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ABSTRACT

Campillo, M. and Plantet, J.L., 1991. Frequencydependenceand spatialdistribution of seismic attenuationin France:
experimentalresultsandpossibleinterpretations.Phys.Earth Planet. Inter., 67: 48—64.

Weprocesseddigital recordsfrom431 earthquakesat 25 stationsof theLaboratoirede DetectionGéophysiquenetwork in
France.We computedspectralamplitudesof Pg andLg in different groupvelocity windows.This largedatasetallowed us to
compute a map of mean crustal attenuationthrough simultaneousconsiderationof sourceamplitude,site responseand
apparentQ. Our inversionprocedurecombinesan iterativereconstructiontechniquewith anadjustmentof sourceamplitudes
and site responsesat each step. The stability of the result is testedwith different subsetsof data and the resolution is
evaluated.Mapsof apparentattenuationat frequenciesbetween1.5 and10 Hz werecomputedfrom Pg, Lg andearly codaof
Lg.

Theseresultsarein a good agreementwith thepredictionsof thesingle-scatteringmodel both for frequencydependenceand
for Q~:Q~ratios.The comparisonbetweenthe attenuationanomalyfound in the Variscan belt and resultsfrom a deep
reflectionseismicprofile confirms theprominentpartplayedby scatteringin theapparentattenuationof seismicwavesin the
crust.

1. Introduction stacks of a few flat visco-elasticlayers, each of
them being consideredas homogeneousat any

The short-period seismic phasesPg and Lg scale. Nevertheless,these numerical simulations
havebeenextensivelystudiedfor the purposesof fail to explain several very general features of
nucleartestmonitoring, magnitudedetermination regionalphases.For instance,the longdurationof
or attenuation measurements(e.g. Nuttli, 1973, the signals(the existenceof a coda)in mostof the
1986). Consideringregionsin which a flat layering observationsis not accountedfor. On the other
can be regardedas a reasonablemodel for the hand,to explain the actual attenuationof these
Earth’s crust, the mode of propagationof these signals, it is necessaryto include in the models a
phaseshasbeenclearly establishedby comparison frequency-dependentquality factor that is not
betweenits observedand theoretical properties. compatible with acceptedprocessesof anelastic
The theoreticalresults havebeen obtainedusing attenuationat depth(Johnston,1981).Thesephe-
oversimplifiedmodelsof thecrustwhichconsistof nomena are generally attributed to scattering
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SEISMIC ATtENUATION IN FRANCE 49

causedby impreciselydefinedheterogeneitiesthat ever, a singlemeasureof the apparentattenuation
haveto be addedto the vertical layering usually doesnot give much information on the causeand
hypothesized.To describecrustal heterogeneity, the mechanismof seismic attenuation.A better
we acceptthat it canbe separatedinto small-scale approachwould be to correlatethe characteristics
and large-scaleheterogeneities.The small-scale of attenuationin different regionswith the various
heterogeneityconsistsof the fluctuationsof elastic crustalstructuresencountered.
propertiesat a scale roughly equal to or smaller In this work, we follow such an approach.To
than the wavelengthsconsideredin short-period avoid spuriousdifferencesthat can be produced
seismology. These fluctuations cannot be de- whencomparingmeasurementsmadewith differ-
scribedfrom a deterministicpoint of view because ent typesof dataor techniques,we usedan inver-
the detailsof the crustal structureare far beyond sion processand a relatively large homogeneous
our presentknowledge.The implications of this dataset. To this end,we haveto collect sufficient
type of heterogeneityhavebeenstudiedin detail, data to be able to describeattenuationin both
particularly to explain the codaof local seismo- space and frequencydomains beneath an area
gramsand the frequencydependenceof the ap- large enoughto include different geologicalunits.
parent attenuation (e.g. Sato, 1990). Since the Such is the caseif we attemptto map the attenua-
pioneeringwork of Aki (1969), it is now clearly tion beneathFrance.In Fig. 1, the basicgeological
establishedthat scatteringon small fluctuationsof settingof Franceis displayed.The Paleozoicbase-
elastic parameterscan account,at least partially, ment (Armorican and Central Massif), Mesozoic
for the existenceof coda and for the frequency and Cenozoicbasins(suchas the Paris Basin) and
dependenceof the apparentattenuation(Herraiz the Alpine zoneare shownin the figure. Onemust
andEspinoza,1987, review). Most of the develop- note that the Central Massif presentsextension
ments of the theory of codawavesconcern the structuresthat developedduring the Alpine oro-
perturbationsof a homogeneousmedium. This genesisand that are part of the pen-alpinegraben
representsa severelimitation to the interpretation, system.
as the Earthpresentsstrongverticalheterogeneity. We have obtaineda large numberof seismo-
Theimportanceof the layeringfor scatteredwaves grams from the seismic network run by
was investigatedby Wang and Herrmann(1988). Laboratoirede DetectionGeophysique(LDG) in
The most obvious effect of stratification on the France.This datasetis sufficient to cover a great
scatteredfield is the generationof surfacewaves, part of France.Werequireuncippedseismograms

