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REVIEW

NASA’s Galileo mission to Jupiter and improved Earth-based observing
capabilities have allowed major advances in our understanding of Jupiter’s
moons lo, Europa, Ganymede, and Callisto over the past few years.
Particularly exciting findings include the evidence for internal liquid water
oceans in Callisto and Europa, detection of a strong intrinsic magnetic field
within Ganymede, discovery of high-temperature silicate volcanism on lo,
discovery of tenuous oxygen atmospheres at Europa and Ganymede and a
tenuous carbon dioxide atmosphere at Callisto, and detection of con-
densed oxygen on Ganymede. Modeling of landforms seen at resolutions
up to 100 times as high as those of Voyager supports the suggestion that
tidal heating has played an important role for lo and Europa.

Jupiter’s four large moons, lo, Europa,
Ganymede, and Callisto, are collectively
known as the Galilean satellites after Galileo
Galilei, who discovered them in 1610. Their
discovery overturned the Western worldview
of an Earth-centered universe. The first quan-
titative physical studies of these worlds be-
came possible during the 19th century when
Simon de Laplace derived the satellite masses
from their mutual gravitational perturbations
and, subsequently, other workers used a new
generation of telescopes (at Yerkes and Lick
observatories in the United States) to measure
the sizes of these moons. These data yielded
estimates of bulk density good to a few tens
of percent and revealed the trend of decreas-
ing density from the inner to the outer satel-
lites (Table 1). More recent observations of
water ice on the surfaces of the outer three
moons led to the inference that the satellite
compositions range from mostly silicate rock
at To to 60% silicate rock and 40% volatile
ices (by mass) at Ganymede and Callisto (/).
This trend probably reflects conditions within
the protojovian nebula at the time the satel-
lites formed (2). The Voyager flybys of Ju-
piter in 1979 revealed evidence of substantial
geological activity on these distant worlds
(3-6). The observed activity on Io is pow-
ered by the tidal distortions of Io’s figure
caused by the strong gravity of Jupiter, and
Europa’s fractured terrains also probably re-
sult from tidal heating and flexing. Because
the rotation rates are synchronized with the
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orbital motions, the tides oscillate in ampli-
tude and orientation only because of the sat-
ellites’ eccentric orbits. The orbital eccentric-
ities of Io, Europa, and Ganymede are excited
to nonzero values by resonant gravitational
forces between the three satellites (7). In
turn, the stability of the resonant orbital con-
figuration (called the Laplace resonance) is
controlled by the rate of dissipation of tidal
energy within the satellites. Thus, the geolog-
ic evolution of these satellites is intimately
coupled to their orbital configuration. Em-
bedded within Jupiter’s radiation belts, all
four satellites are also bombarded by ener-
getic particles that cause chemical reactions
and physical erosion that are alien from a
terrestrial perspective. These satellites rival
the terrestrial planets in complexity but
embody processes foreign to our Earth-
based experience.

The Galileo spacecraft is performing a
4-year orbital tour scheduled to end in late
1999. By the end of the tour, the spacecraft
will have completed over 20 orbits of Jupiter,
most arranged to make a close flyby past one
of the four Galilean moons. Flyby distances
of as little as 200 km have allowed new
images with resolution of up to 10 m/pixel to
be acquired. (In contrast, Voyager’s best res-
olution was 500 m/pixel.) Qualitatively new
constraints have been obtained by a suite of
additional experiments: Doppler tracking of
the spacecraft’s radio signal allowed gravita-
tional moments (hence moments of inertia) to
be calculated, a magnetometer provided mea-
surements of the moons’ magnetic fields,
plasma and energetic particle detectors con-
strained the electrical and magnetic proper-
ties of the moons and their environs, and
three spectrometers obtained spatially re-
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solved spectra of the moons’ surfaces from the
ultraviolet to the far infrared (IR) (8). Although
the data stream was limited by failure of the
high-gain antenna (which, for example, al-
lowed just a few percent of each satellite’s
surface to be imaged at resolutions exceed-
ing 200 m/pixel), the nature of the data sets
is so unique that the measurements have
boosted our understanding and raised nu-
merous new questions. Concurrently, ob-
servations from ground-based facilities and
the Earth-orbiting Hubble Space Telescope
(HST) have yielded important discoveries.

Callisto

Unlike Io, Europa, and Ganymede, Voyager
showed Callisto to be a heavily cratered body
apparently devoid of endogenic volcanic or
tectonic landforms (6). Primary interest in
Callisto has centered on comparison with
Ganymede, which has similar bulk properties
but a highly tectonized surface. Callisto’s
mean density suggests roughly equal masses
of rock and ice, but early opinions differed
about whether the interior contained a pri-
mordial, undifferentiated mixture of the two
components or a differentiated ice mantle
overlying a silicate rock and iron core (7, J5).
Callistan craters are flatter (and often display
a distinctive morphology) compared with
their terrestrial counterparts, indicating that
the uppermost 10 km is mechanically domi-
nated by ice rather than rock (9, 10), support-
ing the idea of at least partial differentiation
of Callisto’s interior. IR spectra of the surface
contain numerous water ice absorption fea-
tures, but the low albedo and existence of
other nonice features (//) imply contamina-
tion by darker material. Radiative transfer
retrievals of the spectra have yielded mean
ice mass fractions of the uppermost ~1 mm
ranging from 10 to ~50%, with some regions
recognized as essentially ice free (5, 12, 13).

