
Icarus 177 (2005) 438–446
www.elsevier.com/locate/icarus

The heat flow of Europa

Javier Ruiz∗

n internal
ithosphere
in rate of
sition
rater,
es are

l
h
the ice
,
nd domes

rmed

er-
e of
;

of

ows
on
ere.
Departamento de Geodinámica, Facultad de Ciencias Geológicas, Universidad Complutense de Madrid, 28040 Madrid, Spain

Received 5 July 2004; revised 22 November 2004

Available online 25 May 2005

Abstract

The heat flow from Europa has profound implications for ice shell thickness and structure, as well as for the existence of a
ocean, which is strongly suggested by magnetic data. The brittle–ductile transition depth and the effective elastic thickness of the l
are here used to perform heat flow estimations for Europa. Results give preferred heat flow values (for a typical geological stra
10−15 s−1) of 70–110 mW m−2 for a brittle–ductile transition 2 km deep (the usually accepted upper limit for the brittle–ductile tran
depth in the ice shell of Europa), 24–35 mW m−2 for an effective elastic thickness of 2.9 km supporting a plateau near the Cilix impact c
and>130 mW m−2 for effective elastic thicknesses of�0.4 km proposed for the lithosphere loaded by ridges and domes. These valu
clearly higher than those produced by radiogenic heating, thus implying an important role for tidal heating. The�19–25 km thick ice shel
proposed from the analysis of size and depth of impact structures suggests a heat flow of�30–45 mW m−2 reaching the ice shell base, whic
in turn would imply an important contribution to the heat flow from tidal heating within the ice shell. Tidally heated convection in
shell could be capable to supply∼100 mW m−2 for superplastic flow, and, at the Cilix crater region,∼35–50 mW m−2 for dislocation creep
which suggests local variations in the dominant flow mechanism for convection. The very high heat flows maybe related to ridges a
could be originated by preferential heating at special settings.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Heat flow is a fundamental factor for understanding the
evolution and present-day state of a planetary body, and so
it is an important parameter to constraint geodynamic mod-
els. In Europa’s case, the heat flow value has profound im-
plications for ice shell thickness and structure, and for the
possible existence of an internal ocean. It is therefore re-
lated (although not in a simple way) to the famous thin shell
vs thick shell debate. The extreme positions in this debate

impact structures suggest that these features were fo
in an icy shell at least∼19–25 km thick(Schenk, 2002),
supporting a thick or (at least) relatively thick shell. Oth
wise, there are solid evidences in favor of the existenc
an internal ocean beneath the icy shell(Khurana et al., 1998
Kivelson et al., 2000), whose top would be∼20 km below
the surface if its electrical conductivity is similar to that
terrestrial sea water(Schilling et al., 2004).

Previous works have performed estimates of heat fl
for Europa from the depth to the brittle–ductile transiti
and from the effective elastic thickness of the lithosph
defend, respectively, a shell thermally conductive a few kilo-
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meters thick (e.g.,Greenberg et al., 2000, 2002), or a shell
a few tens of kilometers thick and maybe convective in
lower part (e.g.,Pappalardo et al., 1999; Pappalardo a
Head, 2001). The analysis of size and depth of the larg
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On the basis of the geological evidence it has been
gested that the depth to the brittle–ductile transition
the europan icy shell would be 2 km at the most (e
Pappalardo et al., 1999). The brittle–ductile transition mark
the depth at which temperatures are high enough to pe
ductile (and temperature-dependent) creep to be dom
over brittle failure as deformation mechanism. As cree
temperature-dependent, the depth to the brittle–ductile
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sition can be used as a heat flow indicator: it has been pro-
posed that heat flows of at least∼100–200 mW m−2 are
needed to put the brittle–ductile transition at a depth�2 km
(Ruiz and Tejero, 1999, 2000; Pappalardo et al., 1999;
McKinnon, 2000). Similarly, McKinnon et al. (2002)ob-

ld-

ting
of

-

s of
tion

chu
s
on
ow
,
2)

es)
;
et

-
nge

ow
an-
tive
ima-
k-
the

ions
ater
;

