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Abstract

Weidentify two likely normalfaultsonEuropa,of lengthsz 30and11 km.A simpleßexuralmodelof fault-relatedtopographygiveseffective
elasticthicknessesof 1.2and0.15km, respectively, andtheresultinginferredfault strengthis of order1 MPa.Themaximumfault displacement:
lengthratio for eachfault is z 0.02,comparablewith valuesonsilicateplanets.Wecombinethisobservationwith amodiÞedlinearelasticfracture
mechanicsmodeltoconcludethattheshearmodulusof theEuropansurfacemustbesigniÞcantlylessthanthatfor unfracturedice.Thelow valueof
themodulusisprobablyduetonear-surfacefracturingorporosity,whichwill affectthematerialÕsradarpropertiesandseismicvelocities.For alikely
reductionin shearmodulusof anorderof magnitude,thedriving stressesinferredareabout6e 8 MPa, muchhigherthanpresent-daydiurnaltidal
stresses.However, stressesapproachingthesevaluescanbegeneratedbynon-synchronousrotationor polarwander, while stressesexceedingthese
valuesariseduringice shell freezing.If theentirelargerfault breaks,it will generateaneventof seismicmagnitudeMsz 5.3.
� 2005Elsevier Ltd. All rightsreserved.
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1. Intr oduction

EuropaÕs surfaceis pervasively fracturedasa resultof tidal
deformation (Greenberget al., 1998). A considerableamount
of work hasbeendoneonboththefractureorientation(Katten-
horn,2002;Greenberg et al., 2003;Spaunet al., 2003) andthe
directionandamountof motion (Hoppaet al., 2000;Prockter
et al., 2002; Michalski and Greeley, 2002; Sarid et al. 2002;
Schulson,2002;Pattersonetal.,2004). In theabsenceof altim-
etrydata,photoclinometry (PC)or stereotechniqueshavebeen
usedto obtain icy satellitetopography(e.g.SchenkandMoore,
1995;Gieseet al., 1998;Schenk,2002). The resultshave been
usedin studies of double ridges(Head et al., 1999; Hurford
etal.,2004), chaosregions(WilliamsandGreeley,1998;Figuer-
edo et al., 2002; Schenkand Pappalardo, 2004) and bands
(Prockteret al., 2002;Nimmo et al., 2003a).

In this paper, we use stereo-derived topography (Schenk,
2002) to identify two possible normalfaults on Europa. Little

attentionhashitherto beenpaid to the topography of normal
faultson Europa, althoughnormal fault topography andexten-
sion on the somewhat similar icy surfaceof Ganymedehave
been described by several authors (Collins et al., 1998;
Prockter et al., 1998; Nimmo et al., 2002; Pappalardo and
Collins, 2005). On EarthandVenus,normal fault observations
have beenusedto infer various mechanicalproperties of the
material in which they form (e.g. Jackson and White, 1989;
Kusznir et al., 1991;FosterandNimmo, 1996). Here,we ap-
ply somesimple techniquesfrom the terrestrial literature to
probethe mechanical properties of the ice shell on Europa.

2. Observations

Fig. 1a shows a Galileo image of an areain the trailing
hemisphere of Europa,between Argiope and Katrous Lineae
(FigueredoandGreeley 2004, Fig. 1). The bulk of the image
consistsof ridged plains material. Two dominant structural
trendsare evident: an early ENE trend,which is overprinted
by a more recent NW trend. The northern half of the image
containsseveral areasof disruptedmaterial, which form the
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Fig. 1. (a) High-resolution images(PDSno. 466669339 and466669352,55 m/pixel) from Galileoobservationsequence17ESDISSTR01,superimposedon lower
resolutionregional image(PDSno. 466664278,220m/pixel). Redbox denotesareamagniÞedin (c). High resolutionimagehasan incidenceangleof 72� , emis-
sionangle32� , cameralook directionWNW andsolarazimuthENE; low resolutionimageparameters are75,20� , S andENE,respectively. (b) Topographyof the
areashown in (a),basedon a combinationof stereoandphotoclinometry. Original resolution55 m/pixel, verticalerror55 m, contourinterval 200m. Datagridded
at 0.0025� intervals; 1� ¼27 km at the equatoron Europa.Black box denotesareacontaining30 fault-perpendicular proÞlesusedin constructingFigs.4 and5.
(c) MagniÞedview of portion of (a), showing proposed normal fault tracesandstructuraloffsets.(d) As for (c), but without annotation.



southernmarginsof a chaosareamappedby Figueredo and
Greeley(2004).