Large-scaleshallow irregularitiessuch as sedi- showingan acceptablesignal-to-noiseratio in the
mentary basinsalso produce local conversionof epicentral distancerange200-4000km. Because
body waves into propagating surface waves of the dynamic range of the network and the
(Campillo, 1987). Nevertheless,becauseof the modestseismicityof Francethis representsa long
large observed attenuation near the surface observationtime. In a previous study (Campillo,
(Toksözet al., 1988) and the great variability of 1987), we useda limited number of earthquakes
the thicknessof the surfacelow-velocity layer, we (18) and of stations (22) to study a region of
expectthe short-periodsurfacewavesto beunable central France.Becauseof the small numberof
to propagatealong pathsof severalhundredsof recordsthen available, we applied the back-pro-
kilometers as Pg or Lg do. Various authorshave jection techniqueto constructa mapof apparent
tried to infer numericallythe effectof deepirregu- attenuation.We shall discusstheseresultsbelow.
larities, such asMoho uplifts, on short-periodLg In this study, we have widely increasedthe data
(Kennett, 1984; Campillo, 1987; Maupin, 1989). set and the areastudied.We will use an iterative
Their basic conclusionis that Lg appearsto be a SIRT-type reconstructiontechniqueto determine
robust and stablephaseevenwhen stronglateral source amplitude and quality factors. We also
variationsof the crustalstructureoccur.In view of considerearly codaof Lg andPgwaves.A related
this result, the Lg wavetrain could be used to approachis that followed by Guptaet al. (1989)
measurethe meanattenuationin the crust.How- to study the distribution of Q from Lg in eastern
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50 M. CAMPILLO AND J.L. PLANTET
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Fig. 1. Geologicalsketch map showing the main structural units in France. Stippledregions(1) indicatetheHercynianbasement,and
hatched regions (2 and 3) show the domain of the Alpine orogenesis.The black dotscorrespondto thepart of the ECORSseismic
line depicted in Fig. 11. This line crossesthe Central Armorican zone(C.A.Z.). (Adapted from a map by A. Autran.)

North America. These authors assumeda re- have a natural frequency of 1 Hz, and the
gionalizationbasedon Bouguergravity contours frequencybandof the systemrangesfrom 0.5 to
andgeologicalmaps. 20 Hz. Thenetworkhasbeendescribedby Nicolas

et al. (1982). Unfortunately, we have never re-
cordedsimultaneouslyin good conditionsat more

2. Dataprocessing than 20 stations.For eachrecord, we computed
the densityof spectralamplitudefor four phases

We selected431 earthquakesduring the period definedby thegroup velocity windows:
1985—1987 in Franceand in its vicinity (Fig. 2). 6.2 km ~—1> V> 5.6 km s~ Pg
Theseevents were recordedat 26 short-penod
seismic stationsof the LDG network.All stations 3.6 km s~> V> 3.1 km s’ Lgl
are identical. Several examplesof records have 3.1 km s~>V> 2.6 km ~ Lg2
been shown by Nicolas et a!. (1982) and by
Campillo et al. (1985). The vertical seismometens 2.6 km s’> V> 2.3 km s Lg3
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Fig. 2. Locations of earthquakes(squares)and stations (black dots) used in this study. All stations have exactly the same

characteristics.

