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Abstract

The heat flow from Europa has profound implications for ice shell thickness and structure, as well as for the existence of an internal
ocean, which is strongly suggested by magnetic data. The brittle—ductile transition depth and the effective elastic thickness of the lithospher
are here used to perform heat flow estimations for Europa. Results give preferred heat flow values (for a typical geological strain rate of
10715 s‘l) of 70-110 mW 2 for a brittle—ductile transition 2 km deep (the usually accepted upper limit for the brittle—ductile transition
depth in the ice shell of Europa), 24—35 mW &for an effective elastic thickness of 2.9 km supporting a plateau near the Cilix impact crater,
and>130 mW n1 2 for effective elastic thicknesses 0.4 km proposed for the lithosphere loaded by ridges and domes. These values are
clearly higher than those produced by radiogenic heating, thus implying an important role for tidal heatipd.9H#5 km thick ice shell
proposed from the analysis of size and depth of impact structures suggests a heatfB45 mW nT2 reaching the ice shell base, which
in turn would imply an important contribution to the heat flow from tidal heating within the ice shell. Tidally heated convection in the ice
shell could be capable to suppiy100 mW m 2 for superplastic flow, and, at the Cilix crater regier85-50 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 and dome!
could be originated by preferential heating at special settings.
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1. Introduction impact structures suggest that these features were formed
in an icy shell at least~19-25 km thick(Schenk, 2002)

Heat flow is a fundamental factor for understanding the supporting a thick or (at least) relatively thick shell. Other-
evolution and present-day state of a planetary body, and sowise, there are solid evidences in favor of the existence of
it is an important parameter to constraint geodynamic mod- &0 internal ocean beneath the icy slfturana etal., 1998;
els. In Europa’s case, the heat flow value has profound im- Kivelson et al., 200Q)whose top would be-20 km below
plications for ice shell thickness and structure, and for the the surface if its electrical conductivity is similar to that of
possible existence of an internal ocean. It is therefore re- terrestrial sea watgBchilling etal., 2004)
lated (although not in a simple way) to the famous thin shell _ Previous works have performed estimates of heat flows
vs thick shell debate. The extreme positions in this debate fOF Europa from the depth to the brittle-ductile transition
defend, respectively, a shell thermally conductive a few kilo- and from thg effective elastl.c thlckness of. the lithosphere.
meters thick (e.g.Greenberg et al., 2000, 2002r a shell On the basis of the geological eyldence '.t has be_en Sug-
a few tens of kilometers thick and maybe convective in its gested that the depth to the brittle—ductile transition in
lower part (e.g.,Pappalardo et al., 1999; Pappalardo and the europan icy shell would be 2 km at the most (e.g.,

X . Pappalardo et al., 1999The brittle—ductile transition marks
Head, 200). The analysis of size and depth of the largest the depth at which temperatures are high enough to permit

ductile (and temperature-dependent) creep to be dominant
* Fax: +34 913944845, over brittle failure as deformation mechanism. As creep is
E-mail addressjaruiz@geo.ucm.es temperature-dependent, the depth to the brittle—ductile tran-
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sition can be used as a heat flow indicator: it has been pro—

posed that heat flows of at leastl00-200 mW m? are
needed to put the brittle—ductile transition at a degthkm
(Ruiz and Tejero, 1999, 2000; Pappalardo et al., 1999;
McKinnon, 2000) Similarly, McKinnon et al. (2002)ob-
tained a minimum heat flow of 75 mWT4 from an exten-
sional/compressional lithospheric instability model of fold-
ing at Astypalaea Linea. On the other hahiimmo et al.
(2003) calculated the effective elastic thickness supporting
a plateau in the Cilix crater region, deducing a heat flow of
34 mW nt2 (see Sectiol), clearly lower than above men-
tioned values.

