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Abstract

Two opposing models to explain the geological features observed on Europa’s surface have been proposed. The thin-shell model states
that the ice shell is only a few kilometers thick, transfers heat by conduction only, and can become locally thinner until it exposes an
underlying ocean on the satellite' s surface. According to the thick-shell model, the ice shell may be several tens of kilometersthick and have
a lower convective layer, above which there is a cold stagnant lid that dissipates heat by conduction. Whichever the case, from magnetic
data there is strong support for the presence of a layer of saty liquid water under the ice. The present study was performed to examine
whether the possibility of convection is theoretically consistent with surface heat flows of ~100-200 mW m™ 2, deduced from a thin brittle
lithosphere, and with the typical spacing of 15-23 km proposed for the features usually known as lenticulae. It was obtained that under
Europa s ice shell conditions convection could occur and also account for high heat flows due to tidal heating of the convective (nearly
isothermal) interior, but only if the dominant water ice rheology is superplastic flow (with activation energy of 49 kJ mol ~%; this is the
rheology thought dominant in the warm interior of the ice shell). In this case the ice shell would be ~15-50 km thick. Furthermore, in this
scenario explaining the origin of the lenticul ae related to convective processes requiresice grain size close to 1 mm and ice thickness around
15-20 km.
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1. Introduction of a thermally conductive ice shell. In contrast, the thick-
shell model proposes that under the brittle lithosphere, there

Europa seems to be a geologically young world. Based is a thick layer of ductile ice, perhaps with a convective
on the density of impact craters observed on its surface, its sublayer, irrespective of whether there is an internal ocean

age may be less than ~50 Myr (Pappalardo et al., 1999b; under this layer (e.g., Pappalardo and Head, 2001; Pappa-
Zahnle et al., 1998) and may therefore continue to be active lardo et al., 1999a, 1999b). Regardless of which model is

today. Moreover, this jovian satellite shows a wide variety preferred, there are certain indications of an internal ocean
of terrains and geological structures (Greeley et al., 1998, in this satellite of Jupiter (Carr et al., 1998; Pappalardo et
2000; Lucchita and Soderblom, 1982; Malin and Pieri, al., 1999b). The strongest support for thisideawas provided by

1986). Two main models to explain the features observed  the magnetometer on board the Galileo spacecraft (K hurana et
have been proposed. According to the thin-shell model, al., 1998; Kivelson et d., 1999, 2000; Zimmer et 4., 2000).
there are features that indicate the existence of an ocean a Thermal models also suggest that the case for an internal ocean

few kilometers under the surface (e.g., Greenberg et a., -
i ; . on Europais strong (Spohn and Schubert, 2002).
1999, 2000; Hoppa et al., 1999). In this scenario, the ocean Evidence in favor of a thin brittle lithosphere, and the

would be exposed locally on the surface due to melt-through presence of features usually known as lenticulae in some

regions of Europa offer some clues about the thermal struc-
ture of the ice shell, and therefore provide information on
the water layer in general.
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Analysis of the images of Europa taken from the Galileo
spacecraft suggests that the depth of the brittle—ductile
transition in the ice shell, which marks the base of the brittle
lithosphere or rigid upper crust, would be 2 km at the most
(e.q., Pappalardo et a., 1999b). Vertical heat flows of at
least ~100—200 mW m™ 2 are needed to put the brittle—
ductile transition at a depth =2 km (McKinnon, 2000;
Pappalardo et al., 1999b; Ruiz and Tejero, 1999, 2000).
These heat flows are clearly higher than the theoretical
values of =50 mW m™ 2 calculated by classical tidal heating
models (Cassen et a., 1982; Ojakangas and Stevenson,
1989; Ross and Schubert, 1987; Squyres et al., 1983) . The
explanation for these high heat flows could lie in the tidal
heating either of a warm ice convective layer (McKinnon
and Shock, 2001; Ruiz and Tejero, 2000) or of the rock/
metal core (McKinnon and Shock, 2001).

The lenticul ae are features of circular, elliptical, or even
irregular shape, include domes, pits, dark spots, and areas of
microchaos, and are considered by several authors as being
among the youngest geological features of Europa
(Figueredo and Greeley, 2000; Head et a., 1999; Pappa
lardo et al., 1998; Prockter et al., 1999). Their general size
is in the range of a few kilometers to severa tens of
kilometers, and in some regions of Europathey are densely
packed (Greeley et al., 1998; Pappalardo et al., 1998). Sev-
era explanations for their origin have been proposed, and
these are related to interpretations made of the nature of the
data itself. Some authors describe a mean diameter of ~10
km for the lenticulae (Spaun et a., 1999, 2000, 2001), and
a typical spacing for their distribution (Pappalardo et a.,
1998) recently proposed to be 15-23 km (Spaun et al.,
2002). These authors consider both results to indicate an
origin related to diapirs ascending from a subsurface ice
layer in solid-state convection. Their distribution in space
would thus correspond to that of convective ascending
plumes, and their spacing would consequently be related to
the thickness of the convective layer (Pappalardo et a.,
1998). A different opinion says that all these features need
not be of the same origin (Greenberg et a., 1999; L eake et
al., 2002), and rejects the use of the term lenticulae. Ac-
cording to this interpretation, typical lenticulae sizes and
spacings are the consequence of observational bias, and the
origin of microchaos features (and chaos regions) can be
explained by melt-through of a thin (nonconvective) ice
shell. This would have occurred throughout the geological
history of Europa (Greenberg et al., 1999; Hoppa €t al.,
2001; Riley et al., 2000). Further possibilities include com-
positional diapirism (Kargel et a., 2000; Spaun and Head,
2001), or a magmatic origin (Fagents et al., 1998, 2000;
Grecley et a., 1998).

Thus, the magnitude of surface heat flows and nature of
lenticulae may have profound implications for the structure
and dynamics of the ice shell and consequently may shed
light on the presence or absence of a convective layer. In
this paper, we first present an analysis of the possibility that
convection starts in Europa sicy shell, based on limitations

posed by general considerations of Europa's thermal state.
We next explore whether high heat flows (suggested by a
thin brittle lithosphere), and the proposed spacing between
lenticulae, considered both independently and in combina-
tion, are consistent with a ssimple model that assumes the
occurrence of convection in Europa' s icy shell. Our calcu-
lations were based solely on the physical properties of water
ice. The possibility of convection might be ruled out if
substances such as ammonia (e.g., Deschamps and Sotin,
2001) or sdts (e.g., Kargel et a., 2000) lowered the melting
point of ice to a sufficient extent. However, it is not known
whether these substances are present in sufficient amounts
to significantly modify the rheological or thermal properties
of water ice.

2. Shell thickness and heat flow in the onset of
convection

In a classica work, Reynolds and Cassen (1979) pro-
posed that the ice | shells of Ganymede and Callisto are
unstable against solid-state convection, and indicated that
their results could possibly be applied to Europa and other
icy satellites. Later on, Squyres et al. (1983) calculated that
an icy shell in Europa would be stable against convection if
its thickness did not exceed ~30 km. Based on this, it was
proposed that tidal heating could perhaps alow the stable
existence of a conductive shell floating over an interna
liquid-water ocean (Ojakangas and Stevenson, 1989; Ross
and Schubert, 1987; Squyres et al., 1983).

