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Abstract

Theglobalshapeof Europais controlledby tidal androtationalpotentialsandpossiblyby lateralvariationsin ice shell thicknessWe uselimb
pro les from four Galileoimagego determinethe best- t hydrostaticshapeyielding a meanradiusof 15608 + 0.3 km anda radiusdifference
aS cof3.0x 0.9 km, consistentvith previousdeterminationsndinferencegrom gravity obsenrations.Addinglong-wavelengthtopographydue
to proposedateralvariationsin shellthicknessresultsin poorer ts to the limb pro les. We concludethat lateralshell thicknessvariationsand
long-wavelengthisostaticallysupportedopographiovariationsdo not exceed7 and0.7 km, respectiely. For therangeof rheologiesnvestigated
(basalviscositiesfrom 104 to 10 Pas) the maximum permissible(conductve) shell thicknesss 35 km. The relative uniformity of Europas

shellthicknesss dueto eithera heat ux
shell.
2007Elsevier Inc. All rightsresened.
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7 mwW m®2 from the silicateinterior, lateralice o w atthe baseof the shell, or convectionwithin the

1. Intr oduction

Determiningtheglobalshapeof Europais animportantgeo-
physicalobjectve (Daviesetal., 1998, sincea satellite’s shape
maybeusedo makeinferencesboultits internalstructurge.g.,
Dermottand Thomas,1988; Andersonet al., 2001). In the ab-
senceof signi cant elasticstressesa satellite’s shapds usually
determinedy its densitystructureandthe tidal androtational
potentialspresent(e.g.,Murray andDermott,1999. However,
in the caseof Europa,an additionaleffect may be important:
lateralvariationsin the oating ice shellthicknesgOjakan@s
and Stevenson,1989 can generatdong-wavelengthtopogra-
phy whichwill affecttheglobalshapeSimilareffectsarelikely
to be importanton other satellites,suchas Enceladuswhich
may alsopossessoating ice shells(Nimmo etal., 2007). The
aim of this paperis to provide a determinationof the global
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shapeof Europabasedon limb pro le obsenations,andto in-
vestigate whetherlateral variationsin ice shell thicknessare
likely to beanimportantfactor

Theavailableobsenationsaresuf cient to determineawell-
constrainedjlobal shapemodel.However, the dataprovide no
evidencefor the expectedlateralvariationsin shell thickness.
Thereareseveralpossibleanechanismsvhich couldaccountfor
thelack of lateralshell thicknessvariations While theresulting
constrainton shell propertiesarelessstringentthanonewould
like, it is clearthatadditionaldataacquiredin future,eitherat
Europaor elsavhere,canbe usedto probethe natureof satel-
lites possessingpating ice shells.

The restof this paperis organizedasfollows. We rst dis-
cusstheavailablelimb pro le obsenations,andthendetailthe
theoryusedto predictthe satellite’s globalshapejncludingthe
effect of lateralshell thicknesscontrastsThe global shapere-
sultsarecomparedvith previousdeterminationgDaviesetal.,
1998. We thenassesshe evidencefor lateral shell thickness
variations,andconcludewith a discussiorof our ndings, and
suggestiongor futurework.
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Fig. 1. Locationof individual Galileolimb pro les (seeTable 1 for details)superimposedn a globalimagemosaicof Europain simplecylindrical projection.Note

thatfor 3600639.2@oth easterrandwesternimbs areobsenred.

Table 1
Galileo (G) and Voyager?2 (V) spacecraffS/C)imagesusedto generatdimb
pro les

S/C Clockcount N km/pxl Latitude Longitude Latituderange
G  04665818.66 1043 4.11 $0.61 16243 $87.3t083.4
G  04137427.78 591 7.36 0.10 28257 589910837
G  03600639.26 1164 6.89 1.02 29262 $89.0t089.0
G  03897045.00 802 3.25 5014 164.26 S$5351059.6
V  20650.22 898 231 S2164 12980 S409t017.8
V  20651.59 893 2.15 $2525 12245 $2761026.2

Note N is thenumberof datapoints,“Latitude” and “Longitude” referto sub-
spacecraftatitudeandlongitude.” Latituderange”givesthe rangeof latitudes
of the pro les. Clock count(FDS countfor Voyager)identi es individual im-

age.Pro le positionsareplottedin Fig. 1.

2. Limb probleobsewvations

Fig. 1 shavs 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 Voyagerlimb pro les (FDS counts20650.22and
20651.59)werealsoexamined,but despitethe highernominal
resolution(seeTable 1), thesetwo pro les proved suf ciently
noisythatthey providedno additionalconstrainton the global
shape.