These heat flow values can be compared with results of
theoretical models of tidal and radiogenic heat dissipation
for Europa. Early models obtained heat flow§0 mW nt?2

(Cassen et al., 1982; Squyres et al., 1983; Ross and Schujih

bert, 1987; Ojakangas and Stevenson, 1988)ne estimates
of tidal heating in the rocky portion of Europa, based on
scalings of total dissipation in lo, have yielded heat flow
values in the range-190-290 mw m? (Geissler et al.,
2001; Thomson and Delaney, 2001; O’'Brien et al., 2002)
which would stabilize a conductive ice shelP—3 km thick

(clearly thinner than suggested from impact crater analyses). ‘

On the other hand, recent analygetsissmann et al., 2002;
Nimmo and Manga, 2002; Ruiz and Tejero, 2003; Tobie et
al., 2003; Showman and Han, 20@f)heat transfer in a Eu-
ropa’s convective ice shell have given heat flows in the range
of ~20-150 mwW m2.
In this paper | first realize a re-evaluation of heat flow

estimations for Europa deduced from the brittle—ductile tran-
sition depth, in terms of strain rate. Then, | use effective

elastic thicknesses in order to obtain independent estima-

tions of heat flow. The relation between ice shell thick-

ness and heat flow reaching the ice shell base, from the

rock and metal core, is also discussed. The calculations
are based solely on the physical properties of pure water
ice. Substances such as ammonia (€gssen et al., 1982;
Spohn and Schubert, 2008 salts (e.g.Kargel et al., 2000;
Prieto-Ballesteros and Kargel, 2Q0Bay exist in the ice
shell, but it is not known whether in sufficient amounts to
significantly modify the rheological or thermal properties of
water ice.

2. Heat flow from the brittle-ductile transition depth

For Europa, it is usual to put the brittle—ductile transi-
tion 2 km deep at most (e.cPappalardo et al., 1998, 1999;
McKinnon, 200Q. For example, the undulations found in
Astypalaea Linea, interpreted as fol(Rrockter and Pap-
palardo, 200Q)have a wavelength of25 km, which would
imply a brittle—ductile transition~2 km deep(McKinnon,
2000) Undulations with a similar spacing have also been
observed in the leading hemisphere of Eur@¢pmueredo
and Greeley, 2000)0On the other hand, troughs, possibly
grabens, in the Callanish and Tyre multiring impact struc-

Fig. 1. Troughs northeast Tyre impact structure are seen in a mosaic of
Galileo images taken during orbit E14. Troughs are up105-2 km wide,
suggesting a brittle—ductile transitieril—2 km deep.

tures are up to 0.8-2 km wide (sE®. 1): if these troughs
are interpreted as grabens then its width implies a depth of
faulting of ~1-2 km, which could correspond to the brittle—
ductile transitionMoore et al., 1998; McKinnon, 2000)

Previous heat flow calculations bRuiz and Tejero
(1999, 2000)and Pappalardo et al. (1999)sed a strain
rate of 2x 10719 s~1 which is roughly the mean value for
tidally induced strain rates in a floating ice shell on Europa
(Ojakangas and Stevenson, 198&)t geological processes
on Europa should involve slower strain rates, although rel-
evant strain rates are unknown. Theoretical models of band
opening suggest strain rates in the rang®12-101°s1
(Nimmo, 2004a; Stempel et al., 2004)lon-synchronous
rotation, which is apparently related to the origin and ori-
entation of many features on Europa (e@reenberg et al.,
1998, would have associated strain rates<of0-14 s=1
(Nimmo et al., 2003; Manga and Sinton, 200%hus, here
| recalculate the heat flow corresponding to a brittle—ductile
transition 2 km deep in terms of the strain rate. | consider
results for~10~1° s~ as most representatives, since this
value is typical for many geological processes; results for
tidal strain rates are also of interest, because they provide
solid upper limits to the calculations.

Assuming preexisting planes of fractures of all orienta-
tions (in the absence of pore fluid pressure, as expected for
an icy satellite), the brittle strength in the icy shell is given,
for stress regime of compression and tension respectively, by
(seeRuiz and Tejero, 2000

(01 — 03)comp= 2(upgz + S)B (1a)



and

2(upgz+ S)B
(Ul - US)ten = A 5 1

2uB + 1 (1b)

where u is the friction coefficient; is the depth, is the
density, g is the gravity,S is the material’s cohesion, and
B = (12 +1)Y2 + 1u; for water icex = 0.55 andS = 1 MPa
(Beeman et al., 1988andp = 930 kg n3; for Europag =
1.31ms?2,