Subsequent works suggested that convection could have
started in Europa in an ice shell thinner than ~25 (or even
10) km (McKinnon, 1999; Pappalardo et al., 1998). In these
studies, the viscosity of ice is calculated as a function of
strain rates induced by tides in a floating shell. McKinnon
(1999) also took into account varying viscosity across the
layer due to temperature variations, using the scaling of
Solomatov (1995) for Newtonian viscosities. The real be-
havior of water ice, as observed in laboratory experiments,
isin fact non-Newtonian (e.g., Durham et al., 1997). How-
ever, considering that tidal stresses on Europa are much
higher that those due to thermal buoyancy, McKinnon
(1999) regards the application of a Newtonian viscosity
methodology sufficient for thisjovian satellite, aslong asan
average effective viscosity is appropriately defined in terms
of tidal strain rates.

It has recently been proposed (Ruiz, 2001) that in the
case of Callisto, the strict use of non-Newtonian viscosities
would imply stability of the outer ice shell against convec-
tion, alowing the interna ocean to escape freezing, as
suggested by magnetic evidence for this neighbor satellite
spacecraft (Khurana et al., 1998; Kivelson et al., 1999;
Zimmer et al., 2000). This would mean, that in the outer
shell of largeicy satellites, the onset of convection would be
lesslikely than previously thought. Nevertheless, in absence
of tidal stresses, deep within Calisto's outer shell, the
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dominant stresses are those arising from thermal buoyancy.
This model cannot, therefore, be directly applied to the
situation on Europa.

In the present section we analyze the stability against
convection of a conductive ice shell on Europa. Although
we follow partly the analysis of McKinnon (1999), some
modifications were made with respect to several significant
features. First, the melting point of ice was considered a
function of the pressure (instead of using a constant tem-
perature value). In the case of convection, this implies that
both temperature in the well-mixed (nearly isotherma) in-
terior and temperature-dependent parameters are not fixed.
Also, this temperature is calculated independently for the
different mechanisms and regimes of ductile deformation
considered (see Section 2.3). It should be noted that a strict
non-Newtonian modeling would be of interest.

2.1. Depth and temperature at the base of a conductive
ice shell

Here we present a reasonable estimate of depth and
temperature at the base of the outer ice layer of Europa,
assuming that heat is transferred only by conduction. This
estimate is required for the analysis of stahility against
convection of an ice shell that floats above an interna
ocean.

Water ice | therma conductivity is a function of the
temperature, k = k,T~*, where k, is a constant with a value
of 567 W m~* (Klinger 1980). As tidal heating in the ice
shell is strongly temperature-dependent (Chybaet al., 1998;
Ojakangas and Stevenson, 1989), the part of a conductive
shell that contributes most to total heat flow is the deep and
warm ice near its base. On these grounds, it may be con-
sidered that the shell is heated from below. Under these
conditions (and assuming an energetic equilibrium situa-
tion), the temperature at the base of the shell is given by

Fb
Tp= TseXp(k—O>, @)

where T is the surface temperature, F is the vertical heat
flow through the shell, and b is the total ice shell thickness.
In a spherical layer in energetic equilibrium heated from
below, heat flow at a depth z increases with respect to the
surface value in a proportion r?/(r — 2)?, where r is the
externa radius of the sphere. Given that the mean radius of
Europais 1561 km (Davieset ., 1998), in ashell sometens
of kilometers thick, Eq. (1) leads to the underestimation of
bottom heat flow of only several percent, and so the real
spherical geometry of the shell is not taken here into ac-
count.

T, in Eq. (1) obvioudly corresponds to the melting point
of ice, which is a function of pressure. The pressure at the
ice shell baseis given by pgb (where p = 930 kgm™ 3 isthe
water ice | density, and g = 1.31 m s 2 is the acceleration
due to gravity on Europa), so assuming the relation between
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Fig. 1. Total thickness of a conductive ice shell of Europa, b, in terms of
heat flow through the shell shown for F = 100 mW m~2 and two possible
values of the surface temperature, T, Heat flow is represented in reverse
order to show how b increases with satellite cooling.

temperature and pressure in the melting curve of ice |
proposed by Chizhov (1993), T, can also be written as

T =o7316(1- "% )" 2
b ' 395.2MPa/ &

If Egs. (1) and (2) are solved simultaneously for a given
value of F, we obtain T, and b. In the present work, T is
taken to be in the range 100130 K. A value of 100 K is
thought to be representive of the mean temperature at Eu-
ropa’s surface (Ojakangas and Stevenson, 1989). On the
other hand, 130 K is close to the maximum value normally
assigned to the base of a possible insulating regolith layer
on the surface (Ross and Schubert, 1987; Shoemaker et a.,
1982), or the maximum that could possibly be reached in the
case of a solid-state greenhouse in the most superficial ice
(Matson and Brown, 1989), although a reexamination of the
solid-state greenhouse effect for Europa gave average sur-
face temperatures of 93-104 K (Urquhart and Jakosky,
1996). In Fig. 1, b is represented in terms of F for temper-
atures of both 100 and 130 K. A lower limit for F can be
taken from the current contribution due only to radioactive
heat sources, ~6—8 mW m~? (Cassen et al., 1982; Huss-
mann et a., 2002; Schubert et al., 1986; Spohn and Schu-
bert, 2002; Squyres et a., 1983) , which corresponds to T,
~ 263-268 K and b ~ 50—90 km.

2.2. The instability criterion

Stability against convection of alayer heated from below
can be described by means of the Rayleigh number defined

at the base layer viscosity,
B apghAT
KMy

, ©)

where « is the thermal expansion coefficient, h is the layer
thickness, AT = T, — T, is the temperature difference
between the base and the surface of the layer, k is the
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thermal diffusion coefficient, and n,, is the effective viscos-
ity at the layer base.

Severa terms of Eq. (3) are functions of temperature.
Thus, a = a,T, and k = k,T 2, where the constants are a,
=624 X 10 'K 2 and ko = 9.1875 X 10 2 m?K?s 2
(Kirk and Stevenson, 1987); both functions are calculated in
the analysis of convective state for T = T; (McKinnon,
1999), where T; isthe temperature of the well-mixed interior
in the case of convection. In turn, p varies dightly with
temperature and pressure (e.g., Lupo and Lewis, 1979), yet
adopting a constant value does not alter the results signifi-
cantly. Given that thermal conductivity varies with temper-
ature, h does not represent the real thickness of the shell
(symbolized by b); h is an effective thickness (McKinnon,
1999) that corresponds to a thermal equilibrium situation
with a constant k calculated for T = T,.

kAT bAT

= e AR @

(as it is seen, h can be alternatively written in terms of the
real thickness corresponding to F).

