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As understanding of the physical setting on Jupiter's moon Europa has advanced, the
likelihood that it may provide a potentially habitable environment for native or im-
ported organisms has increased. The surface was discovered to be water ice in 1972
[1]. That tidal heating might maintain a sub-surface layer of water in the liquid state
was recognized in 1979 [2], stimulating both popular and scientific speculation of the
possibility that the satellite might support life. Most recently, interpretation of images
and other data obtained by the Voyager and Galileo spacecraft has indicated that indeed
there is an ocean underlying the crust of ice at the surface, and has suggested that the
ocean is linked to the surface through a variety of processes that may provide habitable
niches.

A full-disk view of Europa (Fig. 7.1) provides hints of some of the most important
characteristics of the satellite. The visible surface is ice, but orange-brown markings
(exaggerated here) due to traces of other substances reveal global-scale lineaments and
splotches of a wide range of sizes and shapes. Even at this low image resolution, the
lineaments and splotches, respectively, provide indications of the two major categories
of surface terrains, tectonic (resulting from crustal cracking) and chaotic (likely the
product of crustal melting), which provide the basis for inferring the habitability of
Europa. Although one major impact feature is clearly visible in this global view, and
recognizable by its rays of ejecta, the general paucity of impact craters indicates that
this surface is very young. Estimates of impact rates and the paucity of craters show
that the surface has been entirely renewed by tectonics and chaos within the past 100
million years [3]. Resurfacing has been so active that almost nothing now on the sur-
face of Europa was there at the time dinosaurs roamed the Earth.

As discussed in more detail below, Europa's surface appears to have formed by two
major classes of resurfacing processes: tectonics and chaos formation, each erasing
what was there before. Where tectonics have been most recently dominant, fragments
of earlier terrain (either chaotic or tectonic) are visible between the more recent linea-
ments. Where chaos formation occurs, older terrain (either chaotic or tectonic) can
often be seen on the surfaces of rafts within the matrix of modified surface.

It is likely that both major types of resurfacing processes (tectonic and chaotic) in-
volve interaction of a liquid water ocean with the surface. This chapter describes how
the character of tectonic terrain indicates that the ice is thin and that oceanic water
contributes to the surface morphology. This chapter also discusses how the appearance
of chaotic terrain, combined with the indication from tectonics that the ice is thin,
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suggests that the crust of ice has been melted through from below. The few existing
craters have been used to estimate the thickness of the ice crust to be only a few kilo-
meters thick [4], although it is likely quite variable and non-uniform. The key types of
features, and the processes that create them, all involve linkages between the ocean and
the surface.

This emerging picture contrasts with the thick-ice model, in which ridges, bands,
and chaotic terrain are attributed to solid state convection or diapirism within a ductile
zone of the ice crust [5, 6]. In such a model, the ocean, if any, would be isolated from
the surface by an ice crust >10 km thick. That thick-ice model came from initial geo-
logical interpretation of Galileo images, based on qualitative appearance of selected
features and analogies with terrestrial geology. It also depended on thermal models
developed shortly after the Voyager encounter, which had conservatively demonstrated
the possibility of a liquid ocean. Parameter estimates that would have given very thin
ice were avoided, as such choices might have seemed too radical at that time, when the
idea of significant tidal heating of the Galilean satellites was still new and evidence for
thin ice was far in the future.

Fig. 7.1 The trailing hemisphere of Europa. The X just to the right of center is near longitude
270°, just north of the true center of the trailing hemisphere. (The direction of Jupiter defines
0° longitude.) Just south of the X is a dark splotch indicating Conamara Chaos (see Fig.
7.3). Over 1000 km further south is the impact crater Pwyll, a white splotch with an extensive
ray system.

