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Abstract.

Onseveralrecordingsof linear seismometearrayscrossingthe Arava Fault (AF) in
the Middle East,we seeprominentwave trainsemeging from in-fault explosionswhich
we interpretaswavesbeingguidedby a fault-zonerelatedlow-velocity layer The AF
is locatedin the Arava Valley andis consideredhe principalactive fault of the mainly
N-S striking DeadSeaTransformSystemin this section. Obsenationsof thesewave
trainsareconfinedto certainsegmentsof therecever linesandoccuronly for particular
shotlocations.They exhibit large amplitudesandarealmostmonochromaticWe model
themby a 2D analyticalsolutionfor the scalarwavefieldin modelswith a vertical
waveguideembeddedn 2 quarterspacesA hybrid searchschemecombininggenetic
algorithmanda local randomsearchis employedto explore the multimodalparameter
space.Resolutionis investigatedy synthetictests. The obsenationsareadequatelyit
by modelswith a narraw, only 3 to 12 m wide waveguidewith S-wave velocity reduced
by 10to 60% of the surroundingock. We relatethis vertical low-velocity layerwith the
damagezoneof the AF sincethelocationof receversobservingandof shotsgenerating
theguidedwaves,respectrely, matchwith the surfacetraceof thefault. Thethicknessof
thedamagezoneof the AF, atleastat shallov depths seemdo be muchsmallerthanin

othermajorfaultzones.This couldbe dueto lesstotal slip onthis fault.



1. Introduction

In the lastfew yearsthe analysisof trappedseismicwaveshasbecomea powerful
tool to studythe structureof lithosphericshearzones[e.g., Houghet al., 1994;Li
and Leary, 1990;Li etal., 1998,1999,1994;Malin etal., 1996;Lou etal., 1997].
Similar to light beingtrappedandvery efficiently guidedby a glassfibre (owing to its
higherrefractve index), seismicwavescaughtby a low-velocity layer cantravel as
characteristiavave trainsover long distances.Due to strongvelocity contrastghey
arefrequentlyobsenedin coal seamgde.g., Dresenand Ruter, 1994], oil-resenoirs
[Chonetal., 1996],andalsoin tectonicallydominatedsettingssuchassubductioreones
(low-velocity oceaniccrustdescendingnto the uppermantle[Fukaoetal., 1983;Abers,
2000])). In lithosphericfault zonesthe structuraldamagezonerelatedto the deformation
is consideredo form alow-velocity layerin which guidedwavescandevelop.

Becausdrappedwavespropagaten theselayersfor considerablgortionsof the
propagatiorpath,they containvaluableinformationon propertiesof the narrov zones
itself, namelygeometry(connectvity, width, spatialorientation)andphysicalproperties
(velocitiesandattenuation).Dueto the narravnessof the structureson the onehand
andthe integrative characteiof seismictraveltimesandattenuatioron the otherhand,
this informationis usuallynot obtainedby corventionalseismicinvestigationgseismic
tomographyrefraction).

The fault zoneguidedwaves (FZGW) studiesup to now includedthe pure
identificationand geometricaimappingof waveguides,exemplarystudiesof principal

wave propagationn 2D [Ben-Zionand Aki, 1990;Ben-Zion 1998]or 3D structures



[lgel etal., 1997;Li and Vidale, 1996;Huangetal., 1995;Igel et al., 2001;Jahnle
etal., 2002],andthemodellingof obsenedtrappedwaveformsfe.g.Li etal., 2000]. For
the analysisboth earthquaksandexplosions[Li etal., 1997b,1998,1999]areusedas
sources.

Most quantitative studiesattemptto derive subsurdcemodelsby waveform or
dispersioncurve matchingof guidedwave obsenationswith syntheticdata. Many of
themsearchthe modelspacesystematicallyand somestudiesquantify the goodness-
of-fit of the modelsandpresentequivalentmodels[e.g. Pengetal., 2000]. In orderto
accountfor the comple influenceof certainparameter®n the appearancef guided
waves, Michaeland Ben-Zion[1998b] proposedhe useof geneticalgorithm (GA)
to searchthe large parametespace. GA is a very robust global searchalgorithm
[e.g. Goldber, 1989]that provedto be usefulin waveformfitting [Sambridg and
Drijkoningen 1992; Senand Stofa, 1992;Lomaxand Snieder 1995;Levin and Park,
1997].

In this studywe presentataof explosiongeneratedhigh-frequeng guidedwaves
attheDeadSeaTransform(DST), a 1000km long, prominentshearzonein the Middle
Eastexhibiting a total slip of ~100 km during the last 20 Myr. The analysisis part
of the interdisciplinaryresearcheffort DESER (Dead Sea Rift Transect)n which
severalgeophysicamethodqreflectionandrefractionseismicsgravimetry, magnetics,
electromagneticspgethemwith geologicalstudiesandmodellingaim to resole the
structureanddynamicsof thetransformat differentscales Backboneof the studyof the
small-scaldault structurewas2D and3D controlledsourcehigh-resolutiortomography

andreflectionseismics.In orderto derive subsurbcemodelsthat bestexplain the



obsenations,we modelthe guidedwavesby an analyticalsolution[Ben-Zionand Aki,
1990] andsearchthe modelspaceusinga hybrid schemecombiningGA anda local

randomsearch.

2. Geological setting

The SSWNNE striking DST separatethe Arabianplatefrom the Sinaimicroplate
(seeFigurel). It stretchedor approximatelyl000km from the Red SeaRift to the
Taurus-Zagrosollision zone.Formedin the Mioceneandrelatedto the brake up of the
Afro-Arabiancontinentit accommodatethe lateralmovementbetweernthe two plates.
The total amountof left-lateraldisplacements ~100 km, recentrelative motionis
betweerB and4 mmyr—! [Klinger etal., 2000].