Interior structure and magnetic field.
From Galileo tracking data, Callisto’s mo-
ment of inertia has been determined to be
C/MR? = 0.359 = 0.005, which is 4 standard
deviations less than 0.38, the value expected
for a homogeneous rock and ice body of
Callisto’s mass and radius (/4). Three-layer
interior models suggest the existence of a
central silicate core up to 50% of Callisto’s
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radius in size, an intermediate rock and ice
layer with a density of 1.7 to 2.4 g cm ™3, and
an outermost ice layer 0 to 500 km thick with
a density of 0.9 to 1.3 g cm™3 (/5). Within
these ranges, larger cores correspond to lower
middle layer densities and thinner upper lay-
ers. It is difficult to rule out either completely
differentiated or undifferentiated models,
however. For example, nonhydrostatic mass
anomalies could cause a differentiated Cal-

listo to appear partially differentiated or even

undifferentiated (/6).

Magnetic field data from three Galileo
flybys show that Callisto has a distinct mag-
netic field signature (/7). Long-wavelength
structure from data for two of the flybys, C3
and C9, is fit well by the expected response of
a perfect conductor in Jupiter’s time-variable
field. In contrast, a dipole with fixed orienta-
tion (relative to Callisto’s figure) does not
match data for these two flybys. The good fit
of the induced dipole model suggests that
Callisto contains an internal conducting layer.
The conductivity of solid ice is too low, and
a hypothetical metallic core is too far below
the surface, but an internal ocean 10 km thick
would have the required conductance if the
water has the salinity of terrestrial seawater
(17, 18). However, data from the third flyby
(C10) are dominated by short-wavelength
fluctuations, plausibly resulting from plasma
effects (/7), and appear to be inconsistent
with any dipole model.

Maintaining an ocean in Callisto today
requires either stiffer ice rheology than has
generally been assumed (to lower the convec-
tive heat flux at a given interior temperature
and prevent the interior from cooling below
the 251 K minimum in the water-ice melting
curve over solar system history) or the exis-
tence of an antifreeze in the ocean. For the
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Fig. 1. Galileo image depicting Callisto’s cra-
tered terrain. The image spans an area 75 km
across with a resolution of 87 m/pixel. Smooth,
dark material blankets regions between and
within many of the craters, and the terrain has
fewer small craters (relative to its number den-
sity of large craters) than occur on Ganymede
or the moon.
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latter, ammonia is perhaps the best such can-
didate, depressing the freezing temperature
by nearly 100 K (/9); salts probably cause an
insufficient depression of the melting temper-
ature (20). Models including trace quantities
of ammonia have long suggested the possi-
bility of present-day oceans in Ganymede and
Callisto (2/). However, reconciling partial
differentiation with the existence of an ocean
is difficult: Some portion of the uppermost
ice layer must remain at the melting temper-
ature to the present day, and the mixed ice-
rock layer must never have attained the melt-
ing temperature. Moreover, partial differenti-
ation is puzzling because once differentiation
starts, the melting tends to drive the process
to completion (22).

Surface and atmosphere. Galileo near in-
frared mapping spectrometer (NIMS) data
have revealed several new spectral absorption
bands and confirmed the suggestion that the
surface contains an average of 50% ice or
less, including some ice-free regions (23, 24),
but the composition of the nonice constitu-
ents remains uncertain. A spatially wide-
spread 4.25-pum wavelength feature has been
tentatively identified as CO, ice. But a prob-
lem with this hypothesis is that CO, ice
would sublimate rapidly at Callisto’s low-
latitude 165 K noontime temperatures. To
resolve this issue, McCord et al. (23) suggest-
ed that the CO, occurs in interstitial spaces or
fluid inclusions containing only a few mole-
cules each; they pointed out that laboratory
spectra of several minerals show similar ab-
sorption bands from this effect. Additional
weaker surface features at 4.57, 4.05, 3.88,
and 3.4 wm also exist in NIMS data and have
been suggested to be C=N (or perhaps CO),
SO,, H,CO, (or perhaps S—H), and the C—H
bond (23-25). HST and International Ultra-
violet Explorer measurements also indicate
sulfur, possibly in the form of SO, (26).
Furthermore, NIMS observations taken above
Callisto’s limb show a weak 4.25-um absorp-
tion within 100 km of Callisto’s surface,
which constitutes tentative evidence for a
CO, atmosphere with surface pressure of
1076 Pa (27). This interpretation implies at-
mospheric CO, in equilibrium with CO, ice at

Table 1. Galilean satellite physical parameters.

75 K, such as a CO, ice reservoir near the poles
where temperatures remain low. Hypothetical
sources for the CO, are conversion of organics
[perhaps supplied from meteoroids (23-25, 28)]
or degassing from the interior (27).

Geology. Analyses of Galileo images in-
dicates that in some regions Callisto has been
subject to intense surface degradation at
scales smaller than 1 km (29). At these scales,
many of Callisto’s surface features appear
substantially more degraded than those on
Ganymede’s dark terrain. In many cases, the
nature of the degradation appears qualitative-
ly different than on Ganymede or the moon
(29, 30). Rather than appearing “softened,”
old kilometer-scale impact craters on Callisto
often appear to be broken up by disaggrega-
tion into large blocks. Intercrater plains typ-
ically appear quite dark and smooth (Fig. 1).
Furthermore, the number density of small
(<3 km diameter) craters on Callisto is less
than on Ganymede, the reverse of the situa-
tion for larger (>10-km diameter) craters
(31). Because the size distribution of impac-
tors is not expected to be different for the two
moons, it appears that small craters on Cal-
listo are preferentially lost by some erosional
process. Moore et al. (29) suggest that ero-
sion driven by sublimation has modified the
landscape; they invoke the presence of an ice
more volatile than H,O, which they suggest
to be CO, on the basis of the putative detec-
tion of atmospheric and surface CO,. Al-
though degassing might provide enough CO,,
conversion of organics probably could not.
Ammonia ice is an attractive alternative be-
cause its absence at Ganymede would be the
natural result of higher temperatures in the
protojovian nebula there relative to Callisto
(21). Semiquantitative modeling demon-
strates the plausibility of scarp retreat, pit
formation, and other sublimation-related ef-
fects (29, 32), although the detailed morphol-
ogies of craters and other degraded features
have not been quantitatively explained.