The viscosity of ice (considered a non-Newtonian mate-
rial) can be calculated from the strain rate according to the
equation

1/ b\
n=§(w> exp(%) ©)

where d is the grain size, p, A, and n are experimentally
established constants depending on the creep mechanism, &
isthe strain rate, Q is the activation energy for creep defor-
mation, R = 8.3145 Jmol * K~ ! isthe gas constant, and T
is the temperature. Ojakangas and Stevenson (1989) calcu-
lated strain rates at present induced by tides in a floating
shell on Europa. These authors obtained values ranging
from 1.2 to 2.5 X 10 1% s, depending on latitude and
longitude. The use of a constant value of 2 X 107 1° s
does not affect the results significantly. If tidal strain rates
are used in EQ. (5), myigq IS Obtained (McKinnon, 1999).
According to McKinnon (1999), the average effective vis-
cosity is

Nett = Niga N5 (6)
thus, if wetake T = T, we get g = 1,

When the value Ra, of a layer exceeds a certain critical
value, Ra;, this layer is unstable against convection. In the
case of large viscosity variations across the layer, the critical
value is given by (e.g., Solomatov, 1995)

R*—ZOQG“—ZOQQAT4 7

&, = 2U.907 = ZU. R_T,2 ) (7)

where 0 is the Frank—Kamenetskii parameter. Under the
conditions of icy satellites, convection involves the stagnant
lid regime (McKinnon, 1998), in which thereisan immobile
lid over the convective sublayer. In this regime, the tem-

perature contrast across the lower boundary layer can be

Table 1
Flow laws parameters for ice in planetary conditions
AMPa"mPs?) n p  QkIma™}

Superplastic flow 3.0 X 10% 18 14 192
(T > 255 K)?

Superplastic flow 39x 10783 18 14 49
(T < 255 K)2P

Dislocation creep 6.0 X 10?8 4 0 180
(T > 258 K)2

Dislocation creep A 6.31 x 10 4 0 91
(T = 240-258 K)°

Dislocation creep B 1.26 X 10° 4 0 61

(T < 240 K)°

2Goldshy and Kohlstedt (2001).
b Goldsby and Kohlstedt (1997b).
¢ Durham et al. (1992, 1997).

approached according to (e.g.,, Mores and Solomatov,
1995)
AT, =T, — T RT (8
rh b i Q .
From this “second-degree approximation,” an approximate
estimate of T, is obtained if we choose the solution

Q> QT,\"? Q
T, = (4_R2 + ?> - ﬁ (9)

Although in this work Raj; is nearly constant over the range
of values analyzed, it is explicitly calculated in terms of F
(and, consequently, of b).

2.3. Results: possibility of the onset of convection in the
ice shell

Calculations were performed for two ductile deformation
mechanisms (for reviews of water ice creep see Durham et
al., 1997; Goldsby and Kohlstedt, 2001): superplastic flow
(in which grain boundary sliding is the dominant process)
and dislocation creep (which is controlled by motion of
dislocations in the grain matrix). Experimentally obtained
constant values for both mechanisms are provided in
Table 1.

At low differential stress levels typica of icy satellite
interiors, superplastic flow should dominate ductile defor-
mation processes (Goldsby and Kohlstedt, 1997a, 2001).
Although superplastic flow is aso considered the prevailing
ductile deformation mechanism on Europa (McKinnon,
1999; Pappalardo et a., 1998), warm temperatures and ice
crystal growth (which isin turn temperature-enhanced) in-
crease the role of dislocation creep. It has therefore been
suggested that this mechanism should also be taken into
account for Europa's ice shell modeling (Durham et d.,
2001). Superplastic flow is grain-size-sensitive, whereas
dislocation creep is grain-size-independent (p = 0). For
superplastic flow, grainsizesof d = 0.1 mmand d = 1 mm
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Table 2
Shell thickness and heat flow in the onset of convection
b (km) F (mW m~3)

Superplastic flow 33-51 11-12
(Q =192kImol~%, d = 0.1 mm)

Superplastic flow No convection
(Q=192kImol~%, d = 1 mm)

Superplastic flow 9-13 44-45
(Q =49kIJmol %, d = 0.1mm)

Superplastic flow 17-24 24
(Q=49kImol %, d=1mm)

Dislocation creep (Q = 180 kJ mol 1) No convection

Dislocation creep A 39-53 10-11

Dislocation creep B 27-37 15

were used in the calculations. These end-member values
were selected for several reasons. Spectral analysis of young
fractures in the Tyre region suggests that the mean grain
size of the shallow subsurface layer is 0.1 mm or greater
(Geisdler et al., 1998). A grain size lower than 0.1 mm
would not be reasonable if there are no impurities, which
limit the crystal growth (McKinnon, 1999). On the other
hand, dislocation creep becomes an important flow mecha-
nism when grain sizes are greater than ~1 mm (Durham et
a., 2001; McKinnon, 1999).

Both superplastic flow and dislocation creep exhibit dif-
ferent regimes depending on temperature (Table 1). At high
temperatures, enhanced creep rates and high apparent acti-
vation energies characterize these regimes and are probably
related to premelting effects (Goldsby and Kohlstedt, 2001).
The existence of these different regimes prompts the ques-
tion of which isthe most relevant for the analysis of stability
of Europa’s ice shell against convection. Obviously, the
base of the icy shell would be involved in high-temperature
regimes, but data for temperatures above 258 K are scarce
(Durham et a. 2001; Goldsby and Kohlstedt, 2001). On the
other hand, the potential convective layer could extend
across a certain range of temperature including low-and
high-temperatures regimes. According to Durham et al.
(1992, 1997), two regimes characterize the flow law of
dislocation creep for T = 258 K, regime A (Q = 91 kJ
mol ~ %) for T > 240K, and regime B (Q = 61 kJmol %) for
T < 240 K. In contrast, Goldsby and Kohlistedt (2001)
found only one regime for dislocation creep for T < 258 K,
in which Q ~ 60 kJ mol ~%; this regime is similar to regime
B mentioned above. As there is no conclusive evidence for
the part played by the regimes described in Table 1, each
possibility was considered in our calculations.

The results are summarized in Table 2. Ra, and Ra, are
also shown in terms of thickness of the ice shell and con-
ductive heat flow for T, = 100 K in Figs. 2 and 3, respec-
tively. Results show that for superplastic flow (Q = 49 kJ
mol ~ %) the onset of convection would occur in shells thicker
than 9-24 km. This range of thicknesses is consistent with
previous results (McKinnon, 1999; Pappalardo et al., 1998).

