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Abstract

Weidentify two likely normalfaultson Europaof lengthsz 30and11 km. A simplel3exural modelof fault-relatedtopographygives effective
elasticthicknessesf 1.2and0.15km, respectrely, andtheresultinginferredfault strengthis of order1 MPa. The maximumfault displacement:
lengthratiofor eachfaultisz 0.02,comparablevith valueson silicateplanets We combinethis obsenationwith amodibedinearelasticfracture
mechanicsnodelto concludethatthesheamodulusof theEuroparsurfacemustbesignibcantlyiessthanthatfor unfracturedce. Thelow valueof
themoduluss probablydueto near-surfacéacturingor porosity whichwill affectthematerialéradarmpropertiesandseismiovelocities For alikely
reductionin sheamodulusof anorderof magnitudethedriving stresseinferredareaboutée 8 MPa, muchhigherthanpresent-dagiurnaltidal
stressed-owever, stresseapproachinghesevaluescanbegeneratedy non-synchronousotationor polarwanderwhile stresseexceedinghese

valuesariseduringice shellfreezing.If theentirelargerfault breaksjt will generatean eventof seismicmagnitudeMgz 5.3.
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1. Intr oduction

Europd3 surfaceis penasiely fracturedasa resultof tidal
deformation (Greenberget al., 1998. A consideable amourt
of work hasbeendoneon boththefractureorientation (Katten-
horn,2002; Greenbeg et al., 2003;Spaunret al., 2003) andthe
directionandamountof motion (Hoppaet al., 2000; Procker
et al., 2002; Michalski and Greeley 2002; Sard et al. 2002;
Schubkon,2002; Pattersoretal., 2004). In theabsencef altim-
etry data,photoclinoretry (PC)or stereaechniqueshawe been
usedto obtan icy satellitetopogaphy(e.g.SchenkandMoore,
1995;Gieseet al., 1998;Schenk,2002. The resultshawe been
usedin studes of doubk ridges(Hea et al., 1999; Hurford
etal.,2009), chaogegiongWilliams andGreeley1998; Figue-
edo et al., 2002; Schenkand Pappalado, 2004 and bands
(Prockteretal., 2002;Nimmo etal., 20033.

In this paper we use stereoderived topograply (Schenk,
2002 to identify two possibe normalfaults on Europa Little
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attentionhashitherto beenpaid to the topogaphy of normal
faults on Europa althoughnormal fault topograply andexten-
sion on the somewhat similar icy surfaceof Ganymedehawe
been descibed by several authors (Collins et al., 1998;
Prockteret al., 1998; Nimmo et al., 2002; Pappahrdo and
Collins, 2005. On EarthandVenus,normal fault obsewations
hawe beenusedto infer various mechanicalpropeties of the
materialin which they form (e.g. Jacken and White, 1989;
Kusznr et al., 1991; Fosterand Nimmo, 1996. Here,we ap-
ply somesimple tecmiquesfrom the terrestrid literature to
probethe mechantal propeties of the ice shell on Europa

2. Obsavations

Fig. 1la shovs a Galileo image of an areain the trailing
hemisplere of Europa, betwea Argiope and Katrous Lineae
(Figueedoand Greeky 2004 Fig. 1). The bulk of the image
consistsof ridged plains materid. Two dominan strucural
trendsare evident: an early ENE trend, which is overprinted
by a more recent NW trend. The northern half of the image
containsseveral areasof disrupted materal, which form the



Fig. 1. (a) High-resoluton images(PDSno. 46666939 and46666935255 m/pixel) from Galileo obsenation sequencd 7ESDISTRO1,superimposedn lower
resolutionregonal image(PDSno. 466664278220m/pixel). Redbox denotesareamagnibedn (c). High resolutionimagehasanincidenceangleof 72 , emis-
sionangle32 , camerdook direction WNW andsolarazimuthENE; low resolutionimageparametes are75,20 , SandENE, respectiely. (b) Topographyof the
areashown in (a), basedon a combinationof sterecandphotoclirometry Original resolution55 m/pixel, vertical error 55 m, contourinterval 200m. Datagridded
at 0.0025 intervals; 1 ¥27 km at the equatoron Europa.Black box denotesareacontaining30 fault-perpenétular problesusedin constructingFigs. 4 and5.
(c) Magnibedview of portion of (a), shaving propose normalfault tracesand structuraloffsets.(d) As for (c), but without annotation.