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

édp l/n Q
(01— 03)d= <T) eXP(m),

where ¢ is the strain rate, A, p, and n are laboratory-
determined constantg, is the grain sizeQ is the activa-
tion energy of creepR = 8.3145 JmofttK~1 is the gas
constant, andl’ is the absolute temperature. In planetary
conditions, water ice creep mainly should occur by super-
plastic (grain boundary sliding dominated) flow, which is

(@)

grain size-sensitive, or dislocation creep, which is indepen-

dent of grain size (for reviews of water ice rheology see
Durham and Stern, 2001; Goldsby and Kohlstedt, 2001
For superplastic flow af' < 255 K (the relevant case here)
0=49kImoll, A=39x 103 MPa"m’s ™1, p =14,
and n = 1.8 (Goldsby and Kohlstedt, 20G1jor disloca-
tion at 7 < 240 K creepQ = 61 kJmol!, A = 1.26 x

10° MPa " s 1, p = 0 andn = 4 (e.g.,Durham and Stern,
200D.

flow mechanism when grain sizes are bigger thahmm
(McKinnon, 1999; Durham et al., 2001)

The knowledge of the depth to the temperat@yeal-
lows the calculation of the vertical heat flow. Although tidal
heating in the ice shell must importantly contribute to the
Europa’s heat budget (e.gCassen et al., 1982; Squyres et
al., 1983; Ross and Schubert, 1987; Ojakangas and Steven-
son, 1989 this effect is strongly temperature-dependent
(Ojakangas and Stevenson, 19880d the part of the shell
that contributes most to total heat flow is the warm, deep, and
maybe convective ice near its base. On these grounds, it may
be considered that the ice lithosphere (the outer and cold
layer which may support geological stresses) is heated from
below. So, taking a temperature-dependent thermal conduc-
tivity for water ice according t& = ko/ T, the heat flow is
given by

k T,
al In(—z),
Z Ts

whereko = 567 Wnt 1 (Klinger, 1980) andT7s is the surface
temperature.

The temperature at the brittle—ductile transition depth is
obtained by equating Egéla) or (1b) and (2jor z = zgpr.
The surface temperature is here taken as 100 K, which is
considered as representative of the mean temperature at Eu-
ropa’s surface (e.gQjakangas and Stevenson, 1989

The results forzgpt = 2 km are shown irFig. 2, and
it can be seen that heat flow values for superplastic flow and
dislocation creep are similar. Complementaffilig. 3shows

F= 3)

Superplastic flow is considered by some authors as heat flows for dislocation creep and strain rates of g1

the prevailing ductile deformation mechanism on Europa
(Pappalardo et al., 1998; McKinnon, 1999; Goldshy and
Kohlstedt, 2001)although high differential stresses (and dif-

in terms of brittle—ductile transition depth; heat flows for
strain rates of & 10~10s~1 in terms of brittle—ductile tran-
sition depth were obtained Hyuiz and Tejero (2000)~or

ferential stresses of at least several megapascals are needegd - — 2 a typical geological strain rate of 1t s im-

to equal the brittle strength at the brittle—ductile transition
(Ruiz and Tejero, 2000) warm temperatures and ice crys-

plies a heat flow of 70-110 mWTi, and a tidal strain of
2 x 10719 571 puts an upper limit of 160-210 MWTA.

tal growth (which is in turn temperature-enhanced) increase Summarizing, a brittle—ductile transition 2 km deep is con-
the contribution of dislocation creep. It has therefore been sjstent with heat flows of 70-210 mW# values toward
suggested that this mechanism should also be taken into acthe lowermost part of this range are probably more repre-

count for Europa’s ice shell modelif®urham et al., 2001)

Thus, the calculations have been performed for both su-

perplastic flow and dislocation creep, although this kind of
calculation is relatively insensitive to the water ice rheol-
ogy, as evidenced by previous wolluiz and Tejero, 2000;

Ruiz, 2003) Convective processes are much more rheology-

sentatives.