The thick-ice model led to a relatively pessimistic view of the possibility of life on
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Europa. Because the icy crust itself would have been inhospitable, attention focused on
the ocean. However, with the ocean isolated from the surface, consideration of energy
requirements turned to endogenic sources, and to the possibility that sub-oceanic vents
might support life on Europa. This model was inspired by the analogy of the hy-
drothermal vents at mid-ocean ridges on Earth that harbor fairly isolated ecosystems,
for which the metabolic energy comes from chemolithotrophic reactions at high-
temperature black-smoker chimneys, as well as at relatively lower temperature vents.
No direct observational evidence exists for such sub-oceanic volcanism on Europa, but
a plausible case can be made for tidal heating rates great enough to allow such volcan-
ism [7]. However, such heating rates may be so great that they would be inconsistent
with the thick-ice model.

Even if there were localized ocean-floor volcanism below a thick cap of ice, habita-
bility would face another difficulty. Because the ocean would be isolated from the
surface and from oxidants there, life would be impossible to sustain [8]. Life could
flourish only if the ocean were linked to the surface; otherwise viable biomass would
be limited.

The emerging view of an ice crust that allows the ocean to be linked to the surface is
more promising from a biological perspective [9]. Europa's crust now appears to pro-
vide a variety of potentially habitable environmental niches. Moreover, it may also play
a key role in making the ocean habitable as well, by overcoming the isolation from
sources of oxidants. Individual niches in the crust such as specific tidally active cracks,
probably are stable environments for thousands of years, providing reasonably secure
settings for organisms and ecosystems to prosper. Over longer time-scales, such indi-
vidual niches come and go, so they are not too secure: Organisms would need to adapt
and spread, and would have opportunity and reasons to evolve. Europa's crust may be
one of the most likely and accessible places for us to find extra-terrestrial life.

This result is based on quantitative investigations of tidal-tectonic processes and
quantitative analyses of observations, especially correcting for observational selection
effects that may have skewed initial impressions of the surface character of the satel-
lite. In what follows, the various lines of evidence are outlined, showing how they have
led to the emerging picture of Europa's history and physical structure. While the evi-
dence for this broad picture is compelling, the model is not proven and important is-
sues remain unresolved. Further geophysical modeling and data analysis will be re-
quired before one can be confident that the processes and structure are truly as de-
scribed here. With that caveat, we can discuss how such a physical setting, produced by
tidal processes and inferred from observations, may include environmental niches in
the crust that meet the requirements for survival, spread, and evolution of life.

7.1 Tidally Driven Geology and Geophysics

The Galilean satellites Io, Europa, and Ganymede have orbital periods in a ratio of
1:2:4, resulting in periodic alignments that enhance their mutual gravitational pertur-
bations and force significant orbital eccentricities (reviewed by [10, 11]). The eccen-
tricities, in turn, cause regular variations in the height and orientation of tides raised on
the satellites by Jupiter. The time-scale for these variations is the orbital period, ~3.5
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days for Europa. These tidal variations drive the heat, rotation, and stress that are key
to habitable environments on Europa.

7.1.1 Tidal Heating

Tidal working due to orbital eccentricity generates heat due to frictional dissipation.
For Europa, tides may readily generate enough heat to maintain a liquid water ocean
within the layer of H2O that constitutes the outer 100 km (or more) of Europa [e.g., 2,
12]. Geophysical modeling of the style of tidal dissipation remains inconclusive. Some
models include substantial heating in the rocky mantle [e.g., 7], perhaps generating
volcanism at the base of the water layer, similar to sub-oceanic volcanism on Earth.
Dissipation may occur in the liquid ocean, depending on its thickness profile, as it
flows in response to the tide. It has also been suggested that much of the heating may
originate in the frozen crust due to viscous working as it stretches over the tidal bulge
[e.g., 13] or friction along cracks in the ice [14].

7.1.2 Tidally Driven Rotation

The response of Europa to Jupiter's tide-raising gravitational potential also causes a
rotational torque. For a satellite in a circular orbit and/or with a substantial permanent
mass asymmetry (such as the Moon's), rotation would be expected to be locked into a
synchronous state, with one hemisphere always facing the planet. The length of a day
on the satellite would be the same as the orbital period. If the rotation was changed in
some way, tidal effects would quickly return it to the synchronous state. However,
Greenberg and Weidenschilling [15] pointed out that, because Europa is not in a cir-
cular orbit and does not necessarily have a permanent mass asymmetry (e.g., it may
have been too warm to support one), the tidal torque can drive it to a rotation rate
slightly faster than synchronous.