Ganymede

Ganymede, which exceeds Mercury and Pluto
in diameéter and is the solar system’s largest
satellite, was revealed by Voyager to have a

Parameter lo Europa Ganymede Callisto

Mass, M (10%* kg)* 0.8932 0.480 1.482 1.076
Mean radius, R (km)t 1818.1 = 0.1 1560.7 = 0.7 26341 = 03 24084 = 0.3
Density (g cm™3) 3.518-3.549 3014 1936 1.839
G/M R?} 0.371-0.380 0.346 = 0.005 0.3105 * 0.0028 0.359 * 0.005
Intrinsic magnetic field 1300 - 750 -

(nT) at equatorial

surface§
Ambient jovian magnetic 1835 420 120 35

field (nT)|

*(110, 70, 34, 14).
the discrepancies are unresolved.

1(120). Alternate methods give lo radii of 1821.6 * 0.5 km (777) and 1822.7 * 0.5 km (720);
(111, 110, 70, 34, 14).

§(112, 50). lo field is tentative.  ||(727).
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complex geologic history. About 40% of
Ganymede’s surface is covered by dark,
heavily cratered terrain, and the remainder
consists of heavily tectonized bright terrain
with relatively low crater densities, indicating
the occurrence of a major geologic upheaval
long after the formation of the cratered plains
(6). The question of. what caused these
“grooved” terrains (Fig. 2) and why Callisto
escaped such a turbulent history has become
a major puzzle in planetary science (5).
Ganymede’s mean density (Table 1) suggests
comparable masses of rock and ice; forma-
tion and evolution models have long suggest-
ed differentiation into an ice mantle overlying
a silicate rock and iron core (/). Analysis of
Ganymede’s IR spectra and visible albedo
indicated a surface mainly covered by water
ice, with 50 to ~90% ice by mass (5, 12, 13).
Crater morphologies indicated that the me-
chanical properties of the surface are domi-
nated by the rheology of ice (9). Ganymede’s
grooved terrains were generally thought to
have formed by volcanic emplacement of
liquid water or soft ice within a global set of
graben (5), although the emplacement and
groove formation processes were poorly un-
derstood. Crater dating suggests that these
events occurred as recently as 1 billion years
ago, although factor of three uncertainties
exist (33).

Interior structure. Analysis of Galileo
data from two close flybys shows that
Ganymede’s axial moment of inertia is
C/MR? = 0.3105 = 0.0028, the smallest
measured value for any solid body in the
solar system (34). This value indicates that
the density increases with increasing depth
inside Ganymede. Three-layer models, con-
strained by plausible hypotheses for their
compositions, indicate that Ganymede is dif-
ferentiated into an outermost ~800-km-thick
ice layer of ~1 g cm™> density and an un-
derlying silicate mantle of ~3 to 4 g cm™3
density. A central core of Fe or FeS (with
density in the range of 5 to 8 g cm™3) with a
radius as large as 50% of Ganymede’s radius
is allowed, but not required, by the data. The
existence of Ganymede’s magnetic field,
however, suggests the presence of such a
metallic core.

Geology. Galileo images indicate that
Ganymede underwent a more violent tectonic
history, with a less obvious role for cryovol-
canism, than had been assumed during the
Voyager era (Fig. 2). (Cryovolcanism refers
to volcanism that occurs in icy materials rath-
er than rock.) Much of Ganymede’s bright
terrain is heavily tectonized at all scales ex-
ceeding tens of meters (35-37). Some narrow
lanes seen in Galileo images appear to have
undergone extensional strains exceeding 50%
(37, 38). The violence of this newly observed
high-strain tectonism is exemplified by re-
gions where grooved terrains cross cut cra-

ters, which show that the crater rims become
nearly unrecognizable when the extensional
strains exceed 30 to 50% (38). In contrast,
during the Voyager era, grooves had been
generally assumed to result from horst-and-
graben faulting, with implied strains of just 0
to 2% (39). Formation of newer grooved
terrain also apparently caused tectonic de-
struction of underlying, older grooved terrain
in some cases (36, 40). Although several
small cryovolcanic flow features have been
discovered (41), there is little evidence for
ubiquitous eruptive vents, flow fronts, or oth-
er obvious volcanic landforms. These obser-
vations suggest that intense tectonic deforma-
tion of preexisting terrain could constitute a
major resurfacing agent on Ganymede, with
cryovolcanism playing a relatively minor
role, at least for some portions of bright
terrain (40). This hypothesis is attractive be-
cause it circumvents the difficulty of bringing
to the surface large quantities of liquid water
or soft ice. Several challenges remain, how-
ever. For example, regions where strain ex-
ceeds 50% probably constitute only a small
fraction of Ganymede’s grooved terrain, be-
cause no evidence for compressional defor-
mation has been found and the maximum
possible (linear) global expansion undergone
by Ganymede is probably 1 to 2% (39, 42).
Such small strains appear incapable of eras-
ing craters and other preexisting topography.
Additional challenges include explaining
how the terrain is brightened (43) and why
~102- to 10*-km-wide regions of tectonized
terrain are typically separated from untecton-
ized regions by zones just 1 to 10 km wide.

