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Abstract.

Europas interior structuremay be determinedby relatively simple and robust
seismo-acoustiechosoundingtechniques.The strat@y is to useice cracking
eventsor impactsthatarehypothesizedo occurregularly on Europas surfaceas
sourcef opportunity A singlepassve geophonen Europas surfacemaythen
be usedto estimatethe thicknessof its ice shell and the depthof its oceanby
measuringhe travel time of seismo-acoustice ections from the corresponding
internal strata. Quantitatve analysisis presentedvith full- eld seismo-acoustic
modelingof the Europarervironment. This includesmodelsfor Europanambient
noiseandconditionson signal-to-noiseatio necessaryor the proposedechnique
to be feasible. The possibility of determiningEuropas ice layer thicknessby
surfacewave andmodalanalysiswith a singlegeophonas alsoinvestigated.
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[. Intr oduction

Our goalis to shav how Europas interior structuremay
be revealedby relatively simpleandrobustseismo-acoustic
echo-soundingechniquesisingnaturalsourcesof opportu-
nity. Echosoundingis thetraditionalandmostwidely used
tool to chartthe depthandcompositionof terrestrialoceans
andsub-ocearayers(Medwin andClay 1998). It employs
anactive acousticsourceandpassve receverto measurghe
arrival time andamplitudeof re ections from the layersto
be charted.Our Europanstrateyy differsfrom theterrestrial
onein that the primary sourceof soundis not controlled.
Rather it is proposedo arisefrom ice crackingeventsand
impactshypothesizedo occurregularlyon Europassurface.
A singlepassie geophonen Europas surfacemaythenbe
usedto estimate(1) its rangefrom a naturalsourceevent
by analysisof directcompressionahndshearwave arrivals

in the ice, and (2) the thicknessof the ice shell and depth
of the oceanby travel time analysisof speculare ections
from the correspondingnternalstrata. The techniquehow-
ever, requiresthe ice-crackor impactevent of opportunity
to be sufciently enegeticfor its re ectionsto standabove
the ambientnoise generatedy other more distantor less
enegeticevents.

To helpquantitatiely exploretheissuesnvolvedin echo-
soundingandotherseismo-acoustitechniquegor probing
Europasinterior, ouranalysigproceedsogethemith thede-
velopmenbof afull- eld seismo-acoustimodelfor Europa.
This includesanalysisof ice-crackingand impact source
events, seismo-acoustipropagationin Europas strati ed
ervironment,and Europanambientnoise. Here we follow
the commoncorventionof referringto both compressional
andsheamwavedisturbances solids,suchasEuropaSouter
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ice shellandinterior mantle,as“seismicwaves, andcom-
pressionalavesin uids, suchasEuropaspotentialocean,
as‘“acousticwaves! By this convention,wavesthat prop-
agatefrom ice to wateror vice-versa,for example,arere-
ferredto as“seismo-acoustigvaves’

Our interestin this problemstemsfrom the signi cant
amountof evidencecollectedby the Galileo Probein the
pastdecaddo supportthe possibility thatanoceanof liquid
watermaylie beneatlEuropasexterioricy surface.lnduced
magneticeld measurementé&huranaetal. 1998)suggest
the existenceof a conductinglayer beneaththe ice surface
thatis atleasta few kilometersthick andlikely corresponds
to a liquid oceanof salty water Variousresearcherbave
arguedthat mary of the morphologicalfeaturesthat char
acterizeEuropas icy surfacecanbestbe explainedby the
presencef anocearof liquid waterbelow (Pappalardeetal.
1998). Thisis putin contet by the conclusionof Anderson
et al. (1998)that the total thicknessof ice and potentially
liquid wateron Europas surfaceis between80 to 170 km,
basedon gravity data. Togethertheseobsenationsprovide
compellingbut inconclusve evidencefor a subsuréceEu-
ropanoceanleaving the thicknessof the outerice shelland
thedepthof the potentialoceanpoorly constrained.

A variety of techniqgueshave beenproposedo measure
the thicknessof Europas outer ice shell. They involve
measuremenbf crater morphology (Schenk2002), tidal
gravity (Greenbeg 2002; Andersonet al. 1998; Wu et al.
2001),radaraltimetry(Chybaetal. 1998;Moore2000),ice-
penetratingradarre ections (Chybaet al. 1998), andice-
bourne seismicwave interferenceand dispersion(Kovach
andChyba2001). All but the lasthave the advantageof be-
ing achievableby either y-by or orbital ratherthanlanding
missions.While eachmayindicatethepresencef anocean,
nonearesensitve to its thicknesgCooperetal. 2002).

Only two techniquesare currently available to remotely
determinethe thicknessof a deepoceanlayer on Europa.
The rst involvesextensive magnetometemeasurementsy
alow ying orbiter (Khuranaet al. 1998; Kivelsonet al.
1999,2000). Thesemeasurement$owever, cannotdeter
mine the location of the oceanlayer or its structure. The
otheris the echo-soundingechniqueunderdiscussionthe
primaryadvantageof whichis its ability to determingheab-
soluteinterior structureof both the ice andpotentialocean
layers. A potentialdisadantagds thatit requiresalanding
mission.

The rst Europanlandingmissionwill likely carry only
a single triaxial geophonecapableof measuringseismo-
acoustidisplacements threespatialdimensionsatasingle
pointon Europas surface.Besidescho-soundingdistening
for audiblesignsof life, and potentiallyinferring and cat-
egorizing dynamicalprocesse®f the ice by their acoustic
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signaturesaninitial taskfor this sensorcould be to deter

minethe overall level of seismo-acoustiactivity on Europa
by time seriesand spectralanalysis. Correlationscould be
madeof ambientnoiseversuservironmentalstresdevel to

determinavhethemoiselevelsrespondirectlyto orbitalec-
centricities.Suchananalysiswasconductedor the Earth's
Arctic Oceanwhereroughly two metersof nearly continu-
ouspackice cover anocearnthatis typically betweerD.1

5 km in depth. Theseterrestrialresultsshav a nearperfect
correlationbetweerundervaternoiselevel andervironmen-
tal stressesandmomentsappliedto theice sheetfrom wind,

current,anddrift (Makris andDyer 1986,1991). Addition-

aly, in the Antarctic, the e xural motion of ice shehesare
foundto be correlatedwith the seatide, andthe positionof

surfacecracksarefoundto be correlatedwith the stresdis-

tribution arising from tidal e xure (Robin 1958). Seismic
eventsrecordedatlongrangesn theice arehypothesizedo

have emanatedrom surfacecracksarisingfromtidal forcing

(AnandakrishnamndAlley 1997).

For EuropaHoppaetal. (1999)shav thatenvironmental
stresseslueto tidal forcesvary signi cantly overthe period
of its eccentric3.5day orbital periodandthatthesestresses
mayleadto theneardaily formationof cycloidal arcssimilar
to thoseobsenedto extendover hundredf kilometerson
Europassurface.Basedonthemaximumtidal surfacestress
expectedby Hoppaet al. (1999) and basic conceptsfrom
fracture mechanicswe show that a given cycloidal arc is
likely to be formed as a sequencef hundredsof discrete
andtemporallydisjoint crackingevents.

A combinationof factors,suchasthe interplay of diur-
nal stressewith inhomogeneitiesn the outerice shell or
its potentialasynchronousotationdueto anoceanayerbe-
low (Leith and McKinnon 1996), may leadto “Big Bang”
crackingevents.Theseaventswould bestatisticallylessfre-
guentbut muchmore enegeticthanthoseprimarily caused
by diurnal stresse# pureice. Echoreturnsfrom Big Bang
eventswouldbemorelik ely to standabosetheambientoise
and so make echosoundingfor Europas interior structure
morepractical. We determineghetensilestressesindcrack
depthsecessaryo generatdBig Bangevents.We alsoshav
thatevensmallimpactorsjnthel 10m radiusrange fall
into the Big Bang category, andthat Big Bang eventswiill
radiatespectralenegy peakingin the roughly 1 to 10 Hz
range.Thisis signi cant becaus¢hecorrespondingeismo-
acousticwavelengthsan ice andwaterwill rangefrom hun-
dredsto thousand®f meters.Suchlong wavelengthdistur
bancessuffer minimal attenuationfrom mechanicalelax-
ation mechanismsén ice andwaterandarerelatively insen-
sitive to shadaving by similarly sizedanomaliesn theice
or on the sea oor that could severely limit remotesensing
techniqueghatrely on shorterwavelengths.
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Il. Modeling Europaasa Strati ed
Seismo-AcoustidMedium

We begin our analysisby establishingnodelsfor Europa
as a strati ed mediumfor seismo-acoustievave propaga-
tion. Thesemodelsspecify compressionalvave speed
shearwave speed , compressionalvave attenuation
shearwave attenuation anddensity asa function of
depthon Europa.

Therearetwo canonicamodelsof Europasinteriorstruc-
ture. The rst is therigid ice shellmodel,whereheattrans-
portis achiezedby conductiorthroughouta completelybrit-
tle and elasticice-shell (Ojakangasand Stevenson1989).
The seconds the corvective ice shellmodel,whereheatis
transportegrimarily by corvectionof warmice atthebase
that canbecomebuoyant enoughto rise toward the surface
(Pappalardcetal. 1998;DeschampandSotin2001).

