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Abstract.
Europa's interior structuremay be determinedby relatively simpleandrobust
seismo-acousticechosoundingtechniques.The strategy is to useice cracking
eventsor impactsthatarehypothesizedto occurregularly on Europa's surfaceas
sourcesof opportunity. A singlepassive geophoneon Europa's surfacemaythen
be usedto estimatethe thicknessof its ice shell andthe depthof its oceanby
measuringthe travel time of seismo-acousticre�ections from thecorresponding
internalstrata.Quantitative analysisis presentedwith full-�eld seismo-acoustic
modelingof theEuropanenvironment.This includesmodelsfor Europanambient
noiseandconditionson signal-to-noiseratio necessaryfor theproposedtechnique
to be feasible. The possibility of determiningEuropa's ice layer thicknessby
surfacewaveandmodalanalysiswith asinglegeophoneis alsoinvestigated.

Key Words: Europa, Interiors; Ices; Tides; Tectonics; Ocean; Acoustic,
Seismic.

I. Intr oduction

Our goal is to show how Europa's interior structuremay
berevealedby relatively simpleandrobustseismo-acoustic
echo-soundingtechniquesusingnaturalsourcesof opportu-
nity. Echosoundingis thetraditionalandmostwidely used
tool to chartthedepthandcompositionof terrestrialoceans
andsub-oceanlayers(Medwin andClay 1998). It employs
anactiveacousticsourceandpassivereceiverto measurethe
arrival time andamplitudeof re�ections from the layersto
becharted.Our Europanstrategy differsfrom theterrestrial
one in that the primary sourceof soundis not controlled.
Rather, it is proposedto arisefrom ice crackingeventsand
impactshypothesizedtooccurregularlyonEuropa'ssurface.
A singlepassivegeophoneonEuropa'ssurfacemaythenbe
usedto estimate(1) its rangefrom a naturalsourceevent
by analysisof directcompressionalandshearwave arrivals

in the ice, and(2) the thicknessof the ice shell anddepth
of the oceanby travel time analysisof specularre�ections
from thecorrespondinginternalstrata.Thetechnique,how-
ever, requiresthe ice-crackor impactevent of opportunity
to besuf�ciently energeticfor its re�ections to standabove
the ambientnoisegeneratedby other more distantor less
energeticevents.

Tohelpquantitativelyexploretheissuesinvolvedin echo-
sounding,andotherseismo-acoustictechniquesfor probing
Europa'sinterior, ouranalysisproceedstogetherwith thede-
velopmentof a full-�eld seismo-acousticmodelfor Europa.
This includesanalysisof ice-crackingand impact source
events, seismo-acousticpropagationin Europa's strati�ed
environment,andEuropanambientnoise. Herewe follow
the commonconventionof referringto both compressional
andshearwavedisturbancesin solids,suchasEuropa'souter
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ice shellandinterior mantle,as“seismicwaves,” andcom-
pressionalwavesin �uids, suchasEuropa'spotentialocean,
as“acousticwaves.” By this convention,wavesthat prop-
agatefrom ice to wateror vice-versa,for example,arere-
ferredto as“seismo-acousticwaves.”

Our interestin this problemstemsfrom the signi�cant
amountof evidencecollectedby the Galileo Probein the
pastdecadeto supportthepossibilitythatanoceanof liquid
watermaylie beneathEuropa'sexterioricy surface.Induced
magnetic�eld measurements(Khuranaet al. 1998)suggest
the existenceof a conductinglayer beneaththe ice surface
thatis at leasta few kilometersthick andlikely corresponds
to a liquid oceanof salty water. Variousresearchershave
arguedthat many of the morphologicalfeaturesthat char-
acterizeEuropa's icy surfacecanbestbe explainedby the
presenceof anoceanof liquid waterbelow (Pappalardoetal.
1998).This is put in context by theconclusionof Anderson
et al. (1998) that the total thicknessof ice andpotentially
liquid wateron Europa's surfaceis between80 to 170 km,
basedon gravity data. Togethertheseobservationsprovide
compellingbut inconclusive evidencefor a subsurfaceEu-
ropanoceanleaving thethicknessof theouterice shelland
thedepthof thepotentialoceanpoorly constrained.

A variety of techniqueshave beenproposedto measure
the thicknessof Europa's outer ice shell. They involve
measurementof crater morphology (Schenk2002), tidal
gravity (Greenberg 2002;Andersonet al. 1998; Wu et al.
2001),radaraltimetry(Chybaetal. 1998;Moore2000),ice-
penetratingradarre�ections (Chybaet al. 1998), and ice-
bourneseismicwave interferenceand dispersion(Kovach
andChyba2001).All but thelasthave theadvantageof be-
ing achievableby either�y-by or orbital ratherthanlanding
missions.While eachmayindicatethepresenceof anocean,
nonearesensitive to its thickness(Cooperet al. 2002).

Only two techniquesarecurrentlyavailableto remotely
determinethe thicknessof a deepoceanlayer on Europa.
The�rst involvesextensivemagnetometermeasurementsby
a low �ying orbiter (Khuranaet al. 1998; Kivelsonet al.
1999,2000). Thesemeasurements,however, cannotdeter-
mine the location of the oceanlayer or its structure. The
other is the echo-soundingtechniqueunderdiscussion,the
primaryadvantageof whichis its ability to determinetheab-
soluteinterior structureof both the ice andpotentialocean
layers.A potentialdisadvantageis that it requiresa landing
mission.

The �rst Europanlandingmissionwill likely carryonly
a single triaxial geophonecapableof measuringseismo-
acousticdisplacementsin threespatialdimensionsatasingle
pointonEuropa'ssurface.Besidesecho-sounding,listening
for audiblesignsof life, andpotentially inferring andcat-
egorizing dynamicalprocessesof the ice by their acoustic

signatures,an initial task for this sensorcould be to deter-
minetheoverall level of seismo-acousticactivity onEuropa
by time seriesandspectralanalysis.Correlationscould be
madeof ambientnoiseversusenvironmentalstresslevel to
determinewhethernoiselevelsresponddirectlyto orbitalec-
centricities.Suchananalysiswasconductedfor theEarth's
Arctic Oceanwhereroughly two metersof nearlycontinu-
ouspackice cover anoceanthat is typically between0.1 �

5 km in depth.Theseterrestrialresultsshow a nearperfect
correlationbetweenunderwaternoiselevel andenvironmen-
tal stressesandmomentsappliedto theicesheetfrom wind,
current,anddrift (Makris andDyer 1986,1991). Addition-
aly, in the Antarctic, the �e xural motion of ice shelvesare
foundto becorrelatedwith theseatide, andthepositionof
surfacecracksarefoundto becorrelatedwith thestressdis-
tribution arising from tidal �e xure (Robin 1958). Seismic
eventsrecordedat long rangesin theicearehypothesizedto
haveemanatedfrom surfacecracksarisingfrom tidal forcing
(AnandakrishnanandAlley 1997).

For Europa,Hoppaetal. (1999)show thatenvironmental
stressesdueto tidal forcesvarysigni�cantly over theperiod
of its eccentric3.5dayorbital periodandthatthesestresses
mayleadto theneardaily formationof cycloidalarcssimilar
to thoseobservedto extendover hundredsof kilometerson
Europa'ssurface.Basedonthemaximumtidal surfacestress
expectedby Hoppaet al. (1999) and basicconceptsfrom
fracturemechanics,we show that a given cycloidal arc is
likely to be formed as a sequenceof hundredsof discrete
andtemporallydisjoint crackingevents.

A combinationof factors,suchasthe interplayof diur-
nal stresseswith inhomogeneitiesin the outer ice shell or
its potentialasynchronousrotationdueto anoceanlayerbe-
low (Leith andMcKinnon 1996),may leadto “Big Bang”
crackingevents.Theseeventswouldbestatisticallylessfre-
quentbut muchmoreenergeticthanthoseprimarily caused
by diurnalstressesin pureice. Echoreturnsfrom Big Bang
eventswouldbemorelikely to standabovetheambientnoise
andso make echosoundingfor Europa's interior structure
morepractical.We determinethetensilestressesandcrack
depthsnecessaryto generateBig Bangevents.Wealsoshow
thatevensmall impactors,in the1 � 10m radiusrange,fall
into the Big Bangcategory, and that Big Bangeventswill
radiatespectralenergy peakingin the roughly 1 to 10 Hz
range.This is signi�cant becausethecorrespondingseismo-
acousticwavelengthsin ice andwaterwill rangefrom hun-
dredsto thousandsof meters.Suchlong wavelengthdistur-
bancessuffer minimal attenuationfrom mechanicalrelax-
ationmechanismsin ice andwaterandarerelatively insen-
sitive to shadowing by similarly sizedanomaliesin the ice
or on the sea�oor that could severely limit remotesensing
techniquesthatrely onshorterwavelengths.
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II. Modeling Europa asa Strati�ed
Seismo-AcousticMedium

We begin ouranalysisby establishingmodelsfor Europa
as a strati�ed mediumfor seismo-acousticwave propaga-
tion. Thesemodelsspecifycompressionalwave speed��� ,
shearwave speed��� , compressionalwave attenuation�

� ,
shearwave attenuation�

� and density � as a function of
depthonEuropa.

Therearetwo canonicalmodelsof Europa'sinteriorstruc-
ture. The�rst is therigid ice shellmodel,whereheattrans-
port is achievedby conductionthroughoutacompletelybrit-
tle and elastic ice-shell (Ojakangasand Stevenson1989).
Thesecondis theconvective ice shellmodel,whereheatis
transportedprimarily by convectionof warmice at thebase
that canbecomebuoyantenoughto rise toward thesurface
(Pappalardoetal. 1998;DeschampsandSotin2001).