The obsenationswhich we usearethe radial distanceand
positionof pointsalongthe obsered limbs. The limb coordi-
natesare measuredy tting a Gaussiarspreadfunctionto a
model sharplimb and matchingthe obsered brightnesspro-
le to 0.1pixelsalongscansrossinghelimb (Thomasetal.,
1998. Accuraciesare estimatedby comparingresultsof low
andhigh resolutionimagesof the sametarget. Cameradistor

tion (Daviesetal., 1999 is thenremoved, andthe relative po-
sitionsof thelimb in differentviews, arecomparedo thoseof
projectedellipsesof triaxial ellipsoids.Residualsaretheradial
differencebetweenthe obsened pixel location and predicted
pixel location,andtheshapewith minimal RMS residualss the
solution.Uncertaintiesareestimatedyy allowing testedshapes
(a, b, c axesin km), to vary, within a rangeof residualsesti-
matedto accountfor measuremenincertaintiesand effects of
departurefromidealellipsoidshapgseeDermottandThomas,
1988. Smoothnessf thelimbs andcompletenesef coverage
play the dominantrole in determiningthe uncertaintyof the
overall shapesolution.

Fig. 2 shavs theresidualswith the best- t ellipsoidalshape
addedback in as a function of latitude. Thesewill be re-
ferredto asthe “raw radii,;” becausdhey containthe obsened
long-wavelengthtopograply, andform theobsenationsagainst
which our theoreticalmodelswill be compared.The pro les
contain signi cant amountsof short-wavelengthtopograply,
suchthatthe ervelopedescribedby the pointsat arny onelat-
itudeis 1 km wide. However, it is clearthat thereis long-
wavelength(degree 2) structurein the pro les. Furthermore,
someshorterwavelengthtopograply with amplitudesexceed-
ing 1 km is alsoapparentge.g.,at about75 S in Fig. 2a and
5 SinFig. 2b.

In orderto quantify the amountof short-wavelengthtopog-
raphy, which is noiseasfar asthe global shapeis concerned,
thepro les werehigh-passiltered usingawindow centerecn
100 km with a half-width of 50 km. The standardeviation of
theresultinghigh-frequeng pro les was0.32km. Models,de-
scribedbelow, whichfailedto reduceheRMS mis t below this
value were deemednadequateWhile this approachneglects
thepossibility of long-wavelengthsystematicerrorsin thedata,
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Fig. 2. Obseredlimb pro le raw radii rops asafunctionof latitude.(a—d)Solid line shovs modelradiusr asafunctionof latitudefor minimummis t hydrostatic
model(seeTable 3). TheRMS mis t is 0.229km. (e—h)Solid line shavs examplemodelradiusr for minimum mis t modelwhenlateralshellthicknessvariations
areincluded(Fp = 5 MWm®>2 and |, = 10'° Pas; see Fig. 4a). TheRMS mis t is 0.279km. In Figs. 2c and 2g the model lines for boththe easterrandwestern
limb are shavn; becausef the symmetryof the problemthelinesplot ontop of eachother

it providesa quantitatve measureof the quality of theoretical 3. Theory

model ts. Notethatwe t all the data,including the short-

wavelengthtopograply, to our theoreticaimodelsasdescribed The global shapeof Europais controlled primarily by its
in thenext section. rotationalandtidal potentials(e.g.,Davies et al., 1998. How-
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ever, if lateralshellthicknessvariationsoccur thesewill cause
long-wavelengthtopographicvariationswhich will also affect
theglobalshapeBelow we discusseachof thesecontributions
in turn.

3.1. Globalshape

Underthein uence of tidal androtationalpotentials andin
the absencef elasticity a satellites shapeis expectedto be a
triaxial ellipsoid (e.g.,Murray and Dermott,1999. The radial
distance toapoint( , ) onanellipsoidal gure is givenby

r2(, )=si® a?co€ + b’si® + c?cod , (1)

wherea, b, c aretheprincipalaxesof theellipsoid, and are
thelongitudeandcolatitude respectiely. For asynchronouso-
tatorin hydrostaticequilibrium4(b S c) = a S ¢ (Murray and
Dermott,1999. BecauseEuropas ice shell is relatively thin,
we expectit to be closeto hydrostaticequilibrium (Mooreand
Schubert2000 andthehydrostaticequalitywill thereforegen-
erally beadopted.

Theobseredraw radiusmeasurementspy , ) aregiven
for anominalcenterof gure. If this centerof gure changes,
thensotoowill rops, and . Sincethecenterof gure is un-
certain,when tting thetheoreticalradii r to the obseredraw
radii rops, it is Nnecessaryo vary not only the parameters, b
and ¢ which describethe theoreticalellipsoidal gure, but to
alsovarythelocationof thecenterof gure. In AppendixA we
describehow to recalculatehe obsered radii andcoordinates
whenthe centerof gure changesThe locationof the center
of gure is describedby x , y and z , whereeachpara-
meteris the offsetfrom the nominalpositionin the x-, y- and
z-directions respectiely.