The onset of convection requires a greater shell thickness if
the deformation mechanism is dislocation creep. Finaly, in
the case of regimes characterized by enhanced creep rates,

a) Dislocation creep
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Fig. 2. Ra, and Raj shown as a function of the thickness of a conductive
Europa'sice shell for several flow mechanisms and T, = 100 K. When Ra;,
> Ray, the shell is unstable against solid-state convection. In (a), the results
for the high-temperature regime of dislocation creep have not been repre-
sented, since Ra, < Ra, over the entire range of b, and therefore the onset
of convection could not take place for this creep mechanism.
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a) Dislocation creep
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Fig. 3. Ra, and Raj; in terms of the heat flow through a conductive ice shell
on Europa, F, for several flow mechanisms and T, = 100 K. Heat flow is
represented in reverse order to show how Ra, increases with shell cooling.
Asin Fig. 2, in (a), the results for the high-temperature regime of dislo-
cation creep have not been represented, because for this creep mechanism
the onset of convection does not take place.

convection could begin only for superplastic flow, Q ~ 192
kI mol %, in small grain sizes.
For the purpose of the present study, results are most

significant when interpreted in terms of the heat flow re-
quired for the onset of convection (Table 2). Ra, increases
with cooling of the conductive shell (Fig. 3), and so the
onset of convection requires that F is lower than a critical
value, which depends on the flow mechanism and regime.
Table 2 shows that for a particular flow mechanism and
regime, heat flow at the onset of convection is almost
independent of the surface temperature adopted for Europa.
For a model of Europa that includes dynamic decoupling
between the icy shell and rocky core by an ocean, the
minimum contribution to F by tidal heating in the core
would be ~12-16 mW m™? (Ross and Schubert, 1987;
Squyres et a., 1983). If to this we add the contribution of
today’s radiogenic sources, ~6—-8 mW m 2, heat flow
through the ice shell would be at least ~20 mW m™2. In
Section 3.1 we will discuss recent suggestions of high heat
flow from below the ice shell. Moreover, temperature-de-
pendent tidal heating in the ice shell also contributes to total
heat flow. In a conductiveice shell its contribution would be
~7 mW m 2 (Ojakangas and Stevenson, 1989). As de-
scribed in Section 2.1, in this case the heat is mostly gen-
erated near the shell base, which can therefore be considered
heated from below before the onset of convection (tidal
heating in a convective ice shell would be greater, as shown
in Section 3). Taking into account all heat flow sources, the
minimum value of F would be about ~25-30 mW m™2.
Thus, it seems unlikely that the onset of convection could
have taken place in the icy shell of Europa, unless the
dominant mechanism of ductile deformation is superplastic
flow with an activation energy of 49 kJ mol .

3. Lithospheric heat flows and lenticulae spacing

A surface heat flow of ~100-200 mW m~2 implied by
abrittle lithosphere 2 km thick has profound implications on
the dynamics of Europa’s outer shell. Indeed, it is clearly
higher than the heat flow (=45 mW m2), allowing the
onset of convection in theice shell. If convection starts, this
implies that most heat dissipation takes place in the nearly
isothermal interior of the convective layer. In contrast, if
most heating takes place in the rock/metal core, then con-
vection in the ice shell would not be able to start and the
shell would only be a few kilometers thick.

Assuming a typica lenticulae spacing associated with
the upwelling of a convective layer, then the spacing would
be roughly twice the thickness of the convective layer (Pap-
paardo et al., 1998). This relation is based on the aspect
ratio parameter, which is the quotient of convective pertur-
bation wavel ength and twice the thickness of the convective
shell. An aspect ratio of 1 allows convective heat transfer
through both layers heated from within and layers heated
from below to be maximized (Turcotte and Schubert, 2002).
Thus, a lenticulae spacing of 15-23 km would indicate a
convective layer ~7-12 km thick.

If most heat flow is derived from tidal heating of a
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convective ice layer, atheoretical problem arisesrelative to
apossible convective origin for lenticulae. Thereisno lower
boundary layer in a convective layer heated from within and
cooled from above, and there are no hot plumes rising
between the cells (e.g., Turcotte and Schubert, 2002). Nu-
merical experiments (Sotin and Labrosse, 1999) have
shown that in convective layers heated from within and
below (the most realistic option for the icy shell of Europa),
hot plumes do not always develop in the lower boundary
layer, and when they develop, they usually do not reach the
upper boundary layer. On the other hand, tidal heating is
temperature-dependent, so it would be intensified in rising
plumes (McKinnon, 1999). In this way, its thermal buoy-
ancy increases, possibly alowing the ascent of diapirs. It
has also been pointed out that temperature-dependent tidal
dissipation could produce melting within convective plumes
(Sotin et al., 2002; Tobie et al., 2002; Wang and Stevenson,
2000), and this process perhaps plays somerolein lenticulae
formation.

Whichever the case, at least some lenticulae seem to
have formed by intrusive processes (maybe diapirism),
since certain domes have upwarped preexistent plains (e.g.,
Car et a., 1998; Pappaardo et a., 1998; Pappalardo,
2000). These processes may have occurred independently of
a convective layer. Thus, the modeling of thermally driven
ice diapirs by Rathbun et al. (1998) does not require (though
is compatible with) the occurrence of convection in the ice
shell. It is proposed that the heating of shallow lithospheric
portions could give rise to mobilization and migration of
brines, and contribute to the alteration or even to the dis-
ruption of preexistent terrains and to the formation of len-
ticulae (Head and Pappalardo, 1999). In addition, although
the latter authors suggest that heating might be due to
diapirism linked to convection, this is not the only possi-
bility.

In the following sections, we examine the viability of a
convective model that takes into account high heat flows,
lenticulae spacing, or both. Firstly, we will discuss the
possible source of high heat flows.

3.1. Possible origins for the high heat flows

As mentioned in the introduction, a possible explanation
for these high heat flows could be tidal heating in the warm
ice of a convective layer. Thisheating could stabilize theice
shell and avoid total freezing of an internal ocean (McKin-
non, 1999). Under tidal stresses, ice can behave like a
viscoelastic (Maxwell) solid; thus, the tidal volumetric dis-
sipation rate can be calculated according to (Ojakangas and
Stevenson, 1989)

n ZMéZ[ oTy 1
I5) |_1 + (wTy)

(10)

where u = 4 X 10° Paistheicerigidity, w is the frequency
of the forcing (for the case w it can be equated with Euro-

pa's mean motion, 2.05 X 10 ° rad s %), and 7, is the
Maxwell time. As t,, = n/w Y m = myga EQ. (10) can be
written as

Zntidmézﬂz

H=———5——
sz + wznztidal

11)

This function presents a maximum for 1,4y = wlo ~ 2 X
10* Pas, H, 5 ~ 8 wW m™3. On the other hand, the heat
flow tidally dissipated in the nearly isothermal conditions of
the well-mixed interior of a convective layer is

F, = Hib, (12)

where H; is the tidal volumetric dissipation rate for T = T,
and by is the thickness of the convective layer under nearly
isothermal conditions. This analysis does not take into ac-
count dissipation in the upper and lower boundary layers.
Using Hy in (12), we obtain F, ~ 8 MW m~2 km; %,
Taking heat flow at the shell base as ~10-40 mW m 2
(roughly corresponding to radioactive heating in the core
and to the maximum F value permitting the onset of con-
vection in the ice shell, according to the discussion of
Section 2.3), a convective layer at least ~8—11 km thick is
needed to justify F ~ 100 mW m™2. These b; values are
similar to those expected if lenticulae spacing corresponds
to that of upwelling from a convective layer, but represent
alower limit. If F ~ 200 mW m~2, b, should be at least ~20
km thick, thicker than that predicted from lenticulae spac-
ing. Moreover, the viscosity of the convective interior need
not correspond to the viscosity value for which H = H,,..;
if this were the case, according to Eg. (12), b, would be
higher.