Linearized internal temperaturepro�les for thesetwo
modelsare shown in Fig. 1(a). The resultingtemperature
pro�les areusedto constructcompressionalandshearwave
speedpro�les in the ice by the methodsdescribedin Ap-
pendixA. The rigid ice shell model is characterizedby an
almost linear temperaturechangefrom the top of the ice
shell to the ice-water interface,whereasthe convective ice
shell model leadsto a strongtemperaturegradienton top
andbottomof the ice shell, anda mild temperaturegradi-
ent in the middle. In the latter, temperatureis assumedto
increasewith depthfrom anaveragesurfacevalueof 100K
(Ortonet al. 1996;Spenceret al. 1999)to 250K in theup-
per thermalboundarylayer, which is assumedto comprise
theupper20%of theice shell,remainconstantfor thebulk
of ice shell before�nally increasingto 260 K in the lower
thermalboundarylayer, which is assumedto comprisethe
lower10%of theiceshell.

Thesoundspeedof seawateris mainlyafunctionof tem-
perature,pressure,andsalinity. Severalregressionequations
areavailableto estimatesoundspeedfrom thesevariables.
Herewe employ onevalid underhigh pressure(Chenand
Millero 1977)to estimatethesoundspeedpro�le in a sub-
surfaceEuropanocean. This oceanis assumedto have a
salinity of roughly3.5%,similar to terrestrialoceans(Khu-
ranaet al. 1998),anda temperatureof roughly 273 K, the
meltingtemperatureof ice in theterrestrialenvironment.

Themantlebeneaththeoceanis assumedto becomprised
of a 2-km of sedimentlayer overlying a Basalthalfspace.
Thesedimentis takento havesoundspeedanddensitysim-
ilar to waterasin terrestrialoceans.

In our subsequentsimulationsandanalysis,we consider
four Europansoundspeedpro�les basedupon5-km rigid,
20-km rigid, 20-km convectingand 50-km convecting ice
shell models. The assumedcompressionalandshearwave

100 200 300

0

10

20

30

40

50

60

70

80

90

100

110

Temperature (K)

D
ep

th
 (

km
)

(a)

Rigid
Convective

2 3 4 5

0

10

20

30

40

50

60

70

80

90

100

110

Compressional    
Wave Speed (km/s)

(b)

0 1 2 3

0

10

20

30

40

50

60

70

80

90

100

110

Shear Wave  
Speed (km/s)

(c)

Figure 1. Temperature,compressionalwave speed,and
shearwave speedpro�les for 20kmthick rigid andconvec-
tive ice shell models. The solid anddashedlines represent
therigid andconvective ice shellmodels,respectively.

speedpro�les throughtheice,waterandmantleareshown in
Fig. 1(b) and(c) for both20-kmmodels.Assumedseismo-
acousticparametersof the mediumcommonto all models
areshown in Table1.

Attenuationincreasessigni�cantly with frequency in ter-
restrialseaice, waterandsediment.Theattenuationvalues
shown in Table1, givenin standarddecibelunitsperwave-
length,arevalid in theroughly1 � 4 Hz rangeof thespectral
peakof a hypothesizedBig-Bang ice-quake event usedin
thesimulationsto follow. Ice attenuationvaluesareextrap-
olatedto below 200 Hz from the linear trend observed in
Arctic Oceanice (McCammonandMcDaniel1985).Atten-
uationdueto volumetricabsorptionin a potentialEuropan
oceanis taken to be similar to that in terrestrialseawater,
which is relatively insigni�cant in the low frequency range
of interestin thepresentstudy(Urick 1983).Attenuationsin
thesedimentandbasaltassumedfor themantlealsofollow
terrestrialanalogswhich are far moresigni�cant than that
foundin seawater.

A schematicof Europaas a strati�ed seismo-acoustic
mediumis given in Fig. 2 for a convective ice shell. In the
rigid iceshell,theupperthermalboundarylayerwouldcon-
tinueto theice-oceaninterface,eliminatingtheothertwo ice
layersshown.
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Table 1. Seismo-acousticparameters

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 1.5 1050
Basalt 5250 2500 0.1 0.2 2700
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Figure 2. Schematicdiagramof the full Europamodelfor
a convective ice shell. In thewave speedpro�le, �

� , �
� are

compressionalandshearwavespeedsin elasticmedia,�
� is
the acousticwave speedin theocean,� is thesoundspeed
gradientin theocean. � and �

� arethethicknessesof the
ice shellandsubsurfaceocean. � and � aretheattenuation
anddensityof themedia.

III. SourceMechanismsand Characteristics

Our primary interest is in sourceevents that are both
energetic enoughand frequent enoughfor the proposed
echo-soundingtechniqueto be feasiblewithin the period
of a roughlyweekto monthlong Europanlandingmission.

Sourceeventsof opportunitymusthavesuf�cient energy for
theirechoreturnsfrom theice-waterandwater-mantleinter-
facesto standabovetheaccumulatedambientnoiseof other
more distantor weaker sources.We proceedby �rst esti-
matingtheseismo-acousticenergy spectrumof ice-cracking
sourcesandthenimpactsources.

A. Ice-Cracking

Surfacecrackingeventsareexpectedto occurin thebrit-
tle, elasticlayer of Europa's outer ice shell in responseto
tensilestressesarisingfrom adiversesetof mechanisms.We
show that thesourcetime dependenceandenergy spectrum
canbe estimatedfrom crackdepth. Expectedcrackdepths
canin turn beestimatedfrom theimposedtensilestress.

Themaximumdepth � of a surfacecrackis estimatedto
occurwheretensilestress� is balancedby thepressuredue
to thegravitationaloverburdenof theiceshell(Crawfordand
Stevenson1988;Weertman1971a;Weertman1971b;Muller
andMuller 1980),

�

�

������� (1)

where������� ��� �"!$# is thegravitationalaccelerationonEu-
ropa'ssurface.

Europa's 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-
surfaceoceanof atleastafew kilometersthicknessis present.
Over muchlongertime scalesof roughly10 Myr, the non-
synchronousrotationof an outer ice shell decoupledfrom
the mantleby a subsurfaceoceancould lead to maximum
tensile stressesas large as 8 MPa (Leith and McKinnon
1996).

In theterrestrialenvironment,the�e xural strengthof sea
ice wasmeasuredasa functionof brinevolume(Weeksand
Cox 1984). The brine volumein the terrestrialice usually
variesfrom 1% to 15%,andit canbeshown that the �e xu-
ral strengthof 40 kPa requiresapproximately23%of brine
volumeon Europa's surfaceto crack the ice. The �e xural
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Figure 3. Thegeometryof surfacetensilecracks.A crack
with depth � propagatesuntil theopeninglengthis � . ��� is
theopeningwidth of a crack.Thevolumewithin thedotted
line is theregimewherethe tensilestressis releasedby the
crack.

strengthof ice on Europa's surfaceis expectedto behigher
thanthat in theterrestrialenvironmentdueto theextremely
low surfacetemperature.By assumingthat the fractional
changeof the �e xural strengthwill have a similar tendency
to thechangeof Young'smodulusgivenin AppendixA, the
�e xuralstrengthwill changeby 20%at thesurfacetempera-
tureof Europa,whichwill still require23%of brinevolume.

The most frequenttype of crackingevents,expectedto
occur daily with the diurnal tide, shouldthenpenetrateto
roughly50-m depths,basedon themaximumtensilestress
given by Hoppa et al. (1999), or to 150-m depthsbased
upon the analysisof Leith and McKinnon. Lessfrequent
eventsdueto asynchronousrotationcanpenetrateto depths
well beyond 1 km (Leith andMcKinnon 1996). The inter-
play betweenshortterm diurnalstresses,local ice inhomo-
geneitiesandevensmallasynchronousrotations(Greeley et
al., submittedto Jupiter: ThePlanet,Satellites& Magneto-
sphere), could leadto a reasonablefrequency of local Big-
bangcrackingevents,herede�nedasthoseexceeding150-m
depths,overtheroughlymonthlongperiodof a�rst Europan
landingmission.

A detailedderivationof theseismo-acousticenergy spec-
trum for a tensilecrackasa functionof depth � is provided
in AppendixC1wherethecrackgeometryis shownin Fig.3.
In thisderivationit is conservatively assumedthatcracksdo
not exceeda minimumlengthof � (Aki andRichards1980,
FarmerandXie 1989). The crackwidth �

� canbe deter-
minedby

� �������	�

�
�

�

� (2)
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Figure 4. The radiatedseismo-acousticenergy spectrum
"

��#

� de�ned by Eqs. C9 and C41 as a function of crack
depth � . The amplitudeof the spectrumis proportionalto

�%$ , andthepeakfrequency andbandwidthareinverselypro-
portionalto � .

With thegravitationaloverburdenassumption,weexpect

�&�'�

� �

�

�

��� �	#

� (

(3)

where � � �*),+�-/. is Young'smodulusfor ice, asgivenin
AppendixA. WeemployedelasticYoung'smodulusinstead
of effectiveYoung'smodulusfor a conservativeassumption
on the openingwidth. Note, however, that the choiceof
Young'smodulusdoesnot changetherelative energy levels
betweenthecracksof variousdepths,andthesignal-to-noise
ratioanalysisin thispaperremainsvalid.

Thecrackis alsoassumedto openasa linearfunctionof
time over a periodequalto themaximumcrackwidth over
thecrackpropagationspeed,asshown in Fig. C1. Thecrack
propagationspeedis takento be

0

�	)�� 1

�
�

(

(4)

following standardmodelsof fracturemechanics(Aki and
Richards1980) and experimentalmeasurementsof cracks
on ice at terrestrialtemperatures(LangeandAhrens1983;
Stewart andAhrens1999).Theopeningtime of thecrackis
thendirectlyproportionalto thecrackdepth � .

