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Radio Doppler data from four encounters of the Galileo spacecraft with the
jovian moon Europa have been used to refine models of Europa’s interior. Europa
is most likely differentiated into a metallic core surrounded by a rock mantle
and a water ice-liquid outer shell, but the data cannot eliminate the possibility
of a uniform mixture of dense silicate and metal beneath the water ice-liquid
shell. The size of a metallic core is uncertain because of its unknown compo-
sition, but it could be as large as about 50 percent of Europa’s radius. The
thickness of Europa’s outer shell of water ice-liquid must lie in the range of
about 80 to 170 kilometers.

The Galileo mission has provided four Eu-
ropa encounters (E4, E6, E11, and E12; Table
1) at flyby distances close enough to reveal
details of the satellite’s gravitational field (1).
Radio Doppler data were also generated from
three more encounters (E13, E14, and E15) at
altitudes of 3558, 1648, and 2519 km, but
they are not included. Here, we removed all
model ambiguities caused by previous incon-
sistent results (2) to yield a new suite of
interior models based on a factor of 5 im-
provement in Europa’s second-degree gravi-
tational coefficients.

On the basis of radio Doppler data generat-
ed by the Deep Space Network (DSN) at three
70-m stations located at Goldstone, California
(DSS14), near Madrid, Spain (DSS63), and
near Canberra, Australia (DSS43), and nonlin-
ear weighted least squares (3), we have deter-
mined coefficients in the standard spherical
harmonic expansion of the gravitational po-
tential V (4) to the third degree. All other
higher degree harmonics have been set to
zero. Our results reveal a satellite in hydro-
static equilibrium at the 610-mgal level (5);
hence, we have used the theory of equilibri-
um figures (6) to derive interior models con-
sistent with the data. The data are not accu-
rate enough (7) to determine the rigidity of
materials within Europa by means of the
method of periodic tidal deformations (8).

The flyby geometry for E4, E6, and E11
(Table 1), where along-track and cross-track
components of the Doppler shift can be de-
tected, is the most useful for determining
gravitational perturbations. For E12 the
spacecraft passed directly in front of Europa.
Therefore, any gravitational perturbations for

E12 are detected by the Europa-centered tra-
jectory bending only, whereas for the other
three encounters the bending and the velocity
perturbation along the orbital path contribute
to the measured Doppler shift. The E11 data
were considered less reliable than the E12
data because there was a gap of ;14 min in
the data (starting 4 min before closest ap-

proach), an important fraction of the ;60-
min interval when the data were sensitive to
the second-degree gravitational field.

We combined the Doppler data from all
four encounters (Table 1), along with ground-
based astrometric data on the positions of the
four Galilean satellites and optical naviga-
tional data from the Voyager and Galileo
missions to Jupiter, to obtain models of Eu-
ropa’s interior structure. This combined solu-
tion includes adjustments to the satellite ep-
hemerides, obtained by numerical integration
of their equations of motion. The E4 data
were included for purposes of improving the
Europa ephemeris, but these data had a neg-
ligible effect on the determination of the
gravitational coefficients (Table 1). We in-
cluded the possibility of an atmospheric drag
deceleration acting during E12, when the
spacecraft altitude was less than one Europa
radius (4). We found that the E12 encounter
data could be fit equally well with and with-
out a drag model. Furthermore, a solution for
the drag deceleration as a parameter in the
model yields 0 6 3 mm s–1 in integrated
velocity change. The conclusion from the
E12 data is that atmospheric drag is not de-
tected, but for the adopted scale heights (240
km below 300 km altitude and 440 km above
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Table 1. Europa encounter geometry and gravity results. The location of the spacecraft’s closest approach
is given in the first three rows, where longitude is measured west of the Europa-Jupiter direction and
altitude is referenced to a sphere of radius R 5 1565 km (4). The SEP angle is the elongation between
the sun and Jupiter. For SEP angles greater than 90°, the minimum amount of phase noise is introduced
into the S-band (2.3 GHz) radio wave as it propagates through solar plasma (19). The next three rows give
the direction cosines of the Doppler line of sight for the Europa flyby trajectory at closest approach. The
cross-track component is aligned with the Europa-spacecraft direction, the along-track component is
aligned with the spacecraft’s Europa-centered velocity vector, and the normal component is aligned with
the spacecraft’s Europa-centered orbital angular momentum vector. The quality of the available radio
Doppler data depends on whether the data were coherent with hydrogen maser frequency standards at
the DSN complexes. Coherency is achieved only when the spacecraft radio system is locked to a signal
from a DSN station by means of its S-band transponder. Otherwise, the data are referenced to the
spacecraft’s crystal oscillator with its relatively poor frequency stability, unknown frequency bias, and
unknown frequency drift. In fitting E4 and E6 data, we included the bias and drift as parameters in the
model. These two parameters are unnecessary for the coherent E11 and E12 data. Other factors,
particularly the continuity of the data and the location of data gaps with respect to the closest approach
time, also affect the data quality. The last four rows give the results of the data analysis (7), with each
flyby analyzed independently. In accordance with equilibrium theory (6), the coefficient J2 (the negative
of C20) has been constrained a priori to 10/3 of C22. The last row represents an estimate of the axial
moment of inertia normalized to MR2 from Radau-Darwin equilibrium theory (6). It is not an independent
parameter of the model but is calculated from the inferred value of C22. For a sphere of constant density,
C/MR2 5 0.4.