Betweenthe Gulf of Agaba/Eilatandthe DeadSea the sinistralstrike-slip Arava
Fault (AF) constituteghe major branchof the DST [Atallah, 1992; Garfunlel et al.,
1981], taking mostof the slip. In the centralArava Valley the (straight)fault trace
(striking 15 - 20°E) is outlinedby scarpspressureidges,smallrhombgrabensand
waterholes.Recenfactuity is indicatedby offsetgulliesandalluvial fans[Klinger etal.,
2000]. Four stronghistoric earthquaksreportedlyhit the AF: 1068A.D., 1212A.D.,
1293A.D., and1458A.D. [Ambraseg/setal., 1994; Amit et al., 2002;Klinger et al.,
2000]. Theseeventswerecorroboratedn sedimentaryecordg Ken-Tor etal., 2001]. By
contrastthe currentseismicactiity alongthe southerrsectionof theDST is rathersmall
[Salamoretal., 1996]. Theregion eastof the AF is segmentednto numeroushlocksby
additional(W-E andNW-SE striking) faults(someof themnormalfaults). In the study

area,Neogenanarl, Cretaceousimestone,andMioceneconglomerategin the north



Precambriamgraniteoutcrops)arein partcoveredby youngalluvium andaeoliansands.

3. Data and observations

In a specificallydesignedontrolledsourceexperimentwe deployed5 seismiclines
crossingthe AF at about30°30’'N (seeFigurel). Theroughlywest-easstriking lines
1, 2 and3, which wereapproximatelyd km apart,hadlengthsof about9 km. Spacing
betweenthe 4.5 Hz geophonegroups(SM-6, vertical componentpnlines 1, 2, and3
was100m. Ontheseong linessignalswererecordedby a SUMMIT datalogge(line 1,
250samplegersecondandPDAS-100dataloggerglines2 and3, 200Hz persecond).
Lines4 and5 wereshorter(ca. 200 m) andhadrecever spacingf 10 m. They were
equippedwith REFTEK dataloggersunningwith 200 samplesper secondandwith
Mark L4-C-3D 1 Hz threecomponenseismometerfDESERTTeam 2000; Maercklin
etal., 2000].

The fault traceis clearly visible in satelliteimagesover long portions,andit
is feasibleto identify it in the field at certainsegmentswith an accurag of better
than100 m. However, to enhancehe probability of hitting the fault (andto generate
guidedwaves)we placed4 groupsof 3 individual shotseachat locationswherewe had
indicationsof the fault tracefrom geologicalsetting,satelliteimages,or topography
Distancebetweenshotswithin a groupwasbetween20 and50 m. At eachshotpoint
45 kg of chemicalexplosivesweredetonatedn 20 m deepboreholesDueto the useof
differential GPS,all positionsandheightsof shotsandreceverscould be determined
with anaccurag of ~1 m.

We obsenre prominenthigh-amplitude high-frequeng wave trainson recever lines



2, 3, 4, and5 for two shots,101and102. The obsenationson line 4 and5 areshawn
in Figure2. They arebestdevelopedon line 4 for shots101and102,andonline 5 for
shot101. In generakhe obsenationsshown a seriesof characteristicsgiving evidenceof
beingguidedwaves. Thesewavesoccuronly at certainreceversfor certainshots.The
correspondingeceversareconfinedto narrav sectionsof thelines (for positionsrefer
to Figurel andTablesl and2). Shots101and102andtheobservingreceversonline 4
andline 5 match(within thegivenaccurayg of independengeologicalinformation)with
the surfacetraceof the AF. All othershotsdid notgeneratesuchphasesAs indicatedby
barsin Figure2 the guidedwavesshaow very high amplitudeswhich areup to 10times
largerthanthe signalsat similar timeson otherrecevers. Offsetsbetweensourcesand
receverswere2.3 (line 4) and1.1km (line 5). Guidedwavesobsenedatline 5 shov
higherfrequenciesindashorterduration(ca. 0.2 sinsteadof 0.3s) asonline 4, whichis
expectedor shorteroffsets. Table 1.
Comparedo otherreportedFZGW the guidedwavesat the AF shav ratherhigh
frequenciegbetweer20 and50 Hz). However, the dominantfrequenciesrecontrolled
by the geometryandphysicalpropertiesandsimilar high-frequeng guidedwavesare
known for examplefrom coalseamde.g. Dresenand Riter, 1994]. As clearly visible
in thetime seriesthe wave trainsherearealmostmonochromaticLines4 and5 were
equippedvith 3 componensensorsvhich allowedthe determinatiorof the polarization.
Thephasesrevertically polarized thusonly verticalcomponentatais shovn in Figure
2. This factsuggestshatthesephasesarelLove-typechannewavesasdescribece.g.in

DresenandRiter [1994].



4. Modelling and Inversion

Althoughinfluencedby mary factors,guidedwavesare primarily controlledby
a 2D structure:a waveguideof 'some’extentwith a reducedseismicvelocity, anda
sourcewithin or closeto the waveguide. Factorsinfluencingdevelopmentandshapeof
guidedwavesarethe amountof velocity reductionwithin the waveguide,the width of
thewaveguide,attenuationandthe propagatioriength. Furthermorethe developmeniof
guidedwavesdependsn the positionof the seismicsourcewithin the waveguide. 3D
variationsof the 2D waveguidestructure which may concernthe waveguidegeometry
(flexure, branching bending,interruption,shape heterogeneitiesaswell asphysical
propertiesof both hostrock andwave guide(velocity, gradients) arealsoknown to alter
the appearancef guidedwaves[Jahnle et al., 2002;Li and Vidale, 1996;Igel et al.,
1997,2001].