Thesourceenergy spectrumfor a generalcrackof depth
� is given in Fig. 4, from which it canbe seenthat the fre-
quency of the peakand3-dB bandwidthare inverselypro-
portional to crack depth � while the peakenergy spectral
densitygrowswith a dramatic�2$ proportionality. This is il-
lustratedin Fig. 5, wheresourceenergy spectrallevels are



6 Lee,Zanolin,Thode,Pappalardo,Makris

10
0

10
1

10
2

-80

-60

-40

-20

0

20

40

60

80

100

Frequency (Hz)

R
ad

ia
te

d 
E

ne
rg

y 
Le

ve
l, 

L e (
dB

 r
e 

1J
/H

z)

h = 10m

h = 25m

h = 50m

h = 100m

h = 250m

h = 500m

Figure 5. Theradiatedenergy level ��� from surfacecracks
for variouscrackdepths� , asde�ned in Eq.C42.

given for variouscrackdepthsandit is clearthatBig-bang
events,with depthsexceeding150-mdepths,will beat least

� $ timesmoreenergeticthanthenominal50-mdeepcracks
expectedsolelyfrom diurnaltides.

FromEq.3, theopeningwidthsof thecrackswill be0.3
mm and 8 mm for 50-m and 250-m cracks,respectively.
Suchsmall-scalesurfacemotionsandfeaturechangeswill
not be readily observableby long-rangeimagerytypically
of 1 � 10 m scalemaximumresolution,but couldeasilybe
detectedby seimso-acousticsensors.

B. Impacts

Therateof smallimpactsonEuropa,for impactorsin the
1� 10m radiusrange,is poorlyconstrained.A recentmodel
predictsarateof 0.2to 16for suchimpactsperyearoverthe
entiresatellite(Bierhauset al. 2001;Personalcommunica-
tion with E. B. Bierhaus).To determinethe sourceenergy
spectrumfor impactsasa functionof impactorsize,compo-
sitionandspeed,wemakeuseof theimpact-explosionanal-
ogydiscussedin Melosh(1989).A derivationof theradiated
energy spectrumusingundergroundexplosionphenomenol-
ogy is givenin AppendixC2.

Theradiatedenergy spectrallevelsfor impactorsof vari-
ousradii areshown in Fig. 6, assuminga nominalrock me-
teorwith 3 ����� �




densityand20km/simpactvelocity. This
energy level will varywithin � 10dB dependingon theseis-
mic ef�ciency discussedin AppendixC2.

Small impacts,thenmayprovide anothersourceof Big-
bangeventsthat have energies well above thoseexpected
solely from tensilecracksdriven by diurnal tidesandmay
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befrequentenoughto beusedassourcesof opportunityfor
echo-sounding.

IV. Seismo-AcousticWavePropagationon
Europa

The radiated�eld from tensilecrackstypically have di-
rectionality, but here we assumethat an omnidirectional
source,or a monopole,shouldbestdescribethe expected
or averagedirectionality.

Assuminga time-harmonicacoustic�eld at frequency # ,
the equationof motion in horizontally strati�ed, homoge-
neous,isotropicelasticmediacanbeexpressedin cylindrical
coordinates�
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where �

�

�

�

(

�

1

��� are the radial andvertical velocity com-
ponents,�

! "%$

�

( !)(*$

��� aresolutionsto compressional(P)
and shearvertical (SV) displacementpotentialHelmholtz
equationsin eachlayer � with correspondingcompressional
wavespeed� �

$

� andshearwavespeed���

$

� , and � ��#

� is the
spectralamplitudeof volumeinjectionby thesourceat fre-
quency # .

Thesolutionsarecomposedof thehomogeneousandin-
homogeneoussolutionsof theHelmholtzequations,
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where
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aretheverticalwavenumbers.
TheinhomogeneousHelmholtzequationwith amonopole
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hassolutionin theform of theintegral representation
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The inhomogeneoussolution for SV component �

!
(�$

� is
zero, sincean omnidirectionalsourcedoesnot excite SV
component.

Two-dimensionalsimulationsincluding radial and ver-
tical componentsare suf�cient since out-of-planemotion
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Figure 7. Transmissionlossplotsof thehorizontalparticle
velocity B<C

.

0 (top) andverticalparticlevelocity B<C

.

� (bot-
tom) asde�ned in Eq. 17, whenthesourceis located50-m
below thesurface.

doesnot occur for the assumedmonopolesource. A sta-
ble numericalsolutionin the frequency domainis obtained
by wavenumberintegration(SchmidtandTango1986;Kim
1989).Thetimedomainsolutionandsyntheticseismograms
arethenobtainedby Fouriersynthesis.

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

A. TransmissionLoss

Transmissionlossis a measureof theacoustic�eld level
asa functionof position,andis calculatedin thefrequency
domainfor a time-harmonicsourcevia
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.
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where
�

�
�KD

(

D
7

� and
�

1
�ED

(

D
7

� are the horizontalandvertical
velocity �elds at point D for a sourceat point D

7 , and
L

M
N	�ED

7

�

is the velocity producedat a distanceof �0&�P(Q = 1-m from
the samesourcein an in�nite, homogeneousmediumwith
density�

�ED
7

� andcompressionalwave speed�
���KD

7

� .
Themagnitudesof theverticalandhorizontalparticleve-

locities of an ice source50-m below the ice-vacuuminter-
facein the 20-km convectingice shell modelareshown in
Fig. 7 at 2 Hz frequency, correspondingto the centralfre-
quency typicalin aBig Bangsourceevent.This�gure shows
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the transmissionandre�ection of acousticwavesfrom the
ice-waterandwater-mantleinterfacesatupto 200-kmrange.
Fringesin thesourceradiationpatterndueto thefreesurface
boundaryconditionattheice-vacuuminterfacearevisibleas
aremodalinterferencepatternsin the ice layer. Thesepat-
ternsarea functionof frequency, andarenot readilyobserv-
ablefor a typical broadbandice-crackor impactsource.As
expected,the horizontalparticlevelocity �eld in the ocean
directly beneaththe sourceis very weakdueto the almost
total re�ection of the shearwave at the ice-waterinterface,
whichcannotsupporthorizontalshear.

Figure7 illustrateshow ef�ciently seismicwavespropa-
gatethroughthe ice shell asdo acousticwavesthroughthe
subsurfaceocean,andhow a geophonelocatedat thetop of
the ice shellwill beableto detectmultiple re�ections from
theice-waterinterfaceaswell asthewater-mantleinterface.

The Rayleigh wave is a surface wave that travels at
roughly90% of themediumshearspeedin caseof ahomo-
geneoushalfspace,andsuffersonly cylindrical spreadingin
horizontalrangebut is attenuatedexponentiallywith depth
from the surfaceit travels on. It will be strongly excited
on the ice-vacuuminterfaceby sourcesof shallow depth,
suchassurfacecrackingevents,impactsandthenear-surface
sourceof the given example. It canbe seenin Fig. 7 asa
strongverticalvelocity �eld trappednearthesurface.Char-
acteristicdifferencesbetweentheRayleighwave anddirect
compressionalwave arrivals will prove to be useful in de-
terminingthe rangeof surfacesourcesof opportunity. The
frequency-dependentcharacteristicsof aRayleighwavemay
also be usedas anotherpossibletool to probethe interior
structureof theiceshell,andwill bedescribedin Sec.VII.B.
If thewavelengthof theRayleighwave is long comparedto
the thicknessof the ice shell, it will propagateasa �e xural
waveona thin plate.

B. Nomenclatureof AcousticRays

The analysisof seismo-acousticwave propagationfrom
a sourceto receiver canbeintuitively understoodby apply-
ing ray theorywhich is valid whenthewavelengthis small
comparedto variationsin themedium.Raysarede�ned as
a family of curvesthat areperpendicularto the wavefronts
emanatingfrom thesource,andareobtainedby solvingthe
eikonal equation(Brekhovskikh and Lysanov 1982; Frisk
1994;MedwinandClay 1998).

In order to describethe various seismo-acousticrays
propagatingin iceandwaterlayers,anomenclatureisadopted
whereP representsa compressionalwave in the ice shell,S
a shearwave in the ice shell, and whereC is an acoustic
wave in the subsurfaceoceanthat includesre�ection from
water-mantleinterface. Following this convention,appro-
priatelettersareaddedconsecutively whenan acousticray

Hw

qs

qw

0q
qp

H

receiver

Ice

Ocean

Mantle

R

PCS

PS

SCS
PCP

PP,SS
PPPP,SSSS

source
P,S

Figure 8. Nomenclatureof acousticrays.PP, PS,SSwaves
aresinglere�ectionsfrom theice-waterinterface,andPPPP,
SSSSwavesaredoublere�ections from theice-waterinter-
face.PCP, PCS,andSCSwavesarethere�ectionsfrom the
water-mantleinterface.Soundspeedsin ice layerandocean
layerareassumedconstantin this �gure.

re�ects from or transmitsthrougha givenenvironmentalin-
terface. A PSwave, for example,is a compressionalwave
thatdepartsfrom thesource,re�ects asa shearwave at the
ice-waterinterfaceandarrivesat the receiver. A PCSwave
is acompressionalwavethattransmitsthroughtheice-water
interface,re�ects from thewater-mantleinterface,returnsto
the bottomof the ice shell, andtransmitsbackinto the ice
asa shearwave. It shouldbe notedthat SPandPSwaves
arrive at a receiver simultaneouslysincetheir ray pathsare
symmetric.Also, anS wave from a sourceto a receiver on
theice-vacuumsurfaceis a Rayleighwave.

Somelabelledray geometriesareshown in Fig. 8. A ray
pathfollows a straightline in an iso-speedmedium. How-
ever, if thesoundspeedin themediumvariesalongtheray
path, the ray mustsatisfySnell's law wherere�ection and
transmissionwill occurat the boundarybetweeniso-speed
layers,andacontinuousbendingof a raypath,or refraction,
will occur given a continuoussoundspeedgradient. For
a horizontallystrati�ed mediumwheresoundspeedvaries
only in the � -direction, the radiusof curvature ��� of a re-
fractingray is

�
�

�

�

�

!