Recent modeling and data analysis have
shed light on possible formation mechanisms
for the grooves. Some regions imaged by Ga-
lileo -at high resolution appear to have formed
by horst-and-graben faulting, as had generally
been assumed after Voyager. Other regions,
however, contain numerous ~ 1-km ridges and
troughs of triangular cross section that are rem-
iniscent of domino-style tilt-block normal fault-
ing (36, 37); generally, these regions also con-
tain a longer wavelength (~5 to 10 km) undu-
lation (36, 37, 44). Several authors have hy-
pothesized that the long-wavelength undula-
tions formed by a necking instability in the
brittle lithosphere (45). Examination of groove
stratigraphy suggests that grooves of a given
stratigraphic age have consistent directions
over hundreds of kilometers, favoring large-
scale rather than local stress patterns for
groove formation (46).

Ganymede’s history may have been shaped
by tidal heating and flexing from an ancient
orbital resonance; this might help explain why
Ganymede’s surface differs so drastically from
Callisto’s despite the fact that their evolution is
otherwise predicted to be similar (42, 47, 48).
Callisto is not involved in a resonance, neither
currently nor in the past, but several plausible

ancient orbital configurations could have ex-
cited Ganymede’s eccentricity to ~0.01 to 0.02
during the past few billion years, producing
mean heating up to 10'7 Q7' W and tidal
flexing stresses up to a bar (42, 47). (Q, is the
tidal dissipation factor of Jupiter.) This heating
rate is rather modest and exceeds the expected
radiogenic heat production only if Q, is less
than 10° [which is near its time-averaged lower
bound (49)]. Dynamical effects can potentially
cause the heat to be released in intense, short-
period pulses, perhaps generating a massive
subsurface ocean, global expansion of ~1%,
and consequent lithospheric deformation, but
recent modeling tentatively precludes such
events (42). This does not support the possibil-
ity that tidal heating induced bright terrain for-
mation. However, a better comprehension of
the requirements for grooved terrain formation
is needed before we understand the role of tidal
heating for Ganymede.

High-resolution images of the dark terrain
suggest that the dark material is a thin lag
overlying a lighter substrate and indicate the
importance of sublimation in creating this lag
and producing albedo heterogeneity (30).

Magnetic field. Magnetometer data ac-
quired during four close passes of Galileo
past Ganymede have shown that Ganymede
has an intrinsic magnetic field strong enough
to generate a minimagnetosphere embedded
within the jovian magnetosphere (50). A
model with a fixed Ganymede-centered di-

Fig. 2. Galileo image of grooved terrain on
Ganymede. The image spans about 59 km by
40 km and illustrates the pervasive tectonism
of grooved terrain. The image, with a resolution
of ~74 m/pixel, was taken in high sun (low
solar incidence angle); the contrast primarily
represents albedo differences (36, 43). The cir-
cular features are impact craters.
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pole superposed on the jovian ambient field
provides a good first-order match to the data
and suggests equatorial and polar field
strengths at Ganymede’s surface of 750 and
1200 nT, respectively: these values are 6 to
10 times the 120-nT ambient jovian field
strength at Ganymede’s orbit. According to
this model, magnetic field lines emanating
from Ganymede’s poles connect to Juptter,
whereas those nearer Ganymede's equator
intersect Ganymede's surface at both ends.
Detection of numerous electromagnetic and
clectrostatic waves and measurements of en-
ergetic particles close to Ganymede confirm
the inference of a magnetosphere (57, 52), al-
though its exact size is debated (53). Like most
planets with magnetospheres, Ganymede ap-
pears to radiate radio waves (54).

The mechanisms that generate Gany-
mede’'s magnetic field remain enigmatic. Dy-
namo action in a hypothetical salty ocean is
unlikely because unrealistically large convec-
tive velocities of ~1 m s~ ! are required to
trigger a dynamo: dynamo action in a liquid
Fe-FeS core is more plausible because the
required velocities are only ~107° m s'
(53). The difficulty lies in understanding how
convection occurs at present: The cooling
rate required for onset of convection in the
core is 400 K per billion years if no inner core
of solid Fe exists and is several times less
with the presence of an inner core. These
values exceed that expected from the gradual
decline of the radioisotope heat budget in the
overlying silicate, suggesting that the liquid
core should cool by conduction alone (356).
Tidal heating during an ancient orbital reso-
nance does not provide a solution because the
resonance is unlikely to substantially affect
the core heat budget (57). Motivated by these
concerns, some workers have suggested
remanent magnetization as an alternative
source of Ganymede's magnetic field (58).
The magnetized rocks would be those layers
of the silicate mantle that were above the
Curie temperature in the past but have since
cooled below it. Even this scenario can suc-
ceed only if Ganymede had an intrinsic, dy-
namo-generated field with a surface strength
of perhaps 3 X 10* nT in the past. The
ancient cooling rate may have been large
enough to allow core convection earlier in
Ganymede’s history, although no studies
have been performed to determine whether a
dynamo can generate a magnetic field of the
required strength.

