydrostatically re-
laxed. However, the correlation coefficient between
the two parameters is equal to 0.997, because all the
the gravity passes were performed in Callisto’s equato-
rial plane. Since C,, has not been determined inde-
pendently from J,, it is not clear whether their 1/3 ratio
reflects the actual state of the satellite or is an artificial
result of the inversion procedure. The most obvious
indication of a departure from hydrostaticity is the ex-
istence of a non-zero S,, coefficient that amounts to
10% of C,,. That anomalous parameter was previously

noted [5] but its importance has been overlooked in
geophysical studies aimed to interpret the gravity data.
As a comparison, the S, determined for Titan from
gravity measurements with the Cassini spacecraft is
only ~2% of C,;, [6]. Titan’s Mol was found as 0.341
9+0.000 5, but the potential role of non-hydrostatic
anomalies was acknowledged by [6], and a lower
bound on the Mol estimated as 0.335. More generally,
departures from hydrostaticity has been observed at
many satellites: Ganymede [7], Rhea [8], even the geo-
logically active Enceladus [9]. All these pieces of in-
formation motivate us to question the validity of the
hydrostaticity assumption and the small error bar of the
Mol value used in geophysical models of Callisto. We
argue that a Mol value lower than 0.35 cannot be rules
out, based on the data.

Unfortunately, we lack observations complemen-
tary to the gravity data that would allow testing of the
geophysical models. The difficulty to preserve a undif-
ferentiated core was noted, but solutions were pro-
posed [10]. Geological data suggest that Callisto’s
outer shell is ice-dominated at least 80-km thick [11],
while an induced magnetic field [12] points to the
presence of a deep ocean and hence a significant
amount of internal heating. Unfortunately, the Galileo
MAG data are not accurate enough to yield further
constraints on the structure of the hydrosphere (shell
thickness, ocean density) as could be done for Europa
[13].

Interior Model: Two configurations can lead to a
relatively large moment of inertia: a large core domi-
nated by a mixture of ice and rock, or a fully differen-
tiated body in which large amounts of water are
chemically bound to the silicates as water of hydration.
In the case of Titan, we showed [14] that the observed
Mol [6] can be interpreted as evidence for a core en-
riched in hydrated silicates, as previously suggested
[15], and demonstrated the long-term stability of hy-
drated silicates until present.

Aqueous alteration of silicates in contact with water is
a pervasive process [16], widely recorgnized as re-
sponsible for the abundance of hydrated silicates in
carbonaceous chondrite parent bodies [17], Phoebe
[18], at the surface of KBOs [19], possibly responsible
for the widespread presence of hydrated silicates de-
tected in exoplanetary systems [20], and suggested in
Galilean satellites in many studies [e.g., 21, 22].
Abundant hydrated silicate in Ceres’ core was also
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inferred from shape data [23], and found consistent
with available Mol data at Ganymede [16].

In the case of Callisto, we show that a core domi-
nated by hydrated silicates is characterized by a mo-
ment of inertia of 0.342-0.349, which is consistent with
the observed value given our arguments about error
sources discussed above. As is the case of Titan, we
demonstrate that hydrated silicates can be stable in
Callisto’s core until present.

Implications: We have devised tests of our model
to be carried out by future missions to the Jovian sys-
tem. For example, our model implies that the core
could be dehydrating [14], although this depends on
several parameters determining the long-term evolu-
tion of the object. The heat pulse associated with that
dehydration event would result in the destabilization of
the high-pressure ice layer and the gradual thinning of
the ice shell, possibly leading to the relaxation of geo-
logical features, and even resurfacing. High resolution
imagery could reveal such features. Our model is also
consistent with the long-term preservation of a deep
ocean, promoted by its enrichment in impurities as a
natural consequence of silicate serpentinization, as
well as the presence of ammonia suggested by cosmo-
chemical models [24]. The existence of an induced
magnetic field [12] also points to the presence of impu-
rities in Callisto’s ocean [13].

Our picture has implications for the early history of
the Jovian system and indeed the solar system as a
whole. Our models of Titan and Callisto require their
accretion within a few My after the formation of cal-
cium-alunimum inclusions in order for short-lived ra-
dioisotopes decay to be geophysically significant and
promote hydrothermal activity. While there is growing
observational evidence and theoretical agreement that
Al was widespread throughout the Solar system [e.g.,
25], and that the Saturnian system formed in 3 to 4 My
[26, 27], the smoking gun for the accretion of *°Al in
giant planet satellites remains to be discovered. How-
ever, recent modeling has suggested that Saturn’s rings
could have formed from a differentiated Titan-like
object [28], which is consistent with the accretional
conditions adopted in our modeling approach.
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