To test this possibility, Hoppa et al. [16] measured the orientation of Europa as ob-
served by Voyager 2 in 1979 and by Galileo 17 years later. No deviation from syn-
chroneity was detected, thus placing a lower limit on the period of rotation relative to
the direction of Jupiter of 12 000 years. The non-synchronous component of rotation
is so slow that a day on Europa is indistinguishable from the 3.5 day orbital period
over short periods of time, but the hemisphere facing Jupiter could turn away from the
planet in as little as 6000 years.

Evidence that there has been substantial rotation even during the most recent small
fraction of the age of Europa's surface comes from interpretation of three types of
tectonic features that have been formed by tidal stress: (a) global or regional linea-
ments display crosscutting sequences that show systematic changes in orientation,
consistent with migration of this real estate from west to east during rotation relative
to the direction of Jupiter [17]; (b) strike-slip fault distributions are consistent with a
theory of their formation by diurnal tidal working, but only if many formed to the west
of their current locations [18]; and (c) the character and distribution of distinctive
cycloidal crack features, also created by diurnal tidal variations, also suggests substan-
tial rotation. In fact, on that basis Hoppa et al. [19] infer a period of rotation less than
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250 000 years relative to the direction of Jupiter.

7.1.3 Tidal Stress on the Ice Crust

The global lineament patterns on Europa prove to correlate with a ridge morphology,
and in fact, much of Europa is covered with ridge systems, the common denominator
of which is the ubiquitous double ridge system (see Fig. 7.2). The global and regional
ridge systems, and the time sequence in which they formed, appear consistent with
formation that initiated with cracking of the crust in response to tidal tension [20-22].
The stresses involved are the diurnal variation due to the eccentric orbit, superimposed
on the stress due to non-synchronous rotation, which builds up as the direction of
Jupiter moves around relative to the surface of Europa over thousands of years.

These results have several important implications: First, they support the widely
held assumption that global lineaments represent crack patterns. Second, they imply
that a liquid layer tens of kilometers thick must lie beneath a thinner crust. Otherwise,
the amplitude of the tide, and hence the tidal stress, would be inadequate for cracking
ice. Third, they provide the evidence that Europa rotates non-synchronously, a source
of local, time-variable environmental change on time-scales of 103-105 years.

The ubiquitous double ridges can also be understood in terms of diurnal tidal
working [22]: As the diurnal tides open cracks, water flows to the float line, where it
boils in the vacuum and freezes owing to the cold. As the walls of the crack close a

Fig. 7.2 Densely ridged terrain just north of Conamara at resolution 21 m/pixel, showing exam-
ples of densely packed and superposed double ridges. The broad double ridge is about 2 km
across, and about 200 m high.
few hours later, a slurry of crushed ice, slush, and water is squeezed to the surface and
deposited on both sides of the crack. Given the frequency of the process, ridges of
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typical size (100 m high and 1 km wide) can grow quickly, in as little as 20 000 years,
consistent with the time that a crack is likely to remain active before rotating to a dif-
ferent stress regime.

Dilational lineaments where cracks appear to have opened, accompanied by corre-
sponding displacement of adjacent terrain, are common on Europa. Many are the broad
pull-apart features called "bands" [23-26]. Tufts et al. [27] have demonstrated a con-
tinuum of morphologies ranging from flat bands to dilational ridges, depending on the
extent to which dilation was continuous or accompanied by varying degrees of diurnal
tidal reclosing. Reconstructions of numerous dilational features demonstrate plate
motion, requiring decoupling (e.g., by a fluid layer) from deeper structure, with con-
tinual infilling (to the surface) by fluid material from below.

