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Geodynamics of Europa’s Icy Shell
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Processes that operate within Europa’s floating icy shell and leave their signature on the
surface are largely governed by the thermal and mechanical properties of the shell. We review
how geodynamic models for icy shell dynamics can be integrated with observations to con-
strain the present and past properties of the icy shell. The near-surface exhibits brittle or elastic
behavior, while deeper within the shell viscous processes, including tidal heating, lateral flow,
and possibly convection, dominate. Given the large amplitude of topography on Europa, the
icy shell is probably more than several kilometers thick at present. However, there are both
theoretical models and observational evidence suggesting that the icy shell has been thicken-
ing over time, explaining the predominance of extensional features and the young (probably
~50 m.y.) surface age. Geophysical measurements on future missions will be able to determine
the present thickness of the icy shell, and possibly its thermal structure.

1. INTRODUCTION

Europa’s icy shell records a complex tectonic history that
reflects an interaction between surface processes, internal
structure, and orbital dynamics. The icy shell also separates
the hostile surface environment from an inferred subsurface
ocean. The nature and history of this shell is thus of great
astrobiological, geological, and geophysical importance. In
this chapter we will discuss the geodynamics of Europa’s
icy shell, i.e., its mechanical and chemical properties and
evolution, and the processes that are likely to be operating
today.

The most direct evidence for an icy shell at present, i.e., a
layer of ice separated from a rocky interior by a liquid ocean,
is the induced magnetic field produced in a highly electri-
cally conductive (ocean) near-surface region (Kivelson et
al., 2000). In addition, models for most of the surface fea-
tures we see on Europa’s surface, including the pits, domes,
chaos, bands, and ridges shown in Fig. 1, probably either
require the presence of an ocean or involve this water reach-
ing the surface. While the existence of an ocean is gener-
ally accepted (see, e.g., chapter by McKinnon et al.), many
of the properties and processes in the icy shell remain the
subject of considerable uncertainty and debate. Indeed, the
Galileo mission, which through its higher imaging resolu-
tion identified surface features unseen by the earlier Voyager
spacecraft, raised more questions than it answered. Never-
theless, a combination of surface observations and theoreti-
cal models allows certain questions to be answered and hy-
potheses to be tested.

There are two overarching questions on which we focus:
(1) What are the origins of the observed surface features?
(2) What do the characteristics of surface features tell us
about the properties and evolution of the icy shell?

In order to answer these questions, the first two parts
of this chapter will consist of theoretical explorations of
the likely structure of a floating icy shell, and the different
mechanisms available to deform the shell and leave a tec-
tonic record on the surface. Section 4 will then compare
these theoretical predictions with observations of Europa’s
surface to infer the present-day characteristics of the icy
shell. Section 5 will carry out a similar exercise focusing
on the evolution of the icy shell through time. Section 6 will
conclude with a review and suggestions for future work.

Some of the topics we cover in this chapter are discussed
in more detail elsewhere in this volume. In particular, Eu-
ropa’s tidal heating, interior structure, thermal evolution and
potential icy shell convection are addressed by Sotin et al.,
Schubert et al., Moore and Hussmann, and Barr and Show-
man, respectively. Similarly, the global stratigraphy, tecton-
ics, and origin of various landforms are discussed by Dog-
gett et al., Kattenhorn and Hurford, Prockter and Patterson,
and Collins and Nimmo. Briefer summaries of the interior
and surface geology of Europa may be found in Schubert
et al. (2004) and Greeley et al. (2004), respectively.

Although Europa is primarily composed of silicates and
iron (chapter by Schubert et al.), its surface appearance is
controlled by the characteristics of the icy shell. Before em-
barking on a detailed exploration of icy shell geodynamics,
it is helpful to consider similarities and differences to the
more familiar behavior of the crusts and mantles of silicate
bodies.

Ice in terrestrial settings (e.g., glaciers), and even on
Mars, is always close to its melting temperature and gen-
erally deforms in a ductile fashion. At the ~100-K tempera-
tures relevant to Europa’s surface, however, ice is strong
and brittle and behaves very much like rock at the surface
of the Earth. Thus, common tectonic features on Earth ap-
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pear to have europan analogs (see chapter by Kattenhorn
and Hurford), including normal faults (Nimmo and Schenk,
2006), tail cracks (Kattenhorn, 2005), wing cracks (Schul-
son, 2002), anti-cracks (Kattenhorn and Marshall, 2006),
folds (Prockter and Pappalardo, 2000), and strike-slip faults
(Hoppa et al., 1999c). An important difference, however,
is that ice near its solidus temperature is roughly 106 times
less viscous than rock near its solidus temperature; thus,
ductile flow processes (e.g., convection) within Europa’s icy
shell happen on much more rapid timescales than similar
processes within Earth’s crust and mantle even though typi-
cal (tidal) stresses on Europa are much smaller than tec-
tonic stresses on Earth (see section 3).

Perhaps the most fundamental difference is that ice,
unlike the lithospheric mantle on silicate bodies, is less
dense than the underlying material. Here and elsewhere we
are referring to ice I — higher-pressure phases of ice are
probably not relevant to Europa’s shell (see chapter by
Schubert et al.), although they are relevant on other large icy
satellites, e.g., Ganymede. One immediate consequence of
this effect is that melt (i.e., water) generated by heating of
ice will generally drain downward and not upward, with im-

portant consequences for the likelihood of low-temperature
(cryo-) volcanism (section 4.2.4). Another is that the (buoy-
ant) floating icy shell will insulate the underlying ocean,
potentially allowing it to persist for geological timescales.

The low density of ice I means that subduction of the
icy shell into the underlying ocean is not favored, similar
to the resistance of continental material to subduction on
Earth. Although some features resembling those at diver-
gent terrestrial plate boundaries are observed on Europa
(e.g., Sullivan et al., 1998; Prockter et al., 2002), no evi-
dence has been found for features directly resembling sub-
duction zones.

Although subduction is unlikely to generate significant
stresses on Europa, tidal stresses, arising from the varying
distance and orientation of Jupiter relative to Europa, are
much more important than the Moon’s tidal stresses on
Earth (e.g., Greenberg et al., 2002). As discussed below,
many of the observed surface features are caused directly
or indirectly by tidal stresses. Furthermore, friction associ-
ated with tidal deformation is more important than decay
of radioactive materials in determining the thermal state of
Europa’s icy shell (e.g., Cassen et al., 1979; Squyres et al.,

Fig. 1. Examples of surface features whose properties are governed by processes within the icy shell: (a) spots, pits and ridges
(PIA03878); each pit is about 10 km across; (b) the “Mitten” feature (Murias Chaos) (PIA01640); (c) gray band that records 60 km of
strike-slip motion (PIA01643); (d) band showing dilatation (from Prockter et al., 2002); band is about 30 km wide; (e) Conamara
Chaos showing blocks that have been displaced and rotated within a low-viscosity substrate (PIA01403); (f) ridges and fractures
(PIA00849).
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1983; Ross and Schubert, 1987; Ojakangas and Stevenson,
1989a). Thus, unlike the terrestrial planets, the orbital evolu-
tion of Europa has a direct effect on its thermal evolution,
and vice versa (e.g., Hussmann and Spohn, 2004).

A final difference between Europa and most silicate bod-
ies is that Europa’s surface is much less heavily cratered,
and therefore younger, than those of its neighboring sat-
ellites (see chapter by Bierhaus et al.). Unfortunately, the
absolute age of Europa’s surface is disputed. The more gen-
erally accepted impact flux model, based primarily on ob-
servations of extant Jupiter family comets, results in a mean
surface age of only a few tens of millions of years (Zahnle
et al., 2003), or roughly 1% of the age of the solar system.
An alternative (Neukum, 1997), which assumes that the age
of Gilgamesh on Ganymede is the same as that of the
youngest lunar impact basin (Orientale, 3.8 Ga), and that
cratering in the jovian system is dominated by asteroids,
results in a surface age of 0.7–2.8 Ga (see Pappalardo et
al., 1999). In any event, a significant fraction of Europa’s
history has no geological record, which makes interpreting
its evolution challenging; on the other hand, processes that
were only relevant during earliest solar system history (e.g.,
accretion) cannot have contributed to the sculpting of
Europa’s surface, and we can thus understand the surface
and its evolution in terms of orbital dynamics and internal
processes that operate at present.

2. ICY SHELL STRUCTURE

The geodynamic behavior of the icy shell is controlled
by its mechanical properties and thermal evolution. As a
starting point, we thus begin with a largely theoretical re-
view of the mechanical and thermal properties of ice that
govern the deformation and heat transfer within a planet-
scale icy shell.

2.1. Rheology

The observable consequences of tectonic stresses depend
mainly on the response of the material being stressed, i.e.,
its rheology. Here we discuss the three main ways in which
ice may respond to imposed stresses, and the consequences
of these different response mechanisms. At low stresses and
strains, ice will deform in an elastic (recoverable) manner.
However, at strains greater than roughly 10–3, the ice will
undergo irrecoverable deformation. At low temperatures,
this deformation will be accomplished by brittle failure,
while at higher temperatures the result will be ductile creep.

2.1.1. Brittle deformation. Silicate materials typically
undergo brittle failure along preexisting faults when the
shear stresses exceed some fraction, typically 0.6, of the
normal stresses. This behavior is largely independent of
composition and is known as Byerlee’s rule. At low slid-
ing velocities and stresses, ice obeys Byerlee’s law with a
coefficient of friction of 0.55 (Beeman et al., 1988), which
is independent of temperature, although at higher sliding
velocities the behavior becomes more complex (Rist, 1997).

At shallow depths where normal stresses are small and tem-
peratures are low, brittle deformation is expected to domi-
nate on icy satellites.

2.1.2. Ductile deformation. At sufficiently high tem-
peratures, ice responds to applied stresses by deforming in
a ductile fashion. The response is complicated by the fact
that individual ice crystals can deform in several differ-
ent ways: by diffusion of defects within grain interiors, by
sliding of grain boundaries, and by creep of dislocations
(Durham and Stern, 2001; Goldsby and Kohlstedt, 2001).
Which mechanism dominates depends on the specific stress
and temperature conditions, but each individual mechanism
can be described by an equation of the form

ε = Aσnd–pexp –
Q + PV

RT

Here e is the resulting strain rate; σ is the differential
applied stress; A, n, and p are rheological constants; d is
the grain size; Q and V are the activation energy and vol-
ume, respectively; R is the gas constant; and P and T are
pressure and temperature, respectively. In general, for icy
satellites the P,V contribution is small enough to be ignored,
and strain rates should increase with increasing tempera-
ture and stress and decreasing grain size. When several dif-
ferent mechanisms are operating together, the total strain
rate is a superposition (in series and/or parallel) of the indi-
vidual strain rates (see equation (3) in Goldsby and Kohl-
stedt, 2001).

At low stresses, diffusion creep is expected to dominate
and is predicted to result in Newtonian flow (i.e., n = 1) with
a grain-size dependence (p = 2). At higher stresses, the
dominant creep regimes are basal slip and grain boundary
sliding, which result in non-Newtonian behavior (n ~ 2) and
grain-size dependence. At even higher stresses, strongly
non-Newtonian dislocation creep (n = 4) dominates. Creep
rates are enhanced within about 20 K of the melting temper-
ature (Goldsby and Kohlstedt, 2001), presumably because
of the presence of thin films of water along grain bound-
aries (e.g., De La Chapelle et al., 1999).