Linearized internal temperaturepro les for thesetwo
modelsare shavn in Fig. 1(a). The resultingtemperature
pro les areusedto constructcompressionaindsheamwave
speedpro les in the ice by the methodsdescribedin Ap-
pendixA. Therigid ice shellmodelis characterizedby an
almostlinear temperaturechangefrom the top of the ice
shellto the ice-waterinterface,whereaghe corvective ice
shell model leadsto a strongtemperatureggradienton top
andbottom of the ice shell, anda mild temperaturegradi-
entin the middle. In the latter, temperaturds assumedo
increasewith depthfrom anaveragesurfacevalueof 100K
(Ortonetal. 1996;Spenceetal. 1999)to 250K in theup-
per thermalboundarylayer, which is assumedo comprise
the upper20% of theice shell,remainconstantor the bulk
of ice shell before nally increasingto 260K in the lower
thermalboundarylayer, which is assumedo comprisethe
lower 10% of theice shell.

Thesoundspeedf seawateris mainly afunctionof tem-
peraturepressureandsalinity. Severalregressiorequations
areavailableto estimatesoundspeedfrom thesevariables.
Here we emplgy onevalid underhigh pressurgChenand
Millero 1977)to estimatethe soundspeedpro le in a sub-
surface Europanocean. This oceanis assumedo have a
salinity of roughly 3.5%, similar to terrestrialoceangKhu-
ranaet al. 1998),anda temperaturef roughly 273K, the
meltingtemperaturef ice in theterrestrialervironment.

Themantlebeneathheocearis assumedo becomprised
of a 2-km of sedimentlayer overlying a Basalthalfspace.
The sedimenis takento have soundspeedanddensitysim-
ilar to waterasin terrestrialoceans.

In our subsequensimulationsandanalysis we consider
four Europansoundspeedpro les basedupon5-km rigid,
20-kmrigid, 20-km cornvectingand 50-km corvectingice
shellmodels. The assumed:ompressionahnd shearwave
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Figure 1. Temperaturecompressionalvave speed,and
shearwave speedpro les for 20km thick rigid and corvec-
tive ice shellmodels. The solid and dashedines represent
therigid andcorvectiveice shellmodels respectiely.

speedro les throughtheice,waterandmantleareshovnin
Fig. 1(b) and(c) for both 20-km models.Assumedseismo-
acousticparameter®f the mediumcommonto all models
areshovnin Tablel.

Attenuationincreasesigni cantly with frequeng in ter-
restrialseaice, waterandsediment.The attenuatiorvalues
shavn in Table1, givenin standarddecibelunits per wave-
length,arevalid in theroughly1l 4 Hz rangeof thespectral
peakof a hypothesizedig-Bang ice-quale event usedin
the simulationsto follow. Ice attenuationvaluesare extrap-
olatedto belon 200 Hz from the linear trend obsened in
Arctic Oceanice (McCammonandMcDaniel 1985). Atten-
uationdueto volumetricabsorptionin a potentialEuropan
oceanis taken to be similar to thatin terrestrialseavater,
which is relatively insigni cant in thelow frequeng range
of interestin thepresenstudy(Urick 1983). Attenuationsn
the sedimentandbasaltassumedor the mantlealsofollow
terrestrialanalogswhich are far more signi cant thanthat
foundin seavater

A schematicof Europaas a strati ed seismo-acoustic
mediumis givenin Fig. 2 for a corvective ice shell. In the
rigid ice shell,the upperthermalboundarylayerwould con-
tinueto theice-ocearnnterface eliminatingtheothertwoice
layersshown.



4 Lee,Zanolin, Thode,PappalardoMakris
Table 1. Seismo-acoustiparameters
Material (m/s) (m/s) dB dB kg/m
Ice SeeAppendixA SeeAppendixA 0.24 0.72 930
Water SeeChenandMillero (1977) 0.01 1000
Sediment 1575 80 1.0 15 1050
Basalt 5250 2500 0.1 0.2 2700
Sourceeventsof opportunitymusthave sufcient enegy for
Upper Thermal Boundary Layer theirechoreturnsfrom the|ce—waterandwaterm_antle|nter—
............................................................................... faceso StandabO/e theaccumUIateambleanIseOf Other
! more distantor wealer sources. We proceedby rst esti-
attenuation ai . . . . .
H matingthe seismo-acoustienegy spectrunof ice-cracking
Ice density I, sourcesandthenimpactsources.
Lower Thermal Boundary Layer A. lce-Cracking
Cuy Surfacecrackingeventsareexpectedo occurin the brit-
tle, elasticlayer of Europas outerice shellin responseo
tensilestressearisingfrom adiversesetof mechanismswWe
attenuation & shaw thatthe sourcetime dependencandenegy spectrum
w a canbe estimatedrom crackdepth. Expectedcrack depths
Hw| ocean ot canin turn be estimatedrom theimposedensilestress.
density T, The maximumdepth of asurfacecrackis estimatedo
occurwheretensilestress is balancedyy the pressuralue
to thegravitationaloverkburdenof theice shell(Cravford and
Stevensonl988;Weertmaril971aWeertmarl971b;Muller
C, C andMuller 1980),
Sediment 8sl s Pa, sS4 1)
Mantle  ap,f Cps Css where is the gravitationalacceleratioron Eu-
ropa'ssurface.

Figure 2. Schematidiagramof the full Europamodelfor

acorvectiveice shell. In thewave speedprole, , are
compressionandsheawave speedsn elasticmedia, is

the acousticwave speedn the ocean, is the soundspeed
gradientin theocean. and arethe thicknessesf the
ice shellandsubsuréceocean. and aretheattenuation
anddensityof themedia.

[1l. Source Mechanismsand Characteristics

Our primary interestis in sourceeventsthat are both
enegetic enoughand frequent enoughfor the proposed
echo-soundingechniqueto be feasible within the period
of a roughlyweekto monthlong Europanlandingmission.

Europas roughly 3.5 day eccentricJovian orbit is ex-
pectedto leadto a signi cant diurnally varyingtidal stress,
with maximumvaluesrangingfrom 40 kPa (Hoppaet al.
1999) to 100 kPa (Leith and McKinnon 1996) if a sub-
surfaceocearof atleastafew kilometersthicknesss present.
Over muchlongertime scalesof roughly 10 Myr, the non-
synchronousotation of an outerice shell decoupledfrom
the mantleby a subsurbceoceancould lead to maximum
tensile stressesas large as 8 MPa (Leith and McKinnon
1996).

In theterrestrialervironment,the e xural strengthof sea
ice wasmeasuresa functionof brinevolume(Weeksand
Cox 1984). The brine volumein the terrestrialice usually
variesfrom 1% to 15%, andit canbe shawvn thatthe e xu-
ral strengthof 40 kPa requiresapproximately23% of brine
volume on Europas surfaceto cracktheice. The e xural
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Figure 3. The geometryof surfacetensilecracks. A crack
with depth propagatesintil the openinglengthis . is
the openingwidth of a crack. The volumewithin the dotted
line is the regime wherethe tensilestresds releasedy the
crack.

strengthof ice on Europas surfaceis expectedto be higher
thanthatin theterrestrialervironmentdueto the extremely
low surfacetemperature.By assumingthat the fractional
changeof the e xural strengthwill have a similar tendeng

to the changeof Young's modulusgivenin AppendixA, the

e xural strengthwill changeby 20%atthe surfacetempera-
tureof Europawhichwill still require23%of brinevolume.

The mostfrequenttype of crackingevents,expectedto
occur daily with the diurnal tide, shouldthen penetrateo
roughly 50-m depths basedon the maximumtensilestress
given by Hoppaet al. (1999), or to 150-m depthsbased
upon the analysisof Leith and McKinnon. Lessfrequent
eventsdueto asynchronousotationcanpenetratdo depths
well beyond 1 km (Leith andMcKinnon 1996). The inter-
play betweenshortterm diurnal stresseslocal ice inhomo-
geneitiesandevensmallasynchronousotations(Greeleg et
al., submittedto Jupiter: ThePlanet,Satellites& Magneto-
sphee), could leadto a reasonabldrequeng of local Big-
bangcrackingevents herede ned asthoseexceedingl50-m
depthspvertheroughlymonthlongperiodof a rst Europan
landingmission.

A detailedderivationof the seismo-acoustienegy spec-
trumfor atensilecrackasa functionof depth is provided
in AppendixC1wherethecrackgeometryis shavnin Fig. 3.
In this derivationit is conseratively assumedhatcracksdo
not exceeda minimumlengthof (Aki andRichards1980,
Farmerand Xie 1989). The crackwidth canbe deter
minedby

— )

Maximum Spectral Energy Density ~ h®
[

3dB Bandwidth
|

Radiated Energy (J/Hz)

Frequency (Hz)

Figure 4. The radiatedseismo-acoustienegy spectrum
de ned by Egs.C9 and C41 asa function of crack
depth . The amplitudeof the spectrumis proportionalto
, andthepeakfrequeny andbandwidthareinverselypro-
portionalto

With the gravitationaloverturdenassumptionye expect
— — 3)

where is Young's modulusfor ice, asgivenin
AppendixA. We employedelasticYoung's modulusinstead
of effective Young's modulusfor a conserative assumption
on the openingwidth. Note, however, that the choice of
Young's modulusdoesnot changetherelative enepy levels
betweerthecracksof variousdepthsandthesignal-to-noise
ratio analysisin this paperremainsvalid.

Thecrackis alsoassumedo openasa linearfunction of
time over a periodequalto the maximumcrackwidth over
thecrackpropagatiorspeedasshovnin Fig. C1. Thecrack
propagatiorspeeds takento be

(4)

following standardmnodelsof fracturemechanicqAki and
Richards1980) and experimentalmeasurementef cracks
on ice at terrestrialtemperature¢Langeand Ahrens1983;
StevartandAhrens1999). The openingtime of the crackis
thendirectly proportionalto thecrackdepth .

