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Abstract

Theglobalshapeof Europais controlledby tidal androtationalpotentialsandpossiblyby lateralvariationsin ice shell thickness.We uselimb
pro�les from four Galileo imagesto determinethebest-�t hydrostaticshape,yielding a meanradiusof 1560.8 ± 0.3 km anda radiusdifference
aŠ c of 3.0± 0.9 km,consistentwith previousdeterminationsandinferencesfrom gravity observations.Addinglong-wavelengthtopographydue
to proposedlateralvariationsin shell thicknessresultsin poorer�ts to the limb pro�les. We concludethat lateralshell thicknessvariationsand
long-wavelengthisostaticallysupportedtopographicvariationsdo not exceed7 and0.7km, respectively. For therangeof rheologiesinvestigated
(basalviscositiesfrom 1014 to 1015 Pas) the maximumpermissible(conductive) shell thicknessis 35 km. The relative uniformity of Europa’s
shell thicknessis dueto eithera heat�ux � 7 mWmŠ2 from thesilicateinterior, lateralice�o w at thebaseof theshell, or convectionwithin the
shell.
� 2007Elsevier Inc. All rightsreserved.
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1. Intr oduction

Determiningtheglobalshapeof Europais animportantgeo-
physicalobjective(Daviesetal.,1998), sinceasatellite’sshape
maybeusedtomakeinferencesaboutits internalstructure(e.g.,
DermottandThomas,1988;Andersonet al., 2001). In theab-
senceof signi�cant elasticstresses,asatellite’sshapeis usually
determinedby its densitystructureandthe tidal androtational
potentialspresent(e.g.,Murray andDermott,1999). However,
in the caseof Europa,an additionaleffect may be important:
lateralvariationsin the �oating ice shell thickness(Ojakangas
and Stevenson,1989) can generatelong-wavelengthtopogra-
phy whichwill affect theglobalshape.Similareffectsarelikely
to be importanton other satellites,suchas Enceladus,which
mayalsopossess�oating ice shells(Nimmo et al., 2007). The
aim of this paperis to provide a determinationof the global
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shapeof Europabasedon limb pro�le observations,andto in-
vestigate whetherlateral variationsin ice shell thicknessare
likely to beanimportantfactor.

Theavailableobservationsaresuf�cient to determineawell-
constrainedglobalshapemodel.However, thedataprovide no
evidencefor the expectedlateralvariationsin shell thickness.
Thereareseveralpossiblemechanismswhichcouldaccountfor
thelackof lateralshell thicknessvariations.While theresulting
constraintsonshell propertiesarelessstringentthanonewould
like, it is clearthatadditionaldataacquiredin future,eitherat
Europaor elsewhere,canbeusedto probethenatureof satel-
litespossessing�oating iceshells.

The restof this paperis organizedasfollows. We �rst dis-
cusstheavailablelimb pro�le observations,andthendetail the
theoryusedto predictthesatellite’sglobalshape,includingthe
effect of lateralshell thicknesscontrasts.Theglobal shapere-
sultsarecomparedwith previousdeterminations(Davieset al.,
1998). We thenassessthe evidencefor lateralshell thickness
variations,andconcludewith a discussionof our �ndings, and
suggestionsfor futurework.

0019-1035/$– seefront matter � 2007Elsevier Inc. All rightsreserved.
doi:10.1016/j.icarus.2007.04.021
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Fig. 1. Locationof individualGalileo limb pro�les (seeTable1 for details)superimposedonaglobal imagemosaicof Europain simplecylindrical projection.Note
thatfor 3600639.26botheasternandwesternlimbs areobserved.

Table1
Galileo (G) andVoyager2 (V) spacecraft(S/C) imagesusedto generatelimb
pro�les

S/C Clock count N km/ pxl Latitude Longitude Latituderange

G 04665818.66 1043 4.11 Š0.61 162.43 Š87.3 to 89.4
G 04137427.78 591 7.36 0.10 282.57 Š89.9 to 88.7
G 03600639.26 1164 6.89 1.02 292.62 Š89.0 to 89.0
G 03897045.00 802 3.25 Š0.14 164.26 Š53.5 to 59.6
V 20650.22 898 2.31 Š21.64 129.80 Š40.9 to 17.8
V 20651.59 893 2.15 Š25.25 122.45 Š27.6 to 26.2

Note. N is thenumberof datapoints,“Latitude” and “Longitude” referto sub-
spacecraftlatitudeandlongitude.“Latituderange”givestherangeof latitudes
of thepro�les. Clock count(FDScountfor Voyager)identi�es individual im-
age.Pro�le positionsareplottedin Fig. 1.

2. Limb proÞleobservations

Fig. 1 shows the location of the Galileo limb pro�les de-
tailed in Table 1 and usedto obtain the global shapeof Eu-
ropa. Although coverageis modest,the four pro�les sample
the regions of the 3 principal axes well, while the smooth-
nessof the limbs strongly restrict the rangeof possiblesolu-
tions. Two Voyager limb pro�les (FDS counts20650.22and
20651.59)werealsoexamined,but despitethehighernominal
resolution(seeTable1), thesetwo pro�les proved suf�ciently
noisythatthey providednoadditionalconstraintson theglobal
shape.

