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Summary

We presenta newmethodfor constructingeceiverfunctionsandtheimpulse
responsdunctionsthattheyarebasedupon. The methoddiffers from othersin
commonusein specificallyseekingreceiverfunctionswith the minimal numberof

pulseshatcansatisfythe dataup to its noiselevel, andis meantto be complementary

to— ascontrastedo areplacementor — them. No preconceptionaboutthe

underlyingearthmodelarebuilt into the procedureptherthanthe assumptiorthatthe

pulsescorrespondo bodywavearrivals,andthuscausan—phasemotionon all
seismograntomponents By examininga sequencef receiverfunctions,with
increasinghumberof pulseswe caninvestigatetheir overallinformationcontentand
therobustnessf their features.We applythe methodto crustalstructureat station

PAL (PalisadesNY), anduseit to constrairnthe depth and dip of the Moho beneath

thatstationto 33t1 (10) km and8°£2°(10), striking N22°E + 20°(10), respectively

Introduction

ReceiverFunction(RF) analysis(Phinney1964,Burdick and Langston1977,0wens
& Crossonl1988) has becomea very popular and effective tool for investigating
crustaland uppermantlestructure. Its popularityis partly dueto its beinga passive

methodthat requiresonly onereceiverthathasrecordedieleseismid® waves.It can

thereforebe usedto study structurein placeswhere active-source(i.e. refraction)



experimentsare impractical,and to depthsbelow thosethat can be easily insonified

throughconventioractivesourcege.g.chemicalexplosives).

RF analysishas beenvery successfullyapplied to many aspectsof nearreceiver
structure— too many to review fully here. But a representativesampling would
includestudiesof thecrust(e.g.Sheeharet al. 1995,Sandvolet al. 1998),subducting
slabs(Regnierl988,Li & Nabelek1996),transitionzonetopography(e.g.Shenetal.
1996, Dueker& Sheeharl997,Li et al. 1998), and magmachamberqSheetzand

Schlue,1992).

The RF method relies upon the cascadeof converted and multiply reflected
compressionabnd shearwavesthat a teleseismexcitesin the structurebeneaththe
receiver,and that samplethe elastic propertiesof that part of the earth. Both the
vertical and horizontalcomponentf the seismogranctontainthesephaseswhich
arrive secondso tensof secondsafterthe P wave(Fig. 1). However,thesesecondary
arrivals are usually difficult to discernin the raw seismogramspecauseof the
typically long durationof the earthquakesourcetime function. RF analysisis a way
of removingthe effect of the sourcetime function, sothatthe secondanarrivalsstand

out.

Most commonly, receiverfunctions are interpretedin the context of an isotropic,

plane-layeredearthstructure althoughthe effect of layer dip andvelocity anisotropy

(Levin & Park 1997) are sometimesmodeled. We will refer to the convertedand

multiply-reflected phasesin a plane-layered earth structure, generically, as



“reverberations”jn orderto distinguishthemfrom the more disorganizedvavefield

producedoy “scattering’from three-dimensionaheterogeneitieBoth reverberations
andscatteringmay occurbeneatha station,with thelater becomingmoreimportantat
higher frequencies(>1 Hz) (Abers 1998). Part of the emphasisof this paperis to
develop RF interpretation methods that are not locked into any particular
preconceptiomboutthe earthstructure put ratherwhich provide someinsight on the

data'sability to discriminatebetweerthem.

TheReceiverFunction

Supposéhata seismicstationdetectdeleseismid® phasegrom avariety of sources

with differentepicentradistancesandazimuths. Let theverticalandradiak
horizontalseismogrambe denotedyVi°’t), and,Ri°?{t), respectively.Herethe
subscriptj, indexesheN phasesandthe superscriptobs” denotesobserved”. We
assumehattheseseismogrambiavebeenwindowedto isolatethe P wave. We can

represeneachseismogranasthe convolutionof a “source”wavelet,s(t), with the
verticalandradiak-horizontalimpulseresponsdunctions,vi(t) andri(t), respectively.

Theseresponsdunctionsquantify the effectof nearreceiverstructureon the phase:

V/iobg(t) = strue(t) * vitrue(t) (Eqn.1)
RiobY(t) = true(t) * ritrue(t) (Eqn.2)

We usethesuperscripttrue” to indicatethatin theabsencef noisethe observed
seismogramarerelatedto the actualsourcewaveletandimpulseresponsesThe

term,si(t), is a“source”waveletin the sensehatit characterizethe waveformof the

phasebeforeit interactswith thenearreceiverstructure. It describedboththe effects



of theearthquakeourcetself andsubsequennodificationby structurefar from the
receiver. An importantaspecbf theseequationss thatthe samesourcewavelet

appearsn bothequations.