�����

�

�

�

�

�
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�

)

�

�

�

�

�

�

I

(

(18)

where
�

� is theincidentangleatsome�x eddepthasin Fig.8
and �

� is thesoundspeedat thesamedepth.For the20-km
convectiveiceshellmodel,theminimumradiusof curvature
of a compressionalwave in upperthermalboundarylayer
regime is 51 km, which is not perceptiblein Fig. 7. Re-
fractedpropagationof soundis a commonfeaturein terres-
trial oceans.In mid-latitudesdeepsoundchannelstypically
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form dueto thermalheatingabove andincreasingpressure
below. Theseenablesoundwavesto propagatefor thousands
of kilometerswithouteverinteractingwith theseasurfaceor
bottom(Urick 1983).Withoutmoreevidence,however, it is
dif�cult to speculateonwhatsoundspeedpro�les mayexist
in a potentialEuropanocean.

Thetravel time from a sourceto receiver dependson the
ray path. Travel time differencesbetweenray pathscanbe
usedto infer Europa's interior structure.Therangebetween
a surfacesourceevent anda surfacegeophonecanbe ob-
tainedfrom directP andS wave arrivalsgiventhecompres-
sionalandshearwavespeedsin ice,whichcanbeestimated
with reasonableaccuracy basedona priori information(See
AppendixA). With theadditionaltravel time measurement
of a single ice-water re�ection, suchasPP, PS,or SS, the
thicknessof theice shellcanbeestimated.If morethanone
of thesere�ectedpathsareused,thesoundspeedin ice can
alsobeexperimentallyestimatedto improveuponthea pri-
ori information. Oncethe rangeof the sourceandthe ice
shellthicknessareobtained,thedepthof asubsurfaceocean
canbeestimatedby there�ectionsfrom thewater-mantlein-
terface,usingany of the PCP, PCS,or SCSray paths.The
useof this kind of travel time analysisto infer Europa's in-
terior structurewill bediscussedin moredetail in Sec.V

C. SyntheticSeismogramsfor a Big BangEvent

Herewestudytheamplitudeandarrival-timestructureof
a Big Bangsurfacesourceevent asmeasuredby a triaxial
geophoneon Europa'ssurfacefor thefour strati�ed models
of Europadescribedin Sec.II. First we considerthearrival
time andamplitudestructureasa functionof rangebetween
thesurfacesourceandreceiver by identifying thedirectar-
rivalsandre�ections from variousinternalstrata.Thenwe
look in moredetailat thetypeof amplitudeandarrival time
measurementsthat may be madeat speci�c ranges. The
analysisproceedsby solving the full-�eld seismo-acoustic
wave equationsof Eqs.5 to 15 for a Big Bangsourcewith
a spectralpeakin the 1 � 4 Hz range. The sourceis here
modeledasa monopoleat 50-mdepthandthereceiver asa
triaxial geophoneat 1-m depthbeneaththeice-vacuumsur-
face. The �nite bandwidthof the radiationis computedby
Fourier synthesis.Theresultingsimulationsarereferredto
assyntheticseismogramswhenthey show amplitudeversus
time, andtime-rangeplots whenthey show amplitudever-
sustimeandrange.All simulationsin thissectionhavebeen
performedfor � = 250-mcracksor equivalentlyanimpactor
of roughly10-mradius.These�gures canbescaledfor var-
iouscrackdepths� andimpactorvolumeinjections�

� using
Figs. 5 and 6, as explainedin Appendix C (Eqs. C30 to
C33).

Time-rangeplotsareshown in Figs.9 and10 for thecon-
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Figure 9. Time-rangeplot for the 20-km convective ice
shell model. Colors representthe horizontalvelocity level

�

.

0 (top) andverticalvelocity level �

.

� (bottom),asde�ned
in Eqs.C18andC19.

vective ice shell model, and Figs. 11 and 12 for the rigid
ice shell model. In each�gure, two lines consistentlyde-
part without curvaturefrom the origin. Theseare the di-
rect P wave and Rayleigh wave arrivals in the ice. The
Rayleighwavehasthehighestamplitudesinceit propagates
asa trappedwaveon theice-vacuumsurface.

Arrivalsduetomultiply re�ectedpathsfrom theice-water
interfaceandthewater-mantleinterfacearealsoreadilyob-
served.Thetravel time differencesbetweenthemultiple re-
�ections arecloselyrelatedto thethicknessof theice shell.
In the thin ice shell model (Fig. 11), the spacingbetween
the multiple re�ections is not muchgreaterthan the dura-
tion of thesourceevent. This leadsto onegroupof closely
spacedarrivalsre�ectedfrom theice-waterinterfaceandan-
othercloselyspacedgroupfrom thewater-mantleinterface.
As thethicknessof theiceshellincreases,thesemultiple re-
�ections separatemorein thetimedomainascanbeseenin
Figs.9, 10,and12.

Inspectionof thevariousscenariosindicatesthattheover-
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Figure 10. Time-rangeplot for the 50-km convective ice
shellmodel.

all patternof arrivalsandamplitudesis very sensitive to the
structureof Europa's ice-water layer, in particular, the ab-
solutethicknessesanddepthsof the ice shell andocean,as
expectedfrom basicecho-soundingprinciples.Thepattern,
however, is not very sensitive to the differencesin internal
temperatureof therigid versusconvectingicemodels,ascan
beseenby comparingFigs.9 and12. Othertechniquesin-
volving seismo-acoustictomographymaybebettersuitedto
estimatingthetemperaturestructure.

Detailedcharacteristicsof thetime seriesmeasuredby a
surfacegeophonecanbe betterobserved in syntheticseis-
mograms. We presentillustrative examplesfor the 20-km
convective iceshellmodel.Figures13and14presentasce-
nariowheretheseismometeris locatedatshortrange(2-km)
from thesource,while Figs.15and16presentalongerrange
(50-km)scenario.In bothscenarios,asuf�ciently diverseset
of prominentandwell separatedarrivalsarefoundto enable
the sourcerange,as well as the thicknessof Europa's ice
shellandoceanlayerto bedeterminedby echosounding.

For the caseof a shortsource-receiver separation,as in
Fig. 13, both the direct P and S waves arrive so near in
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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 due to the proximity of the sourceand re-
ceiver to the free surface. All subsequentarrivals can be
easilydistinguishedfrom eachothersincethey arewell sep-
aratedin time. The�rst arrivalsaremultiplere�ectionsfrom
theice-waterinterface.For suchashortsource-receiversep-
aration,wavesreturningfrom the waterarrive at nearnor-
mal incidenceto the ice-water interfacein the presentge-
ometry, andso leadto very weakSV transmissioninto the
ice. This explainsthe relative abundanceof prominentand
well separatedarrivals from the mantlein vertical velocity
andthepaucityof sucharrivalsin horizontalvelocity at the
geophonein Fig. 14.

For thecaseof amuchlongersource-receiverseparation,
asin Fig. 15, thedirectP andS (again,theRayleighwave),
as well as multiple re�ections from ice-water and water-
mantleinterfacesarewell separatedin thetimedomain.
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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. Simpli�ed EuropaModel

In the previous section,we showed that the arrival time
structureof seismo-acousticwavesis far moresensitive to
ice shell thicknessandoceandepththanto the temperature
variationsin the ice shell associatedwith the variousrigid
andconvectingmodelsexamined.Theseismo-acousticpa-
rametersmostimportantto themeasuredarrival-timestruc-
ture, namely the thicknessof the ice shell and the depth
of a subsurfaceocean,can thenbe estimatedby matching
measuredtravel timeswith thosederivedfrom a simpli�ed
Europanmodel. The simpli�ed modeldropsparametersof
Fig. 2 thatdo not have a �rst ordereffect in thearrival time
structure. This leavesthe six parametersshown in Fig. 17
at the top of thehierarchy. Droppedparameters,low in the
hierarchyfor the presentecho-soundingtechnique,may be
farmoreimportantin otherinversionschemes.

The simpli�ed Europamodel employs an iso-speedice
shell. This is justi�ed to �rst orderfor a numberof reasons.
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Figure 13. Ice-waterre�ections at 2-km rangefor the 20-
km convective ice shell model. The top �gure shows the
horizontalvelocity level �

.

0 andthebottom�gure showsthe
verticalvelocity level �

.

� , asde�ned in Eqs.C18andC19.
The regularspacingbetweenthe re�ections canbe directly
relatedto the thicknessof the ice shell. Direct P wave and
Rayleighwave arrivalsarenot well separatedfor this short
rangepropagation.

Although Europa's ice layer may undergo a drasticchange
in temperaturewith depth,from roughly100K to 273K, the
correspondingvariationsof �

� and �
� do not exceed5%, as

shown in AppendixA, exceptwherethetemperaturereaches
a few degreesof the melting point. This, however, occurs
only over a small portionof the lower thermalboundaryin
theice shell,asshown in Fig. 1. While theice in this region
undergoeschangesin its molecularbehavior, thechangein
soundspeedis lessthan10%. The overall error associated
with the iso-speedassumptionwill thenbe lessthan10%.
In thesimpli�ed Europamodel,we mayfurtherassumethat

�

-

�
�

�

�
� = 2, which is a typical valuefor ice (Fig. A1 (c)).
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Figure 14. Bottom re�ections at 2-km rangefor the 20-
km convective ice shell model. The bottomre�ections for
shortrangepropagationaremostlycompressionalwave re-
�ections, andaremoreprominentin theverticalparticleve-
locity components.TheweakprecursorbeforethePCPre-
�ection is the re�ection from the sedimentlayer overlying
theBasalthalfspace.