The observationswhich we usearethe radial distanceand
positionof pointsalongthe observed limbs. The limb coordi-
natesaremeasuredby �tting a Gaussianspreadfunction to a
model sharplimb and matchingthe observed brightnesspro-
�le to � 0.1pixelsalongscanscrossingthelimb (Thomasetal.,
1998). Accuraciesare estimatedby comparingresultsof low
andhigh resolutionimagesof the sametarget.Cameradistor-

tion (Davieset al., 1994) is thenremoved,andtherelative po-
sitionsof the limb in differentviews,arecomparedto thoseof
projectedellipsesof triaxial ellipsoids.Residualsaretheradial
differencebetweenthe observed pixel location and predicted
pixel location,andtheshapewith minimalRMS residualsis the
solution.Uncertaintiesareestimatedby allowing testedshapes
(a, b, c axesin km), to vary, within a rangeof residualsesti-
matedto accountfor measurementuncertaintiesandeffectsof
departuresfrom idealellipsoidshape(seeDermottandThomas,
1988). Smoothnessof the limbs andcompletenessof coverage
play the dominantrole in determiningthe uncertaintyof the
overall shapesolution.

Fig. 2 shows theresidualswith thebest-�t ellipsoidalshape
addedback in as a function of latitude. Thesewill be re-
ferredto asthe“raw radii,” becausethey containtheobserved
long-wavelengthtopography, andform theobservationsagainst
which our theoreticalmodelswill be compared.The pro�les
contain signi�cant amountsof short-wavelengthtopography,
suchthat the envelopedescribedby the pointsat any onelat-
itude is � 1 km wide. However, it is clear that thereis long-
wavelength(degree2) structurein the pro�les. Furthermore,
someshorter-wavelengthtopography with amplitudesexceed-
ing 1 km is alsoapparent,e.g.,at about75� S in Fig. 2a and
5� S in Fig. 2b.

In orderto quantify theamountof short-wavelengthtopog-
raphy, which is noiseasfar as the global shapeis concerned,
thepro�les werehigh-pass�ltered usingawindow centeredon
100km with a half-width of 50 km. Thestandarddeviation of
theresultinghigh-frequency pro�les was0.32km. Models,de-
scribedbelow, whichfailedto reducetheRMS mis�t below this
value were deemedinadequate.While this approachneglects
thepossibilityof long-wavelengthsystematicerrorsin thedata,
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Fig. 2. Observedlimb pro�le raw radii robs asa functionof latitude.(a–d)Solid line shows modelradiusr asa functionof latitudefor minimum mis�t hydrostatic
model(seeTable3). TheRMSmis�t is 0.229km. (e–h)Solid line showsexamplemodelradiusr � for minimummis�t modelwhenlateralshellthicknessvariations
areincluded(Fb = 5 mW mŠ2 and� b = 1015 Pas; see Fig. 4a).TheRMS mis�t is 0.279km. In Figs.2c and 2g themodel linesfor boththeeasternandwestern
limb areshown; becauseof thesymmetryof theproblemthelinesplot on top of eachother.

it providesa quantitative measureof the quality of theoretical
model �ts. Note that we �t all the data,including the short-
wavelengthtopography, to our theoreticalmodelsasdescribed
in thenext section.

3. Theory

The global shapeof Europais controlledprimarily by its
rotationalandtidal potentials(e.g.,Davieset al., 1998). How-
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ever, if lateralshell thicknessvariationsoccur, thesewill cause
long-wavelengthtopographicvariationswhich will alsoaffect
theglobalshape.Below we discusseachof thesecontributions
in turn.

3.1. Global shape

Underthein�uence of tidal androtationalpotentials,andin
theabsenceof elasticity, a satellite’s shapeis expectedto bea
triaxial ellipsoid (e.g.,Murray andDermott,1999). The radial
distancer to apoint (� , � ) onanellipsoidal�gure is givenby

(1)r 2(� , � ) = sin2 �
�
a2 cos2 � + b2 sin2 �

�
+ c2 cos2 �,

wherea, b, c aretheprincipalaxesof theellipsoid,� and� are
thelongitudeandcolatitude,respectively. Forasynchronousro-
tator in hydrostaticequilibrium4(b Š c) = a Š c (Murray and
Dermott,1999). BecauseEuropa’s ice shell is relatively thin,
we expectit to becloseto hydrostaticequilibrium(Mooreand
Schubert,2000) andthehydrostaticequalitywill thereforegen-
erallybeadopted.

Theobservedraw radiusmeasurementsrobs(� , � ) aregiven
for a nominalcenterof �gure. If this centerof �gure changes,
thensotoo will robs, � and� . Sincethecenterof �gure is un-
certain,when�tting thetheoreticalradii r to theobservedraw
radii robs, it is necessaryto vary not only the parametersa, b
and c which describethe theoreticalellipsoidal �gure, but to
alsovary thelocationof thecenterof �gure. In AppendixA we
describehow to recalculatetheobservedradii andcoordinates
whenthe centerof �gure changes.The locationof the center
of �gure is describedby �x , �y and �z , whereeachpara-
meteris theoffset from thenominalpositionin the x-, y- and
z-directions,respectively.