The RFmethod(Phinney1964,Burdick andLangston1977,0wens& Crossornl988)

is astrategyfor removingthe sourcewaveletfrom theseequationscreatingan
observableuantity- thereceiverfunction, F(t) — thatdependxclusivelyon the

nearreceiverstructure. Egns.1 is solvedfor the sourcewavelet:

Strue(t) = Viobgt) * vi11ug(t) (Egn.3)

Herev-iitug(t) is theinversefunctionto vi™u&(t), in the sensehatv-2itrug(t)*v;trug(t)

=3(t), whered(t) is the Dirac deltafunction. Egn.3 is theninsertednto Eqn.2,

yielding:

RiOP(t) = [ritrue(t) * virT™Uqt)] * Viobgt) * = Fituqt) * Viobgt)  (Eqn.4)

Notethatthe“receiverfunction”, Fitrue(t) = ritrue(t)* vi~1"t), involvesonly the
responsef the earth,andnot thesourcewavelet. Finally, an“observedreceiver

function, FoPgt), canbe constructedy solving Eqn.4 for F:

Fobgt) = Riobgt) * Vi1oPKt) = ritug(t) * vi~tUUt) = Frug(t) (Eqn.5)

Theobservedeceiverfunction, FioPgt), is constructedy deconvolvingthe observed
verticalcomponenseismogranfrom radiak-horizontalcomponentNote thatit
containgnformationaboutthe nearreceiverstructure put not aboutthe source
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wavelet.

Informationaboutthe nearreceiverstructurecanbe gainedby comparingthe

observedeceiverfunctionwith areceiverfunction, FP§(m,t)=hrrem,t)*v-1Pre(m,t),
predictedrom someearthmodel,m (see for instance Ammonetal. 1990) Herethe
vector,m, representsvhatevemparameterarenecessaryo describethe structureof
theearthnearthereceiver(e.g.thicknessandvelocitiesin a planelayeredmodel,

propertiesof discretescatteresn heterogeneousodels).Leastsquaresanbeusedto

selecta bestfitting model:

find themestthatminimizes

Ei(m) = || Fiebgt) - Fegm,t) |P

with respectom (Egn.6)
Herethe superscript;est”, denotesestimated’and||.|f denotessomemeasuref the
differencebetweertwo timeseriessayx(t)=F°P{t) andy(t)=FP'§m,t). Onepossible

choiceis:

XAy ®IR = § [x®)-y(©]2 dt/ [[x2)dt+fy2()d] (Eqn.7)

Eqgn.7 is basedon the commonly-usedL2 norm,andhasbeennormalizedsothatthe
misfit, Ei(m), doesnot dependuponthe overallamplitudeof theseismogramslhe
misfit is zeroif all thereceiverfunctionsareexactlymatchedandis of orderunity if

all thefits arepoor.

Oneundesirabldeatureof thisfitting procedurearisesfrom the needto perform

deconvolution®f boththe observedseismogramandthe predictedresponsesThis
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procesftensuffersfrom instability, especiallywhenthe observedimeseriesare

band-limited, or whenthe predictedverticalresponséasa spectrakzeroin the
frequencybandof interest(e.g.Clayton& Wiggins1976,Ammon1991). While this
instability to somedegreecanbe eliminatedby usingadvancedignalprocessing
techniquege.g.Park& Levin, 2000),we suggestnalternatestrategythatcompletely
avoidstheneedto performanydeconvolutionsWe first notethatEqn.5 canbe

manipulatednto theform:

RiobSt) * vitrug(t) = V/iobgt) * ritrue() (Eqn.7)

The predictedresponsessiP"9m,t) andriP"m,t), will satisfyEqn.7 whentheyare

equalto thetrueones. A estimateof themodelis thusgivenby leastsquares:

find themestthatminimizes
Ei(m) = || riP"g(m,t) * Viobgt) — viP'gm,t) * Ri°gt) |P
with respectom (Egn.8)

Notethatthis procedurecontainsonly convolutionsof known (observedand
modeled)quantities An advantagef this proceduras thatit avoidsbiasassociated
with smoothing(i.e. low passfiltering) thatoccursduringthe computatiorof the

receiverfunction,andthereforeallowstestingwhetherthe dataarecompatiblewith

theassumptiorof sharplayerinterfacesor compacthree-dimensionakcatterers.
Structuralinversionghat proceedrom a smoothedestimateof thereceiverfunction
will of coursebe mostcompatiblewith asmoothvelocity structure. But ruling out

sharpinterfacesor compactscatterer®nthatbasiswould beafallacy.



