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13.1 INTRODUCTION 

In this chapter we discuss the structure, composition, and 
dynamical states of the interiors of Io, Europa, Ganymede, 
and Callisto. Interior structure and composition models of 
the Galilean satellites are constrained by gravity and mag
netic field data and information from imaging and infrared 
observations. Because gravity data provide the principal 
constraints, we begin with a detailed discussion of them. 
Other relevant data are referred to in the discussions that 
follow of each of the satellites. The reader can find additional 
information about the magnetic, imaging, and infrared ob
servations in other chapters of this book. 

The interior models developed in this chapter are 
sketched in Figure 13.1. Metal, rock, and water are the main 
constituents of the interiors, though Io has no water. Rock 
and metal have separated inside Io to form a metallic core 
and silicate mantle. A similar differentiation has occurred 
in Europa and Ganymede, which also have water ice-liquid 
shells surrounding their rocky mantles. Interestingly, if the 
water shells could be removed from Europa and Ganymede, 
all three inner Galilean satellites would be very much alike 
in terms of overall size and internal structure. Only Callisto 
stands apart; it has no metallic core, and rock (plus metal) 
and ice are still intimately mixed throughout much if not 
all of the deep interior. We now proceed to elaborate on the 
basis for these models and what they imply for the origin 
and evolution of the satellites. 

13.2 GRAVITATIONAL FIELDS OF THE 
SATELLITES 

Detection of the subtle deflection of a spacecraft's trajec
tory as it passes close to a planetary body is a valuable tool 
for measuring the object's gravitational field. Doppler data 

generated by stations of the Deep Space Network (DSN), 
using the Galileo spacecraft's radio communication system 
at S band (2.3 GHz), have been used to determine the mass 
and gravitational quadrupole moments of the four Galilean 
satellites. The resulting triaxial fields are consistent with 
the assumption that the satellites are in tidal and rotational 
equilibrium. Accordingly, interior models can be constructed 
which are consistent with two reduced data, the mean den
sity determined from the satellite's mass and radius, and the 
axial moment of inertia determined from the quadrupole mo
ments. With such limited data it is useful to examine simple 
three-layer models of the satellites. In such models, which 
can be easily reduced to two zones, the mean density p is 
given in terms of a core density Pc, a mantle density Pm and 
a shell density Ps by 

j5 = Ps + (Pc- Pm) (~) 
3 

+ (Pm- Ps) (r~) 
3 

(13.1) 

where rc is the core radius, rm is the mantle radius, and R 
is the mean surface radius. 

This density constraint can be obtained from flybys that 
are not necessarily close. For example, the Pioneer and Voy
ager spacecraft provided GM values ( G is the gravitational 
constant and /1.11 is the total satellite mass) for all four satel
lites (Campbell and Synnott 1985). However, even in two
layer models where Pm = Ps, there is only one equation in 
three unknowns (pc, Ps, rc). More data are needed, and 
they are provided by the Galileo spacecraft's close flybys. 
From a sufficiently far distance, the gravitational field of 
any body can be represented by a point mass. When the 
body is approached at a closer distance, and with the origin 
of coordinates taken at the center of mass, the quadrupole 
moments are the first higher-degree moments that can be de
tected. In fact, for any arbitrary mass distribution, MacCul
lagh's formula (Danby 1988), which includes G M and the 
quadrupole moments, can be used to approximate the gravi-
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Figure 13.1. Model interiors of the Galilean satellites. Io is at 
the top left, Europa is at the top right, Ganymede is at the bot
tom left, and Callisto is at the bottom right. The surfaces of the 
satellites are mosaics of images obtained from NASA's Voyager 
and Galileo spacecrafts, and the interior characteristics are in
ferred from gravity field and magnetic field measurements by the 
Galileo spacecraft. The satellites are shown according to their ac
tual relative sizes. Io, Europa, and Ganymede have metallic (iron, 
nickel) cores (shown in gray) of unknown composition and radius 
surrounded by rocky mantles. Europa and Ganymede have water 
shells that are mostly ice but which partially contain liquid wa
ter oceans of unknown thickness at uncertain depth. Callisto's 
deep interior is a mixture of rock (and metal) and ice surrounded 
by a shell of relatively clean ice that probably has an internal 
liquid water ocean. Callisto could also have a relatively thin ice 
skin that contains a substantial rock component as well as a small 
rock core. This revised figure, based on the JPL release PIA01082, 
was prepared with the help of Zareh Gorjian and Eric M. DeJong 
(JPL), Pam Engebretson, and Robert Pappalardo (University of 
Colorado). 

tational potential. Alternatively, we use a truncated form of 
the standard Legendre expansion of the potential function 
V in spherical harmonics (Kaula 1966), 

GJ'vf oo n (R)n 
V(r, ¢,A) = -r-[1 + L L ---;: (Cnm cos rnA 

n=2 7n=O 

+ Smn sin mA)Pnm(sin ¢)] (13.2) 

The spherical coordinates (r, ¢,A) are referred to the center 
of mass, with r the radial distance, ¢the latitude, and A the 
longitude on the equator. Pnm is the associated Legendre 
polynomial of degree n and order m, and Cnm and Snm are 
the corresponding harmonic coefficients. 

The Galilean satellites are synchronously rotating with 
their orbital periods.* Hence, for purposes of the Galileo 
flybys, they are in static equilibrium with relatively large 
deformations caused by rotational and tidal forcing, so we 
restrict analysis to interior models consistent with equilib
rium theory (Kaula 1968, Hubbard and Anderson 1978, Rap-

* Nonsynchronous rotation of their figures with respect to the 
tidal axis on a geological timescale, as may be occurring for 
Europa (Chapter 15), does not affect our arguments. 

paport et al. 1997). The smaller dynamical tidal perturba
tions caused by the orbital eccentricity e are unobservable 
with the Galileo spacecraft, even for Europa, which has the 
largest forced eccentricity (e = 0.0101) of the four satel
lites (Greenberg 1982). The only nonzero gravity parame
ters of importance are therefore the monopole G NI, and the 
two quadrupole coefficients h ( -C2o) (the dynamical polar 
flattening) and c22 (the dynamical equatorial flattening). 
These coefficients, along with other parameters in the fit
ting model, are determined from the Galileo radio Doppler 
data by weighted least squares (Tapley 1973, Anderson 1974, 
Lawson and Hanson 1974, Moyer 2000). 

In principle, given enough flybys, or an orbiter, the grav
ity coefficients h and C22 can be inferred from the Doppler 
data as two separate independent parameters. However, in 
practice, for only two or at most a few close flybys, J2 and 
C22 are not independent. The measure of independence is 
given by the statistical correlation coefficient J.-L, which is 
zero for complete independence and unity for complete de
pendence. When the correlation is nearly unity, as in the 
case of Europa, Ganymede, and Callisto (see Table 13.2), 
one could impose the exact constraint that h is 10/3 of C22 
and solve for only c22 from the data, not both J2 and c22. 
This approach motivates the discussion below although it 
is not the approach we used in determining the values of 
h and C22 used in Table 13.2. We actually imposed the 
10/3 relationship as an a priori constraint, and let the data 
determine both h and c22' along with their correlation J.-L. 

The correlation between J2 and C22 can be interpreted 
in terms of a satellite's rotational and tidal response. The 
two parameters for the rotation and tide are defined by the 
single Love number kr multiplied by the two small param
eters Qr for the rotation and Qt for the tide. For the first
order theory of figures, the relationship between these two 
response parameters and the gravity coefficients is linear, 
and it is given by (see Eq. 13.10), 

-3 (2C22- h) 

-12C22 (13.3) 

A linear covariance analysis for the system of Eq. (13.3) 
yields an expression for the correlation f.-Lf between krqr and 
krqt. It is a function of the correlation coefficient J-t between 
h and C22, and the standard errors aJ for J2 and ac for 
c22. It can be written as, 

(13.4) 

From the gravity coefficients and their correlation in Ta
ble 13.2, the value of f.-Lf is 1.0 for Ganymede, 0.95 for Eu
ropa and Callisto, and -0.14 for Io. For the Galileo mission, 
the determination of the tidal and rotational coefficients is 
independent only for Io. As a result, Io's derived normalized 
axial moment of inertia, C (A1 R 2 is at least a factor of 10 
more accurate than for the other three Galilean satellites. 

The magnitude of the static distortion for a body de
formed by rotation and tides is determined by the ratio of 
the equatorial centrifugal force to the gravitational force at 
the satellite's surface, or by the small parameter Qr given by 

(13.5) 



where w is the angular frequency for both the mean or
bital period and the corresponding synchronous rotation. 
The satellite takes the shape of a triaxial ellipsoid with di
mensions a, b, and c (a > b > c). The long axis of the 
ellipsoid is along the planet-satellite line and the short axis 
is parallel to the rotation axis. The distortion of the satel
lite depends on the magnitude of the rotational and tidal 
forcing and the distribution of mass with radius inside the 
body. The distortion of the satellite and its internal mass 
distribution determine the satellite's gravitational field. 

The principal quadrupole gravitational coefficient 022 is 
related to the difference in the equatorial moments of inertia 
by (Kaula 1968), 

(13.6) 

where the ellipsoidal satellite's principal moments of inertia 
are A, B, and 0 (0 > B > A). For a body in rotational 
and tidal equilibrium, the gravity coefficient 022 is related 
to the rotational response parameter qr by 

(13.7) 

where the fluid Love number kf depends on the distribution 
of mass within the satellite (kf = 312 for constant density). 
Given C22 (or equivalently J2 ) and qr, k£ can be determined 
from Eq. (13.7), and the satellite's axial moment of inertia 
C follows from the Radau relationship (Kaula 1968), 

(13.8) 

The inferred axial moment of inertia provides a direct con
straint on the internal mass distribution. This second con
straint equation is 

P (M~') = ~ [p,+(Pc- Pm) (~) 
5 

+(Pm- p,) (';;) '] 

(13.9) 

For the three-layer model, there are two equations 
(Eq. 13.1 and Eq. 13.9) in five unknowns (rc, rm, Pc, Pm, Ps), 
but the situation is improved substantially by the measured 
moment of inertia. For example, if densities are assumed for 
the three layers, both the core radius and mantle radius be
come knowns. For the two-layer model, an assumption on 
shell density, for example ice or rock, yields both the core 
density and core radius from the two constraints. Alterna
tively, a forward modeling approach can be used to produce 
a suite of possible two- and three-layer interior models that 
satisfy the given constraints for radius, density, and moment 
of inertia. 

The equilibrium parameters for the four Galilean satel
lites are given in Table 13.1. The rotation parameter qr in 
Table 13.1 is computed from Eq. (13.5), and kf is computed 
from Eq. (13.7) for synchronous rotation (the determination 
of C22 is discussed below). The mean density uses a mass in
ferred from the measured GM divided by the gravitational 
constant G (6.672 59 X 10-20 km3 s-2 kg- 1

) (Cohen and 
Taylor 1999). 

It is useful to check the equilibrium theory with known 
values of C /!VI R 2 for the rapidly rotating planets Earth and 

Mars. From the first-order theory of figures, the gravity co
efficients J2 and C22 are given in general by Hubbard and 
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Anderson (1978), 

(13.10) 

where Hubbard and Anderson's (1978) dimensionless re
sponse coefficient a has been replaced by the fluid Love 
number kf = 3a, and qt is the tidal coefficient 

qt = -3 ( R )3 MJ 
aJ NI 

(13.11) 

with aJ the distance to the tide-raising body and Nh 
its mass. For a body in synchronous rotation, qt = -3qr 
(O'Leary and van Flandern 1972), and Eq. 13.7 is recov
ered. Similarly, 

(13.12) 

which proves that h is exactly 1013 of 0 22 for synchronous 
rotation. 

When the figure is distorted by rotation only, as in the 
case of Earth and Mars, both qt and 0 22 are zero. It follows 
from Eq. 13.10 that 

kf = 3h 
qr 

(13.13) 

With qr equal to 0.003 449 8 for the Earth and J2 equal to 
0.001 082 6 (Schubert and Walterscheid 2000), equilibrium 
theory yields a value for kf equal to 0.9415 and C I M R 2 

from Eq. (13.8) is 0.3320. The value of kf for the Earth's 
actual density profile is 0.937 (Stacey 1992), in quite good 
agreement with the equilibrium value. For Mars with qr 
equal to 0.004 570 2 and h equal to 0.001 964 (Tholen et al. 
2000), the equilibrium value of kf is 1.2869 and OIMR2 

is equal to 0.3762. The moment of inertia for Mars can be 
obtained independently from polar precession. A Viking la
nder result yields a value of 0 I M R2 equal to 0.355 ± 0.015 
(Yoder and Standish 1997), while a more recent com
bined Viking lander and Pathfinder lander result yields 
C/MR2 = 0.3662 ± 0.0017 (Folkner et al. 1997). The agree
ment with the equilibrium value is not as good as for Earth 
because of the uncompensated portion of the Tharsis uplift, 
but the good agreement with the independently determined 
value of C / JYI R 2 for the Earth, but less so for Mars, serves 
as a useful illustration and check on the equilibrium method. 

13.2.1 Flyby Determination of C 22 

The general gravitational potential of Eq. (13.2) can be sim
plified for an equilibrium body by first recognizing that for 
purposes of modeling the Galileo Doppler data, the third 
degree coefficients will be zero by symmetry and the fourth 
degree coefficients will be proportional to q; and completely 
negligible. The potential can be truncated at the second de
gree quadrupole terms. Among the five second-degree coef
ficients only J2 and 022 are stimulated by the rotation and 
tides with h = (1013) 022· Other coefficients might be in
cluded in the fitting model for purposes of trimming up the 
orientation of the principal axes or for studies of systematic 
error or additional signal, for example from gravity anoma

lies, but the equilibrium potential obtained from Eq. (13.2) 
is simply 
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Table 13.1. Equilibrium parameters. 