Fig. 1b shows the topography of the samearea,derivedby
combining high resolution PC topography with lower resolu-
tion (but more reliableat long wavelengths) stereo-derivedto-
pography, using the technique described in Schenk(2002),
SchenkandPappalardo(2004)andSchenket al. (2004). The
DEM has an estimated absolute vertical precision of 55 m
(anda few meters in relative precision) anda pixel resolution
of 55 m (identicalto theoriginal imagemosaic).Several of the
NW-trending doubleridgesshow up prominently in thetopog-
raphy, but the most obvious feature is a trench-like topo-
graphic low, which outlines a raisedblock in the centerof
the image.The northern edgeof this block is sharply deÞned
and highly linear. Fig. 1c shows a magniÞed view of this
northern block margin. The margin is deÞnedby a faint,
dark lineation (dashedred line), which appears to have caused
a slight offset in several ridges(A, B, C, D). TheidentiÞcation
of structural offsetsandanassociatedtopographicstepsuggest
that this linear feature is a normalfault. The topographicdata
suggest that this fault extendssomedistance E of the endof
the mappedtracein Fig. 1c, andthere do appear to be struc-
tural discontinuities that support this observation, for instance
at ridge D. The fault alsoappears to continue to the W of the
high-resolutioncoverage, showing up asa distinct shadow in
the lower resolution image. The downthrown area towards
theW endof thehigh-resolution coverage containsa 4 km di-
ameter darkcircular feature(lenticula).This featureappears to
have disrupted pre-existingridgesandis topographically low.

While clearly youngerthan ridged plains, the ageof this
fault is indeterminatedueto thefact that it crossesonly ridged
plains. Dark material from the adjacentlenticula laps up al-
most to the fault scarpbut doesnot actually contact it. The
main fault trace is very linear over long spatial scales,but
somewhat irregular over distances of 100m or so (Fig. 1d).
This irregularity may reßectcontrol by original ridgesor pro-
jection effectsdueto the moderately obliqueviewing geome-
try. The fault appears to break into two or perhapsthree
closely spacedparallel fault segments near the intersection
with ridges A and B (Fig. 1c). A smaller sub-plateau has
also formed near the western margin of the main plateau.
This unit is boundedto the north by the main fault and to
thesouth andeastby similar normalfaults (Fig. 1c), with ver-
tical offsetsof w 300m.

The apparentwidth of the fault to the E of ridge B is 3� 1
pixels (110e 220m). The vertical offset is 300m, giving rise

to a fault dip of 54e 70� . This angle ishigherthantheapparent
angle from across-trackproÞles(see Fig. 5), owing to the
smoothingwhich occurs duringthestereoprocessing.The lat-
eraloffsetseenfor ridgeB is theoppositeof theparallaxeffect
expectedfor simple down-dip motion, and suggests a lateral
componentof motion of at most a few hundredmeters. The
lateral offset of ridgesA and C is consistentwith down-dip
motion, but that for A is complicatedby the potential offset
acrossa smaller ESE-trending fault to theN of themain fault.

Fig. 2 shows a topographic map of the areasurrounding
Manannancrater (diameter22 km, center 3.2� N, 240.1� W).
The topography wasderived from stereo(Schenk,2002) and
hasa horizontal resolution of 80 m/pixel andanestimatedver-
tical precision of 17 m. The ßatßoorandraisedrim of thecra-
ter areindicatedin Fig. 2; pedestal deposits exteriorto therim
are raised by w 100m relative to the surrounding terrain
(Mooreet al.,2001). Justto thewestof thecrateris atriangular
areaabout10 km along eachside,boundedby troughs(blue)
to the N and E. The northern trench is both linearand rela-
tively sharp, and trends ENE. The easterntrench extends
northwardsoff theedgeof themap. The northern scarp/trench
combination is similar to that seenin Fig. 1b.