2196

southernmarginsof a chaosareamappedby Figueedo and
Greeley(2004)

Fig. 1b shows the topograply of the samearea,derived by
combinirg high resdution PC topograply with lower resdu-
tion (but more reliable at long wavelengtts) stereo-devedto-
pography, using the technique descibed in Schenk (2002)
Schenkand Pappalardq2004) and Schenket al. (2004) The
DEM has an estimaed absoluée vertical precision of 55m
(andafew metes in relative predsion) anda pixel resdution
of 55m (identicalto the originad imagemosaic). Several of the
NW-trending doubleridgesshaw up promirently in thetopog
raphy but the most obvious featue is a trenchilike topo-
graphc low, which outlines a raisedblock in the center of
the image.The northen edgeof this block is shaply debned
and highly linear. Fig. 1c shonvs a magnibé view of this
northen block margin. The margin is debnedby a faint,
darklineation (dashededline), which appeas to hawe caused
aslight offsetin several ridges(A, B, C, D). Theidentibcaipn
of structur# offsetsandanassocitedtopogaphicstepsugges
thatthis linear featue is a normalfault. The topogaphicdata
suggesthat this fault extendssomedistane E of the end of
the mappedtracein Fig. 1c, andthere do appea to be struc-
tural discontnuities that suppot this obsewation, for instance
at ridge D. The fault alsoappeas to coninue to the W of the
high-resolution coverage, shaving up asa distinct shadaev in
the lower resolutin image. The downthrown areatowards
the W endof the highresolution coverage containsa 4 km di-
amete dark circular feature(lenticula). This featureappeas to
hawe disruped pre-existingridgesandis topogaphicdly low.

While clearly youngerthan ridged plains, the age of this
fault is indetermnatedueto thefact thatit crosseonly ridged
plains. Dark materid from the adjacentlenticula laps up al-
mostto the fault scarpbut doesnot actually contactit. The
main fault trace is very linear over long spatid scales,but
somavhat irregular over distan@s of 100m or so (Fig. 1d).
This irregularity may ref3ectcontrol by original ridgesor pro-
jection effectsdueto the modeately oblique viewing geone-
try. The fault appeas to bre& into two or perhapsthree
closely spacedparallel fault segments near the intersecion
with ridges A and B (Fig. 1c). A smaller sub-pateau has
also formed near the wedern margin of the main plateau.
This unit is boundedto the north by the main fault and to
the sout andeastby similar normalfaults (Fig. 1c), with ver-
tical offsetsof w 300m.

The apparentwvidth of the fault to the E of ridgeB is3 1
pixels (110e 220m). The vettical offsetis 300m, giving rise
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to afault dip of 54e 70 . Thisangk is higherthantheappaent
angle from acrcss-track probles (see Fig. 5), owing to the
smoothingwhich occuss duringthe stereoprocessing.The lat-
eraloffsetseenfor ridge B isthe opposie of the parallaxeffect
expectedfor simple down-dip motion, and suggets a lateral
componentof motion of at mog a few hundredmetes. The
lateral offset of ridgesA and C is consstentwith down-dip
motion, but that for A is conplicated by the potential offset
acrossa smalker ESE-trendng fault to the N of the mainfault.

Fig. 2 shavs a topograplic map of the areasurroundng
Manannancrater (diameter22km, cener 3.2 N, 240.1W).
The topogaphy was derived from stereo(Schenk,2002 and
hasa horizonl resdution of 80 m/pixel andan estimaedver-
tical predsion of 17 m. The BatBoorandraisedrim of thecra-
ter areindicatedin Fig. 2; pedesal deposis exteriorto therim
are raised by w 100m relative to the surrounding terrain
(Mooreet al., 2007). Justto thewestof thecrateris atriangular
areaabout10km along eachside, boundedby troughs(blue)
to the N and E. The northen trenchis both linearand rela-
tively sharp, and trends ENE. The easterntrench extends
northwardsoff the edgeof the map The northen scarp/tench
combindion is similar to that seenin Fig. 1b.