In additionto puremappingof the waveguidewe intendto derive quantitatvely
someof the model-describingparameterérom the obsened waveforms. Accordingly,
we calculatesyntheticseismogramsor variousmodels,compareghemwith the obsened
waveformsandinfer the mostprobablemodelfrom the bestfitting dataset. Bearing
in mind well-known trade-ofs amongcertainparameter$Ben-Zion 1998]andthe
limitation of our datasetye restrictoursehesto 2D models.This allows the estimation
of effective parametersveragedyver thewhole propagatioriength.

We calculatedsyntheticawith a 2D analyticalsolutionfor the propagatiorof waves
generatedy a SH line sourcein a singlelayer;j = 2 which is embeddedvithin

two quarterspaceg = 1 andj = 3 [Ben-Zionand Aki, 1990;Ben-Zion 1998]. The



modelsaredefinedby the width of the waveguidew andseismicvelocitiesv;, seismic
attenuatiorfactorsQ;} anddensityp of all threelayers. Sincewe intendto model
Love-type(shear)guidedwaves, v; areshearvelocities(i.e., v, ;). As in Ben-Zion
[1998] attenuatiorwasincorporatedollowing Aki and Richards[1980]. The recever
canbe placedarywherein the model,andthe sourceanywherewithin the singlelayer.
The chosendepthof the sourceis usedasa proxy for the overall propagatiodength.
Syntheticvelocity seismogramsvereband-paséiltered (1 or 4.5to 90 Hz, respecitiely)
accordingto instrumentesponsendsamplingrate.

The goodness-of-fibetweenobsered andsyntheticwaveformswasestimatedy
usingtheweightedmeanof thesemblancéNeidelland Taner, 1971]of windows of 0.4s
containingthe prospectre guidedwave train of eachobseredandsynthetictracepair
(for agivenparametecombination).We invertedsimultaneouslyor up to 11 tracesof
a shotgather The useof semblancendthe inversionfor mary tracessimultaneously
considerthe distribution of guidedwave enegy acrosshe waveguideandin the host
rock (leaking) asa major attribute of the obsenations(in additionto the amplitudeand
frequengy behaiour of the waveforms),thusstabilizingtheinversion.SeeAppendixA
for detailsof the appliedobjective function.

To efficiently searchthis multimodalparametespaceandto derive anacceptable
model(or models)we emplgy a geneticalgorithm(GA). Imitating biological evolution,
GA is considered sturdyoptimizationtechniquewith the potentialof finding global
extremaandto follow-up multiple maximale.g. Goldber, 1989]. It proved very
successfuin mary optimizationproblemde.g.Carroll, 1996;Gibsonand Charbonneau

1998], especiallyin seismic(waveform)inversionSambridg and Drijkoningen 1992;
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Senand Stofa, 1992;Lomaxand Snieder 1995;Levin andPark, 1997]. SeeAppendixB
for detailsof basicGA.

As in othergeophysicabpplications(with noisepresentwe areinterestedn
(ideally: all) modelsequallywell explainingthe data(within a givenaccurag), which
would allow the specificatiorof valid parametebounds.Accordingly, we tunedthe GA
for a broadsamplingof the parametespaceratherthanfor fastcorvergence:we used
alarge populationsizeof 50, appliedniching (by phenotypesharing)[seefor example
Goldbeg, 1989]andturnedoff the forcedreproductiorof the bestmodel(no elitism).
Furthermorewe combinedGA andconsecutie local randomsearchesroundthe best
individualsof eachgeneratiorforming a hybrid scheme The purposeof this phenotype
manipulationis two fold: Assumingoptimain the objective function stretchingover
severalneighboringparametebins, thereis a goodchanceof finding bettermodelsin
thedirectvicinity of analreadyspottedgoodmodel. The secondbenefitconcernghe
enhanceaxplorationof regionswith large (however, potentiallysub-optimalvaluesof
theobjective function (i.e. well fitting models).In eachgeneratiorwe testfour randomly
chosemmodels(thatis 8% of the population)in the vicinity (within aregion of 5% of
the allowed parametebounds)of 10% of the bestfitting models subsequentlyeplacing

less-fittingindividualswith betterones.

5. Resolution

In orderto studythe performancef the searchandto explore the resolutionof the
obtainedmodelswe conductedsynthetictests.Dataweregeneratedor the samesource

andrecever geometry(samestationspacingetc.) asin our experiment,andparameter
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settingsasshavn in Table3. We addedrandomtime shifts of at most+ 0.005s and
randomnoise(maximumsignal-to-noiseatio of 5) to the syntheticswhich we then
invertedin the sameway astherealdata.Synthetictime seriesareshovn in Figure3. Table 3.

We invertedfor 4 free parameterswaveguidewidth w, velocity ratio v, » /v 1, host
rock velocitiesv, ; andv, 5 (Which we setidenticalexceptfor a small perturbatiorto
avoid unrealisticsymmetryeffectsin the syntheticsyandan overall attenuatiorfactor
Q7' = Q' = Q,' = @Q;31). Thelateralsourcepositionwassetfix to oneinterface
betweenwvaveguideandhostrock. Furthermorethe positionof the recever observing
thelargestguidedwave amplitudewasfixedto the centreof thewaveguide.