;

to
of

si-
9;
in
-

en

ly
uc-

ic of

h of
–

r
pa
s
rel-
and

ri-
,

tile
der
his
for
vide

ta-
d for
n,

y, by
tained a minimum heat flow of 75 mW m−2 from an exten-
sional/compressional lithospheric instability model of fo
ing at Astypalaea Linea. On the other hand,Nimmo et al.
(2003)calculated the effective elastic thickness suppor
a plateau in the Cilix crater region, deducing a heat flow
34 mW m−2 (see Section3), clearly lower than above men
tioned values.

These heat flow values can be compared with result
theoretical models of tidal and radiogenic heat dissipa
for Europa. Early models obtained heat flows�50 mW m−2

(Cassen et al., 1982; Squyres et al., 1983; Ross and S
bert, 1987; Ojakangas and Stevenson, 1989). Some estimate
of tidal heating in the rocky portion of Europa, based
scalings of total dissipation in Io, have yielded heat fl
values in the range∼190–290 mW m−2 (Geissler et al.
2001; Thomson and Delaney, 2001; O’Brien et al., 200,
which would stabilize a conductive ice shell∼2–3 km thick
(clearly thinner than suggested from impact crater analys
On the other hand, recent analyses(Hussmann et al., 2002
Nimmo and Manga, 2002; Ruiz and Tejero, 2003; Tobie
al., 2003; Showman and Han, 2004)of heat transfer in a Eu
ropa’s convective ice shell have given heat flows in the ra
of ∼20–150 mW m−2.

In this paper I first realize a re-evaluation of heat fl
estimations for Europa deduced from the brittle–ductile tr
sition depth, in terms of strain rate. Then, I use effec
elastic thicknesses in order to obtain independent est
tions of heat flow. The relation between ice shell thic
ness and heat flow reaching the ice shell base, from
rock and metal core, is also discussed. The calculat
are based solely on the physical properties of pure w
ice. Substances such as ammonia (e.g.,Cassen et al., 1982
Spohn and Schubert, 2003) or salts (e.g.,Kargel et al., 2000
Prieto-Ballesteros and Kargel, 2005) may exist in the ice
shell, but it is not known whether in sufficient amounts
significantly modify the rheological or thermal properties
water ice.

2. Heat flow from the brittle–ductile transition depth

For Europa, it is usual to put the brittle–ductile tran
tion 2 km deep at most (e.g.,Pappalardo et al., 1998, 199
McKinnon, 2000). For example, the undulations found
Astypalaea Linea, interpreted as folds(Prockter and Pap
palardo, 2000), have a wavelength of∼25 km, which would
imply a brittle–ductile transition∼2 km deep(McKinnon,
2000). Undulations with a similar spacing have also be
observed in the leading hemisphere of Europa(Figueredo
and Greeley, 2000). On the other hand, troughs, possib
grabens, in the Callanish and Tyre multiring impact str
-

.
Fig. 1. Troughs northeast Tyre impact structure are seen in a mosa
Galileo images taken during orbit E14. Troughs are up to∼1.5–2 km wide,
suggesting a brittle–ductile transition∼1–2 km deep.

tures are up to 0.8–2 km wide (seeFig. 1): if these troughs
are interpreted as grabens then its width implies a dept
faulting of∼1–2 km, which could correspond to the brittle
ductile transition(Moore et al., 1998; McKinnon, 2000).