Fig.3ashowsahighresolution Galileoimageof thetriangu-
lar area,andFig.3b showsageologicalsketchmapof thesame
location.Because of the high solar-illumination,the sceneis
dominatedby albedo variations. Nevertheless,the northern
scarpshows up clearly asa highly linear feature.Small lobate
featuresadjoining it to thenorthmaybemasswastingfeatures
(cf. Mooreet al., 1999). Thereis a pronouncedstructural grain
in thetriangular area,which roughlyparallelsits northernedge
(highlightedin Fig. 3); thisgrainis not radialto Manannanand
is likely to be dueto pre-existingridgesratherthanejectade-
posits.The easternmarginof the areais deÞnedby a scallop-
shapedfracture. To the north, this fracture appears to truncate
the main northern scarp; to the south, the fracture merges
with anumberof otherfracturesto ultimately form aprominent
graben(regionalimages11E012and11E014,not shown). The
darkmaterial to the north-eastis the continuousejectaunit of
Mooreet al. (2001).

A furtherargumentfor the linearscarpsseenin Figs.1 and
2 being normalfaultscomesfrom amoredetailedexamination
of their topography. Fig. 4a and c plot the topography at the
baseandthe top of the scarpsasa function of distance along
them.Both plotsarenoisy, but in the caseof Fig. 4a, the data
are real and reßect the numerous smaller-scale ridges and
double-ridges.In the caseof Fig. 4c, the dataare noisy due

Fig. 2. Stereotopographyof Manannanarea,Europa,original pixel resolution80m/pixel, verticalerror17 m. Contourinterval 100m. Grid spacingis 0.003� . Red
box denotesapproximateedgesof imageshown in Fig. 3. Black box denotesedgesof 60 NWe SE proÞlesusedin constructingFigs.4 and5.
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to a combinationof real topography andthe spatialresolution
limit s of the stereodataset. In both cases the topography of
the top of the scarproughly mirrors that at the base,though
the amplitude of the former is larger. This kind of pattern is
characteristic of normal faults on Earth (see e.g. GrosÞls

etal., 2003, Þg.7). Fig. 4b andd plotstheverticaloffsetacross
the scarps,demonstrating that the displacement is maximum
towardsthe centeranddecays with a relatively steepgradient
at eitherend.Superimposedon Fig. 4b aretwo displacements
proÞle from terrestrial normal faults (Dawers and Anders,

Fig. 3. (a) High-resolution Galileoimagefrom observationsequence14ESCRATER02(PDSno.440948678),resolution20m/pixel. Incidenceangle22� , emission
angle25� , solarazimuthW. (b) Geologicalsketchmapof area,showing mainnormalfault andminor fractures.Theshorterparallelfracturesjustsouthof themain
fault tracearea part of a setof roughly easte west-trendingstructures.Thesearenot apparentin the DEM astopographicelements(due to vertical resolution
limits), andthe high-solarillumination precludesassessingmorphology. They may be a setof parallel ridgessuchasarecommonacrossEuropa(seeFig. 1).

Fig. 4. (a) Maximum andminimum topography as a function of distancealong fault scarp,obtainedfrom proÞlesin Fig. 2. ProÞleazimuthsare15� W of N,
separatedlaterally by 0.25km. Point spacing0.25km, max/mintopography determinedin window 3e 4.5km from S endof proÞle.(b) Throw acrossfault, cal-
culatedfrom max/min topography in (a). Dashedlines aredisplacement proÞlesfor two terrestrialnormal faults: Afar (Manighettiet al., 2001, Þg.5f) andthe
VolcanicTablelands(DawersandAnders,1995, Þg.5;, total throw). (c) As for (a),butobtainedfrom proÞlesin Fig. 1b. ProÞleazimuthsare20� W of N, separated
laterally by 1 km. Point spacing1 km, max/min topographydetermined in window 17e 22 km from S endof proÞle.(d) As for (b) but usingdatafrom (c).
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1995; Manighetti et al., 2001). The similarities between the
terrestrial andEuropanproÞlesarestriking.ForFig. 4d thesit-
uationis slightly morecomplex:only partof thefault proÞle is
available in stereo,andthere is a pronounceddropin displace-
ment at about7 km. This kink occurs at the point where the
through-going ridges A and B intersect the fault (see
Fig. 1c). Such kinks in displacement are often the result of
two faults linking as they grow (e.g. Cartwright et al., 1995;
Dawers andAnders,1995).