Because stresses and strain rates on icy satellites are ex-
pected to be low, the most relevant deformation mechanism
is probably diffusion creep (e.g., Moore, 2006; McKinnon,
2006), but superplastic flow or dislocation creep may domi-
nate in regions undergoing active convection (Freeman et
al., 2006). Diffusion creep has the modeling advantage of
resulting in Newtonian behavior, but the disadvantage that
the viscosity (η = σ/e) is dependent on the (unknown) grain
size, and that the relevant rheological parameters have not
yet been measured (Goldsby and Kohlstedt, 2001). Ice grain
size evolution is poorly understood, because it depends both
on the presence of secondary (pinning) phases and because
of dynamic recrystallization processes (e.g., Barr and Mc-
Kinnon, 2007). Given the uncertainties, it is often acceptable
to assume for modeling purposes that ice has a Newtonian
viscosity near its melting temperature in the range 1013–
1015 Pa s (e.g., Pappalardo et al., 1998).
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Although the unknown grain size is the most serious
unknown for describing the ductile deformation of ice, other
effects can also be important. The presence of even small
amounts of fluid significantly enhances creep rates (e.g.,
De La Chapelle et al., 1999). On the other hand, the pres-
ence of rigid impurities (e.g., silicates) and salts serves to
increase the viscosity (Friedson and Stevenson, 1983; Dur-
ham et al., 2005a). Finally, higher-pressure phases of ice,
or ices incorporating other chemical species such as meth-
ane, tend to have much higher viscosities than pure ice at
the same P,T conditions (Durham et al., 1998), although
ammonia is an exception to this general rule (Durham et
al., 1993).

2.1.3. Elastic deformation. At low stresses and strains,
ice will deform elastically and the relationship between
stress σ and strain ε depends on the Young’s modulus E of
the material and is given by Hooke’s law: σ = Eε.

Although measurement of Young’s modulus in small lab-
oratory specimens is straightforward and yields a value of
about 9 GPa (Gammon et al., 1983), the effective Young’s
modulus of large bodies of deformed ice is less obvious
(Nimmo, 2004c). Observations of ice shelf response to tidal
stresses on Earth (Vaughan, 1995) give an effective E of
~0.9 GPa, an order of magnitude smaller than the labora-
tory values. This discrepancy is most likely due to the fact
that a large fraction of the ice shelf thickness is responding
in a brittle or ductile, rather than an elastic, fashion (e.g.,
Schmeltz et al., 2002). A similar effect may arise on icy sat-
ellites, and will be discussed later.

2.1.4. Viscoelastic behavior. In reality, materials do not
behave as entirely elastic or entirely viscous. Rather, they
exhibit elastic-like behavior if the timescale over which
deformation occurs is short compared to a characteristic
timescale of the material, known as the Maxwell time (= η/
G, where G is the shear modulus) (Turcotte and Schubert,
2002). Conversely, if the deformation timescale is long com-
pared to the Maxwell time, the material behaves in a viscous
fashion. Such compound materials are termed viscoelastic.

The viscoelastic model is especially important for icy
satellites because it provides a convenient description of
tidal heating (e.g., Ross and Schubert, 1989; Tobie et al.,
2005). Tidal heating is maximized when the Maxwell time
equals the forcing (orbital) period, and decreases in a lin-
ear fashion with forcing frequency for much larger or much
smaller values (e.g., Tobie et al., 2003). Hence, the amount
of tidal heating depends critically on the local viscosity of
the icy shell, which is in turn determined mainly by the
temperature (section 2.1.2). The Maxwell time of ice near
its melting point is roughly 104–105 s, very close to Eu-
ropa’s orbital period of 3.55 d. Thus, tidal dissipation is ex-
pected to be important for warm ice on Europa.

2.1.5. Application to icy shells. Temperatures near the
surface of icy satellites are sufficiently cold, and overbur-
den pressures sufficiently small, that tectonic stresses are
likely to result in brittle deformation. However, at greater
depths, temperatures will increase, allowing ductile defor-
mation to dominate. If the principal source of stress is bend-

ing, then near the midplane of the bending shell the stresses
may be low enough to allow elastic deformation to occur.
Thus, in general one would expect a deformed icy shell to
consist of the three regions shown in Fig. 2: a brittle near-
surface layer, an elastic “core,” and a ductile base (e.g.,
Watts, 2001). The interfaces between these zones occur at
depths where the stresses due to two competing mechanisms
are equal.

The thickness of the near-surface brittle layer in Fig. 2
depends mainly on the temperature gradient, and to a lesser
extent on the degree of curvature (bending). Thus, if the
brittle layer thickness can be constrained, e.g., by observa-
tions of fault spacings (Jackson and White, 1989), then the
temperature structure at the time of fault formation can be
deduced (e.g., Golombek and Banerdt, 1986). Similarly, the
stress profile shown in Fig. 2 controls the response of the
icy shell as a whole to applied bending stresses. The result-
ing flexural response can be modeled by assuming that the
shell is purely elastic with an effective elastic thickness, Te,
which can be derived from topographic observations. This

Fig. 2. Schematic stress profile within a generic icy satellite shell.
Near the surface the ice is cold and brittle and stress increases in
proportion to the overburden pressure. Because the shell is un-
dergoing bending, the elastic bending stresses decrease toward the
midpoint of the shell and lead to an elastic “core”; the slope of
the elastic stress curve depends on the local curvature of the shell
and the Young’s modulus (e.g., Turcotte and Schubert, 2002). At
greater depths, the ice is sufficiently warm that the shell deforms
in a ductile fashion. The first moment of the stress profile about
the midpoint controls the effective elastic thickness Te of the icy
shell as a whole (e.g., Watts, 2001). For typical curvatures seen
on Europa, Te is controlled mainly by the brittle portion (see sec-
tion 4.1.1). In equilibrium, the positive and negative areas under
the composite stress curve must equal each other (e.g., Luttrell
and Sandwell, 2006).
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effective elastic thickness may be related to the real shell
structure (Fig. 2) if the local topographic curvature is known
(e.g., Watts, 2001). Hence, estimates of Te may be used to
determine the thermal structure of icy shells (e.g., Nimmo
and Pappalardo, 2004). For an icy shell in which heat trans-
fer occurs only by conduction, knowing the thermal struc-
ture in turn allows the shell thickness to be deduced (see
section 4.1.1). However, if the icy shell is convecting, then
only the heat flux, and not the total shell thickness, can be
deduced (section 2.3.2).

2.2. Heat Sources

The temperature structure and thickness of the icy shell
are determined by the heat being generated, and the rate at
which that heat is transported to the surface. There are two
principal sources of heat at present: radioactive decay and
diurnal tidal dissipation.

Radioactive decay of U, Th, and K is likely confined
mainly to silicate minerals and thus occurs within the sili-
cate interior of Europa. Assuming a chondritic composition,
the present-day heat production rate results in a surface heat
flow of about 7 mW m–2 (Hussman and Spohn, 2004).

Dissipation due to diurnal tides (see section 3.1) may
take place within the silicate interior, within the floating icy
shell, or both (dissipation in the ocean is likely small unless
the ocean thickness is comparable to the seafloor topogra-
phy, as on Earth). Dissipation is conventionally modeled as
taking place within a viscoelastic body (section 2.1.4) so
that the heat generated depends on the viscosity and thus
the temperature of the material, as well as the tidal strain
rate. Since the temperature in turn depends partly on the
heat generation rate, calculation of tidal heating is not
straightforward (e.g., Tobie et al., 2005). Furthermore, the
presence of a near-surface rigid layer can reduce the over-
all tidal deformation (Moore and Schubert, 2000), and thus
the amount of tidal heating in the interior, although this
effect is not pronounced for the relatively thin icy shells
expected for Europa.

Tidal dissipation within the icy shell depends on, and
influences, the shell temperature structure and thickness and
is discussed further below. Because of the spatially variable
tidal stress field, tidal dissipation within the icy shell also
varies spatially, with the maximum stress and heating oc-
curring at the poles (Ojakangas and Stevenson, 1989a).

Although tidal heating is normally modeled using a vis-
coelastic approach, other dissipation mechanisms are possi-
ble. For instance, laboratory deformation of silicates shows
a power-law frequency dependence of dissipation that is not
characteristic of Maxwell viscoelastic materials (e.g., Gribb
and Cooper, 1998). Perhaps more relevant to Europa is the
idea that tidally driven frictional heating on individual faults
may also be important in the near-surface (e.g., Gaidos and
Nimmo, 2000; Han and Showman, 2008).

Heat, either tidal or radiogenic, generated within the
silicate interior is presumed to be transported efficiently
across the ocean. The magnitude of the tidal contribution

from the silicate interior is highly uncertain. If this region
is cold, tidal dissipation is negligible. If, however, the inte-
rior is partially molten (as is thought to be the case for Io),
then scaling Io’s heat flow to europan orbital conditions and
assuming similar internal structures results in a heat gen-
eration rate of roughly 4 TW (Greenberg et al., 2002) and
suggests a thin (≈4 km), conductive shell. Because of the
feedback between dissipation and viscosity, tidal heat pro-
duction in the silicate interior is likely to be either Io-like
or negligible, and not some intermediate value (see chapter
by Moore and Hussmann). The uncertainty in the amount
of tidal heat generated below the ocean is an important con-
tributor to the uncertainty in the icy shell thickness of Eu-
ropa; uncertainty in the icy shell heat production is another
(see below).

2.3. Temperature Structure

The temperature structure of the icy shell is one of
its most important properties, governing as it does the ten-
dency for different deformation mechanisms to operate (sec-
tion 2.1) and controlling the flow rate and amount of tidal
heating. The detailed temperature structure depends on
whether the icy shell is convecting (section 4.2.3) or not.
If the shell is not convecting, then the temperature profile
will be conductive throughout. If the shell is convecting,
then the near-surface ice (the so-called stagnant lid) will be
sufficiently cold and rigid that heat is transferred only by
conduction, unless some kind of plastic yielding occurs
(Showman and Han, 2005). The convective interior, mean-
while, will be approximately isothermal, with a thin bound-
ary layer at its base if significant heat is being transferred
from the subsurface ocean. Note that in both the conduc-
tive and convective cases the near-surface ice is cold, rigid,
and immobile, but that the thickness of the conductive layer
relative to the total icy shell thickness is significantly dif-
ferent in these two cases. It is therefore difficult to use in-
ferences of the rigid (elastic) layer thickness to determine
the total thickness of the icy shell.

2.3.1. Conductive portion. For the conductive portion
of an icy shell, it is usually an excellent approximation to
assume thermal steady state, in which case the temperature
structure depends on the thermal conductivity k, internal
heat sources, and the boundary conditions. The thermal con-
ductivity of ice depends on the temperature T [a typical ap-
proximation is that k = 567/T where T is in K and K has
units of W m–1 K–1 (Klinger, 1980)]. Conductivity can be re-
duced by near-surface porosity (e.g., Squyres et al., 1983)
or the presence of species with significantly lower conduc-
tivities, such as methane clathrates (e.g., Nimmo and Giese,
2005). For a conductive icy shell, the bottom boundary tem-
perature is simply the ocean freezing point, which depends
on the composition of the ocean (see section 2.4). If the
shell is convecting, the base of the conductive lid occurs
where the viscosity is roughly an order of magnitude greater
than the viscosity in the convective interior of the shell
(Davaille and Jaupart, 1994; Solomatov, 1995). For typi-
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cal ice activation energies, the corresponding temperature
is 230–250 K. In either case the surface temperature varies
as a function of latitude, from about 110 K at the equator
to ~40 K at the poles (Ojakangas and Stevenson, 1989a).
The amount of tidal heating depends on the local tempera-
ture; thus, the temperature structure and tidal dissipation
profile have to be solved for simultaneously.