For a setof observedraw radiusmeasurements,Eq. (1) and
AppendixA maybeusedto determinewhich valuesof a, b, c,
�x , �y and�z give the minimum mis�t betweenr androbs.
If, asdiscussedbelow, lateralshell thicknessvariationsareim-
portant,thenlocal topography h(� , � ) will besuperimposedon
the equilibrium �gure. In this casethe predictedradiusat any
point is givenby r �(� , � ) = r( � , � ) + h(� , � ) andit is thedif-
ferencebetweenr � androbs that mustbe minimizedto obtain
thevaluesof a, b, c, �x , �y and�z .

An independentconstrainton a Š c may be obtainedfrom
gravity observations. Assuming hydrostatic equilibrium, the
satellite’s rotationalparameterand second-degreegravity co-
ef�cient(s) maybeusedto constrainthe interior densitydistri-
bution (e.g.,Andersonet al., 1998). Given an internaldensity
distribution, the amountof �attening, parameterizedasa Š c,
may be directly derived (e.g., Dermott and Thomas,1988).
Importantly, this estimateis not affectedby any (isostatically-
compensated)shellthicknessvariations.Andersonetal. (1998)
giveavaluefor aŠ c of 3.2± 0.08km,1 indicatingabodywhich
is relatively centrallycondensed(auniformEuropawouldhave
a Š c = 3.9 km). Thus,thehydrostatica Š c derivedusingthe

1 Herewe have assumedan uncertaintyof 2.5%basedon thepublishedun-
certaintiesin C22 andq of 2%and1.5%,respectively.

Fig. 3. Variation in laterally-averagedstrainrate(solid line) andsurfacetem-
perature(dashedline) asa functionof latitude,calculatedusing the methods
describedin Section3.2.

gravity observationscanbe usedasa constrainton the values
derivedfrom limb pro�le �tting.

3.2. Shellthicknessvariationsandtopography

Wewill begin by assumingthatEuropa’s iceshellis conduc-
tive andin equilibrium (i.e., that heattransportis balancedby
heatproduction).Alternatively, the ice shell may be convect-
ing (e.g.,Pappalardoet al., 1998), in which casethe analysis
below undergoesslightmodi�cations;thiscaseis discussedfur-
ther below (Section5). In the conductive case,the local shell
thicknessis mainly controlledby four factors:thesurfacetem-
peratureTs; the tidal heatproductionwithin the shell H ; the
heatdeliveredto the baseof the ice shell Fb; and the ability
of the shell to conductheat.Of thesefactors,at leastthe �rst
two, andpossiblythe third, vary with positionon the satellite
(seeFig.3). Thus,theshellthicknessis expectedto show lateral
variations.Thistheorywasworkedoutin considerabledetailby
OjakangasandStevenson(1989)andonly abrief summarywill
begivenhere.

Assumingthat the deformationof the satellitemay be de-
scribedby aviscoelastic(Maxwell) model,thelocalvolumetric
tidal heatingH(� , � ) is givenby

(2)H(� , � , � ) =
2µ �̄�

2
ij

�

�
�� M

1+ (� � M )2

�
,

whereµ is therigidity, �� ij is thelocal tidal strainrate,anover-
bar denotestime-averagingover onetidal cycle, � is the tidal
frequency and� M = �/ µ is the Maxwell time, where� is the
localviscosity. For athin shell,weassumethatneitherthestrain
ratenor therigidity varysigni�cantly with depth.However, the
viscosity is temperature-dependentandthusdepth-dependent,
sothatthevolumetricheatingH variesverticallyaswell aslat-
erally.

Rather than adopt a strict Arrhenius relationshipfor the
temperature-dependenceof the viscosity, we insteaduse the
simpli�ed Frank–Kamenetskiapproximation(e.g.,Solomatov,
1995):

(3)�( T) = � b exp
�
Š	 ( T Š Tb)

�
,
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where� b is the referenceviscosityat the baseof the ice shell
(temperatureTb) and 	 = Q/R T2

b , whereQ is the activation
energy andR is thegasconstant.Theheatproductiondepends
stronglyon the viscositystructure;thus,by varying the refer-
enceviscosity we can investigate the behavior of conductive
shellsof varyingthicknesses.

The differentcomponentsof tidal strain tensor� ij may be
calculatedusingthesatelliteparametersandexpressions(B.19)–
(B.26) given in Ojakangas and Stevenson(1989), with one
typographicalcorrection(g4 = 135/ 88 in Eq. (B.25)). The re-
sulting time- and laterally-averagedstrain rate is plotted in
Fig. 3. It varies from 1.67 × 10Š10 sŠ1 at the equator to
2.81 × 10Š10 sŠ1 at the poles,with a global meanvalue of
2× 10Š10 sŠ1. Neglectingothereffects,thevolumetricheating
thereforeincreasesby a factorof 2.8 from equatorto pole.The
annually-averagedsurfacetemperatureTs(� ) is calculatedus-
ing Ojakangas and Stevenson(1989) (their AppendixA) and
is also shown in Fig. 3. The global meanvalue is 101.2 K
and it variesfrom 39 K at the polesto 109 K at the equator.
Thisequatorialtemperatureis comparableto themeanequator-
ial temperatureof 106K derivedfrom radiometerobservations
(Spenceretal., 1999).