Fig. 3ashavsahighresdution Galileoimageof thetriangu-
lar area,andFig. 3b shavs ageobgicalsketchmapof thesame
location. Becaug of the high solar-illumination,the sceneis
dominatedby albedo variaions. Nevertheless,the northen
scarpshows up clearly asa highly linear feature.Smalllobate
featuresadjaning it to the northmay be masswastingfeatures
(cf. Mooreetal., 1999. Thereis a pronowncedstructurd grain
in thetriangula areawhich roughlyparallelsits northernedge
(highlightedin Fig. 3); thisgrainis notradialto Manannarand
is likely to be dueto pre-existingridgesratherthanejectade-
posits.The easterrmarginof the areais debPnedy a scallgp-
shapedtracture. To the north, this fracture appeas to truncate
the main northern scap; to the souh, the fracture merges
with anumberof otherfracturesto ultimately form aprominent
graben(regionalimagesl1E012and11E014 notshovn). The
dark mateial to the north-eastis the continuais ejectaunit of
Mooreetal. (2001)

A furtherargumenfor thelinear scapsseenin Figs.1 and
2 being normalfaults comesfrom amore detailedexamination
of their topogaphy Fig. 4a and ¢ plot the topogaphy at the
baseandthe top of the scarpsasa function of distan@ along
them.Both plotsarenoisy, butin the caseof Fig. 4a, the data
are real and refRect the numeous smdler-scde ridges and
double-idges.In the caseof Fig. 4c, the dataare noisy due

239.8 240 240.2 2404 2406 2408

Fig. 2. Stereatopographyof Manannararea,Europaoriginal pixel resolution80 m/pixel, vertical error 17 m. Contourinterval 100m. Grid spacings 0.003 . Red
box denotesapproximateedgesof imageshavn in Fig. 3. Black box denotesedgesof 60 NWe SE problesusedin constructingFigs. 4 and5.
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Fig. 3. (a) High-resoldion Galileoimagefrom obsenationsequencd4ESCRAERO02(PDSno.440948678)resolution20 m/pixel. Incidenceangle22 , emission
angle25 , solarazimuthW. (b) Geologicalsketchmapof area,shaving mainnormalfault andminor fractures The shortemparallelfracturegust southof theman
fault traceare a part of a setof roughly ease west-trendingstructuresTheseare not apparentn the DEM astopographicelements(dueto vertical resolution
limits), andthe high-solarillumination precludesassessingnorphology They may be a setof parallelridgessuchasare commonacrossEuropa(seeFig. 1).

to a combination of real topograply andthe spatialresdution
limits of the stereodataset.In both case the topogaphy of
the top of the scarproughly mirrors that at the base,though
the ampitude of the former is larger This kind of patten is
characeristic of normal faults on Earth (see e.g. Grosbls

etal., 2003 bg.7). Fig. 4b andd plotsthevertical offsetacross
the scarps,demongtating that the displacenent is maximum
towardsthe centeranddecays with a relatively steepgradient

at eitherend. Supermposedon Fig. 4b aretwo displacenents
proble from terredrial normal faults (Dawers and Anders,
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Fig. 4. (a) Maximum and minimum topograply as a function of distancealongfault scarp,obtainedfrom problesin Fig. 2. Probleazimuthsare 15 W of N,
separatedaterally by 0.25km. Point spacing0.25km, max/mintopograply determinedn window 3e 4.5km from S end of proble.(b) Throw acrossfault, cal-
culatedfrom max/mintopograply in (a). Dashedines are displacemat problesfor two terrestrialnormalfaults: Afar (Manighettiet al., 2001, bg. 5f) andthe
VolcanicTablelandgDawersandAnders,1995 bg.5;, total throw). (c) As for (a), but obtainedfrom problesin Fig. 1b. Probleazimuthsare20 W of N, separated
laterally by 1 km. Point spacingl km, max/min topographydetermine in window 17e 22km from S end of proPle.(d) As for (b) but usingdatafrom (c).
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1995; Manighett et al., 2007). The similarities betwea the
terrestral andEuropanproblkesarestriking. For Fig. 4d the sit-
uationis slightly morecomplex:only partof thefault probkis
available in stereoandthere is a pronownceddropin dispace-
mentat about7 km. This kink occuss at the point where the
throughgoing ridges A and B intersect the fault (see
Fig. 1c). Swch kinks in dispacenent are often the result of
two faults linking as they grow (e.g. Cartwvright et al., 1995;
Dawers and Anders,1995.