At this stage,we eliminatedthe traces where gation. The directivity is known to be a strong
glitchs were detected.For each record, we also effect only on wavelengthsmuch smallerthan the
computedthe densityof spectralamplitude of the sourcedimension.The Pg and Lg wavetrainsare
noisein a 30-swindow beforethe first arrival. For madeup of arrivals correspondingto very differ-
a given phaseand a given frequency,the spectral ent take-off angles and therefore the radiation
density is validatedif the signal-to-noiseratio is pattern is, in general, very smoothedfor these
greaterthan three, phases.The geometricalspreadingof the phase

consideredin the time domain (E(d)) was found
after numericalinvestigationsin flat layeredmod-

3. Dataanalysis els (Campillo et al., 1984). Its functional depen-
denceis given by

We model the spectral amplitude observedat E(d) = d~°83for Lg (2)
station I for earthquakeJ in the form E(d) = d’ ~ for Pg

A
11(f, d) = S1(f) x E(d) xAA1J(,(, d) We assumein our analysisthat Pg andLg propa-

xst,(f) (1) gatemostly along straight ray paths,i.e. that the
mean velocity of S wavesin the crust is roughly

where d representsthe epicentraldistance,f the constant.Thereforewe neglecttheeffect of focus-
frequency,S the sourceexcitation, E(d) the geo- ing—defocusing that was recognizedfor surface
metrical spreading,AA1J(J,d) the apparentat- waves(e.g.Zenget al., 1987).
tenuation,and St,(f) is a term describingthe site For the apparentattenuation(AA,1(f, d)), we
responseat the station. For evaluation of the assumethe form
sourceexcitation(S1(f)) we neglectthe radiation dl
patterndue to the focal mechanismas well as the AA~1(f,d) = exp — ~ x, y)] (3)
directivity effects associatedwith rupturepropa-
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52 M. CAMPILLO AND J.L. PLANTET

where V is the groupvelocity andQ is the quality becausewe believe that the anomalouszonesare
factor.Thisterm includesthe intrinsic attenuation well known and are located outside our study
but alsoother typesof attenuationsuchas scatter- zone,i.e. at oceanicmarginsor in the Italian Alps,
ing, or propagationeffects in a heterogeneous wherewe observethat Lg wavescompletelydisap-
crust that affect the geometricalspreading.The pear.To avoid wrong determinationsof the source
stationresponse(St1(f)) representsthe amplifica- excitation, we use only the data for which the
tion due to site effects at a given station. The earthquakewasrecordedby at least five stations.
azimuthaldependenceof the site responseis ne- An additional condition is that the differenceof
glected. In a previous report (Campillo et a!., epicentral distancebetween the closest and the
1985), we showedthe importanceof taking into furthest stationis > 40% of the largestepicentral
accountthesite responseof the station, distance.

We performedour dataanalysis(andtheinver- The resultsobtainedat this stageare usedas a
sion) independentlyfor each frequency.The first starting model for an iterative reconstructionthat
step was to assumethat the quality factor is will be describedin the next section.The mean
constant over the area considered. We then values of Q~that we obtain from Lg are very
evaluatedthe meanquality factor, the sourceexci- similar to our previousresults (Campillo et a!.,
tation and the station responseby an iterative 1985) and show the samefrequencydependence
processidentical to the schemeusedby Campillo (Q~varies as the square-rootof the frequency).
et al. (1985). At first, we performeda linear re- Nevertheless,the fact that we are willing to cover
gression to computemean Q and S for each a large areawith a denseset of paths limits the
earthquake.When the correlation coefficient ob- frequencyrangeavailable.Thepoorsignal-to-noise
tamedis <0.8, the eventis eliminated.This value ratio at low frequencymeansthat we can work
allows us to remove some erroneousdata that properlyonly with frequencies> 1 Hz. Figure 3
were kept after our previous sorting, but it can shows an exampleof the effective path coverage
also lead to exclusionof data correspondingto for a frequencyof 3 Hz, after sortingout the data
sharppropagationanomalies.We acceptthis risk set.