E4 E6 E11 E12

Latitude (°) –1.7 –17.0 25.7 –8.7
Longitude (°) 36.8 324.7 140.6 225.0
Altitude (km) 697 591 2048 205
SEP (°) 24.6 25.2 89.0 54.6
Direction cosines

for line of sight
Cross-track 0.772 0.656 –0.744 –0.985
Along-track 0.634 0.729 0.569 0.068
Normal –0.035 –0.194 0.350 –0.160

Coherent Doppler? No No Yes Yes
J2 (10–6) 215 6 102 438 6 45 442 6 28 438 6 9
C22 (10–6) 65 6 31 132 6 13 133 6 8 132 6 2
m 0.999 0.995 0.986 0.847
C/MR2 0.264 6 0.041 0.347 6 0.014 0.349 6 0.009 0.348 6 0.002
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300 km altitude), there is a 1s upper limit on
surface atmospheric density of 3 3 10–11 kg
m–3. This limit is consistent with radio occul-
tation results (9).

Because the given orientation of the sat-
ellite’s axes predates the Voyager mission,
we included all five second-degree gravita-
tional coefficients in the fit to the combined
data. The two first-order harmonics C21 and
S21 can be interpreted as corrections to the
orientation of the polar axis, whereas the
coefficient S22 measures a rotation of the x
and y axes about the polar axis z. By defini-
tion, the origin of coordinates is at Europa’s
center of mass; hence, the first-degree har-
monics C10, C11, and S11 are all zero and
were not included in the fit. The seven third-
degree coefficients were included in the fit,
but it is the second-degree field that provides
the important constraints on the interior struc-
ture, and those coefficients (in units of 10–6)
are J2 5 435.5 6 8.2, C21 5 –1.4 6 6.0, S21

5 14 6 12, C22 5 131.0 6 2.5, S22 5
–11.9 6 2.9, and m 5 0.993 (the coefficient
m represents the correlation between J2 and
C22 from the post-fit covariance matrix).

The lack of a definite detection of C21

and S21 indicates that the orientation of
Europa’s polar axis needs no correction. If
the x axis is aligned in the Europa-Jupiter
direction, along the smallest principal mo-
ment of inertia A, then S22 should be zero.
The negative value of S22 implies that the
axis along A lies 2.60° 6 0.63° west of the
nominal x axis (10).

The major inconsistencies between the
combined fit and the separate fits to each
encounter (Table 1) are the J2 and C22 values
for E4. However, the a priori hydrostatic
constraint ensures that J2 is 10/3 of C22 with-
in the error limits; hence, we are actually
concerned with only one inconsistency, the
parameter C22. We have published plots of
the Doppler residuals (observed Doppler mi-
nus model Doppler) for E4 and E6 using the
fits of Table 1 (2). A similar plot of E4
residuals from the combined fit is essentially
identical to the published plot. We conclude
that the 2s bias in the C22 value from E4
(Table 1) is caused by systematic errors in the
earlier fit to the E4 data, most likely low-
frequency systematic errors in the noncoher-
ent Doppler data.

The value of C22 and Europa’s average
density (11) can be used to infer the moon’s
internal structure if we assume, as in our
previous report (2), that the source of Eu-
ropa’s spherical harmonic degree 2 gravi-
tational field is an equilibrium ellipsoidal
distortion of the satellite, a distortion pro-
duced by spin and tidal forces as Europa
revolves around Jupiter in synchronous ro-
tation with its orbital period. Under these
conditions, C22 is related to the rotational
parameter qr by

C22 5
3aqr

4
(1)

where qr [the ratio of the centrifugal force to
the gravitational force at Europa’s equator
(11)] is a measure of the forcing for rotational
flattening of the satellite, and a is a dimen-
sionless response coefficient that depends on
the distribution of density with depth inside
the satellite (a 5 0.5 for constant density).
For C22 5 131.5 6 2.5 3 10–6 (10), a 5
0.3493 6 0.0085, where the errors in C22 and
qr respectively contribute 1.9% and 1.5% to
the error in a (11). From equilibrium theory
and the value of a, it follows that Europa’s
axial moment of inertia C, normalized to
MR2, is C/MR2 5 0.346 6 0.005. This value
of C/MR2 is less than 0.4, the value of C/MR2

for a sphere of constant density, and it re-
quires a concentration of mass toward the
center of Europa (12).