B. GeneralNondimensionalizedTravel Time Curves

Undertheassumptionof aniso-speediceshell,following
thesimpli�ed Europanmodel,thegeneralsurfacesource-to-
receiver travel time of ice-waterre�ected pathscanbe de-
terminedasa functionof two nondimensionalparameters

�

and � ��� , asshown in AppendixB. Thetravel time curves
becomefunctions of only one nondimensionalparameter

� �"� , if we assumethe typical value
�

� � . Nondimen-
sionaltravel timecurvesfor thesimpli�ed Europamodelare
plottedin Fig.18wherethetravel timefor pathsincludingup
to doublere�ectionsfrom theice-waterinterfaceareshown.
This �gure canbe usedto analyzearrivals from ice-water
re�ections in Figs.9 to 12.

Similarly, the generalsource-to-receiver travel time of
pathsinvolving water-mantlere�ections canalsobe deter-
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Figure 15. Ice-waterre�ections at 50-kmrangefor the20-
km convective ice shellmodel. Travel time differencesbe-
tweenthe direct P wave andthe Rayleighwave canbe in-
vertedfor the rangebetweenthe sourceand receiver, and
multiple re�ections from the ice-water interfacecanbe in-
vertedfor thethicknessof theiceshell.

mined in termsof the additionalnondimensionalparame-
ters

�

�

-

�
�

�

� � , theratio betweenthecompressionalwave
speedin ice and water, and �

�

��� , the ratio betweenthe
oceandepthand the ice shell thickness,assumingan iso-
speedwater column. This is also shown in Appendix B.
Nondimensionaltravel time curvesfor thesepathsarealso
plottedin Fig. 18,assuming�

�

�"� �

:

and
�

�

�

:

� ����� .

C. Estimating Interior Structur e

The rangebetweenthe sourceand receiver can be de-
terminedwith a single triaxial geophoneon Europa's sur-
facewithout knowledgeof the ice thicknessby measuring
thetravel time differencebetweenthedirectP wave andthe
Rayleighwave. TheRayleighwave canbeeasilyidenti�ed
by its high amplitudeandretrogradeparticlemotionwhere
verticalandhorizontalcomponentsare 1 )�� outof phase.

To alsoestimatethethicknessof theiceshell,at leastone
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Figure 16. Bottom re�ections at 50-km rangefor the 20-
km convective ice shellmodel.For long rangepropagation,
bottomre�ections areprominentin both thehorizontaland
verticalparticlevelocitycomponents.

re�ection from the ice-water interfacemustalsobe identi-
�ed. The PPwave arrival canbe readily identi�ed sinceit
arrivesthesoonestafterthedirectPwaveexceptwhen � �"�

is lessthanone,asshown in Fig. 18. Evenin thiscase,how-
ever, thePPwave canbeeasilyidenti�ed, since,besidesthe
directP wave, theRayleighwave is theonly wave that can
arrivebeforeit.

If, for example,we measurethe travel time differences
�
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� , and
�

� �

�

�

�

-��

� � , where
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� ,
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and � �

� � and � �
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Figure 17. Schematicdiagramof the simpli�ed Europa
modelusedfor theparameterinversion. � is the rangebe-
tweenthesourceandseismometer. The ice shellandocean
aresimpli�ed into iso-speedlayers.
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This result shows that if the compressionalwave speed
in the ice is uncertain,but the ratio betweenthe compres-
sionalandshearspeedin ice is known, theerrorin therange
andthicknessestimateswill belinearlyrelatedto theerrorin
compressionalwave speed.Basedon theanalysispresented
in AppendixA, the soundspeedin ice canbe estimatedto
within roughly �*)�� . Therangeof thesourceandthethick-
nessof theiceshellcanthenalsobeestimatedwithin �*)�� of
errorgiventhetravel timesof thedirectP, theRayleigh,and
PPwaves.Estimatesof � , � , �

� and�
� canbere�ned byan-

alyzingarrivalsfrom otherpaths.Similarly, theoceanthick-
ness�

� andaveragesoundspeed�
� canbedeterminedby

usingFig. 18 to analyzearrivals from pathsre�ecting from
thewater-mantleinterface.

VI. Europan Ambient Noise

As notedin the introductionand in Sec.III.A, thereis
a possibility that ice crackingeventson Europamay occur
so frequentlyin spaceand time that their accumulatedef-
fect mayleadto dif�culties for theproposedecho-sounding
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Figure18. Nondimensionalizedtravel timecurvesfor direct
paths,ice-waterre�ections,andwater-mantlere�ections. It
is assumedthat �

�

��� �

:

and
�

�

�

:

� ����� for bottom
re�ections. This �gure canbe directly comparedto Figs.9
and12.
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Figure 19. Ambient noiselevels in the horizontalvelocity
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C

.

0 andvertical velocity
�

C

.

� , asde�ned in Eqs.23 and
24, for the20kmconvective ice shellmodelasa functionof
spatialdensitiesandtemporalemissionratesof thesurface
cracks.Thereferenceambientnoiselevelsassuming��� =
60secondsand �

�

= 100km# aremarkedin the�gure.

technique.Herewe attemptto quantify the characteristics
of a Big Bangeventnecessaryfor it to serve asa sourceof
opportunityin echosoundinggivenanestimateof theaccu-
mulatednoisereceivedat a surfacegeophone.We do soby
�rst developingaEuropannoisemodelin termsof thespatial
andtemporalfrequency andsourcespectraof the expected
noisesources.

A. Estimation of ambient noiselevel

In order to calculatethe ambientnoise level, an ocean
acousticnoisemodelingtechnique(KupermanandIngenito
1980) is adaptedfor Europa. The basicassumptionis that
thenoisearisesfrom an in�nite sheetof monopolesources
just below Europa's ice-vacuumboundaryat depth � 7 . The
sourcesareassumedto be spatiallyand temporallyuncor-
relatedandto have thesameexpectedsourcecross-spectral
densities.

The mean-squarehorizontalandvertical particleveloci-
tiesof theambientnoisemeasuredby ageophoneatdepth�

resultingfrom theseuncorrelatedsourcesarerespectively

�

J �

.

0

J

#��

�

�

�

���

�

�

�

�

�

�
�

�

�

�

J

� ��#

�

J

#��

�

�
�

�
J

�

.

0

�

�'&

(

�

(

�

7

�

J

#

�A& )3�'& )

#

(

(23)



ProbingEuropa's Interiorwith NaturalSoundSources 15

�

J �

.

�

J

#��

�

���

�

� �

�

�

�

�

�

� �

�

�

�

J

� ��#

�

J

# �

�

� �

� J

�

.

� �

�A&

(

�

(

�

7

�

J

#

�'& )+�'& )

#

(

(24)

where � �

��� and � �

�

�

aretemporalandspatialdensities
of noisesources,

�
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� ��#

�

J

#

� is the expectationof the mag-
nitude squaredof sourcespectrumof a given source,and
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� are the integral representa-
tionsof thehorizontalandverticalparticlevelocitiesin the
wavenumberdomain,which arede�ned in termsof Hankel
transformof Eqs.5 and6,
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Thevarianceof theverticalparticlevelocity is thesameas
the scalarresult given in Wilson andMakris (2003). The
horizontalcomponentis for oneoutof two horizontaldirec-
tionsspannedby thegeophoneandsois smallerby a factor
of 2. Theambientnoiselevelsin decibelsarede�ned by
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where
�

�

&>P2Q �

�

1

&�P2Q�� �

�

� �"! .
Equations23and24areusedto computethegeneralam-

bientnoiselevelsmeasuredby ageophoneat1-mbelow the
ice-vacuuminterfacefor the 20-km convective shell model
asa functionof temporalandspatialsourcedensity. There-
sultsareshown in Fig. 19 for noisesourcesat � 7

� � ) -m
depthin the1� 4 Hz band,thesamedepthandbandusedfor
theBig Bangsyntheticseismogramsof Section3. Thisnoise
tableis for � = 50-m ambientcracks,but canbescaledfor
othercrackdepths� by following theproceduresdescribed
in AppendixC.

Theambientnoiselevelsof Fig. 19 canbecompareddi-
rectly with thesignallevelsof 250-mcracksfor the20-km
convective shell model (Figs. 9, 13, 14, 15, and16). The
noiselevelscanevenbecomparedwith thesignallevels in
Figs. 10, 11, and12 becauseambientnoiselevel doesnot
varysigni�cantly asafunctionof iceshellthickness,sinceit
is dominatedby theRayleighwave,which is trappedon the
ice-vacuuminterfaceandsois relatively insensitiveto theice
shellthickness� whenits wavelengthis smallcomparedto

� .
Suchcomparisonsstill requireknowledgeof the spatial

and temporaldensitiesof the noisesources.Thesecanbe
estimatedfor diurnal tidally driven tensilecracksby not-
ing thata cycloidal featurewill extendata speedof roughly

3.5km/hr, following thelocationof maximumtensilestress
(Hoppaet al. 1999). The propagationspeedof a tensile
crack, however, is the much larger 0

� ) � 1

� � , as noted
in Sec. III.A. The cycloidal featuresthen are apparently
comprisedby a sequenceof discreteandtemporallydisjoint
crackingevents.If weassumethateachtidally drivencrack,
of nominaldepth � � � ) -m extendsfor a minimumlength
of � � � ) -m, asdiscussedin Sec.III.A, we arrive at a rate
of roughly1 tensilecrackperminutealongagivencycloidal
feature. A consistentestimateof the spatialseparationbe-
tweencrackingeventswould be the roughly 100-kmscale
of a cycloidal feature(Hoppaet al. 1999). As canbe ob-
served in Fig. 19, the ambientnoiselevel reaches� � � dB
re �

�

� ��! for 100-kmcrackspacingand1 discreteemission
perminute.

If the sourceof opportunityand ambientnoisesources
have the samedepthof � = 50-m, the expectedenergy of
eachnoisesourceequalsthat of the signal. In this case,
theamplitudesof thetime-rangeplotsandsyntheticseismo-
gramsin Sec.IV.C shouldbedecreasedby 56-dB,ascanbe
determinedfrom Eqs.C30 andC31 of AppendixC. Com-
parisonwith thetime-rangeplotsandsyntheticseismograms
of Sec.IV.C, aftersubtracting56-dBto gofrom an � =250-m
to an � =50-mdeepcrack,showsthatthere�ectionsfrom the
ice-waterandwater-mantleinterfaceswill be buriedby the
ambientnoisefor this scenario.Thesituationchangesif the
sourceof opportunityis farmoreenergeticthananexpected
noiseevent,asis thecasefor a Big Bangsourceevent.