Surface and atmosphere. Molecular oxy-
gen (59) and ozone (60, 6/) have been dis-
covered at densities high enough to indicate
that they exist within Ganymede’s predomi-
nantly water-ice surface. The oxygen density
peaks at low and midlatitudes, contrary to the
expectation for free oxygen ice; solid oxygen
is unstable at Ganymede’s surface tempera-
tures and, if present, would rapidly migrate to

the poles. Perhaps the oxygen is preserved in
interstitial spaces containing just a few mol-
ecules each (59, 62). An alternative model is
that the oxygen exists within tiny, high-den-
sity gas bubbles trapped in the ice and that the
ozone results from radiolysis of the oxygen
(61, 63). Oxygen airglow measurements also
indicate the existence of a molecular oxygen
atmosphere with column density of 10™ to
10'® em™7; such an atmosphere would result
naturally from diffusion of the oxygen from
the crust (64). The oxygen is generally
agreed to result from ion and electron bom-
bardment of the water ice. although the chan-
neling influence of Ganymede’s magnetic
field on the ion fluxes has not been fully
considered. Galileo measurements indicate
that hydrogen ions and atoms are escaping
from Ganymede; if the hydrogen results from
the breakup of surface H,O molecules, the
measured escape flux implies formation of an
amount of oxygen equivalent to a few meters
thickness of solid per billion years (65). SO,
has also been observed on Ganymede's sur-
face (66). As with Callisto, NIMS has ob-
served nonice absorptions at 3.4, 3.88, 4.05,
4.25. and 4.57 pm on Ganymede’s surface,
although these absorptions are weaker than
on Callisto (23. 24).

Europa

Voyager showed Europa’s surface to be cross
cut by numerous lineaments and nearly de-
void of large impact craters, suggesting an
active geologic history (4. 6). Europa’s mean
density of 3.0 g cm™* indicates that the inte-
rior is predominantly silicate rock. but IR
spectral and albedo measurements show that
the surface is dominated by water ice. with
trace contamination by sulfur and perhaps
silicate material (4, 67). Early models sug-
gested that the H,O layer could range from
several to ~100 km in thickness, with the
larger values considered more likely. Models
of heat loss by solid state convection in the
ice suggest that Europa (and other icy satel-
lites) should be able to freeze completely if
the main heat source is radiogenic and if the
ice lacks trace constituents capable of lower-
ing the freezing point (68). However, Europa
is tidally heated because of its participation in
the Laplace resonance, and this heating may
be sufficient to prevent freezing of a primor-
dial ocean. Uncertainties in the ice rheology
and tidal heating rate renders this conjecture
inconclusive, however (69). Crater dating in-
dicates that the surface is ~10 million years
old (33).

Interior structure. Doppler tracking data
acquired during four close flybys of Galileo
past Europa revealed that Europa’s axial mo-
ment of inertia is C/MR> = 0.346 * 0.005,
implying a partial condensation of material
toward Europa’s center (70). Three-layer
models constrained by plausible composi-

tions suggest that Europa contains an outer-
most H,O layer of ~1 g cm™* density and
~80- to 200-km thickness, an intermediate
silicate rock mantle, and perhaps an Fe-FeS
metallic core. Models without a metallic core
are consistent with the data but require high
silicate densities of 3.8 g cm™3; more plau-
sible models have a metallic core 30 to 50%
of Europa’s radius in size and a silicate man-
tle density of 3.0 to 3.5 ¢ cm™*. Models in
which the H,O layer is much thinner than 80
km require both a silicate mantle density
<3.0 ¢ em™* and the existence of a dense
metallic core. This latter structure is implau-
sible because such low silicate densities re-
quire the silicates to be hydrated; hydrated
silicates are only stable below ~1100 K,
whereas core formation requires temperatures
exceeding ~ 1350 K. Because the densities of
liquid water and ice are similar, the Galileo
gravity data cannot be used to infer the phase
(solid or liquid) of the H,O layer.

Geologv. Low-resolution (~2 to 4 km/
pixel) images taken by Voyager and Galileo
show Europa’s surface to be dominated by
two terrain types, smooth plains and mottled
terrain (Fig. 3), and indicate the existence of
a network of long, narrow light and dark
bands that give the moon the appearance of a
ball of string (4. 35). High-resolution (10 to
200 m/pixel) Galileo images show a diversity
of landforms (77). The plains generally con-
tain generation after generation ot overprinted
ridges, and much of the mottled terrain con-
tains chaotic regions of disrupted crustal
blocks (dubbed “chaos™ terrains) (Fig. 4, A
and B). The processes responsible for form-
ing chaos and ridges appear capable of de-
stroying preexisting terrain and therefore re-
surfacing the satellite (72—74). Ridges range
in complexity from simple ridge pairs to in-
tricate, interbraided complexes surrounded
on both sides by diffuse dark tracks ~10 km
wide (called triple bands because of their
low-resolution appearance as two dark bands
separated by a bright medial stripe) (71, 75).
Hypotheses for ridge formation include com-
pressional deformation of the lithospheric ice
along a fracture (76) or pileup of material
expelled from the fracture; the stress neces-
sary for the latter process could result from
either the compressional phase of the diurnal
tide (73) or exsolution of gases contained
within liquid water in the fracture (77, 77).
Linear diapirism is another possible ridge
formation mechanism (78). The dark portions
of triple bands could form by venting of dark
debris, ponding of dirty liquid water that
subsequently freezes, or metamorphism trig-
gered by an underlying dike of warm ice (71,
75, 79).