Figure4 A - D shows valuesof thefitting function (£) of all in the GA runtested
modelsasa function of the four free parametersin our implementatiorof GA search
we ran 300 generationgapproximatelyl5,000testedmodels)until we achieved a
satishctoryfit anda broadsamplingof theparametespace As expectedthe GA search
revealsa suiteof modelswith anacceptabldit (F > 0.85). Thebesttestednodelreaches
F = 0.89, which is the samevalueasthe valueassociatedvith the original synthetic
model(however, it is notthe samemodel). Thedistribution of acceptabld--valuesgives
estimateson the resolutionof the particularparameter The thresholdof acceptable
F-valueswas determinedby visual inspectionof the fit for somemodels. Table 3
summarizesheserangesof theindividual parameterandthe bestretrievedmodel. The
parametepof the syntheticinput model(black starsin Figure4 A-E) plot well within
theseallowed-parametelimits indicatingthat the syntheticmodelis well recovered.
However, for particularparametergi.e. vs»/vs 1 or Q;') theselimits areratherlarge

suggestingssociatedbw resolutionand/orstrongtrade-ofs. Largestsemblancealues
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of individualtracesreachS = 0.96.

An alternatve representationf the acceptablenodelsanda crossplotshowving all
well fitting modelsasa functionof w andw; »/v; 1, urveils a strongtrade-of between
thesetwo parametergFigure4 E andF). The waveformscanbe equallywell fitted by
certainmodelswith narrov waveguidesandlarge velocity contrastsor wider waveguides
andsmallervelocity contrasts.All other parametecombinationsexhibit no such
dependenciebut ratherrandomscatterin our synthetictest. Independentonstraining
informationon oneof thesewo parametergfor examplefrom independenseismological
or geologicalstudies)could drasticallyreduceambiguities.It is notevorthy thatgentle
variationsof w imply (petrophysically)significantvariationsof v; 5 /v 1.

In therecoverytestpresente@dbove we invertedfor four freeparametersandseveral
parametersverenot consideredn theinversion.Furthertestswith anindividual Q' of
thewaveguide (bothin the syntheticmodelandasa free inversionparametershoved
thatthis parameters notresohed (for the generamodelandobsenationgeometryused
in our test). For syntheticmodelsexhibiting an elevatedwaveguide; ! (whatis for
examplediscussedor damagezonesof faults)the GA searchfound evenwell fitting
modelswith reducedvaveguideQ; .

Furthermorethe lateralsourcepositionz, within the waveguide,which generally
influenceghe shapeanddevelopmentof guidedwaves,wasnotincludedin the search.
Sourceoffsetfrom thewaveguideinterfaceresultin generallylesstrappedwave enegy
andproducea characteristihigh-frequeng phasesuperpose@n the low-frequeng
guidedwave mode[Ben-Zion 1998, Figure5 (left)]. Sincethelatteris notobsenedin

the seismogramsve skippedthis parametein the inversion,reducingcomputational
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burdenandavoiding furtherambiguities.

6. Results

Basedon the experiencewith the syntheticdatasetye invertedthe obsened data

for the same4 parameterskiguresb through7 show the bestfitting modelsthatresulted

from the GA searche®f datafrom shots101and102 obsenedalongrecever line 4,

andfrom shot101 obseredalongreceverline 5. Dueto weaksignal,dataof shot102

obsenedon line 5 werenot assesseduantitatiely.
The bestmodelsreachfitting valuesaroundF = 0.75. However, singletraces

reachfrequentlymuchhighersemblancevalues(S ~ 0.85). Table4 summarizesll

derivedparameterandpermittedparametelimits. Theestimateof accurag wasderived

from thedistribution of all modelswith F-valueslargerthan98% of the F'-valueof the

bestmodel. Remarkablas the narrov waveguidewidth of betweer3 and30 m, which

appeargo be well resohed. The densityplot (Figure 8) shavs that mostwell fitting

models(for obsenationson line 4) arecharacterizedby a4 to 6 m wide waveguide.Very

similar to the synthetictest,we noticea pronouncedrade-of betweenw andw; /v; 1

(Figuresb through7 E). Althoughlessresolhed, @, is for all measurementgargerthan

50.
Theresultsof bothshotsfor line 4 andalsobetweerthetwo linesarevery consistent.

For shot102 mary goodmodelswith alargerv, ; abore 1800m/sareobsered. For the

obsenrationsalongline 5 we derive a slightly smallery, ; which would bein accordance

with the smallersource-receier offsetand,in turn, a smallerpenetratiordepth(smaller

velocities). It seemghatthe obserationson line 5 are betterexplainedby smaller
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velocity contrastgabove 0.6). Neverthelesswe shouldkeepin mind thatthe obsenation
alongline 5 have only poorsignal-to-noiseatio. Figure9 shaws the synthetictraces
calculatedwith arbitrary”’best” modelsoverlaid on the obseredtime seriesof shots
101and102obseredatline 4, andof shot101obseredat line 5, shaving the good
agreemenbetweerobsenationsandsynthetics.
Our syntheticsarecalculatedor a SH linesourceln orderto checkthewarrantyof
this assumptiorwe appliedan approximate2D to 3D transformatiorto the synthetics
for someof theinversionsby convolving thetime serieswith 1/+/¢ with ¢ beingthetime
[Vidale et al., 1985;Igel etal., 2001;Ben-Zionet al., 2002]. However, we noteonly
minor changesn thewell fitting modelsandthe estimate®f valid parameteranges.
Online 3 we obsenedsimilar high-frequeng wavetrains(not shovn) for shots101
and102on aratherbroad(~ 400 m) recever line sgmentslightly offsetfrom the AF
(seeFigurel). Theseobsenationsaremostlik ely associatedavith a SWANE running
fault branch.However, we could not modeltheseobsenationssatisactorily with 2D
analyticalsynthetics.In principal, variationsof our simple modelgeometrysuchas
low-velocity layerson top of a verticalwaveguideor wideningof the waveguidetoward
the surfacecould explain a spatially broademradiationof high-frequeng guidedwave
enepy (generalstudiesof theseeffectsarediscussedn Jahnle etal. [2002], Igel et al.
[2001], Igel etal. [1997], andLi and Vidale [1996]). In fact, shallov high resolution
tomographiamagesof the studyarearevealeda numberof superficiallow-velocity
featuresassociatedavith sanddunesandmarl [Maercklin et al., 2000]. However, the
requirednumerical(3D) modellingof theseobsenationsis beyond the scopeof the

presenpaperandwill bepartof futureresearch.
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7. Discussion