Figure 3a shows an example equilibrium temperature
profile assuming constant thermal conductivity. The inflec-
tion toward the base of the layer is because of tidal heat-
ing, which only becomes important at the low viscosities
characteristic of ice near its melting point. For a purely
conductive icy shell, both the bottom heat flux and the tem-
perature are specified, as is the surface temperature. There
thus exists a single shell thickness that can satisfy these
constraints simultaneously, in this case 13 km. Hence, in
the absence of other effects, the thickness of the conduc-
tive icy shell will vary spatially by a few tens of percent,
because both the surface temperature and the tidal dissipa-
tion vary (Ojakangas and Stevenson, 1989a; Nimmo et al.,
2007a). Variations in the thickness of the icy shell can drive
horizontal flows that will reduce thickness variations (e.g.,
O’Brien et al., 2002; Nimmo, 2004a) (section 3.3).

2.3.2. Convective portion. The convective interior of
an icy shell is close to its melting temperature, which in gen-
eral results in enhanced tidal dissipation. Figure 3b shows
the temperature structure of an example convecting shell
and the corresponding heat production. The top half of the
shell is cold, highly viscous, and conductive, while the bot-

tom half of the shell is warm, convecting, and approxi-
mately isothermal. As with the purely conductive case, tidal
heating is greatest in the low-viscosity ice. Note that the
temperature gradients in the conductive portions of Figs. 3a
and 3b are almost identical, despite the different total shell
thicknesses: This example illustrates the difficulty of infer-
ring total shell thickness from shallow temperature gradi-
ents alone.

Just as with the conductive case, there is in general, al-
though not always (Mitri and Showman, 2005), only a sin-
gle shell thickness for which the bottom heat flux and top
and bottom temperature conditions can be satisfied in equi-
librium (e.g., Moore, 2006; Ruiz et al., 2007). Convective
shells generally produce more tidal heating than conduc-
tive shells because for the former more of the interior is
close to the melting point (Fig. 3). Provided the conductive
surface layer remains stagnant because of its high viscosity,
the temperature differences within the convecting region
will be small,  ΔT ~ 2.2 RTi

2/Q, where Ti is the temperature
of the convecting interior (e.g., Solomatov, 1995; Grasset
and Parmentier, 1998). For typical ice rheologies, ΔT is ~
20 K (e.g., Nimmo and Manga, 2002).

An important distinction between conductive and con-
vective icy shells is that for the latter the amount of heat
that can be transported across the shell is almost indepen-
dent of shell thickness (see, e.g., Moore, 2006). Thus, if the
basal heating exceeds some critical amount, the only stable
solution is a conductive icy shell. For both the convective
and the conductive cases, the equilibrium shell thickness

Fig. 3. (a) Tidally heated conductive icy shell in thermal equilibrium (steady-state). Temperature, viscosity, and tidal heat production
are calculated in a self-consistent manner using the approach of Nimmo et al. (2007a). Porosity and heat production are normalized to
their maximum values (arbitrary and 2 × 10–5 W m–3, respectively). Reference viscosity is 1014 Pa s, mean strain rate is 2.1 × 10–10 s–1,
basal heat flux is 7 mW m–2, surface heat flux is 60 mW m–2, thermal conductivity is 4 W m–1 K–1 and equilibrium shell thickness is
13.2 km. This point is located at 45°N, 45°E; other locations will have different equilibrium shell thicknesses. Porosity evolution is
calculated using the method of Nimmo et al. (2003a) assuming an evolution timescale of 50 m.y. (b) Tidally heated convective shell in
thermal equilibrium, redrawn from Tobie et al. (2003). Basal viscosity 1014 Pa s, ice viscosity ratio 1.2 × 106. Tidal heat production
rate was calculated using the temperature profile plotted, but note that the temperature profile was calculated without including the
effect of tidal heating.
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depends mainly on the basal heating (from the silicate inte-
rior) and the icy viscosity, neither of which are well known.
Thus, the examples shown in Fig. 3 are only representative
and whether or not the icy shell is conductive or convective
remains uncertain (see section 4.1.3).

2.4. Porosity and Contaminants

Modeling studies typically assume that the icy shell is
homogeneous pure water ice. In reality, the ice is likely to
be heterogeneous in at least two important ways. First, the
near-surface is brittle and is continuously being fractured
by both impacts and tidal stresses. One would therefore
expect the near-surface to contain significant fracture poros-
ity: down to depths of a few meters due to impact processes
(see chapter by Moore et al.), and perhaps significantly
deeper from tidal fracturing. Of course, at greater depths the
ice will lose porosity, either through flow at elevated tem-
peratures [typically 160–180 K; e.g., Nimmo et al. (2003a);
Fig. 3] or through brittle compaction (Durham et al., 2005b).
However, portions of the near-surface are likely to be po-
rous, with implications for thermal conductivity, vapor
transport, surface topography, radar properties, and strength,
among other effects. Figure 3a shows a theoretical poros-
ity profile for a conductive icy shell, demonstrating that the
top third of the shell, which is cold and relatively rigid, can
retain porosity for millions of years.

Second, icy shells are likely to incorporate contaminants,
either during rapid freezing or as surficial additions by
meteorites or comets. The interplanetary micrometeorite
flux at Europa is 45 g/s (Cooper et al., 2001; Johnson et
al., 2004) and the mean flux of material ejected from Io
by cometary impacts and delivered to Europa is 6–10 g/s
(Alvarellos et al., 2008). Over the 50-Ma age of the icy
shell, these fluxes imply a mass fraction of <0.0001% as-
suming a shell 10 km thick and assuming all the delivered
materials remain in the icy shell. Spectroscopic studies of
the surface of Europa indicate variable fractions of “non-
ice” contaminants (e.g., McCord et al., 1998), possibly salts,
some of which are preferentially associated with specific
geological features such as bands (e.g., Geissler et al.,
1998b) and may therefore have been derived from the sat-
ellite interior.

Contaminants can have two important effects. First, they
will affect the mechanical properties of the icy shell, such
as bulk density or viscosity (section 2.1.2). Second, and
potentially more important, they can affect the melting
behavior of the ice. In particular, the incorporation of salts
can dramatically lower the temperature at which the first
melts are generated (e.g., Kargel, 1998). Since these first
melts are typically salt-rich, a likely way of generating com-
positional heterogeneity within the icy shell is by partial
melting (Nimmo et al., 2003a; Pappalardo and Barr, 2004).
Equally, the presence of contaminants such as salts or am-
monia in the ocean will reduce its freezing temperature. A
colder ocean results in lower temperatures and higher vis-
cosities at the base of the icy shell, and thus lessens the
likelihood for icy shell convection. These processes have

several potentially important applications at Europa (sec-
tions 3.4 and 4.3.2).

2.5. Melting and Cryovolcanism

“Cryovolcanism” refers to the generation and emplace-
ment of low-temperature analogs of silicate volcanic prod-
ucts. These products can involve either “cryomagmas” (low-
viscosity water, or higher viscosity water-ice slurry) or
vapor. A crucial difference between silicate volcanism and
the aqueous cryovolcanism predicted for Europa is that in
the latter case the melt (water) is more dense than the solid
(ice). Thus, the products of melting are expected to perco-
late downward, and because of the low viscosity of water,
the percolation rate is very rapid (Nimmo and Giese, 2005).
Hence one would generally not expect to detect cryovol-
canic eruption products at the surface, nor aqueous “cryo-
magma chambers” at depth. Perhaps not surprisingly, few
features on Europa appear to have been generated by cryo-
volcanic activity (Fagents, 2003) (see section 4.2.4).

Several theoretical mechanisms have been proposed to
overcome the density problem. One possibility is that exso-
lution of dissolved volatiles at shallow depths reduces the
volatile-water density to below that of the surrounding ice
and drives an eruption (Crawford and Stevenson, 1988).
Alternatively, the interaction of silicate magma with ice
could lead to overpressures sufficient to drive an eruption
(Wilson et al., 1997); note, however, that this mechanism
requires the silicates to be in contact with the icy shell,
which is implausible given the inferred ~100-km ocean
thickness. Showman et al. (2004) suggested that topographi-
cally driven flows can force water or a water-ice mixture
upward into topographic lows. High pressures within the
subsurface ocean can also be generated as the overlying icy
shell progressively freezes and thickens (Manga and Wang,
2007; Kimura et al., 2007).

It has been proposed that warm ascending diapirs could
cause melting in overlying salt-rich ice (Head and Pappa-
lardo, 1999). However, this model does not overcome the
difficulty of downward drainage of melt; furthermore, de-
tailed thermal modeling suggests that the ~100-K surface
temperature is very effective in preventing near-surface
melting (Nimmo and Giese, 2005), even taking into account
the melting-temperature reduction due to salts.

3. SOURCES OF STRESS

In this section, we examine mechanisms that could po-
tentially account for the deformation observed at the sur-
face of Europa. Doing so is important partly to develop an
understanding of the likely stresses and strain rates char-
acteristic of the icy shell, but also because identifying a
particular mechanism (e.g., nonsynchronous rotation) pro-
vides clues to both the structure and history of the icy shell.
Fortunately, the list of potential mechanisms is considerably
simplified by the fact that the surface of Europa is geologi-
cally young. This means that mechanisms associated with
the early accretion and orbital evolution of satellites (despin-
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ning, differentiation, core contraction, giant impacts, etc.)
are unlikely to be relevant.

Tables 1 and 2 summarize the results of this section, and
also include observational constraints on the stress mecha-
nisms and magnitudes (see section 4.3).

3.1. Diurnal Tidal Stresses

The single most important source of stress arises from
the eccentric nature of Europa’s 3.55-d orbit (see chapter
by Sotin et al.). Because Europa’s orbital period equals its
rotation period, Jupiter stays almost fixed in the sky as ob-
served from Europa. However, the orbital eccentricity (e =
0.0101) means that Jupiter appears to approach and recede,
and also to librate slightly about its mean position in the
sky. As a result, the tidal bulge raised by Jupiter (which has
a mean amplitude of roughly 1 km) also changes size and
position slightly. This time-varying (or diurnal) component
of the tide, which scales with the eccentricity, has an am-
plitude of 30 m if a subsurface ocean is present (e.g., Moore
and Schubert, 2000) and a period of 3.55 d. It is respon-
sible not only for tidal heating but has also been invoked
to explain many of the tectonic features seen at the surface
(see below).

Assuming a homogeneous elastic shell, the diurnal tidal
stresses and strains are quite low (on the order of 100 kPa
and 10–5, respectively) compared with terrestrial near-sur-
face stresses (which are typically tens to hundreds of MPa).
However, because of the short orbital periods, the strain rate

(2 × 10–10 s–1 globally averaged) (Ojakangas and Stevenson,
1989a) is much higher than typical terrestrial strain rates.
The peak stresses and strains vary with position on the sat-
ellite, with the largest values being found at the poles, and
minima at the sub- and antijovian points (Ojakangas and
Stevenson, 1989a).