The surface of Europa is covered by a layer
of water ice, which may in turn overlie a liquid
water ocean (13). The gravity experiment can-
not distinguish between liquid water and ice
because their densities are similar, but it is clear

that the interior of Europa must have a density
higher than the mean value (2). Because sili-
cates and iron compounds are the only suffi-
ciently abundant materials with densities in this
range, we explore three-layer models consisting
of a water ice or liquid outer shell, a rock layer
composed of silicates or a silicate-metal mix-
ture, and an optional metallic core composed of
Fe or an Fe-FeS eutectic mixture.

Because only mean density and C constrain
the models, there are too many unknowns to
provide a unique inversion. We bound the pa-
rameter space with constraints on the densities
of ice, including “dirty” ice-rock mixtures and
some denser phases of ice that may exist near
the bottom of the water ice layer, the densities
of silicates and silicate-metal mixtures, the ra-
dius of the core, and the density of the core,
which is either 8000 kg m–3 for Fe or 5150 kg
m–3 for the Fe-FeS eutectic. We took a forward-
modeling approach and solved Clairaut’s equa-
tion for a to determine the family of model
parameters that satisfied our combined fit to all
the observations. All the models have water
ice-liquid shell thicknesses between ;100 and
200 km (Fig. 1).
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80 120 160 200Fig. 1. Possible three-lay-
er models of Europa con-
sistent with its mean den-
sity and axial moment of
inertia (C/MR2 5 0.346).
Two sets of models are
considered, one having Fe
cores with density 8000
kg m–3 and the other hav-
ing Fe-FeS cores with
density 5150 kg m–3. Any
point on one of the sur-
faces defines an interior
structure with properties
given by the coordinate
axis values and the color
of the surface. Ice density
refers to the density of
the outer spherical shell
of the model, which is
predominantly water in
either ice or liquid form
with an admixture of
some rock. The color of
the surface gives the
thickness of this outer
shell according to the col-
or bar. Rock density refers
to the density of the
mainly silicate intermedi-
ate shell, which may also
contain some metal. Pos-
sible Europa models are
defined by the surfaces
whose colors give the
thickness of the water
ice-liquid outer shell.
Other model parameters
(outer shell or ice density,
intermediate shell or rock
density, and core radius)
are provided by the coordinate axes. Two-layer Europa models are given by the intersection of the
model surfaces with the core radius 5 0 plane.
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Although two-layer models can be found
that are consistent with the observations, we
find these models implausible. Previously we
argued for a metallic core on the basis of mag-
netic field perturbations observed during the E4
flyby (14). Subsequent observations have not
confirmed an intrinsic Europan magnetic field,
and are instead more consistent with plasma
surrounding Europa and a time-varying induced
magnetic field with a source near the surface
(15). Although an intrinsic magnetic dipole
would have provided powerful evidence for a
metallic core, other lines of evidence allow us
to use the gravity data to confirm the presence
of a Europan core.

Models of Europa’s interior that lack a me-
tallic core are only consistent with the observed
value of C22 if the interior is a mixture of rock
and metal with a density higher than 3800 kg
m–3. This density implies that Europa’s interior
is enriched in dense metallic phases relative to
Io, which has a bulk density of 3529 kg m–3

(16). If the metal is Fe, the enrichment is 12%,
and the enrichment is even greater for lower
density metallic phases such as magnetite. We
suggest that such degrees of enrichment in
dense phases are 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 radiogenic heating in the silicates alone
would raise Europa’s interior to temperatures
high enough for differentiation to occur (17),
and tidal heating, though difficult to quantify, is
potentially an important additional source of
heating in the mantle. We therefore conclude
that Europa has a differentiated metallic core,
and we proceed to analyze three-layer models
that can satisfy the constraint on the moment of

inertia without requiring Fe enrichment in Eu-
ropa relative to Io.

The three-layer models of Europa have Fe
and Fe-FeS cores of varying sizes, depending
on the density of the rock mantle; lower rock
densities yield larger cores and thinner water
ice-liquid outer shells (Figs. 1 and 2). The
minimum thickness of the water ice-liquid
outer shell in the three-layer models is ;80
km. Smaller outer shell thicknesses are pos-
sible only for mantle densities lower than
3000 kg m–3. Such low mantle densities are
possible only if the mantle silicates are hy-
drated. In effect, the water in the outer shell is
trading off with the water in hydrated mantle
silicates. If the mantle density is sufficiently
low (,3000 kg m–3), there is enough density
contrast between the mantle and the metallic
core to account for the relatively small mo-
ment of inertia of Europa. Otherwise, a thick
water ice-liquid shell (100 to 200 km) is
needed to provide the requisite density con-
trast between the exterior and deep interior
of a differentiated Europa. Hydrated sili-
cates break down and release their water at
temperatures between 700° and 800°C at
the pressures in Europa’s interior (18),
making it unlikely that a thick Europan
mantle would have an average density low-
er than 3000 kg m–3. Furthermore, it is
implausible that Europa would have differ-
entiated a metallic core while retaining a
hydrated silicate mantle.
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Origin of Multikilometer Earth-
and Mars-Crossing Asteroids: A