Minimalist ReceiverFunctions

Normalpracticeis to usea deconvolutiortechniqueto estimatehereceiverfunction
from the observedseismogramsThereceiverfunctionobtainedn thisway is a
timeserief the samedengthandsamplingintervalastheinput seismogramsA
preliminaryinterpretatiorcanthenbe performedby finding pulsesn thesereceiver
functionsthatcorrespondo secondararrivalsassociateavith thecompressionaand
sheamwavesscatteredrom heterogeneitieat depth(e.g.thesheamwavefrom the

Mohointerface). This preliminaryinterpretatiorcanbeusedto developastarting

modelthatcansubsequentlymprovedby theleastsquaresnethodof Eqn.6.

Thereareseveralunsatisfactoryaspectgo this approach.

First, thereis amismatchbetweerthelargenumberof parameterg thereceiver
function (equalto thenumberof samplesM, in the observedseismogramsandits

actualinformationcontentwhich is almostcertainlymuchsmaller. Thislow

informationcontentis dueto boththe insensitivityof low—frequency(typically <1
Hz) teleseismiavavesto smalldetailsin structure andto ourinability to modelhigh
frequenciegvenwhentheyareavailable owingto thelargecontributionfrom
scattering Abers1998).We would like way of estimatinghow muchinformationis

actuallyavailable,in orderto avoidoverinterpretingthe data.

Secondjf thereceiverfunctionis likely, atleastto first order,to containa seriesof

discretepulsesthenits representatioasalong time seriesonly servego complicate
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detectinghemanddeterminingtheir arrival timesandamplitudes.

Weimplementanalternataepresentatioonf thereceiverfunctionthatassumeshatit

consistof asmallnumbersayL, of discretepulses:

Fes(t) = Zj=1t ¢ O(t-T)) (Egn.9)

Herethe ¢ aretheamplitudesof the pulsesandT; is theirtime of occurrence(Note

T1canbetakento bezero). Theseparametersonstituteunknownparametersandare
estimatedusingtheleast-squareproceduralefinedin Eqn.6. Notethatthec; are

not“velocity model” parameterssincetheydo not parameterizany particularnear
receivervelocity model. This approactplacesno preconceptionsnthe processes
thatproducescattereccompressionandsheamwaves. It worksequallywell for
layeredearthmodelsandmodelswith discretethreedimensiondieterogeneities-or
thisreasont is conceptuallydifferentfrom (ancomplementaryo) methodssuchas
Sandvoletal.'s(1998),thatfit thereceiverfunctionwith anearthmodelcontaining

only afew parameters.

We useagrid searchto find thereceiverfunctionparametershatminimize the misfit

betweerntheobservedandpredictedradial-horizontalseismogram:

find themestthatminimizes
Ei(m) = || Ri°Pt) — Fes{m,t)*Ziobgt) |P
with respectom
(Egn.10)

While the numberof parameterss 2L-1 (L amplitudesandL -1 pulsetimes),thegrid
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searchheedbe performedonly overtheL -1 pulsetimes,sincethe problemof
determiningthe coefficientsis completelylinearwhenthe pulsetimesarefixed. Eqn.

9isinsertednto Eqn.4.,yielding:

Riobgt) = Fes{t) * Viobgt) = Zj=1- ¢ VioP{t-T)) (Egn.11)

Thisis asystemof M linearalgebraicequationdor the L unknownamplitudesg;, and

canbereadilysolvedby leastsquarege.g.Menke 1989,Abersetal. 1995,Gurrola
andMinster1995). Our experiences thatthe grid searchs aneffectivesolution

methodwhenthe numberof pulseds lessthanabout6. Shouldreceiverfunctions

with morepulsesbeof interestthennon-linearminimizationproceduressuchas
simulatedannealingVelis 2001)or geneticalgorithms(Koperetal. 1999,Floyd

2001)needbeappliedto minimizetheerror, E, with respecto T;.