Fig. 3. Path coverageat a frequency of 3 Hz after sortingof theraw data.
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SEISMIC ATTENUATION IN FRANCE 53

4. Algorithm of inversion neighbouringpaths. Following Mason (1981), we
definea circle of influence around X,. Eachpath

This algorithmis basedon the use of an itera- contributeswith a weighting coefficient propor-
tive reconstructiontechnique that allows us to tional to its length within the circle of influence.
considerlarge datasets on small computers.The This approachis particularly well suited to the
generalschemeof the completeprocessingis pre- presentproblem,as we know the important role
sentedin Fig. 4. StageI, as denotedin Fig. 4, was playedby scatteredwavesandmultipathingin the
discussedin thelast sectionandconsistsof setting propagationof regionalphases.For the inversions
up a startingmodel with a homogeneousQ(f). In presentedin this studywe useda grid meshof 60
the next stage,we computea set of Q values at km and a radius of the circle of influence of 50
the nodesof a regular grid to describethe actual km. This meansthat the circles of influenceover-
continuousdistribution of apparentattenuation. lap, which results in a smoothing of the results.

After stageI we useeqn(1), the expressionfor An explicit smoothingwas alsoperformedat each
the apparentattenuation,andthe estimationsof S step of the iterative inversion,as indicatedin the
and St to evaluatethe parameter1,. for ray r: following.

d/ The back-projectionis then slightly modified
= f by using the expressionfor a single-steplocal

dQ(f,x,Y)
averaging:

The set of the ir will be usedto invert Q(f, x, y).

The inversion techniquesusedare slightly mod- a~(i’r/Lr)
ified versions of the back-projection and the ~ — r=i
simultaneous iterative reconstruction technique ~‘ —

(SIRT). We shallbriefly describethem. a,.,~

Back-projectionand SIRT operatefor a given r~I
unknown Q(f, x, y) = Q correspondingto loca- where N~is the numberof paths that cross the
tion X~= (x, y) and with the data from the circle of influencecentredon ~, a,., is the length

of the path in the circle and Lr is its total length.
We compute Q values at the locations X~for
which the number of rays is larger than Nmin. A
supplementarycondition is that theserays come

RAW DATA
431 eveuts from a number of distinct sourceslarger than

N5 • Whentheseconditionsare notsatisfied,the
PROCESSING T —

Speotral amplitude mean value of Q is assumed.Without further
S/~0~too A precision, the resultspresentedhereare computed

S,Cf) ~r.d Q(o) — E with Nmin = 15 and N~mjn= 8.
Following Cote(1988),we implementedan iter-

St Cr) ative inversion basically derivedfrom SIRT (Gil-
bert, 1972). After the (j — 1)th iteration we corn-

— ~ACKPROJECTION pute the estimationof the parameter/ in the jth
Q(f,x,y) — s model: /,.1 I, We definetheresidueby

ITERATIVE RECONSTRIJCTION T j 5
4. SIPT A res, = —

CORRECTIONS TO S <..s~ost I G The jth iteration consistsof applying to Q at
E location X- the correction

RESIDUES AND MISFIT 2

6(Q)’ = ~(e,.) ~ ~

Fig. 4. Schemeof data processingand inversion. ‘ r= i
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54 M. CAMPILLO AND J.L. PLANTET

with atedwith eachstationandeachearthquake.Next,
zv the station responsesand the sourceexcitations

= a,. 1g1(0,.) (5) are correctedby termsequalto thesebiasesmulti-
r=i ‘ plied by damping factors. The values of these

and where 0 is the azimuth of the path r ~fl damping factors, relative to the mean damping
degrees,and f and g are weighting functions applied for the inversion of Q alone, can be
which we are about to describe.g(O,.) represents evaluatedby companngthe partial denvativesof
the azimuthalweighting: the amplitudewith respectto Q,, S and St in eqn.

(1). In practice,the coefficientsof dampingfor S
g~(9,.)= G + (1 — G)[.N~ — D.(O,)]/N1 and St, �,~ and ~st’ as well as the number of

whereD,(Or) is the numberof pathswhosedirec- iterations on Q, only, are chosenafter numerous
tions are in the range (0, — 100, 0, + 100) and trials. We have studied systematically the in-
which intersectthe circle of influencecenteredon fluenceof dampingfactorsandnumberof internal
X,. G is a constantthat controls the amplitude of iterationson the final misfits betweenmodel pre-
thevariationof theweighting andthatwechoseto diction andactualobservations.With this aim, we
beequalto 0.5. The effect of g is to moderatethe repeatedthe inversion processtens of timeswith
influenceof strongheterogeneitiesin the distribu- different parameters.We then chosethe set of
tion of rays. valuesthat correspondsto the minimal final misfit