3. Flexural modeling

On Earth,it haslong beenrecognizdthatthe uplifted foot-
wall of afault thatis sufbdently largewill imposea load on
the elastic lithosphereand produe a Rexural responsegle.g.
Weisseland Karner, 1989; Kusznr et al., 1991; Brown and
Phillips, 1999. Sincethe elasticthicknessof theicy satellites
is consideably smaller than that of most terrestrial settings,
Rexurally-modibedfault probles are likely to occur The
trenche iderntibedto the north of the scarpsin Figs. 1 and2
are strong evidence that such Rexural modikcation is
happeing.

200 . r : r :
a) — — — — Best-fit model, 7,=150m, 6=22

+/- one standard deviation
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Topography, m
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Fig. 5aandc shaovs meanacross-stke topograplic probles
obtainedby stacking problesacrcss the centersof the faults
from Figs. 1 and 2. The meanvertical throws on the faults
are about 150 and 300 m, respectively. The appaent fault
dip anglesare z 5, thouch theseare undeestimaes due to
the smoothingeffects of the stereoprocessingand subsguent
problestacking. In both case the footwall and hangingwall
shav topograplit curvature,which is chamacteristicof Rexure.

We use the Rexural cantilever model of Kusznir et al.
(1991) to model the fault-rdated topogaphy This model as-
sumesa thin elastic layer, as opposel to an elastichalf-gpace;
suchalayeris apprgriateto a situatian in which thefault dis-
placementmay be comparable with the likely elastic layer
thickness(e.qg. Billings and Kattenhorn,2002; Hurford et al.,
2004). In the model, the (planar) fault disgacenent places
an asynmetric load on the surface Extensim is alsoaccom-
modatedby ductile thinning of the baseof theice shel, which
will takeplace over awider areathanthe faulting since lower
crustalBow islikely to berapid (Nimmo, 20043. The distan@
over which the shel respndsto thes differentloadsis pri-
marily gowvernedby its effective elastic thickness T.. Here,
we assumethat the region in which lower crustal thinning
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Fig. 5. (a) Topograghic probleacrossManannarfault, stackedfrom central probles(numbersl4e 34) shavn in Fig. 2. Bold line is data,light linesare one
standarddeviation. Dashedlines are best btting model using the approachof Kusznir et al. (1991) with fault dip of 22 and elastic thicknes of 0.15km.
Here,we assumea Young®modulusof 1 GPa an acceleratiorof 1.3m's 2, ice andoceandensitiesof 900 and1000kg m 3, respectiely, anda shell thickness
of 20km. The fault extendsfrom 4.35to 4.9km. (b) Normdized misbtasa function of elasticthickness calculatedusingthe methodof Nimmo et al. (2003b)
Bold line allows dip to vary andgives a minimum misptof 1.21 standarddeviations.Light line keepsdip Pxedat 60 andfault start-andend-pointsat 4.56 and
4.67km. Minimum misptis 1.52 standardleviations,bestbt elasticthickness0.2km. (c) As for (a), but stackingproblesle 20 from Fig. 1. Best-ptelasticthick-
nessis 1.18km andfault dip 11 . Thefault exendsfrom 16to 17.5km. (d) As for (b), butfor resultsshavn in (c). Bold line allows dip to vary andgives a min-
imum misbtof 0.59 standarddeviations.Light line keepsdip bxed at 60 andfault start-andend-pants at 16.67and 16.84km. Minimum misptis 0.60standard
deviations, bestbt elasticthicknes 1.03km.
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occursis 30 timeswider thanthe horizontl fault heave, and
thatthe shellthicknessis 20 km, butthereslts areinsensitive
to theseassumptias. Increasingthe thinning zonewidth by
two ordersof magitude resultsin a changein T, of <4%;
halving the shell thickness change the resuts by < 2%.

Fig. 5a and c shavs the best-Ptmodds obtainal by simulk
taneous} varying Te andthe fault dip angke g, while keeping
the x-coordinatesof the top and bottom of the exposedfault
surface bxed. The best-btelastic thicknessesare 0.15 and
1.2km, respctively (assiming a Young® modulus of
1 GPa).The best-btdip angles are 22 and 11 , respectively.
As notedin Section2, thes low dip angksarelikely aresult
of the smathinginherentin the sterectopogaphy The direct
estimae of the dip angleis 54e 70 , consstentwith expecta-
tions for terrestrid normal faults (Jacken and White, 1989)
and suggestinghat only limited mass-wating has occured.
We also note that high near-surfaceault dips are expected
on low gravity bodies,where dilational faulting will extend
to greder dephsthanon Earth (Feriill etal., 2003.