The sourceenegy spectrunfor a generalcrackof depth

is givenin Fig. 4, from which it canbe seenthatthe fre-
gueng of the peakand 3-dB bandwidthareinverselypro-
portionalto crackdepth while the peakenegy spectral
densitygrows with adramatic  proportionality Thisis il-
lustratedin Fig. 5, wheresourceenegy spectrallevels are
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Figure5. Theradiatedenegy level  from surfacecracks
for variouscrackdepths , asde nedin Eq.C42.

givenfor variouscrackdepthsandit is clearthat Big-bang
events,with depthsexceedingl50-mdepthswill beatleast

timesmoreenepgeticthanthe nominal50-mdeepcracks
expectedsolelyfrom diurnaltides.

FromEq. 3, the openingwidths of the crackswill be0.3
mm and 8 mm for 50-m and 250-m cracks, respectiely.
Suchsmall-scalesurface motionsand featurechangeswill
not be readily obsenable by long-rangeimagerytypically
of 1 10 m scalemaximumresolution,but could easilybe
detectedby seimso-acoustisensors.

B. Impacts

Therateof smallimpactson Europa for impactorsin the
1 10mradiusrangejs poorly constrainedA recentmodel
predictsarateof 0.2to 16 for suchimpactsperyearoverthe
entire satellite(Bierhauset al. 2001; Personatommunica-
tion with E. B. Bierhaus). To determinethe sourceenegy
spectrunfor impactsasa functionof impactorsize,compo-
sition andspeedwe make useof theimpact-explosionanal-
ogydiscussedh Melosh(1989).A derivationof theradiated
enegy spectrunmusingundegroundexplosionphenomenol-
ogyis givenin AppendixC2.

Theradiatedenegy spectralevelsfor impactorsof vari-
ousradii areshown in Fig. 6, assuminga nominalrock me-
teorwith 3 densityand20 km/simpactvelocity. This
enegy level will varywithin 10dB dependingntheseis-
mic ef ciency discussedn AppendixC2.

Smallimpacts,thenmay provide anothersourceof Big-

bangeventsthat have enegies well above thoseexpected
solely from tensilecracksdriven by diurnal tides and may
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Figure 6. Theradiatedenegy level  for variousradii

of impactors,asde ned in Eq. C56. Solid lines represent
enegy levels of rock impactorswith density

and impact velocity km/s. Enegy levels of iron

meteorswith and km/s, andthoseof

cometswith and km/sarealsoshavn as
errorbardn the gure.

be frequentenoughto be usedassourceof opportunityfor
echo-sounding.

IV. Seismo-AcoustidNave Propagationon
Europa

Theradiated eld from tensilecrackstypically have di-
rectionality but here we assumethat an omnidirectional
source,or a monopole,should bestdescribethe expected
or averagedirectionality

Assumingatime-harmoniacousticeld atfrequeny
the equationof motion in horizontally strati ed, homoge-
neousjsotropicelasticmediacanbeexpressedh cylindrical
coordinates as(SchmidtandTango1986)

()

(6)
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where arethe radial and vertical velocity com-
ponents, are solutionsto compressionafP)
and shearvertical (SV) displacemenpotential Helmholtz
equationsn eachlayer with correspondingompressional
wave speed andsheamwavespeed ,and isthe
spectralamplitudeof volumeinjection by the sourceat fre-
queny

The solutionsarecomposeaf the homogeneouandin-
homogeneousolutionsof the Helmholtzequations,

(7)
(8)
Thehomogeneousolutionssatisfy
9)
(10)
where and arewavenum-

bersof compressionahnd shearwaves. The homogeneous
solutionscanbe expressedn thewavenumbedomainusing
integral representations,

(11)

(12)
where is the Besselfunction of the rst kind, is the
horizontalwavenumberand

(13)

(14)

aretheverticalwavenumbers.
Theinhomogeneoukelmholtzequatiorwith amonopole

sourceat , )

(15)

hassolutionin theform of theintegral representation

- (16)

The inhomogeneousolution for SV component is
zero, since an omnidirectionalsourcedoesnot excite SV
component.

Two-dimensionalsimulationsincluding radial and ver-
tical componentsare sufcient since out-of-planemotion
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Figure 7. Transmissionossplots of the horizontalparticle

velocity (top) andvertical particle velocity (bot-

tom) asde nedin Eq. 17, whenthe sourceis located50-m

belov the surface.

doesnot occur for the assumednonopolesource. A sta-
ble numericalsolutionin the frequeng domainis obtained
by wavenumbeiintegration(SchmidtandTango1986;Kim
1989). Thetime domainsolutionandsyntheticseismograms
arethenobtainedby Fouriersynthesis.

In this section,we investigatewave propagationn Eu-
ropa through transmissionloss, time-range,and synthetic
seismogrananalysis.

A. TransmissionLoss

Transmissioriossis a measuref theacousticeld level
asa function of position,andis calculatedn the frequeny
domainfor atime-harmonicourcevia

dBre

dBre a7

are the horizontaland vertical
velocity elds atpoint for asourceatpoint , and

is the velocity producedat a distanceof = 1-m from
the samesourcein anin nite, homogeneousediumwith
density andcompressionalave speed

Themagnitude®f theverticalandhorizontalparticleve-
locities of anice source50-m below the ice-vacuuminter-
facein the 20-km corvectingice shell modelare shavn in
Fig. 7 at 2 Hz frequeng, correspondingo the centralfre-
gueng typicalin aBig Bangsourceevent. This gure shavs

where and
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the transmissiorandre ection of acousticwavesfrom the
ice-waterandwatermantleinterfacesatupto 200-kmrange.
Fringesin thesourceradiationpatterndueto thefreesurface
boundaryconditionattheice-vacuuminterfacearevisible as
aremodalinterferencepatternsin theice layer Thesepat-
ternsareafunctionof frequeng, andarenotreadilyobserv-
ablefor atypical broadbandce-crackor impactsource.As
expected the horizontalparticle velocity eld in the ocean
directly beneaththe sourceis very weak dueto the almost
total re ection of the shearwave at the ice-waterinterface,
which cannotsupporthorizontalshear

Figure7 illustrateshow ef ciently seismicwavespropa-
gatethroughtheice shellasdo acousticwavesthroughthe
subsuréceoceanandhow a geophondocatedat the top of
theice shellwill be ableto detectmultiple re ections from
theice-waterinterfaceaswell asthewatermantleinterface.

The Rayleigh wave is a surface wave that travels at
roughly 90 % of themediumshearspeedn caseof ahomo-
geneoushalfspaceandsuffersonly cylindrical spreadingn
horizontalrangebut is attenuatedxponentiallywith depth
from the surfaceit travels on. It will be strongly excited
on the ice-vacuuminterface by sourcesof shallov depth,
suchassurfacecrackingevents,impactsandthenearsurface
sourceof the given example. It canbe seenin Fig. 7 asa
strongverticalvelocity eld trappednearthe surface.Char
acteristicdifferencesetweerthe Rayleighwave anddirect
compressionalvave arrivals will prove to be usefulin de-
terminingthe rangeof surfacesourcesof opportunity The
frequeng-dependetcharacteristicef aRayleighwave may
also be usedas anotherpossibletool to probethe interior
structureof theice shell,andwill bedescribedn Sec.VII.B.
If thewavelengthof the Rayleighwave is long comparedo
thethicknessof theice shell,it will propagateasa e xural
wave on athin plate.

B. Nomenclature of Acoustic Rays

The analysisof seismo-acoustivave propagatiorfrom
a sourceto recevver canbe intuitively understoody apply-
ing ray theorywhich is valid whenthe wavelengthis small
comparedo variationsin the medium. Raysarede ned as
a family of curvesthatare perpendiculato the wavefronts
emanatingrom the source andareobtainedby solvingthe
eikonal equation(Brekhovskikh and Lysanw 1982; Frisk
1994;MedwinandClay 1998).

In order to describethe various seismo-acousticays
propagatingn ice andwaterlayers,anomenclaturés adopted
whereP represents compressionalvave in theice shell,S
a shearwave in the ice shell, and whereC is an acoustic
wave in the subsurfceoceanthat includesre ection from
watermantleinterface. Following this cornvention, appro-
priatelettersareaddedconsecutiely whenan acousticray
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Figure 8. Nomenclaturef acousticrays. PR PS,SSwaves
aresinglere ectionsfrom theice-waterinterface,andPPPP
SSSSwavesaredoublere ections from theice-waterinter-

face.PCR PCS,andSCSwavesarethere ectionsfrom the
watermantleinterface.Soundspeedsn ice layerandocean
layerareassumedonstanin this gure.

re ects from or transmitsthrougha givenenvironmentalin-
terface. A PSwave, for example,is a compressionalvave
thatdepartsfrom the source re ects asa sheawave at the
ice-waterinterfaceandarrivesat therecever. A PCSwave
is acompressionalave thattransmitghroughtheice-water
interface re ects from thewatermantleinterface returnsto
the bottom of the ice shell, andtransmitsbackinto theice
asa shearwave. It shouldbe notedthat SPand PSwaves
arrive at a recevver simultaneoushsincetheir ray pathsare
symmetric. Also, an S wave from a sourceto arecever on
theice-vacuumsurfaceis a Rayleighwave.