3. Flexural modeling

On Earth,it haslong beenrecognizedthattheuplifted foot-
wall of a fault that is sufÞciently largewill imposea load on
the elastic lithosphereand produce a ßexural response(e.g.
Weisseland Karner, 1989; Kusznir et al., 1991; Brown and
Phillips, 1999). Sincethe elasticthicknessof the icy satellites
is considerably smaller than that of most terrestrial settings,
ßexurally-modiÞedfault proÞles are likely to occur. The
trenches identiÞed to the north of the scarpsin Figs. 1 and2
are strong evidence that such ßexural modiÞcation is
happening.

Fig. 5a andc showsmeanacross-strike topographic proÞles
obtainedby stacking proÞlesacross the centersof the faults
from Figs. 1 and 2. The meanvertical throws on the faults
are about 150 and 300 m, respectively. The apparent fault
dip anglesare z 5� , though theseare underestimates due to
the smoothingeffectsof the stereoprocessingandsubsequent
proÞlestacking. In both cases the footwall and hangingwall
show topographic curvature,which is characteristicof ßexure.

We use the ßexural cantilever model of Kusznir et al.
(1991) to model the fault-related topography. This model as-
sumesa thin elastic layer, as opposed to an elastichalf-space;
sucha layer is appropriateto a situation in which thefault dis-
placementmay be comparablewith the likely elastic layer
thickness(e.g.Billings andKattenhorn,2002;Hurford et al.,
2004). In the model, the (planar) fault displacement places
an asymmetric load on the surface. Extension is alsoaccom-
modatedby ductile thinningof thebaseof theice shell, which
will takeplace over a wider areathanthe faulting since lower
crustalßow is likely to berapid(Nimmo, 2004a). Thedistance
over which the shell respondsto these different loadsis pri-
marily governed by its effective elastic thickness Te. Here,
we assumethat the region in which lower crustal thinning

Fig. 5. (a) Topographic proÞleacrossManannanfault, stackedfrom centralproÞles(numbers14e 34) shown in Fig. 2. Bold line is data,light lines are � one
standarddeviation. Dashedlines are bestÞtting model using the approachof Kusznir et al. (1991), with fault dip of 22� and elastic thickness of 0.15km.
Here,we assumea YoungÕs modulusof 1 GPa, an accelerationof 1.3m s� 2, ice andoceandensitiesof 900and1000kg m� 3, respectively, anda shell thickness
of 20km. The fault extendsfrom 4.35to 4.9km. (b) Normalized misÞtasa function of elasticthickness,calculatedusingthe methodof Nimmo et al. (2003b).
Bold line allows dip to vary andgives a minimum misÞtof 1.21standarddeviations.Light line keepsdip Þxedat 60� andfault start-andend-pointsat 4.56and
4.67km. Minimum misÞtis 1.52standarddeviations,bestÞt elasticthickness0.2km. (c) As for (a), but stackingproÞles1e 20 from Fig. 1. Best-Þtelasticthick-
nessis 1.18km andfault dip 11� . Thefault extendsfrom 16 to 17.5km. (d) As for (b), but for resultsshown in (c). Bold line allows dip to vary andgives a min-
imum misÞtof 0.59standarddeviations.Light line keepsdip Þxed at 60� andfault start-andend-points at 16.67and16.84km. Minimum misÞtis 0.60standard
deviations,bestÞt elasticthickness 1.03km.
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occursis 30 times wider than the horizontal fault heave, and
that theshell thicknessis 20 km, but theresults areinsensitive
to theseassumptions. Increasingthe thinning zonewidth by
two ordersof magnitude resultsin a changein Te of < 4%;
halving the shell thicknesschanges the results by < 2%.

Fig. 5a andc shows the best-Þtmodels obtained by simul-
taneously varying Te andthe fault dip angle q, while keeping
the x-coordinatesof the top and bottom of the exposedfault
surfaceÞxed. The best-Þtelastic thicknessesare 0.15 and
1.2km, respectively (assuming a YoungÕs modulus of
1 GPa).The best-Þtdip angles are 22 and 11� , respectively.
As notedin Section2, these low dip anglesarelikely a result
of thesmoothing inherentin thestereotopography. Thedirect
estimate of the dip angleis 54e 70� , consistentwith expecta-
tions for terrestrial normal faults (Jackson and White, 1989)
and suggestingthat only limit ed mass-wasting hasoccurred.
We also note that high near-surfacefault dips are expected
on low gravity bodies,where dilational faulting will extend
to greater depths thanon Earth (Ferrill et al., 2003).