Previous heat flow calculations byRuiz and Tejero
(1999, 2000)and Pappalardo et al. (1999)used a strain
rate of 2× 10−10 s−1, which is roughly the mean value fo
tidally induced strain rates in a floating ice shell on Euro
(Ojakangas and Stevenson, 1989), but geological processe
on Europa should involve slower strain rates, although
evant strain rates are unknown. Theoretical models of b
opening suggest strain rates in the range∼10−12–10−15 s−1

(Nimmo, 2004a; Stempel et al., 2004). Non-synchronous
rotation, which is apparently related to the origin and o
entation of many features on Europa (e.g.,Greenberg et al.
1998), would have associated strain rates of�10−14 s−1

(Nimmo et al., 2003; Manga and Sinton, 2004). Thus, here
I recalculate the heat flow corresponding to a brittle–duc
transition 2 km deep in terms of the strain rate. I consi
results for∼10−15 s−1 as most representatives, since t
value is typical for many geological processes; results
tidal strain rates are also of interest, because they pro
solid upper limits to the calculations.

Assuming preexisting planes of fractures of all orien
tions (in the absence of pore fluid pressure, as expecte
an icy satellite), the brittle strength in the icy shell is give
for stress regime of compression and tension respectivel
(seeRuiz and Tejero, 2000)

(1a)(σ1 − σ3)comp= 2(µρgz + S)B
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and

(1b)(σ1 − σ3)ten= 2(µρgz + S)B

2µB + 1
,

whereµ is the friction coefficient,z is the depth,ρ is the
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flow mechanism when grain sizes are bigger than∼1 mm
(McKinnon, 1999; Durham et al., 2001).

The knowledge of the depth to the temperatureTz al-
lows the calculation of the vertical heat flow. Although tidal
heating in the ice shell must importantly contribute to the
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density,g is the gravity,S is the material’s cohesion, an
B = (µ2 +1)1/2 +µ; for water iceµ = 0.55 andS = 1 MPa
(Beeman et al., 1988), andρ = 930 kgm−3; for Europag =
1.31 m s−2.

In turn, the ductile strength of water ice is given by

(2)(σ1 − σ3)d =
(

ε̇dp

A

)1/n

exp

(
Q

nRT

)
,

where ε̇ is the strain rate,A, p, and n are laboratory-
determined constants,d is the grain size,Q is the activa-
tion energy of creep,R = 8.3145 Jmol−1 K−1 is the gas
constant, andT is the absolute temperature. In planeta
conditions, water ice creep mainly should occur by sup
plastic (grain boundary sliding dominated) flow, which
grain size-sensitive, or dislocation creep, which is indep
dent of grain size (for reviews of water ice rheology s
Durham and Stern, 2001; Goldsby and Kohlstedt, 20).
For superplastic flow atT < 255 K (the relevant case her
Q = 49 kJmol−1, A = 3.9× 10−3 MPa−n mp s−1, p = 1.4,
and n = 1.8 (Goldsby and Kohlstedt, 2001); for disloca-
tion at T < 240 K creepQ = 61 kJmol−1, A = 1.26 ×
105 MPa−n s−1, p = 0 andn = 4 (e.g.,Durham and Stern
2001).

Superplastic flow is considered by some authors
the prevailing ductile deformation mechanism on Euro
(Pappalardo et al., 1998; McKinnon, 1999; Goldsby a
Kohlstedt, 2001), although high differential stresses (and d
ferential stresses of at least several megapascals are n
to equal the brittle strength at the brittle–ductile transit
(Ruiz and Tejero, 2000)), warm temperatures and ice cry
tal growth (which is in turn temperature-enhanced) incre
the contribution of dislocation creep. It has therefore b
suggested that this mechanism should also be taken int
count for Europa’s ice shell modeling(Durham et al., 2001).
Thus, the calculations have been performed for both
perplastic flow and dislocation creep, although this kind
calculation is relatively insensitive to the water ice rhe
ogy, as evidenced by previous works(Ruiz and Tejero, 2000
Ruiz, 2003). Convective processes are much more rheolo
sensitive than lithospheric processes, but they are beyon
scope of this paper.