Somelabelledray geometriesareshovn in Fig. 8. A ray
pathfollows a straightline in aniso-speednedium. How-
ever, if the soundspeedn the mediumvariesalongtheray
path, the ray mustsatisfy Snell's law wherere ection and
transmissionwill occurat the boundarybetweeniso-speed
layers,anda continuousbendingof aray path,or refraction,
will occur given a continuoussoundspeedgradient. For
a horizontally strati ed mediumwheresoundspeedvaries
only in the -direction,the radiusof curvature of are-
fractingrayis

(18)

where istheincidentangleatsome x eddepthasin Fig. 8
and isthesoundspeedat the samedepth.For the 20-km
convectiveice shellmodel,the minimumradiusof curvature
of a compressionalave in upperthermalboundarylayer
regime is 51 km, which is not perceptiblein Fig. 7. Re-
fractedpropagatiorof soundis a commonfeaturein terres-
trial oceans.In mid-latitudesdeepsoundchannelgypically
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form dueto thermalheatingabove andincreasingpressure
belov. Theseenablesoundwavesto propagatdor thousands
of kilometerswithouteverinteractingwith theseasurfaceor
bottom(Urick 1983).Without moreevidence however, it is
dif cult to speculateon whatsoundspeedoro les mayexist
in a potentialEuropanocean.

Thetravel time from a sourceto recever dependon the
ray path. Travel time differencesetweerray pathscanbe
usedto infer Europasinterior structure.Therangebetween
a surfacesourceevent and a surfacegeophonecan be ob-
tainedfrom directP andS wave arrivalsgiventhe compres-
sionalandsheamwave speedsn ice, which canbe estimated
with reasonablaccurag basedna priori information(See
AppendixA). With the additionaltravel time measurement
of a singleice-waterre ection, suchas PR PS,or SS,the
thicknes=of theice shellcanbe estimatedlf morethanone
of thesere ected pathsareused the soundspeedn ice can
alsobe experimentallyestimatedo improve uponthe a pri-
ori information. Oncethe rangeof the sourceandthe ice
shellthicknessareobtainedthe depthof a subsurbceocean
canbeestimatedy there ectionsfrom thewatermantlein-
terface,usingary of the PCR PCS,or SCSray paths. The
useof this kind of travel time analysisto infer Europas in-
terior structurewill be discussedh moredetailin Sec.V

C. Synthetic Seismogramdor a Big Bang Event

Herewe studythe amplitudeandarrival-time structureof
a Big Bangsurfacesourceeventas measurecy a triaxial
geophonen Europas surfacefor the four strati ed models
of Europadescribedn Sec.ll. Firstwe considerthearrival
time andamplitudestructureasa function of rangebetween
the surfacesourceandrecever by identifying the directar-
rivals andre ections from variousinternalstrata. Thenwe
look in moredetail atthetype of amplitudeandarrival time
measurementthat may be madeat speci c ranges. The
analysisproceedsuy solving the full- eld seismo-acoustic
wave equationof Eqs.5 to 15 for a Big Bangsourcewith
a spectralpeakin thel 4 Hz range. The sourceis here
modeledasa monopoleat 50-mdepthandtherecever asa
triaxial geophonet 1-m depthbeneatttheice-vacuumsur
face. The nite bandwidthof the radiationis computedby
Fourier synthesis.The resultingsimulationsarereferredto
assyntheticseismogramsvhenthey shav amplitudeversus
time, andtime-rangeplots whenthey shav amplitudever
sustime andrange.All simulationsin this sectionhavebeen
performedor = 250-mcracksor equivalentlyanimpactor
of roughly 10-mradius.These gures canbe scaledfor var
iouscrackdepths andimpactorvolumeinjections using
Figs.5 and 6, asexplainedin Appendix C (Egs.C30to
C33).

Time-rangeplotsareshavn in Figs.9 and10for thecon-
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Figure 9. Time-rangeplot for the 20-km corvective ice
shellmodel. Colorsrepresenthe horizontalvelocity level

(top) andvertical velocity level (bottom),asde ned
in Eqs.C18andC19.

vective ice shell model, and Figs. 11 and 12 for the rigid
ice shellmodel. In each gure, two lines consistentlyde-
part without curvaturefrom the origin. Theseare the di-
rect P wave and Rayleighwave arrivals in the ice. The
Rayleighwave hasthe highestamplitudesinceit propagates
asatrappedwave ontheice-vacuumsurface.

Arrivalsdueto multiply re ectedpathsfrom theice-water
interfaceandthe watermantleinterfacearealsoreadily ob-
sened. Thetravel time differencedetweerthe multiple re-

ections arecloselyrelatedto the thicknessof theice shell.
In the thin ice shell model (Fig. 11), the spacingbetween
the multiple re ections is not much greaterthanthe dura-
tion of the sourceevent. This leadsto onegroupof closely
spacedirrivalsre ectedfrom theice-waterinterfaceandan-
othercloselyspacedyroupfrom the watermantleinterface.
As thethicknesof theice shellincreaseshesemultiple re-
ections separatenorein thetime domainascanbeseenn

Figs.9, 10,and12.

Inspectiorof thevariousscenariosndicateghattheover
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Figure 10. Time-rangeplot for the 50-km corvective ice
shellmodel.

all patternof arrivalsandamplitudeds very sensitve to the
structureof Europas ice-waterlayer, in particular the ab-
solutethicknessesnddepthsof the ice shellandoceanas
expectedfrom basicecho-soundingrinciples. The pattern,
however, is not very sensitve to the differencesn internal
temperaturef therigid versuscorvectingice modelsascan
be seenby comparingFigs.9 and12. Othertechniquesn-

volving seismo-acoustibmographymaybebettersuitedto

estimatinghetemperaturestructure.

Detailedcharacteristicef thetime seriesmeasuredy a
surfacegeophonecanbe betterobsenedin syntheticseis-
mograms. We presentillustrative examplesfor the 20-km
corvectiveice shellmodel.Figuresl3 and14 presentsce-
nariowherethe seismometeis locatedat shortrange(2-km)
fromthesourcewhile Figs.15and16 presenalongerrange
(50-km)scenarioln bothscenariosasufciently diverseset
of prominentandwell separatedrrivalsarefoundto enable
the sourcerange,aswell asthe thicknessof Europas ice
shellandoceanlayerto be determinedy echosounding.

For the caseof a shortsource-recefer separationasin
Fig. 13, both the direct P and S waves arrive so nearin

Lee,Zanolin, Thode,PappalardoMakris
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Figure 11. Time-rangeplot for the 5-km rigid ice shell
model.

time that they cannotbe distinguished. The P wave is in
fact overwhelmedby the S wave, which is effectively the
Rayleighwave dueto the proximity of the sourceandre-
ceier to the free surface. All subsequenarrivals can be
easilydistinguishedrom eachothersincethey arewell sep-
aratedn time. The rst arrivalsaremultiplere ectionsfrom
theice-waterinterface.For suchashortsource-receiersep-
aration,wavesreturningfrom the waterarrive at nearnor-
mal incidenceto the ice-water interfacein the presentge-
ometry andso leadto very weak SV transmissiorinto the
ice. This explainsthe relative abundanceof prominentand
well separatedrrivals from the mantlein vertical velocity
andthe paucityof sucharrivalsin horizontalvelocity at the
geophonen Fig. 14.

For the caseof amuchlongersource-receier separation,
asin Fig. 15, thedirectP andS (again,the Rayleighwave),
as well as multiple re ections from ice-water and water
mantleinterfacesarewell separateth thetime domain.
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Figure 12. Time-rangeplot for the 20-km rigid ice shell
model.

V. Inferring Europa's Interior Structure by
Travel Time Analysis

A. Simplied EuropaModel

In the previous section,we shaved that the arrival time
structureof seismo-acoustigvavesis far more sensitve to
ice shellthicknessand oceandepththanto the temperature
variationsin the ice shell associatedvith the variousrigid
andconvectingmodelsexamined. The seismo-acoustipa-
rametergnostimportantto the measuredrrival-time struc-
ture, namely the thicknessof the ice shell and the depth
of a subsuréceocean,canthenbe estimatedcby matching
measuredravel timeswith thosederived from a simpli ed
Europanmodel. The simpli ed modeldropsparametersf
Fig. 2 thatdonothave a rst ordereffectin thearrival time
structure. This leavesthe six parametershowvn in Fig. 17
at the top of the hierarchy Droppedparametersiow in the
hierarchyfor the presentecho-soundingechnique may be
farmoreimportantin otherinversionschemes.

The simpli ed Europamodel employs an iso-speedce
shell. Thisis justi ed to rst orderfor anumberof reasons.
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Figure 13. Ice-waterre ections at 2-km rangefor the 20-
km corvective ice shellmodel. The top gure shows the
horizontalvelocitylevel  andthebottom gure showvsthe
verticalvelocity level |, asde nedin Eqs.C18andC19.
The regular spacingbetweerthe re ections canbe directly
relatedto the thicknessof the ice shell. Direct P wave and
Rayleighwave arrivals are not well separatedor this short
rangepropagation.

Although Europas ice layer may undego a drasticchange
in temperaturevith depth.from roughly100K to 273K, the
correspondingariationsof and do notexceed5%, as
shavnin AppendixA, exceptwherethetemperatureeaches
a few degreesof the melting point. This, however, occurs
only over a small portion of the lower thermalboundaryin
theice shell,asshovnin Fig. 1. While theicein thisregion
undegoeschangesn its molecularbehaior, the changen
soundspeeds lessthan10%. The overall error associated
with the iso-speedassumptiorwill thenbe lessthan 10%.
In thesimpli ed Europamodel,we mayfurtherassumehat
=2, whichis atypical valuefor ice (Fig. Al (c)).
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Figure 14. Bottom re ections at 2-km rangefor the 20-
km corvective ice shellmodel. The bottomre ections for
shortrangepropagatiorare mostly compressionalvave re-
ections, andaremoreprominentin thevertical particleve-
locity componentsThe weakprecursobeforethe PCPre-
ection is the re ection from the sedimentlayer overlying
theBasalthalfspace.