Fig. 5b andd shaws how the misbtbetweernmodd andob-
senationsvariesasa function of T, anddemonstatesthatthe
TeVvalueis well constraned.Resuts arealsoshown for thecase
whenqis bxedat60 andthefault start-andend-mintsaread-
justedto keepthe fault throw the same.The best-btelastic
thicknessesare almostunchamed, indicaing that T, is robust
to uncetainties in dip angle.Although we hawe not examined
the effectsof alistric fault geonetry, the T, resuts areunlikely
to be signibcantly affectedunlessthe radiusof curvature be-
comescompardle with or smallerthanthe elasticthickness.

Both probks,but especily Manannan(Fig. 5a), shav at
Roorsin the hangng wall trough. It is possibé that this effect
arises due to mass-wasng Plling in the low topogaphy
thoudh theimageresdution is insufbcentto allow directiden
tibcationof mas-wastingfeatuies. To checkthat this modib-
cation of topograply does not sigribcantly inBuence the
results, we carried out addtional bts, which exduded the
Rat Boors. For Mananran, the resultsgawe a reductionin Tg
from 0 to 50%, depenéhg onthewidth of the exduded region;
similar resuts were obtainedfor Fig. 5c.

Topography contrass suchasthos seenin Fig. 5a andc
resultin elasticstresseswhich aregredestnearthe bounding
faults. The faults must be able to withstand these stresses,
which dependon T,, andthe topogaphicwavelengthandam-
plitude. Thus,thetopogaphyandT, estimaesprovidea con-
strainton fault strength(Fosterand Nimmo, 1996. Applying
the equaions of Jack®n and White (1989) to Fig. 5a andc,
elastic stressesof 0.3e 3 MPa are obtainal. These stresses
are comparablewith the frictional stresson a fault 0.3e 3 km
deep.Thus, the fault strengthrequiral is consstentwith other
estimaes of the Europan brittlee ducile transtion depth of
afew km (Pappalardeet al., 1999.

4. Displacenent: length ratio
A particulaly important chamcteristicof normal faults is

the displacenent:lengh (D/L) ratio, which may be usedto in-
fer the medanicalpropeties of the materid in which faulting
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occurs(seebelow). The D/L ratio appeas to beindependat of

fault length (Cowie and Scholz,19923 andto hawe the same
rangeof valueson Earth, Venus,Mars and Mercury (Cowie

and Scholz, 1992a; Dawers et al., 1993; Clark and Cox,

1996; Schutz, 1997; Watters et al., 2000. No D/L ratios
hawe beenpublishal for normal faults on the icy satllites.

Thefault shavn in Figs.2 and4b hasL¥:11 km anda max-
imum throw of 200m. For afault dippingat 60 the down-dip
displacenentis 230m, giving a D/L ratio of 0.021.The corre-
spondingratios for the terrestral faults showvn in Fig. 4b are
0.015and 0.013. For the fault shavn in Figs. 1 and 4d, the
D/L ratio is harderto interpretbecase only part of the fault
was imaged The topogaphic data (Fig. 4d) place a lower
boundon the fault lengh of 25 km, but the low resdution im-
age(Fig. 1la andc) suggets that the fault extendsat leastan
additional4 km to thewest.Forafault lengthof 30 km, amax
imum throw of 600m anda fault dip of 60 , the D/L ratio is
0.023,very similar to thatfor Fig. 2. The local horizontal ex-
tensionasso@atedwith thes two faultsis 115and350m, re-
spectvely, assummg a fault dip of 60 . Thesimilarity betweea
theterrestrid andEuropan D/L ratiosis striking, giventhatthe
faulting is occuring in two very differentmaterids.