3.2. Other Tidal Effects

As long as the icy shell surface does not shift position
relative to the time-averaged (permanent) tidal bulge, only
the relatively small diurnal tidal stresses are associated with
Europa’s orbit. However, if the icy shell shifts relative to
the tidal bulge, either due to a change in rotation rate or a
reorientation of the surface relative to the rotation axis (i.e.,
true polar wander, or TPW), then larger stresses arise (e.g.,
Matsuyama and Nimmo, 2008).

Although Europa is observed to be approximately in
synchronous rotation, its eccentric orbit means that the tidal
torques have the potential to drive it to rotate very slightly
faster than synchronous (Yoder, 1979; Greenberg and Wei-
denschilling, 1984). Although these torques can be opposed
by torques on mass asymmetries within the icy shell (Green-
berg and Weidenschilling, 1984), the tendency of ice to flow
means that such asymmetries may not persist for geologi-
cal periods (Ojakangas and Stevenson, 1989a). There is thus
some theoretical justification for expecting nonsynchronous
rotatation (NSR) to occur on Europa, and the absence of
leading-trailing crater asymmetries on other outer solar sys-

TABLE 2. Source and magnitude of strain rates.

Source Magnitude Notes/References Section

Diurnal tides 2 × 10–10 s–1 Ojakangas and Stevenson (1989a) 3.1
Opening of bands 10–15–10–12 s–1 Nimmo (2004d); Stempel et al. (2005) 4.3.3
Nonsynchronous rotation <~10–14 s–1 Hoppa et al. (1999b) 3.2, 4.3.2
Undeformed craters <10–16 s–1? Assumes <10% local strain and crater age of 30 m.y.; 4.3.5

only applies to postcratering deformation

References in bold denote observationally constrained values.

TABLE 1. Sources and magnitudes of stresses from theoretical work and observations of surface features.

Source Magnitude Notes/References Section

Diurnal tides <~100 kPa Greenberg et al. (2002) 3.1
Librations Comparable to diurnal? Bills et al. (this volume); Sarid et al. (2006) 4.3.2
Nonsynchronous rotation Several MPa McEwen (1986); Leith and McKinnon (1996); 3.2

Geissler et al. (1998a); Sotin et al. (this volume)
Polar wander Several MPa Leith and McKinnon (1996); Schenk et al. (2008) 3.2
Thermal convection <100 kPa McKinnon (1999); Nimmo and Manga (2002), 3.4, 4.1.3

Tobie et al. (2003); Showman and Han (2004)
Compositional convection <1 MPa Pappalardo and Barr (2004); Han and Showman (2005) 3.4, 4.1.3
Thickening of the icy shell Several MPa (tensile) Nimmo (2004b); Kimura et al. (2007) 3.6
Impacts TPa Locally; duration ~ tens of seconds 3.7
Cycloid propagation <40 kPa Hoppa et al. (1999a) 4.3.1
Normal faults >6–8 MPa Nimmo and Schenk (2006) 4.3.3
Band rifting 0.3–2 MPa Stempel et al. (2005); Nimmo (2004d) 4.3.3

References in bold denote observationally constrained values.
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tem satellites (e.g., Ganymede and Callisto) (see Zahnle
et al., 2001) suggests that either NSR (or TPW) is a com-
mon process, or that the current models of impact fluxes
are incorrect.

For Europa, the existence of a subsurface ocean means
that the icy shell is decoupled from the solid interior. True
polar wander therefore requires a change in the moments
of inertia of the icy shell. Large impact basins are one way
of achieving this (e.g., Nimmo and Matsuyama, 2007), but
such features are not seen on Europa. A more interesting
mechanism is that the lateral thickness variations expected
for a conductive icy shell (section 2.3.1) may result in a
shell that is rotationally unstable (Ojakangas and Stevenson,
1989a,b). In this case, TPW is expected to take place in an
approximately continuous fashion and at a rate determined
by the thermal diffusion timescale of the icy shell. Obser-
vational evidence for NSR and TPW is discussed in sec-
tion 4.3.2.

Both TPW and NSR involve motion of the permanent
tidal bulge with respect to the solid surface, and are there-
fore described by the same equations (Melosh, 1980).The
peak tensional stress is given by (e.g., Leith and McKinnon,
1996)

σ = 6fμ sinθ1 + ν
5 + ν

where μ is the shear modulus, θ is the angle of reorienta-
tion, ν is Poisson’s ratio, and f is the effective flattening of
the satellite. This flattening depends on the geometry of
reorientation (Matsuyama and Nimmo, 2008); for instance,
flattening is larger along the line joining the pole to the
subjovian point than that joining the pole to the center of
the leading hemisphere (e.g., Murray and Dermott, 1999).
Rather than assuming an instantaneous displacement by an
angle θ, more recent analyses have compared the reorien-
tation rate with the rate of stress relaxation for a viscoelas-
tic icy shell to determine the stress magnitudes and patterns
(Harada and Kurita, 2007; Wahr et al., 2008; chapter by
Sotin et al.). In either case, the stress patterns generated by
NSR or TPW may be calculated and compared with the
orientations and styles of geological features.

The stresses generated are large compared with the di-
urnal tidal stresses, a few MPa compared to roughly 100 kPa,
and thus are likely to dominate the tectonic record. However,
because the timescales for NSR or TPW are much longer
than diurnal timescales, >104 yr (Hoppa et al., 1999b), the
resulting strain rates are small and the tidal dissipation neg-
ligible.

3.3. Lateral Shell Thickness Variations

A conductive icy shell may display lateral variations in
shell thickness owing to the spatially variable surface tem-
perature and tidal dissipation. Local lateral shell thickness
variations may also arise, e.g., due to oceanic plumes of hot
water causing local melting of the icy shell (O’Brien et al.,

2002; but cf. Goodman et al., 2004). As on Earth, these
lateral shell thickness variations result in buoyancy forces
that can drive flow from regions where the shell is thick to
regions where the shell is thin. The force F per unit length
is given by (e.g., Buck, 1991)

F ≈ gΔρtcΔtc

where g is the acceleration due to gravity; tc and Δtc are
the shell thickness and shell thickness contrast, respectively;
and Δρ is the density contrast between icy and water. The
stress, if uniform across the entire icy shell, is given by
gΔρΔtc. For a 1-km shell thickness variation, consistent with
expectations from variations in tidal heating (section 2.3.1),
the resulting stress is ~100 kPa, comparable to the diurnal
tidal stresses.

A consequence of these stresses is that the ductile ice
near the base of the shell can flow and reduce the shell
thickness contrasts. For Newtonian materials the timescale τ
for this to happen for a feature of wavelength λ is given by

τ ~
ηλ2

gδ3Δρ

where δ is the thickness of the layer in which flow takes
place and is proportional to the shell thickness for conduc-
tive shells (Stevenson, 2000; Nimmo, 2004a). The timescale
is decreased if the presence of an elastic surface layer is
taken into account (Cathles, 1975). Because ice has a low
viscosity near its melting point, the flow timescale for lo-
cal shell thickness variations is geologically short unless the
shell is only a few kilometers thick. Figure 4 plots the flow
timescale as a function of wavelength and shell thickness
and shows that a 100-km wavelength feature will disappear
over 50 m.y. unless the shell is thinner than 6 km. Global-
scale (~4000 km) shell thickness variations, however, can
persist for the same period for shells thinner than roughly
60 km. These results are for conductive shells; if the shell
is convecting, relaxation will be geologically instantaneous
because of the low viscosity of the warm isothermal inte-
rior. Thus, lateral shell thickness contrasts can only be main-
tained in relatively thin, conductive icy shells.

3.4. Density Contrasts and Convection

Lateral variations in density within the icy shell are a
possible source of stress. In all cases, the stress σ is given
by σ = dgΔρ where Δρ is the density contrast and d is the
thickness of the anomalous layer.

Thermal and compositional convection are two sources
of lateral variations in density. Because the thermal ex-
pansivity of ice is relatively low (~10–4 K–1), the expected
20-K temperature contrast provided by thermal convection
alone (section 2.3.2) only results in a density contrast of
2 kg m–3 (0.2%). Assuming a typical convective boundary
sublayer thickness of 2 km (Nimmo and Manga, 2002) re-
sults in maximum stresses of ~5 kPa. If the icy shell is salty,
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the coupling between the thermal and compositional con-
vection can lead to larger variations in density. The spatial
variations of salinity that would drive such thermochemi-
cal convection can arise in several ways: segregation of salt
through melting within the convecting part of the icy shell
(Pappalardo and Barr, 2004); injection of salty water into
fractures at the base of the icy shell (Pappalardo and Barr,
2004); and incorporation of salts into the base of a thick-
ening icy shell (Spaun and Head, 2001). Density differences
of a few to as much as 10% might be possible (Han and
Showman, 2005) and would result in correspondingly larger
stresses than those produced by thermal convection alone.

3.5. Flexure

If the ice has a finite elastic strength, then the response
of the shell to an applied load, whether on the surface or
in the subsurface, is distributed over a distance controlled
by the elastic thickness Te of the shell. The stresses applied
by the load are partly or completely balanced by elastic
bending stresses within the shell, which depend on the shell
thickness and Young’s modulus (section 2.1.3) and the lo-
cal topographic curvature. Thus, observations of apparently
flexural features can be used to determine the local elastic
thickness and stresses present (see section 4.1.1).

3.6. Shell Thickening

Because ice is less dense than water, if the floating icy
shell thickens then the surface must move radially outward.
Since this outward motion is taking place on a sphere, it is
accompanied by global isotropic expansion. This mecha-
nism is an important source of extensional stress for satel-
lites in which the icy shell thickness has increased with time
(decreasing thickness leads to corresponding compressional
stresses). For thin shells the tangential surface stress σt may
be derived from Nimmo (2004b)

EΔtcΔρ
(1 – ν)Rρw

σt ≈

where Δtc is the change in shell thickness, ν is Poisson’s
ratio, R is the satellite radius, and ρw is the density of water.
For Europa, a 1-km change in shell thickness results in a
stress of roughly 600 kPa if E = 6 GPa, larger than diur-
nal tidal stresses. Shell thickening also generates thermal
stresses because of the ice cooling, but these are small com-
pared with the volume-change effect (Nimmo, 2004b; Ki-
mura et al., 2007). A further consequence of shell thicken-
ing is that the pressure in the underlying ocean will increase,
with the pressure being determined from a balance between

Fig. 4. Relaxation timescale as a function of conductive shell thickness tc and topographic wavelength. Modified from Nimmo (2004a).
The shaded band indicates the Zahnle et al. (2003) estimated age of Europa’s surface; d indicates ice grain size, and the calculations
are carried out for a non-Newtonian ice rheology [GBS-assisted basal slip, in the nomenclature of Goldsby and Kohlstedt (2001)].
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compression of the ocean water and elastic expansion of
the icy shell. Manga and Wang (2007) show that while the
excess pressure can exceed 104 Pa, it will not become large
enough to allow liquid water to reach the surface. This is-
sue is discussed further in section 4.3.4 below.

3.7. Impacts

Because of Europa’s young apparent surface age, it is
relatively lightly cratered and thus impact craters are less
important as a source of stress than on most other icy bod-
ies. The peak stress generated by an impact scales as ρv2,
where ρ is the impactor density and v the impact velocity
(Melosh, 1989). Although the peak stresses are thus in the
TPa range, they decay rapidly over lengthscales of a few
times the impactor radius and timescales on the order of
tens of seconds, and are thus only local stress sources.