3. Heat flow from effective elastic thicknesses

The methodology described BdcNutt (1984) which re-

sensitive than lithospheric processes, but they are beyond theates effective elastic thickness, curvature of an elastic plate

scope of this paper.
For superplastic flow, grain sizes df= 0.1 and 1 mm

and the strength envelope of the lithosphere, also permit to
compute heat flows. This methodology is based in that the

were used in the calculations. Spectral analysis of a youngbending moment of the mechanical lithosphere must be the
fracture in the Tyre region suggests that the mean grain sizesame that the bending moment of the equivalent elastic plate.

of the shallow subsurface layer is 0.1 mm or greé®aissler
et al., 1998) Although this local and shallow value may not

be relevant for geodynamics calculations, a grain size lower py —
than 0.1 mm would not be reasonable if there are no im-

purities, which limit the crystal growtiMcKinnon, 1999)

The bending moment of the elastic plate is
EKT}

s, (4)

12(1—v?)

where E is the Young’s modulusK is the topography cur-

On the other hand, dislocation creep becomes an importantvature,Te is the effective elastic thickness, ands the Pois-
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Compression son’s coefficient. The bending moment of the lithosphere is
1 mm given by

~ 180 T

§ M Zfd(z)(z — zn) dz, (5)

€ 140 0

z

2 where Ty, is the mechanical thickness of the lithosphere,

g o (z) is the minor, atz depth, between the brittle strength,

T 100 the ductile strength or the fiber stress, apds the depth to

0.1 mm the neutral stress plane.
The effective elastic thickness is not the thickness of
60 - . . - - - - a real layer, but a measure of the total strength of the
-16 -15 -14 3 12 -1 -10 9 lithosphere, which integrate contributions from brittle and
Logyo Strain Rate (s™) ductile layers and the elastic core of the lithosphere (for
(@) reviews seaVatts, 2001; Watts and Burov, 2003n turn,

220 7 Tension the mechanical lithosphere is the real layer that can support
stresses over geological times, and its base is usually de-
fined (e.g.McNutt, 1989 as the depth to an isotherm such

180 4 that strength in Eq(2) reaches a given low value (because

wg flexure, T, > Tg). For Europa, the base of the mechanical

% lithosphere could be taken as the base of the stagnant lid

< 140 4 in case of convection, roughly corresponding to the 240 K

2 isotherm (e.g.Ruiz and Tejero, 2003

ki The brittle strength is calculated according the Eds)

T 100 4 or (1b) The ductile strength is calculated according the
Eq. (2) by taking into account the temperature profile given
by

60 . . . . : . ) Fz
-16 -15 -14 43 12 -1 -10 -9 T, = TseXIO<k—'>' (6)
Logyo Strain Rate (s™") 0
(b) The fiber stress is calculated from (e.gyrcotte and
Schubert, 200

_Fig. 2. Heat flow cc_)nsistent with a brittle—d_uctile transition_ at 2 km depth, EK(z - zn)

in terms of the strain rate, for (a) compression and (b) tension. Surface tem- ofjy = — 7 (7

perature is taken as 100 K, a value thought to be representative of the mean 1-v

temperature at Europa’s surface. Black curves represent ductile deforma-for water ice in experimental conditios= 9 GPa and =

tion due to dislocation creep. Gray curves indicate ductile deformation due g 325 (Petrenko and Whitworth, 1999Additionally, it is

to superplastic (grain boundary sliding dominated) flow for grain sizes of imposed the condition of zero net axial force,
0.1and 1 mm.
Tm

/ o(z)dz=0. (8)

0

200 -

160
The heat flow is calculated by simultaneously solving

Eqgs.(5)—(8).
As was mentioned in the IntroductiofNimmo et al.
(2003) calculated the rigidity of the lithosphere supporting

120 4

Heat Flow (mW m2)

80 4 Tension a plateau to the southwest of Cilix impact crater, nearly in
Compression 'the center of .the Europa’s anti-jovian hemisphere, by us-

40 A ing topographic profiles elaborated from a digital elevation
model. These authors found an effective elastic thickness of

o 6 km for E = 1 GPa (according to observations of terrestrial

ice sheetsyaughan, 1995 and 2.9 km forE = 9 GPa (ac-
cording to laboratory measurementisjmmo et al. (2003)
used the 6 km result, taken as the thickness of homogeneous
Fig. 3. Heat flow for dislocation creep, a strain rate of #9s~1, and stress ~ €lastic layer with top at the surface, and assumed a temper-
regimes of compression and tension, in terms of the brittle—ductile transition ature of 150 K for the base of this layer, to propose a first-
depth. order estimation of 34 mW n? for the local heat flow. Here