The damping factor 4(e1)varieswith the loca- (in the least-squaressense)after the convergence
tion anddependsmainlyon the densityof rays: of the completeiterativeprocess.In the following
~

1e ~ = R + (1 — R’~e‘e exampleswehavetakene~between0.06 and0.04,
7. <1 7. 1 ii max ~ between 0.03 and 0.02, and the number of

where emax is the maximum valueof the sumof iterations of SIRT, on Q, only, equal to three.
theweighting factorsat eachpoint computedover With thesevaluesthe completeschemeconverges
the entireregion studied.R is a constantchosen in about20 iterations.
to be equal to 0.5 in the following examples.By
using a spatially dependentdampingwe want to
limit the variationsof the model in zoneswhere 5. Accuracy of the results
the pathcoverageis poor.This is especiallyuseful
considering the uncertainties implied by our As pointed out above, the parametersof the
parametrizationof the problem, as will be dis- inversion were chosenby trial and error for the
cussedin the next section.After eachiterationwe specific dataset considered.After thesenumerical
applieda smoothingfilter definedby tests, it appearsthat applying strong dampingon

— 1 8 — I sourceexcitation andstationresponsecorrectionsQ~1= ~ + ~ —~— warrant the stability and the convergenceof the
— n=1 process.The Q model obtainedwhenthe process

whereQ~is the filtered value at location X~,and has converged to a minimum r.m.s. residue is
the summationover n is extended to the eight weakly sensitive to the parametersof damping
neighbouringpointsaroundx~in our squaregrid. used,at least when the numberof data is large

Wehavealsoperformedtestswherewe addeda enough.We will illustrate the importanceof re-
constantto the weighting term e-, asproposedby aching a critical numberof databy considering
R.P. CornerandR.W. Clayton(unpublishedma- independentsubsetsof recordsof phaseLgl at a
nuscript,1987), who suggestedthat this operation frequencyof 3 Hz. We performedthe inversion
may stabilize the solution. In our case, this with four different subsetsof data. The numbers
damping affects the convergencerate but has a of sourcesof the four subsetsusedin theinversion
very weakinfluence on the final image. are 25, 25, 55 and 100. In the case of the 25

After a seriesof iterationsto realizethe current earthquakessubsets,we reducedNmjn to eight and
Q model, we computethe mean residuesassoci- ~ to three, to cover an areasimilar to that of
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SEISMIC ATTENUATION IN FRANCE 55

the other cases.The Q models obtainedare pre- wasdefinedby leastsquaresovera largerangeof
sentedin Fig. 5. The result computed from the epicentraldistance.The secondpoint is that we
global dataset is shownbelow in Fig. 7 (Lgl). The assumeazimuthal independenceof both source
results obtainedwith the two subsetsof 25 events excitationand siteresponse,which resultsin poor
are clearly in contradiction. In contrast,the main precision of isolated attenuationmeasurements.
featuresof the Q distribution computedwith the These facts explain why the measurements,and
entire set of records are definedcorrectly when therefore the inversion, reach statistical signifi-
using only 55 or 100 earthquakes.We interpret canceonly for largedatasets.In our first attempt
this verystrongdependenceof the stability of the to infer theattenuationin a limited part of France
solution on the numberof databy two character- througha simpleback-projection(Campillo, 1987),
istics of the techniqueof measurementusedhere. the numberof eventsconsideredwas too small.
The first concernsthe representationof the geo- Nevertheless,evenif some of the mapsof Q were
metrical spreadingterm by a simplesmoothfunc- erroneous,the generalconclusionsof the studyare
tional dependence(eqn. (2)). This is an oversirn- confirmed by our new results, as will be shown
plification even for synthetic Lg seismograms below.
whoseamplitudesexhibit largespatialfluctuations To add a control on the solution obtainedfor
becauseof interferences,as shownby Campillo et the entiredataset,we constructedresolutionmaps
al. (1984). The functional form of the spreading computedas follows. Consideringa model of Q7,

Qs Qs

Il

~ :,?2ob~O.~ ~ 0~72u 1 .310.

~l\~ ) ~

.41<.,, ~4I4~-dl.,.