Strike-slip (i.e. lateral shear) displacement provides important evidence regarding
the structure of the crust. The most dramatic example is the 800 km long strike-slip
fault along Astypalaea Linea [28], which displays shear offset ~40 km. Diurnal varia-
tion of tidal stress in the Astypalaea region drives the shear displacement by a mecha-
nism analogous to walking [18]. The stress goes through a daily sequence starting with
tensile stress across the fault, followed 21 hours later by right-lateral shear, followed
21 hours later by compression across the fault, followed 21 hours later by left-lateral
shear. Because the left-lateral shear stress occurs after the fault is compressed, friction
at the crack may resist displacement, while right-lateral stress occurs immediately after
the crack is opened by tension. Thus, tides drive shear in the right-lateral sense in a
ratcheting process. The mechanism is similar to walking, where one repeatedly sepa-
rates a foot from the ground, moves it forward, compresses it to the ground, and
pushes it backward, resulting in forward motion. On Europa this process moves crustal
plates.

Hoppa et al. [18] showed widespread examples of strike-slip displacement to be
consistent with this model. The success of the model in explaining the observed fault-
ing argues strongly for a fluid decoupling layer under the ice: Such a layer is required
for the daily steps in the "tidal walking" process, because it can deform on the time-
scale of the diurnal tides. Moreover, this line of argument provides the best evidence
that cracks must penetrate all the way down to that fluid layer.

Cracks in the form of cycloids (or chains of arcs) are ubiquitous on Europa and evi-
denced by various types of evolved lineaments. Hoppa and Tufts [29] and Hoppa et al.
[30] have explained cycloidal cracking in terms of the tidal stress. Once a crack begins,
it propagates across the surface perpendicular to the local tidal tension. As the day
wears on, the orientation of the diurnal stress varies, so the crack propagates in an arc
until the stress falls below a critical value necessary to continue cracking. A few hours
later, the tension returns to a high enough value, now in a different direction, so crack
propagation resumes at an angle to the direction at which it had stopped. Thus, a series
of arcs is created (each corresponding to one day's worth of propagation) with cusps
between them. By adjusting parameters (crack propagation rate, strength of ice, etc.),
virtually all the characteristics of observed arcuate features can be reproduced.

In all cases a subsurface ocean is required in order to have adequate tidal amplitude
to drive this process. Thus, the presence of cycloidal lineaments, and their correlation
with theoretical characteristics, is perhaps the strongest currently available evidence for
the existence of a liquid water ocean on Europa.



7  Europa's Crust and Ocean: How Tides Create a Potentially Habitable Physical Setting 117

7.1.4 Chaotic Terrain

With evidence that the ice overlies liquid water, and that it is thin enough for cracks to
penetrate (probably a few kilometers or less), next consider chaotic terrain which has
the appearance of sites of melt-through: a textured lumpy matrix, often around rafts of
displaced older surface (Fig. 7.3). Only modest concentration of tidal heat is needed to
allow such melt-through [31]. Detailed characteristics of this broad class of features,
as well as the general appearance are consistent with this interpretation of their forma-
tion [32].

Initial impressions of Galileo spacecraft images suggested that chaotic terrain is
relatively recent and anomalous ([33] and references cited there). However, more com-
plete mapping [34] has shown these impressions to be artifacts of the difficulty in
recognizing older chaotic terrain that has been cut-up or covered by subsequent tec-
tonic terrain. Just as chaos formation destroys pre-existing terrain (except for what
remains on rafts), cracks and subsequent ridge formation can readily modify or over-
print previously existing terrain, including pre-existing chaos areas. There are many
examples of various degrees of such partial erasure of chaos areas [32, 34].

Fig. 7.3 A portion of Conamara Chaos (at 40 m/pixel). Here we see rafts of older tectonic
terrain which have been slightly displaced in a lumpy frozen matrix, giving the appearance of a
site of melting of the crust followed by refreezing. Two examples of cracks with double ridges
have formed subsequently, providing examples of a widespread process by which tectonics
have obliterated chaotic terrain to various degrees.