For a setof obseredraw radiusmeasurement£q. (1) and
AppendixA maybe usedto determinewhich valuesof a, b, c,
X ,y andz givetheminimummist betweenr andrgps.
If, asdiscussedbelow, lateralshellthicknessvariationsareim-
portantthenlocal topograply h( , ) will besuperimposedn
the equilibrium gure. In this casethe predictedradiusat ary
pointis givenbyr (, )=r(, )+ h(, ) anditisthedif-
ferencebetweenr andrgps that mustbe minimizedto obtain
thevaluesofa, b,c, x , y andz .

An independentonstrainton a S ¢ may be obtainedfrom
gravity obsenations. Assuming hydrostatic equilibrium, the
satellites rotational parameterand second-dgree gravity co-
ef cient(s) maybe usedto constrainthe interior densitydistri-
bution (e.g.,Andersonet al., 1998. Given an internaldensity
distribution, the amountof attening, parameterizedsa S c,
may be directly derived (e.g., Dermott and Thomas,1988.
Importantly this estimateis not affectedby ary (isostatically-
compensatedjhellthicknessvariations Andersoretal. (1998)
giveavaluefor aS c of 3.2+ 0.08km,! indicatingabodywhich
is relatively centrallycondenseda uniform Europawould have
aS c¢= 3.9 km). Thus,thehydrostatica S ¢ derived usingthe

1 Herewe have assumedn uncertaintyof 2.5% basecon the publishedun-
certaintiesn Cy, andq of 2% and1.5%, respectiely.
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Fig. 3. Variation in laterally-averagedstrainrate (solid line) and surfacetem-
perature(dashedine) asa function of latitude, calculatedusing the methods
describedn Section3.2

gravity obsenationscanbe usedasa constrainton the values
derivedfrom limb pro le tting.

3.2. Shellthicknessvariationsandtopagraphy

We will begin by assuminghatEuropasice shellis conduc-
tive andin equilibrium (i.e., that heattransportis balancedy
heatproduction).Alternatively, the ice shell may be convect-
ing (e.g.,Pappalardeet al., 1998, in which casethe analysis
below undegoesslightmodi cations;this casds discussedur-
ther below (Section5). In the conductve case the local shell
thicknesss mainly controlledby four factors:the surfacetem-
peratureTs; the tidal heatproductionwithin the shell H; the
heatdeliveredto the baseof the ice shell Fp; andthe ability
of the shell to conductheat.Of thesefactors,at leastthe rst
two, and possiblythe third, vary with positionon the satellite
(seeFig. 3). Thus,theshellthicknesss expectedo shaw lateral
variations Thistheorywasworkedoutin considerableetailby
OjakangsandStevenson(1989)andonly abrief summarywill
begivenhere.

Assumingthat the deformationof the satellite may be de-
scribedby aviscoelastiqMaxwell) model,thelocal volumetric
tidal heatingH ( , ) is givenby

>
:211 i M
1+ (

HC, . ) )

M)?
wherey is therigidity, j isthelocaltidal strainrate,anover
bar denotegime-averagingover onetidal cycle, is thetidal
frequeny and \ = / [ is the Maxwell time, where is the
localviscosity For athin shell, we assumehatneitherthestrain
ratenortherigidity vary signi cantly with depth.However, the
viscosity is temperature-dependeahd thus depth-dependent,
sothatthevolumetricheatingH variesvertically aswell aslat-
erally.

Ratherthan adopt a strict Arrhenius relationshipfor the
temperature-dependencé the viscosity we insteaduse the
simpli ed Frank—Kamenetslkapproximation(e.g.,Solomate,
1995:

(T)= bexS (TSTy, ®)
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where p is the referenceviscosity at the baseof the ice shell
(temperaturelp) and = Q/R sz, whereQ is the activation
enegy andR is thegasconstantThe heatproductiondepends
strongly on the viscosity structure;thus, by varying the refer
enceviscosity we can investigate the behaior of conductve
shellsof varyingthicknesses.

The differentcomponentf tidal straintensor j may be
calculatedisingthesatelliteparameterandexpression$B.19)—
(B.26) given in Ojakan@s and Stevenson(1989) with one
typographicakorrection(gs = 135 88in Eq. (B.25)). There-
sulting time- and laterally-averagedstrain rate is plotted in
Fig. 3. It varies from 1.67 x 10°10 s at the equatorto
2.81x 10°10 s51 at the poles, with a global meanvalue of
2x 10°10s31 Neglectingothereffects,the volumetricheating
thereforeincreasedy afactorof 2.8 from equatorto pole. The
annually-aeragedsurfacetemperaturels( ) is calculatedus-
ing Ojakan@s and Stevenson(1989) (their AppendixA) and
is also shawn in Fig. 3. The global meanvalueis 101.2K
andit variesfrom 39 K at the polesto 109K at the equator
This equatoriatemperaturés comparableo the meanequator
ial temperaturef 106 K derived from radiometeiobsenrations
(Spenceetal.,1999.