Quantitative Simulation
Fabio Migliorini,* Patrick Michel, Alessandro Morbidelli,†

David Nesvorný, Vincenzo Zappalà

Orbital dynamic simulations show that many asteroids in the main asteroid belt
are driven toward Mars-crossing orbits by numerous weak mean motion res-
onances, which slowly increase the orbital ellipticity of the asteroids. In ad-
dition, half of the Mars-crossing asteroids (MCAs) transition to Earth-crossing
asteroids (ECAs) in less than 20 million years. This scenario quantitatively
explains the observed number of large ECAs and MCAs.

Most ECAs and MCAs are fragments of larg-
er main belt asteroids. According to the clas-
sic scenario (1), they were injected by the
collisions that formed them into a resonance
(2), which increased their eccentricities until
they started to cross the terrestrial planets’
orbits. The encounters with the planets then
spread them all over the region where they
are now observed and categorized as ECAs or
MCAs (3).

Recent simulations (4) showed that the me-
dian dynamical lifetime of bodies initially
placed in the 3/1 or n6 resonances is only 2 My
(million years), because these resonances pump
the eccentricity to unity, forcing most of the
resonant bodies to collide with the sun. As a

consequence, in order to sustain the observed
planet-crossing population in steady state, the
number of bodies injected into resonance per
million year would need to be about 25% of the
total population. This indicates that the classic
scenario cannot explain the origin of multikilo-
meter ECAs and MCAs. In fact, 10 ECAs and
354 MCAs with diameters larger than 5 km are
currently known (5) despite the fact that bodies
of this size can be injected into resonance only
during very energetic and rare breakup events,
such as those leading to formation of asteroid
families (6). Also, the classic scenario would
predict a lower MCA/ECA ratio than is ob-
served because asteroids in the 3/1 and n6 res-
onances experience such a rapid increase in
their eccentricity that they quickly become
ECAs or graze the sun before encounters with
Mars can extract the asteroids from these reso-
nances into MCAs.

The orbital distribution of MCAs consists of
four groups—hereafter denoted by MB, MB2,
HU, and PH—with values of semimajor axis a
and inclination i similar to those of four popu-
lations of non–planet-crosser asteroids: the
main belt below the n6 resonance, the main belt
above the n6 resonance and beyond 2.5 AU, the
Hungarias, and the Phocaeas. This similarity
suggests that these populations continuously

lose objects to the MCA region due to an
increase in eccentricity, sustaining the MB, HU,
and PH groups. Only 2% of MCAs larger than
5 km have a and i different from those non–
planet-crosser asteroids and therefore must
have evolved relative to the orbit they had when
they first crossed the orbit of Mars: we denote
them EV (Fig. 1).

To better understand the process by which
non–planet-crossing asteroids become MCAs,
and in particular the dynamical link between the
main belt and MB populations, we have numer-
ically integrated (7) the evolution of 412 main
belt asteroids, a representative sample of the
population with a 5 2.1 to 2.5 AU, i , 15°,
perihelion distance q , 1.8 AU and not inter-
secting the orbit of Mars during the first
300,000 years. The integrations covered a time
span of 100 My, along which we numerically
computed the time evolution of proper elements
to distinguish between regular and chaotic as-
teroids (8).

Integrations show that the majority of the
asteroids are on chaotic orbits and 25% of
them become MBs (Fig. 2). We find that this
process is mainly due to mean motion reso-
nances with Mars (3/5, 7/12, 4/7, 5/9, 7/13,
and 1/2), mean motion resonances with Jupi-
ter (7/2 and 10/3), and three-body mean mo-
tion resonances between Jupiter, Saturn, and
the asteroid or Mars, Jupiter, and the asteroid
(9). Although the most important source re-
gion of MBs is the one with a , 2.17 AU,
where high-order mean motion resonances with
Mars are particularly dense, in practice, aster-
oids are removed from the main belt all over the
2.1- to 2.5-AU range, driven by numerous weak
mean motion resonances. It is possible that a
similar process also drives Hungaria and Pho-
caea asteroids to Mars-crossing orbits, sustain-
ing the HU and PH populations.

To quantify the exchange of asteroids
among non–planet-crossers, MCAs and
ECAs, we have also integrated the evolution
of 511 MCAs, a representative sample of
their total population. MCAs become ECAs
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