Body 
Io 
Europa 
Ganymede 
Callisto 

qr (lo- 6 ) 

1713.7 
501.9 
190.3 
37.0 

kr 
1.3043 ± 0.0019 

1.048 ± 0.020 
0.804 ± 0.018 
1.103 ± 0.035 

(13.14) 

where the cartesian x, y, z axes are aligned along the prin
cipal moments of inertia, with the x axis directed from the 
satellite to Jupiter and the z axis along the positive rota
tional axis. The radius r is just the modulus of the cartesian 
position vector ( x, y, z). Actually, the potential is rotating 
with the satellite in inertial space, giving rise to Coriolis 
and centrifugal forces that must be taken into account for 
the real data analysis. However, for purposes of discussion, 
we ignore the rotational terms in the flyby trajectories and 
compute the acceleration components from the gradient of 
Eq. (13.14). The quadrupole part of the acceleration is (in 
vector components) 

a2 = Glvf~22R2 [x(7x2- 8y2- 13z2), 
r 

y (13x2 - 2y2 - 7z2), 5z(3x2
- z2)] (13.15) 

It follows that to the first order in C22, the magnitude of 
the total acceleration is 

lal = ~~ [1 + 2c,, ( ~) 
2 

(7r;- u;- sr;)] {13.16) 

where f x, f y, f z are the direction cosines for the spacecraft 
position. In terms of latitude ¢ and longitude A., the accel
eration is 

lal= ~~1 [1+C22(~)
2 

[5(3cos
2
¢-2) 

+9 cos2 ¢cos 2A.] J (13.17) 

The term in brackets containing the latitude and longitude 
scales as a simple r- 4 power law for the quadrupole acceler
ation. It has a minimum of -10 at the pole and a maximum 
of 14 on the equator along the satellite-Jupiter line (,\ = 0 
or 180°). The zero crossings, where there are no acceleration 
signals, occur at latitudes below ±49.8° along a surface line 
given by 

5 (2- 3cos2 ¢) 
cos 2,\ = 9 2 ¢ (13.18) cos 

For polar flybys, with closest approach near the pole, a 
nonzero acceleration is guaranteed, although it must be pro
jected along the Jupiter-Earth line of sight. These considera
tions can be used to optimize flybys for a c22 determination, 
but in fact, the only real control over the Galileo flybys was 
to minimize the flyby distance and to make sure the space
craft could be tracked in a coherent Doppler mode during the 
closest approach. However, for Ganymede, the mission plan 
included both an equatorial and a polar close flyby on the 
first and second orbits, an optimum plan for independently 
determining the rotational and tidal response of the satellite. 
After the end of the regular mission, Io flybys were planned, 

R (km) 
1821.6 ± 0.5 
1565.0 ± 8.0 
2631.2 ± 1.7 
2410.3 ± 1.5 

p (kg m-3 ) 

3527.5 ± 2.9 
2989 ± 46 

1942.0 ± 4.8 
1834.4 ± 3.4 

C/MR2 

0.378 24 ± 0.000 22 
0.346 ± 0.005 

0.3115 ± 0.0028 
0.3549 ± 0.0042 

with a polar pass on orbit 25. For Europa and Callisto, all 
flybys were nearly equatorial, with the result that only a 
single gravity coefficient ( c22) could be determined, along 
the lines of Eq. (13.17). 

For Doppler tracking, the measure of noise is the Allan 
deviation cry (less et al. 1999), which is proportional to 
the standard error cr a in acceleration. The relationship is 
era = c cryjT, where T is the time interval over which the 
Doppler cycle counts are accumulated. For Galileo, cry is 
about 7 x 10-12 , including both random and systematic er
ror, at solar elongation angles greater than 90° and for T 

equal to 1000 s. Therefore, the expected error in a C22 ac
celeration measurement is· about era= 2 x 10-6 m s-2. From 
Eq. (13.16) or Eq. (13.17), the quadrupole acceleration on a 
close flyby will fall between the approximate limits of 1 to 
10 times GMC22R-2. The acceleration of gravity GlviR-2 

varies between the limits of 1.236 m s-2 for Callisto and 
1.796 m s-2 for Io. Consequently, with consideration of the 
factor of 10, and also the much smaller variation in G ~1 R-2, 
the expected error on C22 in units of 10-6 varies between 
the limits of about 0.11 to 1.6. The results from Galileo do 
indeed fall within these limits, except for Europa with a 
standard error of 2.5 x 10-6

. 

13.2.2 Gravity Results 

Io 

The best published Io results (Anderson et al. 2001b) are 
based on four close flybys. There is also a more recent close 
flyby on 17 January 2002, which can be analyzed for im
proved results. Unfortunately, on that last Io flyby of the 
Galileo mission, the Galileo spacecraft automatically shut 
down the science sequence in response to the detection of a 
possible fault. However, Doppler tracking with the S-band 
radio carrier wave proceeded as scheduled. As a result, a 
total of four close 1o flybys are available for gravity analy
sis with coherent Doppler data, orbit numbers 124 ( 11 Oct 
1999), 125 (26 Nov 1999), 127 (22 February 2000), and 133 
(17 Jan 2002). The first close flyby before Jupiter Orbital 
Insertion ( JOI) in December 1995 is also available, but the 
spacecraft was tracked in a one-way mode with the Doppler 
measurements referenced to the spacecraft oscillator, not the 
DSN atomic frequency standards used for coherent Doppler. 
Although this first flyby was the basis for the detection of 
a large metallic core in Io (Anderson et al. 1996b), and al
though it has been retained in the 1o data set, it adds lit
tle C22 information to the four later flybys. The closest of 
the five flybys in the data set is the last on the 33rd orbit 
at 102 km altitude, followed by a flyby on the 27th orbit 
at 198 km altitude and a polar flyby on the 25th orbit at 
300 km altitude. A combination of data from this polar pass 
with the other four equatorial passes can be used to ob-
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Table 13.2. Gravity results from the Galileo mission.* 

Body GM (km3 s-2) h (1o- 6 ) c22 (lo-6 ) J1, 

Io 5959.91 ± 0.02 1859.5 ± 2.7 558.8 ± 0.8 0.472 
Europa 3202.72 ± 0.02 435.5 ± 8.2 131.5 ± 2.5 0.993 
Ganymede 9887.83 ± 0.03 127.53 ± 2.9 38.26 ± 0.87 1.000 
Callisto 7179.29 ± 0.01 32.7 ± 0.8 10.2 ± 0.3 0.997 

*See Table 13.1 for the reference radius associated with h and C22· 
The GM values are from Jacobson (2002). J1, is the correlation coefficient 
between h and c22. 

tain an independent determination of rotational and tidal 
terms in the gravitational potential. The addition of data 
from the last 102 km flyby reduces the error on the gravity 
coefficient 022 by about 30% over what we previously re
ported from four flybys (Anderson et al. 2001 b), and it also 
reduces the correlation between J2 and 022 from 0. 752 to 
0.472. The final results of our Galileo collaboration (Ander
son et al. 2002) from a complete set of 1o data are given in 
Tables 13.1 and 13.2. These final values are reasonably con
sistent with previous results (Anderson et al. 1996b, 2001b), 
and they definitely satisfy the equilibrium constraint that 
h = (10/3)022· The difference between the previous value 
of c22, 553.7 ± 1.2, in units of 10-6

' which excludes the ex
cellent data from 133, and the 022 in Table 13.2, 558.8 ± 0.8 
(in units of 10-6

), which includes 133, is 4.25a. This trans
lates into a difference in 0/ M R 2 of 4.0a. This is certainly 
not an insignificant difference, and it indicates that further 
analysis of the complete 1o data set might yet be undertaken. 
The quoted errors represent realistic errors, including both 
random and systematic error, hence a difference of 4.25a in 
C22 is disturbing. The difference probably arises from an ex
traordinarily large Io ephemeris error, perhaps amplified by 
the relatively large time interval between 133 and the more 
closely spaced flybys 124, 125, and 127. An improvement in 
the Io ephemeris could reconcile the difference that arises 
from adding in the closest 133 flyby. Until that analysis is 
carried out, we recommend using the results in Tables 13.1 
and 13.2 as the final Galileo results for 1o gravity. 

Europa 

All available Europa flybys have been analyzed and the re
sults have been published (Anderson et al. 1998b). The first 
encounter occurred on the 4th orbit at an altitude of 697 km, 
the second on the 6th orbit at an altitude of 591 km, the 
third on the 11th orbit at an altitude of 2048 km, and the 
fourth on the 12th orbit at an altitude of 205 km. There 
was some concern that the Europa ionosphere, detected by 
the Galileo radio occultation experiment (Kliore et al. 1997), 
might imply a neutral atmosphere that could introduce drag 
perturbations into the flyby trajectory. No drag perturba
tions were detected, however, which is consistent with esti
mates of the surface density of 5 x 10-12 kg m-2, about six 
times too small for a drag detection with the Galileo space
craft. The gravity results are shown in Table 13.2. There 
is a small bias of 0.5 X 10-6 in C22 because of difficulties 
with defining the Europa-Jupiter direction (Anderson et al. 
1998b), but the bias is a factor of five smaller than the 
standard error, hence of little concern. The high correlation 

between h and c22 is the result of all four flybys being 
nearly equatorial. It is impossible from the data to sepa
rate Europa's tidal and rotational responses, but the rela
tively large forcing, as evidenced by Qr in Table 13.1, suggests 
strongly that the quadrupole gravity field is a true reflection 
of an interior in hydrostatic equilibrium. 

Ganymede 

Like Europa, all Ganymede flybys are finished, but unlike 
Europa the data analysis is not complete. The published re
sults from two Ganymede flybys on the first two orbits, how
ever, still represent the best estimate of Ganymede's equilib
rium field (see Table 13.2) (Anderson et al. 1996a). The first 
flyby was a near-equatorial pass at an altitude of 835 km, 
while the second was a near-polar pass at an altitude of 
261 km. Two additional flybys on the 7th and 29th orbits 
provide additional gravity information by means of reason
ably close encounters with coherent Doppler data, but the 
problem with the data analysis is that a gravity field com
plete through degree and order four is required in order to fit 
the data to the noise level. Further, without the equilibrium 
constraint J2 = (10/3) c22, the independently determined 
coefficients are unphysical. This makes the expected inde
pendent determinations of rotational and tidal components 
impossible. Problems with the Ganymede data analysis can 
be alleviated by assuming that the truncated field at the 
fourth degree can be interpreted in terms of a positive grav
ity anomaly in the vicinity of the closest approach on the 
second orbit(¢= 79.29°, A= 123.68° west) (Anderson et al. 
2001a). Independent of the gravity analysis, the analyses of 
images of Ganymede's limb yield a physical mean radius of 
2631.2 ± 1.7 km. The imaging data reveal no significant 
deviations from sphericity. 

The new data analysis yields a G M for Ganymede of 
9887.83 ± 0.03 km3 s-2. The uncertainty in the gravita
tional constant G has increased in recent years as a re
sult of inconsistent laboratory measurements (Cohen and 
Taylor 1999), but because of the improved value of mean 
radius, Ganymede's mean density is a factor of 4.6 more 
accurate than reported in 1996. The new mean density is 
1942.0±4.8 kg m-3

. Work is in progress to characterize the 
size and distribution of the gravity anomaly that apparently 
perturbs the equilibrium field. 

Callisto 

Five Callisto flybys have yielded final results for that satel
lite (Anderson et al. 2001c). Although there was some initial 
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confusion early in the mission over whether the gravity co
efficients implied that Callisto was undifferentiated or par
tially differentiated, a complete separation of rock and ice 
was definitely ruled out. The final results (Table 13.2) ar
gue for partial separation (see Section 13.6). Also the mean 
radius is 2410.3 ± 1.5 km, which yields a mean density of 
1834.4 ± 3.4 kg m - 3

. All five Callisto flybys were nearly 
equatorial, hence an independent determination of the tidal 
and rotational components of Callisto's gravitational field is 
impossible. 

13.3 IO - INTERIOR MODELS 

The gravity data of the previous section show that Io pos
sesses an iron-rich core. At least the outer part of the core 
should be molten (e.g., McEwen et al. 1989). The radius 
and mass of the core and its composition remain uncertain, 
however. Io's mean density of 3527.5 kg m-3 (Table 13.1) 
suggests that it consists of silicates and iron. As discussed 
above, Io's normalized moment of inertia is 0.376 85 ± 
0.00035 (Table 13.1). The independent determination of the 
quadrupole coefficients J2 and C22 using all four Galileo fly
bys is consistent with Io being in hydrostatic equilibrium, 
although the observed ratio of 10/3 between h and c22 
does not sensu strictu require hydrostatic equilibrium. If it 
is assumed that Io's core consists of pure iron with a density 
of around 8090 kg m - 3

, then the core with a radius of about 
650 km (solve Eq. (13.1) and Eq. (13.9) with Pm = Ps) com
prises about 10% of the satellite's mass; if the core consists 
of a eutectic Fe-FeS alloy with a density of 5150 kg m-3

, 

then the core radius is about 950 km and the mass fraction 
is about 20% (see also Anderson et al. 1996b, 2001b, Kuskov 
and Kronrod 2001b, Sohl et al. 2002). Because the core ra
dius and mass fraction also depend on the temperature in Io 
(Sohl et al. 2002) these estimates are uncertain at the 10% 
level. 

1VIodels of Io's static tidal deformation (Segatz et al. 
1988) have provided a similar assessment of interior struc
ture. The ratio of the (b- c) to (a- c) differences between 
the major figure axes can be used as a measure of the close
ness to hydrostaticity, similar to the ratio between h and 
C22. The fluid tidal Love number hE can be calculated from 
the axes if hydrostatic equilibrium is assumed. The Love 
number hE measures the interior density distribution just as 
CjlviR2

• Segatz et al. (1988), using Voyager limb measure
ments, found that Io is close to hydrostatic equilibrium and, 
assuming that the core is composed of a eutectic Fe-FeS 
alloy and a mantle whose composition and mineralogy and 
thus density are similar to that of the Earth's upper man
tle, calculated a core radius of about 950 km. They find hE 
of their model close to the value calculated from the figure 
axes. Galileo limb measurements (Thomas et al. 1998) and 
photogrammetric triangulation (Davies et al. 1998, Archinal 
et al. 2001) have recently confirmed Io's hydrostatic shape. 

A substantial iron-rich core is also expected from cosmo
chemical considerations (e.g., Consolmagno 1981). Although 
the exact composition of the core is not known, it is possible, 
if not likely, that the core is rich in sulfur. The abundances of 
elemental sulfur and S02 on the surface of Io suggest that 
the primordial composition and oxidation state of Io was 
close to that of a volatile-depleted, metal-free CV or CM 

chondrite (Consolmagno 1981, Lewis 1982). The elemental 
abundance of sulfur would then be about 2-3 weight % of 
the entire satellite. Consolmagno (1981) points out that this 
amount of sulfur may be present either near the surface, 
where it would form a 20-30 km thick crust, or in the core, 
which could then have a closer to eutectic composition. A 
20-30 km thick sulfur crust is incompatible with surface el
evations of 10 km (e.g., Carr et al. 1998b), judging from the 
rheology of sulfur. By modeling lo as an olivine-dominated 
mantle and an Fe-FeS core, Sohl et al. (2002) find the Fe/Si 
ratio to be between 1 and 1.25 for models of lo with a solid 
mantle (values increasing with increasing temperature) and 
between 1.25 and 1.5 for a partially molten mantle. These 
values are smaller than the value of 1. 7 typical of Cl or CM 
chondrites (Lodders and Fegley 1998, pp. 314-316); the val
ues are more consistent with those of CV chondrites. 

Kuskov and Kronrod (2001b) have done a more com
plete study of the possible composition of lo by using the 
mass and moment of inertia data and matching possible 
density structures to the compositions of candidate carbona
ceous and ordinary chondritic meteorites. For the core, these 
authors assume pure Fe, eutectic Fe-FeS (22.5 weight-% S), 
or troilite (FeS). In addition to the Fe/Si ratio, these authors 
calculate the ratio between Fe in the metal phase (includ
ing FeS), Fem, and the total Fe content, Fetot· They obtain 
permissible Fe/Si ratios of 0.8-1.2 and Fem/Fetot ratios of 
0.36-0.55. The differences in the Fe/Si ratios from the values 
of Sohl et al. (2002) may in part be due to a more realistic 
mantle model and in part be due to lack of information on 
partial melting. In any case, Kuskov and Kronrod (2001b) 
conclude that their Fem/Fetot values are inconsistent with 
carbonaceous chondritic compositions but consistent with 
the compositions of ordinary L and LL chondrites which 
also have Fe/Si ratios that better fit their model (L and LL 
chondrites have Fe/Si ratios of 1.17 and 1.05, respectively). 