Hussmann et al. (2002) calculated that surface heat flows
up to 300 MW m~2 can be produced by tidal heating of a
convective ice layer. These authors also stated that equilib-
rium between tidal heating and heat transfer is reached for
F ~ 20 mW m 2 and ice shells ~30—40 km thick. These
calculations take the ice viscosity as purely Newtonian
(independent of tidal stresses or strain rates). On the other
hand, Nimmo and Manga (2002) conclude that high heat
flow could be removed by convection asfor diffusion (New-
tonian) creep as for superplastic flow.

Alternatively, high heat flows could aso be originated by
tidal heating in the rock and metal core. Some recent esti-
mates of tidal heating in the rocky portion of Europa, based
on several scalings of total dissipation in lo, have yielded
heat flow valuesin the range ~190-290 mW m™ 2 (Geissler
et al., 2001; O'Brien et al., 2002; Thomson and Delaney,
2001). These heat flows would stabilize an ice shell ~2-5
km thick, with a deep ocean below. Librational dissipation
could also contribute to the total energy budget of Europa
(Bills and Ray 2000, 2001), but its contribution is poorly
constrained.
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3.2. Thickness and heat flow of a convective layer tidally
heated from within

In this section, we calculate thermal equilibrium states of
the outer ice shell, assuming that convection does starts.
These calculations take into account every possible rheol-
ogy in Table 1 (and in the case of superplastic flow, for both
assumed grain sizes) that would permit the onset of con-
vection.

For a steady-state convective layer heated from within,
Schubert et a. (2001) find the relation

k Ti - T
= % = 1.70Ra,§”4, (13)
where ® the dimensionless temperature ratio, T, is the
temperature of the top of the convective layer, b, is the
thickness of the convective layer, and Ray, is the Rayleigh
number defined for an internally heated layer,

apgHb?
Ra, = ke, (14)

where, in turn, n; is the effective viscosity calculated for T
= T, according to Eq. (6); k can be considered constant,
since most of the convective layer is a nearly isothermal.
Thus, heat flow out of the convective layer can be obtained
from

Ti _ T 4713
F.= Hb, = 0.49k[M] ; (15)
KT
in turn, the thickness of the convective layer is
b.=FH™ (16)

On the other hand, through theoretical arguments and nu-
merical experiments, Grasset and Parmentier (1998) ob-
tained T, — T, for alayer heated from within,

2
T, — T, = 2.23AT,, = 2.23%. a7)

This equation is very similar to that derived from transient
cooling experiments (Davaille and Jaupart, 1994).

Although this scenario does not account for the stagnant
lid of the convective system, the procedure is appropriate
because most of the convective layer is almost isoviscous.
Nevertheless, a certain amount of heat enters the ice shell
from below. This bottom heat flow was not taken into
account since surface heat flow is mostly generated (in this
setting; see Section 3.1) in the warm ice of the convective
nearly isothermal interior. Thus, the method can be taken as
a valid approximation.

In the stagnant lid above the actively convective layer,
heat is transferred by conduction and thus its thickness is

Ko, (Tt
by = F—In ? . (18)

Tidal heating in the cold stagnant lid is not taken in account,
since it must be negligible. We calculated T, from T, using
Eqg. (17), T, from T, using Eq. (9), and T, by simultaneously
solving Eq. (2), (15), (16), and (18) taking b as by = by +
b. in Eq. (2).

In the formulation by Schubert et al. (2001), the convec-
tive layer is only heated from within, and so a lower bound-
ary layer does not exist. However, Europa sice shell isalso
heated from below by tidal and radioactive heating in the
rocky core. In a layer heated both from within and below,
the general pattern of heat transfer would not be very dif-
ferent to that occurring in a layer heated from below (Sotin
and Labrosse, 1999), but there is a lower boundary layer. It
islikely that heat transfer through the lower boundary layer
is difficult to describe in a smple way (e.g., Nimmo and
Stevenson, 2000; Sotin and Labrosse, 1999), although this
transfers heat principally by conduction, and thus its thick-
ness is dependent on heat flow at the base of the ice shell,
Fy. According to the discussions of Sections2.3 and 3.1, F,,
is difficult to calculate, although it should be at least equiv-
alent to the radioactive contribution. Thus, not taking into
account tidal dissipation within the lower boundary layer,
and taking F, = 6 mW m™2, it is possible to roughly
estimate the maximum lower boundary layer thickness, by,
for every setting considered, from

by = ﬁln(T—b) . (19

The total ice shell thicknessisb = by + by,. In practice,
our treatment equates to taking a lower boundary layer of
negligible thickness; it is a useful procedure since the dif-
ference in calculating T, from bg; or b in Eq. (2) is no case
greater than one degree, and therefore does not imply sub-
stantial variation in modeling F and b,. Fig. 4 schematically
presents the general structure of an ice shell in stagnant lid
convection.

Finally, we took H = H; in Eqg. (16). This assumption
somewhat overestimates tidal dissipation within the upper
boundary layer (where temperatures are lower than T;. How-
ever, the contribution of the lower boundary layer (where
temperatures are higher than T, was not calculated. This, in
turn, somewhat underestimates total tidal heating. We thus
consider our tidal dissipation rate calculations to be repre-
sentative of the convective layer.

3.3. Results: possible stable structures of a tidally heated
convective ice shell

The results obtained are shown in Table 3 and provide
the possible stable structures of a convective, tidally heated,
ice shell. The value of b is given as arange between b; and
b4 + by, (according to the discussion in the previous
section). In every setting, b is less than the ~80—170 thick-
ness of the water layer (frozen, liquid, or both) consistent
with the Galileo determination of the Europa’ s moment of
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Stagnant lid

Depth

Convective interior
nearly isothermal

Lower boundary layer

by

Temperature

Thickness

Fig. 4. Diagram showing the general structure of an ice shell in stagnant lid convection. The thickness of several layers involved in the modeling described

in Section 3.2 are indicated on the right-hand side.

inertia (Anderson et al. 1998). This implies, in the case of
stable convection, the existence of an internal ocean.

Table 3 shows that superplastic flow Q = 49 kJmol tis
the only creep mechanism that roughly satisfies the high
surface heat flows of Europa: for this mechanism F, =
80-130 mW m~2 For other water ice rheologies, F, is
smaller and a thin brittle lithosphere on Europa cannot be
supported.

With regard to the thickness of the convective layer, for
dislocation creep regime b and superplastic flow Q = 49 kJ
mol —* and d = 1 mm, the b, values obtained are consistent
with the thickness suggested by lenticulae spacing. For
superplastic flow Q = 49 and ~192 kJmol %, and d = 0.1
mm in both cases, convective layer thickness clearly ex-
ceeds that expected if lenticulae formation were related to
convective upwellings. For dislocation creep regime A the

b. value obtained is thinner than that required for a convec-
tive origin of the lenticulae.

Thus, it is possible to reconcile the heat flow results with
the lenticulae spacing predicted from a convective origin for
these features, but only for superplastic flow Q = 49 kJ
mol ~* and grain sizes near to 1 mm.