The equilibriumshellthicknessD( , ) is thendetermined
by a nite-dif ferenceshootingtechniqugPressetal., 1992. In
equilibrium,the nite-dif ferenceversionof thehheatconduction
equationmaybewritten

Ti=2Ti+1S Ti+28 H(Ti+1) z %k , (4)

whereT; is thetemperaturattheith grid point, z isthegrid
pointspacingandk is the (constantthermalconductvity. 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 Ty = Tp
andTns1 = Tn S Fp z / k, whereFy, is assumedo be con-
stant. Given theseboundaryconditions,Eq. (4) may be used
to determinethe temperatureat the surface. The local shell
thicknesdD( , ) isthenadjustecandtheprocessterateduntil
the correctsurfacetemperaturels( , ) is obtained Although
this approachdoesnotrequireit, for simplicity we assumehat
k is constantIntroducinga variablethermalconductvity (cf.
Ojakangs and Stevenson,1989 dlightly changeshe results
with effectsthatarediscussedn Sectiorn4.2

If theice shellthicknesD( , ) varieslaterally thenin the
absencef elasticeffectsthesevariationswill giveriseto corre-
spondingvariationsin topograply dueto isostasyTheresulting
topograply h( , ) is simply givenby

h=——D, (5)

where istheicedensity istheice-waterdensitycontrast,
and D is theice shellthicknesddifferencefrom some back-
groundvalue.

Topograply is de ned relative to an equipotentialsurface;
thus, lateral shell thicknessvariationswill causethe apparent
shapeof ahydrostatichodyto departfrom theexpectedequilib-
rium shapeHerewe assumehatthemearnvalueof h integrated
acrossthe satelliteis zero; thus, a hydrostaticshell with no

Table 2

Nominal parametevaluesemployed

Symbol  Vaue  Units Symbol  Vaue Units
900  kgmS3 100 ~ kgmS3

k 3 wm°S1KS1 2.048x 10°°> &1

Tb 270 K M 4 GPa

Q 59 kJmols1

thicknessvariationswill conformto the expectedequilibrium
shape.Becauseof the long wavelengthof the thicknessvari-
ations,it is appropriateto assumethat elasticstresseplay no
signi cant role andthusthattheice shellis hydrostatic.

3.3. Parametes adopted

In general,parametenvalueswere chosento be similar to
those adoptedby Ojakan@s and Stevenson(1989) Table 2
givesthevaluesadoptedor this work.

Wewill assuméhatthebasaliceviscosity |, variesbetween
10 and10'® Pas andadoptanactivationenegy of 59kJ mol.
This viscosityrangeis consistentwith grainsizes 1 mm for
the diffusion creepregime of Goldsbyand Kohlstedt(2001)
As notedabore, varyingthebasalviscositywill causghemean
shellthicknessandshellthicknesscontraststo vary.

The heat ux into the baseof the ice shell dependwon the
radiogenicandtidal heatgeneratedn the silicate interior. The
radiogeniccontritution is about7 mWm®2, assumingchon-
dritic alundancegHussmanrmandSpohn,2004). Thetidal con-
tribution dependson the (unknavn) viscosity structureof the
silicateinterior, andcouldbenegligible (OjakangsandSteren-
son,1989 to ashighas200mwWm?=>2 (O’'Brien etal., 2002. As
discussedelown (Section4.2), suchhigh heat ux esresultin
thin shellsandthusnggligible lateralshell thicknessvariations.
For simplicity, we assumehat F, doesnot vary in space We
notethatin reality tidal dissipationwithin the silicate shell will
shav somespatialvariability (e.g.,Segatzetal., 1988; whatis
unclearis the extentto which the overlying oceanwill smooth
out suchvariations.

4. Results
4.1. Globalshape

The solid linesin Figs.2a—2dshaow the shapeof the best- t
hydrostaticellipsoid, tatulatedin Table 3. The individual pro-
le ts aregenerallywithin the noise,althoughthereappears
to be a systematicoffsetin the N hemispheref Fig. 2b. This
offsetis mostlikely not a real feature,sinceFig. 2c shows a
pro le from anearbylimb which lacksary correspondingff-
set.We carriedout mis ts excludingthe 04137427.7&lataset
but found that therewas no appreciablechangein the results
(apartfrom areductionin the minimumRMS mis t). Thislack
of changelikely arisesbecausédhe apparensystematicoffset
cannotbe t by ary of themodels(assumingsmallobliquities)
andthusthe dataset in questionessentiallyprovides no con-
straintona, b andc.
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Table 3