The topography generated by a crater also gives rise to
buoyancy forces (section 3.3), so craters have a tendency to
relax over geological time (e.g., Dombard and McKinnon,
2000). Such relaxation typically involves surface deforma-
tion; however, one of the most puzzling observations is that
europan craters appear very rarely to be tectonized (Moore
et al., 2001; chapter by Bierhaus et al.) (section 4.3.5).

4. OBSERVATIONAL CONSTRAINTS ON
ICY SHELL CHARACTERISTICS

Voyager and then Galileo provided images that make it
possible to identify processes that may operate within the
icy shell and to connect models for these processes to the
properties and evolution of the icy shell. We will see that
answering some of the fundamental questions remains a
challenge: How thick is the ice? Does the icy shell convect?
Does cryovolcanism occur? In part the challenge arises
because we have access only to images of the surface (and
topography in some areas). Gravity, seismological, and heat
flow data are not available, in contrast to Earth. A second
complication arises because many geodynamic processes
are controlled by transitions between solid-like and fluid-
like behavior, and cannot distinguish between liquid water
and viscous ice. A final complication, discussed in section 5,
is that the icy shell thickness is likely changing in time.

4.1. Shell Thickness

Perhaps the most important and least-well-known geo-
physical characteristic of Europa’s icy shell is its thickness
(Pappalardo et al., 1999). The thickness is important be-
cause it controls the degree of exchange between the sur-
face and the ocean, which in turn will affect the ocean’s
astrobiological potential (Chyba and Phillips, 2002) and the
probability of detecting any astrobiological activity (Fig-
ueredo et al., 2003). The design of future instruments, es-
pecially radar (Chyba et al., 1998; Moore, 2000), intended
to penetrate the ice layer will be significantly affected by
the assumed shell thickness. Measuring the shell thickness

is also important because it provides clues to Europa’s ther-
mal evolution and current state (see section 5). In particu-
lar, estimating the shell thickness places strong constraints
on the shell’s temperature structure and vice versa (sec-
tion 2.3). Here, we will describe the different methods used
to infer Europa’s icy shell thickness; an excellent in-depth
review may be found in Billings and Kattenhorn (2005).
As will become obvious, there is currently no consensus
on the present-day shell thickness; nonetheless, we will try
to reconcile the disparate observations.

4.1.1. Effective elastic thickness. As discussed in sec-
tion 2.1.5, the amplitude and wavelength of the icy shell’s
response to an applied load yields the effective elastic thick-
ness Te of the shell (e.g., Watts, 2001). The effective elastic
thickness is always less than the total icy shell thickness
because parts of the shell deform in a brittle or ductile rather
than elastic fashion. Nonetheless, thicker shells tend to gen-
erate larger values of Te and vice versa. Estimating values
of Te on icy satellites is relatively straightforward; convert-
ing Te to total shell thicknesses is considerably less so.
Another important point to note is that the elastic thickness
obtained is the lowest value since the load was emplaced.
Thus, if the shell becomes more rigid with time, the defor-
mation in response to a load applied in the past will only
place a lower bound on the present-day elastic thickness.
Equally, if the shell has undergone visoelastic relaxation
since the load was emplaced (e.g., Dombard and McKinnon,
2006), then the estimated value of Te may differ from that
at the time of loading.

Elastic thickness estimates are most often derived using
topographic data. On terrestrial planets topography is typi-
cally obtained using altimetric radar or lidar. The Galileo
spacecraft did not possess such an instrument, and so to-
pography is derived from images using either stereo or
photoclinometric (shape-from-shading) techniques. The
former technique is less prone to error, except at the long-
est wavelengths, but is limited because it requires two im-
ages of the same region with suitable viewing geometries
and resolutions (e.g., Giese et al., 1998). The latter tech-
nique has to account for the fact that both slopes and in-
trinsic albedo contrasts can lead to differences in brightness,
and is thus subject to more uncertainties (Jankowski and
Squyres, 1991; Kirk et al., 2003), but it has an intrinsically
higher spatial resolution than the stereo technique.

Various approaches to obtaining Te values on Europa
have been tried, but they all essentially rely on measuring
the characteristic wavelength of the shell’s response to an
applied load (see chapter by Kattenhorn and Hurford). This
wavelength is controlled by the flexural parameter, α, which
may be directly related to the effective elastic thickness Te by

T3
eE

3gρw(1 – υ2)
α =

1/4

where ρw is the density of the underlying fluid. Note that
the uncertainty in the correct value of E results in a corre-
sponding uncertainty in Te: Larger values of E yield smaller



392 Europa

Te values and vice versa. In the figures quoted below, Te
values will be given using E = 6 GPa throughout.

Flexural responses (Fig. 5a) have been identified at four
classes of features on Europa: ridges (Figs. 1a,f), chaos
regions (Figs. 1b,e), normal faults, and domes/plateaus
(Fig. 1a). Studies of ridges yield elastic thicknesses in the
range 0.02–0.66 km (Hurford et al., 2005; Billings and
Kattenhorn, 2005). A small-scale updoming near Conamara
Chaos yielded a similar range of Te (Williams and Greeley,
1998), but larger plateaus near Cilix Crater and at Castalia
Macula give values of 3.3+

–
3
1 km (Nimmo et al., 2003b) and

3.8 km (Fig. 5a), respectively, for E = 6 GPa. Two normal
faults gave values of 0.65 km and 0.08 km, respectively,
for E = 6 GPa (Nimmo and Schenk, 2006). Finally, the mar-
gins of the Murias Chaos region (Fig. 1b) yielded a value
of 4.6 km, with an uncertainty of ±50% (Figueredo et al.,
2002), while the smaller chaos regions imaged in the E15
encounter gave a Te of 0.06–0.2 km (Nimmo and Giese,
2005).

The reasons for this order-of-magnitude variability in Te
estimates are unclear. One possibility is that Te varies spa-
tially. For instance, ridges may be areas where shear-heat-
ing is important (Gaidos and Nimmo, 2000; Han and Show-
man, 2008), which could reduce the local rigidity of the ice.
On a global scale, variations in the depth to the base of the
elastic layer are expected because of spatial variations in
tidal heating (section 2.3.1). A second possibility is that Te
varies in time. For instance, if Europa’s icy shell is thick-
ening with time, more ancient episodes of deformation
would yield a lower value of Te. Although there are not
enough impact craters on the surface to allow variations in

surface age to be detected directly, geological observations
discussed below (section 5) suggest that a thickening icy
shell is possible. A final possibility, which we briefly dis-
cuss next, is that the Te values are affected by the local
topographic curvature. In any case, the large variability in
Te estimates results in correspondingly large variations in
the estimated shell thickness.

One method of converting Te estimates to total shell
thicknesses is to use the yield-strength envelope approach of
McNutt (1984). In this technique, the stress-depth profile
is calculated for a variety of shell thicknesses (cf. Fig. 2);
the second moment of this profile may be related to the
effective elastic thickness of the shell.

Figure 5b plots the predicted effective elastic thickness
as a function of topographic curvature and conductive icy
shell thickness using the yield-strength envelope technique.
As expected, thicker shells result in larger values of Te.
However, the topographic curvature also has a significant
effect: Higher curvatures result in lower values of Te for
the same shell thickness (because the thickness of the elas-
tic core is reduced — see Fig. 2). This is an important re-
sult, because it means that topographic features with dif-
ferent curvatures may produce different Te estimates even
if the underlying shell thickness is the same. Comparison
of these theoretical curves with the individual observations
from Fig. 5a suggests a conductive shell thickness in the
range 2–18 km.

An important feature of the curves shown in Fig. 5b is
that they are quite insensitive to the (poorly known) rheo-
logical parameters and strain rate. The reason is that the
strength envelope is dominated by the brittle portion of the

Fig. 5. (a) Selected stereo-derived topographic profiles across features on Europa. Solid lines are data; for Cilix, normal fault and
chaos margin profiles are averages of multiple individual profiles. Dashed lines are flexural fits, with quoted elastic thickness Te and
an assumed Young’s modulus of 6 GPa. References for original profiles are: Cilix (Nimmo et al., 2003b); normal fault (Nimmo and
Schenk, 2006); Castalia dome (Prockter and Schenk, 2005); chaos margin (Nimmo and Giese, 2005); double ridge (Nimmo et al.,
2003a). (b) Effective elastic thickness as a function of maximum curvature and conductive shell thickness (contours). Individual points
plotted are of the fitted flexural features shown in (a). A strain rate of 10–15 s–1 was assumed, and the method adopted was that of
Nimmo and Pappalardo (2004).
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icy shell (Nimmo and Pappalardo, 2004). Another feature of
these curves is that in the case of convection, the thickness
determined is that of the stagnant lid, not the entire shell.

Another approach similar to that outlined above was
adopted by Luttrell and Sandwell (2006). These authors
used the bending moment implied by europan topography
to infer the minimum moment associated with the frictional
yield-strength envelope (Fig. 2), and thus the minimum
thickness of the stagnant part of the icy shell. They obtained
a lower bound of 2.5 km, consistent with the range of values
derived above. One potential criticism of this work is that
the topographic features used were impact craters (Schenk,
2002), which may have been modified by processes such
as viscous relaxation (e.g., Dombard and McKinnon, 2000).

4.1.2. Elevation contrasts and chaos terrain. Looking
for flexural signatures is one way of using topographic in-
formation to determine shell thicknesses. Another is simply
to focus on elevation contrasts. Topography implies verti-
cal stresses. These could be provided by elastic effects (flex-
ure), but the stresses might also arise from dynamic pro-
cesses (e.g., convection), or static stresses due to density
contrasts (section 3.4). Here we will focus on static stresses,
while the next section will focus on dynamic effects.

Assuming zero elastic thickness (i.e., isostatic equilib-
rium), the topography contrast Δh due to a density contrast
Δρ within a layer of thickness d is simply dΔρ/ρ. Since d
cannot exceed the total shell thickness, isostatic elevation
contrasts can be used to place bounds on shell thickness.
Clearly, it is easier to develop larger topographic contrasts
in thick shells rather than thin ones. Furthermore, compo-
sitional variations are more likely to result in topographic
relief than thermal anomalies because the latter not only
generate relatively small density anomalies (section 3.4.1)
but are also transient unless a continuous heat source is
applied (see Nimmo et al., 2003a).

It is unlikely that Δρ exceeds the ice-water density con-
trast, roughly 100 kg m–3. Lateral variations in porosity can
also generate large density differences, but compaction will
limit porosity to the upper quarter to third of the icy shell
(e.g., Nimmo et al., 2003a) (see also Fig. 3). A reasonable
upper bound for the porosity is 30%, implying maximum
depth-averaged density differences of <10%. Since local
topographic contrasts on Europa significantly exceed 1 km
in some areas (Schenk and Pappalardo, 2004) (Fig. 5a), this
implies a lower limit on icy shell thickness of 10 km. Put
another way, it is hard to envisage a situation in which the
shell thickness is as small as the elevation contrasts ob-
served. This logic, although simple, is perhaps the single
strongest argument against thin (few kilometers) icy shells.
It is, however, predicated on the assumption of zero elastic
thickness, which is not necessarily correct (section 4.1.1).
Fortunately, in some cases the issue of Te is irrelevant: The
1-km-high dome at Castalia Macula (Fig. 5a) (Prockter and
Schenk, 2005) shows a flank trough that implies an elastic
thickness of roughly 4 km and a correspondingly larger total
shell thickness (about 18 km according to Fig. 5b). Alter-

natively, an isostatically supported dome 1 km high implies
a shell thickness of at least 10 km, using the logic above.
Thus, at least at the time features with such large relief
formed, the conclusion that the shell was thick appears in-
escapable.