1 2 3 4 5
Brittl e-Ductile Transition Depth (km)
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Fig. 4. Heat flow deduced from effective elastic thickness of 2.9 km for the Fj
lithosphere supporting a plateau southwest of Cilix impact crater. Surface
temperature is taken as 110 K, according to the location of this feature close Fig. 5. The remarkable double ridge Androgeos Linea is flanked by frac-
to the equator. Black curve represents ductile deformation due to dislocation tures, separated roughly 3 km from axis ridge. Fractures were probably
creep. Gray curves indicate ductile deformation due to superplastic (grain caused by ridge load.

boundary sliding dominated) flow for grain sizes of 0.1 and 1 mm.

| use the effective elastic thickness of 2.9 km and a max- &Xis to calculate (forE = 9 GPa) effective elastic thick-

imum topography curvature of.¥x 10~7 m~ (Nimmo nesses lower (with a unique exception) than 400 m. On the
2004b) in order to perform a more accurate heat flow calcu- Other handBillings and Kattenhorn (2002)sed distance to
lation from the equivalent strength envelope methodology, in €racks flanking three ridgesig. 5 as indicators of the max-

terms of strain rate and by using superplastic flow (with grain IMUM tensile stress position in the flexed layer, and then this
sizes of 0.1 and 1 mm) and dislocation creep as the domi-distance was utilized to calculate elastic thicknesses of 0.2—

nant creep mechanism. Since this region is located close to?-6 km, depending on the feature and parameter values used.
the equator | use a surface temperature of 1{Ofékangas ~ Similarly, Williams and Greeley (1998)educed an elastic

and Stevenson, 1989) thickness of 0.15-1.0 km from the bulge caused by a dome
Results are shown ifiig. 4. For a strain rate of 10/s-1 ~ surrounding Conamara Chaos. N
the heat flow is 24-35 mwn?, and an upper limits of Works byWilliams and Greeley (1998&ndBillings and

57-69 mW nT2 can be obtained from a tidal strain rate of Kattenhorn (2002)ised a density of 1186 kg, appropri-
1.2 x 10710 s~ (appropriate for this region; see Fig. 1 in ated for the eutectic liquid of the ternary system MgSO
Ojakangas and Stevenson, 198%0,~25-70 mW n12 is a NaxSOs—H20, for the material beneath the elastic layer. Us-
permissive range for the heat flow deduced from this feature, ing the density of a liquid for the material underlying the
with values in the lower part of this range being maybe more €lastic layer is not an adequate procedure, since, as stated
realistic. Effective elastic thickness values of 2.9 and 6 km above, the effective elastic thickness is not the thickness
are apparently very different. As stated above, the effective Of a real layer. Re-scaling their results for ice density and
elastic thickness is a measure of lithospheric strength, andE = 9 GPa, effective elastic thicknesses-d.1-0.4 km are
not a real layer thickness. The calculation of the effective obtained for the case of the fractures flanking ridges (which
elastic thickness is dependent on the used Young modulugs consistent with the results iHurford et al., 200% and
value (the lower the Young modulus the higher the effective ~0.1-0.2 km for the dome case.
elastic thickness), and the use of different sefgfnd E These effective elastic thicknesses can also be converted
values does not necessarily changes the obtained heat flow#0 heat flow by using the procedure described here. For the
in a substantial manner, although | prefer, by consistency case of effective elastic thicknessg®9.4 km, and assum-
with rheological laws experimentally obtained, to use the ing topography curvatures as high as'en~1 in order to
laboratory measure for Young modulus. For example, for obtain lower limits (the curvature is taken concave down-
E =1 GPa,T. = 6 km, the heat flow is 21-32 mWTA for ward, since maximum curvature is located in the flexural
&=10"15s1 and 50-60 mW m?for ¢ = 1.2 x 1010571, bulge for layers flexed by ridges and domes; Beeotte and
Europan ridges and domes could also load the icy shell. Schubert, 2008 the heat flow should be higher thar130-
Observation of loading effects could be used to calculate the 170 for a strain rate of 13° s~1. These values are higher
effective elastic thickness of the lithosphere. On the basisthan those calculated in the previous section, and proba-
of photoclinometric profiled-urford et al. (2004have pro- bly represent very local conditions. Ridges and domes could
posed the existence of flexural bulges flanking ridges, and nevertheless have been formed in places of amplified heat-
then have used distances between bulges’ crests and ridgesg, by shear heating at fractur@Saidos and Nimmo, 2000;