Minimum mis t ellipsoidalshaperesults(Eqg. (1))

F. Nimmoetal. / Icarus 191 (2007)183-192

a b c X y Mis t R-1560 aSc %%%
Hydrostatic;nominal 1562.6 1560.1 1559.3 0 0 0 0.255 0.7+ 0.3 32+ 0.8 0.25
Hydrostatic adjusted 1562.6 1560.3 1559.5 0.2 $0.45 0 0.229 0.8+ 0.3 30+ 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 32+ 09 0.09
Ellipsoid, adjusted 1562.6 1560.3 1559.5 0.2 S0.5 0 0.229 0.8+ 0.3 30+ 1.0 0.26
Model,nominal 1561.6 1560.4 1560.0 0 0 0 0.304 0.7+ 0.1 16+ 05 0.25
Model, adjusted 1561.6 1560.5 1560.2 0.1 S0.4 0 0.279 0.8+ 0.2 14+ 0.7 025

Note All quantitiesexceptthe lastcolumnin km. R is the meansatelliteradius, x |, y and z aretheadjustmentdo the nominalbest- t centerof gure (see
AppendixA). Hydrostaticresultsareconstrainecby 4(b S c) = (a S c). “Davies” refersto the estimateshy Daviesetal. (1998) The best- t hydrostaticpro les
andan examplemodelpro les areshawn in Figs. 2a—2dand2e—2h respectiely. Errorsin R anda S ¢ arecalculatedrom the envelope of modelswhich t the

datawith anRMS error of betterthan0.32 km (seetext).
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Fig. 4. (a) Predictedopographyvariations,calculatedss describedn Section3.2with = 10!° Pasand F, = 5 mw mS2. Bold contourline is zero,dashedines
arenegative, solid lines arepositive, contourinterval 200 m. (b) Longitudinallyaveragedshell thicknessfor modelswith the samebasalviscosity(lo15 Pas) but

differentbasalheat ux es Fy,.

For the completedataset, the overall RMS mis't is 0.229
km, a 28% reductioncomparedwith the standard-deiation of
the short-wavelengthnoise. This reductionindicatesthat the
long-wavelengthshapeis beingmatchedreasonablywell. Fits
using a generalellipsoid, ratherthan a hydrostaticone, yield
very similarvaluesandanalmostidenticalmis t. Themeanra-
diusis 15608 + 0.3 km, wherethe errorbarsarederivedfrom
the envelopeof modelswhich have anRMS mis t of lessthan
0.32km (seeSection2). Thevalueof a$S cis 3.0+ 0.9 km,
which agreeswith the estimateobtainedfrom gravity obser
vationsof 3.2 km (Section3.1). Note, however, thatwhile the
gravity obsenrations(Andersonetal., 2001) arecapableof de-
tecting the fact that Europais centrally condensedthe errors
associateavith a S c aresuf ciently largethatahomogeneous
Europa(a S c= 3.9 km) would justbe permitted.

Thegenerakllipsoidalsolution(Table3) resultsin very sim-
ilar valuesof botha S ¢ andthe meanradius,andhasa mis t
which is identical. Furthermorethe valueof (b S c)/(a’S c)
is very closeto thatexpectedfor a hydrostaticsolution. There
is thus currently no evidencethat Europapossessea non-
hydrostaticglobalshape.

Table 3 also comparesour resultswith thoseobtainedby
Daviesetal. (1998)which werederived usingregionalimages
to setup ageodeticcontrolnetwork, andalsoassumee hydro-
static shape.The agreements striking: both the meanradius

andthevalueof a S c areidenticalwithin error, thoughthe es-
timateduncertaintiedor the limb pro le valuesare somevhat
smaller

We alsoattemptedo investicate whethera non-zerooblig-
uity for Europacould be detectedseeBills, 2005. To do so
we looked for the minimum mis t hydrostaticsolution while
varying an offset (positive or negative) appliedto all the lati-
tudevalues.We foundtheminimummis t to occuratanoffset
of S2 . However, sincethis minimummis t valueis only 1.3%
smallerthanthe value found for the nominal obliquity (zero),
we concludethatour currentshapemodelis insufcient to de-
tectobliquity variationswhich areexpectedobe 0.1 (Bills,
2009.