To supply the surface heat flow of 2.5 W m-2 (Veeder 
et al. 1994, Spencer et al. 2000) or even larger values (Mat
son et al. 2001) by tidal dissipation in Io's silicate mantle 
requires at least a molten outer core layer; the volcanic ac
tivity, resurfacing rate and high temperature lava (1700 to 
2000 K) (McEwen et al. 1998a,b, 2000, Lopes-Gautier et al. 
1999) suggest that lo's mantle is partially molten. Keszthe
lyi et al. (2003) build on the low iron chondritic model of 
Kuskov and Kronrod (2001b) and use the evidence from the 
Galileo SSI and NIMS data for very high lava temperatures 
and othopyroxene-rich compositions to calculate the degrees 
of partial melting in the lava source regions of about 50%. A 
molten outer core layer is necessary if sufficient flexing of the 
mantle is to explain the observed luminosity through tidal 
heating. This was first pointed out by Peale et al. (1979) 
and later confirmed for more realistic models of lo's interior 
structure and rheology by Segatz et al. (1988). The mantle 
partial melt could be concentrated in an asthenosphere chan
nel and/ or distributed more evenly throughout the mantle. 
Both tidal dissipation in a low viscosity, asthenosphere chan
nel beneath the lithosphere and in a partially molten man
tle can explain the infrared luminosity (Segatz et al. 1988). 
The asthenosphere would have a viscosity of 108-1012 Pas 
(Segatz et al., 1988, but see Spohn (1997) for correction of 
an error in Segatz et al. (1988) involving a factor of 21r in 
the forcing frequency) and a thickness between 10 km and 
100 km. While the asthenosphere dissipation model does not 



require partial melting, the low value of the inferred viscos
ity actually suggests a substantial degree of partial melting. 
The mantle dissipation model requires a viscosity between 
1012 and 1016 Pas (Spohn 1997). These values are smaller 
than a suggested value for the minimum viscosity of solid 
rock of around 1017 Pa s and therefore again imply partial 
melting, albeit with a smaller degree of melting. 

Ross et al. (1990) have tried to fit the large-scale to
pography from Voyager data (Gaskell et al. 1988) to the 
figures of Io calculated from the asthenosphere dissipation 
model and the whole mantle dissipation model of Segatz 
et al. (1988). They found that the topography is best fit if 
2/3 of the dissipation occurs in an asthenosphere and 1/3 
in the mantle below the asthenosphere. However, the belt 
of topographic swells and lows along the equator observed 
by Gaskell et al. (1988) have not been confirmed by the 
more accurate Galileo data (Thomas et al. 1998). Neverthe
less, Galileo imaging data confirmed a preferential concen
tration of hot spots and volcanic vents along the equator 
(Lopes-Gautier et al. 1999), also consistent with astheno
sphere heating and asthenosphere heat transfer (Tackley 
et al. 2001). McEwen et al. (1998a) have speculated that 
Loki, Io's most powerful hot spot by far, might be fed by 
a deep mantle plume while the less powerful active volcanic 
centers might originate in the asthenosphere. Their spacing, 
and the spacing of those likely to have been active in the 
past century, is a few hundred kilometers, compatible with 
asthenosphere heat transport (Tackley et al. 2001). 

Fischer and Spohn (1990) and Spohn (1997) have ar
gued, on the basis of their integrations of the orbit evolu
tion equations of Yoder (1979) and Yoder and Peale (1981), 
that Io must be partially molten if locked in a stable near
equilibrium state with a sufficiently large dissipation rate. In 
such a state, surface heat flow is approximately balanced by 
tidal dissipation and the cooling rate is very small. At suf
ficiently large, but still subsolidus temperatures, the tidal 
dissipation rate E will be inversely proportional to the vis
cosity J.L. The convective heat transfer rate q will be inversely 
proportional to J.Lf3, where {3 is about 0.3. Thus the ratio 
(dlnE/dT)/(dlnq/dT) ~ {3- 1 > 0 and an equilibrium will 
be unstable. A slight increase in temperature will lead to 
runaway heating since the dissipation rate will increase more 
rapidly than the heat transfer rate. A slight decrease in tem
perature will lead to runaway cooling. Above the solidus, 
the dissipation rate decreases rapidly with increasing tem
perature because the shear modulus decreases rapidly with 
increasing degree of partial melting. The heat transfer rate 
will largely continue to increase with temperature. As a con
sequence, (dlnE/dT)/(dlnq/dT) < 0 and an equilibrium 
state will be stable. A positive fluctuation in temperature 
will lead to a decrease in dissipation rate and to an increase 
in heat transfer rate and vice versa for a negative temper
ature fluctuation. The tidal forcing period for Io is close to 
but larger than the Maxwell time based on reasonable rhe
ologies and temperatures. 

In Figure 13.2 we present a reasonable iotherm from 
Spohn (1997) that features an asthenosphere and a partially 
molten underlying mantle. The figure also shows the solidus 
of dry peridotite (a likely candidate for the mantle of Io) 
and a possible range of core liquidi. The solidus and the 
40% melting line are taken from Takahashi (1986, 1990); 
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Figure 13.2. Thermal structure of the interior of Io. Plotted are 
a simplified mantle solidus based on the solidus of dry peridotite 
(Takahashi 1986, 1990), a line of constant 40% degree of partial 
melting after Wyllie (1988), a range of core liquidi between the 
pure iron liquidus and the liquidus of a eutectic Fe-FeS mixture 
(Usselman 1975b,a, Boehler 1986, 1992) and an Iotherm. The 
Iotherm follows the wet adiabat in the lower mantle, a constant 
degree of partial melting in the asthenosphere, and the adiabat 
in the core (see text). The steep near-surface gradient indicates 
the lithosphere. 

the core liquidi have been derived by integrating the data of 
Usselman (1975b,a) and Boehler (1986, 1992). 

In the core, the iotherm follows the adiabat. The core 
adiabat has been calculated using the parameter values for 
small planets given by Stevenson et al. (1983). In the mantle, 
the iotherm coincides with the solidus temperature at the 
core-mantle boundary and follows the wet adiabat (Turcotte 
1982, Turcotte and Schubert 2002, Chapter 19) given by, 

dT L df 
dp Cm dp 

(13.19) 

(T is temperature, p is pressure, L is the latent heat of 
mantle melting, em is the mantle specific heat at constant 
pressure, and f is the degree of partial melting) until it 
hits the 40% degree-of-partial-melting isoline. This degree 
of partial melting is consistent with the viscosity required 
for the asthenosphere tidal heating model. It is also about 
the maximum degree of partial melting at which the solid 
matrix still dominates the properties of the partial melt. 
At larger degrees of partial melting, large-scale melt seg
regation through vertical fluid transport is expected and 
would render the asthenosphere unstable. t Moreover, the 
observed topography seems to rule out the existence of an 
extremely low viscosity ( < 100 MPa s) melt layer beneath 
the lithosphere (Webb and Stevenson 1987), but collapsing 
mountains (Schenk et al. 2001a) argue that major rheologi
cal weakness in the asthenosphere (some level of mushiness) 
exists. The quantity df / dp has been estimated by linearly 

t And indeed, asthenospheric stability at < 40% partial melt re
mains an important open issue (Stevenson 2002). 
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interpolating between the solidus and the liquidus. In the 
asthenosphere, the iotherm follows the constant degree of 
partial melting line. In the lithosphere, the temperature gra
dient is steep enough to approximately balance, by heat con
duction, a heat flow of 1013 W from the underlying mantle, 
about 1110 of the observed heat flow of 1014 W. 

The thickness of the lithosphere is only 25 km in the 
model of Figure 13.2. If the heat flow were balanced entirely 
by heat conduction, the lithosphere would have to be as thin 
as a few kilometers. These values of lithosphere thickness 
are inconsistent with the ""10 km heights of mountains on Io 
(Carr et al. 1998b, Schenk et al. 2001b). Pratt isostasy would 
require substantially thicker lithospheres of about 100 km 
thickness. However, it is likely that this is an upper limit to 
lithosphere thickness since the models of Segatz et al. (1988) 
have shown that the dissipation rate decreases strongly for 
thicker lithospheres. The conclusion drawn from these con
siderations is that magma must transfer most of the heat 
across the lithosphere. Magmatic heat transport permits 
a less steep temperature gradient and a lithosphere thick
ness consistent with the heights of the mountains ( 0 'Reilly 
and Davies 1981). Heat conduction through the entire litho
sphere cannot make a major contribution to the surface en
ergy balance. This is important because it has often been 
thought that the remotely observed heat flow might severely 
underestimate Io's total surface heat loss because of the un
known contribution of conductive heat flow (but see Steven
son and McNamara 1988). Moore (2001, 2003) and Mon
nereau and Dubuffet (2002) have modelled magma heat 
transport through lo's lithosphere and concluded that even 
smaller degrees of partial melting than in the model of Fig
ure 13.2 suffice to transfer all of Io's tidally generated heat. 

It is possible that Io's lithosphere is compositionally dif
ferent from the underlying mantle, e.g., it may coincide with 
a crustal layer of basaltic composition (Ross et al. 1990), 
and its thickness may not depend simply on the tempera
ture gradient but also on the rates of basalt production and, 
possibly, recycling. The observed high lava temperatures of 
1700 to 2000 K (IvicEwen et al. 1998b) have been used to 
suggest that the lava may be komatiitic and that the present 
Ionian crust may resemble the Earth's Archean crust. 

As Figure 13.2 shows, the solidus temperature of the 
mantle at the core-mantle boundary is significantly larger 
than even the liquidus temperature of pure iron. Although 
the liquidus is steeper than the core adiabat, the tempera
ture in the center of the core is still superliquidus. This has 
an important consequence for a possible dynamo in the core. 
If Io's core is liquid, then the latent heat and the gravita
tional energy liberated by the redistribution of light elements 
in the core upon freeze out of an inner core are not avail
able to drive an Ionian dynamo. Instead, a dynamo must be 
driven by thermal power alone; a purely thermal dynamo is 
much less efficient than a dynamo driven by compositional 
buoyancy (Gubbins et al. 1979, Stevenson et al. 1983). For 
the latter, the gravitational energy can be directly made 
available to drive the dynamo while a thermal dynamo is 
subject to a Carnot efficiency factor. Wienbruch and Spohn 
(1995) have argued that as long as Io is tidally heated in 
a stable, near equilibrium state, the surface heat flow will 
be approximately balanced by tidal dissipation, and satellite 
and core cooling will be negligible. This led them to suggest 
that lo would not have a magnetic field unless equilibrium 

between tidal heating and heat flow is substantially per
turbed. The Galileo spacecraft's last flyby of Io, just 300 km 
above the north pole, failed to detect a magnetic field of in
ternal origin (Kivelson et al. 2002a). The first close flyby 
of Io, just before insertion of the Galileo spacecraft into or
bit around Jupiter, had detected magnetic field perturba
tions associated with either electrical currents in the plasma 
around Io or a dynamo inside the satellite (Kivelson et al. 
1996b, Khurana et al. 1997a). Apparently, Io does not have 
a magnetic field (chapter by Kivelson et al.). Lack of ade
quate core cooling, as suggested by Wienbruch and Spohn 
(1995), is a plausible explanation. Additional discussion of 
the magnetic field measurements near Io can be found in 
Chapter 21 by Kivelson et al. 

13.4 EUROPA -INTERIOR MODELS 

Analyses of the radio Doppler data discussed earlier show 
Europa to most likely be a differentiated satellite consisting 
of a metallic core (mostly iron), a silicate mantle, and a wa
ter ice-liquid outer shell (Anderson et al. 1997, 1998b). The 
gravity data say nothing about the solidity or fluidity of the 
metallic core or outer water shell, and they do not uniquely 
determine the internal structure of Europa. For example, 
Europa's interior could consist of a uniform mixture of dense 
silicate and metal beneath the water ice-liquid outer shell. 
The inference of interior structure from the gravity data also 
rests on the assumption that Europa is in hydrostatic equi
librium. Interior models are constrained by Europa's average 
density of 2989 ± 46 kg m-3 (Table 13.1) and its gravita
tional coefficient c22 = 131.5 ± 2.5 X 10-6 (Table 13.2). The 
uncertainty in Europa's density is mainly due to the stated 
8 km uncertainty in the satellite's radius = 1565 ± 8 km 
(Table 13.1) although more refined values are now available 
(Seidelmann et al. 2002, Table V). Europa's axial moment 
of inertia C, normalized by the product of its mass ]Vf and 
radius squared R2

, is 0.346 ± 0.005 (Table 13.1). This value 
of C I M R2 is substantially less than 0.4, the value of C I M R2 

for a sphere of constant density, and it requires a concentra
tion of mass toward the center of Europa. 

Three-layer models of Europa's interior consistent with 
its average density and gravitational coefficient C22 are 
shown in Figure 13.3. A density of 1050 kg m - 3 has been 
assumed for the outer water ice-liquid shell and two pos
sibilities for the metallic core are considered, an Fe core of 
density 8000 kg m-3 (Figure 13.3A) and an Fe-FeS core of 
density 5150 kg m-3 (Figure 13.3B). The radius of Europa's 
metallic core is uncertain in part because of its unknown 
composition, i.e., the concentration of a light element such 
as sulfur in the core, and in part because of the unknown 
thickness of the water ice-liquid shell. The core radius could 
be as large as about 45% of Europa's radius (if the core 
composition is that of an Fe-FeS eutectic and if the water 
ice-liquid shell is about 100 km thick) or only as large as 
about 13% of Europa's radius (if the core is mainly Fe and 
if the water ice-liquid shell is 170 km thick) (Sohl et al. 
2002). Since a uniform mixture of rock and metal beneath 
an outer water ice-liquid shell is consistent with the den
sity and moment of inertia constraints for Europa, it is not 
possible to provide a rigorous lower bound on the radius 
of Europa's core. However, the density of such a mixture 
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Figure 13.3. Three-layer models of Europa consisting of a water 
ice-liquid outer shell with density 1050 kg m - 3 , a rock mantle, 
and either an Fe core of density 8000 kg m- 3 (A) or an Fe-FeS 
core of density 5150 kg m-3 (B). In addition to the densities of 
the core and outer water ice-liquid shell, a model is completely 
specified by its values of rock density (vertical axis) and nor
malized core radius (horizontal axis). The contours labelled 129, 
131.5, and 134 delineate models with the indicated values of C22 
(in units of 10-6 ). The other contours give the thickness (in km) 
of the outer water ice-liquid shell. Only those models with C22 
values consistent with observation are plausible models of Europa. 
A core-free Europa model is possible only if the rock density is 
significantly greater than the density of bulk Io. 

would have to exceed 3800 kg m- 3
, requiring some enrich

ment in dense metallic phases relative to Io, which has a bulk 
density of 3529 kg m - 3 and, likely, a hotter interior. Such 
degrees of enrichment in dense phases are probably unlikely 
for a smaller body forming farther out in the proto-jovian 
nebula than Io. It is more likely that this mixture would 
separate into a metallic core and rock mantle, because ra
diogenic heating in the silicates alone would raise Europa's 
interior temperatures high enough for differentiation to oc
cur (Anderson et al. 1998b). Thus, while we cannot specify 
a minimum value for the radius of a metallic core in Europa, 
it is most likely that such a core exists. 