Chaos regions may form by subsurface
convective activity, viscous volcanic flows,
or locally complete melting of the ice layer
(71, 73, 74, 80). The latter model makes
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several specific predictions that appear qual-
itatively confirmed by the data (74). Several
studies suggest that chaos is generally young-
er than the ridged plains (73, 81), although
debate exists (74). High- resolution images
also reveal the existence of numerous other
small (<20 km) landforms, including pits,
domes, platforms, irregular lobate features,
and smooth, flat regions embaying topo-
graphic lows (71, 82), all of which (together
with chaos) comprise the mottled terrains.
Some of these constructs may be small-scale
examples of chaos terrains. Some, particularly
the latter, may be cryovolcanic flows. Addi-
tionally, some of the features have been
suggested to result from subsurface con-
vection in the solid ice layer; this would
require the ice layer thickness to exceed 10 to
30 km (depending on the ice grain size) (82,
83).

Over the past 20 years, several researchers
have attempted to pinpoint the nature of the
lineament-forming stresses by comparing
predicted stress fields with the observed ori-
entation of the global lineaments. Hypotheses
include global expansion, global contraction,
orbital recession, polar wander of the ice
shell, diurnal tidal stress, and nonsynchro-
nous rotation (4, 84); some of these hypoth-
eses have been revisited with Galileo data. Of
the possible mechanisms, nonsynchronous
rotation (perhaps combined with diurnal tidal
stress) is most relevant. The preferred scenario
is that particular lineaments formed over a
range of tidal bulge orientations within 60° of
the present orientation relative to Europa’s

Fig. 3. False color Galileo view of icy plains and
mottled terrain on Europa, assembled with im-
ages with effective wavelengths at 559, 757,
and 989 nm. The plains comprise the gray and
blue regions, and the mottled terrains consist
of the patchy brown regions toward the left
side. Also visible are numerous triple bands and
other linea, which exhibit the same brown color
as the mottled terrain. The brown color indi-
cates the presence of a nonice contaminant.
The image has a resolution of 1.6 to 3.3 km/
pixel and spans 1260 km. The dark region in
upper right corner is close to the terminator
(the day-night boundary).

figure (85, 75). This scenario implies a range
of ages for these lineaments. None of the
models provides a perfect fit, however, and
uncertainties (such as how far the bulge ro-
tates before fracture occurs) prevent defini-
tive conclusions. Comparison of Galileo and
Voyager images shows that the rotation is
synchronous within measurement error (of
about 1 part in 10°); that is, if nonsynchro-
nous, the period of Europa’s rotation relative
to the direction of Jupiter exceeds ~12,000
years (86).

Although Europa could be geologically
active at present, searches indicate no obvi-
ous changes in landforms in the 17 years
betwéen Voyager and Galileo (87).

Surface and atmosphere. Europa’s spec-
trum at wavelengths exceeding 1.5 pm shows
strong water-ice absorption features, indicat-
ing that its surface is the most ice rich of the
Galilean satellites. The spectral features are
fit moderately well by the spectrum of pure
water ice with a grain size of 100 pm, but
important deviations from the ice spectrum
indicate the presence of some nonice constit-
uents (/3). The spectral shape from 300 nm to
1 pm differs from that of Ganymede and
Callisto and may be indicative of sulfur ab-
sorption (59); SO, is confirmed by a broad
absorption near 280 nm (88, 89). H,O, has
also been tentatively identified on Europa’s
surface from an absorption feature detected
by NIMS near 3.5 pm and could result from
energetic particle bombardment of the ice
(90). Analyses of NIMS data indicate the
presence of hydrated compounds concentrat-
ed at the lineaments and chaotic terrains;
plausible candidates are hydrated frozen sul-
furic acid and hydrated salts such as magne-
sium and sodium sulfates and sodium carbon-
ates (91). NIMS spectra (1 to S pm) and solid
state imager (SSI) spectra (400 nm to 1 pm)
both indicate that this localized nonice mate-
rial, which appears brown in the visible, is
spectrally uniform on a regional to hemi-
spheric scale (91, 92). The uniformity sug-
gests that the material derives from a well-

mixed source region. Weak nonice absorp-
tions at 4.05 and 4.25 pm have also been seen
in NIMS spectra (23).

Detection of atomic oxygen airglow by
HST ultraviolet (UV) spectra implies the
presence of a tenuous atmosphere with a
molecular oxygen column density of 10'* to
10'® ¢cm™2 and scale height of a few hundred
kilometers or less (93, 64). An even more
tenuous sodium atmosphere extending to 25
Europan radii has been detected from ground-
based observations, which suggests that
material is escaping from Europa’s atmo-
sphere (94). Radio occultations by Galileo also
indicate the presence of an ionosphere with
surface electron density of order 10* cm™3 (95).

Presence of an ocean. Many independent
lines of evidence are most simply explained
by, but do not require, the existence of a
subsurface liquid water ocean [see the review
in (81)]. The Galileo magnetic field data for
several flybys are consistent with an induced
dipole generated by a perfect conductor in
Jupiter’s time-variable magnetic field, al-
though a fixed dipole also provides an ade-
quate fit to the data (/7). An induced dipole
would most likely result from the existence of
a conducting salty subsurface ocean. Conduc-
tion within or near Europa is also indicated
by energetic particle measurements; an ocean
is one explanation, although conduction in
the ionosphere or subsurface solid material
may also be sufficient (96). The suggestion
that the brown nonice component contains
hydrated sulfuric acid or salts is also most
simply explained by supply from a salty
source of liquid water, possibly an ocean.
Galileo and Voyager images show that some
large crustal blocks have moved relative to
one another, implying an underlying ductile
layer of either liquid water or soft ice (97).
Proposed mechanisms for the formation of
chaos, triple bands, and other features either
require or are aided by the existence of an
ocean (both for the nearby source of heat or
liquid and the larger amplitude of tidal flex-
ing relative to that without an ocean). Sev-