We interpretthe high-enegy late arrivalsin our seismicrecordingsaswavesthat
have beentrappedin a sub-\ertical low-velocity channelassociatedvith the AF. The
strongestirgumentsupportingthis interpretations the factthatwe obsere thesewaves
only at distinctrecevers,andthatthesewavesaregenerateanly by certainsources.
Sowe canrule out puresourceor recever site effectsasvalid explanations.Recently
Rovelli et al. [2002] and Ben-Zionet al. [2002] reportedon shallov low-velocity
structuregmaybebetterreferredto asrecever site structures)nsteadof deepcoherent
waveguideswhich canefficiently trap seismicwaves.

Thefact,thatmostpositionsof the sourcesandreceversgeneratingandobserving
guidedwaves, respectrely, matchwith the surfacetraceof the AF, suggestthatthe
waveguideis formedby the damagezoneof the fault. Studieson exhumedfaults
discriminatethreemajor entitieswithin the mesoscopistructureof brittle strike-slip
faults[e.g. Chesteret al., 1993; Scdulz and Evans 2000]: the (undeformed)orotolith
(host-rock) thedamagezone,andthefaultcore. Thefaultcore(centimetreso decimetres
thick) with highly deformedrock is the placewheremostof the slip is accommodated.
The damagezonesurroundinghe coreconsistsof anincreaseaoncentratiorof faults,
fissuresandveins. Large fault zonesmight form a complex network of faultsof mary
sizegWallaceandMorris, 1986].

It waspossibleto modelmostof the obsenationsquantitatvely. Theinversion
especiallyof thesehigh-frequeng phasess highly non-uniqueandcanonly be applied

undercertain(restrictve) assumptiongseediscussionon constraintsabove). The
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uppermostelocity structure(weatheringayer etc.) cancauseseveredistortionsof the
high frequeng waveforms,which cannotbe accountedor by our simple2D models.
This holdsalsofor general3D variationswhich could biasboth our estimate®of the best
fitting modelsandof theacceptableanges Moreover, we notethatthe objectve function
asrevealedby the systematidGA searchis characterizedy mary broadandnarrov
local maximaof similar amplitudeandcomplex shapgseealsoMichaeland Ben-Zion
1998a].This meanghatthe obsened (noisy) datacanbe almostequallywell explained
by mary differentmodels[seee.g.Michaeland Ben-Zion 1998a]thusyielding in part
quitelarge confidencdimits of certainparametersWe believe thattheseambiguitiesand
limits arestronglydependentntheexperimentgeometrypredominanfrequenciesysed
frequeny band,etc. in relationto the waveguidegeometryandproperties Nevertheless,
the parametesearchegave a narrav effective waveguidewidth of about3 to 30 m (for
the obsenationson line 4). We favour a very narrav waveguide (3 to 12 m) sincein
theaccompaying high-resolutioncontrolledsourcetomographyexperimentwe found
no evidencefor a wider subverticallow-velocity structureat shallov depth. Moreover,
trappingefficiency is strongeifor largervelocity contrastsandtheseare,accordingo the
trade-of curves(Figuresb to 7 E), allowedfor narrov waveguides.Finally, thesearches
of all independenmeasurementsndedup with bestmodelsfeaturingw betweer3 and
12m.

The apparennarrovnessof the AF waveguide (andthe deduceddamagezone
width) putsit in marked contrastto othermajor fault zones,at which the waveguide
width hadbeendeducedy FZGW. For example,Li etal. [1990] andLi etal. [19973a]

reportwidths of waveguidesof the SanAndreasfault (SAF), California, of betweenl00
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and170m. In the North AnatolianFault System Ben-Zionet al. [2002] derved fault
zonewidthson the orderof 100 m. Thelow-velocity zoneof the Nojima fault, Japan,
haswidth of 30- 60 m [Li etal., 1998]. In general the damagezonethicknessseems
to be proportionalto thetotal slip alonga fault [e.g. Wallace and Morris, 1986], with a
constanbf proportionalityof betweenl0~* and10~3 [Sdolz 1987].

Althoughthewhole systemof the DST experiencedv100km of cumulatverelatve
movementincethelast20 Myr, thereareindicationsthatsereralsub-parallefaultswere
active duringthattime, thusdistributing the total movement.Eyal et al. [1981] shoved
thatin easterrSinaithe transformsplaysto numerougarallelstrands someof which
hadslippedseveralkilometresandareinactive now. They have estimatedhathalf of the
total 100km aredistributedin easterrSinai. It is concevablethatthe remaining50 km
aredistributedbetweerthe active AF andparallelstrandssuchasZofar andor Quaira
faults. At the surfaceandin satelliteimagesseveralsub-parallelineamentsarevisible in
the studyarea,andit is possiblethatwe might have imagedonly oneof several strands.
However, dueto the given sourceandrecever spacingcoveringa large rangeof scales
(meterto kilometre),we rule out the existenceof low-frequeng guidedwaves,and,in
turn, largerwaveguidewidthson a largerscalefor the studyarea.