The minimum water ice-liquid outer shell thickness is 
about 80 km for plausible mantle densities (Anderson et al. 
1998b). Smaller outer shell thicknesses require mantle den
sities less than 3000 kg m-3

. Such small mantle densities 
are possible only if the mantle silicates are hydrated. In ef
fect, the water in the outer shell trades off with the water 
in hydrated mantle silicates. If the mantle density is suffi
ciently small there is enough density contrast between the 
mantle and metallic core to account for the relatively small 
moment of inertia of Europa. Otherwise, a thick water ice-
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liquid shell (less than about 170 km thick) is needed to pro
vide the requisite density contrast between the exterior and 
deep interior of Europa. Hydrated silicates break down and 
release their water at temperatures between 500 and 800° C 
at the pressures in Europa's interior, making it unlikely that 
a thick Europa mantle would have an average density less 
than about 3000 kg m - 3

. Furthermore, it is implausible that 
Europa would have differentiated a metallic core while re
taining a hydrated silicate mantle. 

Sohl et al. (2002) have explored compositional mod
els of Europa consistent with the mean density and mo
ment of inertia constraints. They assume that Europa's core 
is composed of iron and sulfur and its mantle is made of 
forsterite and fayalite. Europa models with thick water ice
liquid outer shells have relatively small metallic cores that 
are rich in iron and mantles that have about equal amounts 
of forsterite and fayalite. As water ice-liquid shell thickness 
decreases, the mantle becomes more forsterite rich. There 
is a tendency for the size of the metallic core to increase 
with decreasing thickness of the water ice-liquid shell, but 
for any given shell thickness, there is a range of core radii 
corresponding to different core sulfur concentrations. The 
bulk Fe/Si ratio decreases with decreasing water ice-liquid 
shell thickness but it is almost independent of core radius 
and chemistry. A Europa model with a water ice-liquid shell 
about 170 km thick has a bulk Fe/Si ratio about equal to 
the CI carbonaceous chondrite value of 1.7 ± 0.1. Models 
with thinner shells have substantially sub-chondritic bulk 
Fe/Si with the Fe/Si ratio decreasing with decreasing water 
ice-liquid shell thickness. 

While the gravity field measurements by the Galileo 
spacecraft cannot tell us about the liquidity or solidity of 
the metallic core and water ice-liquid outer shell, the Galileo 
magnetic field observations near Europa (Khurana et al. 
1998, Kivelson et al. 1999, 2000, Zimmer et al. 2000) can 
address these questions. Europa has no detectable internal 
magnetic field (Schilling et al. 2003). Accordingly, the mag
netic field observations provide no information about the 
physical state of the core; while an active core dynamo re
quires at least part of the core to be molten, the absence of 
dynamo action does not imply a solid core. Europa's core 
could be entirely liquid but nonconvecting, in which case a 
dynamo would not be operative in the core. A similar ex
planation could account for the absence of internal magnetic 
fields on Venus and Mars (Stevenson et al. 1983) and on Io, 
as discussed in the previous section. 

The magnetic field observations are more definitive with 
regard to the physical state of the water ice-liquid outer 
shell. They show that the temporal variability of the jo
vian magnetic field, as sensed by Europa during its orbit 
around Jupiter, induces electric currents inside Europa. The 
induced electric currents in turn produce magnetic field fluc
tuations that were detected by the magnetometer on the 
Galileo spacecraft during several flybys of Europa. The mag
nitude of the induction-generated magnetic field fluctuations 
provides information on the electrical conductivity, depth, 
and thickness of the region in Europa where the induced 
electrical currents flow. The electrically conducting layer in 
Europa must lie within about 200 km of the surface and its 
electrical conductivity must be comparable to that of sea
water on Earth if its thickness is at least several kilometers 
(Zimmer et al. 2000). This is strong, albeit indirect evidence 
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for a subsurface liquid salt water ocean in Europa's water 
ice-liquid outer shell. The constraints on the depth of the 
internal ocean from the magnetometer data are consistent 
with the estimate of the thickness of the water ice-liquid 
outer shell from the gravity data. 

There is considerable indirect geologic evidence to sup
port the existence of either a global liquid water ocean or 
layer of warm, soft, ductile, possibly partially melted ice be
neath the surface of Europa (Carr et al. 1998a, Geissler et al. 
1998, Pa.ppa.la.rdo et al. 1998, 1999, Spa.un et al. 1998, Sul.: 
liva.n et al. 1998, Hoppa et al. 1999, 2000, Greenberg et al. 
2000, 1998, Tufts et al. 2000, Moore et al. 2001). The evi
dence includes the young apparent a.ge of the surface, relax
ation of large craters, the morphology of multi-ringed im
pact basins, mobile a.nd tilted ice blocks, smooth deposits, 
chaotic terrain, strike-slip faulting, ridge morphology and 
distribution, and others. Global-scale tectonic patterns can 
be explained by nonsynchronous rotation and tidal flexing 
of a thin ice shell above a liquid water ocean (Geissler et al. 
1998, Hoppa. et al. 1999, Greenberg et al. 2000, Tufts et al. 
2000). Some geologic features suggest that the internal ocean 
is within a few kilometers of the surface (e.g., Greenberg 
et al. 1998, Ka.ttenhorn 2002). Other features suggest that 
the ocean lies beneath a. few tens of kilometers of ice (e.g., 
Schenk 2002, Nimmo et al. 2003). 

Thermal models of Europa can assess the likelihood 
of a liquid water ocean in Europa's water ice-liquid outer 
shell (Schubert et al. 1986, Spohn and Schubert 2003). Ac
cretional and radiogenic heat sources are large enough to 
dehydrate Europa early in its evolution leaving the satel
lite covered with a. layer of liquid water 100 km or more 
thick. Thermal models by Consolmagno a.nd Lewis (1977) 
and Fa.nale et al. (1977) considered only the conductive cool
ing a.nd freezing with time of the outer layer of water a.nd 
predicted liquid water beneath an ice shell at present. How
ever, Reynolds a.nd Cassen (1979) a.nd Cassen et al. (1979) 
showed that the outer layer of ice would become unstable 
to convection with sufficient thickening, thereby promoting 
heat transfer through the ice and the cooling and solidifica
tion of the underlying liquid water. Their models resulted 
in complete freezing of the outer layer of water in a small 
fraction of geologic time. 

Subsolidus convection in a. freezing and thickening ice 
layer is not as efficient as assumed by Reynolds and Cassen 
(1979) a.nd Cassen et al. (1979). Because of the strong de
pendence of ice viscosity on temperature, convection in the 
outer ice layer occurs in the so-called stagnant-lid regime 
(Soloma.tov 1995). This is a style of convection in which the 
outermost layer of ice is too cold a.nd stiff to participate in 
the convection and only the lower, more ductile layers of the 
ice convect. Heat transfer through the stagnant lid is by con
duction, and only a. fraction of the total temperature drop 
across the ice is available to drive convection (see McKinnon 
(1998) for a. discussion). As a result, convection is less vig
orous and the ice layer cools and thickens more slowly than 
it would if its viscosity were not strongly temperature de
pendent. This opens the possibility that the freezing of the 
outer water layer could occur so slowly that a liquid region 
would survive to the present. At the very least it would take 
longer for the outer water layer to freeze out completely. 

The effect of stagnant-lid convection on the thermal 
evolution of icy satellites ha.s been studied by Deschamps 

a.nd Sotin (2001) a.nd by Spohn and Schubert (2003). De
schamps and Sotin (2001) find that though the rate of freez
ing of the outer water layer is slowed by stagnant-lid convec
tion, the layer is nevertheless completely frozen a.t present if 
the layer is pure H20 a.nd if the only source of heating the 
layer is radiogenic heating from the rocks in the satellite. 
Spohn a.nd Schubert (2003) have considered wide ranges of 
parameter values and have included the effect of the strong 
gradient of the solidus on the rheology under the empir
ically justified assumption that the viscosity depends on 
the homologous temperature (this assumption is consistent 
with the measured negative activation volume for power-law 
creep of ice, Durham and Stern 2001). According to these 
calculations thin oceans cannot be completely ruled out even 
for pure H2 0 ice shells because of uncertainties in the pa
rameter values relating heat flow to the vigor of convection 
and because of the unknown contribution of satellite interior 
cooling to the energy ba.la.nce of the ice shell. Convection 
is also more difficult to achieve if the ice rheology is non
Newtonian (Solomatov and Moresi 2000). This provides an 
additional mechanism to delay ocean freezing (Ruiz 2001). 
The effect of grain size on ice rheology is yet another factor 
that needs to be considered (Nimmo and Manga. 2002). 

There a.re several ways in which the freezing of Europa's 
internal ocean could be prevented. One of them is tidal heat
ing. Cassen et al. (1979) included the heat produced by tidal 
dissipation in Europa's outer ice shell a.nd found that this 
heat source could offset the subsolidus convective cooling 
of the ice a.nd prevent complete solidification of the water 
ocean. A steady state could be achieved in which tidal dis
sipative heating in a.n ice shell above a liquid water ocean is 
carried upward by convection in the ice; the balance between 
the dissipative heat source and the convective cooling leaves 
the ice layer with a. constant thickness. Cassen et al. (1980) 
later revised their estimate of tidal heating downward, again 
opening the question of whether the water layer on Europa 
would freeze completely over geologic time. 

The competition between the tendency of tidal heating 
to maintain a liquid water ocean and that of subsolidus ice 
convection to freeze the ocean has been analyzed for nearly 
two decades (Squyres et al. 1983, Ross a.nd Schubert 1987, 
Oja.ka.ngas a.nd Stevenson 1989, Fanale et al. 1990, Yoder 
a.nd Sjogren 1996). Hussma.nn et al. (2002) have coupled a 
Maxwell rheology model of tidal heating to a. heat transport 
model including stagnant-lid convection. The thicknesses of 
the elastic a.nd viscoelastic parts of the ice shell were cal
culated assuming equilibrium between tidal heating in the 
viscoelastic shell and the heat flow through the layers. The 
thickness of the ice layer should then be between 20 and 
50 km depending on the rheology of the ice with 30 km be
ing the most reasonable value. The surface heat flow is about 
20 m W m-2. Much larger tidal heating rates corresponding 
to heat flows up to a few 100 mW m- 2 a.re, in principle, 
possible but only if the ice layer is thicker than the equi
librium thickness. The dissipation rate will then exceed the 
heat transfer rate which will result in thinning towards the 
equilibrium thickness. 

A major complication in the thermal modeling of the 
water ice-liquid outer layer on Europa is the rheology of ice 
(Durham a.nd Stern 2001, Durham et al. 1997, 1998, 2001, 
Goldsby a.nd Kohlstedt 1997, 2001, Stern et al. 1997) both 
in its control of convection and dissipation. The phenomena. 



of dissipative heating and convective cooling involve nonlin
ear feedback mechanisms associated with the dependence of 
viscosity on temperature and the dependence of tempera
ture on the heating and cooling mechanisms. The amount 
of tidal heating in the ice depends on the magnitude of tidal 
deformation and the rheology of the ice at tidal periods. 
The amount of tidal deformation in the ice shell depends on 
the internal structure, in particular the existence of a liquid 
ocean beneath the ice layer and the ice thickness. 

There are additional uncertainties and effects that can 
be important in controlling the thermal history of the water 
ice-liquid outer layer. The thermal conductivity of the ice 
is dependent on temperature and physical state of the ice 
(density and distribution of cracks, for example). A ther
mally insulating layer at the surface of Europa would pro
mote stabilization of a liquid water ocean (Ross and Schu
bert 1987, Spohn and Schubert 2003). The occurrence of mi
nor constituents in the ice and ocean such as salts (McCord 
et al. 1998) and ammonia (Kargel et al. 1991, Deschamps 
and Sotin 2001) would affect the rheology of the ice and the 
freezing temperature of the ocean. By reducing the freez
ing temperature of the liquid, the presence of ammonia acts 
to lower the temperature of the ice thereby increasing its 
viscosity and reducing the vigor of convection (Deschamps 
and Sotin 2001). Through its direct reduction of the freezing 
point and its indirect effect on ice viscosity, the presence of 
ammonia or other volatiles in the liquid ocean acts to pre
serve the ocean. Tidal heating on major faults in Europa's 
ice shell may be important (Stevenson 1996a) and tidal heat
ing due to forced circulations in a thin liquid water ocean 
sandwiched between the rock interior and the overlying ice 
may prevent complete solidification of the ocean (Yoder and 
Sjogren 1996). Tidal heating and the presence of ammonia 
or other volatiles or salts in the ocean are thus the most 
likely ways of preserving an internal ocean beneath the icy 
surface of Europa. We return to these issues in greater detail 
in Section 13.7. 

A spacecraft orbiting Europa could determine with 
some confidence whether the moon has an internal liquid wa
ter ocean by measuring the gravitational or topographic am
plitude of the semidiurnal (1.8 day) tide (Moore and Schu
bert 2000, Wu et al. 2001). The semidiurnal tide is superim
posed on the much larger static tide that has been measured 
gravitationally by the Gal ilea spacecraft (Anderson et al. 
1998b). The static tide reflects the behavior of Europa as an 
entirely fluid body over the billion year timescale on which 
the mean distance from Europa to Jupiter changes. There
sponse of Europa to the semidiurnal tide, however, reflects 
the viscoelastic properties of Europa's interior on a timescale 
of a few days. This timescale is sufficiently short that com
petent solids like ice or rock behave differently from fluids, 
and Europa's semidiurnal tidal distortion will depend sensi
tively on whether Europa does or does not have an internal 
liquid water ocean. Moore and Schubert (2000) calculated 
the tidal response of Europa by solving the quasi-static equi
librium equations for a body composed of several uniform 
Maxwell viscoelastic layers. Models with no internal liquid 
water ocean were found to have a semidiurnal tidal distor
tion of only about a meter, while models with an internal 
ocean distort by about 30 m. The 30 m tidal distortion is 
characteristic of any model of Europa in which a fluid-like 
layer (water or mushy ice) decouples an outer ice shell from 
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the interior. The amplitude of the semidiurnal tidal response 
really depends on the product of the ice thickness and the 
rigidity of the soft layer and there is a trade-off between the 
two quantities. The simultaneous measurement of the grav
itational and topographic tidal amplitudes will help resolve 
this ambiguity. 

13.5 GANYMEDE - INTERIOR MODELS 

Ganymede's water-ice-rich surface, geological evidence of 
past resurfacing, and low density of 1942.0 ± 4.8 kg m - 3 

(Table 13.1) have long pointed to at least partial differentia
tion (rock from ice) of the satellite's interior (McKinnon and 
Parmentier 1986, Schubert et al. 1986). The Galileo space
craft's orbital tour has provided information on Ganymede's 
gravitational field (Table 13.2), as discussed earlier. 

Interpretation of Ganymede's second-degree gravity 
field as entirely due to a hydrostatic response to rotation 
and jovian tides yields a normalized moment of inertia 
C/McR'b = 0.3115 ± 0.0028 (Table 13.1, Me and Rc are 
the mass and radius of Ganymede, respectively), the low
est known of any of the solid planets or satellites (Anderson 
et al. 1996a). Comparison of J2 = 127.53 ± 2.9 X w-6 (Ta
ble 13.2, calculated from the measured c22 assuming hydro
staticity) with, e.g., the calculations based on three-layer 
structural models (ice over mixed ice + rock over a rock 
core, where rock means a solar mixture of rock+ metal) in 
Mueller and McKinnon (1988, their Figure 4) immediately 
indicates that the separation of rock from ice in Ganymede 
is essentially complete. Moreover, the detection of a mag
netosphere and magnetic field at Ganymede (Gurnett et al. 
1996, Kivelson et al. 1996a, 1998) strongly implies that dif
ferentiation has proceeded farther, to formation of a three
layer structure, i.e., a water-ice shell, a rock mantle, and a 
metallic core (Schubert et al. 1996). 