Theequilibriumshell thicknessD( � , � ) is thendetermined
by a �nite-dif ferenceshootingtechnique(Pressetal., 1992). In
equilibrium,the�nite-dif ferenceversionof theheatconduction
equationmaybewritten

(4)Ti = 2Ti + 1 Š Ti + 2 Š
�
H(Ti + 1)�z 2/k

�
,

whereTi is thetemperatureat thei th grid point, �z is thegrid
pointspacingandk is the(constant)thermalconductivity. Note
that the volumetric heatingrate is a function of both surface
position and temperature.Temperatureand heat �ux bound-
ary conditionsat the baseof the shell (i = N ) give TN = Tb
and TNŠ1 = TN Š Fb�z / k, whereFb is assumedto be con-
stant.Given theseboundaryconditions,Eq. (4) may be used
to determinethe temperatureat the surface.The local shell
thicknessD( � , � ) is thenadjustedandtheprocessiterateduntil
thecorrectsurfacetemperatureTs(� , � ) is obtained.Although
this approachdoesnot requireit, for simplicity we assumethat
k is constant.Introducinga variablethermalconductivity (cf.
Ojakangas and Stevenson,1989) slightly changesthe results
with effectsthatarediscussedin Section4.2.

If theice shell thicknessD( � , � ) varieslaterally, thenin the
absenceof elasticeffectsthesevariationswill giveriseto corre-
spondingvariationsin topography dueto isostasy. Theresulting
topography h(� , � ) is simplygivenby

(5)h =
�



 + �

�D ,

where
 is theicedensity, �
 is theice-waterdensitycontrast,
and�D is the ice shell thicknessdifferencefrom someback-
groundvalue.

Topography is de�ned relative to an equipotentialsurface;
thus, lateralshell thicknessvariationswill causethe apparent
shapeof ahydrostaticbodyto departfrom theexpectedequilib-
rium shape.Hereweassumethatthemeanvalueof h integrated
acrossthe satellite is zero; thus, a hydrostaticshell with no

Table2
Nominalparametervaluesemployed

Symbol Value Units Symbol Value Units


 900 kgmŠ3 �
 100 kgmŠ3

k 3 WmŠ1 KŠ1 � 2.048× 10Š5 sŠ1

Tb 270 K µ 4 GPa
Q 59 kJmolŠ1

thicknessvariationswill conformto the expectedequilibrium
shape.Becauseof the long wavelengthof the thicknessvari-
ations,it is appropriateto assumethat elasticstressesplay no
signi�cant roleandthusthattheiceshell is hydrostatic.

3.3. Parametersadopted

In general,parametervalueswere chosento be similar to
thoseadoptedby Ojakangas and Stevenson(1989). Table 2
givesthevaluesadoptedfor thiswork.

Wewill assumethatthebasaliceviscosity� b variesbetween
1014 and1015 Pasandadoptanactivationenergy of 59kJ/ mol.
This viscosityrangeis consistentwith grain sizes� 1 mm for
the diffusion creepregime of Goldsbyand Kohlstedt(2001).
As notedabove,varyingthebasalviscositywill causethemean
shellthickness,andshellthicknesscontrasts,to vary.

The heat�ux into the baseof the ice shell dependson the
radiogenicandtidal heatgeneratedin thesilicate interior. The
radiogeniccontribution is about7 mWmŠ2, assumingchon-
dritic abundances(HussmannandSpohn,2004). Thetidal con-
tribution dependson the (unknown) viscositystructureof the
silicateinterior, andcouldbenegligible (OjakangasandSteven-
son,1989) to ashighas200mWmŠ2 (O’Brien etal.,2002). As
discussedbelow (Section4.2), suchhigh heat�ux esresult in
thin shellsandthusnegligible lateralshell thicknessvariations.
For simplicity, we assumethat Fb doesnot vary in space.We
notethatin reality tidal dissipationwithin thesilicateshell will
show somespatialvariability (e.g.,Segatzetal., 1988); whatis
unclearis theextent to which theoverlying oceanwill smooth
out suchvariations.