Nimmo and Gaidos, 2002)r by tidal heating at raising Pappalardo et al., 1998; McKinnon, 1999; Hussmann et al.,
warm diapirs(McKinnon, 1999; Sotin et al., 2002)n this 2002; Nimmo and Manga, 2002; Spohn and Schubert, 2003;
case, elastic thicknesses proposed from ridges and dome®uiz and Tejero, 2003; Tobie et al., 200 this case the re-
would not be representative of the Europa lithosphere, andlation between heat flow and shell thickness is more compli-
so the implied heat flows are probably biased. cated than in the conductive one, and the heat flow reaching
Finally, Figueredo et al. (200roposed an elastic thick-  the ice shell base is not determined from observation of ge-
ness (forE = 9 MPa) of~4+2 km for Murias Chaos region.  ological structures, which only inform about the conductive
This range is very wide and cannot be used to obtain preciseheat flow through the stagnant lid of the convective system.
heat flow estimations. The conductive heat transfer in the stagnant lid is due to the
heat flow from the actively convective sublayer, which can
be tidally heated. Also, there can be a contribution from tidal
4. The heat flow reaching the ice shell base heating in the warm convective ice. In any case, the analy-
sis of stability against convection of a floating ice shell on
If the whole ice shell is thermally conductive and has not Europa implies that the onset of convection requires con-
internal heat sources (i.e., the shell is heated from below), ductive heat flow decreasing under 10-45 mW’nfRuiz
the relation between heat flow and shell thickness is deter-and Tejero, 2003)which are equivalent to a conductive ice
mined by ice thermal conductivity and surface temperature. shell at least-10-50 km thick, depending on the dominant
The temperature at the base of the ice shell is given by theflow mechanism.
ice melting point, which is pressure-dependent accordingto  Thus, an ice shell at least20 km thick implies a heat

(Chizhov, 1993) flow of at most~30—-45 mW nt? reaching the shell base.
P 1/9
Tmelting=27316{ 1 — ——— , 9
meting (2~ sszzra) ® 5 bissussion
where P is pressure. Taking® = pgz and z = (total ice . _

culate the heat flow corresponding to a given shell thickness. fransfer on Europa (e.gCassen et al., 1982; Ojakangas
Fig. 6shows results fof's = 100 K. For a conductive shellat ~ and Stevenson, 1989; Hussmann et al., 2002; Nimmo and

least~19-25 km thick(Schenk, 2002)he heat flow should ~ Manga, 2002; Barr and Pappalardo, 2003; Ruiz and Tejero,
be at most~20-30 mW nT2. As previously mentioned, a  2003; Spohn and Schubert, 2003; Tobie et al., 2003; Show-
certain contribution to the total heat flow of Europa should mMan and Han, 20Qdinformation on the true heat flow from
come from tidal heating within the icy shell. So, these heat this moon is very sparse. _ _
flow values must be considered as upper limits to the heat From brittle—ductile transition depths or effective elastic
flow reaching the icy shell base from the rock and metal core thicknesses, reliable upper limits for the heat flow can be
(there is not significant tidal heating in an internal ocean). ~ €stablished by using tidal strain, but lower limits are much
But there is not necessarily a direct relation between heat™More difficult to obtain. The existence of a regolith surface
flow and ice shell thickness. Indeed, the lower part of a thick 'ayer (€.g.Ross and Schubert, 1983r a solid-state green-

(or relatively thick) europan ice shell can be convective (e.g., ouse in the uppermost ice (e.flatson and Brown, 1989
could result in a significantly higher temperature very close

100 - to the surface, which is equivalent to an effective surface
] temperature higher than the observed, and to lowering the
80 4 heat flow(Ruiz, 2003) Similarly, the presence of porosity
would result in a reduction of the thermal conductivity, and
consequently in a decrease in the calculated heat flow. The
likelihood of porosity increases with proximity to the sur-
face, which reinforces the possible reduction of the thermal
conductivity, since cold temperatures predict a high thermal
conductivity for pure (crystalline) ice. It is important to be
aware of these possible effects, although they were not taken
into account in the calculations here presented, due to that
the extent of its influence is unknown.