Anotherreasorfor a narrav shallov damagezonecouldlie in the peculiaritiesof
thetwo geologicalunitsat bothsidesof thestudiedAF segment.While thedeepeipartof
the easterrblock is mainly formedby PrecambriamgranitesandCretaceousimestones,
thewesternunit (down to a depthof severalkilometres)is mainly formedby sediments
of theHazeraformationandDanaconglomeratesyhich were- in partsyn-kinematically

- depositedduring the Miocene. Also the easterrunit is partly coveredby layersof
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Hazeva formationstrataandyoungersedimentsHowever, structuraldetailsarestill not
known to date.Owingto thefactthatwe sampledhe uppermospartof the AF sggment
by FZGW (correspondindpody P wavespenetratdo approximately300 m depth),we
might haveimagedthe superficialdlamagezone(severalhundredf metersdepth)of the
AF thatexperienced dueto youngerageof the involved shallov geologicalunitsand
syn-depositionafaulting- areducedotal slip.

Theinversionprovidesvaluesfor the effective shallav hostrock sheamwave velocity
of betweenl740and1850m/s. They areslightly smallerfor the short-ofsetobsenation
atline 5 (1570to 1780m/s). Togethemwith the obsened P wave arrival timesthis yields
arealisticv, /v, velocity ratio of the shallow rocksof about1.8. We noticeawide range
of possiblevelocity reductionwithin the waveguideof about10 to 60% of the velocity
of the hostrock. We think that smallerratiosare morerealistic, sincethe trapping
efficiengy is larger for thesevalues(seealsonoteabove). Similar large valueswere
obtainedfor examplein a corventionalseismicexperimentat the exhumedSanGregorio
Fault (California),wherebrecciaandfoliatedrock form thedamagezone[Gettemyetal.,
2001]. FZGW analysisat othermajor strike-slipfaultssuggestedelocity reductionsn
theorderof 25to 50%relative to thesurroundingock [e.g.Li etal., 1997a,1994;Li and
Vernon 2001]. Accordingly, thereducedvelocitiescouldbeinterpretedoy damagedhost
rock materialwithin thefault zone. Salinewatersare presentat the surfacetraceof the
AF (isolatedwaterholes)andwe speculateéhataqueoudluids arealsopresenat greater
depthof thefaultzone.Thesefluids couldalsocontribute to the velocity reductionof the
waveguide. Neverthelessmagnetotelluricstudiessuggesthatthe fault planeis rather

impermeablesinceit separateslifferently resistve domainsat differentdepthlevels
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[Ritteretal., 2001].

The sizeof thedamagezoneis determinedoy a competitionbetweenocalization
anddelocalizatiorprocessesTheformerarerelatedo thebrittle instability of damagable
media[Lyakhossky et al., 1997], whereasthe latter may be relatedto the long term
dynamicsof the fault zone[Lyakhaossky et al., 2001]. During the organizationof a
systemof faultsto form a planarfault zone,somefault strandsdominateandtake over
the slip at the expenseof othersub-parallektrands.If therateof healingof distributed
damagas high comparedo the loadingrate,the organizationis slow. Furthermoreif
healingsaturate®ver the periodof a seismiccycle, the seismicityis clusteredandno
characteristiearthquak develops.Geologicstudiesof the DST indeedsuggesbngoing
organization[Rotsteinet al., 1992]. The historicalseismicityis clusteredasapparent
from the quiescenceince 1458, the yearof a fourth earthquak in four centuries.
Paleoseismicstudiesindicatefurther clusteringof actvity over periodsof thousands
[Marco and Agnon 2003]to tensof thousandyears[Marco et al., 1996; Amit etal.,
2002]. High resolutionarchaeoseismiceconstructiorof two historical devastating
earthquaksshow strongvariability of slip, at oddswith the characteristiearthquak
model[Ellenblumetal., 1998]. By contrastthe SAF shavs characteristiearthquak
behaiour [SiehandJahns 1984]thatis consistentvith low healingto loadingratio. The
SAF zonedoesnot healcompletelyon the time scaleof the seismiccycle, andruptures
tendto repeatbn the samesmoothtrend[Wesnousy, 1994;Stirling etal., 1996]. The AF
seemgdo healoverthelongerseismiccycle, sothetraceis notassmooth.It remainsto
be seenwhetherthe narrav gougezoneindicatedhereis arelic of thelastearthquak, a

productof ongoingcreep,or a precursorof the next one.
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The apparennarravnessof the damagezonegivesevidencethatthe deformation
alongthis large strike-slipfaultis confinedto a narrawv region. Thisis furtherevidenced
by conventionalseismicexperiments.Thesestudiesrevealeda blockedvelocity structure
beneaththe studyareashawving the AF separatinga westernlow-velocity block andan
easterrhigh-velocity block by ratherlarge horizontalgradientsandshavedindications
for reflectionsfrom sub-\ertical structured Maercklin et al., 2000]. The localized
deformationalongthe DST asimagedby this studycould supportthe suppositiorthat
the DST hasoriginatedin (andis cuttingthrough)arelatively cold andstablecontinental
lithosphereasproposedor exampleby DESERTTeam[2002].

We revealeda waveguidealonga 4 km segmentof the AF. We werenot successful
in observingguidedwavesat larger offsetsandfor 9 othershotsfired within theassumed
fault trace. After all, this is not surprisingwhenkeepingin mind the narravnessof the
waveguideandthegivenaccurag of a priori informationonthefaulttrace.Furthermore,
low-Q in the narrov waveguideattenuateshe high-frequeng wavesquickly. However,
this factandthe slight differencesetweenthe obsenationson line 4 and5 suggest
a variablestructure(position of waveguides,continuity, etc.) alongthe studiedAF

segment.