On Earth, sedimatation or mass-vasting can reducethe
apparentD/L ratio (GrospPlset al., 2003, but this is probaly
aminor effect on Europa. The steepfault-tip gradienton the E
endof thefault in Fig. 4b may be dueto interactionswith the
N-trending fracture sysem, potentially increasng the D/L ra-
tio (cf. Mangpeldand Cartwright, 2001). However, the W end
of the fault alsoshaws a similar fault-tip gradientandappeas
to be relatively isolated. As notedabove, the kink in the dis-
placemenprobk of Fig. 4d islikely to bedueto fault linkage

A simple modéd developed by Cowie and Scholz (1992H
allows the D/L ratio to berelatedto the mechanicabropeaties
of, andstresgson, a fault. Theseauttorstakeinto account in-
elastic deformation nearthe fault tip, and show that the D/L
ratio g is given by

g 1/4w Cosq2|n w alb
2pm &ing 18
(07y4 COSl 1 M &b
8&0 Sfl:;

wheren is Pdssonratio, s is the shearstrengthof intact
rock, s; is the residua frictional stresson the fault, mis the
sheamodulus s, is theremoteshearstressandq;, is a paran-

eterthat depend on the size of the inelagic zoneat the fault

tip (seebelow). While this modelundoubedly neglectsmpor-

tanteffectssuchasstrengh inhomogaeities(Cowie andShip-
ton, 1998 andthreedimension&effects (Schutz and Fossen
2002, it providesa brst-orderdescriion of likely processes.
Terrestral faults shav a wide variety of scatterin g (e.g.
Dawersetal., 1993;Cartwright etal., 1995, sothatsone cau-
tion need<o be usedwheninterpreting the resultsfor individ-

ual faults. Nonaheless,to denonstratethe utility of this

approachwe hereapply Eq. (1) to our examples.



2200

In their original work, Cowie and Scholz(1992h assumed
that g, was a constant detemined by Peld studiesof the
length s of the inelastt deformation zone (qp Y
cos %% 2&=LP). Fig. 4b suggets that the length of the
fault-tip zonefor the Europan caseis likely to be similar to ter-
restrialvalues,sowewill alsoassumey, is constantNotethat
thisis equivalent to assuminga constntratio betweens, ss)
and(sq S¢)-

In orderto calcultethetheaetical valueof g from Eq. (1),
we needthe intact shearstrengh sy andthe residua frictional
stresss;. However, sinceq, is assumedknown, Eq. (2) shavs
thatsg maybederivedfrom s¢ andthedriving stresss,. Here,
we will bx sg, arelatively well-known quantty, and calculate
g asafunctionof s, thequantty of mostgeophygcal interest.

Theresidualfrictional stresonthefault, s¢, depend on the
overburderpresureandthefriction coefbciat. Themaxmum
overburdenpresureis sethy the deph to the brittlee ductile
transition probaly afew kilometes deph (Pappalardet al.,
1999. The friction coefbcientof ice at the low temperatires
appr@riate to the brittle region is similar to that for rock
(Kennedyet al., 2000, althoughfriction is reducedat higher
temperatiresor strain rates(Rist, 1997). Basedontheseresults
andthevaluesobtainel in Section 3, wewill assume¢/21 MPa,
a consevatively low value. The sheamoduus of intactice is
4 GPa(Gammoretal., 1983, butfracturesor poresmayreduce
this value Diurnal tidal stresseson Europa are w 0.1 MPa,
while stresseslueto non-synchonousrotationor polarwarder
(LeithandMcKinnon,1996;Greenbeg etal., 2003 maybeup
to afew MPa,andstresgsdueto ice-shellfreezingmayexcead
10 MPa(Nimmo 20044.

Fig. 6 plotshow g variesasa functionof theremoteappied
shearstresss, whenq, is consant. It shows thatfor an intact
ice shearmoduus of 4 GPa,the predictedvalue of g is anor-
der of magiitude smaller than that observedfor stresses

10 MPa.To obtain the measuedvalueof g requires a signif-
icant reductionin the shearmoduus m dependingon the re-
mote shearstressapplied. As we discussbelow, the likely
porousandbr fracturednatureof the near-surfaces unlikely

Remote stress, MPa

0 1 L 1
-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0

Log,, (D/L)