B. Estimation of signal to noiseratio

It was shown in Sec.III.A that the peakof the energy
spectraldensity for a surfacecrack is proportionalto � $ ,
while boththebandwidthandfrequency of thespectralpeak
are inverselyproportionalto the crack depth � . Smaller
crackswill thennot only radiatelessenergy, they will also
spreadthisenergyoverabroaderandhigherfrequency spec-
trum. Largercracks,ontheotherhand,will radiatemoreen-
ergyoversmallerbandwidthsatlowerfrequencies,asshown
in Fig. 4. This would make it advisableto low-pass�lter
geophonetime seriesdatato thebandof a Big Bangsource
of opportunity, if this sourcewasdueto a muchdeeperand
lessfrequentcrackingevent thanthosecomprisingthe ex-
pectednoise. If the Big Bang is 5 times deeperthan the
ambientcracks,for example,theradiatedenergy within the
bandwidthof the Big Bang will 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 bepossibleto robustly detect
multiple Big Bang re�ections from the ice-water interface
andwater-mantleinterfaceabove thenoisefor nominal50-
m deepnoisecracksof 100-km spacingand1 per minute
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Figure 20. Time-rangeplot for a Big Bangevent that can
standabove thereferenceambientnoiselevel of � � � dB re

�

� m/s.

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

According to Nur (1982), unfracturedice subjectto a
�x edtensilestresswill developadistributionof surfacefrac-
turesthatoccurat a rateinverselyproportionalto themax-
imum depthof the crack � . Largercrackswill be lessfre-
quentandso lesslikely radiateseismo-acousticwavesthat
overlap. Larger crackswill also releasestressover larger
areasandsopreventothercracksfrom developingnearby.

Small impactsareanotherpotentialsourceof Big Bang
eventsthat usually have much higher energy spectrallev-
els thansurfacecracks,ascanbeseenby comparingFig. 5
andFig. 6. Given the impact ratementionedin Sec.III.B,
theprobabilityof at leastoneimpactorwithin 100kmof the
seismometeris 0.1 to 10%assuminga 4 monthoperational
period.While suchanimpactis nothighly likely, thesignal-
to-noiseratio would be large and the re�ections could be
easily resolved. Smaller impactsmay be much more fre-
quentandstill energeticenoughto serveasBig Bangevents,
but their ratesaredif�cult to resolve with currentobserva-
tionalmethods.

x

z
H

l = 0 l = 1 l = 3l = 2

Figure 21. Love wave geometryandmodeshapesfor an
elasticplatesurroundedby �uid media.

Our signal-to-noise-ratioanalysisis basedon the worst-
casescenarioof maximum diurnal stress,where all sur-
facecracksareassumedto actively radiateseismo-acoustic
wavesonceevery minute. Crackingwill becomelessfre-
quentafter Europapassesthe perigee. The ambientnoise
level will thendecrease,enablingecho-soundingwith a sur-
facecrackof shallowerdepth � . Sinceimpactorsaretotally
independentof surfacecrackingnoise,they may strike Eu-
ropaat low-tidewhensurfacecracksaredormant,achieving
themaximumsignalto noiseratio.

VII. Inferring Interior Propertiesof Europa
with Loveand RayleighWaves

LovewavesareeffectivelypropagatingSHmodestrapped
by the boundariesof an elasticwaveguide,while Rayleigh
waves are interfacewaves that travel along an elasticsur-
facethat involve both compressionaland SV wave poten-
tials. The theory of thesewaves in horizontally strati�ed
mediais well developed(see,e.g.,Brekhovskikh1980;Mik-
lowitz 1978). Herewe discussthe possibility of using the
frequency dependentcharacteristicsof thesewavesto infer
interiorpropertiesof Europa.

A. Dispersionof the Love wave

If anelasticmediumis surroundedby a vacuumor �uid
mediathat doesnot supportshear, as in the caseof an ice
sheet�oating on an ocean,the Love wave will propagate
likea freewave in a plate.

Consideringthegeometryin Fig. 21,it canbeshown that
SH waveswil propagateasdiscretenormalmodeswith the
groupvelocityof eachmodegivenas
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The maximum numberof normal modesfor a given fre-
quency is
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Figure23. Lovewavegeometryandmodeshapesassuming
anice shelloverlyingBasalthalfspace.

with thecut-off frequency of eachmodeis givenas

#

�
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�

�

�
�

�

���

� (30)

It is importantto notethat thereis a zeroth-ordermode
that is non-dispersive, insensitive to the thickness,andhas
nocut-off frequency, whichcanbeobtainedby setting� ��)

in Eq.28and30. Thischaracteristicof zeroth-ordermodeis
alsoshown in Fig. 22.

This derivationshows thatLove wavesin a free or �uid
loadedplatehavegroupvelocitiesthatareinverselypropor-
tional to frequency so that the lower frequency components
propagateslower thanthehigherones.Thisdispersivechar-
acteristicis shown for thegroupvelocityof the �

�

� modefor
variousice shellthicknessesin Fig. 22.

If theiceshelloverliesanotherelasticmediumwith faster
shearwave speedsuchasEuropa's mantle,however, at the
low frequency end the dispersionrelationshipwill be re-
versedwith the lower frequency componentsarriving faster
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Figure 24. Lovewave dispersioncurvesfor the )��
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ordermodesin casetheice shell is overlyinga Basalthalfs-
pace.

than the higher frequency components.This is a common
effect alsoobserved in oceanacousticwaveguides(Pekeris
1948; Frisk 1994). In this case,it can be shown that the
groupvelocity andcut-off frequency of eachmodeis given
by
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where � 


$

�

is the wavenumberof ���

�

modein � direction,
and �

�

(

�
���

(

�

� aretheshearmodulus,shearwavespeed,and
shearwavenumberin theelasticmediumunderlyingtheice
shell, respectively. The dispersioncurves for various ice
shellthicknessesassuminganiceshelloverlyingBasalthalf-
spaceareshown in Fig. 24.

KovachandChyba(2001)havearguedthatit maybepos-
sibleto verify theexistenceof asubsurfaceoceanonEuropa
by �nding a way to measurethepresenceor absenceof this
reversal.SincetheLovewaveis trappedwithin theiceshell,
it cannotbeusedto determinethedepthof apotentialocean
layerbelow. KovachandChyba(2001)have alsosuggested
that it maybepossibleto determinethethicknessof theice
layerby measuringthefrequency dependenceor dispersion
in thegroupvelocityof the�rst Lovewavemode.

SinceLove wavesaremodaldecompositionsof the SH
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Figure25. Lovewavedispersioncurvefor the20-km�uid-
loadediso-speedice shellup to the �
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mode.Themode
numberrunsfrom left to right. For reference,the3-dBband-
width of a 250-mdeepcrackis shown asa thick horizontal
line.

wave, they will likely requiresource-receiverrangesgreatly
in excessof the ice sheetthicknessto be observed. Group
velocityanalysis,however, requiresthesourcerange,which
canbeestimatedby measuringthedirectP wave arrival for
suf�ciently energeticsourcesor multiplere�ectionsfrom the
ice-waterinterface.Useof thelatter, however, wouldrequire
theicethicknessbedeterminedbyecho-sounding,whichde-
featsmuchof thepurposein Lovewavedispersionanalysis.

SincetheLovewavehasazerothordermodethatis non-
dispersive if anoceanis presentandhasnocut-off, a poten-
tially signi�cant componentof any Love wave arrival may
never exhibit thesoughtafter frequency dependenceor cut-
off. Additionally, many modeshigher than the �

�

� canbe
easilyexcitedby thebroadbandsurfacesourcesdescribedin
Sec.III.A asshown in Fig. 25 for the �uid-loaded scenario.
Differentordermodesfrom differentfrequenciesmustthen
somehow beseparatedto avoid ambiguitiesin theestimation
of thegroup-speedfrequency dependenceof a givenmode.
Suchseparationwill bedif�cult to obtainwith a singlesen-
sorandanuncontrolledsource.

A measurementof reducedLove wave levels in the low
frequency regimesnearmodalcut-offs could theneasilybe
due to the lower sourceenergy spectraexpectedin these
regimesfrom the analysisof Sec.III.A ratherthan modal
cut-off effects.Comparisonswith PwaveandSVwavespec-
tra from thesamesourceeventcouldhelpto reducethisam-
biguity, but would not necessarilyresolve it evenbelow the
cut-off frequency of the �

�

� modedue to the existenceof

the )��

�

orderLove wave modethat is non-dispersive in the
�uid-loaded scenarioandhasno cut-off. Someof theseis-
suesmay be resolvablefor very distantsourcesgiven well
separatedarrivalsfor thedifferentLovewavemodes.

B. Estimating the Upper Ice ShellTemperature
Gradient by RayleighWaveDispersion

It maybepossibleto estimatethetemperaturegradientin
theupperthermalboundarylayerof theiceshellby measur-
ing dispersionof the Rayleighwave. As notedearlier, the
Rayleighwave is a specialkind of surfacewave that prop-
agatesasa trappedwave on theboundarybetweenthevac-
uum andthe elasticmedium. Sinceit' s propagationspeed
is slower than the shearspeedin ice, it cannotpropagate
downwardbut ratherdecaysexponentiallywith depthasan
“evanescentwave” in the ice. This decayis often referred
to as an evanescenttail that reachesdown into the elastic
medium.Sincethelengthof evanescenttail is dependenton
frequency, differentfrequency componentsof the Rayleigh
wave will probedifferent depths. The Rayleighwaves at
differentfrequencies,probingdifferentdepths,will thendis-
persein timeif theshearspeedof theicechangeswith depth.
A strongsoundspeedgradientin theiceshell,asin thecon-
vective ice shell model,will then force Rayleighwavesto
disperseover time. Measurementof this dispersionmayre-
veal the internalsoundspeedpro�le of the ice shell, from
which the temperaturepro�le maybe inferred. Contraryto
theproblemsencounteredwith Lovewaves,abroadersource
spectrumgivesbetterresolutionin measuringthedispersion
of RayleighwavessincetheRayleighwave is a singlewave
typeratherthanasetof propagatingmodes.