In fact, about 40% of Europa's surface is chaotic terrain. A competing interplay of
comparable amounts of resurfacing by chaos formation and tectonics has been going
on throughout the history of the observable surface. Each process, at different times
and places, destroys the surface that was there before.
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Another early impression, which has proven to be incorrect, was that the sizes of
patches of chaotic terrain indicated a peak in the size distribution at about 10 km di-
ameter. This appearance combined with terrestrial geological analogs was interpreted
as representing the tops of cells of solid-state convection [6], supporting an argument
that the ice is 10-20 km thick. However, the putative peak in the size distribution for
these features is an artifact of observational selection. It has been shown to result from
one's inability to recognize smaller patches of this terrain at the resolution of most
images used in these studies [34, 35]. Therefore, the strongest evidence for thick ice
(and for an isolated ocean) has been shown to be an artefact.

Thus, the two major terrain-forming processes on Europa are (1) melt-through, cre-
ating chaos, and (2) tectonic processes of cracking and subsequent ridge formation,
dilation, and strike-slip. These two major terrain-forming processes have continually
destroyed pre-existing terrain, depending on whether local or regional heat concentra-
tion was adequate for large-scale melt-through or small enough for refreezing and
continuation of tectonism. The processes that create both chaotic and tectonic terrains
all include transport or exposure of oceanic water through the crust to the surface.

7.2 A Habitable Setting

The emerging understanding of processes and conditions in Europa's crust supports
earlier speculation that the satellite may be habitable by some forms of life. Whether
organisms exist there or have existed there remains unknown, but the physical condi-
tions and rates of change of those conditions seem consistent with a readily habitable
environment. Let us summarize these conditions, and discuss their implications for life
on the satellite. Of particular importance are the several time-scales for change that
provide reasonable stability, while also providing need for adaptation and evolution.

The outer portion of Europa consists predominantly of water, at least tens of kilo-
meters thick, and probably mostly liquid. The liquid is maintained by heat from tidal
energy dissipation, with an outer crust of ice, most likely a few kilometers thick. At the
base of the crust the temperature is 0 °C, while the surface, because it is exposed to
space without a significant atmospheric blanket, is about 170 °C colder (i.e. about 100
K).

Cracks are formed in the crust due to tidal stress, resulting from the combination of
non-synchronous rotation and diurnal variations. Many of the cracks penetrate from the
surface down to the liquid water ocean. Even after a crack forms, the crust continues to
be worked by the diurnal tides, so that the crack is continually opened and closed over
the course of each day on Europa. Thus, on a time-scale of 10-2 years (a Europan day),
water periodically flows up to the float line during the hours of opening, and is
squeezed out during the hours of closing. Slush and crushed ice is forced to the sur-
face, while most of the water flows back into the ocean. The daily tidal flow transports
substances and heat between the surface and the ocean.

At the surface, oxidants are continually produced by disequilibrium processes such
as photolysis by solar ultraviolet radiation, and especially radiolysis by charged parti-
cles.  Significant reservoirs of oxygen have been spectrally detected on Europa's sur-
face in the form of H2O2, H2SO4, and CO2 [36-38]. In addition, molecular oxygen and
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ozone are inferred to be within the near-surface  ice, on the basis of the existence of a
tenuous (10-11 bar) oxygen atmosphere [39] and the detection of these substances on
other icy satellites such as Ganymede [40, 41]. Moreover, impact of cometary material
could also provide a source of organic materials and other fuels at the surface (see
Chap. 1, Ehrenfreund and Menten) such as those detected on the other icy satellites
[42]. In addition, significant quantities of sulfur and other materials may be continually
ejected and transported from Io to Europa. Such substances are being given considera-
tion as potentially important biogenic materials [e.g., 43].

In the ocean is a mix of endogenic and exogenic substances that may contain salt,
sulfur compounds, organics [e.g., 44], etc. Evidence for such substances is found at the
surface at sites where oceanic material most likely has been exposed, especially along
major ridge systems and around chaotic terrain. In most color representations of Eu-
ropa, this material appears as orange-brown. However, the filters used in constructing
color images were shifted toward the infrared, so the colors represent trends with
wavelength rather than true appearance. Images taken through these filters, at visible or
near-IR wavelengths, are not diagnostic of composition. However, Galileo's Near-
Infrared Mapping Spectrometer did provide potentially diagnostic spectra, which are
variously (and with controversy) interpreted as hydrated, sulfur-based salts in frozen
brines [45, 46], various granularities of water ice [47], or sulfuric acid and related
compounds [37]. The orangish brown appearance at visible wavelengths may be con-
sistent with organics or other unknowns. The ocean likely contains a wide range of
biologically important substances.