4, Summary and conclusions

Satisfying the instability criterion for the onset of con-
vection in a Europa's floating ice shell imposes serious
restrictions on both the thermal structure and rheology of
the shell. Joint minimum estimates of tidal and radioactive
heating in the rock and metal core are sufficiently high to
amost preclude the onset of convection for the different

Table 3

Possible stable structues of an Europa’ s convective icy shell
SF? SF? SF2 Dislocation Dislocation
Q=192 kJmol Q=49kIJmol? Q=49kImol? creep A creep B
d=01mm d=01mm d=1mm

Ty (K) 268 268 272 271-272 271-272

T; (K) 265 257 260 265 262

T, (K) 258 232 235 251 241

by, (km) =1 =4 =4 =2 =3

b, (km) 3840 44-45 10 5 9

by (km) 11-15 2-4 46 913 6-9

b (km) 49-56 46-53 14-20 14-20 15-21

F (MW m3) 35-36 133-134 80 41 57

@ Superplastic flow.
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rheologies considered for the ice shell, with the exception of
superplastic flow Q = 49 kJ mol ~* (small grain sizes favor
the possibility of convection). If nonradioactive contribu-
tions to the total heat budget are neglected, onset of con-
vection would still be possible for dislocation creep regimes
A and B, and superplastic flow Q ~ 192 kI mol * in grain
sizes close to 0.1 mm.

The results obtained with regard to the possibility of
onset of convection are consistent with equilibrium heat
flows that can be generated and transferred (toward the
stagnant lid base) by a tidally heated convective ice layer.
Indeed, heat flows of ~100 mW m™2 are only obtained for
superplastic flow Q = 49 kJ mol ™.

From both arguments presented, it can be concluded that
if the icy shell of Europa is convective, the dominant flow
mechanism is superplastic flow Q = 49 kJ mol %, and the
shell thickness is ~15-50 km. This is precisely the flow
mechanism thought dominant in the warm interior of Euro-
pa's ice shell (McKinnon, 1999; Pappalardo et a., 1998).
The results suggest that if lenticulae spacing was related to
convective processes, then grain size should be around 1
mm, and the shell thickness would not be much more than
~15-20 km. These results are consistent with an ice shell at
least ~10-25 km thick inferred from the morphology and
dimensions of impact craters (Moore et a., 1998, 2001;
Schenk, 2002; Turtle and Ivanov, 2002) at the locations and
times of impact. Our results are also consistent with a
stagnant lid =5 km thick (and surface heat flow higher than
90 mwW m™2), deduced from surface deformation caused by
domes if domes are related to convection (Nimmo and
Manga, 2002).

In conclusion, convection may have started in the ice
shell of Europa and it is also possible that outward transfer
of heat tidally generated in the convective layer stabilizes a
thin brittle lithosphere. Although these results are obtained
only for a particular water ice rheology, this rheology is
thought to be dominant in the warmest parts of Europa sice
shell. In this scenario, the ice shell is tens of kilometers
thick, and to explain lenticulae as convective-related fea-
tures, the ice grain size should approach 1 mm. A different
ice rheology or considerable tidal heat generation in the
rock/metal core would prevent the onset of convection; then
the entire ice shell would transfer the heat by conduction
and only be a few kilometers thick. The latter possibility is
not favored by independent estimations of ice thickness
from impact craters data. In any case, our results indicate
that an ocean should exist below the icy shell.

Acknowledgments

We thank James Head and Angie Torices for valuable
discussions, Sarah Fagents and an anonymous referee for
helpful reviews of the original manuscript, and Ana Burton
and Jorge Merchan for manuscript assistance. This work
received financial support from D.G.E.S. PB98-0846.

References

Anderson, J.D., Schubert, G., Jacobson, R.A., Lau, E.L., Moore, W.B.,
Sjogren, W.L., 1998. Europa's differentiated internal structure: infer-
ences from four Galileo encounters. Science 281, 2019-2022.

Bills, B.G., Ray, R.D., 2000. Energy dissipation by tides and librations in
synchronous satellites. Lunar Planet. Sci. XXXI, 1709 abstract, [CD-
ROM].

Bills, B.G., Ray, R.D., 2001. Tidal and librational energetics of Europa
Lunar Planet. Sci XXXII, 1713 abstract, [CD-ROM].

Carr, M.H., and 21 colleagues, 1998. Evidence for a subsurface ocean on
Europa. Nature 391, 363-365.

Cassen, P.M., Pedle, SJ.,, Reynolds, R.T., 1982. Structure and thermal
evolution of the Galilean satellites, in: Morrison, D. (Ed.), in: Satellites
of Jupiter, Univ.of Arizona Press, Tucson, pp. 93-128.

Chizhov, V.E., 1993. Thermodynamic properties and thermal equation of
state of high-pressure ice phases. Prikl. Mekh. Tekh. Fiz. Engl. Transl.
2, 113-123.

Chyba, C.F., Ostro, S.J., Edwards, B.C., 1998. Radar detectability of a
subsurface ocean on Europa. |carus 134, 292-302.

Davaille, A., Jaupart, C., 1994. Onset of thermal convection in fluids with
temperature dependent viscosity: applications to the oceanic mantle. J.
Geophys. Res. 99, 19853-19866.

Davies, M.E., and 11 colleagues, 1998. The control networks of the
Galilean satellites and implications for global shape. Icarus 135, 372—
376.

Deschamps, F., Sotin, C., 2001. Thermal convection in the outer shell of
large icy satellites. J. Geophys. Res. 106, 5107-5121.

Durham, W.B., Kirby, SH., Stern, L.A., 1992. Effects of dispersed par-
ticulates on the rheology of water ice at planetary conditions. J. Geo-
phys. Res. 97, 20883-20897.

Durham, W.B., Kirby, SH., Stern, L.A., 1997. Creep of water ices at
planetary conditions: a compilation. J. Geophys. Res. 102, 16293—
16302.

Durham, W.B., Stern, L.A., Kirby, SH., 2001. Rheology of ice | at low
stress and elevated confining pressure. J. Geophys. Res. 106, 11031~
11042.

Fagents, S.A., Kadel, S.D., Greeley, R., the Galileo SSI Team, 1998.
Styles of cryovolcanism on Europa: summary of evidence from the
Galileo nominal mission. Lunar Planet. Sci. XXIX, 1721 abstract,
[CD-ROM].

Fagents, SA., Greeley, R., Sullivan, R.J., Pappalardo, R.T., Prockter, L.M.,
the Galileo SSI Team, 2000. Cryomagmatic mechanism for the forma-
tion of Rhadamanthys Linea, Triple Band margins, other low-albedo
features on Europa. Icarus 144, 54—-88.

Figueredo, P.H., Greeley, R., 2000. Geologic mapping of the northern
hemisphere of Europa from Galileo solid-state imaging data. J. Geo-
phys. Res. 105, 22629-22646.

Geissler, P.E., and 16 colleagues, 1998. Evolution of lineaments on Eu-
ropa: clues from Galileo multispectral imaging observations. Icarus
135, 107-126.

Geissler, P.E., O'Brien, D.P., Greenberg, R. 2001. Silicate volcanism on
Europa. Lunar Planet. Sci. XXXI| abstract 2068 [CD-ROM].

Goldsby, D.L., Kohlstedt, D.L., 1997a. Flow of ice | by dislocation grain
boundary sliding, diffusion processes. Lunar Planet. Sci. XX V111, 429—
430 (abstract).