B. General NondimensionalizedTravel Time Curves

Undertheassumptiorof aniso-speedce shell,following
thesimpli ed Europammodel,thegenerakurfacesource-to-
recever travel time of ice-waterre ected pathscanbe de-
terminedasa function of two nondimensionaparameters
and , asshawvn in AppendixB. Thetravel time curves
becomefunctions of only one nondimensionaparameter

, If we assumethe typical value . Nondimen-
sionaltravel time curvesfor thesimpli ed Europamodelare
plottedin Fig. 18 wherethetravel timefor pathsncludingup
to doublere ectionsfrom theice-waterinterfaceareshavn.
This gure canbe usedto analyzearrivals from ice-water
re ectionsin Figs.9to 12.

Similarly, the generalsource-to-receer travel time of
pathsinvolving watermantlere ections canalsobe deter
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Figure 15. Ice-waterre ections at 50-kmrangefor the 20-
km corvective ice shellmodel. Travel time differencese-
tweenthe direct P wave andthe Rayleighwave canbe in-
vertedfor the rangebetweenthe sourceand recever, and
multiple re ections from the ice-waterinterfacecanbe in-
vertedfor thethickneswof theice shell.

minedin termsof the additionalnondimensionaparame-
ters , theratio betweerthe compressionalvave

speedin ice and water, and , the ratio betweenthe
oceandepthand the ice shell thickness,assumingan iso-

speedwater column. This is also shavn in Appendix B.

Nondimensionatravel time curvesfor thesepathsare also
plottedin Fig. 18, assuming and

C. Estimating Interior Structure

The rangebetweenthe sourceand recever can be de-
terminedwith a singletriaxial geophoneon Europas sur
facewithout knowledgeof the ice thicknessby measuring
thetravel time differencebetweerthe direct P wave andthe
Rayleighwave. The Rayleighwave canbe easilyidenti ed
by its high amplitudeandretrogradeparticle motion where
verticalandhorizontalcomponentare  outof phase.

To alsoestimatehethicknessof theice shell,atleastone
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Figure 16. Bottomre ections at 50-km rangefor the 20-

km corvective ice shellmodel. For long rangepropagation,
bottomre ections are prominentin both the horizontaland

verticalparticlevelocity components.

re ection from the ice-waterinterfacemustalsobe identi-
ed. The PPwave arrival canbe readily identi ed sinceit
arrivesthesoonesafterthedirectP wave exceptwhen

is lessthanone,asshavnin Fig. 18. Evenin this case how-
ever, the PPwave canbe easilyidenti ed, since,besideghe
direct P wave, the Rayleighwave is the only wave that can
arrive beforeit.

If, for example,we measurehe travel time differences
,and ,where , ,and are
thetravel timesof thedirectP, the Rayleigh,andPPwaves,

(19)

— (20)

and and areuniquelydeterminedy;,

- — (21)

13
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Figure 17. Schematicdiagramof the simpli ed Europa
modelusedfor the parameteinversion. is therangebe-
tweenthe sourceandseismometerTheice shellandocean
aresimpli ed into iso-speedayers.

and
(22)

This resultshaws that if the compressionalvave speed
in the ice is uncertain,but the ratio betweenthe compres-
sionalandshearspeedn iceis known, theerrorin therange
andthicknessstimatesvill belinearlyrelatedto theerrorin
compressionalave speed Basedon the analysigpresented
in AppendixA, the soundspeedn ice canbe estimatedo
within roughly . Therangeof the sourceandthe thick-
nesof theice shellcanthenalsobeestimatedvithin of
errorgiventhetravel timesof thedirectP, the Rayleigh,and
PPwaves.Estimate®f , , and canbere nedbyan-
alyzingarrivalsfrom otherpaths.Similarly, the ocearthick-
ness andaveragesoundspeed canbedeterminedyy
usingFig. 18 to analyzearrivals from pathsre ecting from
thewatermantleinterface.

VI. Europan Ambient Noise

As notedin the introductionandin Sec.lll.A, thereis
a possibility thatice crackingeventson Europamay occur
so frequentlyin spaceandtime that their accumulatecef-
fect mayleadto dif culties for the proposedecho-sounding
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Figure 19. Ambient noiselevelsin the horizontalvelocity

and vertical velocity , asde ned in Egs.23 and
24, for the 20km corvectiveice shellmodelasa function of
spatialdensitiesandtemporalemissionratesof the surface
cracks.Thereferenceambientnoiselevelsassuming =
60 secondsind =100km aremarkedin the gure.

technique. Here we attemptto quantify the characteristics
of a Big Bangeventnecessaryor it to sere asa sourceof
opportunityin echosoundinggivenan estimateof theaccu-
mulatednoiserecevedat a surfacegeophoneWe do so by
rst developingaEuropamoisemodelin termsof thespatial
andtemporalfrequeny and sourcespectraof the expected
noisesources.

A. Estimation of ambient noiselevel

In orderto calculatethe ambientnoise level, an ocean
acousticnoisemodelingtechniqug(Kupermarandingenito
1980)is adaptedor Europa. The basicassumptioris that
the noisearisesfrom anin nite sheetof monopolesources
just below Europasice-vacuumboundaryat depth . The
sourcesare assumedo be spatially and temporallyuncor
relatedandto have the sameexpectedsourcecross-spectral
densities.

The mean-squaréorizontalandvertical particle veloci-
tiesof theambientoisemeasuredby a geophonet depth
resultingfrom theseuncorrelatedgourcesarerespectrely

Figure 18. Nondimensionalizettavel time curvesfor direct

paths,ice-waterre ections, andwatermantlere ections. It (23)
is assumedhat and for bottom

re ections. This gure canbedirectly comparedo Figs.9

and12.
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(24)

where and aretemporaland spatialdensities
of noisesources, is the expectationof the mag-
nitude squaredof sourcespectrumof a given source,and

and are the integral representa
tions of the horizontalandvertical particle velocitiesin the
wavenumbermomain,which arede ned in termsof Hanlel
transformof Eqs.5 and®,

(25)

The varianceof the vertical particle velocity is the sameas
the scalarresultgiven in Wilson and Makris (2003). The
horizontalcomponents for oneout of two horizontaldirec-
tions spannedy the geophonendsois smallerby a factor
of 2. Theambientnoiselevelsin decibelsarede ned by

dB re (26)

dB re

(27)

where

Equation®23 and24 areusedto computehegenerabm-
bientnoiselevelsmeasuredby ageophonet 1-m belowv the
ice-vacuuminterfacefor the 20-km corvective shell model
asafunctionof temporalandspatialsourcedensity There-
sultsare shavn in Fig. 19 for noisesourcesat -m
depthin thel 4 Hz bandthesamedepthandbandusedfor
theBig Bangsyntheticseismogramef Section3. Thisnoise
tableis for = 50-mambientcracks,but canbe scaledfor
othercrackdepths by following the procedureslescribed
in AppendixC.

The ambientnoiselevels of Fig. 19 canbe comparedi-
rectly with the signallevels of 250-mcracksfor the 20-km
corvective shellmodel (Figs. 9, 13, 14, 15, and 16). The
noiselevels canevenbe comparedwith the signallevelsin
Figs. 10, 11, and 12 becauseambientnoiselevel doesnot
vary signi cantly asafunctionof ice shellthicknesssinceit
is dominatedby the Rayleighwave, which is trappedon the
ice-vacuuminterfaceandsois relatively insensitveto theice
shellthickness whenits wavelengthis smallcomparedo

Suchcomparisonsstill requireknowledgeof the spatial
andtemporaldensitiesof the noisesources.Thesecanbe
estimatedfor diurnal tidally driven tensile cracksby not-
ing thata cycloidal featurewill extendata speedf roughly

15

3.5km/hr, following the locationof maximumtensilestress
(Hoppaet al. 1999). The propagationspeedof a tensile
crack, however, is the much larger , asnoted
in Sec.lll.LA. The cycloidal featuresthen are apparently
comprisediy a sequencef discreteandtemporallydisjoint
crackingevents.If we assumehateachtidally drivencrack,
of nominaldepth -m extendsfor a minimumlength
of -m, asdiscussedn Sec.lll.A, we arrive atarate
of roughly1 tensilecrackperminutealongagivencycloidal
feature. A consistentestimateof the spatialseparatiorbe-
tweencrackingeventswould be the roughly 100-km scale
of a cycloidal feature(Hoppaet al. 1999). As canbe ob-
senedin Fig. 19, the ambientnoiselevel reaches dB
re for 100-kmcrackspacingandl discreteemission
perminute.

If the sourceof opportunityand ambientnoise sources
have the samedepthof = 50-m, the expectedenegy of
eachnoise sourceequalsthat of the signal. In this case,
theamplitudesof thetime-rangeplotsandsyntheticseismo-
gramsin Sec.lV.C shouldbedecreasetly 56-dB,ascanbe
determinedrom Egs.C30andC31 of AppendixC. Com-
parisonwith thetime-rangeplotsandsyntheticseismograms
of Sec.IV.C, aftersubtractingg6-dBto gofroman =250-m
toan =50-mdeepcrack,shavsthatthere ectionsfromthe
ice-waterandwatermantleinterfaceswill be buried by the
ambientnoisefor this scenario.The situationchangesf the
sourceof opportunityis far moreenegeticthananexpected
noiseevent,asis the casefor a Big Bangsourceevent.