Chemical disequilibrium among materials at various levels in a crack is maintained
by surface production at the top and the oceanic reservoir at the bottom, while the tidal
ebb and flow of water continually transports and mixes these substances vertically, all
within the context of an ambient temperature gradient ~0.1 °/m.

How might this physical setting support and affect life (Fig. 7.4)? No organisms
could survive very near the surface where bombardment by energetic charged particles
in the Jovian magnetosphere would disrupt organic molecules [48] within ~1 cm of the
surface, and organisms in a crack would probably need to stay much farther down to
survive. Nevertheless, Reynolds et al. [49], Lunine and Lorenz [50], and Chyba [9]
note that sunlight adequate for photosynthesis could penetrate a few meters, farther
than necessary to protect organisms from radiation damage. Thus, as long as some part
of the ecosystem of the crack occupies the appropriate depth, it may be able to exploit
photosynthesis. Such organisms might benefit from anchoring themselves at an appro-
priate depth where they might photosynthesize. Other non-photosynthesizing organisms
might anchor themselves at other depths, and exploit the passing daily flow. Their hold
would be precarious, as the liquid water could melt their anchorage away. Alterna-
tively, some might be plated over by newly frozen water, and frozen into the wall. The
individuals that are not anchored, or that lose their anchorage, would go with the diur-
nal flow. Organisms adapted to holding onto the walls might try to reattach their an-
chors. Others might be adapted to exploiting movement along with the
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Fig. 7.4 Tidal flow through a working crack provides a potentially habitable setting, linking the
surface (with its low temperature, radiation-produced oxidants, cometary organic fuels, and
sunlight) with the ocean (with its brew of endo- and exogenic substances and relative warmth).
Photosynthetic organisms (represented here by the tulip icon) might anchor themselves to ex-
ploit the zone between the surface radiation danger and the deeper darkness. Other organisms
(the tick icon) might hold onto the side to exploit the flow of water and the disequilibrium
chemistry. The hold would be difficult, with melting releasing some of these creatures into the
flow, and with freezing plating others into the wall of the crack. Other organisms (jellyfish icon)
might exploit the tides by riding with the flow. This setting would turn hostile after a few thou-
sand years as Europa rotates relative to Jupiter, the local tidal stress changes, and the crack
freezes shut. Organisms would need to have evolved strategies for survival by hibernating in the
ice or moving elsewhere through the ocean.
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mixing flow. A substantial fraction of that population would be squeezed into the
ocean each day, and then flow up again with the next daily tide.

A given crack is likely active over thousands of years, because rotation is nearly
synchronous and the crack remains in the same tidal-strain regime, allowing for a de-
gree of stability for any ecosystem or organisms within it. However, our work has
shown that over longer times Europa rotates non-synchronously, so that a given site
moves to a substantially different tidal-strain regime in 103-105 years according to our
evaluation of non-synchronous rotation. Thus, the tidal working of any particular crack
is likely to cease by that age. The crack would seal closed, freezing any immobile or-
ganisms within it, while some portion of its organism population might be locked out
of the crack in the ocean below.

For the population of a deactivated crack to survive, (a) it must have adequate mo-
bility to find its way to a still active (generally more recently created) crack, or else or
in addition, (b) the portion of the population that is frozen into the ice must be able to
survive until subsequently released by a thaw. The first survival strategy, migration to
an active crack, might be achieved in several ways, including flow with ocean currents,
diffusion from crack to crack, and perhaps active propulsion.