Goldshby, D.L., Kohlstedt, D.L., 1997b. Grain boundary sliding in fine-
grained Ice |. Scripta Mat. 37, 1399-1406.

Goldshy, D.L., Kohlstedt, D.L., 2001. Superplastic deformation of ice:
experimental observations. J. Geophys. Res. 106, 11017-11030.

Grasset, O., Parmentier, E.M., 1998. Thermal convection in a volumetri-
caly heated, infinite Prandtl number fluid with strongly temperature-
dependent viscosity: implications for planetary thermal evolution. J.
Geophys. Res. 103, 18171-18181.



372 J. Ruiz, R Tejero / Icarus 162 (2003) 362-373

Greeley, R., and 20 colleagues, 1998. Europa: initial Galileo geological
observations. lcarus 135, 4-24.

Greeley, R., and 17 colleagues, 2000. Geologic mapping of Europa. J.
Geophys. Res. 105, 22559-22578.

Greenberg, R., Hoppa, G.V., Tufts, B.R., Geissler, P, Riley, J., Kadel, S,,
1999. Chaos on Europa. Icarus 141, 263-286.

Greenberg, R., Geissler, P., Tufts, B.R., Hoppa, G.V., 2000. Habitability of
Europa's crust: the role of tidal-tectonic processes. J. Geophys. Res.
105, 17551-17562.

Head, JW., Pappalardo, R.T., 1999. Brine mobilization during lithospheric
heating on Europa: implications for formation of chaos terrain, lentic-
ula texture, color variations. J. Geophys. Res. 104, 27143-27155.

Head, JW., Pappalardo, R.T., Prockter, L.M., Spaun, N.A., Callins, G.C.,
Greeley, R., Klemaszewski, J.E., Sullivan, R., Chapman, C., the Gali-
leo SSI Team, 1999. Europa: recent geological history from Galileo
observations. Lunar Planet.Sci. XXX, 1404 abstract, [CD-ROM].

Hoppa, G.V., Tufts, B.R., Greenberg, R., Geissler, P.E., 1999. Formation
of cycloidal features on Europa. Science 285, 1899-1902.

Hoppa, G.V., Greenberg, R., Riley, R.J., Tufts, B.R., 2001. Observational
selection effects in Europa image data: identification of chaotic terrain.
Icarus 151, 181-189.

Hussmann, H., Spohn, T., Wieczerkowski, K., 2002. Thermal equilibrium
states of Europa’s ice shell: implications for internal ocean thickness
and surface heat flow. Icarus 156, 143-151.

Kargel, J.S.,, Kaye, J.Z., Head IIl, JW., Marion, G.M., Sassen, R., Crow-
ley, JK., Balesteros, O.P., Grant, S.A., Hogenboom, D.L., 2000.
Europa's crust and ocean: origin, composition, the prospects for life.
Icarus 148, 226—265.

Khurana, K.K., Kivelson, M.G., Stevenson, D.J., Schubert, G., Russell,
C.T., Walker, R.J.,, Polanskey, C., 1998. Induced magnetic fields as
evidence for subsurface oceans in Europa and Callisto. Nature 395,
777-780.

Kirk, R.L., Stevenson, D.J., 1987. Therma evolution of a differenciated
Ganymede and implications for surface features. Icarus 69, 91-134.

Kivelson, M.G., Khurana, K.K., Stevenson, D.J.,, Bennett, L., Joy, S,
Russell, C.T., Waker, R.J., Zimmer, C., Polanskey, C., 1999. Europa
and Callisto: induced or intrinsic fieldsin a periodically varying plasma
environment. J. Geophys. Res. 104, 4609—-4625.

Kivelson, M.G., Khurana, K.K., Russell, C.T., Volwerk, M., Walker, R.J.,
Zimmer, C., 2000. Galileo magnetometer measurements: a stronger
case for a subsurface ocean at Europa. Science 289, 1340-1343.

Klinger, J., 1980. Influence of a phase transition of the ice on the heat and
mass balance of comets. Science 209, 271-272.

Leake, M.A., Greenberg, R., Hoppa, G.V., Tufts, B.R., 2002. A survey of
pits and uplifts features on Europa. Lunar Planet Sci. XXXIII, 1891
abstract, [CD-ROM].

Lucchita, B.K., Soderblom, L.A., 1982. The geology of Europa, in: Mor-
rison, D. (Ed.), Satellites of Jupiter, Univ.of Arizona Press, Tucson, pp.
521-555.

Lupo, M.J,, Lewis, J.S., 1979. Mass-radius relationships in icy satellites.
Icarus 40, 157-170.

Malin, M.C., Pieri, D.C., 1986. Europa, in: Burns, JA., Matthews, M.S.
(Eds.), Satellites, Univ.of Arizona Press, Tucson, pp. 689—717.

Matson, D.L., Brown, R.H., 1989. Solid-state greenhouses and their im-
plications for icy satellites. Icarus 77, 67-81.

McKinnon, W.B., 1998. Geodynamics of icy satellites, in: Schmitt, B., De
Bergh, C., Festou, M. (Eds.), Solar System Ices, Kluwer Academic,
Dordrecht, pp. 525-550.

McKinnon, W.B., 1999. Convective instability in Europa's floating ice
shell. Geophys. Res. Lett. 26, 951-954.

McKinnon, W.B., 2000. Europan heat flow and crustal thickness estimates
from fold wavelengths and impact ring graben widths. In 32nd Annual
Meeting of the DPS (abstract).

McKinnon, W.B., Shock, E.L., 2001. Ocean karma: what goes around on
Europa (or does it?). Lunar Planet. Sci. XXXII, 2181 abstract, [CD-
ROM].

Moore, JM., and 17 colleagues, 1998. Large impact features on Europa:
results of the Galileo nominal mission. Icarus 135, 127-145.

Moore, J.M., and 25 colleagues, 2001. Impact features on Europa: Results
of the Galileo Europa Mission (GEM). Icarus 151, 93-111.

Moresi, L.N., Solomatov, V.S., 1995. Numerical investigation of 2D con-
vection with extremely large viscosity variations. Phys. Fluids 7,
2154-2162.

Nimmo, F., Manga, M., 2002. Causes, characteristics and consequences of
convective diapirism on Europa. Geophys. Res. Lett. 29, 10.1029/2002
GL015754.

Nimmo, F., Stevenson, D.J., 2000. Influence of early plate tectonics on the
thermal evolution and magnetic field of Mars. J. Geophys. Res. 105,
11969-11979.

O'Brien, D.P., Geissler, P., Greenberg, R., 2002. A melt-through model for
chaos formation on Europa. Icarus 156, 152-161.

Ojakangas, G.W., Stevenson, D.J., 1989. Thermal state of an ice shell on
Europa. Icarus 81, 220-241.

Pappalardo, R.T., 2000. Upwarped domes on Europa: constraints on mot-
tled terrain formation. Lunar Planet. Sci. XXXI, 1719 abstract.

Pappalardo, R.T., Head, JW., the Galileo Imaging Team, 1999a. Europa:
role of the ductile layer. Lunar Planet. Sci. XXX, 1967 abstract,
[CD-ROM].