Fig. 5b andd shows how themisÞtbetweenmodel andob-
servationsvariesasa function of Te anddemonstratesthat the
Tevalueis well constrained.Resultsarealsoshown for thecase
whenq is Þxedat60� andthefault start-andend-pointsaread-
justed to keep the fault throw the same.The best-Þtelastic
thicknessesarealmostunchanged,indicating that Te is robust
to uncertainties in dip angle.Although we have not examined
theeffectsof a listric fault geometry, theTe results areunlikely
to be signiÞcantly affectedunless the radiusof curvaturebe-
comescomparable with or smallerthanthe elasticthickness.

Both proÞles,but especially Manannan(Fig. 5a), show ßat
ßoorsin thehanging wall trough.It is possible that this effect
arises due to mass-wasting Þlling in the low topography,
though theimageresolution is insufÞcientto allow directiden-
tiÞcationof mass-wastingfeatures.To checkthat this modiÞ-
cation of topography does not signiÞcantly inßuence the
results, we carried out additional Þts, which excluded the
ßat ßoors.For Manannan, the resultsgave a reductionin Te

from 0 to 50%,depending on thewidth of theexcluded region;
similar results wereobtainedfor Fig. 5c.

Topography contrasts suchas those seenin Fig. 5a and c
result in elasticstresses,which aregreatestnearthe bounding
faults. The faults must be able to withstand thesestresses,
which dependon Te, andthe topographicwavelengthandam-
plitude. Thus,the topographyandTe estimatesprovidea con-
strainton fault strength(FosterandNimmo, 1996). Applying
the equations of Jackson and White (1989) to Fig. 5a and c,
elastic stressesof 0.3e 3 MPa are obtained. These stresses
arecomparablewith the frictional stresson a fault 0.3e 3 km
deep.Thus,the fault strengthrequired is consistentwith other
estimates of the Europan brittlee ductile transition depth of
a few km (Pappalardoet al., 1999).

4. Displacement: length ratio

A particularly important characteristicof normal faults is
thedisplacement:length (D/L) ratio, which may beusedto in-
fer themechanicalpropertiesof thematerial in which faulting

occurs(seebelow). TheD/L ratio appears to beindependent of
fault length(Cowie andScholz,1992a) andto have the same
rangeof valueson Earth, Venus,Mars and Mercury (Cowie
and Scholz, 1992a; Dawers et al., 1993; Clark and Cox,
1996; Schultz, 1997; Watters et al., 2000). No D/L ratios
have beenpublished for normal faults on the icy satellites.

Thefault shown in Figs.2 and4b hasL¼11 km anda max-
imum throw of 200m. For a fault dippingat 60� thedown-dip
displacement is 230m, giving a D/L ratio of 0.021.Thecorre-
spondingratios for the terrestrial faults shown in Fig. 4b are
0.015 and 0.013.For the fault shown in Figs. 1 and 4d, the
D/L ratio is harderto interpretbecauseonly part of the fault
was imaged. The topographic data (Fig. 4d) place a lower
boundon the fault length of 25 km, but the low resolution im-
age(Fig. 1a andc) suggests that the fault extendsat leastan
additional4 km to thewest.Fora fault lengthof 30 km, amax-
imum throw of 600m anda fault dip of 60� , the D/L ratio is
0.023,very similar to that for Fig. 2. The local horizontalex-
tensionassociatedwith these two faults is 115 and350m, re-
spectively, assuming a fault dip of 60� . Thesimilarity between
theterrestrial andEuropan D/L ratiosis striking,giventhat the
faulting is occurring in two very differentmaterials.

On Earth, sedimentation or mass-wasting can reducethe
apparentD/L ratio (GrosÞlset al., 2003), but this is probably
a minor effect on Europa.Thesteepfault-tip gradienton theE
endof the fault in Fig. 4b maybedueto interactionswith the
N-trending fracture system,potentially increasing the D/L ra-
tio (cf. MansÞeldandCartwright, 2001). However, the W end
of the fault alsoshows a similar fault-tip gradientandappears
to be relatively isolated. As notedabove, the kink in the dis-
placementproÞle of Fig. 4d is likely to bedueto fault linkage.