Fig. 4. High-resolution Galileo images of two of the pervasive landforms on Europa. (A) A region
of overlapping ridges (covering a 14 km by 17 km area at 20 m/pixel). (B} The “chaos” terrain of
disrupted crustal blocks separated by hummocky matrix (covering a region 34 km by 42 km at a
resolution of 54 m/pixel). lllumination is from the right for both frames.
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eral large impact features have distinct
morphologies that may be indicative of im-
pacts that penetrated through a ~6- to 15-
km-thick lithosphere into a low-viscosity
medium such as liquid water (98), although
improved calculations are needed to test
this hypothesis. Finally, nonsynchronous
rotation, if present, probably requires de-
coupling of the lithosphere from the under-
lying silicate interior. The decoupling could
occur if an ocean existed; it remains to be
seen whether a ductile ice layer would also be
sufficient.

lo

In 1979, Voyager observed multiple volcanic
plumes on Io, and, ever since, this moon has
been known to be the most endogenically
active solid body in the solar system (3). In
the intervening years, improved Earth-based
observing capabilities including HST, and the
Infrared Telescope Facility (IRTF) in Hawaii
have been used to monitor this dynamic
moon. Most recently, Galileo has added to
data on Io, although the highest resolution
observations with Galileo will only be com-
pleted in late 1999.

Surface composition and activity. Un-
like the other Galilean satellites, Io has an
extremely dry surface, because of the high

Fig. 5. A high-resolu-
tion color mosaic im-
age of lo from Gali-
leo data. Two volcanic
plumes are visible. One
on the bright limb or
edge of the moon,
named Pillan Patera, is
140 km high. The sec-
ond plume near the
terminator, the bound-
ary between day and
night, is called Prome-
theus; its shadow, red-
dish in color, can be
seen extending to the
right of the eruption
vent (near the center
of the bright and dark

rings).
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rate of volcanic activity and resurfacing
over much of its history, and there is no
evidence for water as a substantial interior
constituent either. Io’s spectrum is domi-
nated by sulfur-bearing species of which
only SO, has been unambiguously identi-
fied (99). Spectral evidence for oxygen,
sodium, potassium, and chlorine (/00) in
extended clouds in Io’s orbital vicinity in-
directly implies the presence of these ele-
ments in the surface. Diffuse red deposits
associated with active volcanic sites have
been interpreted as amorphous elemental
sulfur (99, 101); furthermore, the highest
lava temperatures estimated from the Voy-
ager data were ~650 K (/02), consistent
with sulfur-rich magma. These observa-
tions led to the idea of sulfur volcanism
[but see (103) for an early different view].
However, ground-based observations in the
late 1980s and now the data from Galileo
indicate that very high temperature (>1400
K) local events, with lavas comparable to
or even hotter than terrestrial basaltic erup-
tions, are common in the volcanically ac-
tive areas (/04). This has led to a new
picture of ubiquitous silicate volcanism,
plausibly including magnesium- and iron-
bearing (mafic) silicates, and a surface and

crust that is mostly silicate (104, 105); this

view contrasts with early exotic ideas of a
thick surface layer of sulfur.

Io’s surface is extremely varied and has
unusual photometric properties, so great care
is required in attributing apparent differences
to time evolution rather than changes in view-
ing conditions. The volcanic activity on Io
includes liquid lava flows, gas-rich plume
eruptions, and pyroclastic eruptions (Fig. 5).
The activity at local sites changes on time
scales of months. New plumes appear at the
rate of a few per year, and plume deposits
fade away in brightness in less than twenty
years. Dark areas at caldera floors seem to
brighten over time in the absence of volca-
nism. Currently active regions appear to be
concentrated at low latitudes with some evi-
dence of excess concentration at the subjo-
vian and antijovian locations. But the popu-
lation of all volcanic centers (active or inac-
tive) appears uniformly distributed across the
surface, suggesting a globally convective as-
thenosphere with centers of upwelling and
downwelling at spacings of several hundred
kilometers (104, 105).

Heat flow. The best estimate of Io’s heat
flow comes from ground-based IR thermal
emission observations made with the IRTF
from 1983 to 1993 (106, 107). These data
indicate that the net heat flow arises predom-
inantly from only a few volcanic regions
representing less than 10% of the surface area
and indicate a heat flow of 10'* W averaged
over 10 years. This estimate has posed a
theoretical challenge, because steady-state
models of tidal heating can generate at most
40% of the estimated heat flow (7). A popu-
lar hypothesis for reconciling the discrepancy
is that Io’s tidal Q and orbital eccentricity
(hence tidal heating rate) vary in time be-

cause of the coupling between geophysical

and orbital evolution (108). However, it also
may be possible to resolve the discrepancy by
taking account of the uncertainties in the two
estimates. Veeder et al.’s (106) analysis in-
volves modeling the size and temperature of
individual emission centers. Formally, the
analysis places a lower bound on Io’s heat
flow, but the authors do not quote an uncer-
tainty on this lower limit. The estimated total
heat flow varies less than 30% from year to
year; however, the modeled heat flow from
individual emission regions varies by factors
of three. Moreover, the highest power is emit-
ted at temperatures not much higher than
those expected from background reradiation
of absorbed sunlight, potentially increasing
the uncertainties of the modeling. The theo-
retical maximum value is also affected by
uncertainties, and it is an average over solar
system history. If Jupiter’s tidal Q varies in
time (109), the present dissipation rate could
be higher than the average maximum value
even if Io’s tidal Q is constant.