B. Estimation of signalto noiseratio

It was showvn in Sec.lll.A that the peakof the enegy
spectraldensity for a surface crackis proportionalto
while boththe bandwidthandfrequeng of the spectrapeak
are inversely proportionalto the crack depth Smaller
crackswill thennot only radiatelesseneny, they will also
spreadhis enegy overabroademlndhigherfrequeny spec-
trum. Largercracksontheotherhand will radiatemoreen-
ergy oversmallerbandwidthsatlowerfrequenciesasshovn
in Fig. 4. This would make it advisableto low-pass Iter
geophondime seriesdatato the bandof a Big Bangsource
of opportunity if this sourcewasdueto a muchdeeperand
lessfrequentcrackingevent thanthosecomprisingthe ex-
pectednoise. If the Big Bangis 5 times deeperthan the
ambientcracks for example,the radiatedenegy within the
bandwidthof the Big Bangwill be approximately56-dB
greaterthan that radiatedby an ambientcrack. This will
in turn increasethe signal-to-noiseratio of the time series
by 56-dB.In this case,it will be possibleto robustly detect
multiple Big Bangre ections from the ice-water interface
andwatermantleinterfaceabove the noisefor nominal50-
m deepnoisecracksof 100-km spacingand 1 per minute
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Figure 20. Time-rangeplot for a Big Bangeventthat can
standabove the referenceambientnoiselevel of dBre
m/s.

rate,asis illustratedin Fig. 20 for a 250-mdeepBig Bang
crack.

According to Nur (1982), unfracturedice subjectto a
x edtensilestresswill developadistributionof surfacefrac-
turesthat occurat a rateinverselyproportionalto the max-
imum depthof the crack . Largercrackswill be lessfre-
guentandso lesslikely radiateseismo-acoustivavesthat
overlap. Larger crackswill also releasestressover larger
areasandsopreventothercracksfrom developingnearby

Smallimpactsare anotherpotentialsourceof Big Bang
eventsthat usually have much higher enegy spectrallev-
elsthansurfacecracks,ascanbe seenby comparingFig. 5
andFig. 6. Giventhe impactrate mentionedin Sec.lll.B,
the probability of at leastoneimpactorwithin 100kmof the
seismometeis 0.1to 10% assuminga 4 monthoperational
period.While suchanimpactis not highly lik ely, thesignal-
to-noiseratio would be large and the re ections could be
easilyresohed. Smallerimpactsmay be much more fre-
guentandstill enegeticenoughto sene asBig Bangevents,
but their ratesaredif cult to resole with currentobsena-
tional methods.
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Figure 21. Love wave geometryand mode shapedor an
elasticplatesurroundedy uid media.

1=0

Our signal-to-noise-rati@nalysisis basedon the worst-
casescenarioof maximum diurnal stress,where all sur
facecracksareassumedo actively radiateseismo-acoustic
waves onceevery minute. Crackingwill becomelessfre-
guentafter Europapasseghe perigee. The ambientnoise
level will thendecreasegnablingecho-soundingvith a sur
facecrackof shalloverdepth . Sinceimpactorsaretotally
independenbf surfacecrackingnoise,they may strike Eu-
ropaatlow-tide whensurfacecracksaredormantachievzing
themaximumsignalto noiseratio.

VII. Inferring Interior Propertiesof Europa
with Love and Rayleigh Waves

Lovewavesareeffectively propagatingsgHmodesrapped
by the boundariesf an elasticwaveguide, while Rayleigh
waves are interface waves that travel along an elastic sur
facethat involve both compressionaind SV wave poten-
tials. The theory of thesewavesin horizontally strati ed
mediais well developed(see e.g.,Brekhorskikh 1980;Mik-
lowitz 1978). Herewe discussthe possibility of usingthe
frequeny dependentharacteristicef thesewavesto infer
interior propertiesof Europa.

A. Dispersionof the Love wave

If anelasticmediumis surroundedy avacuumor uid
mediathat doesnot supportsheay asin the caseof anice
sheet oating on an ocean,the Love wave will propagate
like afreewavein aplate.

Consideringhegeometryin Fig. 21,it canbeshowvn that
SH waveswil propagateasdiscretenormalmodeswith the
groupvelocity of eachmodegivenas

(28)

The maximum numberof normal modesfor a given fre-
queng is

integerpartof

(29)
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Figure22. Lovewave dispersiorcurvesfor variousice shell
thicknessesassumingan iso-speedice shell with a shear
wave speed = 2km/s,overlying a subsurbceocean.The

ordermodehasa constantgroup velocity thatis inde-

pendenbf theice shellthickness.
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Figure 23. Love wave geometryandmodeshapesssuming
anice shelloverlying Basalthalfspace.
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with the cut-off frequeny of eachmodeis givenas
(30)

It is importantto notethat thereis a zeroth-ordemode
thatis non-dispersie, insensitve to the thickness,and has
no cut-off frequeng, which canbe obtainedby setting
in Eq.28and30. This characteristiof zeroth-ordemodeis
alsoshownin Fig. 22.

This derivation shavs that Love wavesin a free or uid
loadedplatehave groupvelocitiesthatareinverselypropor
tional to frequeng sothatthe lower frequengy components
propagateslower thanthehigherones.This dispersve char
acteristicis shawvn for thegroupvelocity of the ~ modefor
variousice shellthicknesse Fig. 22.

If theice shelloverliesanotherelasticmediumwith faster
shearwave speedsuchasEuropas mantle,however, at the
low frequeny end the dispersionrelationshipwill be re-
versedwith the lower frequeng componentsrriving faster
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Figure 24. Love wave dispersiorcurvesfor the  and

ordermodesin casetheice shellis overlying a Basalthalfs-
pace.

thanthe higherfrequeng components.This is a common
effect alsoobsenedin oceanacousticwaveguides(Peleris
1948; Frisk 1994). In this case,it canbe showvn that the
groupvelocity andcut-off frequeny of eachmodeis given

by

(31)

— (32)

where is the wavenumberof modein  direction,
and arethesheamodulus sheawave speedand

sheawavenumbeiin the elasticmediumunderlyingtheice
shell, respectiely. The dispersioncurves for variousice
shellthicknesseassumingnice shelloverlying Basalthalf-
spaceareshavn in Fig. 24.

KovachandChyba(2001)have arguedthatit maybepos-
sibleto verify theexistenceof asubsurfceocearon Europa
by nding away to measureghe presencer absencef this
reversal.Sincethe Love wave is trappedwithin theice shell,
it cannotbe usedto determinghe depthof a potentialocean
layerbelon. KovachandChyba(2001)have alsosuggested
thatit may be possibleto determinethe thicknessof theice
layerby measuringhefrequeny dependencer dispersion
in thegroupvelocity of the rst Love wave mode.

SincelLove waves are modal decomposition®f the SH
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Figure 25. Love wave dispersiorcurve for the 20-km uid-
loadediso-speedce shellup to the mode. The mode
numberrunsfrom left to right. For referencethe 3-dBband-
width of a 250-mdeepcrackis shavn asa thick horizontal
line.

wave, they will likely requiresource-receierrangeggreatly
in excessof the ice sheetthicknessto be obsened. Group
velocity analysishowever, requiresthe sourcerange which

canbe estimatedby measuringhe direct P wave arrival for

sufciently enegeticsource®r multiplere ectionsfromthe
ice-waterinterface.Useof thelatter, however, wouldrequire
theicethicknesdedeterminedy echo-soundingyhichde-
featsmuchof thepurposédn Love wave dispersioranalysis.

Sincethe Love wave hasa zerothordermodethatis non-
dispersive if anoceanis presenandhasno cut-off, a poten-
tially signi cant componenbf ary Love wave arrival may
never exhibit the soughtafter frequeny dependencer cut-
off. Additionally, mary modeshigherthanthe  canbe
easilyexcitedby thebroadbandurfacesourceslescribedn
Sec.lll.A asshaovnin Fig. 25 for the uid-loaded scenario.
Differentordermodesfrom differentfrequenciesnustthen
somehw beseparatetb avoid ambiguitiesn theestimation
of the group-speedrequeny dependencef a given mode.
Suchseparatiorwill bedif cult to obtainwith a singlesen-
sorandanuncontrolledsource.

A measurememf reducedLove wave levelsin the low
frequeng regimesnearmodalcut-offs could theneasilybe
due to the lower sourceenegy spectraexpectedin these
regimesfrom the analysisof Sec.Ill.A ratherthan modal
cut-off effects.Comparisonsvith PwaveandSV wave spec-
trafrom the samesourceeventcouldhelpto reducethisam-
biguity, but would not necessarilyesole it evenbelow the
cut-off frequeng of the modedueto the existenceof
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the  orderLove wave modethatis non-dispersiein the

uid-loaded scenaricandhasno cut-off. Someof theseis-
suesmay be resohablefor very distantsourcesgiven well
separatearrivalsfor the differentLove wave modes.

B. Estimating the Upper Ice Shell Temperature
Gradient by Rayleigh Wave Dispersion

It maybepossibleto estimatehetemperaturgradientn
theupperthermalboundarylayerof theice shellby measur
ing dispersionof the Rayleighwave. As notedearlier the
Rayleighwave is a specialkind of surfacewave that prop-
agatesasa trappedwave on the boundarybetweerthe vac-
uum andthe elasticmedium. Sinceit's propagationspeed
is slower than the shearspeedin ice, it cannotpropagate
downward but ratherdecaysexponentiallywith depthasan
“evanescentvave” in theice. This decayis oftenreferred
to as an evanescentail that reachesdown into the elastic
medium.Sincethelengthof evanescentail is dependenbn
frequeng, differentfrequeny component®f the Rayleigh
wave will probedifferentdepths. The Rayleighwaves at
differentfrequenciesprobingdifferentdepthswill thendis-
persan timeif theshearspeedf theice changesvith depth.
A strongsoundspeedgradientin theice shell,asin thecon-
vective ice shell model, will thenforce Rayleighwavesto
disperseovertime. Measuremenof this dispersiormayre-
veal the internal soundspeedpro le of theice shell, from
which thetemperaturgro le may beinferred. Contraryto
theproblemsencounterewith Lovewaves,abroadeisource
spectrungivesbetterresolutionin measuringhedispersion
of Rayleighwavessincethe Rayleighwave is a singlewave
typeratherthana setof propagatingnodes.