4.2. Shellthicknessrariations

Fig. 4a shows the predictedglobal variationin topograply
dueto shell thicknessvariationsfor a speci ¢ setof parame-
ter values(Fp, = 5 mWm®2 and p = 10 Pas) which result
in a relatively thick ice shell. The high elevationsabove the
equilibrium height(maximumshell thickness)at the sub- and
anti-jovian pointsaredueto theminimumin tidal strainatthese
points. The increasingelevationstowardsthe polesis primar
ily aconsequencef the shell thickeningdueto the polevards
reductionin surfacetemperature-Fig. 3 shows the sharpre-
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@)

(b)

Fig. 5. (a) Variationin RMS mis t (relative to themis t of 0.229km for the simple hydrostaticmodel)asa functionof meanconductive shellthicknessfor three
differentbasalrheologieslndividual pointsare labeledby the basalheat ux Fp in mWm®>2. Filled symbolsdenotemodelswhich have an a S ¢ consistentvith

gravity obsenations (seeFig. 6 below). Here x

y and z are x ed at 0.2 km, $0.45 km and0, respectiely. (b) RMS mis t as a function of the maximum

contrastetweerlaterally-areragedtopographyfor the samemodelsasshavn in (a).

ductionin surfacetemperatureathighlatitudes. Theamplitude
of thetopographiovariationsapproacheg km, dueto thelarge
backgroundthicknessof the ice shell (meanvalue 42.6 km).

Thesdargeamplitude Jong-wavelengthtopographioariations
shouldbedetectablén globalshapemeasuremeniseebelow).

Althoughtherotationalandtidal potentialsof the satellite also
inducelong-wavelengthtopographicvariationsof similar am-
plitude,thespatialpatternsaredifferent(thetidal androtational
patternsareboth puresphericalharmonicdegree?2).

Fig. 4b shows thelongitudinallyaveragedvariationsin shell
thicknessfor two different valuesof Fp. The casewith the
smallerFy exhibits large shell thicknessvariationsaroundthe
meanvalue; thesearise due to the lateral variationsin tidal
heatingandsurfacetemperatureThe maximumlongitudinally
averagedshell thicknesscontrastis 10 km, which would re-
sult in 1 km of topograply (Eqg. (5)). This resultis similar
to thoseshown in Ojakangs and Sterenson(1989) although
the meanshell thicknessis larger becauseof the larger basal
viscosity adopted.The casewith the larger value of F, hasa
muchsmallemeanshellthicknesg22.4km) asexpectedMore
importantly the lateral shell thicknessvariationsare smaller
(maximumcontrasté km) andalmostnon-«istentaway from
the poles.This latter effect occursbecausd-, is constantand
signi cantly exceedsthe local, spatially variabletidal heating.
Thus,highervaluesof Fp resultin smallerateralthicknessvari-
ationsandmoresubduedong-wavelengthtopograply.

Figs. 2e-2hshav the limb pro le obsenations, but this
time using the best- t modelwhenthe shell thicknessvaria-
tionsshawn in Fig. 4a arealsoincluded(Fp, = 5 mWm®2 and

b= 10 Pas). Althoughthedifferencesaresubtle,in general
the ts areactuallyworse,especiallyin Figs. 2e and 2h. The
RMSmis t is 0.279km, afactorof 22%largerthanthemodels
neglectingshell thicknessvariations.Thisis a surprisingresult:
anapparentlymorephysically realisticmodelhasresultedin a
worse t betweenmmodelanddata.Carryingout the sameexer-
cisewith a reducedactivation enegy (20 kJ/ mol) resultsin a
mis t 10%largerthanthe modelwithout shellthicknessvaria-

tions.Thus,theseobsenationssuggesthatlargeshell thickness
variationsof thekind shown in Fig. 4 arenotpresenbtn Europa.

Fig. 4b shows that larger basalheat ux estendto reduce
lateral shell thicknessvariations,and should thus reducethe
mis t betweenmodel shapeand that obsened. Accordingly,
we determinedhe best- t shapeparameterdor modelssimi-
lar to thoseshown in Fig. 4a but having differentvaluesof Fy
and p. Fig. 5asummarizeghevariationin mis t asafunction
of meanshellthicknessHere x , y and z areall keptcon-
stantatthe best- t valuesdeterminedor the constant-thickness
casethis wasdoneto reducecomputatiorandintroduceseg-
ligible changedo the nal results.As expected,larger basal
heat ux esleadto reducednis ts, andalsoreducedmeanshell
thicknessesFig. 5b shows that the reductionin meanshell
thicknesss accompaniedby a reductionin lateralshell thick-
nessvariations,asalsodemonstratedh Fig. 4b. Theseresults
thussuggesthatthick, conductve shellsareincompatiblewith
theobsenations.

However, becaus¢heRMSmis t only increaseslowly with
decreasind-p, the maximumpermittedshell thicknesss only
weakly constrained Furthermore this maximumvalue is de-
pendenbntheice rheologyadoptedthreedifferentrheologies
areplottedin Fig. 5, anddemonstrat¢hat a basalviscosity of
10 Pas resultsin signi cantly higher shell thicknesseshan
for lowerviscosities As discussedbelow, themodela S ¢ value
yields a strongerconstrainton the shell properties.In Fig. 5,
only the lled symbols satisfy this additional constraint,and
suggesthat upperboundson the meanthicknessof a conduc-
tive ice shell canin factbederived.