8. Conclusions

With a specificallydesignedactive seismicexperimentin the Arava Valley, Jordan,
we wereableto recordwave trainswhich weretrappedin a sub-\ertical, low-velocity
waveguide. The locationsof sourceggeneratingandreceversobservingthesesvaves

correspondo the surfacetraceof the Arava Fault, implying thatthis waveguideis the
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damagezoneof this prominentfault.

Themodellingof theguidedwaveswith a 2D analyticalsolutionin conjunctionwith
the systematidGA searchor thebestmodels(including properevaluation)provedto be
successfuin obtainingimportantgeometricabndpetrophysicaparametersf the AF.
We dervedarathernarrav shallov waveguidewidth of betweer3 and12 m. Although
lessconstrainedthereductionof thewaveguidevelocity relative to the hostrock velocity
is in therangeof betweenl0 and60%.

The velocity reductionwithin the waveguide could be causedy damagedock
materialand saturationwith fluids which characterizehe wear zoneof this fault
accumulateaver time. Accordingto scalinglaws, the apparennarravnessof the
damagezone(closeto thesurface)pointstowardatotal slip of severalhundredsof meters
to severaltensof kilometresalongthe AF fault at the shallov depthscale.Regarding
the total DST slip of about100 km, this canbe understooctonsideringa possible
distribution of the slip on severalfaultsin time andspacgQuairaandZofar faultsetc.).
Furthermorerockscloseto the surfaceeastandwestof the AF might have beenformed
syn-kinematicallyand,asaresult,experiencedessrelative slip.

Thevery narrav low-velocity structurerevealedby this studycould not be detected
directly by other seismicexperimentscarriedout in the samearea(reflectionand
refraction).In orderto derive someof the parameter#n similar experimentswith high
accuray, we suggesto usealarge numberof sourcesandrecevers(in-fault, cross-ault)

andto useabroadfrequeng range(e.g.,high samplerate).
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Appendix A: Objective function

Our fitnessfunction F};, which we maximizein theinversion,is calculatedrom a
weightedmeanof individual semblancevaluess; ; [Neidelland Taner, 1971] of each
obsered andsynthetictracepair i (M is numberof traces)for a given setof model

describingparameterg = (p1, ...pn) (IV is numberof parameters):

M
Individual semblances; ; arecalculatedrom all samples: within thetime window

of interestof obsenedandsynthetictraces(a; andb; ;, respectiely) of tracepair ::

Xk:(azk + b; i,k )
T =((03)? + (b))

Semblances 1 if tracesarecorrelated().Slf uncorrelatedandO if anti-correlated.

Sp

(A2)

Theweightw; increasesheinfluenceof traceswith high signalenegy in theinversion:

Z(ai,k)Q
k

w; =

D AE— (A3)
Y X(ajk)?
j=1 k

In orderto accomplishsmall deviationsof the true 3D subsurécestructurefrom
the simple2D modelswe allowedtime shifts of = 1 sample(+ 2 samplefor dataof
line 5/shot101) betweemeighboringsynthetictraces.Beforecalculatingthe objectve
function, we applieda uniform tracescaleaccordingto the maximalsignalamplitudein

thecorrespondinghotgather Calculationsverealsoconductedor reversedsignof the

syntheticamplitudes.
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Appendix B: Genetic Algorithm

Developedby JohnH. Holland, [e.g. Holland, 1975], geneticalgorithms(GAs)
searchamultimodalparametespacefor (global) maximaby usingmechanic®of natural
selectionand naturalgenetic§ Goldbeg, 1989]. Model describingparameter®f a
particularproblemarefirst codedinto binarystrings.In a standardsA, a populationof
binary strings(thatis arandomlychosensetof models)is modifiedby threeoperators,
namelyreproduction(selection),crosseer and mutation. In the reproductionstep
individual stringsare copiedto the next generatioraccordingto their objectve function
valuesin a sensehathighervalueshave higherprobabilitiesto be copied. In the next
step,offspringsare createdrom this matingpool by assemblingsubstringof parent
binary strings.Substringscanbe cut at oneor morecrosseer positions.Finally, random
mutationsof singlebits areperformedon the populationwith achosenlow) probability.
This procedurds appliedthroughmary generationgielding a broadsamplingof
the parametesetwhile revealingone or more maxima. Sincethe inventionof GA,
modificationsof andadditionsto this principal GA outline formed powerful search
algorithms[e.g. Goldberg, 1989]. We useda populationsizeof 50, mutationprobability
of 0.02,a (uniform) crossaer probability of 0.5, anda creepmutationprobability of
0.01.For in-depthdiscussiorof GA andthe settingspleaseeferto Goldbeg [1989] and

Carroll [1996].
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Figure Captions

Figure 1. (left) Sketchshowving the tectonicsettingof the Middle East. (middle) Site map
of the active seismicexperimentat the Arava Fault (AF) aspart of the DeadSeaTransform
(DST). Faulttrace(darkgrey line) asinferredbeneathsuperficialdeposits.Shotsare denoted
by stars.Verticalsensor®nlines2 and3 (spacingl00m) areshavn by triangles 3-component
sensorsalonglines 4 and 5 (spacingl0 m) are shavn by squares. (right) Close-upof the
region displayedin the middle panel. Filled symbols(stars,triangles,andsquaresasbefore)
indicateshotsgeneratingandreceversobservingguidedwaves,opensymbolsindicateshots
and recevers without suchgenerationor obsenation, respectrely. Geology adoptedfrom

Rabb’a[1994] (NL: Na'ur limestoneLM: Neogeneamarl).