Analysis of Galileo magnetometer data from six flybys 
of Ganymede (Kivelson et al. 1996a, 2002b, and Chapter in 
this book) has sharpened the view of Ganymede's magnetic 
field. It is dominated by a dipole moment of ~715 nT Rb, 
substantially larger than that of Mercury, and tilted by 
about 176° with respect to Ganymede's spin axis. Kivel
son et al. (2002b) present two fits to the complete field, 
one an internal dipole and quadrupole field (eight compo
nents) and the other an internal dipole plus an induced 
component (four components). They prefer the latter be
cause the fit is slightly better with only half the terms, plus 
Europa and Callisto have been clearly shown to have an 
induced response, most likely due to internal, salty ( electri
cally conductive) water oceans (e.g., Zimmer et al. 2000). 
The strength of Ganymede's induced response requires a 
good conductor relatively close to the surface (i.e., it cannot 
be a metallic core), and a salty water layer (ocean) within 
Ganymede is thus also inferred (Kivelson et al. 2002b). 

A remarkable aspect of Ganymede's magnetic field is 
the relatively low power in the quadrupole components. 
Whether using the dipole plus quadrupole fit or the dipole 
plus induced term fit (whose unfitted quadrupole terms 
would be even smaller), the ratio of quadrupole to dipole 
power is much lower than would be anticipated by scaling 
for a metallic core of the expected size (described below) 
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(Kivelson et al. 2002b). This is probably an important clue 
to the origin of Ganymede's magnetic field. 

Ganymede's magnetic field could be due to either 
dynamo action, remanent magnetization, or magneto
convection (Schubert et al. 1996). Magneto-convection is a 
process by which an external field, imposed on a convect
ing, electrically conducting fluid, is modified and amplified 
to produce a new "perturbation field". The strength of the 
new field is generally of the same order as the external field, 
however, which for the jovian field at Ganymede is only 
rv100 nT, and so is unlikely to be the cause of the present 
dipole field (Kivelson et al. 1996a, Schubert et al. 1996). 

Remanent magnetism in a ferromagnetic rock core has 
been examined in detail by Crary and Bagenal (1998). Even 
for model rock cores that have a high magnetic susceptibility 
because they are rich in magnetite (a possible jovian subneb
ula condensate, Prinn and Fegley 1981) an external jovian 
field cannot sufficiently magnetize a cooling rock core to ac
count for the present dipole field. As the outer layer of the 
rock core cools below the Curie point for permanent mag
netization in the presence of an internal field, and thickens, 
it imposes limits on the field strength interior to itself and 
thus to further increases in the remanent dipole moment. 
The total dipole moment saturates, and lies well below the 
observed value even if Ganymede is allowed to tidally evolve 
from an orbital position much closer to Jupiter (where the 
jovian magnetic field is much more intense). Thus Crary and 
Bagenal (1998) reject Jupiter as the source of a remanent 
field for Ganymede. They point out, however, that a dy
namo field generated in a metallic core in the geologic past 
could have imposed the requisite remanent magnetization 
on a cooling external (and sufficiently magnetically suscep
tible) rock mantle, as long as the paleofield strength was at 
least 15 times the present value. The requirements on mag
netic susceptibility and paleofield strength are more severe 
if reversals are allowed for (Crary and Bagenal 1998). For 
essentially similar reasons, Schubert et al. (1986) concluded 
earlier that Ganymede's magnetic field is generated by dy
namo action in a liquid or partially liquid metallic core. From 
a structural point of view, though, the important conclusion 
is that whether the present field has a dynamo or remanent 
origin, a metallic core is required. 

The internal structure of Ganymede is constrained by 
the satellite's density and moment of inertia, but these data 
by themselves cannot be inverted to a unique configura
tion. With inferences from the magnetometer measurements 
and cosmochemistry, however, the range of possible interior 
structures can be bounded. For example, we can assume 
that Ganymede is fully differentiated into an ice shell, a 
rock mantle, and a metallic core. Figure 13.4 from Ander
son et al. (1996a) shows contours of rock mantle radius (in 
fractions of Rc) as a function of core mass (as a fraction 
of 1\1! G) or core radius (as a fraction of Rc) and ice shell 
density, for two plausible metallic core densities and a rock 
mantle density similar to that of the Earth's upper mantle 
(all layers are uniform). Contours of the allowable C22 and 
moment-of-inertia range are over-plotted. Formally, these 
models indicate a broad range in possible core size between 
~0.15-0.2Rc and 0.4-0.5Rc. In practice, the range is nar
rower: the upper bounds correspond to little silicate mantle 
( cosmochemically implausible), while the lower bounds cor
respond to implausible ice shell densities (given that higher 
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Figure 13.4. Representative Ganymede three-layer models hav
ing a rock mantle density of 3300 kg m-3 are shown for (a) a 
pure Fe core (density 8000 kg m-3 ) and (b) an Fe-FeS core (den
sity 5150 kg m-3 ). Rock mantle radii are contoured as a function 
of metallic core size and ice shell density, but only those models 
that fall near the solid curve labeled 38.18 ± 0.87(x1o-6 ) have 
the proper C22 and moment of inertia. Adapted from Anderson 
et al. (1996a). 

density polymorphs dominate). The smallest cores are also 
so small that they call the energetics of the dynamo into 
question (dipole fields fall off as 1/ r 3

). 

More sophisticated structural models have been calcu
lated by Kuskov and Kronrod (2001a), Sohl et al. (2002), 
and McKinnon and Desai (2003). Figure 13.5 illustrates a 
suite of models from Sohl et al. (2002). The models take into 
account the temperature and pressure effects on a water-ice 
shell overlying an olivine mantle surrounding metallic cores 
of varying compositions between Fe and FeS. The models 
assume a solid state equation-of-state for the Fe-FeS core, a 
common approach though Ganymede's core must at least be 
partially molten to account for the dynamo. A pure olivine 
mantle is also an approximation to a more complex rock 
mineralogy, but it is a legitimate one (e.g., olivine is the 
dominant mineral in the Earth's upper mantle). Figure 13.5 
therefore gives a reasonable indication of the bounds on 
Ganymede's gross internal structure. Core sizes are expected 
to lie between 650 and 900 km radius and the ice shell should 
be about 900 km thick. 
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Figure 13.5. Radial distribution of Ganymede's density for three 
hypothetical core compositions of Ganymede. The models sat
isfy the mean density and moment-of-inertia constraints. Adapted 
from Sohl et al. (2002). 

Kuskov and Kronrod (2001a) based 3-layer mantle min
eralogies on a variety of ordinary and carbonaceous chon
drites, and used a realistic ice equation of state for the 
outer shell and constant densities for the cores (the same 
two densities as in Anderson et al. 1996a). Geophysically 
admissible models (in the sense of satisfying the density and 
moment-of-inertia constraints) were evaluated in terms of 
bulk Fe/Si and mass fraction of iron in the core (Fe metal 
and FeS versus total Fe). If these ratios were deemed to 
be self-consistent, in that they were similar to the chosen 
meteoritic model, then that meteorite was accepted as a 
possible model for Ganymede's bulk composition. For the 
most reasonable of their two ice shell models (the one that 
is not partially molten to its base), the best match is given 
by L chondrites (possibly LL chondrites), and the core is 
Fe rich. While there is no logical genetic link between a re
duced, volatile-depleted, iron-metal-bearing meteorite class 
from the inner asteroid belt and a very volatile-rich major 
body formed around Jupiter, the inference from these mod
els is that "Ganymede-rock", like the L and LL chondrites, 
may be depleted in iron with respect to solar values. 

Sohl et al. (2002) calculated suites of geophysically 
admissible 3-layer Ganymede models (ice shell/rock man
tle/metallic core) with constant densities for each layer 
(these are simpler models than those in Figure 13.5). Inter
preting the range in mantle densities as a variation in iron 
content of the single mineral, olivine, they find a broad range 
of total (mantle + core) Fe/Si ratios above solar. While it 
is clear that supersolar Fe/Si ratios, if they had been found, 

would have been rejected by Kuskov and Kronrod (2001a) 
as not resembling any known chondrite, it is not obvious 
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why some geophysically admissible subsolar Fe/Si models 
were not uncovered by Sohl et al. (2002). One possibility is 
the mantle stoichiometry assumed by Sohl et al. (2002). Had 
they used a mix of olivine+ pyroxene+ garnet their range 
of Fe/Si values might have been different. 

McKinnon and Desai (2003) elaborate on the 
Ganymede modeling in Mueller and McKinnon (1988) by 
incorporating liquid Fe-S-0 cores. Their approach bases 
mantle and core compositions on solar proportions of Fe, 
Mg, Ca, Al, and S to Si, with realistic equations-of-state 
and temperature profiles for all layers. The closest mete
oritic analogue for the rock + metal in these models is a 
dehydrated carbonaceous chondrite (ordinary chondrites are 
too sulfur depleted). McKinnon and Desai (2003) find that 
fully differentiated models of Ganymede with solar compo
sition mantles and cores do not simultaneously satisfy the 
density and moment-of-inertia constraints. If the density is 
matched, then the moment of inertia falls short ( ~ 0.300-
0.306 vs. 0.3115, depending on the oxidation state of the 
mantle and core). One explanation is that Ganymede's Fe/Si 
ratio is indeed subsolar, which implies a larger mantle+ core 
and total moment of inertia, and thus supports the conclu
sions of Kuskov and Kronrod (2001a). This explanation is 
non-unique, however. Alternatively, there may be a small 
non-hydrostatic contribution from the rock mantle to the 
second-degree gravity field. This would cause the Radau
Darwin relationship to overestimate the moment of iner
tia. Such contributions are measurable for all the terrestrial 
planets, and McKinnon and Desai (2003) show that if only 
a fraction (rv20%) of the smallest observed non-hydrostatic 
component is scaled to Ganymede conditions, then a solar
composition mantle + core could yield a C22 and h that 
agree, within the 1-a error, with Anderson et al. (1996a). 

In summary, the gross features of Ganymede's structure 
appear set, but refinement of the structure and the choice of 
compositional alternatives will require more data. Barring 
direct structural information, such as from seismology, the 
most telling would be the measurement and analysis of a 
more complete gravity field (e.g., Anderson et al. 2001a, and 
our earlier discussion). 

13.5.1 Thermal Evolution and Core Formation 

Three major issues present themselves with respect to 
Ganymede's thermal history: (1) separation of rock+ metal 
from ice; (2) separation of metal from rock; and (3) origin 
of the magnetic field. We discuss each in turn. 

Regarding the primary differentiation of Ganymede -
the separation of its denser rock and metal phases from 
its ices - it was recognized early on that there was more 
than enough accretional energy to melt its ice fraction, and 
substantially so (e.g., Schubert et al. 1981). In order for a 
Ganymede-like satellite to be minimally or only modestly 
differentiated, as Callisto appears to be (Anderson et al. 
1998a, 2001c, and below), the accreting objects should not 
be so large as to deeply bury their heat and the accretion 
time should be long enough that accretional energy can be 
efficiently radiated to space from the surface (McKinnon 
and Parmentier 1986). The latter requirement has always 
been difficult to understand in traditional models of satel-
lite formation in a sub-jovian nebula, given the very short 
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dynamical timescales involved (Stevenson et al. 1986, see 
Section 13.8 for a fuller discussion). 

The gas-starved-disk model of Canup and Ward (2002) 
solves the timescale problem for Callisto, in that satellite 
accretion persists as long as the solar nebula exists af
ter Jupiter formation. It may solve the problem too well, 
however, because it is not obvious that a deeply differenti
ated Ganymede is also predicted. The alternative model of 
Mosqueira and Estrada (2003a,b) argues that Io, Europa, 
and Ganymede form in what resembles a traditional jo
vian subnebula (i.e., rapidly), whereas more distant Callisto 
forms in a different, and slower dynamical regime (see Sec
tion 13.8). A deeply melted Ganymede is predicted in such 
a scenario (Lunine and Stevenson 1982, Kirk and Stevenson 
1987), but its orbital stability in the subnebula remains a 
question (Stevenson et al. 1986, Canup and Ward 2002). 

A modestly differentiated Ganymede may nevertheless 
have evolved to be deeply differentiated. If the Laplace 
resonance formed by means of differential orbital expan
sion, Io, Europa, and Ganymede may have been tem
porarily captured into other Laplace-like resonances before 
reaching their final resonant configuration (Malhotra 1991). 
Ganymede's orbital eccentricity would have been excited 
while in temporary resonance, and the satellite could have 
been substantially tidally heated (Malhotra 1991, Showman 
and Malhotra 1997, Showman et al. 1997). The magnitude 
of this heating could have driven separation of ice from 
rock+metal deep in Ganymede, via ice melting, especially 
since the differentiation may have been self-sustaining due 
to the release of gravitational potential energy as differenti
ation proceeded (Friedson and Stevenson 1983, Mueller and 
McKinnon 1988). For tidal heating to be effective, the rhe
ology of the rock-ice layer must be sufficiently weak. This 
may be a problem if the rock dominates the rheology and the 
temperature is below the ice melting temperature. The exis
tence of this tidal heating episode is uncertain; in the model 
of Peale and Lee (2002), the Laplace resonance is primordial. 
In this case the deep differentiation of Ganymede, starting 
from a state of modest differentiation, and not of Callisto, 
requires that the modest advantages Ganymede has over 
Callisto in this regard (slightly greater rock fraction, slightly 
greater radiogenic heating and ice-rock viscosity due to the 
greater rock fraction, and greater specific gravitational po
tential energy) combine tellingly (Friedson and Stevenson 
1983, McKinnon and Parmentier 1986, Mueller and McK
innon 1988). The Peale and Lee (2002) scenario does not 
explain the roughly 50% resurfacing of Ganymede that oc
curred some time after the satellite formed. The relatively 
lightly cratered areas may be only about 2 Gyr old, though 
there is a large uncertainty in the absolute ages (Zahnle 
et al. 2003). The late transient capture into a Laplace res
onance provides an explanation for this late deformation 
event. This is clearly an area in which new modeling is 
needed. 

Once a rock+metal interior body, or "primordial core" 
forms, and we stress that the geophysical evidence that most 
or all of Ganymede's rock+metallies in a core is secure, the 
question turns to the existence and dynamics of further dif
ferentiation into a metallic core and overlying rock mantle. 
McKinnon (1996) showed that radiogenic heating alone was 
sufficient to bring the interior of a mixed rock+metal pri
mordial core to the melting temperature of a sulfur-bearing 
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Figure 13.6. Temperature as a function of depth and time during 
warming of the interior of Ganymede by the decay of radioactive 
elements with an initial heat production rate of 30 pW kg- 1 . 