For anisostaticshellwhich is thin comparedo the satellite
radius Jateralvariationsin shellthicknesawill have aneggligible
effectonthedegree-2gravitationalpotentialof thesatellite(this
maybe demonstratedsingEq. (2.1.29)in Kaula,1968. Thus,
it is permissibleto usetheinferredvalueof a S ¢ derivedfrom
gravity obsenationsasa constrainton our models.

Becausdhe global shapés beingmatchedwith a combina-
tion of ellipsoidaldistortionandlateraltopographicvariations,
larger shellthicknesscontrastdendto resultin lessellipsoidal
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Fig. 6. (a) Variationin modela S ¢ asa functionof meanshellthicknessfor threedifferentbasalrheologies assuminga hydrostaticshell. Individual pointsare
labeledby the basalheat ux Fp in mWm®2. Error barsfor eachmodel point are obtainedby treatingall combinationsof a, b andc with anRMS mist of
< 0.32km asacceptableFilled symbolsare modelswhich satisfy(within uncertaintythevalue of aS ¢ = 3.2 km deducedrom gravity obsenations (Section3.1).
All suchsuccessfumodelsareassociatedvith basalheat ux es of 10 mwm=>2 or higher Here x , y andz are x ed at 0.2km, $S0.45km and0, respectiely.
(b) Variationin modela S ¢ asafunctionof maximumcontrasbetweeraterally-averagedtopographyfor the samemodelsasshovn in (a).

gures andthussmallervaluesof a S c. Figs.6aand6b shav

how the modela S ¢ variesas a function of shell thickness
and shell thicknesscontrast,respectrely, and compareghese
valueswith the obsened one.As expected larger shell thick-

nessesndthicknesscontrastdeadto smallervaluesof a S c.

Theerrorbarsfor eachvalueof |, andFy arederivedby treat-
ing all combinationsf a, b andc with anRMS mist of less
than0.32 km asacceptableModelswhich generatevaluesof

a S c consistentvith the obsenationshave lled symbols.For

therangeof rheologiednvestigated,the maximumpermissible
(conductve) shellthicknesss 35 km, the minimum basalheat
ux is 10mWm®2 andthe maximumglobaltopographiacon-
trastis 0.7 km. Adoptingathermalconductvity whichvariesas
VT (cf. Ojakan@sand Stevenson,1989 ratherthanremain-
ing constanthasno effect on the maximumshell thicknessbut

reducegheminimumheat ux requiredto 7 mwmsS2,

5. Discussionand conclusions

Theprecedingsectionshave shovn thatthereis no evidence
in theglobalshapedatafor thelateralshellthicknessvariations
predictedby the conductve model of Ojakangs and Steven-
son(1989) Basedprimarily onthevalueof a S c inferredfrom
gravity obsenations,maximumvaluesfor thetotal shell thick-
nessand lateral shell thicknesscontrastscan be derived. Be-
causeof the noisy natureof thelimb pro les, theseconstraints
arenotastightasonewouldlik e; nonethelesgheupperbounds
onshellthicknessandglobalisostatictopographiovariationare
35 km and0.7 km, respectrely. For the constant-conduatity
models the lower boundon the basalheat ux is 10 mWm>2,
while variable-conductity modelspermit valuesas small as
7 mWmS2,

Thereare at leasttwo waysto interprettheseconclusions.
The rst is to simply assumethat the ice shell is relatively
thin (< 35km) dueto heatingfrom belav, andthatlateralshell
thicknessvariationsdo exist but arenotdetectablavith thecur-
rent obsenations.This conclusionis interestingin two ways.

Firstly, it requiresheat ux es which are comparableto or in
excessof the radiogeniccontritution from the silicate interior
(HussmanrandSpohn,2004). Secondlyit placedimits onthe
extent to which topograply obsered on the surface can be
supportedy shell thicknessvariations(Airy isostasy)Stereo-
derivedtopographicbsenations(ProckterandSchenk 2005,
aswell asthe limb pro le datathemseles (Fig. 2), suggest
thatlocal topographiamplitudescanexceedl km. Sinceshort
wavelengthshell thicknessvariationsare smoothedout more
rapidly thanlongerwavelengthvariations(seebelow), the ob-
sened local topograply cannotbe supportedoy Airy isostasy
Moderatg 25kgm®2) lateraldensityvariationscouldsupport
suchtopograply if the shellwere35 km thick (e.g.,Nimmo et
al., 20033. However, it is morelikely that suchlocal topogra-
phy is elasticallysupportedcf. Nimmo etal., 2003h.