A simple model developed by Cowie and Scholz(1992b)
allows theD/L ratio to berelated to themechanicalproperties
of, andstresseson,a fault. Theseauthorstakeinto account in-
elasticdeformation nearthe fault tip, and show that the D/L
ratio g is given by

g ¼
ð1� nÞðs0 � s f Þ

2pm

�
cosq2ln

ðsinq2 þ 1Þ2

ðsinq2 � 1Þ2

�
ð1Þ

q2z cos� 1

�
1 �

p 2ðsa � sf Þ
2

8ðs0 � sf Þ
2

�
ð2Þ

where n is PoissonÕs ratio, s0 is the shearstrengthof intact
rock, sf is the residual frictional stresson the fault, m is the
shearmodulus, sa is theremoteshearstressandq2 is a param-
eter that depends on the sizeof the inelastic zoneat the fault
tip (seebelow). While this modelundoubtedly neglectsimpor-
tanteffectssuchasstrength inhomogeneities(Cowie andShip-
ton, 1998) andthree-dimensional effects(Schultz andFossen,
2002), it providesa Þrst-orderdescription of likely processes.
Terrestrial faults show a wide variety of scatter in g (e.g.
Dawerset al., 1993;Cartwright et al., 1995), sothatsome cau-
tion needsto beusedwheninterpreting theresultsfor individ-
ual faults. Nonetheless, to demonstrate the utilit y of this
approach,we hereapply Eq. (1) to our examples.
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In their original work, Cowie andScholz(1992b) assumed
that q2 was a constant, determined by Þeld studiesof the
length s of the inelastic deformation zone (q2 ¼
cos� 1½1 � 2ðs=LÞ�). Fig. 4b suggests that the length of the
fault-tip zonefor theEuropan caseis likely to besimilar to ter-
restrialvalues,sowewill alsoassumeq2 is constant. Notethat
this is equivalent to assumingaconstantratio between(sa� sf)
and(s0� sf).

In orderto calculatethetheoreticalvalueof g from Eq. (1),
we needthe intact shearstrength s0 andtheresidual frictional
stresssf. However, sinceq2 is assumedknown, Eq. (2) shows
thats0 maybederivedfrom sf andthedriving stress,sa. Here,
we will Þx sf, a relatively well-known quantity, andcalculate
g asa functionof sa, thequantity of mostgeophysical interest.

Theresidualfrictional stresson thefault, sf, dependson the
overburdenpressureandthefriction coefÞcient. Themaximum
overburdenpressureis setby the depth to the brittlee ductile
transition, probably a few kilometers depth (Pappalardoet al.,
1999). The friction coefÞcientof ice at the low temperatures
appropriate to the brittle region is similar to that for rock
(Kennedyet al., 2000), althoughfriction is reducedat higher
temperaturesor strain rates(Rist, 1997). Basedontheseresults
andthevaluesobtained inSection3, wewill assumesf¼1 MPa,
a conservatively low value.Theshearmodulus of intact ice is
4 GPa(Gammonetal.,1983), butfracturesorporesmayreduce
this value. Diurnal tidal stresseson Europa are w 0.1MPa,
while stressesdueto non-synchronousrotationor polarwander
(Leith andMcKinnon,1996;Greenberg etal.,2003) maybeup
to afew MPa,andstressesdueto ice-shellfreezingmayexceed
10 MPa(Nimmo 2004b).

Fig. 6 plotshow g variesasa functionof theremoteapplied
shearstresssa whenq2 is constant. It shows that for an intact
ice shearmodulus of 4 GPa,the predictedvalueof g is anor-
der of magnitude smaller than that observedfor stresses
� 10 MPa.To obtain themeasuredvalueof g requiresa signif-
icant reductionin the shearmodulus m, dependingon the re-
mote shearstressapplied. As we discussbelow, the likely
porousand/or fracturednatureof the near-surfaceis unlikely

to result in a reduction of shearmodulusexceedingoneorder
of magnitude.Fig. 6 shows that an orderof magnitudereduc-
tion in mimplies remote shearstressesof at least 6e 8 MPa.If
m is reducedby two ordersof magnitude, shearstresses of
about2 MPaaresufÞcient. Thesestressesincreaseif thevalue
of sf is increased;reasonable variations in q2 have little effect
on theÞnalresults. For driving stressesof 6e 8 MPa,theintact
strengthof ice s0 is 10e 22 MPa for thevalues of q2 assumed
(Eq. (2)). This rangeis spannedby experimentallydetermined
shearstrengths, which typically vary with both pressureand
strain rate (Rist, 1997).