Fig. 6. PredictedD/L ratio (g in Eq. (1)) as a function of remotestressg, (in
radians)is assumedtonstant;the equivalent valuesof /L are 0.18 and 0.06
(seetext). Fracturedfault strengths; is 1 MPa, Poissor€ratio n 0.25, mis
thesheamodulus Shadedox denotegheobseredD/L ratio (0.02with afac-
tor of 2 error).
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to resultin a redudion of shearmodulusexceedingone order
of magnitude.Fig. 6 shows thatan orderof magitudereduc-
tion in mimpliesremoe shearstresgsof at least 6e 8 MPa. If
mis reducedby two ordersof magitude, shearstreses of
about2 MPaaresufbcien. Thesestresgsincreasef thevalue
of s; is increasedreasonald variatonsin g, haw little effect
onthebnalreslts. For driving stressesf 6e 8 MPa,theintact
strengthof ice sq is 10e 22 MPafor the values of ¢, assumed
(Eq. (2)). Thisrangeis spannedy experimentallydeternined
shearstrenghs, which typically vary with both pressureand
strainrate (Rist, 1997).

The implications of the resdts showvn in Fig. 6 are dis-
cussedbelowv; here we will simply note that a reductionin
m of one order of magnitwe is possble for highly porous
ice, and that the correspading stresgs required ( 6e 8
MPa) greatly exceedthe diurnal tidal stresses.

5. Discussion

The principal resultsof this papermay be sunmarizedas
follows. Basedon imagesand staeo topogaphy we hawe
identiPedtwo examplesof potential normal faulting on Eu-
ropa(Figs. 1e 3). The measued D/L ratios aresimilar to those
of terrestrid faults (Fig. 4). A simple Bexuralmodd of the
across-sike topogaphy (Fig. 5) suggets effective elastic
thicknesseof 0.15 and 1.2km for the two faults examined
(thesevalues may be redued by up to 50% if mas-wastng
is important). We usedour obsenationsof the D/L ratio and
a modiped linear elastic fracture mechants model to infer
that the effective shearmoduus of the ice is signibcatly
lower thanthat of unfracturel laboratorysample. A redudion
in sheamodulusby oneorderof magnitudestill requires driv-
ing stresgswhich aretwo ordersof magiitudegreaterthandi-
urnaltidal streses (Fig. 6).

In chaogterrainon Europa,tilted blocks similar to those ob-
servedin Fig. 3 hawe beeninterpretedasiceberg-likefeatures
originally Boatingin water (e.g. Willi amsand Greeley 1998;
Greenbgy et al., 1999, ratherthanthe resultof normalfault-
ing. If suchmodelsare correct,the subsguentre-freezng of
the water would not lead to the kind of trench observedin
Figs.1 and?2. Such atrench,however, is entirdy chamacterisic
of normal faulting, where footwall uplift is accompaied by
downdroppng of the hangingwall.

An altemative modéd for chaosformationappealdgo diapir-
ism (e.g. Head and Pappahrdo, 1999, which may also be
respondile for the elevated areasobservedin Figs. 1 and 2
(cf. Schenkand Pappalado, 2004. On Earth sat diapirism
is often the causeof uplift and faulting in overlying layers
(e.g. Davison et al., 2000. Therdore, irrespectve of how
the elevated areasformed we concludethat the obseved
scarpsare mog likely normalfaults

The Te valuesof 0.15and1.2km obtainel in Secton 3 as-
sumeda consevatively low valuefor the Young®modulusof
1 GPa, basednthelikely reductionin sheamoduus (Section
4). Usingalab-deived,but probablylessapprgriate(Nimmo,
20049, valueof 9 GParesluts in T, valuesof 0.07and0.6 km,
respectiely. In either case the valuesobtaned are smaller
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than those found by sone autlors (Figueredoet al., 2002;
Nimmo et al., 20031, but are similar to estimaes basedon
doubke-ridge (Tufts et al., 1997; Billings and Kattenhorn,
2002;Hurford et al., 2004 andchaos(Williamsand Greeley
1998 regions.Thevariability in T, esimatesderivedhere,and
in otherstudies,may be dueto eitherspatal or tempoal var-
iationsin shell propeties.

The D/L ratiosobtainedhere(z 0.02)arecompardle with
values obtainedfor normal faults on silicate plarets. Watters
et al. (2000) plot D/L ratios for faults on the Earth, Mars
and Mercury and bndtypical valuesof 0.01e 0.1.