4. Results

4.1. Global shape

Thesolid linesin Figs.2a–2dshow theshapeof thebest-�t
hydrostaticellipsoid, tabulatedin Table3. The individual pro-
�le �ts aregenerallywithin the noise,althoughthereappears
to be a systematicoffset in the N hemisphereof Fig. 2b. This
offset is most likely not a real feature,sinceFig. 2c shows a
pro�le from a nearbylimb which lacksany correspondingoff-
set.We carriedout mis�ts excluding the04137427.78dataset
but found that therewasno appreciablechangein the results
(apartfrom areductionin theminimumRMS mis�t). This lack
of changelikely arisesbecausethe apparentsystematicoffset
cannotbe�t by any of themodels(assumingsmallobliquities)
and thus the dataset in questionessentiallyprovidesno con-
strainton a, b andc.
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Table3
Minimum mis�t ellipsoidalshaperesults(Eq. (1))

a b c � x � y � z Mis�t R̄-1560 a Š c (bŠc)
(aŠc)

Hydrostatic,nominal 1562.6 1560.1 1559.3 0 0 0 0.255 0.7 ± 0.3 3.2 ± 0.8 0.25
Hydrostatic,adjusted 1562.6 1560.3 1559.5 0.2 Š0.45 0 0.229 0.8 ± 0.3 3.0 ± 0.9 0.25
Davieshydrostatic 1562.4 1560.2 1559.4 – – – – 0.7 ± 0.65 3.0 0.25
Ellipsoid,nominal 1562.7 1559.8 1559.5 0 0 0 0.229 0.7 ± 0.3 3.2 ± 0.9 0.09
Ellipsoid,adjusted 1562.6 1560.3 1559.5 0.2 Š0.5 0 0.229 0.8 ± 0.3 3.0 ± 1.0 0.26
Model,nominal 1561.6 1560.4 1560.0 0 0 0 0.304 0.7 ± 0.1 1.6 ± 0.5 0.25
Model,adjusted 1561.6 1560.5 1560.2 0.1 Š0.4 0 0.279 0.8 ± 0.2 1.4 ± 0.7 0.25

Note. All quantitiesexceptthe lastcolumnin km. R̄ is themeansatelliteradius,�x , �y and�z aretheadjustmentsto thenominalbest-�t centerof �gure (see
AppendixA). Hydrostaticresultsareconstrainedby 4(b Š c) = (a Š c). “Davies” refersto theestimatesby Davieset al. (1998). Thebest-�t hydrostaticpro�les
andan examplemodelpro�les areshown in Figs.2a–2dand2e–2h, respectively. Errorsin R̄ anda Š c arecalculatedfrom theenvelopeof modelswhich �t the
datawith anRMS error of betterthan0.32km (seetext).

(a) (b)

Fig. 4. (a)Predictedtopographyvariations,calculatedasdescribedin Section3.2with � b = 1015 Pas and Fb = 5 mW mŠ2. Bold contourline is zero,dashedlines
arenegative, solid linesarepositive, contourinterval 200m. (b) Longitudinallyaveragedshell thicknessfor modelswith thesamebasalviscosity(1015 Pas) but
differentbasalheat�ux es Fb.

For the completedataset, the overall RMS mis�t is 0.229
km, a 28%reductioncomparedwith thestandard-deviation of
the short-wavelengthnoise.This reductionindicatesthat the
long-wavelengthshapeis beingmatchedreasonablywell. Fits
using a generalellipsoid, ratherthan a hydrostaticone,yield
verysimilarvaluesandanalmostidenticalmis�t. Themeanra-
diusis 1560.8 ± 0.3 km, wheretheerrorbarsarederivedfrom
theenvelopeof modelswhich have anRMS mis�t of lessthan
0.32km (seeSection2). The valueof a Š c is 3.0 ± 0.9 km,
which agreeswith the estimateobtainedfrom gravity obser-
vationsof 3.2 km (Section3.1). Note,however, that while the
gravity observations(Andersonet al., 2001) arecapableof de-
tecting the fact that Europais centrallycondensed,the errors
associatedwith a Š c aresuf�ciently largethatahomogeneous
Europa(a Š c = 3.9 km) would justbepermitted.

Thegeneralellipsoidalsolution(Table3) resultsin verysim-
ilar valuesof botha Š c andthemeanradius,andhasa mis�t
which is identical.Furthermore,the valueof (b Š c)/ (a Š c)
is very closeto thatexpectedfor a hydrostaticsolution.There
is thus currently no evidence that Europapossessesa non-
hydrostaticglobalshape.

Table 3 also comparesour resultswith thoseobtainedby
Davieset al. (1998)which werederivedusingregional images
to setupageodeticcontrolnetwork, andalsoassumedahydro-
static shape.The agreementis striking: both the meanradius

andthevalueof a Š c areidenticalwithin error, thoughthees-
timateduncertaintiesfor the limb pro�le valuesaresomewhat
smaller.

We alsoattemptedto investigatewhethera non-zeroobliq-
uity for Europacould be detected(seeBills, 2005). To do so
we looked for the minimum mis�t hydrostaticsolutionwhile
varying an offset (positive or negative) appliedto all the lati-
tudevalues.We foundtheminimummis�t to occuratanoffset
of Š2� . However, sincethisminimummis�t valueis only 1.3%
smallerthanthe valuefound for the nominalobliquity (zero),
we concludethatour currentshapemodelis insuf�cient to de-
tectobliquity variations,whichareexpectedto be� 0.1� (Bills,
2005).