Interior structure. The moment of inertia
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of lo was determined from Doppler tracking
data at a close (897 km) flyby of Io during
orbit insertion of Galileo (/70), and Io’s
shape has been measured by analysis of the
Galileo images of [o’s limb (///). These data
constrain lo’s axial moment of inertia,
C/MR?, to 0.371 to 0.380, which implies a
substantial degree of central condensation.
Together with Io’s bulk density, this value
implies an interior consisting of an Fe-FeS
core 35 to 60% of 1o’s radius in size, overlain
with a silicate mantle. Details of the crustal
structure of lo are inferred from the sur-
face features. Mountains up to 16 km in
height imply a silicate lithosphere with thick-
ness exceeding ~30 km (/05), and the char-
acteristics of the volcanic activity may indi-
cate a partially molten, globally convective
asthenosphere underlying the lithosphere
(104).

Magnetic field. Near lo, the jovian mag-
netic field strength is 1835 nT. During the Io
flyby, the Galileo magnetometer measured a
drop of 695 nT in the wake of lo (/12). The
data are consistent with a superposition of an
To-centered dipole on the background jovian
field and antiparallel to Jupiter’s dipole mo-
ment. This model lo dipole has a strength of
about 1300 nT at Io’s equator, making Io’s
magnetic moment comparable to that of the
planet Mercury. A possible explanation is an
intrinsic magnetic field generated by dynamo
action within the molten Fe-FeS core, possi-
bly seeded by the external jovian field (//3).
The required fluid motions may arise from
instabilities induced by the tidal field of Ju-
piter on the spinning molten core (//4). Al-
ternatively, the measured field perturbation
may arise from currents induced at Io by
Jupiter’s magnetic field (715).

Atmosphere and plasma torus. To has a ten-
uous ~l-nanobar patchy atmosphere derived
from volcanic gases, primarily SO, (//6). Its
spatial and temporal structure remains poorly
characterized, although undoubtedly the local-
ized volcanic sources create large horizontal
pressure gradients that cause the gas to rapidly
flow away from the source. Sublimation of SO,
frost and sputtering also contribute to the gen-
eration of the atmosphere. There is spectral
evidence for several neutral atomic and molec-
ular species (O, S, Na, K, and Cl) escaping from
To and forming extended clouds along its orbit.
The large escape rate (up to ~10° kg/s) and the
large speeds (up to tens of kilometers per sec-
ond) of the escaping species are probably at-
tributable to sputtering by ions in the jovian
magnetosphere (99). 10’s atmosphere and sur-
face contribute directly to and interact dynam-
ically with the jovian magnetospheric plasma,
which corotates with Jupiter. Atmospheric
“glows” or aurorae have been observed in the
UV and visible wavelengths (//7), exemplify-
ing some of these rich dynamical interactions.
The escape and ionization of atoms from Io’s
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atmosphere and the extended neutral clouds
provide a continuous source for a plasma torus
about Jupiter centered near Io’s orbit (/78).

The Galilean System

Voyager and Galileo data together with
theoretical modeling indicate that tidal
heating represents a powerful driver of geo-
logical activity for two, and possibly three,
of the Galilean satellites. This contrasts
with the situation at Earth, where the solid
body tidal amplitude is <1 m and tidal
dissipation is negligible relative to radio-
genic heating. If [o’s current heat flux rep-
resents its tidal dissipation rate, then its
tidal heating exceeds the expected present-
day radiogenic heat production by a factor
of about 200. For Europa, the factor might
be only a few (depending on uncertain
parameters), whereas for the ancient reso-
nances proposed for Ganymede the time-
averaged factor is up to three (and is neg-
ligible in the current resonance). Further-
more, tidal heating can differ qualitatively
from radiogenic heating because tidal heat-
ing can be spatially heterogeneous and tem-
porally episodic. This idea has been in-
voked to help explain why Europa and
Ganymede have such deformed surfaces
despite the fact that their tidal heating rates
are modest (42, 83, 119), and it may be
relevant in explaining why Ganymede’s
geologic history diverged from Callisto’s.
Heterogeneous tidal heating may be able to
enhance the buoyancy of convective ice
diapirs, cause local thinning of the litho-
sphere, induce local melting, and increase
local heat fluxes even when the mean flux
is unremarkable; furthermore, episodic ef-
fects can lead to temporary order-of-mag-
nitude increases in the tidal heating rate
compared with the mean value. However,
these ideas are speculative, and although
current models are evolving rapidly, many
aspects of the mechanisms involved in
forming ridges and other disrupted terrains
remain poorly understood. Given the pos-
sibility that both Europa and Ganymede have
been affected by tidal heating, it is also not
clear why the tectonic styles on Europa and
Ganymede differ so drastically, particularly be-
cause evolutionary models for these satellites
have similarities: Their outermost ~100 km
both consist of (possibly salty) ice, they may
both contain (or have contained) internal oceans
below the ice, and their radiogenic heating rates
are comparable.

Recent results reviewed here have high-
lighted the importance of micrometeoroid
and energetic particle bombardment in affect-
ing the satellite surfaces. The detection of an
oxygen atmosphere and a tentative CO, sur-
face feature on more than one satellite sug-
gests that similar processes are playing a role
on several of the satellites. However, differ-

ences result because the relative strength of
energetic particle to micrometeroid bombard-
ment decreases from Io to Callisto, because
Ganymede has an intrinsic magnetic field,
and because the surface temperatures, com-
position, and endogenic resurfacing rates
vary between satellites.
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