A analogousnethodcanbeusedto find spiky versionsof theimpulseresponse

functions. We startwith a spiky representatioanalogouso Eqn.9:

vies(t) = Zj=1" g O(t-Tj)
ries(t) = =1t by &(t-T)) (Egn.12)

Hereg andbj aretheamplitudesof the pulsesandT; is their time of occurrenceNote
thatpulsesareassumedo arrive at the sametimeson bothcomponentsaswould be
expectedf theycorrespondetb seismicbodywaves,andthat T1canbetakento be
zero.Theminimizationprincipledefinedin Egn.8 canthenbe usedasthe basisfor

determininghe unknownparametersHowever,Eqn.7 indicateshattheimpulse



responsesanonly bedeterminedup to anarbitrarymultiplicative constantsosome
furtherconstraintmustbeaddedo the minimizationprocessWe useap=1. As in the
receiverfunctioncasethegrid searcmeedbe performedonly overtheL-1 pulse

times,sincefor fixed pulsetimesthe equatiorfor theamplitudess linear. Inserting

Eqgn.12into Eqn.7 yields:

Zj=2b g RioPt=Tj) — Zj=1t bj Viobt-Tj) = — R1°P{t-T1)
(Egn.13)
Thisis asystemof M linearalgebraicequationdor the2L—1 unknownamplitudesa

andci.

Eqgn.7, which formsthe basisof the minimization,would be satisfiedevenif vies(t)
andries(t) wereboth convolvedby somearbitraryoperator sayO(t). Onemight
supposéhenthatthe estimatedperatorgesultingfrom thegrid searchsufferedfrom
this samenonuniquenessHowever the conditionthatthe responsesontainexactly
L pulsess very stringent. In generaljf vies{t) containsL pulsesthenO(t)*vies(t) will
containmorethanL pulsessothis nonuniquesss usuallynotaproblem. An

exceptions the degenerateasewhensomeof theL pulseshavezeroamplitude.
Thusfor examplejf the minimal-errorthree-pulseoperators,viés{t) andries(t), in
facthaveonly two non-zeropulsesseparatedsay,by atime interval, At, thenO(t)
*vies(t) andO(t)*ries(t) will beminimal errorwith 3 pulsesfor anytwo—pulse

operatorO(t), with a pulseseparatiorof At.

An estimateof thereceiverfunctioncanbeformedby deconvolvinghe L—pulse
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verticaloperatorfrom theradial-horizontaloperator Fes{t)=ries{t)*zi~1°{t). Herewe
usetheprimeto distinguishthis estimatedfrom the previousestimateFes(t), thatis
basedn Eqgn.10. Thetwo estimatesill, in generalbedifferent,andindeedr*s{t)
will, in generalhaveaninfinite numberof pulsesOnemightarguethatfor anyfixed

L, Fes(t) is a betterestimateof thereceiverfunctionthanis Fes{t), sinceF*es{t) is

basedn 3L-2 parametersvhile Fes(t) is basednonly 2L-1. Indeed F*es(t) will

typically havesmallererrorthanFes{t), asquantifiedby Eqn.10. However the

procesof deconvolutions non-trivial, andowing to spectrakzeroesn zes{t) can

easilyleadto anFs(t) thatis ringy or otherwiseunaesthetic.

Applicationto the PAL (PalisadesNY) SeismicStation

We selected9 high quality teleseismicseismogramsecordedoy a broadband

seismometeat stationPAL, locatedabout20 km northof New York City in
PalisadesNY. All earthquakehavemagnitudesmb>6, andepicentraldistances

betweer30°-90°. A 40ssegmenbf the P wavewasextracted|ow—pasdiltered
belowl Hz, cosinetaperedandresampledvith aintervalof 0.2s.Themediansignal
to noiseratio of thesedata,basedn acomparisorwith the signalimmediately

precedinghe P wave,is about7:1for the verticalcomponenandabout5:1 for the
radiak-horizontalcomponent.The actual“signal” relevantto estimate®of thereceiver

function,however s the mismatchbetweertheradial-horizontalcomponenandthe

verticalcomponentafteranoverallscalefactorhasbeenaccountedor. (Thisis to

saythatnearreceiverstructurecanonly be detectednsofarasthe motiononthe
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radiak-horizontalcomponents differentthanon theverticalcomponent).The

mediansignalto noiseratio of thesedatais considerablywvorse,about2:1. Thebest

ratio, 12:1, wasfor amb=7.8earthquakeccurringonly 31° away. Nevertheless,
PAL hasafairly averagenoiselevel, whencomparedo otherbroadbandtations
operatingn North America.(It is anintermediatenoisestation,whenjudgedagainst
Peterson'$¢1993)Low NoiseModel (LNM), with anoiselevelthatis about5 dB

higherthanthe LNM ata periodof 10s).