For superplastic flow, grain sizes ofd = 0.1 and 1 mm
were used in the calculations. Spectral analysis of a yo
fracture in the Tyre region suggests that the mean grain
of the shallow subsurface layer is 0.1 mm or greater(Geissler
et al., 1998). Although this local and shallow value may n
be relevant for geodynamics calculations, a grain size lo
than 0.1 mm would not be reasonable if there are no
purities, which limit the crystal growth(McKinnon, 1999).
On the other hand, dislocation creep becomes an impo
ed

-

e

t

Europa’s heat budget (e.g.,Cassen et al., 1982; Squyres
al., 1983; Ross and Schubert, 1987; Ojakangas and Ste
son, 1989), this effect is strongly temperature-depend
(Ojakangas and Stevenson, 1989), and the part of the she
that contributes most to total heat flow is the warm, deep,
maybe convective ice near its base. On these grounds, it
be considered that the ice lithosphere (the outer and
layer which may support geological stresses) is heated
below. So, taking a temperature-dependent thermal con
tivity for water ice according tok = k0/T , the heat flow is
given by

(3)F = k0

z
ln

(
Tz

Ts

)
,

wherek0 = 567 W m−1 (Klinger, 1980), andTs is the surface
temperature.

The temperature at the brittle–ductile transition dept
obtained by equating Eqs.(1a) or (1b) and (2)for z = zBDT.
The surface temperature is here taken as 100 K, whic
considered as representative of the mean temperature a
ropa’s surface (e.g.,Ojakangas and Stevenson, 1989).

The results forzBDT = 2 km are shown inFig. 2, and
it can be seen that heat flow values for superplastic flow
dislocation creep are similar. Complementarily,Fig. 3shows
heat flows for dislocation creep and strain rates of 10−15 s−1

in terms of brittle–ductile transition depth; heat flows
strain rates of 2× 10−10 s−1 in terms of brittle–ductile tran
sition depth were obtained byRuiz and Tejero (2000). For
zBDT = 2, a typical geological strain rate of 10−15 s−1 im-
plies a heat flow of 70–110 mW m−2, and a tidal strain o
2 × 10−10 s−1 puts an upper limit of 160–210 mW m−2.
Summarizing, a brittle–ductile transition 2 km deep is c
sistent with heat flows of 70–210 mW m−2; values toward
the lowermost part of this range are probably more re
sentatives.

3. Heat flow from effective elastic thicknesses

The methodology described byMcNutt (1984), which re-
lates effective elastic thickness, curvature of an elastic p
and the strength envelope of the lithosphere, also perm
compute heat flows. This methodology is based in that
bending moment of the mechanical lithosphere must be
same that the bending moment of the equivalent elastic p
The bending moment of the elastic plate is

(4)M = EKT 3
e

12(1− ν2)
,

whereE is the Young’s modulus,K is the topography cur
vature,Te is the effective elastic thickness, andν is the Pois-
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son’s coefficient. The bending moment of the lithosphere is
given by

(5)M =
Tm∫

σ(z)(z − zn)dz,
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Fig. 2. Heat flow consistent with a brittle–ductile transition at 2 km depth,
in terms of the strain rate, for (a) compression and (b) tension. Surface tem-
perature is taken as 100 K, a value thought to be representative of the mean
temperature at Europa’s surface. Black curves represent ductile deforma-
tion due to dislocation creep. Gray curves indicate ductile deformation due
to superplastic (grain boundary sliding dominated) flow for grain sizes of
0.1 and 1 mm.

Fig. 3. Heat flow for dislocation creep, a strain rate of 10−15 s−1, and stress
regimes of compression and tension, in terms of the brittle–ductile transition
depth.

0

where Tm is the mechanical thickness of the lithosphe
σ(z) is the minor, atz depth, between the brittle strengt
the ductile strength or the fiber stress, andzn is the depth to
the neutral stress plane.