Global shell thickness contrasts (section 2.3.1) will re-
sult in isostatically supported topography and are thus sus-
ceptible to the same arguments. However, existing Galileo
and Voyager limb profile data reveal no evidence for such
long-wavelength topography (Nimmo et al., 2007a). This
could be due either to the existence of a thin shell (in which
case topographic variations exist but are small), or a thick
shell in which lateral flow (section 3.3) has erased initial
shell thickness variations.

Isostasy arguments have also been applied to chaos re-
gions (Fig. 1e). These disrupted and topographically vari-
able areas were initially interpreted as blocks floating in
liquid, on the basis of their morphology (Carr et al., 1998;
Williams and Greeley, 1998) and the fact that the blocks
have both rotated and translated (Spaun et al., 1998). Block
elevation is a few hundred meters; using the same isostatic
argument as above yields block thicknesses of 0.2–3 km in
Conamara Chaos (Carr et al., 1998; Williams and Greeley,
1998). Unfortunately, it is not clear that the melt-through
explanation for chaos formation is unique. More recent
examinations of chaos topography (Pappalardo and Barr,
2004; Schenk and Pappalardo, 2004) have invoked diapir-
induced deformation. The energy required to generate com-
plete melting of an icy shell would require a concentrated
source of heat to be supplied by the underlying ocean, which
is dynamically challenging (Collins et al., 2000; Thomson
and Delaney, 2001; Goodman et al., 2004). Currently nei-
ther the melt-through model nor the competing convective
diapirism model for chaos formation (Head and Pappa-
lardo, 1999) appear to be able to explain all the observations
(Collins et al., 2000; Nimmo and Giese, 2005). A near-sur-
face low-viscosity substrate is certainly required to allow
the chaos blocks to be reoriented and repositioned; how-
ever, because of a lack of time information, either ductile
ice or liquid water could be the substrate.

4.1.3. Onset of convection. One method of inferring
the icy shell thickness relies on identifying circular surface
features (domes and pits, Fig. 1a) typically ~10 km in di-
ameter as the products of convection within the icy shell.
For an icy shell with a fixed temperature difference between
top and bottom, the vigor of convection is governed by the
Rayleigh number Ra (see Solomatov, 1995; chapter by Barr
and Showman), and convection only occurs for Ra > 103.
Thus, if the other parameters in Ra can be estimated, a lower
bound can be placed on the shell thickness for convection
to occur (e.g., Pappalardo et al., 1998; McKinnon, 1999;
Tobie et al., 2003). The main difficulty is in estimating the
effective viscosity of the convecting region η, which for ice
is both temperature- and stress-dependent, and also depends
on the unknown grain size (section 2.1.2). Most models find
that a minimum shell thickness of a few tens of kilometers
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is required to initiate convection (e.g., McKinnon, 1999;
Hussmann et al., 2002; Tobie et al., 2003; Moore, 2006);
models incorporating non-Newtonian rheologies tend to
require thicker layers (e.g., Barr et al., 2004).

A more fundamental issue is whether the domical fea-
tures observed are really caused by convection, particularly
given that they have amplitudes of several hundred meters
(Schenk and Pappalardo, 2004). The convective stresses
responsible for uplift are controlled by the temperature dif-
ferences within the convecting interior, which are typically
only 20 K (section 2.3.1). The resulting stresses do not ex-
ceed 0.1 MPa (e.g., Tobie et al., 2003; Showman and Han,
2004), which will generate at most 100-m topography. This
value is actually an overestimate, because the rigid stagnant
lid significantly reduces the observed surface deformation,
typically to ~10 m (Nimmo and Manga, 2002), and warm
rising material stalls at the base of this lid, kilometers be-
neath the surface, unless plastic yielding is invoked (Show-
man and Han, 2005). Furthermore, convection simulations
show that topographic lows in response to downwellings
have larger amplitudes than the topographic highs (Showman
and Han, 2004), which does not appear to be the case for
domes and pits. Thus, simple convective models currently
cannot explain this class of surface features on Europa.

One proposed solution is that tidal dissipation may be
concentrated in regions of upwelling, leading to locally
larger temperature contrasts, higher stresses, and possibly
melting (Sotin et al., 2002; Tobie et al., 2003). Another is
that thermal convection may be aided by compositional
convection (Pappalardo and Barr, 2004; Han and Show-
man, 2005), with the compositional contrasts plausibly aris-
ing from partial melting. Reconciling surface observations
with sufficiently detailed numerical models of convection
is likely to be an active area of research in the future. At
present, no convincing alternatives to convection as the
source of the domes and pits have been proposed. Equally,
though, it is clear that the convection does not take the
simple form shown in most models, but probably involves
thermochemical, plastic yielding, and/or tidal effects.

4.1.4. Fracture penetration. An early argument for the
icy shell thickness assumed that extensional features were
generated by tidally driven episodic upwelling of the un-
derlying ocean, which required fractures to propagate to the
base of the icy shell (Greenberg et al., 1998). Similarly, the
arcuate nature of cycloids has been explained by appealing
to fractures propagating due to diurnal tidal stresses (Hoppa
et al., 1999a).

It is typically assumed that cracks will propagate to a
depth where the overburden pressure is similar to the ten-
sile stress relieved by the crack (e.g., Gaidos and Nimmo,
2000). For diurnal tidal stresses of 40 kPa, the implied pene-
tration depth is thus ~35 m. Actual tensile cracks will pene-
trate deeper for two reasons. First, the tensile stress at the
crack tip increases as the tensile stress from the fractured
region is transferred to the unfractured region. Second, the
presence of a traction-free bottom to the icy shell can in-
crease fracture penetration depths compared to the depth

they could penetrate in a half-space (Lee et al., 2005; Qin
et al., 2007). We caution that all these analyses assume
a uniformly stressed icy shell, whereas the lower part of
the icy shell, because of its low viscosity, may have much
smaller tangential stresses. Because of the low viscosity of
ice near the base of the shell, crack initiation (or propaga-
tion) there is difficult. However, if such cracks can be ini-
tiated, as they propagate upward they will fill with water.
The normal stresses on the crack walls are thus reduced, and
cracks can much more easily reach the surface (e.g., Craw-
ford and Stevenson, 1988). In this case, for tidal stresses
of 100 kPa a 2-km-deep fracture could potentially result
(Qin et al., 2007). In summary, given the current uncertain-
ties in whether liquid water is required to form surface fea-
tures, and also in the mechanical behavior of the icy shell,
the fracture propagation argument does not place a strong
constraint on the shell thickness.

4.1.5. Thermal equilibrium. In theory, the equilibrium
thickness of the icy shell on Europa may be determined by
balancing the heat transport through the shell (due to con-
duction or convection) against the heat produced within the
shell (by tidal dissipation) and within the silicate interior
(Ojakangas and Stevenson, 1989a; Hussmann et al., 2002;
Spohn and Schubert, 2003; Tobie et al., 2003; Moore, 2006).
Figure 6 shows a typical example of heat production and
heat flux as a function of shell thickness. The former in-
creases when convection initiates, because the warm iso-
thermal convecting interior results in a greater volume of
ice close to the viscosity at which dissipation is maximized
(section 2.1.4). The reduction in heat production for large
shell thicknesses is due to the rigidity of the shell reducing
the amplitude of the tidal deformation; however, some heat
is still generated even when the ocean thickness is zero

Fig. 6. Heat production and surface heat flux as a function of
icy shell thickness, from Hussmann et al. (2002). Ice reference
viscosity (at 273 K) is 1013 Pa s. Convection initiates at 27 km and
thermal equilibrium is reached at 35 km shell thickness; initiation
of convection may lead to a discontinuous jump in heat flux (Mitri
and Showman, 2005). Thin lines denote heat flux and production
in the (metastable) conductive case. Heat production decreases for
thick icy shells because the rigid lid reduces tidal deformation.
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(shell thickness 145 km). Heat transport is conductive for
shell thicknesses <27 km, and convective thereafter. The
convective heat flux decreases with increasing shell thick-
ness because the temperature of the ice at the base of the
shell decreases with increasing pressure, leading to an in-
crease in ice viscosity.

Assuming that dissipation within the silicate interior is
negligible, equilibrium shell thicknesses are a few tens of
kilometers (e.g., Hussmann et al., 2002; Moore, 2006) and
generally imply convection. However, it is also possible that
Europa’s mantle resembles that of Io (e.g., Greenberg and
Geissler, 2002), which is highly dissipative (see section 2.2)
and would result in a shell thickness of a few kilometers.
Since the state of Europa’s silicate mantle is currently un-
known (see chapter by Moore and Hussmann), models of
the kind shown in Fig. 6 are unlikely to resolve the shell
thickness debate.

4.1.6. Impacts. A final method of estimating shell
thickness is to use impacts (see chapter by Schenk and Tur-
tle). Large impacts affect deeper regions within the icy shell
than smaller impacts; impacts that penetrate the entire shell
might be expected to have morphologies distinct from those
that do not. A study of crater depth:diameter ratios as a
function of crater size yielded two unexpected breaks in
slope at diameters D = 8 km and D = 30 km for Europa
(Schenk, 2002). Although the larger transition diameter was
interpreted to imply a shell thickness of 19–25 km, the link
between a reduction in depth:diameter ratio and penetra-
tion to an underlying ocean has not yet been demonstrated,
for instance, by numerical simulations. Numerical simula-
tions that evaluated the preservation of central peaks for eu-
ropan impact structures placed a lower bound on the shell
thickness of 3–4 km (Turtle and Pierazzo, 2001), later up-
dated to 5–19 km (Turtle and Ivanov, 2002).

4.1.7. Summary. Different methods for inferring the
icy shell thickness on Europa generate radically different
answers. Part of this variability may be due to temporal or
spatial variations in shell properties. Elastic thickness de-
terminations differ partly because of the different topo-
graphic curvature of different features, but also suggest a
shell thickness range of 2–18 km (Fig. 5b). Shell thick-
nesses as small as 2 km are supported by geological obser-
vations of cycloids (because of the limited fracture depths
implied by diurnal tidal stresses) and ridges (from Te esti-
mates). A shell this thin requires significant tidal heating
within Europa’s silicate interior. Shell thicknesses of a few
tens of kilometers are consistent with observations of im-
pact craters, apparently convective features, and kilometer-
scale local elevation contrasts. The latter in particular are a
strong argument for a thick shell, which is likely if dissipa-
tion in the silicate interior is negligible.

Finally, we note that there are nontectonic constraints on
the icy shell thickness. The ocean must be at least a few
kilometers thick to explain the magnetometer observations
(Zimmer et al., 2000), while Schilling et al. (2008) used the
same observations to infer an upper bound on the ocean
thickness of 100 km. Hand and Chyba (2007) obtained an

upper bound on the present-day icy shell thickness of
15 km, although this result depends on the extent to which
the apparently strong induction response of the ocean can
be separated from other effects such as ionospheric noise.

4.2. Icy Shell Structure

Although the thickness of Europa’s icy shell is certainly
its most important characteristic, various other properties,
such as its porosity structure, composition, and lateral vari-
ability, may also be constrained by surface observations.

4.2.1. Porosity and mechanical properties. Some bands
appear to be elevated with respect to their surroundings,
suggesting that they contain lower-density material. Nimmo
et al. (2003a) investigated several potential sources of re-
duced density, and concluded that bands contain either sub-
stantial porosity or cleaner ice relative to the surround-
ings. Structural features identified as anti-cracks may have
formed through reduction of near-surface porosity (Katten-
horn and Marshall, 2006). The existence of substantial
near-surface porosity is also consistent with Earth-based
radar backscatter data (Black et al., 2001).