A sequencef impulseresponseg;es(t) andzies(t) andthereceiverfunction, Fes{t)
wereestimatedor eachP wave,for L=1 throughL=5. Thegrid searchallowed
pulsego occurin thefirst 15sof the operatorswith atime resolutionequalto the 0.2s
samplinginterval of the seismogramsThis time window s sufficientto includeshear
phasedcatteredrom crustanduppermosmmantleheterogeneitybut excludesshear
wavesscatteredrom thetransitionzone.The alternatereceiverfunction, F's(t), was

alsoestimatedrom ries(t) andvies{t) usinga standardleconvolutioralgorithm.

However it neededo below—pasdilter below 1 Hz to suppres$igh-frequency

ringing.

The estimatedmpulseresponseandreceiverfunctions(Fig. 2) evolvein anorderly

way asthe numberof pulsesin their representationsicreasei.e. asL increases)A
pulsewith anarrival time of about4-5sis presenin nearlyall casesandis presumed

to representheMoho—convertedsheamwave,Ps. In all caseghelogarithmof the
misfit decreasemonotonicallyandapproximatelylinearly with L (Fig. 4). As

expectedthe misfit associatedavith theimpulseresponsesries(t) andzes(t),
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decreasefasterwith L thandoesthe misfit associateavith thereceiverfunction,
Fes(t). Themisfit is reducedpnaverageby afactorof about6 for the L=5 impulse
responseandabout3 for the L=5 receiverfunctions. Since,asdiscusse@bove the
actualsignalto noiseratiois only about2:1, correspondindgo a misfit of 4:1,theL=5
impulseresponseareprobablyslightly overfitting the data,while the L=5 receiver

functionsareslightly underfittingit.

TheFes(t) andFes{t) receiverfunctions(Figs.4 and5) bothindicatethatthe arrival

time of Psvariessystematicallywith thearrival direction(i.e. backazimuthep) of the

P wave.PsarrivesaboutdsafterP for southerlybackazimuthsincreasingo about5s
for northerlyazimuths. We haveinvertedthethree-pulse(L=3) Psarrivaltimes(Fig.

6) for crustalthicknessassuminga plane-layeredstructureandmeancrustal
compressionaindsheamwavevelocitiesof 6.50and3.69km/s,respectivelyLevin et
al. 1995).The meancrustalthicknessof 331 km is consistentvith whatis known

aboutthe generakhinning of the continentalkcrustof the northernAppalachiansfrom

45-50 km atthe centerof the craton,to about35 km atthe coastto 15-20 km on the

continentakhelf(HughesandLuegert,1992;Hennetet al., 1991;KeenandBarrett,
1981).Theapparentip of theMoho at Palisadespf about10° downwardin the

directionN292°E is abouttwice aslargeasmight be expectedrom this regional

crustalthinning, presumingt to be uniform. StationPAL is sitedin thenortheastern
cornerof theNewarkbasin,a half-grabenboundedonits westernmarginby a
steeply-dippingnormalfault. The Newarkbasinis oneof the Mesozoicrift basins

associateavith the openingof the Atlantic ocean. TheinferredN22°E + 20°(10)
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strike of the Moho is differentthanthe N60°E strike of sedimentsithin the basin(P.
Olsen,personatommunication2002),but botharegenerallyconsistentvith the
notionthatthe crustthickenstowardsthe northwesterrsideof the basin.Otherlocal
irregularitiesin crustalthicknesf similar magnitudesiavebeenobserved-300km

awayin New HampshirgShalevetal. 1991).

Additional supportfor the dippingMoho canbe obtainedoy examiningthe apparent

angleof incidence g, of the P wave,asinferredfrom thedirectionof particlemotion

of theleadingpulsein the L=3 impulseresponse§.e.tan@)=bi/ar). Wefirst
considetthe caseof ahorizontalMoho. Ignoring,for amomentthe perturbingeffect
of thefree surfaceon particlemotions,we would expectfrom Snell'slaw thatthe

apparentingleof incidenceis a functionof the slownessp, of theteleseisnias,
inferred,sayfrom the |ASPEI tables(Kennett,1991))andthe nearsurfacevelocity,
a, of thecrust:sin@®)=ap. Numericalcalculationgnotshown),basedon Aki and
Richard'q(1991,p. 190) free-surfacecorrectionformula,indicatethatevenwhenthe
freesurfaces takeninto accountsin(®) still variesapproximatelfinearly with p,

althoughthe proportionallyconstanis biasedo valueslargerthana. Theapparent

angleof incidencedata(Fig. 7, top) dofollow this rule, andscatterabouta bestfit
line of slope,6.03+0.7(10) km/s.This slopeimpliesa near-surfacevelocity of