The effective elastic thickness is not the thickness
a real layer, but a measure of the total strength of
lithosphere, which integrate contributions from brittle a
ductile layers and the elastic core of the lithosphere
reviews seeWatts, 2001; Watts and Burov, 2003). In turn,
the mechanical lithosphere is the real layer that can sup
stresses over geological times, and its base is usually
fined (e.g.,McNutt, 1984) as the depth to an isotherm su
that strength in Eq.(2) reaches a given low value (becau
flexure,Tm > Te). For Europa, the base of the mechani
lithosphere could be taken as the base of the stagnan
in case of convection, roughly corresponding to the 24
isotherm (e.g.,Ruiz and Tejero, 2003).

The brittle strength is calculated according the Eqs.(1a)
or (1b). The ductile strength is calculated according
Eq. (2) by taking into account the temperature profile giv
by

(6)Tz = Tsexp

(
Fz

k0

)
.

The fiber stress is calculated from (e.g.,Turcotte and
Schubert, 2002)

(7)σfib = EK(z − zn)

1− ν2
;

for water ice in experimental conditionsE = 9 GPa andν =
0.325 (Petrenko and Whitworth, 1999). Additionally, it is
imposed the condition of zero net axial force,

(8)

Tm∫
0

σ(z)dz = 0.

The heat flow is calculated by simultaneously solv
Eqs.(5)–(8).

As was mentioned in the Introduction,Nimmo et al.
(2003)calculated the rigidity of the lithosphere supporti
a plateau to the southwest of Cilix impact crater, nearly
the center of the Europa’s anti-jovian hemisphere, by
ing topographic profiles elaborated from a digital elevat
model. These authors found an effective elastic thicknes
6 km forE = 1 GPa (according to observations of terrest
ice sheets;Vaughan, 1995), and 2.9 km forE = 9 GPa (ac-
cording to laboratory measurements).Nimmo et al. (2003)
used the 6 km result, taken as the thickness of homogen
elastic layer with top at the surface, and assumed a tem
ature of 150 K for the base of this layer, to propose a fi
order estimation of 34 mW m−2 for the local heat flow. Here
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Fig. 4. Heat flow deduced from effective elastic thickness of 2.9 km for
lithosphere supporting a plateau southwest of Cilix impact crater. Su
temperature is taken as 110 K, according to the location of this feature
to the equator. Black curve represents ductile deformation due to disloc
creep. Gray curves indicate ductile deformation due to superplastic (
boundary sliding dominated) flow for grain sizes of 0.1 and 1 mm.

I use the effective elastic thickness of 2.9 km and a m
imum topography curvature of 7.5 × 10−7 m−1 (Nimmo,
2004b), in order to perform a more accurate heat flow cal
lation from the equivalent strength envelope methodolog
terms of strain rate and by using superplastic flow (with gr
sizes of 0.1 and 1 mm) and dislocation creep as the d
nant creep mechanism. Since this region is located clos
the equator I use a surface temperature of 110 K(Ojakangas
and Stevenson, 1989).

Results are shown inFig. 4. For a strain rate of 10−15 s−1

the heat flow is 24–35 mW m−2, and an upper limits o
57–69 mW m−2 can be obtained from a tidal strain rate
1.2 × 10−10 s−1 (appropriate for this region; see Fig. 1
Ojakangas and Stevenson, 1989). So,∼25–70 mW m−2 is a
permissive range for the heat flow deduced from this feat
with values in the lower part of this range being maybe m
realistic. Effective elastic thickness values of 2.9 and 6
are apparently very different. As stated above, the effec
elastic thickness is a measure of lithospheric strength,
not a real layer thickness. The calculation of the effec
elastic thickness is dependent on the used Young mod
value (the lower the Young modulus the higher the effec
elastic thickness), and the use of different set ofTe andE

values does not necessarily changes the obtained heat
in a substantial manner, although I prefer, by consiste
with rheological laws experimentally obtained, to use
laboratory measure for Young modulus. For example,
E = 1 GPa,Te = 6 km, the heat flow is 21–32 mW m−2 for
ε̇ = 10−15 s−1, and 50–60 mW m−2 for ε̇ = 1.2×10−10 s−1.