4.2. Shellthicknessvariations

Fig. 4a shows the predictedglobal variation in topography
due to shell thicknessvariationsfor a speci�c setof parame-
ter values(Fb = 5 mWmŠ2 and � b = 1015 Pas) which result
in a relatively thick ice shell. The high elevationsabove the
equilibrium height(maximumshell thickness)at the sub- and
anti-jovianpointsaredueto theminimumin tidal strainatthese
points.The increasingelevationstowardsthe polesis primar-
ily a consequenceof theshell thickeningdueto thepolewards
reductionin surfacetemperature—Fig. 3 shows the sharpre-
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(a) (b)

Fig. 5. (a) Variationin RMS mis�t (relative to themis�t of 0.229km for thesimplehydrostaticmodel)asa functionof meanconductive shell thicknessfor three
differentbasalrheologies.Individual pointsare labeledby thebasalheat�ux Fb in mWmŠ2. Filled symbolsdenotemodelswhich have an a Š c consistentwith
gravity observations (seeFig. 6 below). Here�x , �y and�z are�x ed at 0.2 km, Š0.45 km and0, respectively. (b) RMS mis�t as a function of the maximum
contrastbetweenlaterally-averagedtopographyfor thesamemodelsasshown in (a).

ductionin surfacetemperaturesathighlatitudes.Theamplitude
of thetopographicvariationsapproaches2 km, dueto thelarge
backgroundthicknessof the ice shell (meanvalue 42.6 km).
Theselargeamplitude,long-wavelengthtopographicvariations
shouldbedetectablein globalshapemeasurements(seebelow).
Althoughtherotationalandtidal potentialsof thesatellitealso
inducelong-wavelengthtopographicvariationsof similar am-
plitude,thespatialpatternsaredifferent(thetidal androtational
patternsarebothpuresphericalharmonicdegree2).

Fig. 4b shows thelongitudinallyaveragedvariationsin shell
thicknessfor two different valuesof Fb. The casewith the
smallerFb exhibits large shell thicknessvariationsaroundthe
meanvalue; thesearise due to the lateral variationsin tidal
heatingandsurfacetemperature.Themaximumlongitudinally
averagedshell thicknesscontrastis 10 km, which would re-
sult in 1 km of topography (Eq. (5)). This result is similar
to thoseshown in OjakangasandStevenson(1989), although
the meanshell thicknessis larger becauseof the larger basal
viscosityadopted.The casewith the larger valueof Fb hasa
muchsmallermeanshellthickness(22.4km) asexpected.More
importantly, the lateral shell thicknessvariationsare smaller
(maximumcontrast6 km) andalmostnon-existentaway from
the poles.This latter effect occursbecauseFb is constantand
signi�cantly exceedsthe local, spatially variabletidal heating.
Thus,highervaluesof Fb resultin smallerlateralthicknessvari-
ationsandmoresubduedlong-wavelengthtopography.

Figs. 2e–2h show the limb pro�le observations, but this
time using the best-�t model when the shell thicknessvaria-
tionsshown in Fig. 4a arealsoincluded(Fb = 5 mWmŠ2 and
� b = 1015 Pas). Althoughthedifferencesaresubtle,in general
the �ts areactuallyworse,especiallyin Figs. 2e and2h. The
RMSmis�t is 0.279km, a factorof 22%largerthanthemodels
neglectingshell thicknessvariations.This is asurprisingresult:
anapparentlymorephysically realisticmodelhasresultedin a
worse�t betweenmodelanddata.Carryingout thesameexer-
cisewith a reducedactivation energy (20 kJ/ mol) resultsin a
mis�t 10%largerthanthemodelwithout shell thicknessvaria-

tions.Thus,theseobservationssuggestthatlargeshell thickness
variationsof thekind shown in Fig.4 arenotpresentonEuropa.

Fig. 4b shows that larger basalheat �ux es tend to reduce
lateral shell thicknessvariations,and should thus reducethe
mis�t betweenmodel shapeand that observed. Accordingly,
we determinedthe best-�t shapeparametersfor modelssimi-
lar to thoseshown in Fig. 4a but having differentvaluesof Fb
and� b. Fig. 5a summarizesthevariationin mis�t asa function
of meanshellthickness.Here�x , �y and�z areall keptcon-
stantat thebest-�t valuesdeterminedfor theconstant-thickness
case;this wasdoneto reducecomputationandintroducesneg-
ligible changesto the �nal results.As expected,larger basal
heat�ux esleadto reducedmis�ts, andalsoreducedmeanshell
thicknesses.Fig. 5b shows that the reductionin meanshell
thicknessis accompaniedby a reductionin lateralshell thick-
nessvariations,asalsodemonstratedin Fig. 4b. Theseresults
thussuggestthatthick, conductiveshellsareincompatiblewith
theobservations.

However, becausetheRMSmis�t only increasesslowly with
decreasingFb, themaximumpermittedshell thicknessis only
weakly constrained.Furthermore,this maximumvalue is de-
pendenton theice rheologyadopted:threedifferentrheologies
areplottedin Fig. 5, anddemonstratethata basalviscosityof
1015 Pas resultsin signi�cantly highershell thicknessesthan
for lowerviscosities.As discussedbelow, themodelaŠ c value
yields a strongerconstrainton the shell properties.In Fig. 5,
only the �lled symbols satisfy this additionalconstraint,and
suggestthatupperboundson themeanthicknessof a conduc-
tive iceshell canin factbederived.