Theactualmeasuremerdf Rayleighwave dispersiorhas
somesimilar practicalconstraintsas thoseencounteredor
the Love wave measurementThe rangefrom sourceto re-
ceiver and original enegy spectrumof the sourcemustbe
known. These,however, may be reasonablyestimatedby
measuringhe direct P wave arrival time and enegy spec-
trum, asis necessarin echosounding.To sampledeepinto
theice shell, very long wavelengthsand consequentlyery
low frequeny componentsnustbe stronglyexcited. These
requirelarge crackingevents. Frequeng componentdess
than0.5Hz,for example,would needto be stronglyexcited
for the20kmice shellmodel.Also, sincethe soundspeedn
ice doesnot changedrasticallywith temperatureasshovn
in AppendixA, long-rangepropagationwell in excessof
100 km, is necessaryo clearly resohe the dispersion.For
example,0.2-km/svariationin the sheamwave speedacross
theupperthermalboundarylayerin the corvectiveice shell
modelwill leadto approximately5 secondtravel time dif-
ferencebetweerthe high andlow frequeny componentst
300km. Soasin the echosoundingandLove wave tech-
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nigues, extremely enegetic eventsare required,and asin
the Love wave techniquethe sourceof opportunitymustbe
very distantfor the Rayleighwave dispersiontechniqueto
befeasible.

VIIl.  Summary and Conclusions

A methodto probethe interior structureof Europaby
echo-soundingvith natural sourcesof opportunityis pre-
sented.To evaluateits feasibility, estimatesaremadeof (1)
thefrequeng of occurrenceandenegy spectraexpectedof
typical Europanseismo-acoustisources(2) thetravel time
and amplitudestructureof arrivals from thesesourcesat a
distantrecever after propagatiorthroughEuropas ice and
potentialwaterlayers,and(3) ambientnoiseon Europa.

We nd thata single passie tri-axial geophoneplanted
on Europas surfaceshouldmake it possibleto estimatethe
thicknessof Europas ice shellaswell asthe depthof a po-
tential subsurlceoceanby exploiting naturalice cracking
eventsandimpactorsasseismo-acoustisourceof opportu-
nity. Thesenaturalsourcesare expectedto radiatelow fre-
gueny seismo-acoustievavesthat arewell suitedfor ef -
cientpropagatiordeepinto theinterior of Europa.Ouranal-
ysisshawvsthat“Big Bang” sourceeventsarelikely to occur
within the periodof alandingmissionthathave returnsfrom
thebaseof theice andoceanayersof sufcient magnitude
to standabove the accumulatedmbientnoiseof lessener
geticbut morefrequentsur cial crackingevents.

Appendix A: Acoustic Propertiesof Ice

Europahas an averagesurface temperatureof roughly
100K, avaluemuchlowerthanis foundin naturalterrestrial
ice. To estimatethe seismo-acoustipropertiesof Europan
ice, we resortto theory extrapolationfrom laboratorydata
obtainedat extremetemperaturesanddatafrom Arctic eld
experiments. While this approachshould provide reason-
ableestimateswithin roughly 10%, furtherinvestigationof
the seismo-acoustipropertiesof ice at extremelylow tem-
peratureandhigh pressuravould be bene cial.

Al. Estimation of wave speed

Several in situ and laboratorymeasurementsf the de-
pendencef compressionahndshearwave speedn tem-
peraturehave beenmadein ice.

Proctor (1966) measuredvave speedsor temperatures
between60K and 100K in pureice, and suggestecqua-
tionsfor the elasticcomplianceconstants Giventhe elastic
complianceconstantsthe averagesoundspeedin hexago-
nal systemssuchasice canbe calculatecby the methodof
Anderson(1963). The resultsare shavn in Fig. Al along
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with several in situ measurementéRobin 1953, Josetand
Holtzscherer1953, McCammonand McDaniel 1985) as-
sumingthe density of ice In Fig. A1,

the Voigt andReussapproximationsepresenthe upperand
lowerboundsof theelasticconstantswhile theHill approxi-
mationis thearithmeticmeanof thesetwo. Anderson(1963)
suggestetheHill approximatiorasanaveragesoundspeed
for hexagonalsystems.Figure A1, however, shaws thatin
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situ measurementagreebetterwith the Reussapproxima-
tion. It appearghatthe porosityin seaice inducedby air

bubblesor brine cells signi cantly lowers the elasticcon-
stantsof seaice with respecto purecrystalineice. Mellor

1983 also pointed out that Young's modulusin ice varies
signi cantly with porosity Noting thatthe magneticsigna-
ture of Europasuggestsa salty oceanwith salinity compara-
ble to that of the Earth (Khuranaet al. 1998),we conclude
thatReussapproximatiorusingProctorselasticcompliance
constantequationswill bestestimatethe soundspeedpro-

les in the Europasice shell.

Therearesereralmeasurementuggestingstrongchange
in compressionandsheamwave speedattemperaturesear
the melting point of ice (Hunkins 1960; Lotze 1957). This
effectcanbealsoobseredin Fig. Al. Sincetheregimenear
themeltingpointin Europasice shelloccupiesonly asmall
portionof thetotal ice shell(Fig. 1), we ignorethis effectin
the compressionaand shearspeedpro les, sincethe error
introducedn echosoundingwill likely benegligible.

It is signi cant thatthe total changein speed for com-
pressionabndsheamavesin ice, over temperaturés small
comparedo the speedat ary giventemperatureThe com-
pressionalave speedfor example,rangesrom 3.7km/sto
4.1km/sover Europasice shelltemperatur@gangeof 100K
to 270K, exhibiting only a5%variationaboutthemeancom-
pressionalvave speedof 3.9 km/s. Similarly mild variation
is obsenedin the shearwave speed.The ratio of the com-
pressionato sheamwave speed , moreover, is a very weak
functionof temperatureandhasatypical valueof 2 in both
the Reussapproximatiorandthein situ measuremerdata,
asshovnin Fig. Al (c).

The dependencef compressionahndsheamwave speed
with pressurén ice hasbeenprimarily determinecby lab-
oratory experimentswith pure polycrystallineice (Shav
1986; Gagnonet al. 1988). Theseexperimentsshav only

changeof wave speedin the pressuregangebetween0
bar to 1 kbar, the expectedpressureangein the Europan
ice shell. We expectthat pressurevariationwill have a neg-
ligible effecton compressionahndsheamwave propagation
speedsn the Europarice shell.

The elasticpropertiessuchas Young's modulus and
Poissons ratio  canbe obtainedfrom the wave speedsas-
suminganisotropicmedium,

(A1)

(A2)

Thewave speedcunesin Fig. A1l suggesthatthe Young's
modulusof ice canvary from 9 GPato 11 GPain thetem-
peratureegimeof EuropaandPoissonératio =0.333.In
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this paperwe used
ice shell.

=10 GPaasanaveragevalueoverthe

Appendix B: Nondimensionalizationof the
travel time curves

Assuminganiso-speedce shell, the time-rangeplotsin
Sec.lV.C canbe nondimensionalizedy dimensionlespa-
rameters , , and . Furthermorewe canas-
sumethat , asmentionedn AppendixA. In this case,
thenondimensionalizettavel times of all thedirect
wavesandice-waterre ections canbe expressedisingonly
one parameter to generatehe nondimensionatravel
time curwein Fig. 18.

Nondimensionalizatiorof watermantle re ections as-
sumingiso-speeaceancanalsobeachiesedby introducing
additionalnondimensiongbarameters and

B1. Nondimensionalizationof Dir ect Paths

The travel times of the direct P wave andthe Rayleigh
wave are
(B1)

(B2)

The propagationspeedof Rayleighwave is when

Theseequationcanbe nondimensionalizety multiply-
ing to bothsidesof Egs.B1 andB2:

(B3)

(B4)

B2. Nondimensionalizationof multiple re ections from
the ervir onmentalinterfaces

Let to beatravel time of a speci ¢ acousticray fol-
lowing theray nomenclaturén Sec.lV.B, andlet

numberof occurrencesf Pin ray nomenclature,
numberof occurrencesf Sin ray nomenclature,
numberof occurrencesf C in ray nomenclature.

For example,for PSSCPray path, , ,
. Thenit canbe shavn thatthe nondimensionalizettavel
time of eachray is givenby

(BS)
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where , ,and satisfy

(B6)

(B7)
Eq. B6 is derived from the source recever, andwaveguide
geometry An acoustiaay mustsatisfySnell's law alongthe
ray pathasgivenin Eq.B7. Thetermsontheright handside
of Eq. B5 representghe travel time of the compressional
wave andshearwave in theice shell, andthe travel time of
theacoustiovave in the oceanyespectiely.

Appendix C: Radiated energy spectrum
estimation

Herewe rst derive the equationghatrelatethe radiated
enegy level, sourcelevel, and particle velocity level from
a monopoleor pure volume injection sourcein an in nite
homogeneoumediumandthengeneralizéheseresultsto a
waveguide.