The second strategy, survival in a frozen state until release, also has the potential for
success. Our studies of "chaotic terrain" on Europa, which appears to have been cre-
ated by near-surface melting, suggest that this phenomenon has been common and
widespread throughout Europa's geological history. At any given location, a melt event
probably has occurred every few million years, liberating frozen organisms to float free
and perhaps find their way into a habitable niche. Also, in the time-scale for non-
synchronous rotation (less than a million years), fresh cracks through the region would
cross the paths of the older refrozen cracks, liberating organisms into a niche similar to
where they had lived before. Survival in a frozen state for the requisite few million
years seems plausible, given evidence for similar survival in Antarctic ice [51].

As described above, this model of the crust includes environmental settings that be
suitable for life. Moreover, it provides a way for life to exist and prosper in the ocean
as well, by providing access to oxidants and linkage between oceanic and crustal eco-
systems, requirements emphasized by Gaidos et al. [9]. Any oceanic life would likely,
in effect, be part of the same ecosystem as organisms in the crust. Components of the
ecosystem might adapt to exploit sub-oceanic conditions such as possible sites of vol-
canism. However, if there is an inhabited biosphere on Europa, it most likely extends
from within the ocean up to the surface. While one can only speculate on conditions
within the ocean, we have observational evidence for conditions in the crust, and the
evidence points toward a readily habitable setting.

This model is based on the surface manifestations of tectonic processing and chaotic
terrain formation. The entire surface is very young, <2% of the age of the solar system
according to the paucity of impact craters. Because the tectonic and melting processes
described above were recent, they may well continue today. Moreover, extended peri-
ods of stability and even comfort within a niche are probably interrupted (as described
above) by longer term changes in environmental conditions in the crust such as deacti-
vation of individual cracks after thousands of years and later releasing of trapped or-
ganisms. Such change may provide drivers for adaptation and mobility, as well as op-
portunity for evolution.

Whether any organisms exist on Europa to exploit this setting is, of course, un-
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known and unlikely to be resolved for many years. However, a more immediate issue is
whether data already in hand, or likely to become available soon, can test or refine this
picture of a physical setting with the potential to support life. Several lines of future
research are needed. We already have in hand extensive imagery from the Galileo
spacecraft, which is amenable to geological analysis, particularly in further extraction
of information regarding the time sequence of surface events. Geophysical modeling of
the types reviewed here needs to be refined and extended. Studies of the interaction of
geophysics and orbital evolution are also needed, because the history of Europa has
been controlled by the linkage of these processes through tidal effects.

Continuing spacecraft exploration of Europa is likely in the future. The picture of
Europa developed here has important implications for the exploration strategy. The
current plan was conceived at a time when Europa's ocean was considered to be iso-
lated from the surface. The Europa Orbiter mission would complete the 200-m reso-
lution survey of the surface begun by Galileo. Subsequent missions would land on the
surface, and eventually visit and sample the ocean. In that scenario, the main problem
to be faced would be finding a way to penetrate through the ice; choice of the landing
site would be less critical. However, that plan was predicated on a view that, if an
ocean existed at all, it was isolated under thick ice.

With the increasing likelihood that the ice is thin and that the liquid ocean is linked
to the surface in multiple ways, a very different strategy would be appropriate. If high-
resolution reconnaissance by an orbiter could identify sites of active cracks or melt-
through, a subsequent targeted lander could land where the action is (or was most
recently), and sample fresh oceanic material. Even ridges, bands or chaotic terrain
could contain frozen organisms. Thus, the priority and challenge becomes the pre-
landing survey; the need to engineer a penetrator would be largely obviated. The nature
of Europa may well be such that interior samples, possibly including organisms, may
be readily accessible at or near the surface. The danger is that with a habitable bio-
sphere linked to the surface, Europa's ecosystem may be vulnerable to contamination
by our landers. Unless exploration is planned very carefully, we may discover life on
Europa that we had inadvertently planted there ourselves.

Even if Europa proves to be sterile, the complex suite of geophysical processes and
their unique relationships with geological and dynamical phenomena, make Europa
one of the most active and exciting bodies in the solar system. On-going research and
exploration will surely continue to surprise us.
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