For an isostaticshellwhich is thin comparedto thesatellite
radius,lateralvariationsin shellthicknesswill haveanegligible
effectonthedegree-2gravitationalpotentialof thesatellite(this
maybedemonstratedusingEq. (2.1.29)in Kaula,1968). Thus,
it is permissibleto usetheinferredvalueof a Š c derivedfrom
gravity observationsasaconstraintonourmodels.

Becausetheglobalshapeis beingmatchedwith a combina-
tion of ellipsoidaldistortionandlateraltopographicvariations,
largershell thicknesscontraststendto resultin lessellipsoidal



190 F. Nimmoetal. / Icarus191(2007)183–192

(a) (b)

Fig. 6. (a) Variationin model a Š c asa functionof meanshell thicknessfor threedifferentbasalrheologies,assuminga hydrostaticshell. Individual pointsare
labeledby the basalheat �ux Fb in mWmŠ2. Error bars for eachmodelpoint areobtainedby treatingall combinationsof a, b andc with an RMS mis�t of
< 0.32km asacceptable.Filled symbolsaremodelswhichsatisfy(within uncertainty)thevalueof a Š c = 3.2 km deducedfrom gravity observations(Section3.1).
All suchsuccessfulmodelsareassociatedwith basalheat�ux es of 10 mW mŠ2 or higher. Here�x , �y and�z are�x ed at 0.2 km, Š0.45 km and0, respectively.
(b) Variationin modela Š c asa functionof maximumcontrastbetweenlaterally-averagedtopographyfor thesamemodelsasshown in (a).

�gures andthussmallervaluesof a Š c. Figs.6aand6b show
how the model a Š c variesas a function of shell thickness
andshell thicknesscontrast,respectively, andcomparesthese
valueswith the observed one.As expected,larger shell thick-
nessesandthicknesscontrastsleadto smallervaluesof a Š c.
Theerrorbarsfor eachvalueof � b andFb arederivedby treat-
ing all combinationsof a, b andc with anRMS mis�t of less
than0.32km asacceptable.Modelswhich generatevaluesof
a Š c consistentwith theobservationshave �lled symbols.For
therangeof rheologiesinvestigated,themaximumpermissible
(conductive) shell thicknessis 35 km, theminimumbasalheat
�ux is 10 mWmŠ2 andthemaximumglobal topographiccon-
trastis 0.7km.Adoptingathermalconductivity whichvariesas
1/T (cf. OjakangasandStevenson,1989) ratherthanremain-
ing constanthasno effect on themaximumshell thicknessbut
reducestheminimumheat�ux requiredto 7 mWmŠ2.

5. Discussionand conclusions

Theprecedingsectionshaveshown thatthereis noevidence
in theglobalshapedatafor thelateralshellthicknessvariations
predictedby the conductive modelof OjakangasandSteven-
son(1989). Basedprimarily onthevalueof a Š c inferredfrom
gravity observations,maximumvaluesfor thetotal shell thick-
nessand lateral shell thicknesscontrastscan be derived. Be-
causeof thenoisynatureof thelimb pro�les, theseconstraints
arenotastight asonewouldlike;nonetheless,theupperbounds
onshellthicknessandglobalisostatictopographicvariationare
35 km and0.7 km, respectively. For the constant-conductivity
models,thelower boundon thebasalheat�ux is 10 mWmŠ2,
while variable-conductivity modelspermit valuesas small as
7 mWmŠ2.

Thereareat leasttwo ways to interprettheseconclusions.
The �rst is to simply assumethat the ice shell is relatively
thin (< 35 km) dueto heatingfrom below, andthatlateralshell
thicknessvariationsdoexist but arenotdetectablewith thecur-
rent observations.This conclusionis interestingin two ways.

Firstly, it requiresheat �ux es which are comparableto or in
excessof the radiogeniccontribution from the silicateinterior
(HussmannandSpohn,2004). Secondly, it placeslimits on the
extent to which topography observed on the surface can be
supportedby shell thicknessvariations(Airy isostasy).Stereo-
derivedtopographicobservations(ProckterandSchenk,2005),
as well as the limb pro�le data themselves (Fig. 2), suggest
thatlocal topographicamplitudescanexceed1 km. Sinceshort
wavelengthshell thicknessvariationsare smoothedout more
rapidly thanlongerwavelengthvariations(seebelow), theob-
served local topography cannotbesupportedby Airy isostasy.
Moderate(� 25kgmŠ3) lateraldensityvariationscouldsupport
suchtopography if theshellwere35 km thick (e.g.,Nimmo et
al., 2003a). However, it is morelikely thatsuchlocal topogra-
phy is elasticallysupported(cf. Nimmoetal., 2003b).