Europan ridges and domes could also load the icy s
Observation of loading effects could be used to calculate
effective elastic thickness of the lithosphere. On the b
of photoclinometric profiles,Hurford et al. (2004)have pro-
posed the existence of flexural bulges flanking ridges,
then have used distances between bulges’ crests and r
s

s

Fig. 5. The remarkable double ridge Androgeos Linea is flanked by
tures, separated roughly 3 km from axis ridge. Fractures were prob
caused by ridge load.

axis to calculate (forE = 9 GPa) effective elastic thick
nesses lower (with a unique exception) than 400 m. On
other hand,Billings and Kattenhorn (2002)used distance to
cracks flanking three ridges (Fig. 5) as indicators of the max
imum tensile stress position in the flexed layer, and then
distance was utilized to calculate elastic thicknesses of
2.6 km, depending on the feature and parameter values
Similarly, Williams and Greeley (1998)deduced an elasti
thickness of 0.15–1.0 km from the bulge caused by a d
surrounding Conamara Chaos.

Works byWilliams and Greeley (1998)andBillings and
Kattenhorn (2002)used a density of 1186 kg m−3, appropri-
ated for the eutectic liquid of the ternary system MgSO4–
Na2SO4–H2O, for the material beneath the elastic layer. U
ing the density of a liquid for the material underlying t
elastic layer is not an adequate procedure, since, as s
above, the effective elastic thickness is not the thickn
of a real layer. Re-scaling their results for ice density
E = 9 GPa, effective elastic thicknesses of∼0.1–0.4 km are
obtained for the case of the fractures flanking ridges (wh
is consistent with the results inHurford et al., 2004) and
∼0.1–0.2 km for the dome case.

These effective elastic thicknesses can also be conv
to heat flow by using the procedure described here. Fo
case of effective elastic thicknesses�0.4 km, and assum
ing topography curvatures as high as 10−5 m−1 in order to
obtain lower limits (the curvature is taken concave dow
ward, since maximum curvature is located in the flexu
bulge for layers flexed by ridges and domes; seeTurcotte and
Schubert, 2002), the heat flow should be higher than∼130–
170 for a strain rate of 10−15 s−1. These values are highe
than those calculated in the previous section, and pr
bly represent very local conditions. Ridges and domes c
nevertheless have been formed in places of amplified h
ing, by shear heating at fractures(Gaidos and Nimmo, 2000
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Nimmo and Gaidos, 2002)or by tidal heating at raising
warm diapirs(McKinnon, 1999; Sotin et al., 2002). In this
case, elastic thicknesses proposed from ridges and domes
would not be representative of the Europa lithosphere, and
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Pappalardo et al., 1998; McKinnon, 1999; Hussmann et al.,
2002; Nimmo and Manga, 2002; Spohn and Schubert, 2003;
Ruiz and Tejero, 2003; Tobie et al., 2003). In this case the re-
lation between heat flow and shell thickness is more compli-
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so the implied heat flows are probably biased.
Finally, Figueredo et al. (2002)proposed an elastic thick

ness (forE = 9 MPa) of∼4±2 km for Murias Chaos region
This range is very wide and cannot be used to obtain pre
heat flow estimations.