Also shown is the solidus (eutectic) of Fe-FeS (Boehler 1996). 
The solidus is reached after 3.6 Gyr in this model. The timing 
is controlled by both the initial ( accretional) temperature profile 
and the heat production rate. Adapted from Spohn and Breuer 
(1998). 

metallic phase ( cf. Kirk and Stevenson 1987). A chondri tic 
mixture of non-ice elements contains sufficient U, Th, and 
4°K to cause a temperature rise of rvlQQ K per 100 Myr 
if there is no heat loss. The interior of a body the size of 
Ganymede's primordial core is conductively isolated from 
the exterior ice for very long times, so the internal tempera
tures should rise essentially unchecked to levels appropriate 
to solid state convection (see Figure 20 in the chapter by 
Greeley et al. for a similar calculation for Europa). Before 
that occurs, however, the Fe-FeS eutectic (lowest melting 
point) temperature (or that in the FeO-FeS system if the 
interior is sufficiently oxidized, Naldrett 1969) is reached. 
The Fe-FeS eutectic temperature is .-v1265 K at low pres
sure, and falls to rvl190 K at 10 GPa (Fei et al. 1997), the 
approximate central pressure in Ganymede today. Once a 
sufficient melt fraction accumulates, the excess can drain 
downwards under the action of gravity to form a core (e.g., 
Yoshino et al. 2003). It can further be shown for Ganymede 
that the energy consumed by the latent heat of melting of 
the metal is more or less balanced by the gravitational po
tential energy released by core formation. This process was 
also modeled by Spohn and Breuer (1998). Figure 13.6 shows 
how the rock+iron core in the model of Spohn and Breuer 
(1998) heats up due to radioactive decay to reach the Fe-FeS 
solidus (eutectic). 

The composition and size of the core depends on the 
composition of the Fe-bearing phases that melt to form it 
and the completeness of that melting. A CI chondritic Fe
FeS composition is 23 wt% S (Lodders and Fegley 1998), 
and while on the Fe side of the eutectic at low pressures, it 
ends up on the FeS side at pressures deep within Ganymede 
(i.e., the eutectic composition is pressure sensitive, Fei et al. 
1997). Moreover, if the interior of Ganymede is sufficiently 
oxidized, the composition may approach that of FeS (e.g., 
Scott et al. 2002), while still greater degrees of oxidation sta
bilize magnetite as a potential core phase (unfortunately, the 



melting relations in the Fe304-FeS system are very poorly 
known at high pressure). Oxidation at an earlier stage in 
Ganymede's evolution may also have released S and S02 

(as argued for Io by Lewis 1982) to the ice layer, and so of
fers a route to reduce the amount of sulfur in the core. Thus, 
a range of processes exist that may modify even an initially 
chondritic composition, but the core that forms should cer
tainly be FeS rich. Specifically, though, a chondritic, metallic 
Fe-FeS mixture is likely to be completely melted (or nearly 
so) at interior temperatures controlled by silicate convection 
early in Ganymede's history, and a thermal excursion due to 
tidal heating (Showman and Malhotra 1997, Showman et al. 
1997) makes this conclusion more secure. 

Once formed, the evolution of the core is determined by 
the heat released within and transferred through the over
lying rock mantle. By the present era, and without tidal 
heating, Ganymede's mantle might be conductive through
out and cooling, but core temperatures are very unlikely to 
have dropped below the Fe-FeS eutectic temperature (McK
innon 1996). Thus the core of Ganymede today should be at 
least partially molten, which satisfies one prerequisite for a 
magnetic dynamo (Schubert et al. 1996). A more stringent 
prerequisite for a dynamo, however, is that the mantle is 
presently cooling the core at a rate sufficient to maintain 
convective motions in the core. At a minimum, the mantle 
must be able to accommodate the heat flow conducted down 
the core adiabat. Estimates of the magnitude of this heat 
flow are uncertain, but this constraint on dynamo action in 
Ganymede's core may require the mantle to be convective 
at present. 

The core convective motions maintaining Ganymede's 
magnetic dynamo are powered by either thermal or compo
sitional buoyancy, or both. In the case of the Earth, composi
tional buoyancy is provided by the freezing of an Fe-Ni inner 
core that concentrates the light element into the outer core 
(e.g., Stevenson et al. 1983). The Earth's dynamo is driven 
by a combination of core cooling, the latent heat released 
by inner core solidification, and the gravitational energy re
leased by the differentiation accompanying inner core solidi
fication (Stevenson et al. 1983, Buffett et al. 1996). It is even 
possible that radioactivity in the Earth's core drives outer 
core convection and the dynamo ( Gessmann and Wood 2002, 
Rama Murthy et al. 2003). Kuang and Stevenson (1996) ar
gue that cooling and freezing of Ganymede's core (without 
tidal heating input) will not provide sufficient thermal en
ergy for convection and dynamo action in the liquid portion 
of Ganymede's core, and so favor compositional convection 
as the driving mechanism. If the core sulfur content is under 
rv21 wt%, an iron inner core should form, as on the Earth 
(and equivalently, an Fe3 04 inner core should form if the 
core is sufficiently oxygen rich). Compositional buoyancy is 
problematic for cores that are close to FeS in composition, 
however. While an inner core of solid FeS should readily 
form due to freezing under pressure (Boehler 2000), it would 
release a denser, more Fe-rich liquid, suppressing convec
tion. More exotic possibilities also exist such as the "raining 
up" of FeS crystals for appropriate compositions (McKin
non 1996), and tidal heating during formation of the Laplace 
resonance may have enhanced or restarted core convection 
as well (Stevenson 1996b, Schubert et al. 1996). These are 
intriguing ideas, but no quantitative model of Ganymede's 
dynamo has been published (but see Sarson et al. 1997). 
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Satellite dynamos remain a fascinating, unsolved problem 
in planetary geophysics. 

13.6 CALLISTO - INTERIOR MODELS 

Callisto is similar in size and density to Ganymede, but its 
relatively dark, heavily cratered surface early on suggest.ed 
that it was undifferentiated (Schubert et al. 1981, 1986). 
McKinnon and Parmentier (1986) argued that Callisto's ap
pearance was deceiving, its subsurface might be ice rich, and 
that it might have undergone an earlier evolution similar to 
that of Ganymede. Galileo imagery has been decisive in that 
no traces of such ancient geologic activity are seen (Chapter 
by Moore et al.), but notably, Callisto appears to be partially 
differentiated after all (Anderson et al. 1998a, 2001c). Even 
more remarkably, it appears to possess an internal ocean 
(e.g., Zimmer et al. 2000, Chapter by Kivelson et al.). Cal
listo does not have an internal magnetic field (Khurana et al. 
1997b, Chapter by Kivelson et al.), consistent with its par
tially differentiated state and its lack of a metallic core. 

Callisto's mean density is 1834.4 ± 3.4 kg m-3, its mean 
radius is 2410.3 ± 1.5 km (Table 13.1) and its gravitational 
coefficient c22 is 10.2 ± 0.3 X 10-6 (Table 13.2). All of the 
Galileo flybys of Callisto were equatorial, so there is no inde
pendent constraint on h or whether slowly rotating Callisto 
is in a hydrostatic state; the fit to 822 = -1.1 ± 0.3 X 10-6 is 
non-zero to 3a (Anderson et al. 2001c), suggesting that our 
understanding of Callisto's gravity field is incomplete (i.e., 
822 should be zero in hydrostatic equilibrium in the tidal 
a~is coordinate system). Nevertheless, a hydrostatic Callisto 
is reasonable, and can be justified a posteriori in that much 
or all of Callisto's internal structure may be controlled by 
the creep and yield strength of (relatively weak) water ice 
(Anderson et al. 2001c, and above). 

Assuming that Callisto is hydrostatic, the value 
of C22 above yields a normalized moment of inertia 
CjMR2 = 0.3549 ± 0.0042 (Table 13.1). This moment-of
inertia value, while clearly larger than that of Ganymede, is 
significantly lower than that of a completely undifferentiated 
Callisto (McKinnon 1997, C/MR2

:::::::: 0.38). The rock+metal 
fraction in Callisto must increase with depth, but gravity 
data alone are unable to constrain the exact nature of this 
increase (i.e., whether it is continuous or step-wise). A con
tinuous increase is ruled out, because it would suppress in
ternal convection by solid state creep of the ice fraction, and 
the resulting conductive temperature gradient would inter
sect the melting curve and promote further differentiation. 
Callisto, then, must be layered in terms of its ice/rock ratio 
(except perhaps for small, restricted regions). 

The simplest layered model for Callisto consists of 
a denser (more rock and dense-ice-phase rich) interior 
surrounded by a less rock-rich and more low-density-ice
polymorph-rich shell. Figure 13.7 contours the thickness of 
such an outer shell in terms of the densities of the two 
layers. Contours delineating models consistent with the in
ferred moment of inertia ( C22 values) are included in the 
figure. A broad range of shell thicknesses is shown. The 
interior density is, however, almost certainly limited to 
that of a cool, undifferentiated and dehydrated rock+metal 
sphere (~3850 kg m-3), so the upper limit on shell size is 
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Figure 13. 7. Callisto two-layer model. Ice-rich outer shell size is 
contoured as a function of outer shell density and ice-poor interior 
density. Only those models that fall near the solid curve labeled 
10.2(±0.3) x 10-6 have the proper C22 and moment of inertia. 
From Anderson et al. (200lc). 

rv1250 km. The lower limit on the thickness of a clean ice 
outer shell, with or without an ocean, is rv300 km. 

The rationale for two-layer models is that rock( +metal) 
can separate from ice if the ice melts or if the rock is in mas
sive enough fragments (or concentrations) that they sink 
slowly through the ice. The downward Stokes velocity of 
the rock fragments must exceed interior convective veloci
ties for the latter separation to be effective (Schubert et al. 
1981), but not be so great that the rock escapes remixing 
with deeper ice-rock, if the two-layered structure is to be 
maintained. Rock released by melting need not sink with 
respect to the ice, as long as water can escape to higher lev
els, but the rock must also remix with deeper ice-rock if the 
two-layered structure is to be maintained. 

Whether descending rock fragments (or concentrations) 
remix with deeper ice-rock depends on the fragment or con
centration size and ice viscosity, which are unknown. If, how
ever, the rock descends to the center of Callisto, then a rock 
core should form, surrounded by a mixed ice--rock layer and 
an exterior ice shell. Such 3-layer models were explored in 
detail in Mueller and McKinnon (1988). Their calculations, 
in which the mixed layer has the same ice/rock ratio as the 
bulk satellite, indicate that Callisto could be a body with 
18 ± 4% of its total rock in a central core rv900 km in ra
dius. New models indicate that under such conditions the 
boundary between the clean ice and mixed ice-rock layer is 
very close to the depth of ice I -ice III transition pressure 
(207 MPa) (McKinnon and Desai 2003). This depth is also 
the natural level for an ocean (Zimmer et aL 2000, and see 
discussion below), so it is tempting to imagine that thermal 
conditions that led to melting within Callisto operated at the 
ice minimum-melting temperature, and that the separated 
rock+metal was able to descend to form a core. However, 
unless our hydrostatic interpretation of the second-degree 
gravity field is in error, Callisto is not deeply differentiated. 
The runaway ice melting and differentiation of Friedson and 
Stevenson (1983), if it began, stalled; similarly, the bound
ary layer melting possible in the hotter convecting, mixed 
ice-rock shell (Mueller and McKinnon 1988), if it occurred, 
did not lead to deep differentiation either. Runaway differ-

entiation is favored energetically, but its dynamics must ini
tially be slow enough that Callisto remained cool and largely 
unmelted if this structural interpretation is to make sense. 

If, on the other hand, the interior rock and ice remains 
mixed during differentiation, then the clean ice layer neces
sary to account for the mass and moment of inertia of Cal
listo must be thicker ( rv300 km, Anderson et al. 2001c). This 
could arise if accretional melting was this deep or extensive, 
or if a zone of partial melting and refinement (rock from ice) 
(Friedson and Stevenson 1983) extended to 300 km depth 
( rv0.4 GPa). Given the amount of gravitational potential 
energy that can be released during differentiation (Friedson 
and Stevenson 1983), Anderson et al. (1998a, 2001c) argue 
that partial differentiation by melting would release suffi
cient heat to drive further differentiation, and that a thermal 
runaway would ensue. They therefore argue that the differ
entiation process on Callisto occurred (and is occurring) by 
slow, solid-state separation of rock from ice. Nagel et al. 
(2003) present a possible model of this process in which ice
rock separation does not involve the ocean. In fact, Nagel 
et al. (2003) argue that the ocean forms relatively late, after 
the near-surface ice layer has been mostly cleared of rock 
and the ice minimum-melting pressure has migrated to a 
deeper, sufficiently warm level (see next section). 

13.7 THERMAL CONSIDERATIONS IN THE 
MAINTENANCE OF INTRA-ICE 
OCEANS ON THE ICY GALILEAN 
SATELLITES 

As discussed in the preceding sections, subsurface liquid wa
ter oceans are likely on all three icy Galilean satellites. The 
evidence is based on Galileo magnetometer observations of 
electromagnetic induction in these satellites; the signature is 
seen most clearly at Callisto (Khurana et al. 1998, Neubauer 
1998, Kivelson et al. 1999, 2000, 2002b). The magnetic field 
data allow estimates of the thickness of the ice layers cov
ering the oceans (e.g., Zimmer et al. 2000). For Europa, the 
strength of the induced signal is consistent with an ocean un
derneath a thin ice shell a few tens of kilometers thick. For 
Ganymede and Callisto the oceans are probably at greater 
depths of 200 km or more. The existence of an ocean un
derneath tens of kilometers of ice on Europa is supported 
by geological evidence (Pappalardo et al. 1999). Other ev
idence favors even thinner ice layers (e.g., Greenberg et al. 
1998). Similar geologic evidence for oceans is not available 
for Ganymede and Callisto, although it has recently been ar
gued that the lack of hilly and lineated terrain antipodal to 
major impact basins on Callisto may suggest an ocean that 
would have damped the seismic waves generated by the im
pact (Williams et al. 2001). At least for Callisto, the inferred 
existence of an ocean is surprising since this satellite is in
completely differentiated (Anderson et al. 2001c, Sohl et al. 
2002) and devoid of endogenic activity (as witnessed by its 
old surface). 

Hussmann et aL (2002) have shown that tidal heating 
in an europan ice shell a few tens of kilometers thick can 
keep a subsurface ocean from freezing. Moreover, Spohn and 
Schubert (2003) have demonstrated that a subsurface liquid 
water ocean on Europa is likely even with internal heating 
limited to what is generated by radioactive decay in the 
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Figure 13.8. Water-ice phase diagram and thermal model of the 
outer layers of an icy Galilean satellite with a convecting ice shell. 
The top layer is the stagnant lid. Below the stagnant lid is the 
well mixed sub-layer through which heat is transferred by convec
tion. The case for a conductive shell is equivalent to a stagnant 
lid extending all the way to the bottom of the shell. The temper
ature profile in the ice shell is shown with solid lines. The melting 
temperature is shown with dashed lines and the temperature pro
file in the ocean and the ice layer below the ocean is shown with 
dotted lines. On the top and bottom of the well-mixed layer there 
are thermal boundary layers with large temperature gradients. 

rocky part of the satellite. Radiogenic heating in the rocks 
of Ganymede and Callisto could be adequate for the mainte
nance of liquid water oceans deep in their interiors, but the 
case for these satellites is not as strong as the one for Europa 
(Spohn and Schubert 2003), as will be discussed below. 