The implications of the results shown in Fig. 6 are dis-
cussedbelow; here, we will simply note that a reductionin
m of one order of magnitude is possible for highly porous
ice, and that the corresponding stresses required (� 6e 8
MPa) greatlyexceedthe diurnal tidal stresses.

5. Discussion

The principal resultsof this papermay be summarizedas
follows. Basedon imagesand stereo topography, we have
identiÞedtwo examplesof potential normal faulting on Eu-
ropa(Figs.1e 3). The measuredD/L ratios aresimilar to those
of terrestrial faults (Fig. 4). A simple ßexural model of the
across-strike topography (Fig. 5) suggests effective elastic
thicknessesof 0.15 and 1.2km for the two faults examined
(thesevalues may be reduced by up to 50% if mass-wasting
is important).We usedour observationsof the D/L ratio and
a modiÞed linear elastic fracture mechanics model to infer
that the effective shearmodulus of the ice is signiÞcantly
lower thanthatof unfractured laboratorysamples.A reduction
in shearmodulusby oneorderof magnitudestill requiresdriv-
ing stresseswhich aretwo ordersof magnitudegreaterthandi-
urnal tidal stresses(Fig. 6).

In chaosterrainonEuropa,tilted blockssimilar to thoseob-
servedin Fig. 3 have beeninterpretedasiceberg-likefeatures
originally ßoatingin water (e.g.Willi amsandGreeley, 1998;
Greenberg et al., 1999), ratherthanthe resultof normalfault-
ing. If suchmodelsarecorrect,the subsequentre-freezing of
the water would not lead to the kind of trench observedin
Figs.1 and2. Such a trench,however, is entirely characteristic
of normal faulting, where footwall uplift is accompanied by
downdropping of the hangingwall.

An alternative model for chaosformationappealsto diapir-
ism (e.g. Head and Pappalardo, 1999), which may also be
responsible for the elevatedareasobservedin Figs. 1 and 2
(cf. Schenkand Pappalardo, 2004). On Earth, salt diapirism
is often the causeof uplift and faulting in overlying layers
(e.g. Davison et al., 2000). Therefore, irrespective of how
the elevated areasformed, we conclude that the observed
scarpsaremost likely normal faults.

The Te valuesof 0.15and1.2km obtained in Section 3 as-
sumeda conservatively low valuefor the YoungÕs modulusof
1 GPa, basedon thelikely reductionin shearmodulus (Section
4). Usinga lab-derived,butprobablylessappropriate(Nimmo,
2004c), valueof 9 GParesults in Te valuesof 0.07and0.6km,
respectively. In either case, the valuesobtained are smaller

Fig. 6. PredictedD/L ratio (g in Eq. (1)) as a functionof remotestress.q2 (in
radians)is assumedconstant;the equivalent valuesof s/L are 0.18 and 0.06
(seetext). Fracturedfault strengthsf is 1 MPa, PoissonÕs ratio n 0.25, m is
theshearmodulus.ShadedboxdenotestheobservedD/L ratio (0.02with afac-
tor of 2 error).
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than those found by some authors (Figueredoet al., 2002;
Nimmo et al., 2003b), but are similar to estimates basedon
double-ridge (Tufts et al., 1997; Billings and Kattenhorn,
2002;Hurford et al., 2004) andchaos(Willi amsandGreeley,
1998) regions.Thevariability in Te estimatesderivedhere,and
in otherstudies,may be dueto eitherspatial or temporal var-
iations in shell properties.

TheD/L ratiosobtainedhere(z 0.02)arecomparable with
values obtainedfor normal faults on silicate planets.Watters
et al. (2000) plot D/L ratios for faults on the Earth, Mars
andMercury andÞndtypical valuesof 0.01e 0.1.