4. The heat flow reaching the ice shell base

If the whole ice shell is thermally conductive and has
internal heat sources (i.e., the shell is heated from bel
the relation between heat flow and shell thickness is de
mined by ice thermal conductivity and surface temperat
The temperature at the base of the ice shell is given by
ice melting point, which is pressure-dependent accordin
(Chizhov, 1993)

(9)Tmelting= 273.16

(
1− P

395.2 MPa

)1/9

,

whereP is pressure. TakingP = ρgz and z = (total ice
thickness), Eq.(9) can be inserted in Eq.(3) in order to cal-
culate the heat flow corresponding to a given shell thickn
Fig. 6shows results forTs = 100 K. For a conductive shell a
least∼19–25 km thick(Schenk, 2002)the heat flow should
be at most∼20–30 mW m−2. As previously mentioned,
certain contribution to the total heat flow of Europa sho
come from tidal heating within the icy shell. So, these h
flow values must be considered as upper limits to the
flow reaching the icy shell base from the rock and metal c
(there is not significant tidal heating in an internal ocean

But there is not necessarily a direct relation between
flow and ice shell thickness. Indeed, the lower part of a th
(or relatively thick) europan ice shell can be convective (e

Fig. 6. Heat flow in terms of the thickness of a conductive ice shel
Europa. The temperature at the base of the shell is given by the ice m
point, which is pressure-dependent.
cated than in the conductive one, and the heat flow reac
the ice shell base is not determined from observation of
ological structures, which only inform about the conduct
heat flow through the stagnant lid of the convective syst
The conductive heat transfer in the stagnant lid is due to
heat flow from the actively convective sublayer, which c
be tidally heated. Also, there can be a contribution from t
heating in the warm convective ice. In any case, the an
sis of stability against convection of a floating ice shell
Europa implies that the onset of convection requires c
ductive heat flow decreasing under 10–45 mW m−2 (Ruiz
and Tejero, 2003), which are equivalent to a conductive i
shell at least∼10–50 km thick, depending on the domina
flow mechanism.

Thus, an ice shell at least∼20 km thick implies a hea
flow of at most∼30–45 mW m−2 reaching the shell base.

5. Discussion

Whereas there is a plenty of theoretical models of h
transfer on Europa (e.g.,Cassen et al., 1982; Ojakang
and Stevenson, 1989; Hussmann et al., 2002; Nimmo
Manga, 2002; Barr and Pappalardo, 2003; Ruiz and Te
2003; Spohn and Schubert, 2003; Tobie et al., 2003; Sh
man and Han, 2004), information on the true heat flow from
this moon is very sparse.

From brittle–ductile transition depths or effective elas
thicknesses, reliable upper limits for the heat flow can
established by using tidal strain, but lower limits are mu
more difficult to obtain. The existence of a regolith surfa
layer (e.g.,Ross and Schubert, 1987) or a solid-state green
house in the uppermost ice (e.g.,Matson and Brown, 1989),
could result in a significantly higher temperature very cl
to the surface, which is equivalent to an effective surf
temperature higher than the observed, and to lowering
heat flow(Ruiz, 2003). Similarly, the presence of porosi
would result in a reduction of the thermal conductivity, a
consequently in a decrease in the calculated heat flow.
likelihood of porosity increases with proximity to the su
face, which reinforces the possible reduction of the ther
conductivity, since cold temperatures predict a high ther
conductivity for pure (crystalline) ice. It is important to b
aware of these possible effects, although they were not t
into account in the calculations here presented, due to
the extent of its influence is unknown.

Besides those complexities, the majority of indicatio
on heat flows suggest high values when compared with
produced from present-day radiogenic heating (roughly
plicable given the youth of europan surface,∼30 to 70 Myr
in average;Zahnle et al., 2003), which must contribute with
∼6–8 mW m−2 (Cassen et al., 1982; Squyres et al., 19
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Hussmann et al., 2002; Spohn and Schubert, 2003). This
implies an important role for tidal heating on the dynam-
ics of this satellite, as was proposed in classical works (e.g.,
Cassen et al., 1979, 1982; Squyres et al., 1983; Ross and
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range of 24–35 mW m−2 calculated (from the effective elas-
tic thickness) for the Cilix region than those obtained for
superplastic flow. Moreover, if the methodology of these au-
thors is applied by usingTs = 110 K (in these calculations
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Schubert, 1987; Ojakangas and Stevenson, 1989). Moreover,
heat flow values calculated in Sections2 and 3are higher or
similar respectively to the upper limits for the heat flow at
ice shell base discussed in Section4, which implies an im-
portant (maybe dominant) contribution to the total Europ
heat budget from tidal heating within the ice shell.