A secondpossibleinterpretationis that no signi cant vari-
ations in lateral shell thicknessexist at all. There are two
possiblemechanismsvhich could leadto this eventuality de-
spite the spatial variationsin tidal heatproductionwithin the
ice shell. One mechanismis lateral ow of the ice shell,
which reducesshell thicknessvariationsover time (Ojakangs
and Stevenson,1989; O’'Brien et al., 2002; Nimmo, 2004).
For viscositiescorrespondingo grain sizesof 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 meanage of Eu-
ropas surface.Thus,if theice shell is at becauseof lateral
ow, it is likely at least30 km thick. Becausethe timescale
for such ow goes as the square of the wavelength (e.g.,
Nimmo, 2004, this conclusionnecessarilyimplies that more
local topograply cannotbe supportedby variationsin shell
thickness.

The othermechanisnis thatthe ice shell could be corvec-
tive, ratherthanconductve. Corvectioninitiatesoncethe shell
exceedsa critical thicknesswhich dependsmainly on the ice
rheology (e.g., McKinnon, 1999. If the shell is cornvecting,
thenthebulk of theshellwill becloseto the meltingpointand
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Fig. 7. (a) De nition sketchfor changan centerof gure in x—z plane(seeAppendixA). (b) Asfor (a),butin x—y plane.

will promoterapidlateral o w of ice. Thus,in generakorvect-
ing ice shellsareexpectedto have constanthicknesseswWhile
anisothermakorvectinginterioris likely to resultin higherto-
tal tidal dissipationthana conductve shell, this distinctionis
not relevantto our study:whatmattersis the spatial variations
in tidal heating,and the extent to which they resultin shell
thicknessvariations.If corvection occurs,the shell thickness
is likely to be constant.However, the shearheatingand sur
facetemperaturetill vary spatially(Fig. 3) andthustherewill
be long-wavelengthspatial variationsin both the temperature
of the corvectingice andthe nearsurface stagnantid thick-
ness.

Sincecorvectiongenerallyproducesa constanthell thick-
ness,the resultinglong-wavelengthtopograply will be negli-
gible. Short-wavelengthcorvective topograply may arise be-
causeof upwellingsand downwellings, but this topograply is
expectedto be of low amplitude (tensof meters)due to the
smallcornvectivetemperaturedifferencesvailable(Nimmoand
Manga, 2002. Owing to the long wavelengthof lateral o w
comparedo the shell thicknesstheremaybea narrav rangeof
shellthicknessef which corvectioncanoccurwithout lateral
o w beingeffective (Nimmoetal.,2005. However, in practice,
this situationis unlikely to occur

We arethusleft with two possibilities:arelatively thin, con-
ductive shell, heatedrom belaw, in which limited lateralshell
thicknessvariationsoccur;anda thicker shell,in which lateral
ow and/or corvection have ensureda constantshell thick-
ness.Thecurrentdataarenot sufciently preciseto distinguish
betweenthesetwo possibilities.However, ary future mission
to Europais likely to carry a dedicatedaltimeterand a radar
sounder(NationalResearctCouncil, 1999 which will be able
to testthesetwo competinghypothesesln the meantime, the
effect of lateralshell thicknessvariationson the global shapes
of othersatellites,notablythat of Enceladuge.g., Thomaset
al., 2007, have yetto beinvesticated.
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Appendix A

The obsenrationsof Europas shapearein theformr(, ),
wherer is the radial distancefrom the centerof gure to the
surfaceatlongitude , latitude . Thecenterof gure isuncer
tain; changesn thelocationof the centerof gure will change
r, and .Inthisappendixwe shav how updatectoordinates
r, , maybecalculatedf thecenterof gure ischanged.

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

Theangle projectedontothex—z planeis givenby

tan
tan = — (A1)
cos
andthe projectionof r ontothis sameplaneis givenby
rsin
ry= . A2
Y7 siny A2)

If thecenterof gure is offsetby x , z ,thenletr, and |,
bethecoordinateselative to this new origin (Fig. 7a). We have

rycos ytan v S z

tan ,, = =~ A.3
v rycos yS x (A-3)
and
rycos yS x
ry= v ve 2 (A.4)
cos

In the x-y plane,the projectionof r is simply r, = r cos .
If thecenterof gure isoffsetby x , y ,thenletr, and | be
thecoordinateselative to this new origin (Fig. 7b). We have

rsin Sy
tan , = —— A.5
" rhcos S x (A-5)
and
rhcos S x
= e 22 (A.6)
cos |,

Finally, thelatitude,longitudeandradiusrelative to the new
centerof gure aregivenby

ho (A7)
(A.8)

tar! tan ,cos |
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rysin
r = 1 —Y, A.9
sin (A-9)
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