13.7.1 Melting Relations 

Subsurface oceans on satellites are possible because of the 
anomalous melting behavior of ice I for which the melt
ing temperature decreases with pressure until it joins the 
ice I/ice III transition and the ice III melting curve in a 
triple point at a pressure of 207 MPa and a temperature of 
251.15 K (Chizov 1993). A sketch of the ice melting tem
perature as a function of depth together with a simple ther
mal model of the outer shells of an icy satellite is shown in 
Figure 13.8. The triple point pressure translates into differ
ent depths for the three satellites because of their differing 
masses and, possibly, ice shell densities. Assuming an ice 
shell density of 1000 kg m - 3, a depth of 160 km is obtained 
for Europa, about as deep as the total thickness of the wa
ter layer, which is believed to be around 150 km (Anderson 
et al. 1997, 1998b, Sohl et al. 2002). The depth of the mini
mum melting temperature is about 145 km in Ganymede if 
an ice shell density of 1000 kg m - 3 is assumed. This density 
is reasonable since Ganymede is most likely differentiated 
(Anderson et al. 1996a, 2001a). For Callisto, the ice shell 
density could be about 1600 kg m - 3 if the satellite has a 
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mostly undifferentiated, cold and stiff outer shell (presuming 
such a shell is geologically stable). This density is calculated 
from the density of ice I, a concentration of rock of about 50 
weight-percent, and a rock density of 3500 kg m-3. With 
this ice shell density, the triple point in Callisto would occur 
at a depth of about 100 km. If the density in the ice shell 
were 1000 kg m - 3, the depth to the triple point would be 
about 165 km. 

It is possible that the melting point is even further de
pressed if the ice in the satellites is not pure H20 but con
tains other components such as ammonia, methanol and/ or 
salts (e.g., Kargel1992). The evidence for induced magnetic 
fields from electric currents in the oceans requires an elec
trolyte such as salt. Pure water oceans can therefore serve 
as an extreme case only. Because the melting point depres
sion is smallest for pure water ice, water oceans are the 
least likely to occur. If a water ocean is found to be pos
sible, then a salty ocean will be even more likely. The phase 
diagram of the water-ammonia system is reasonably well 
studied (Hogenboom et al. 1997, Sotin et al. 1998) and can 
serve as a model. Ammonia hydrates are predicted conden
sates in the satellites of Jupiter as long as temperatures in 
the sub-jovian nebula are cool enough and thermochemi
cal equilibrium is achieved (Prinn and Fegley 1981, 1989). 
This is probably most applicable to Callisto and possibly 
Ganymede (see Section 13.6). The concept of internal layers 
of ammonia-water liquid is well developed in the literature 
(Kargel 1998, Sotin et al. 1998). The water-ammonia liq
uidus temperature depends on pressure and on the concen
tration of ammonia in the water. 

The evolution of an ice lid and ocean will depend not 
only on the bulk concentration of ammonia but also on the 
initial conditions. If the lid grew on top of an ocean with 
some initial concentration of ammonia and starting from 
zero thickness, then the lid will be pure water ice. The com
position of the ocean will be determined by the mass of the 
water ice removed from the ocean and the constancy of the 
ammonia mass. The lid bottom temperature will be deter
mined by the liquidus surface, the composition of the ocean, 
and the pressure at the bottom of the lid. Grasset and Sotin 
(1996) have suggested a possible path on the liquidus sur
face starting from a low NH3 concentration and continuing 
to the high pressure eutectic at 29 wt-% NH3, 170 MPa and 
176 K. The pressure of 170 MPa is equivalent to a depth 
of about 130 km on Europa, 120 km on Ganymede, 80 km 
on Callisto if the outer shell is an undifferentiated ice-rock 
mixture and 135 km if the outer shell is mostly ice. 

If the satellite were initially at subsolidus temperatures 
and was warmed to reach the ammonia hydrate solidus (eu
tectic), melt would form at a temperature of 176 K and 
mostly independent of pressure. The composition of the melt 
under these circumstances would be around 30 weight-% 
ammonia, decreasing slightly with pressure, because the 
composition along the eutectic/peritectic is almost constant. 
Since the ice is less dense than the fluid, the ice will tend to 
float on top of the forming ocean. The rate at which the ice 
will separate and float will depend on the rheology and the 
concentration of the melt in the solid. As the temperature 
increases, water will dilute the melt, further the formation 
of an ocean by gravitationally separating the ice from the 
melt, and the composition of the ocean and the temperature 
at the base of the lid will be determined by the pressure at 
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the base of the lid, the bulk concentration of ammonia, and 
the liquidus surface. 

13. 7.2 Energy Balances and Equilibrium Models 

For Europa, it is possible to attribute the existence of an 
ocean to tidal heating. This is not possible for Ganymede 
and Callisto; tidal heating is negligible at their present or
bital distances and eccentricities. On these satellites, oceans 
must be due to radiogenic heating or to heat buried at depth 
and released through satellite cooling. It has been speculated 
(Malhotra 1991, Showman and Malhotra 1997, Showman 
et al. 1997) that Ganymede went through a phase of intense 
tidal heating perhaps as little as 1 Gyr ago when it passed 
into the present resonance through a 3:2 resonance. Dur
ing such a transition, the eccentricity would have increased 
by as much as a factor of 10 which could have caused run
away melting of ice and the formation of an ocean if the ice 
layer was warmer than 200 K. For colder initial tempera
tures, runaway tidal heating and melting is avoided because 
the ice rheology is too stiff and the tidal deformation is too 
small. A simple assessment of the feasibility of an ocean 
can be made if one assumes that the outer shell is conduc
tive and that the melting curve is linear. For pure ice, the 
surface melting temperature T mo is 276.1 K and the slope 
of the melting dTm/dp curve from p = 0 Pa to the triple 
point is -1.063 x 10-7 K Pa- 1

. This converts to values of 
-0.138 K km- 1 for Europa, -0.168 K km- 1 for Ganymede, 
and -0.213 K km- 1 for an undifferentiated outer Callisto 
shell ( -0.133 K km- 1 for a pure ice outer Callisto). For 
5 weight-% ammonia and the melting curve proposed by 
Grasset and Sotin (1996) introduced above, the values are 
Tm 0 =266.9 K and dTm/dp= -5.647x 10-7 K Pa- 1

. The lat
ter converts to: -0.734 K km- 1 for Europa, -0.892 K km- 1 

for Ganymede, and -1.13 K km -l for an undifferentiated 
outer Callisto shell ( -0.706 K km- 1 for a pure ice outer 
Callisto shell). The thickness of the shell D that is in equi
librium with an assumed heat flow into the base of the ocean 
can then be calculated to be approximately (Spohn and 
Schubert 2003) 

D = Tm0 -Ts 
q dTm 
----
k dz 

(13.20) 

where Ts is the surface temperature and q is the heat flow 
evaluated at the surface. The present surface temperatures 
are 105 K for Europa, 120 K for Ganymede and 130 K for 
Callisto. The bottom heat flow can be scaled by the heat 
flow in equilibrium with the present chondritic radiogenic 
heating rate of 4.5 p W kg- 1

. This heating rate will result in 
equilibrium surface heat flows of 5.6 m W m - 2 for Europa, 
3.9 mW m-2 for Ganymede, and 3.4 mW m-2 for Callisto. 
At the depth of the triple point, the equilibrium heat flows 
are 7.0 mW m-2 for Europa, 4.3 mW m-2 for Ganymede, 
and 3.6 m W m - 2 for Callisto. A representative value for the 
thermal conductivity of the ice is 3.3 W m- 1 K- 1

. 

An ocean is likely if D is found to be smaller than the 
depth to the triple point pressure or to the pressure at the 
eutectic. The following shell thicknesses are obtained: For 
pure ice, no ammonia, we find about 91 km for Europa, 
116 km for Ganymede, 108 km for an undifferentiated ice
rock shell on Callisto and 125 km for a pure ice shell on 

the same satellite (cf. Ruiz 2001). With the exception of the 
rock-ice shell, these are all notably smaller than the depths 
to the triple point suggesting the likelihood of oceans. For 
5 weight-% ammonia the case for an ocean is even stronger, 
as is expected. Here the lid thicknesses are 65 km for Europa, 
77 km for Ganymede, 83 km for an undifferentiated ice-rock 
shell on Callisto and 66 km for a pure ice shell on the same 
satellite. 

For simplicity, we have assumed that the shells are 
purely conductive. It is possible that a shell could become 
thick enough to be unstable to convection, in which case the 
shell would grow to a greater thickness than calculated here. 
The stability is mostly a function of temperature and rheol
ogy, but it also depends on the heat flow from below and the 
thermal conductivity. Spohn and Schubert (2003) have ex
plored a wide range of models to investigate the possibility 
of present oceans in the Galilean satellites as a consequence 
of an assumed heat flow from below the ocean. Both con
ductive and convective heat transfer mechanisms in the ice 
lithosphere were considered depending on the stability of the 
layer to convective overturn. Convection, if it occurred, was 
assumed to be in the stagnant lid regime (Solomatov 1995, 
Grasset and Parmentier 1998) and the viscosity of the ice 
was assumed to be given by 

v = Vo exp A c~; -1) (13.21) 

with T m the depth-dependent melting temperature and rep
resentative values of A = 24 and vo = 1014 Pa s (a simplified 
but commonly used rheological model, cf. Durham and Stern 
2001). For the same parameter values, the conclusions from 
the more complete models of Spohn and Schubert (2003) 
differ from the estimates presented above only for the no 
ammonia, pure ice models. In these cases, convection may 
become important, and, depending on uncertain parameter 
values that relate convective vigor to heat flow, convection 
might freeze the oceans. This is more likely to happen for 
Ganymede and Callisto than for Europa, but the oceans will 
in any case then be only a few kilometers thick. 

13. 7.3 The Probability of Oceans and their 
Thicknesses 

The thickness estimates presented above and the much more 
extensive results of equilibrium models presented by Spohn 
and Schubert (2003) are clear-cut for water+ammonia. 
Oceans are predicted for all three satellites and the con
clusion is robust against parameter variations. The water ice 
shells on top of the H20-NHa oceans are similar in thickness 
(70-90 km). The thickness of these oceans is substantial. For 
Europa, the ocean thickness is limited by the thickness of 
the water shell (about 150 km) leaving only about 80 km 
for the ocean. This limitation does not apply to Ganymede 
and Callisto whose bulk densities and moments of inertia 
indicate a thick ice shell (e.g., Anderson et al. 2001a,c, Sohl 
et al. 2002). The thickness of the H20-NHa oceans may well 
be 200 to 300 km. For Callisto this would allow a structure 
of an ice shell with or without rock in it overlying an ocean 
that could extend close to the surface of a possible ice-rock 
core. The ice shells would be thinner and the oceans even 
thicker if the bulk concentration of ammonia were greater 
than assumed in our model. Unfortunately, we have no in-



dependent evidence for or constraint on the concentration 
of ammonia in the Galilean satellites. 

The case for oceans in the icy satellites of Jupiter is 
less clear if the ice is pure or if the melting point depression 
is small. In these cases the differences among the satellites 
will matter, as well as choices of uncertain parameter values. 
The likelihood of an ocean increases with decreasing pres
sure gradient pg in a satellite and with increasing heat flow 
per unit area. This is why Europa, which has the greatest 
heat flow per unit area and the smallest pressure gradient 
of 1.3 kPa m-1 of the three satellites, is the most likely to 
have an ocean under these circumstances. The pressure gra
dients in Ganymede and Callisto are about 1.6 kPa m-1 and 
2 kPa m - 1, respectively. The likelihood of an ocean in Eu
ropa will be further strengthened if tidal heating is consid
ered. Hussmann et al. (2002) have calculated tidal heating 
rates in Europa's ice shell and have searched for equilibrium 
between the tidal heating and heat transfer rates, both of 
which are functions of the ice shell thickness and the ice rhe
ology. For similar values of the rheology parameters as used 
in Spohn and Schubert (2003) they find that the equilibrium 
value of the tidal heating rate, when expressed as a surface 
heat flow, is about 3 times the heat flow due to radiogenic 
heating, and the ice shell thickness is 20-40 km. 

An undifferentiated Callisto is the most likely satel
lite not to have an ocean on the basis of these consider
ations. An ocean is unlikely, mostly because the rapid in
crease in pressure caused by the assumed outer shell density 
of 1600 kg m-3 moves the triple point to a shallow depth of 
around 100 km. An ice shell of this thickness will be capable 
of removing the heat due to present-day radiogenic decay 
in the deeper interior by thermal conduction. Of course, as 
already discussed, it is unlikely that Callisto is undifferen
tiated because its normalized moment of inertia is 0.3549 
(Anderson et al. 2001c, and Table 13.1), smaller than the 
value of 0.38 for a homogeneous Callisto with density in
creases through ice phase transformations (McKinnon 1997). 
Still, the value of the observed moment of inertia has been 
calculated under the assumption that Callisto is in hydro
static equilibrium, which it might not be. In any case, it is 
possible that the outer shell of Callisto carries some rock 
if the satellite differentiated gradually by the slow inward 
motion of the rock component. Since the outer shell is cold 
and rigid, the separation of rock and ice will be very slow 
there, but the long-term stability of such a density inversion 
is an open issue. The effect on the depth to the triple point 
and the presence of an ocean will be the same as in the case 
of a completely undifferentiated satellite. Of course, our as
sumption of a more or less primordial concentration of rock 
in the outer shell may be too extreme. Any reduction in the 
rock concentration will make an ocean more likely. 

While an ocean is very well possible for Europa but 
questionable for an undifferentiated Callisto, oceans are con
ceivable for Ganymede and for a partly differentiated Cal
listo. Thin oceans can be found even under the most un
favorable conditions of pure H20 and equilibrium between 
radiogenic heating and heat flow. The former condition is 
unfavorable because pure H20 has the highest melting tem
perature of the candidate ices. The latter condition is un
favorable because satellite cooling should contribute to the 
energy balance and increase the heating rate above the val
ues derived from radiogenic heating alone. The most impor-
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tant factor acting against oceans is rock potentially left in 
the outer ice shell during interior differentiation. Rock in
creases the pressure gradient and moves the triple point of 
the phase diagram to shallower and colder depths. 

There are ways of increasing the likelihood of a more 
substantial ocean even if ammonia is not present. Other 
components, e.g., salts such as MgS04 and NaS04 (Kargel 
et al. 1991, Kargel 1998), could reduce the melting temper
ature. Of these, the effect of MgS04 on the melting tem
perature has been studied experimentally in the most de
tail. The effect of MgS04 (and by extension, other sulfate 
salts) on the melting temperature of ice is much smaller 
than that of ammonia, resulting in a reduction of only sev
eral kelvins (Hogenboom et al. 1995), but it will act to in
crease the thickness of an ocean and reduce the thickness of 
the ice shell. Alkali halides such as NaCl have more substan
tial melting point depressions. Cosmic abundance arguments 
(Kargel et al. 2000, Zolotov and Shock 2001) indicate that 
the alkali halides will be dilute for thick (tens of kilometers) 
oceans on the satellites, but when concentrated by freezing 
into a thin ocean, they may prevent complete freezing. 