Tidal heating in the ice shell could mainly occur in t
warm interior of a convective layer(McKinnon, 1999; Ruiz
and Tejero, 2000, 2003; McKinnon and Shock, 2001). Ruiz
and Tejero (2003)have calculated equilibrium heat flow
that can be generated and transferred (toward the stag
lid base) by a convective ice layer heated from within
tidal dissipation. Although a certain amount of heat must
ter the ice shell from below, convection heated from wit
can be taken as a valid approximation if the dominant c
tribution to the heat flow arises from tidal dissipation in t
convective layer. These authors followedMcKinnon (1999),
which regards the use of Newtonian viscosity sufficient
convection if an average effective viscosity is appropria
defined in terms of tidal strain rates (taken as 2×10−10 s−1),
since tidal stresses on Europa are much higher that t
due to thermal buoyancy. In this point, it is worth to ma
clear again that geological processes in the non-conve
stagnant lid would be related to slower strain rates: a typ
geological strain rate of∼10−15 s−1 can be roughly appro
priate for heat flow calculation based on the brittle–duc
transition depth or on the effective elastic thickness of
lithosphere.

Results inRuiz and Tejero (2003)for superplastic flow
are 80–130 mW m−2 (and an ice shell∼15–50 km thick, in-
cluding the essentially non-dissipative stagnant lid) for gr
sizes of 0.1–1 mm, values similar to the most likely ran
of 70–110 mW m−2 obtained for a brittle–ductile transitio
depth of 2 km (although grain size dependence have opp
tendencies in both set of calculations: increasing grain
decrease convective heat flow), and to the>75 mW m−2 ob-
tained byMcKinnon et al. (2002)for folding at Astypalaea
Linea. So, tidally heated convection in the ice shell w
superplastic flow as dominant flow mechanism could be
pable to explain heat flows of∼100 mW m−2, in accordance
with some geological observations. In this context very h
heat flows possibly associated with fractures and do
would be originated by preferential heating at special
tings.

On the other hand,Ruiz and Tejero (2003)obtained∼40–
60 mW m−2 for dislocation creep. (According toDurham
et al. (1997)two regimes characterize the flow law of d
location creep forT < 258 K, separated by a temperatu
of 240 K, whereasGoldsby and Kohlstedt (2001)found
one regime only, similar to the low temperature regime
Durham et al. (1997): both possibilities were considered
the calculations.) These values are closer to the prefe
t

d

heat flow is almost independent of the surface tempera
but it is not the case for stagnant lid and whole shell thi
nesses) and a tidal strain rate of 1.2×10−10 s−1, the convec-
tive heat flow is∼35–50 mW m−2 (and the shell thicknes
∼30–40 km thick) for dislocation creep. This is consist
(still more if it is taken into account uncertainty in geolo
ical strain rates) with local variations in the dominant flo
mechanism for convection, which in turn could arise fro
variations in the grain size (see Section2). In any case, the
main flow mechanism in the convective layer is not nec
sarily the same that the one dominating in the mechan
lithosphere.

Some authors have proposed that the geological re
of Europa contains evidence of a shell thickening w
time (e.g.,Prockter et al., 1999; Pappalardo et al., 19
Figueredo and Greeley, 2004), which could lead to the on
set of convection from an initial entirely conductive she
This inference is based on a proposed change in the
of resurfacing from mainly tectonic to destruction of p
existent terrains by chaos and lenticulae formation. Fur
work in many lines, including the precise temporal relat
between features utilized as heat flow indicators, is nee
in order to help to refine the thermal history. In any ca
a tidally heated convective ice shell can satisfy the cur
constraints for heat flows and shell thickness on Europa
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