A consequence of porosity is that both the tensile strength
(Lee et al., 2005) and elastic moduli (Hessinger et al., 1996)
of ice are reduced. Lee et al. (2005) argue that the reduction
in ice strength allows cycloidal fracture propagation due to
diurnal tidal stresses; Nimmo and Schenk (2006) suggest
that normal fault displacement:length ratios are character-
istic of materials with shear moduli significantly smaller
than that of intact ice. Thus, the near-surface of Europa is
likely to show strong gradients in porosity and seismic ve-
locity with depth, which is important for future seismic (Lee
et al., 2003; Kovach and Chyba, 2001; Panning et al., 2006)
and electromagnetic (Chyba et al., 1998; Eluszkiewicz, 2004)
studies. Additionally, a thick, high (tens of percent) poros-
ity layer, if present, implies low thermal conductivity, which
results in elevated temperatures in the subsurface and can
in some cases result in melting within a few kilometers of
the surface (Nimmo and Giese, 2005).

4.2.2. Compositional variations. Since Europa’s sur-
face apparently contains non-ice contaminants (McCord et
al., 1998), a natural source of density contrasts is compo-
sitional variations. As discussed in section 2.4, many of
these contaminants lower the ice melting temperature; thus,
warming of contaminated ice will initially produce dense,
contaminant-rich melts (e.g., Head and Pappalardo, 1999;
Nimmo et al., 2003a). Drainage of these melts will produce
clean, lower-density ice and lead to potential topographic
variations. Thus, localized warming may cause uplift in a
contaminant-rich icy shell.

There are several settings where such uplift may be oc-
curring. Domical features and chaos regions have both been
suggested as areas where melting-induced compositional
contrasts may play a role (sections 4.1.2 and 4.1.3), although
at least in the case of chaos regions it proves very difficult
to generate the required near-surface melting because of the
low surface temperatures (Nimmo and Giese, 2005).
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Another class of features where compositional variations
may be important is bands (Figs. 1c,d). As noted above,
several bands appear to be elevated with respect to their
surroundings (Prockter et al., 2002). Thermal temperature
contrasts are likely to decay on million-year timescales,
suggesting that compositional variations are a more likely
source of the relief (Nimmo et al., 2003a). If bands are the
result of complete (deep) fracturing of a contaminant-rich
icy shell and subsequent refreezing of the water (Sullivan
et al., 1998), the slowly refreezing ice will not incorporate
contaminants and may thus be cleaner than the surround-
ing material. Alternatively, localized shear-heating (Nimmo
and Gaidos, 2002; Han and Showman, 2008) or upwelling
of warm ice (Head et al., 1999) could result in partial melt-
ing and loss of dense, salt-rich brines, again leading to com-
positional density contrasts.

4.2.3. Lateral temperature variations. There are sev-
eral reasons why surface or subsurface temperatures might
vary laterally. Tidal heating can be localized, for instance,
through focused dissipation in a low-viscosity diapir (Sotin
et al., 2002) or due to friction along individual faults (Gaidos
and Nimmo, 2000). Lateral variations in thermal conductiv-
ity or shell thickness would cause lateral temperature con-
trasts. Extrusion or intrusion of warm material, as may have
happened at bands (Prockter et al., 2002) and certain lobate
features (Figueredo et al., 2002; Miyamoto et al., 2005),
would cause a transient temperature anomaly.

Double ridges (Figs. 1a,f) are features where local tem-
perature anomalies are likely to occur. One possibility is
that these ridges form by some combination of linear dia-
pirism (Head et al., 1999) and shear heating (Nimmo and
Gaidos, 2002). The latter would result in a transient ther-
mal and topographic anomaly, whereas the former would
likely involve flow of ice and permanent uplift. Alterna-
tively, ridges may form by complete cracking of the icy shell
and tidal pumping of ice masses to the surface (Greenberg
et al., 1998). In this case the thermal anomaly (due to warm
water rising to near the surface) would be renewed each
tidal cycle. If ridges are indeed the source of local thermal
anomalies, this effect may be important in interpreting the
local elastic thickness, which may therefore be smaller than
the background value (see section 4.1.1). Recent support for
the idea of warm ridges has come from Enceladus, where
the similar-looking “tiger stripes” are measurably warmer
than their surroundings (Spencer et al., 2006), perhaps as
a result of shear heating (Nimmo et al., 2007b).

Europa’s surface temperature is controlled by the solar
energy input (about 50 W m–2). To cause an observable tem-
perature anomaly, subsurface heat fluxes would have to
exceed roughly 1 W m–2 (Spencer et al., 1999). Flows em-
placed at the surface will cool conductively, and at time t
after emplacement the heat flux is roughly ρCpΔT(κ/t)1/2

where Cp is the specific heat capacity, κ is the thermal dif-
fusivity, and ΔT the initial temperature contrast. The ther-
mal anomaly due to a solid-state icy flow will therefore be
visible for roughly 103 s after emplacement, which makes

detection of such an anomaly by a spacecraft very improb-
able, unless it is being renewed each orbit. More sophisti-
cated models by Abramov and Spencer (2008) result in
anomaly lifetimes of a few tens or hundreds of years, still
small compared to the likely surface age. On the basis of
these arguments, the apparent nighttime thermal anomaly
detected by Spencer et al. (1999) is more likely due to
surface thermal inertia variations than an endogenic heat
source.

Finally, lateral surface temperature and tidal heating vari-
ations might be expected to lead to global shell thickness
and topography variations. However, no such variations
have been detected in existing limb profile data (Nimmo et
al., 2007a) (section 4.1.2).

4.2.4. Cryovolcanism. Despite careful investigation,
there is no undisputed evidence for cryovolcanism on
Europa. Most candidate features identified from lower-reso-
lution Voyager data were generally revealed as noncryovol-
canic when imaged with higher-resolution Galileo instru-
ments (Fagents, 2003). Small, smooth low-albedo regions
may be the result of minor flooding (and potentially sub-
sequent drainage) by low-viscosity cryovolcanic liquids
(Greeley et al., 2000; Prockter and Schenk, 2005; Miyamoto
et al., 2005). Some linear bands have low-albedo margins
that may be the result of explosive cryovolcanism (Fagents
et al., 2000) (Fig. 1a), although this interpretation is not
unique. Some apparently lobate features, including the
~100-km-wide Murias Chaos region (Fig. 1b), may be the
result of extrusive cryovolcanic activity (Figueredo et al.,
2002; Miyamoto et al., 2005), although again this interpre-
tation is uncertain.

The lack of unambiguous cryovolcanism on Europa is
perhaps not surprising in view of the large density contrast
between melt (water) and solid (ice) (section 1). However,
the detection of water ice eruption plumes at Enceladus
(Porco et al., 2006) serves as a reminder that cryovolcanism
can occur, although no such active features were detected
at Europa by Galileo (Phillips et al., 2000). Cryovolcanism
remains an exciting possibility because it may deliver wa-
ter from the ocean to the surface.

4.3. Sources and Magnitudes of Stress, Strain,
and Strain Rates that Create Tectonic Features

By comparing the morphology of surface features with
theoretical models for their formation, we can obtain con-
straints on the stresses and strain rates that formed them.
In some cases, this allows us to test different hypotheses
for the formation of surface features, identify the dominant
sources of stress, or to constrain the thermal and mechanical
properties of the icy shell. Tables 1 and 2 summarize sources
and magnitudes of stress and strain rates, respectively.

4.3.1. Diurnal stresses. At a given location of the sur-
face of Europa, the orientation and magnitude of the diur-
nal tidal stresses changes over time. If the stresses, possi-
bly in combination with other stresses, exceed the tensile
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strength of ice, a crack can form. Hoppa et al. (1999a, 2001)
proposed that cycloids, arcuate lineaments, form when these
stresses exceed the tensile strength of ice so that a crack
forms perpendicular to the smallest horizontal stress. The
curved shape is a result of the crack propagating through
the time-varying stress field. From a calculated stress field,
it is possible to predict the trajectory of synthetic cycloids
by specifying the stress at which the cycloid starts to form,
the stress at which it stops propagating, and the speed at
which it propagates. The theoretical results can only match
observations by using very low (apparent) crack propaga-
tion speeds, typically a few kilometers per hour (e.g., Hoppa
et al., 1999a, 2001; Greenberg et al., 2003), rather than the
expected speed of crack propagation of ~1 km/s (e.g., Lee
et al., 2005). Cycloids, if formed in this manner, are thus
likely the concatenation of many smaller cracks (Lee et al.,
2005). Once a crack is formed, the time evolution of the
stress field results in the crack experiencing stresses that
may allow for strike-slip motion (Marshall and Kattenhorn,
2005) or can initiate new cracks (Kattenhorn and Marshall,
2006).

The typical starting and stopping stresses for crack prop-
agation in these simulations are ~104 Pa, much lower than
the tensile strength of intact lab ice, between about 1 and
3 MPa (Hawkes and Mellor, 1972; Schwartz and Weeks,
1977). One possible explanation for such low stresses caus-
ing fracture is that the tensile strength of the europan icy
shell is low because it is porous or fractured (Lee et al.,
2005) (section 4.2.1). Another more likely possibility, dis-
cussed below, is that there are additional sources of exten-
sional stress that bring the icy shell closer to failure.

4.3.2. Other sources of stress needed to explain global
fracture patterns. One common conclusion of models that
attempt to reproduce the location and shape of global lin-
eaments is that the icy shell must have experienced some
reorientation (Helfenstein and Parmentier, 1985; McEwen,
1986; Leith and McKinnon, 1996; Geissler et al., 1998a).
Models for cycloid formation by diurnal tides also favor
some reorientation (e.g., Hoppa et al., 2001; Kattenhorn,
2002; Sarid et al., 2004; Hurford et al., 2007). A recent
study by Schenk et al. (2008) demonstrated that the loca-
tion of 2350-km-diameter, 50-km-wide circular troughs on
Europa could be explained by ~80° of polar wander, result-
ing in stresses of up to 3 MPa.

Nonsynchronous rotation has not been observed directly
on Europa, but comparison of Voyager with Galileo images
suggests that the NSR timescale must exceed 104 yr (Hoppa
et al., 1999b). The resulting averaged strain rate is thus
<~10–14 s–1. In the absence of dissipation, polar wander can
occur rapidly (~103 yr) (Ojakangas and Stevenson, 1989b),
leading to correspondingly higher strain rates (~10–13 s–1).

Polar wander caused by variations in icy shell thickness
and nonsynchronous rotation generated by small mean tidal
torques can both cause reorientation (section 3.2). Both
polar wander and nonsynchronous rotation also generate
stresses much larger than the diurnal tides. In fact, the

stresses are comparable to the tensile strength of intact ice
and it may thus not be necessary to appeal to additional
processes or properties (e.g., porosity) to weaken ice in or-
der to generate tectonic features.

Thickening of a floating icy shell will add an isotropic
extensional stress of up to several MPa to the background
stress field (Nimmo, 2004b) (section 3.6). This effect will
thus have no effect on global stress patterns, but will bring
features closer to tensile failure.