Assuminganomnidirectionalolumeinjection sourceat

thecenterof a sphericakoordinatesystem , thein-

homogeneouwave equationin thetime domainis
i (C1)

where is 3-Dimensionateltafunction,and isvol-

umeinjectionamplitudein thetime domain.Thesolutionto
Eqg.C1lin anin nite homogeneoumediumwith no bound-
ariesis thatobtainedby d'Alembert

(C2)

andtheradialdisplacementomponents

(C3)
The rst termin thebracletis anear eld termproportional
to , and the secondterm is a radiating displacement
component.By consideringthe radiatingcomponenbonly,
theradial particlevelocity is

(C4)
Giventhe particle velocity, the total radiatedenegy

from thesourcds theintegral of theenegy ux overanarea
enclosingthe sourceandovertime,

(C5)
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The radiatedenegy spectrumis de ned using Parseval's
identity,

(C6)
From Eq. C4, the radial particle velocity in the frequeny
domainis

(C7)

wherethe sourcespectrum is the Fourier transformof

thesourcevolume . FromEgs.C6andC7,
— (C8)
Takingthelog of bothsidesof Eq. C8,
(C9)
where , ,and .
For ice with and , Eq (C9)
becomes
— (C10)
where is the sourcelevel in dB re ,and is

theradiatedenegy level in dB re 1 J/Hz. The relationship
betweertheradiatedenegy andvelocity canbe obtainedoby
substitutingeq. C7 into Eq. C9.

(C11)

where ,and . Thelastterm
ontheright handsideof theequations thetransmissioross

(C12)

which takesthe sphericalspreadingossin free spaceinto
account.EquationC11thenbecomes

(C13)

where is the velocity level in dB re ,
so that the radiatedenepy level andthe velocity level are
directly related.

Thisresultcanbe generalizedor a waveguideby rewrit-
ing Egs.5and6 as

(C14)
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(C15)
UsingEq.C8,we have

(C16)

(C17)

Equationsrelatingreceved velocity level to sourceenegy
level and transmissiorloss similar to Eq. C13 can be ob-
tainedby taking the log of both sidesof the previous two
equations,

(C18)
(C19)
where  and are horizontaland vertical velocity lev-
elsin dBre . Thetransmissiodossesn the

horizontalandvertical particlevelocitiesaregivenby

(C20)

(C21)
which areidenticalto Eq. 17 for =1m.

In generalthis relationshipis valid in thefrequeng do-
main only, since,in the time domain, eachfrequeng re-
sponsds weightedby the sourcespectrumandsynthesized
by the Fourierintegral,

(C22)
Thesourcespectrunin agivenfrequeng band
canbeexpresseds

(C23)
if the sourcespectrumretainsthe sameshape with

varyingamplitude thatis afunction of the sourceparam-
eter . Thevelocity in time domainatfter Itering canbe
expresseds

(C24)

By takingthelog of bothsides,

(C25)
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where

(C26)

(C27)
EquationC25shavsthatvelocitylevel canbescaled
to velocity level by

(C28)

Furthermoresubstitutionof Eq. C23into Eq. C8 shavsthat
(C29)
Therefore Eq. C28canbechangedo
(C30)

wherethe velocity level is simply expressedn termsof the
changen sourceenepy level.

For surfacecracks , andfor impactors ,
where is the permanentolumeinjection by animpactor
asde ned in AppendixC2. The differencesbetweenthe
enegy spectracaneitherbe obtainedrom Figs.5 and6, or

— -m  (C31)

for surfacecracks,and

‘m (C32)

for impactorswhen Hz, asshawvn in AppendicesC1
andC2. EquationC32 canalsobe expressedn termsof the
impactorradius

‘m (C33)

giventhe density of anim-

pactor
The ambientnoiselevelsin Eqgs.26 and27 canalsobe
scaledby sourceenegy level

andthe impactvelocity

(C34)
basedon Eq.C23. ThenusingEqgs.23and26, we have
(C35)

sothatthevelocity level andthenoiselevel canbescaledoy
thesametermfor a givenchangen sourceenegy level.
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C1l. Radiated energy spectrum from tensilecracks

The radiatedenepgy spectrumfor tensilecrackscan be
estimatedin a sphericalcoordinatesystem with
correspondingparticle velocity components ,
(Haslell 1964). Assumingthat the radial velocity is com-
pressionabndtheothercomponentaredueto sheay

(C36)
where
(C37)
— (C38)
and is the distancefrom the instantaneouspeningposi-

tion of the propagatingcrackto therecever position. Since

we take to beatime-invariantconstantmeasured
from the centerof the completedcrack. This assumption
is consistentvith monopoleradiation,whichis expectedon
average andenablesnalyticevaluationof

Thetotal radiatedenegy spectrum is thesumof the
compressionalvave enegy spectrum andthe shear
wave enegy spectrum is thesourceshapdunc-

tion thatsatis estheinitial and nal conditions

(C39)

We usetheHaslell sourcemodelcharacterizetty aramp
function asshawvn in Fig. C1. The relative changeof the
enegy spectrumasa functionof crackdepthis independent
of this choice.

We alsoassumehatthecrackopeningtime isthesame
asthe crack propagatiortime . Undertheseas-
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Figure C1. The sourceshapefunction for Haslell
sourcemodel. istheopeningtime of a surfacecrack.
sumptions,

_— (C40)
where

We employ an equivalent volume injection sourcethat
hasthesameotalradiatecenegy spectrumasatensilecrack
by assuming

(C41)

Since is proportionalto , theoverallbehaior
of the sourcespectrumcanbe understoody analyzingthe
behaior of , where is the Fouriertransformof
therateof changeof massout ow from the source.

The frequeny dependentharacteristicof are
determinecby , andits behavior with
the 3-dB bandwidthis plottedin Fig. 4. Giventhe surface
crackdepth theradiatedenepgy level is

(C42)

wherethesymbol indicates'proportionalto.”
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For frequenciedelow the 3-dB bandwidth,
, , sothat

(C43)

which characterizeanenegy spectrunthatincreasedy 20
dB/decade.

For frequenciesbove the 3-dB bandwidth,
, sothat

(C44)

which characterizesan enegy spectrumwith rapid sinu-

soidaloscillationanda trendthatfalls off by 20 dB/decade.

The amplitudeof the enegy spectrumdependson the
crackdepth. By taking Eq. 3 into accountthe peakof the
enegy spectradensity

follows a sixth powerlaw in  sothatthe maximumenegy
level is

(C45)

where =1 m. But this peakvaluevarieswith frequeng
asafunctionof crackdepth , asshownin Fig. 5.

Theenegy spectrdor frequenciedbelov the 3-dB band-
width shav greatedifferencesacross thanthosefoundby
comparingthe spectrapeakssince

leadsto aneighthpowerlaw in  andthecorrespondingn-
ergy level functionality

(C46)
from which Eg. C31canbeobtained.

When thesourcespectruncanalsobe approxi-
matedas

(C47)

sothatthe amplitudeof the sourcespectrumn Eqg. C23can
beapproximateds

which explicitly shovsits dependencen crackdepth.
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C2. Radiated energy spectrum from impactors

To estimatethe radiatedenegy spectrunof animpactor
we baseour estimationon theimpact-explosionanalogy

Giventhekinetic enegy of animpactor the seismic
ef ciency of theimpactis de ned as

— (C48)
where s thetotal radiatedseismicenegy. The seismic
efciency typically variesfrom to with the most
commonlyacceptedialueof (SchultzandGault1975;
Melosh1989).

In undegroundexplosionsof sphericaradiation,perma-
nentvolumeinjectionis relatedto the total radiatedseismic
enegy by

(C49)

where isthepermanentolumeinjectionmeasuredn the
elasticregime from the explosion. The cornerfrequeng
is givenby

(C50)

in the model employed by Denry and Johnson(1991). It

is worth noting that the cornerfrequenciesn both surface
cracksand impactorsare proportionalto the ratio of the
wave speedin the mediumandthe characteristidength of

the seismo-acoustisource Whentheimpactvelocity of the
impactoronto a rocky targetis largerthanafew kilometers
persecondtheelasticradius canbeassumeds

(C51)

where s theradiusof animpactor(AhrensandO'K eefe
1977;Melosh1989).

Thepermanenvolumeinjectionfrom animpactorcanbe
estimatedusingEqgs.C48 C51,

(C52)
where ,and— arethedensity impactvelocity, and
volumeof theimpactor

The sourcespectrumandthe total radiatedenegy spec-
trumaregivenby (Denry andJohnsori1991)

(C53)
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(C54)

As canbeobsenedin Eq. C54,the enegy spectralden-
sity atthe cornerfrequeng, slightly above thefrequeng of
thepeak,is

which shows a fourth powerlaw in  thatleadsto theen-

ergy level dependence
(C55)

given and for the impactor where 1-m.
Since if , and if ,
the slopeof the enegy spectrumfollows the samelaws as
surfacecracksabove andbelow the 3-dB bandwidth.

For below the 3-dB bandwidth,

sothatthe sourceamplitudefunctionin Eq. C23 canbe ex-
presseds

Theradiatedenegy spectruncanthenbe approximateas

with enegy spectralevel following thedependence

(C56)
where . The differencebetweenthe enegy
spectrallevels for variousimpactorscanbe determinedby
Eqgs.C32andC33.

Theradiatedenegy levelsfor impactorsof variousradii
aregivenin Fig. 6, assuming and
. The seismicef ciency wasassumedo be .
The radiatedenepgy spectrumcanvary by 10 dB dueto
theuncertaintyin the seismicef ciency.
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