Because of thesimpliÞednatureof themodel applied(Eqs.
(1) and (2)), quantitative conclusionsregardingthe modeling
of D/L ratios must be regardedas preliminary. Nonetheless,
the most likely explanationfor the reducedshearmodulus re-
quiredby Fig. 6 is thatthenear-surfaceiceon Europais highly
porous, owing to a combination of impacts and fractures
(Nimmo et al., 2003a; Eluszkiewicz, 2004). Depending on
theshell thickness,suchporositycanpersistto a depthof sev-
eral kilometers (Nimmo et al., 2003a), similar to the likely
brittlee ductile transitiondepth.The seismic andradarproper-
ties of the near-surfacematerial are likely to be signiÞcantly
affected by the presenceof high porosity (Eluszkiewicz,
2004;Lee et al., in press).

In terrestrial seaice, elastic moduli arereducedby a factor
of 50e 80%for a brinevolumeof 10%(WeeksandCox,1984,
Þgs.25and26).Thetensilestrength of seaice is reducedby no
morethananorderof magnitudefor porositiesexceeding10%
(Lee et al., in press). Hessingeret al. (1996,Þg. 4) show that
porosity in excessof 50%is required to reducetheelasticmod-
ulus by an orderof magnitudefor a rangeof materials. These
resultssuggest that the reduction in mdue to porosity is un-
likely to exceedan orderof magnitude,and thus that driving
stresses � 6e 8 MPa are required (seeFig. 6). Theseinferred
stressesare roughly two ordersof magnitudehigher than the
present-day diurnal tidal stresses, and are comparablewith
the stressesobtainedin an earlier ßexural study of Europa
(Nimmo et al., 2003b). Stresses of a few megapascalcan be
generated by non-synchronousrotation(e.g.Greenberg et al.,
2003), for which there is some observational evidence(e.g.
FigueredoandGreeley, 2000;Kattenhorn, 2002). An alterna-
tive source of comparable stressis polar wander (Leith and
McKinnon, 1996). Perhaps more plausibly, thickening of an
ice shell cangeneratestressesof 10 MPa or more, which are
purely extensional (Nimmo, 2004b), thus helping to explain
the predominance of extensional featuresobserved.

A reduction in near-surfaceshearmodulus by an order of
magnitude will reduce shearvelocities by a factor of z 3
and affect seismicwave propagation (e.g. Lee et al., 2003).
The resulting crack propagation velocities are still much
higher than those of w 1 m s� 1 inferredon the basisof a cy-
cloid formation model (Hoppaet al., 1999), andsuggest that
the interrupted crack propagation mechanism of Lee et al.
(in press)may be correct.

Although we have so far identiÞedonly two normal faults
on Europa, it is likely that many other similar faults exist.
IdentiÞcation of such faults will affect predictions of

seismicity, important for future mission design(Kovach and
Chyba, 2001; Lee et al., 2003). Terrestrial faults typically
breakwhenthe strainexceedsz 0.005%(e.g.Scholz, 2002).
If the samecritical strain applies to the larger (L¼30 km)
Europan fault, the fault slip during an individual event will
bez 0.5m. Assumingadown-dipdistanceof 4 km andashear
modulusof 0.4GPa,themaximummomentrelease (if theen-
tire fault moves) is 1017 N m. This is equivalent to a seismic
magnitudeMs¼5.3 (Scholz, 2002) and is considerably larger
thanthe moments predictedby Lee et al. (2003). To generate
theobservedmaximumfault offsetof 600m will takeroughly
400 events. Since the surface age of Europa is w 60 Myr
(Zahnle et al., 2003), the minimum strain rate is on the order
of 10� 17 s� 1. In practice,deformation is likely to occurduring
shorterperiodsof higherstrain rate,assuggestedby models of
rifting on Europa(Nimmo, 2004d).

In summary, the identiÞcation of normal faults on Europa
allows the application of a rangeof terrestrial techniquesto
characterizethemechanicalpropertiesof thenear-surfacema-
terial. The fault characteristicsareconsistentwith a near-sur-
face ice layer, which is signiÞcantly weaker than that of
unfractured ice, probably as a result of high porosity. This
high-porosity layer is likely to have radarandseismicproper-
ties differentto unfracturedice, andis alsolikely to inßuence
the development of shallow fracturesand the modiÞcation of
short-wavelength topography. The stressesrequired to gener-
ate the observedfaults greatly exceeddiurnal tidal values
and are more consistentwith stresses arising from non-syn-
chronousrotationor progressive thickeningof the ice shell.
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