Theactualmeasurementof Rayleighwavedispersionhas
somesimilar practicalconstraintsasthoseencounteredfor
theLove wave measurement.The rangefrom sourceto re-
ceiver andoriginal energy spectrumof the sourcemustbe
known. These,however, may be reasonablyestimatedby
measuringthe direct P wave arrival time andenergy spec-
trum,asis necessaryin echosounding.To sampledeepinto
the ice shell, very long wavelengthsandconsequentlyvery
low frequency componentsmustbestronglyexcited. These
requirelarge crackingevents. Frequency componentsless
than0.5Hz,for example,would needto bestronglyexcited
for the20kmiceshellmodel.Also, sincethesoundspeedin
ice doesnot changedrasticallywith temperature,asshown
in AppendixA, long-rangepropagation,well in excessof
100 km, is necessaryto clearly resolve the dispersion.For
example,0.2-km/svariationin theshearwave speedacross
theupperthermalboundarylayerin theconvective ice shell
modelwill leadto approximately5 secondtravel time dif-
ferencebetweenthehigh andlow frequency componentsat
300 km. So asin the echosoundingandLove wave tech-
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niques,extremely energetic eventsare required,and as in
theLove wave techniquethesourceof opportunitymustbe
very distantfor the Rayleighwave dispersiontechniqueto
befeasible.

VIII. Summary and Conclusions

A methodto probethe interior structureof Europaby
echo-soundingwith naturalsourcesof opportunity is pre-
sented.To evaluateits feasibility, estimatesaremadeof (1)
thefrequency of occurrenceandenergy spectraexpectedof
typical Europanseismo-acousticsources,(2) thetravel time
andamplitudestructureof arrivals from thesesourcesat a
distantreceiver after propagationthroughEuropa's ice and
potentialwaterlayers,and(3) ambientnoiseonEuropa.

We �nd that a singlepassive tri-axial geophoneplanted
on Europa's surfaceshouldmake it possibleto estimatethe
thicknessof Europa's ice shellaswell asthedepthof a po-
tential subsurfaceoceanby exploiting naturalice cracking
eventsandimpactorsasseismo-acousticsourcesof opportu-
nity. Thesenaturalsourcesareexpectedto radiatelow fre-
quency seismo-acousticwavesthat arewell suitedfor ef�-
cientpropagationdeepinto theinteriorof Europa.Ouranal-
ysisshowsthat“Big Bang”sourceeventsarelikely to occur
within theperiodof a landingmissionthathavereturnsfrom
thebasesof theiceandoceanlayersof suf�cient magnitude
to standabove theaccumulatedambientnoiseof lessener-
geticbut morefrequentsur�cial crackingevents.

Appendix A: AcousticPropertiesof Ice

Europahas an averagesurface temperatureof roughly
100K,avaluemuchlower thanis foundin naturalterrestrial
ice. To estimatetheseismo-acousticpropertiesof Europan
ice, we resortto theory, extrapolationfrom laboratorydata
obtainedatextremetemperatures,anddatafrom Arctic �eld
experiments. While this approachshouldprovide reason-
ableestimates,within roughly10%,further investigationof
theseismo-acousticpropertiesof ice at extremelylow tem-
peratureandhigh pressurewould bebene�cial.

A1. Estimation of wavespeed

Several in situ and laboratorymeasurementsof the de-
pendenceof compressionalandshearwave speedson tem-
peraturehavebeenmadein ice.

Proctor(1966) measuredwave speedsfor temperatures
between60K and 100K in pure ice, and suggestedequa-
tionsfor theelasticcomplianceconstants.Giventheelastic
complianceconstants,the averagesoundspeedin hexago-
nal systemssuchasice canbecalculatedby themethodof
Anderson(1963). The resultsareshown in Fig. A1 along
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FigureA1. Compressional,shearwave speedsandtheratio
asa functionof temperature.

with several in situ measurements(Robin 1953, Josetand
Holtzscherer1953, McCammonand McDaniel 1985) as-
suming the densityof ice �

�
� 1�� )�� � �"�




. In Fig. A1,
theVoigt andReussapproximationsrepresenttheupperand
lowerboundsof theelasticconstants,while theHill approxi-
mationis thearithmeticmeanof thesetwo. Anderson(1963)
suggestedtheHill approximationasanaveragesoundspeed
for hexagonalsystems.FigureA1, however, shows that in
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situ measurementsagreebetterwith the Reussapproxima-
tion. It appearsthat the porosity in seaice inducedby air
bubblesor brine cells signi�cantly lowers the elasticcon-
stantsof seaice with respectto purecrystalineice. Mellor
1983 also pointedout that Young's modulusin ice varies
signi�cantly with porosity. Noting that themagneticsigna-
tureof Europasuggestsasaltyoceanwith salinitycompara-
ble to thatof theEarth(Khuranaet al. 1998),we conclude
thatReussapproximationusingProctor'selasticcompliance
constantequationswill bestestimatethe soundspeedpro-
�les in theEuropa's iceshell.

Thereareseveralmeasurementssuggestingastrongchange
in compressionalandshearwavespeedat temperaturesnear
themelting point of ice (Hunkins1960;Lotze 1957). This
effectcanbealsoobservedin Fig.A1. Sincetheregimenear
themeltingpoint in Europa's iceshelloccupiesonly asmall
portionof thetotal iceshell(Fig. 1), we ignorethis effect in
the compressionalandshearspeedpro�les, sincethe error
introducedin echosoundingwill likely benegligible.

It is signi�cant that the total changein speed,for com-
pressionalandshearwavesin ice,over temperatureis small
comparedto thespeedat any giventemperature.Thecom-
pressionalwavespeed,for example,rangesfrom 3.7km/sto
4.1km/soverEuropa's ice shell temperaturerangeof 100K
to 270K,exhibitingonlya5%variationaboutthemeancom-
pressionalwave speedof 3.9km/s. Similarly mild variation
is observed in theshearwave speed.The ratio of thecom-
pressionalto shearwave speed

�

, moreover, is a very weak
functionof temperature,andhasa typical valueof 2 in both
theReussapproximationandthe in situ measurementdata,
asshown in Fig. A1 (c).

Thedependenceof compressionalandshearwave speed
with pressurein ice hasbeenprimarily determinedby lab-
oratory experimentswith pure polycrystalline ice (Shaw
1986; Gagnonet al. 1988). Theseexperimentsshow only

� � changeof wave speedin the pressurerangebetween0
bar to 1 kbar, the expectedpressurerangein the Europan
ice shell. We expectthatpressurevariationwill have a neg-
ligible effect on compressionalandshearwave propagation
speedsin theEuropaniceshell.

The elasticpropertiessuchas Young's modulus � and
Poisson's ratio � canbeobtainedfrom thewave speedsas-
suminganisotropicmedium,
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Thewave speedcurvesin Fig. A1 suggestthat theYoung's
modulusof ice canvary from 9 GPa to 11 GPa in the tem-
peratureregimeof Europa,andPoisson's ratio � = 0.333.In

thispaper, weused� = 10GPaasanaveragevalueover the
ice shell.

Appendix B: Nondimensionalizationof the
travel time curves

Assumingan iso-speedice shell, the time-rangeplots in
Sec.IV.C canbenondimensionalizedby dimensionlesspa-
rameters

�

� �

�"� , � �"� , and
�

. Furthermore,we can as-
sumethat

�

� � , asmentionedin AppendixA. In this case,
thenondimensionalizedtravel times

�

� �

�"� of all thedirect
wavesandice-waterre�ectionscanbeexpressedusingonly
oneparameter� ��� to generatethe nondimensionaltravel
timecurve in Fig. 18.

Nondimensionalizationof water-mantle re�ections as-
sumingiso-speedoceancanalsobeachievedby introducing
additionalnondimensionalparameters�

�

�"� and � �
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�
� .

B1. Nondimensionalizationof Dir ectPaths

The travel timesof the direct P wave and the Rayleigh
waveare
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The propagationspeedof Rayleighwave is )�� 1��

�
� when
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Theseequationscanbenondimensionalizedby multiply-
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B2. Nondimensionalizationof multiple re�ections fr om
the envir onmental interfaces

Let
�

&���� to bea travel time of a speci�c acousticray fol-
lowing theraynomenclaturein Sec.IV.B, andlet

�
�

� numberof occurrencesof P in raynomenclature,
� �

� numberof occurrencesof S in raynomenclature,
�

� � numberof occurrencesof C in raynomenclature.

For example,for PSSCPray path, �
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� . Thenit canbeshown that thenondimensionalizedtravel
timeof eachray is givenby
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where
�

� ,
�

� , and
�

� satisfy

� ���

.

� �

�

&

� ���

.

� �

�

& �

�

�

�

�

�

�

.

���

�

�

�

� (

(B6)

!

��� �

�

�

�

!

��� �

�

�

�

�

!

��� �

�

� (B7)

Eq. B6 is derivedfrom thesource,receiver, andwaveguide
geometry. An acousticraymustsatisfySnell's law alongthe
raypathasgivenin Eq.B7. Thetermsontheright handside
of Eq. B5 representsthe travel time of the compressional
wave andshearwave in the ice shell,andthetravel time of
theacousticwave in theocean,respectively.