The tidal dissipation that acts to synchronize Europa’s
rotation will also reduce its obliquity, but interactions be-
tween the Galilean satellites can force Europa to develop a
finite (as of yet unmeasured) obliquity (Bills, 2005) and
undergo librations (Van Hoolst et al., 2008; chapter by Bills
et al.). Sarid et al. (2006) show that a small (<1°) finite
obliquity can explain why cycloidal cracks cross Europa’s
equator and can reproduce their observed shapes. Obliqui-
ties of this magnitude generate stresses comparable to those
caused by diurnal tides.

4.3.3. Stresses and strain rates inferred from extensional
features. Extension-related features share many morpho-
logical similarities to mid-ocean ridges on Earth (e.g.,
Prockter et al., 2002) (Figs. 1c,d). Using a mid-ocean-ridge
analogy, in which the depth of the brittle-ductile transition is
governed by plate cooling, Stempel et al. (2005) infer open-
ing rates of 0.3–30 mm/yr and strain rates of 10–14–10–12 s–1

based on the observed fault spacing. Other rifting mod-
els (e.g., Nimmo, 2004d; Manga and Sinton, 2004) draw
roughly similar conclusions but admit the possibility of
lower strain rates. The inferred strain rates are much smaller
than those from diurnal tides (2 × 10–10 s–1; section 3.1),
implying that other sources of strain play a key role.

The magnitude of stress inferred from rifting models also
provides constraints on the source of stress. Stempel et al.
(2005) use their value of the tensile strength, 0.5–2 MPa,
to infer that nonsynchronous rotation is the driving mecha-
nism for band opening. Nimmo and Schenk (2006) com-
pared the topography produced by normal faults with that
of flexure models and infer driving stresses that exceed 6–
8 MPa. Extensional stresses this large can only be provided
by stresses either from cooling icy shells (section 3.6) or
possibly NSR/TPW (section 3.2).

4.3.4. Implications of the paucity of compressive tec-
tonics. A noteworthy aspect of tectonic features on icy
satellites such as Europa is the near absence of features
uniquely attributed to compressive stresses. One exception
on Europa are small-amplitude folds (Prockter and Pappa-
lardo, 2000). The strain accommodated by these folds,
however, is much smaller than the strain recorded in bands
and they are a minor means to compensate for extension
documented elsewhere (Dombard and McKinnon, 2006).
Cross-cutting relationships across some bands have been
interpreted to indicate contraction (Greenberg, 2004) and
convergence may have occurred both along large, predomi-
nantly strike-slip faults (Sarid et al., 2002) and some ridges
(Patterson et al., 2006). While bands are typically inter-
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preted as being extensional features, Schulson (2002) pro-
posed that some wedge-shaped bands are generated by
compressive failure.

There are two possible explanations for the small num-
ber of compressional features observed on the surface. First,
the stress field truly could be truly dominated by extension,
which, combined with the lower failure strength of ice
under tension than compression, leads to more failure and
deformation under extension. Such a situation would oc-
cur if, for instance, Europa’s shell had been thickening with
time (sections 3.6 and 5). However, while the extensional
stresses caused by icy shell thickening are large, the global
strains are small (few tenths of a percent) (Nimmo, 2004b)
compared with the estimated global strain across bands of
about 5% (Figueredo and Greeley, 2004).

Second, compressional tectonic features could be present
but difficult to detect. For instance, if each band contained
a small compressional component, the global compressional
strain accommodated could be significant. The true solu-
tion is a probably a combination of these two explanations.

4.3.5. Impact craters. If lower bounds on strain rates
associated with bands are global, we would expect signifi-
cant deformation of at least some impact craters. Assum-
ing a mean age of 10 Ma for craters, and a lower bound on
strain rates of 10–15 s–1, mean strains should exceed or be
close to 1. No impact craters show strains even close to this
value (Moore et al., 2001). This implies that surface defor-
mation is highly localized. Moreover, given the ubiquity of
tectonic features on Europa and their comparative rarity
within craters, the strength of ice below craters may be
higher than that typical of the icy shell. Alternatively, most
of the tectonism on Europa may have occurred over a short
time period during the earliest history preserved on the
present icy shell, so that subsequent impact craters remain
relatively undisturbed.

5. EVOLUTION OF THE SHELL
THROUGH TIME

The manner in which Europa’s shell and interior evolved
to their present-day states represents a major unsolved prob-
lem for at least three reasons. First, the present-day state,
especially of the silicate interior, is poorly known. Second,
Europa’s surface may only record the last 1% of its exist-
ence, so there are few constraints on its earlier history.
Third, the thermal and orbital evolution of Europa are inti-
mately coupled in a manner that is nontrivial to model
(Hussmann and Spohn, 2004; see chapter by Moore and
Hussmann). Nonetheless, both observational and theoreti-
cal approaches are starting to yield important insights into
Europa’s evolution.

Based on observational approaches, there are now sev-
eral lines of evidence that Europa’s shell is not in steady
state. First, although the young surface age could be the
result of an equilibrium between the creation of impact
features and their destruction (presumably through tecton-

ism), the fact that very few craters are tectonically deformed
suggests some kind of rapid resurfacing event followed by
relative quiescence (Figueredo and Greeley, 2004). A simi-
lar scenario has been proposed for Venus but with a much
longer time interval between resurfacing events (Strom et
al., 1994). Second, as noted above, some of the discrepan-
cies in Te estimates may be due to temporal variations in
shell properties. For example, Hurford et al. (2005) find that
flexure at younger ridges requires a thicker elastic layer than
at older ridges, implying a thickening of the icy shell. Third,
regional-scale geological mapping suggests that certain
types of features, notably chaos regions, dominate the most
recent geologic record preserved on the surface (Figueredo
and Greeley, 2004; cf. chapter by Bierhaus et al.). While
this effect may be due to difficulties in identifying ancient
chaos terrains (Riley et al., 2000), it suggests that the geo-
logical behavior of Europa has changed with time (Pappa-
lardo et al., 1999). Such geological histories may also help
distinguish between models for the formation of surface fea-
tures. For example, if the shell is thickening, and chaos re-
gions are forming more frequently, then models for chaos
formation that appeal to diapirism are more plausible than
melt-through models as the latter are favored by thin icy
shells and the former favored by thick icy shells.

If Europa’s icy shell is currently thickening, there may
be important tectonic consequences. As the icy shell thick-
ens, near-surface material moves radially outward, and thus
experiences extensional stresses (Nimmo, 2004b; Manga
and Wang, 2007; Kimura et al., 2007). The stresses gener-
ated are large enough to dominate other likely sources of
stress in the icy shell, and their extensional nature may help
to explain the dominance of features formed by extensional
on Europa (section 4.3.4).

Coupled thermal-orbital evolution models can be used
to investigate whether a thickening icy shell is likely, and
the timescales over which any thickening occurs, but such
models are complicated. The dissipation and transport of
heat within the icy shell are highly uncertain because of
uncertainties in the ice rheology. More importantly, dissi-
pation in the silicate interior depends sensitively on the
viscosity, and thus temperature, of the interior; however, the
interior temperature also depends strongly on the amount
of dissipation. Modeling this feedback is also complicated
by the fact that the evolution of Europa’s orbital parameters
depend on the behavior of Io and Ganymede (see chapters
by Moore and Hussmann and Sotin et al.). The upshot is that
even simplified models show a rich spectrum of behavior
(Ojakangas and Stevenson, 1986; Fischer and Spohn, 1990;
Hussmann and Spohn, 2004). A particularly interesting
result is that Europa’s icy shell thickness can show strong
oscillations, because of oscillations in Io’s behavior (Fig. 7).
These arise because of the feedback between dissipation and
heat transport in Io’s interior, and have a period governed
by the ability of Io’s mantle to respond to a change in heat
production. Although these studies are in their infancy, the
importance of these results is that oscillatory behavior is
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consistent with the arguments above that Europa’s icy shell
is not in steady state. As an aside, we note that there are
strong arguments that Enceladus, an active saturnian satel-
lite, cannot be in steady state (Meyer and Wisdom, 2007).
If Europa has undergone oscillatory behavior, this may help
to explain why the surface is apparently so young, and also
explain why inferences about icy shell thickness and struc-
ture based on models for features of different ages are not
consistent with each other.

6. SUMMARY, OUTSTANDING
PROBLEMS, AND FUTURE WORK

The most important property of Europa’s icy shell is its
thickness because it governs the rheological structure of the
icy shell, which in turn controls its tectonics and formation
of surface features. The most compelling argument that the
shell is thick at present is the large amplitude of topogra-
phy (Fig. 5). This does not mean that all the features pre-
served on the surface of Europa are produced by processes
that operated in a thick icy shell, as there is both observa-
tional evidence for temporal changes in the style of tec-
tonism and theoretical reasons for the icy shell to change
thickness (section 5).

If the shell thickness exceeds 10 km, as suggested by the
topography, then it is most likely convecting (section 4.1.3).
Convection may be responsible for some surface landforms
(e.g., spots and domes), but the topography of such features
is hard to explain, at least with current thermal convection
models.

Whether the icy shell is presently getting thicker or thin-
ner cannot be determined, but we suggest that given the
dominance of extensional features and the fact that thick-
ening icy shells generate large extensional stresses, the icy
shell is more likely to be getting thicker. The absence of

tectonized craters suggest that this thickening was accom-
panied by a relatively abrupt change in resurfacing style.
The relatively young surface age is consistent with theo-
retical models of tidally driven oscillatory behavior in which
Europa’s icy shell thins and then thickens.

Several outstanding questions about the geodynamics
and evolution of the icy shell remain, besides determining
the present and past thickness of the icy shell: Why is the
icy shell so young? Is the icy shell tectonically active to-
day? Does and has liquid water from the ocean reached the
surface? Answering these questions may also allow us to
determine whether the silicate interior is cold or hot — a
feature that in turn will determine whether hydrothermal
processes operate within the ocean.

Future missions have the potential of using geophysical
techniques to answer some of these questions. Despite the
challenging nature of the radiation environment around
Europa, radio tracking of an orbiter equipped with a laser
or radar altimeter would be able to directly detect diurnal
tidal variations and thus conclusively demonstrate the pres-
ence or absence of a subsurface ocean, as well as potentially
measuring the shell thickness (Wahr et al., 2006). Another
method of determining the icy shell thickness is by ice-
penetrating radar (Chyba et al., 1998), although ice absorp-
tion (Moore, 2000) or near-surface porosity (Eluszkiewicz,
2004) might make doing so difficult. Global topography and
gravity measurements would allow accurate determination
of the icy shell elastic thickness, as has been done, e.g., for
Mars (McGovern et al., 2002). If the icy shell is currently
tectonically active, radar interferometry would be able to
detect surface displacements on the order of 10 cm (Sand-
well et al., 2004). Although landing a surface package is
technically challenging, seismological data, even from a
single instrument, would allow determination of Europa’s
internal structure, including the icy shell thickness (Kovach

Fig. 7. Variation in Europa shell thick-
ness with time, from Hussmann and
Spohn (2004). The bold and thin lines
refer to the total shell thickness and the
viscoelastic part, respectively. The oscil-
lations have a ~ 150 m.y. periodicity and
arise primarily because of the coupled
thermal-orbital behavior of Io. The
model was started with all three bodies
in resonance, and 4.5 Ga is the time at
the present day.
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and Chyba, 2001; Lee et al., 2003; Panning et al., 2006).
Finally, global multispectral mapping of the kind that Gali-
leo was unable to perform would allow the stratigraphy and
history of the icy shell to be resolved with much greater
confidence than at present.
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