Becaug of the simplipednatureof the modé applied(Egs.
(1) and (2)), quantitaive conclusionsregardingthe modeling
of D/L ratios mug be regardedas preliminary. Noneheless,
the mog likely explanationfor the reducedshearmoduus re-
quiredby Fig. 6 is thatthe near-surfacéce on Europais highly
porous owing to a combindion of impacts and fractures
(Nimmo et al., 2003a; Eluszkievicz, 2004. Depending on
the shellthickness,suchporosity canpersistto a depthof sev-
eral kilometes (Nimmo et al., 20033, similar to the likely
brittlee ductile transition depth. The seisnic andradarprope-
ties of the near-surfacanateral arelikely to be signbcantly
affected by the presenceof high porosity (Elusxkiewicz,
2004;Leeetal., in press.

In terregrial seaice, elastic modui arereducedby a factor
of 50e 80%for a brinevolumeof 10% (WeeksandCox, 1984
Pgs.25and26). Thetensilestrengh of seaiceis reducecdby no
morethanan order of magnitudefor porosities exceedingl0%
(Leeetal., in pres$. Hesshgeret al. (1996, g 4) shav that
porosty in exces®f 50%is required to reducetheelasticmod-
ulus by an orderof magnitudefor a rangeof materids. These
resultssugges that the redudion in mdueto porosty is un-
likely to exceedan orderof magnitude, andthusthat driving
streses 6e 8 MPa arerequiral (seeFig. 6). Theseinferred
stresgsare roughly two ordersof magnitude highe thanthe
presertday diurnal tidal stresgs, and are comparablewith
the stressesbtainedin an earlier Rexural study of Europa
(Nimmo et al., 2003h. Stresse of a few megapascatan be
generagd by non-ynchronousrotation (e.g. Greenbeg et al.,
2003, for which thereis sone obsenrational evidence (e.qg.
Figueredo and Greeley 2000; Kattenhon, 2002. An altema-
tive sour@ of comparale stressis polar wander (Leith and
McKinnon, 1996. Perhas more plawsibly, thickering of an
ice shell can generatestresgs of 10 MPa or more, which are
purely extensbnal (Nimmo, 20048, thus helping to explain
the predaminanc of extensbnal featuresobserved.

A redudion in near-surfaceshearmoduus by an order of
magniude will redue 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
higherthanthose of w 1 m s * inferred on the basisof a cy-
cloid formation model (Hoppaet al., 1999, and sugges that
the interruped crack propayation mecanism of Lee et al.
(in press)may be correct.

Although we hawe so far idertiPed only two normal faults
on Europa it is likely that many other similar faults exist.
Identibcation of such faults will affect predicions of
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seismiciy, importantfor future mission design(Kovach and
Chyba, 2001; Lee et al., 2003. Terrestral faults typically
breakwhenthe strainexceedsz 0.005%(e.g. Schok, 2002.
If the samecritical strain appies to the larger (L¥30km)
Europan fault, the fault slip during an individual event will
bez 0.5m.Assumingadown-dip distane of 4 km andashear
modulusof 0.4 GPa,the maximummomentreleag (if the en-
tire fault moves)is 10'” N m. This is equivalentto a seisnic
magnitudeMd%45.3 (Schok, 2002 andis consderablylarger
thanthe momens predictedby Lee et al. (2003) To geneate
the observednaximumfault offsetof 600m will takeroughly
400 events. Since the surface age of Europais w 60 Myr
(Zamle et al., 2003, the minimum strain rateis on the order
of 10 s % In practice deformationis likely to occurduring
shorterperiodsof higherstran rate,assuggeted by modds of
rifting on Europa(Nimmo, 20044.

In sunmary, the identibcaion of normal faults on Europa
allows the appication of a rangeof terrestrid techniquesto
characterizehe mechanicapropeties of the near-surfacena-
terial. The fault charactestics are consstentwith a near-sur
face ice layer, which is signipcatly weaker than that of
unfracturel ice, probaly as a resut of high porosty. This
high-poosity layeris likely to hawe radarandseismicprope-
ties differentto unfracuredice, andis alsolikely to inBuence
the development of shallav fractures and the modibcdion of
short-waelength topogaphy The stressesequiral to gener-
ate the observedfaults greatly exceeddiurnal tidal values
and are more consistentwith stresgs arising from non-syn-
chronousrotation or progresive thickeningof the ice shell.
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