Appendix C: Radiatedenergy spectrum
estimation

Herewe �rst derive theequationsthat relatetheradiated
energy level, sourcelevel, andparticlevelocity level from
a monopoleor pure volume injection sourcein an in�nite
homogeneousmediumandthengeneralizetheseresultsto a
waveguide.

Assuminganomnidirectionalvolumeinjectionsourceat
thecenterof asphericalcoordinatesystem�
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where
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� is 3-Dimensionaldeltafunction,and �
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� is vol-
umeinjectionamplitudein thetimedomain.Thesolutionto
Eq.C1 in anin�nite homogeneousmediumwith no bound-
ariesis thatobtainedby d'Alembert
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andtheradialdisplacementcomponentis
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The�rst termin thebracket is anear�eld termproportional
to � ��� #

� , and the secondterm is a radiatingdisplacement
component.By consideringthe radiatingcomponentonly,
theradialparticlevelocity is
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Given theparticlevelocity, the total radiatedenergy �	�

from thesourceis theintegralof theenergy �ux overanarea
enclosingthesourceandover time,
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The radiatedenergy spectrumis de�ned using Parseval's
identity,
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From Eq. C4, the radial particle velocity in the frequency
domainis
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wherethesourcespectrum� ��#

� is theFourier transformof
thesourcevolume �
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� . FromEqs.C6 andC7,
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Takingthelog of bothsidesof Eq.C8,
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where �

� is the sourcelevel in dB re � �
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� , and � � is
the radiatedenergy level in dB re 1 J/Hz. The relationship
betweentheradiatedenergy andvelocitycanbeobtainedby
substitutingEq.C7 into Eq.C9.
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which takesthe sphericalspreadingloss in free spaceinto
account.EquationC11thenbecomes
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so that the radiatedenergy level and the velocity level are
directly related.

This resultcanbegeneralizedfor a waveguideby rewrit-
ing Eqs.5 and6 as
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UsingEq.C8,we have
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Equationsrelatingreceived velocity level to sourceenergy
level and transmissionloss similar to Eq. C13 can be ob-
tainedby taking the log of both sidesof the previous two
equations,
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where �
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� arehorizontalandvertical velocity lev-
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whichareidenticalto Eq.17 for �0&>P2Q = 1 m.

In general,this relationshipis valid in thefrequency do-
main only, since, in the time domain,eachfrequency re-
sponseis weightedby thesourcespectrumandsynthesized
by theFourierintegral,
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Thesourcespectrumin agivenfrequency band#
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if the sourcespectrumretainsthe sameshape �
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� with
varyingamplitude
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that is a functionof thesourceparam-
eter � . The velocity in time domainafter �ltering can be
expressedas
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By takingthelog of bothsides,
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EquationC25showsthatvelocitylevel �
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Furthermore,substitutionof Eq.C23into Eq.C8showsthat
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Therefore,Eq.C28canbechangedto
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wherethevelocity level is simply expressedin termsof the
changein sourceenergy level.

For surfacecracks �

� � , and for impactors�
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where �
� is thepermanentvolumeinjectionby animpactor

as de�ned in Appendix C2. The differencesbetweenthe
energy spectracaneitherbeobtainedfrom Figs.5 and6, or
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for surfacecracks,and
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for impactorswhen #
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Hz, asshown in AppendicesC1
andC2. EquationC32canalsobeexpressedin termsof the
impactorradius�	� ,
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given thedensity � � andthe impactvelocity 0

� of an im-
pactor.

The ambientnoiselevels in Eqs.26 and27 canalsobe
scaledby sourceenergy level
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basedonEq.C23.ThenusingEqs.23and26,we have
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sothatthevelocity level andthenoiselevel canbescaledby
thesametermfor a givenchangein sourceenergy level.



ProbingEuropa's Interiorwith NaturalSoundSources 23

C1. Radiatedenergy spectrumfr om tensilecracks

The radiatedenergy spectrumfor tensilecrackscan be
estimatedin a sphericalcoordinatesystem �

�

�

(

�

(

�

� with
correspondingparticle velocity components
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& � ,
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(Haskell 1964). Assumingthat the radial velocity is com-
pressionalandtheothercomponentsaredueto shear,
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and ) is the distancefrom the instantaneousopeningposi-
tion of thepropagatingcrackto thereceiver position.Since

)	� � we take ) to be a time-invariantconstantmeasured
from the centerof the completedcrack. This assumption
is consistentwith monopoleradiation,which is expectedon
average,andenablesanalyticevaluationof

�

�
� � � .

Thetotal radiatedenergy spectrum"
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� is thesumof the
compressionalwave energy spectrum"
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� andthe shear
waveenergyspectrum"
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� is thesourceshapefunc-
tion thatsatis�estheinitial and�nal conditions
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WeusetheHaskell sourcemodelcharacterizedby aramp
function as shown in Fig. C1. The relative changeof the
energy spectrumasa functionof crackdepthis independent
of this choice.

Wealsoassumethatthecrackopeningtime
�

is thesame
as the crackpropagationtime �

� ���

0 . Under theseas-

tt0

1

D(t)

Figure C1. The sourceshapefunction �

�

�

� for Haskell
sourcemodel.
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is theopeningtimeof asurfacecrack.
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where !

� �

�

�

��� � !
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�

� � � .
We employ an equivalent volume injection sourcethat

hasthesametotalradiatedenergyspectrumasatensilecrack
by assuming

� ��#

� � �

� �&��� #

�

!

���

�

�

�

#

� !

���

�

�

�

#

�

�

���

#��

Q �

�

�

�




:

�

�

#

�




�

�

�

:

�

�

:

�

�

#

�

&

� 


� � �

+

I �

#

� (C41)

Since"

��#

� is proportionalto
J
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�

J

# , theoverallbehavior
of thesourcespectrumcanbe understoodby analyzingthe
behavior of
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� is theFouriertransformof
therateof changeof massout�ow from thesource.
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� , andits behavior with
the 3-dB bandwidthis plottedin Fig. 4. Given the surface
crackdepth,theradiatedenergy level is
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wherethesymbol � indicates“proportionalto.”
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For frequenciesbelow the3-dB bandwidth,!
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whichcharacterizesanenergy spectrumthatincreasesby 20
dB/decade.

For frequenciesabove the3-dB bandwidth,!
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which characterizesan energy spectrumwith rapid sinu-
soidaloscillationanda trendthatfallsoff by 20dB/decade.

The amplitudeof the energy spectrumdependson the
crackdepth. By taking Eq. 3 into account,the peakof the
energy spectraldensity
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follows a sixth power law in � sothatthemaximumenergy
level is
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where �
&�P2Q =1 m. But this peakvaluevarieswith frequency

asa functionof crackdepth � , asshown in Fig. 5.
Theenergy spectrafor frequenciesbelow the3-dBband-

width show greaterdifferencesacross� thanthosefoundby
comparingthespectralpeakssince
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leadsto aneighthpower law in � andthecorrespondingen-
ergy level functionality
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from whichEq.C31canbeobtained.
When #
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�"�

� thesourcespectrumcanalsobeapproxi-
matedas
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sothattheamplitudeof thesourcespectrumin Eq.C23can
beapproximatedas

�
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(

whichexplicitly shows its dependenceoncrackdepth.

C2. Radiatedenergy spectrumfr om impactors

To estimatetheradiatedenergy spectrumof animpactor,
we baseourestimationon theimpact-explosionanalogy.

Giventhekinetic energy ��� of animpactor, theseismic
ef�ciency of theimpactis de�ned as
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(C48)

where ��� is the total radiatedseismicenergy. Theseismic
ef�ciency typically variesfrom � )

�




to � )

���

with themost
commonlyacceptedvalueof � )

�

� (SchultzandGault1975;
Melosh1989).

In undergroundexplosionsof sphericalradiation,perma-
nentvolumeinjectionis relatedto thetotal radiatedseismic
energy by
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where �
� is thepermanentvolumeinjectionmeasuredin the

elasticregimefrom theexplosion. Thecornerfrequency #

�

is givenby
#
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(C50)

in the model employed by Denny and Johnson(1991). It
is worth noting that the cornerfrequenciesin both surface
cracksand impactorsare proportional to the ratio of the
wave speedin the mediumandthe characteristiclengthof
theseismo-acousticsource.Whentheimpactvelocityof the
impactorontoa rocky target is larger thana few kilometers
persecond,theelasticradius �

P canbeassumedas

�
P

� � )��
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(

(C51)

where�
� is theradiusof animpactor(AhrensandO'Keefe

1977;Melosh1989).
Thepermanentvolumeinjectionfrom animpactorcanbe

estimatedusingEqs.C48� C51,
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where � �

(

0

� , and–
�

� arethedensity, impactvelocity, and
volumeof theimpactor.

The sourcespectrumandthe total radiatedenergy spec-
trum aregivenby (Denny andJohnson1991)
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As canbeobservedin Eq. C54,theenergy spectralden-
sity at thecornerfrequency, slightly above thefrequency of
thepeak,is
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which shows a fourth power law in � � that leadsto theen-
ergy level dependence
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given � � and 0

� for the impactor, where � �
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&>P2Q � 1-m.
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� ,
the slopeof the energy spectrumfollows the samelaws as
surfacecracksaboveandbelow the3-dBbandwidth.

For # below the3-dBbandwidth,
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sothatthesourceamplitudefunctionin Eq.C23canbeex-
pressedas
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Theradiatedenergy spectrumcanthenbeapproximatedas
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with energy spectrallevel following thedependence
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where �*�

$

&�P2Q
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. The differencebetweenthe energy
spectrallevels for variousimpactorscanbe determinedby
Eqs.C32andC33.

Theradiatedenergy levels for impactorsof variousradii
are given in Fig. 6, assuming� � � � ����� �




and 0

� �

� ) � � �"! . The seismicef�ciency wasassumedto be �*)

�

� .
The radiatedenergy spectrumcanvary by � 10 dB dueto
theuncertaintyin theseismicef�ciency.
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