Other parameters that may increase the likelihood of 
an ocean are the thermal conductivity and the heating rate. 
The nominal value of the thermal conductivity used here 
and in the models of Spohn and Schubert (2003) may be 
an overestimate if there are substantial ice regoliths on the 
satellites. The temperature increase through a regolith a few 
tens of meters thick could be a few tens of kelvins (Fanale 
et al. 1990). This increase will act similar to a reduction of 
the melting temperature by approximately the same value, 
or similar to the effect of salt on the melting temperature. 
The assumed chondritic heat flow from below could, on the 
other hand, represent an underestimate of the actual heat 
flow from the deep interior of the satellites. Thermal history 
calculations for terrestrial planets and satellites (e.g., Schu
bert et al. 1986) have shown that cooling will contribute 
substantially to the heat flow from the interior. The ratio 
between the surface heat flow and the rate of radiogenic 
heating (if expressed as a heat flow) could be as great as a 
factor of 2 as for the Earth and the Moon (Schubert et al. 
2001). The value for the Moon, a body of similar size as the 
Galilean satellites, has been estimated from the numerical 
results of Konrad and Spohn (1997) and Spohn et al. (2001). 
If this is applicable to the icy Galilean satellites, then there 
is no problem explaining oceans on all three satellites, as the 
calculations of Spohn and Schubert (2003) suggest. However, 
the above ratio between heat flow and heating rate appears 
to decrease with increasing convective vigor, as measured by 
the Rayleigh number. The Rayleigh number for Ganymede 
and Callisto is large, around 1012 (see also McKinnon 1998). 

Uncertainties in parameter values that work against 
oceans can also be listed. For instance, if we overestimated 
the specific chondritic heating rate of 4.5 p W kg-1 and the 
melting point viscosity of 1014 Pa s then a correction will 
tend to make an ocean less likely. 

Previous discussions, as, for example, reviewed by Schu
bert et al. (1986), have predicted that the ice shells of the 
Galilean satellites would be frozen solid because sub-solidus 
convection would easily remove the heat generated by ra
dioactive decay in the interior. Progress in the parameteriza
tion of planetary heat transfer (e.g., Solomatov 1995, Gras
set and Parmentier 1998) has resulted in an improved un-
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derstanding of the temperature distribution in a convect
ing planet with strongly temperature-dependent viscosity. 
These parameterizations known as stagnant-lid convection, 
thought to be applicable to one plate planets and satellites 
(but not to the plate-tectonic planet Earth), remove heat 
mostly by thickening a stagnant-lid or thermal lithosphere 
on top of the convecting deep interior. Thermal history cal
culations for the Moon using two- and three-dimensional 
convection models with the viscosity depending on the lat
erally averaged temperature profile show the same charac
teristics (Spohn et al. 2001). The previous parameterizations 
removed heat mostly from the deep interior. It is the lack 
of cooling the deep interior that effectively results in tem
peratures above the melting temperature even when convec
tion applies. The relevance of stagnant-lid convection to the 
Galilean satellites is, however, not entirely certain. Because 
of plate tectonics, stagnant-lid convection is not relevant to 
the Earth. If heat transfer processes like lid delamination 
or water or soft-ice magmatism occur on the Galilean satel
lites, stagnant-lid convection will not strictly apply. Such 
processes are perhaps less likely for Ganymede and Callisto 
because of their thick ice shells, but they could be relevant 
for Europa and in the past for Ganymede (Schenk et al. 
2001a). Europa, however, is the satellite for which an ocean 
is most likely on the basis of our heat balance considerations. 

13.8 FORMATION OF THE GALILEAN 
SATELLITES 

The Galilean satellites, an ordered set of bodies of simi
lar mass in coplanar, prograde orbits, and exhibiting an 
ice/rock compositional gradient, have long been thought of 
as a "miniature solar system". Therefore, it is naturally as
sumed that they formed by condensation and accretion in a 
gaseous subnebula around Jupiter, in a process grossly sim
ilar to the accretion of the planets in the solar nebula (Pol
lack and Fanale 1982, Stevenson et al. 1986, Peale 1999). 
It has also been recognized that the "nebular hypothesis" 
as applied to satellite systems has some severe drawbacks. 
Foremost among these are the cooling and condensation 
times of a minimum mass subnebula, which are much longer 
( "-' 106 yr) than both the accretion times of the condensed 
solids (r" 103 yr for large satellites) and the viscous evolu
tion time of the subnebula (103 x [10-2 /o:J yr) or gas drag 
timescale of bodies accreted within it (rv103 x [r/1 km] yr), 
where o: is the Shakura-Sunyaev parameter for effective 
disk viscosity (typically 10-4-10-2) and r = satellite radius 
(Stevenson et al. 1986). The minimum mass subnebula refers 
to a theoretical construct in which satellite masses (which 
for Jupiter total 2.1 X 10-4 MJ' where MJ is the mass of 
Jupiter) are augmented by H-He gas to achieve solar com
position (for a total of rv2 X 10-2 MJ) (e.g., Lunine and 
Stevenson 1982). 

The mismatch of timescales is fundamentally due to 
the small orbital periods of material circling Jupiter (at the 
position of the Galilean satellites), which means that the 
subnebula can partially condense, accrete, and lose early 
generations of (potentially rock-rich) satellites. Even if large 
satellites manage to form, satellite-disk torques may cause 
large semi-major axis drifts or even loss of satellites to 
Jupiter (Lunine and Stevenson 1982, Ward and Hahn 2000). 

However, the Galilean satellites exist, and so must have 
formed in some sort of subnebula. Two major kinds of sub
nebulae are usually considered for Jupiter (and Saturn) (Pol
lack et al. 1991): an accretion disk, which forms as solar 
nebula gas and particles flow through the Roche lobes to 
feed the growing Jupiter during its runaway accretion phase 
(Pollack et al. 1996, Coradini et al. 1989), or a spin-out disk, 
which forms after runaway accretion terminates and the dis
tended, hot Jupiter cools and shrinks, stranding material in 
a disk in order to conserve angular momentum (Korycansky 
et al. 1991). 

More recently, it has been shown that accretion does not 
terminate so cleanly; even as Jupiter grows to approach its 
present mass, it opens a gap in the solar nebula around its 
orbital position, and this greatly reduces but does not neces
sarily eliminate inflow of solar nebula material (Bryden et al. 
1999, Lubow et al. 1999). This gives rise to the concept of 
the gas-starved disk, a thin accretion disk that forms after 
Jupiter's hydrodynamic collapse and lasts for as long as the 
solar nebula exists to feed it (Stevenson 2001, Canup and 
Ward 2002). The lower mass and opacity of this disk allows 
for cooler temperatures, rapid condensation and accretion 
of available solids, and much longer gas drag and viscous 
evolution timescales (Canup and Ward 2002) - timescales 
compatible with large satellite survival over the lifetime of 
the subnebula. In this scenario, the satellites grow over a 
protracted period (possibly >106 yr), sweeping up a contin
ual supply of fresh disk solids as well as larger solar orbiting 
planetesimals that are captured into the thin disk by gas 
drag (cf. McKinnon and Leith 1995). 

An alternative model allows Io, Europa, and Ganymede 
to accrete within the traditional minimum mass, thick sub
nebula, but appeals to subnebular gas redistribution by 
satellite-disk torques (gap opening) to alter the overall 
balance of satellite-disk angular momentum transfer such 
that these satellites' semi-major axis drifts are substantially 
slowed or arrested (Mosqueira and Estrada 2003a, b). In the 
latter model the distant portions of the nebula, beyond the 
present position of Callisto, are much thinner and accretion 
proceeds more slowly, forming a large number of small satel
lites. The small satellites do not remain in position, however, 
but under the influence of gas drag drift inward to ultimately 
coalesce into Callisto. 

The implications for the initial satellite chemistry of 
these two models are profound. In the model of Mosqueira 
and Estrada (2003a,b), the pressure, density, and tempera
ture conditions inward of Callisto's position resemble that 
of traditional static proto-jovian nebula models (Prinn and 
Fegley 1989, Lunine and Stevenson 1982). In these models, 
solar composition gas cools from an initially hot state to at 
least the water-ice condensation threshold somewhere be
tween the radial positions of Europa and Ganymede. Con
densation calculations imply that in thermodynamic equi
librium in such a relatively warm, dense subnebula, mafic 
silicates, for example, should hydrate to serpentine and iron 
should oxidize to magnetite, Fe304 (Prinn and Fegley 1981). 
In addition, CO and N2, which in the solar nebula are kinet
ically inhibited in the gas phase from converting to thermo
dynamically stable CH4 and NH3 (Lewis and Prinn 1980), 
would be able to convert over the lifetime of the jovian sub
nebula (Prinn and Fegley 1981, 1989). Moreover, organic 
matter and graphite, both presolar and of solar nebular ori-



gin, should also vaporize and equilibrate to CH4. Methane 
is too volatile to have condensed in this traditional jovian 
subnebula, and NH3-H20 ice can form only in cooler re
gions farther from Jupiter (possibly affecting Callisto or even 
Ganymede, but not Europa, which is ice deprived) (Lunine 
and Stevenson 1982). 

In contrast, the gas-starved disk of Canup and Ward 
(2002) is heated less, and solar nebula solids will be less 
thermally processed. Even if thermodynamically favored, 
the hydration and oxidation reactions above are likely to be 
kinetically inhibited in the gas phase (although they could 
proceed by means of water-rock reactions within planetesi
mals or the satellites themselves). Solar CO and N 2 gas will 
tend to be retained in the subnebula, as will organic matter 
and graphite. An independent calculation of the kinetics in 
a model of the saturnian subnebula, based on a numerical 
simulation of gas inflow at the end of runaway gas accre
tion by Saturn (Coradini et al. 1995) and which yielded a 
relatively thin subnebula (but not as thin as in Canup and 
Ward 2002), came to a similar conclusion (i.e., kinetic inhi
bition) with respect to the thermochemistry of gas-phase C 
and N (Mousis et al. 2002). Similarly, in the thin, cold outer 
disk of the Mosqueira and Estrada (2003a,b) model, ther
mochemical equilibration/ conversion of solar nebular gases 
and solids should also be kinetically inhibited. 

Essentially, in the gas-starved disk model for all the 
satellites, and in the thin-outer-disk model for Callisto only, 
satellite compositions should more resemble those of solar 
orbiting planetesimals in the Jupiter zone. In terms of as
teroid types observed today, the most relevant classes would 
be the dark, presumably carbonaceous asteroids: C, P, and 
especially D types, as the latter dominate the Trojan clouds 
(e.g., Gradie et al. 1989). For Europa and Io, dehydrated or 
partially dehydrated versions of these compositional classes 
would best apply, because of heating of the infalling plan
etesimals. For Callisto, both models predict protracted ac
cretion, which is necessary to explain an interior that is only 
partially differentiated (Anderson et al. 2001c,b), for other
wise accretional heat cannot be efficiently radiated away and 
ice melting followed by rock-from-ice differentiation ensues 
(see discussions in Schubert et al., 1981; Lunine and Steven
son, 1982; and McKinnon and Parmentier 1986). In this re
gard, the detailed model proposed by Lunine and Stevenson 
(1982) to carry accretional heat away from Callisto by means 
of convection in a thick satellite atmosphere that connects 
a minimum mass jovian subnebula encounters severe dy
namical difficulties due to the strong satellite-disk torques 
implied (i.e., there would be no tidal gap and satellite mi
gration would be rapid). 

The role of accretional heating in the further evolution 
of the Galilean satellites is somewhat uncertain. Accretional 
heating alone could have raised the temperature in each of 
the Galilean satellites by about 1000 K or more (Schubert 
et al. 1986), but uncertainty in how much accretional energy 
was retained by each satellite has always made it difficult to 
assess how effective this heat source was in leading to early 
differentiation of the moons. Apparently, accretional heating 
was insufficient to fully separate the ice and rock in Callisto 
which we now know to be partially differentiated, with ice 
separated from rock only in its outer layers. Moreover, it is 

not known if the partial separation of ice and rock in Cal
listo should be attributed to accretional heating at all, since 
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the amount of separation that exists today could be the re
sult of a gradual process driven by radiogenic heating in a 
convecting ice-rock mixture (Spohn and Breuer 1998, Nagel 
2001, Nagel et al. 2003). The other Galilean moons are fully 
differentiated (ice and rock and metal) so it could be that ac
cretional heating played an important role in this. However, 
there is still uncertainty in when the differentiation of the in
ner three Galilean satellites occurred, so radiogenic heating 
over geologic time could have been essential if the differen
tiation occurred late in the evolution of each moon. Differ
entiation of lo, Europa and Ganymede could also have been 
triggered by tidal heating as the satellites evolved through 
orbital resonance configurations on their way to the present 
Laplace resonance (Malhotra 1991, Showman and Malhotra 
1997, Showman et al. 1997). Differentiation itself is not a 
large energy source for the inner three Galilean satellites, 
amounting to only about 10% of the maximum accretional 
energy or about 100-200 K (Schubert et al. 1986). 

13.9 CONCLUDING COMMENTS 

The Galileo mission has placed some stringent constraints 
on models of Galilean satellite evolution that were unknown 
prior to the mission. The internal structures of the satel
lites inferred from the gravity data are prominent among the 
new constraints. The magnetic field of Ganymede, thought 
to originate in a core dynamo (Schubert et al. 1996), re
quires Ganymede's metallic core not only to be molten (at 
least in part) but to be convecting at present. The nonex
istence of an Ionian magnetic field is just as important to 
our understanding of dissipative heating in Io and the satel
lite's internal structure, dynamics and evolution (Wienbruch 
and Spohn 1995, Spohn 1997). The magnetic field signals of 
electromagnetic induction from highly electrically conduct
ing layers in the outer parts of Europa, Callisto, and prob
ably Ganymede, require the preservation to the present of 
internal liquid water oceans in the outer ice shells of these 
moons. The close-up views of Europa's surface add strong 
support to the existence of a subsurface liquid water ocean 
in the satellite. These new constraints on Galilean satellite 
evolution are yet to be fully exploited. 

One way to decide which view of satellite formation, 
traditional minimum mass nebula or gas-starved disk, is 
more correct, is to test their predictions for the structure 
and chemistry of the Galilean satellites. Perhaps the most 
telling of these tests is whether the divergent structures and 
evolutions of Ganymede and Callisto can be explained in a 
natural and economical way. 

The exploration of the Galilean moons by the Galileo 
spacecraft has revealed a great deal about the internal struc
ture and interior dynamics of these bodies. These observa
tions have also placed important constraints on the origin 
and evolution of the satellites. It is not surprising that there 
are still major questions to be answered. Some of them are: 

(1) How did the Galilean satellites form and how did they 
evolve to their present state? 

(2) What is the nature of Io's present thermal and dy-
namical state? 

(3) Is lo's core totally molten at present? 

( 4) Does Io have a small internal magnetic field? 
(5) What is the extent of partial melting in Io's mantle? 
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(6) How thick is Io's crust and what is its composition? 
How thick is lo's lithosphere? 

(7) How thick is the ice above Europa's subsurface liquid 
water ocean? How thick is the ocean? 

(8) What fraction of Europa's core is solid? 
(9) Is Ganymede's core partially frozen? 
(10) How does Ganymede generate its magnetic field? 
(11) What is the depth dependence of ice/rock fraction 

in Callisto? 
(12) Why is Ganymede fully differentiated (ice from rock 

from metal) while Callisto's ice and rock+metal have sepa
rated only in the outer part of the satellite? 

(13) What are the oxidation states of the mantles and 
cores of Io, Europa, and Ganymede? 

(14) Are all the Galilean satellites in hydrostatic equilib
rium? 

(15) Are there truly liquid water oceans inside Ganymede 
and Callisto? If yes, how deep and how thick are they? 

( 16) Does tidal heating in Europa occur in the ice shell 
or rock mantle or both? 

( 17) What is the composition of the outer ice shells and 
oceans on the icy Galilean satellites? Is a significant amount 
of ammonia dihydrate present? 
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