Pappaardo, R.T., and 10 colleagues, 1998. Geological evidence for solid-
state convection in Europa’s ice shell. Nature 391, 365-368.

Pappalardo, R.T., Head, JW., 2001. The thick-shell model of Europa's
geology: implications for crustal processes. Lunar Planet. Sci. XXXII,
1866 abstract, [CD-ROM].

Pappaardo, R.T., and 31 colleagues, 1999b. Does Europa have a subsur-
face ocean? Evauation of the geological evidence. J. Geophys. Res.
104, 24015-24055 .

Prockter, L.M., Antman, A.M., Pappalardo, R.T., Head, JW., Callins,
G.C., 1999. Europa: stratigraphy and geological history of the anti-
iovian region from Galileo E14 solid-state imaging data. J. Geophys.
Res. 104, 16531-16540.

Rathbun, JA., Musser, G.S., Squyres, S.W., 1998. |ce diapirs on Europa:
implications for liquid water. Geophys. Res. Lett. 25, 4157-4160.
Reynolds, R.T., Cassen, P.M., 1979. On the internal structure of the major

satellites of the outer planets. Geophys. Res. Lett. 6, 121-124.

Riley, J., Hoppa, G.V., Greenberg, R., Tufts, B.R., Geissler, P., 2000.
Distribution of chatic terrain on Europa. J. Geophys. Res. 105, 22599—
22615.

Ross, M.N., Schubert, G., 1987. Tida heating in an internal ocean model
of Europa. Nature 325, 133-134.

Ruiz, J., 2001. The stability against freezing of an internal liquid-water
ocean in Cadlisto. Nature 412, 409—-411.

Ruiz, J,, Tejero, R., 1999. Heat flow and brittle-ductile transition in the ice
shell of Europa. Lunar Planet. Sci. XXX, 1031 abstract, [CD-ROM].

Ruiz, J., Tgjero, R., 2000. Heat flows through theice lithosphere of Europa.
J. Geophys. Res. 105, 23283-23289.

Schenk, P.M., 2002. Thickness constraints on the icy shells of galilean
satellites from a comparison of crater shapes. Nature 417, 419—-421.

Schubert, G., Spohn, T., Reynolds, R.T., 1986. Thermal histories, compo-
sitions and internal structures of the moons of the solar system, in:
Burns, JA., Matthews, M.S. (Eds.), Satellites, Univ.of Arizona Press,
Tucson, pp. 224-292.

Schubert, G., Turcotte, D.L., Olson, P., 2001. Mantle Convection in the
Earth and Planets. Cambridge Univ. Press, Cambridge.

Shoemaker, E.M., Lucchita, B.K., Wilhelms, D.E., Plescia, J.B., Squyres,
S.\W., 1982. The geology of Ganymede, in: Morrison, D. (Ed.), Satel-
lites of Jupiter, Univ. of Arizona Press, Tucson, pp. 435-520.

Solomatov, V.S., 1995. Scaling of temperature- and stress-dependent vis-
cosity convection. Phys. Fluids 7, 266-274.

Sotin, C., Labrosse, S., 1999. Thermal convection in an isoviscous, infinite
Prandtl number fluid heated from within and from below: applications
to heat transfer through planetary mantles. Phys. Earth Planet. Inter.
122, 171-190.



J. Ruiz, R. Tejero / Icarus 162 (2003) 362-373 373

Sotin, C., Head, JW., IIl, Tobie, G.2001. Europa: tidal heating of up-
welling thermal plumes and the origin of lenticulae and chaos melting
Geophys. Res. Lett. 29 10.1029/2001GL 013844.

Spaun, N.A., Head, JW., 2001. A models of Europa's crustal structure:
recents Galileo results and implications for an ocean. J. Geophys. Res.
106, 7567-7576.

Spaun, N.A., Prockter, L.M., Pappalardo, R.T., Head, JW., Collins, G.C.,
Antman, A., Greeley, R., the Galileo SSI Team, 1999. Spatia distri-
bution of lenticulae and chaos on Europa. Lunar Planet. Sci. XXX,
1847 abstract, [CD-ROM].

Spaun, N.A., Head |11, JW., Pappalardo, R.T., the Galileo SSI Team, 2000.
Analysis of chaos and lenticulae on the leading quadrant of Europa.
Lunar Planet. Sci. XXXI, 1044 abstract, [CD-ROM].

Spaun, N.A., Pappalardo, R.T., Head, JW., 2001. Equatorial distribution of
chaos and lenticulae on Europa. Lunar Planet. Sci. XXXII, 2132 ab-
stract, [CD-ROM].

Spaun, N.A., Head, JW., Pappalardo, R.T., 2002. The spacing distances of
chaos and lenticulae on Europa. Lunar Planet. Sci. XXXIII, 1723
abstract, [CD-ROM].

Spohn, T., Schubert, G., 2002. Oceans in the icy galilean satellites? Icarus
161, 458-469 .

Squyres, SW., Reynolds, R.T., Cassen, P.M., Peale, S.J., 1983. Liquid
water and active resurfacing on Europa. Nature 301, 225-226.

Thomson, R.E., Delaney, JR., 2001. Evidence for a weakly stratified
europan ocean sustained by seafloor heat flux. J. Geophys. Res. 106,
12355-12365.

Tobie, G., Choblet, G., Mocquet, A., Pargamin, J., Sotin, C., 2002. Tidally
heated convection within Europa's ice shell. Lunar Planet. Sci.
XXXI11, 1498 abstract, [CD-ROM].

Turcotte, D.L., Schubert, G., 2002. Geodynamics, second ed. Cambridge
Univ. Press, Cambridge.

Turtle, E.P., Ivanov, B.A., 2002. Numerical simulations of impact crater
excavation and collapse on Europa: implications for ice thickness.
Lunar Planet. Sci XXXIII, 1431 abstract, [CD-ROM].

Urquhart, M.L., Jakosky, B.M., 1996. Constraints on the solid-state green-
house effect on the icy Gadlilean satellites. J. Geophys. Res. 101,
21169-21176.

Wang, H., Stevenson, D.J., 2000. Convection and internal melting of
Europa's ice shell. Lunar Planet. Sci. XXXI, 1293 abstract, [CD-
ROM].

Zahnle, K., Dones, L., Levison, H.F., 1998. Cratering rates on the Galilean
satellites. Icarus 136, 202—-230.

Zimmer, C., Khurana, K.K., Kivelson, M.G., 2000. Subsurface oceans on
Europa and Callisto: constraints from Galileo magnetometer observa-
tions. lcarus 147, 329-347.



	Heat flow, lenticulae spacing, and possibility of convection in the ice shell of Europa
	Introduction
	Shell thickness and heat flow in the onset of convection
	Depth and temperature at the base of a conductive ice shell
	The instability criterion
	Results: possibility of the onset of convection in the ice shell

	Lithospheric heat flows and lenticulae spacing
	Possible origins for the high heat flows
	Thickness and heat flow of a convective layer tidally heated from within
	Results: possible stable structures of a tidally heated convective ice shell

	Summary and conclusions
	Acknowledgments
	References