0=5.69+0.6(10) km/s,afterthefree surfacecorrectionis applied.If theMohois

dipping,we would expectit to havea perturbingeffecton theapparenaingleof
incidence piasingit towardslower valueswhenthe P waveis propagatingn the

updipdirection,andto highervalueswhenit is propagatingn the downdipdirection.
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This patternis indeeddetectedn the data(Fig. 7, bottom).The overallamplitudeof
thesinusoidalariationis aboutA sin(®) = 0.04+0.01(10), which is consistentith a

dip of about8°+2°(10). Thefactthatthe P wavesamples largerpatchof Moho
(radiusof about15 km) thandoesthe PsphasgFig. 1, inset),yet bothdetectsimilar

dip, indicatesthatthe Moho topographyhaswavelengthgreaterthanthis dimension.

Conclusions

Theanalysismethodthatwe presenhereenableghe constructiorof areceiver
functioncontainingthe minimal numberof pulses neededo fit the observationso

anydesiredevel of accuracy.Themethodologythereforeallowsoneto assesshe

degredo whichthe dataarecompatiblewith theideathatthe nearreceiveresponse

is dominatedoy the effectof justafew discreteinterfacesor scatterers.The method

is complimentaryto deconvolutiorbasednethodgshatproducereceiverfunction

estimatesvith manymoredegreef freedom.

Whenappliedto seismicdatafrom stationPAL (PalisadesNY), the methodproduces
receiverfunctionsthatcontaina clearPsphase€rom a 33+1(10) km deepMoho that

appeardo dip 8°+2°(10) downwardto thenorthwest(strike N22°E+20°(10)).
Surprisinglyfew discretepulsesusuallyno morethan4 or 5, areneededo matchthe

datauptoits noiselevel.
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Fig. 1. Syntheticvertical,v(t), andradial-horizontal r(t), impulseresponseand
receiverfunction, F(t), for asimplemodelwith a 30 km thick crust.Inset: Schematic
of selectedaypathswith shearaypathdan gray. This examplewascomputedusing
Menke's(2000)SPLITTING_MODELLERsoftware.
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Fig. 2. Sample impulse responses, rie(t), vi®(t) and the receiver functions, Fe(t) for
an earthquake in El Salvador (range = 30.7°) observed at PAL. A) Broadband vertical,
V(t), and radial-horizontal, R(t), components. B) Sequence of vie(t) for L increasing
from1to5. C) Sequence of rieY(t). D) Sequence of F&Y(t). E) Sequence of observed
(bold) and predicted (solid) radial—horizontal seismograms, R(t). The misfit, as
defined by Egn. 8, decreases from 0.034 for L=1 to 0.003 for L=>5, about an order of
magnitude improvement.
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Fig. 3. A) Error, as defined by equation 8, of impulse response function
determinations, as afunction of the number of pulses, L. B) Error, as defined by
eguation 10, of receiver function determinations, as afunction of the number of
pulses, L.
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Fig. 4. Estimated receiver function, F&i(t), plotted by backazimuth of the earthquake.
A)L=2.B)L=3.C) L=4.D) L=5.
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Fig. 6. Apparent Moho depth, plotted as a function of backazimuth, ¢. Circles: Depth
estimates based on Ps arrivals from three—pulse calculation, calculated for a nominal
mean crustal compressional and shear velocities of of 6.50 and 3.69 km/s,
respectively. (Solid line) Best fit sinusoid, 32.62+6.93cos(¢p-292°), indicating that the
Moho dips down towards the northwest.
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Fig. 7. (Top) Sine of the apparent angle of incidence, 6, inferred from the amplitude

of the P-wave pulse on the L=3 vertical and radial—horizontal impulse response
functions, as afunction of the slowness, p, of the teleseism as inferred from the
|ASPEI Tables (Kennett 1991). The data (circles) are compared with a best fit straight
line with dlope of 6.03 km/s (solid curve). (Bottom) Deviations of the sin(8) data
(circles) from the straight line fit as function of the backazimuth of the teleseism.
Solid curve: best fit cosine.
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