Besides those complexities, the majority of indications
on heat flows suggest high values when compared with that
produced from present-day radiogenic heating (roughly ap-
Fig. 6. Heat flow in terms of the thickness of a conductive ice shell on Plicable given the youth of europan surface30 to 70 Myr
Europa. The temperature at the base of the shell is given by the ice meltingin averageZahnle et al., 2003 which must contribute with
point, which is pressure-dependent. ~6-8 mWn12 (Cassen et al., 1982; Squyres et al., 1983;
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Hussmann et al., 2002; Spohn and Schubert, 2008js range of 24-35 mW @ calculated (from the effective elas-
implies an important role for tidal heating on the dynam- tic thickness) for the Cilix region than those obtained for
ics of this satellite, as was proposed in classical works (e.g., superplastic flow. Moreover, if the methodology of these au-
Cassen et al., 1979, 1982; Squyres et al., 1983; Ross andhors is applied by usin@s = 110 K (in these calculations
Schubert, 1987; Ojakangas and Stevenson, 1988reover, heat flow is almost independent of the surface temperature,
heat flow values calculated in Sectidhand 3are higher or but it is not the case for stagnant lid and whole shell thick-
similar respectively to the upper limits for the heat flow atthe nesses) and a tidal strain rate d® X 10-19s~1, the convec-

ice shell base discussed in Sectynvhich implies an im- tive heat flow is~35-50 mW nt2 (and the shell thickness
portant (maybe dominant) contribution to the total Europa’s ~30-40 km thick) for dislocation creep. This is consistent
heat budget from tidal heating within the ice shell. (still more if it is taken into account uncertainty in geolog-

Tidal heating in the ice shell could mainly occur in the ical strain rates) with local variations in the dominant flow
warm interior of a convective lay¢McKinnon, 1999; Ruiz mechanism for convection, which in turn could arise from
and Tejero, 2000, 2003; McKinnon and Shock, 20@R)iz variations in the grain size (see Sect®nIn any case, the
and Tejero (2003jhave calculated equilibrium heat flows main flow mechanism in the convective layer is not neces-
that can be generated and transferred (toward the stagnangarily the same that the one dominating in the mechanical
lid base) by a convective ice layer heated from within by lithosphere.
tidal dissipation. Although a certain amount of heat musten- ~ Some authors have proposed that the geological record
ter the ice shell from below, convection heated from within of Europa contains evidence of a shell thickening with
can be taken as a valid approximation if the dominant con- time (e.g.,Prockter et al., 1999; Pappalardo et al., 1999;
tribution to the heat flow arises from tidal dissipation in the Figueredo and Greeley, 2004vhich could lead to the on-
convective layer. These authors followitKinnon (1999) set of convection from an initial entirely conductive shell.
which regards the use of Newtonian viscosity sufficient for This inference is based on a proposed change in the style
convection if an average effective viscosity is appropriately of resurfacing from mainly tectonic to destruction of pre-
defined in terms of tidal strain rates (taken as20~10s71), existent terrains by chaos and lenticulae formation. Further
since tidal stresses on Europa are much higher that thosework in many lines, including the precise temporal relation
due to thermal buoyancy. In this point, it is worth to make between features utilized as heat flow indicators, is needed
clear again that geological processes in the non-convectivein order to help to refine the thermal history. In any case,
stagnant lid would be related to slower strain rates: a typical a tidally heated convective ice shell can satisfy the current

geological strain rate of10-*> s7% can be roughly appro-  constraints for heat flows and shell thickness on Europa.
priate for heat flow calculation based on the brittle—ductile

transition depth or on the effective elastic thickness of the
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