Figure 2. Obsenationsonrecever line 4 (left) andline 5 (right) for the threeshots101 (top),
102 (middle), and 103 (bottom). For eachgather normalizedmaximumenegy (bars,top,
within time windows of 1.2 to 1.6 and 0.6 to 0.8 s, respectrely), time series(middle) and
spectrgbottom)for eachtraceareshavn. Notethehigh-frequeng wave trainsfrom shots101
and 102 on easterrtracesof bothlines betweenl.3and1.6 s (line 4, left) and0.6 and0.8 s
(line5, right), but no suchphasefor shot103(andall othershots;seetext). For positionsrefer
to Figurel. Showvn areunfilteredverticalcomponentatacontainingpresumedyuidedwaves.

P wave onsetgnotshaown) arrive ataround0.7 s (line 4, left) and0.4 (line 5, right).

Figure 3. Waveformscalculatedfor syntheticmodel (for parameterseferto Table 3). We
addedrandomstaticshifts of at most+ 0.005s andrandomnoise(maximumsignal-to-noise
ratio of 5) to the synthetics. Shavn areraw synthetics(thin line) and syntheticswith noise

(thick line) which we usedin therecovery test.
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Figure 4. A-D: Fit of all in the GA searchtestedmodels(syntheticrecovery test)displayed
for the 4 free parameters.Grey dotsandblack crossedndicate /¥ < 0.85 and F* > 0.85,
respectiely. The parametersf the syntheticinput modeltogethemwith its associated” value
are denotedby black star The dashedine marksthe F' level of the bestmodelfound. E:
Cross-plotof all acceptablenodels(F' colour coded;red denotehigh values,purple denote
low fit values)asa function of w andv, »/v,  illustrating the strongtrade-of betweerthese
two parametergsyntheticrecoverytest). Thesynthetianputmodelis representety theblack
star Datawere sortedaccordingto F' value prior to plotting. F: Cross-vaveguide velocity
distribution of acceptablenodelsfor the syntheticrecovery test. Grey (black) linesrepresent
modelswith 0.8 < F' < 0.85 (F' > 0.85). The syntheticinput modelis representedly thered

line.

Figure 5. Searchresultsfor shot101 obsenedat line 4. Notationsasin Figure4 exceptthat

grey dotsandblackcrossesndicate F' < 0.98 - Fy.,; andF' > 0.98 - Fy.,;, respectiely.

Figure 6. Searchresultsfor shot102 obsenedat line 4. Notationsasin Figure4 exceptthat

grey dotsandblackcrossesndicateF' < 0.98 - Fy.,; andF > 0.98 - Fj..:, respectrely.

Figure 7. Searchresultsfor shot101 obseredatline 5. Notationsasin Figure4 exceptthat

grey dotsandblackcrossesndicateF' < 0.98 - Fy.,; andF > 0.98 - F,..;, respectrely.

Figure 8. Cross-vaveguide velocity distribution of acceptablanodels(# > 0.73) of the
obsenationsonline 4 (shots101and102). Differentshadingindicateshow oftena particular
modelcomponentwasfound in the searchegfrom light to dark increasingfrequeng). The
distinctblackverticallinesshav thatmostwell-fitting modelsarecharacterizedy a4 to 6 m

wide waveguide.
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Figure 9. Syntheticsof the bestmodels(thin line) andcorrespondinglata(thick line) of shot
101(top)and102(middle),line 4, andof shotl0lobsenedatline 5 (bottom).Obseredtraces
have beenshifted(+ 1 or 2 samplegelative to the neighboringraces)accordingto thevalues

derivedin theinversion.
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Table 1. Positionsof shotsgeneratingguided

waves

id latitude(°N) longitude(°E) altitude(m)

s101 30.57800 35.33440 33.0

s102 30.57800 35.33311 21.7
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Table 2. Positionsof recever line segments

recordingguidedwaves

id latitude(°N) longitude(°E) altitude(m)
412 30.55746 35.32787 31.0
413 30.55745 35.32798 30.9
414 30.55743 35.32808 31.3
415 30.55742 35.32818 31.4
416 30.55741 35.32828 31.6
504 30.58718 35.33677 36.3
505 30.58724 35.33669 36.7
506 30.58730 35.33660 36.7
507 30.58734 35.33652 36.9
508 30.58738 35.33638 34.2
509 30.58742 35.33629 33.8
510 30.58747 35.33621 33.2




39

Table 3. Parametersisedfor synthetictestand

searchresults

Parameter valueusedin rangeof values bestvaluefound

forwardcal- revealedbythe insearch

culation search
vs1 (M/s) 1750 1710- 1775 1713
Vs2/Vs 0.6 0.4-0.9 0.43
w (M) 5 3-18 3.31
—1 0.005 0-0.013 0.011

S

p (kgin?) 2500 - -

Ts atinterface - -

Table 4. Parameterslerived by inversionof datarecordedalongline 4 and5. For each

parameterangesandbestvaluesaregiven.

Parameter shot101/line4 shot102/line4 shot101/line5
range bestvalue range bestvalue range bestvalue

vs1 (M/S) 1685-1870 1742 1694- 1850 1847 1570-1780 1710

Vs 2/Vs 1 0.4-0.95 0.43 0.4-0.62 0.44 0.45-0.95 0.84

w (M) 3-35 3.70 4-7 4.47 2-27 6.02

Jt 0.005-0.025 0.013 0.005- 0.015 0.006 0-0.015 0.0014

S
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