A secondpossibleinterpretationis that no signi�cant vari-
ations in lateral shell thicknessexist at all. There are two
possiblemechanismswhich could leadto this eventuality, de-
spite the spatial variationsin tidal heatproductionwithin the
ice shell. One mechanismis lateral �o w of the ice shell,
which reducesshell thicknessvariationsover time (Ojakangas
and Stevenson,1989; O’Brien et al., 2002; Nimmo, 2004).
For viscositiescorrespondingto grain sizes of 1 mm or less,
Fig. 1c of Nimmo (2004) shows that an ice shell thickness
in excessof 30 km is requiredto allow 1000-km-wideshell
thicknessvariationsto be removed over the meanageof Eu-
ropa’s surface.Thus, if the ice shell is �at becauseof lateral
�o w, it is likely at least30 km thick. Becausethe timescale
for such �o w goes as the square of the wavelength (e.g.,
Nimmo, 2004), this conclusionnecessarilyimplies that more
local topography cannotbe supportedby variations in shell
thickness.

The othermechanismis that the ice shell could be convec-
tive, ratherthanconductive.Convectioninitiatesoncetheshell
exceedsa critical thicknesswhich dependsmainly on the ice
rheology (e.g., McKinnon, 1999). If the shell is convecting,
thenthebulk of theshellwill becloseto themeltingpoint and
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(a) (b)

Fig. 7. (a)De�nition sketch for changein centerof �gure in x–z plane(seeAppendixA). (b) As for (a),but in x–y plane.

will promoterapidlateral�o w of ice.Thus,in generalconvect-
ing ice shellsareexpectedto have constantthicknesses.While
anisothermalconvectinginterior is likely to resultin higherto-
tal tidal dissipationthana conductive shell, this distinction is
not relevant to our study:whatmattersis thespatialvariations
in tidal heating,and the extent to which they result in shell
thicknessvariations.If convection occurs,the shell thickness
is likely to be constant.However, the shearheatingand sur-
facetemperaturestill vary spatially(Fig. 3) andthustherewill
be long-wavelengthspatial variationsin both the temperature
of the convecting ice and the near-surfacestagnantlid thick-
ness.

Sinceconvectiongenerallyproducesa constantshell thick-
ness,the resultinglong-wavelengthtopography will be negli-
gible. Short-wavelengthconvective topography may arisebe-
causeof upwellingsanddownwellings,but this topography is
expectedto be of low amplitude(tensof meters)due to the
smallconvectivetemperaturedifferencesavailable(Nimmoand
Manga, 2002). Owing to the long wavelengthof lateral �o w
comparedto theshell thickness,theremaybeanarrow rangeof
shell thicknessesin which convectioncanoccurwithout lateral
�o w beingeffective(Nimmoetal.,2005). However, in practice,
thissituationis unlikely to occur.

Wearethusleft with two possibilities:a relatively thin, con-
ductive shell, heatedfrom below, in which limited lateralshell
thicknessvariationsoccur;anda thicker shell, in which lateral
�o w and/or convection have ensureda constantshell thick-
ness.Thecurrentdataarenotsuf�ciently preciseto distinguish
betweenthesetwo possibilities.However, any future mission
to Europais likely to carry a dedicatedaltimeteranda radar
sounder(NationalResearchCouncil,1999) which will beable
to testthesetwo competinghypotheses.In the meantime, the
effect of lateralshell thicknessvariationson theglobalshapes
of othersatellites,notably that of Enceladus(e.g.,Thomaset
al., 2007), haveyet to beinvestigated.
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Appendix A

Theobservationsof Europa’s shapearein theform r(�, � ),
wherer is the radial distancefrom the centerof �gure to the
surfaceat longitude� , latitude� . Thecenterof �gure is uncer-
tain; changesin thelocationof thecenterof �gure will change
r , � and� . In thisappendix,weshow how updatedcoordinates
r �, � �, � � maybecalculatedif thecenterof �gure is changed.

The original centerof �gure is at the origin, and the new
centerof �gure is offsetby �x , �y , �z respectively in thex-,
y- andz-directions.

Theangle� projectedontothex–z planeis givenby

(A.1)tan� v =
tan�
cos�

andtheprojectionof r ontothissameplaneis givenby

(A.2)rv =
r sin�
sin� v

.

If thecenterof �gure is offsetby �x , �z , thenlet r �
v and� �

v
bethecoordinatesrelative to thisnew origin (Fig. 7a).Wehave

(A.3)tan� �
v =

rv cos� v tan� v Š �z
rv cos� v Š �x

and

(A.4)r �
v =

rv cos� v Š �x
cos� �

v
.

In thex–y plane,theprojectionof r is simply rh = r cos� .
If thecenterof �gure is offsetby �x , �y , thenlet r �

h and� �
h be

thecoordinatesrelative to thisnew origin (Fig. 7b). Wehave

(A.5)tan� �
h =

rh sin� Š �y
rh cos� Š �x

and

(A.6)r �
h =

rh cos� Š �x
cos� �

h
.

Finally, thelatitude,longitudeandradiusrelative to thenew
centerof �gure aregivenby

(A.7)� � = � �
h,

(A.8)� � = tanŠ1�
tan� �

v cos� �� ,
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(A.9)r � =
r �
v sin� �

v

sin� � .
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