/ ~r 95 evcnts . 95 (‘v(fll’,
FREQUENCY=3.OHZ • FREOUENCY=3.OHZ —‘

:0 “~ ~BC <.1 6 II 0 4 131 50 ‘.31 • I~TI ~~‘~><

~ N 1~

F~FO1IFNrY=3.0HZ I’~ S FREQUENCY=3.OHZ 10() (‘\‘CIItS

Fig. 5. Resultsobtainedwith different subsetsof 25, 25, 55 and 100 events.The grid mesh is60 km.
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56 M. CAMPILLO AND J.L. PLANTET

S and St, we changedarbitrarily the valueof Q7 specific unrealisticdeformationof the image.We
at location X~,computedthe new residuesand obtaineda map for eachlocation X1. A perfectly
performedthreeiterationsof the global inversion decouplingprocesswould producea perturbation
process(which includes perturbationson source completelyconcentratedin X1 in the absenceof
excitationandstationresponsevalues).Weplotted smoothing.In our case,the smoothingresults in a
the perturbationsobtainedon Q7 to verify if the spreadingof the perturbationaroundthe location
trade-off between the parametersresults in a where we applied the changeof Q5. The results

% max(dQs) % max(dQs)

0 20 40 60 ii 00 0 20 40 60 80 IOC

0 20 40 oo io 00 0 20 40 00 80 00
~ p~

0 20 40 60 80 00 0 20 40 60 80 50

?~~. .•~c~y 1 ,.— ~ I -

~ ~

FREQtJENCY=3.0HZ FREQUENCY=3.OHZ

Fig. 6. Resolutionmapsrelativeto six locations.Themapsarecomputedfor the caseof 3-Hz Lg wavesin the group velocity window
Lgl. Thegrid meshis 60 km.
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obtainedare presentedin Fig. 6 for six different inversion, the standard deviation is reducedto
locations.Thesemapsgive a critical view of our 4.5 X iO~.This indicatesthe significance of the
results; the perturbationsare far from perfectly quality factor fluctuations with respect to the
concentrated.Nevertheless,the perturbationoc- averagemisfit of the data.
cursmostly in the regionaroundthe point consid-
ered, with very small effects in distant regions.
This meansthat we candrawa relativelyoptimis- 6. Resultsobtainedat 3 Hz
tic conclusion: our mapsare very smoothedand
thereforerepresenta long-wavelengthimageof the We haveperformedthe inversion for the four
distribution of the quality factor,but,on the other time windows defined previously at the same
hand, the inversion process does not produce frequencyof 3 Hz. The resultsobtainedare pre-
strong spurious anomaliesfar from the region sentedin Fig. 7. The lowest Q valuesare reached
affectedby the smoothing. for deduced from Pg waves. This result is

One may fear that a regionalcorrelation of the somewhatsurprising. As it is generallyadmitted
stationresponsesresultsin a strongtrade-offwith that the values of intrinsic Q are larger for P
Q values. In practice, the stationsare set up on wavesthan for S waves,anothercauseof apparent
firm ground sites andtherefore,the local attenua- attenuationis requiredto understandthis result.
tion in the shallow layers is always weak com- One possibleexplanationis that the Pg phaseis
paredwith the attenuationalong the whole path. more sensitivethan the Lg phaseto laterallarge-
The anomalies in the station responsesare scaleheterogeneityin the crust. This can be ex-
governedby resonancesin the superficial layers, plained by the fact that P waves incident on the
resulting in amplification in narrow frequency Moho can alwaysbe refractedin the upperman-
bands.The geometryof the shallow layers, and tle, whereasS wavesare trappedin the crust,for a
thereforethe amplification at a given frequency, wide rangeof incident angle. Nevertheless,as we
vary rapidly from placeto placewithout signifi- will seelater, considering the frequencydepen-
cant regional correlation. This is confirmed by dencewill lead us to invoke scatteringin a ran-
examinationof the spectral site responsesshown domly inhomogeneousmediumto explain our re-
by Campillo et al. (1985), which are actuallyvery sults. The distribution of Q inferredfrom Pgdoes
close to our final results.The last point that we not exhibit strong variationsat 3 Hz. The results
need to discussfor an objective presentationof obtained with the records correspondingto the
our results is the misfit between observedand window Lgl are more contrasted.The zonesof
predictedvalues. Our main interestin this studyis high attenuationcorrespondto the Alpine and
the mappingof Q5. We haveseenthat to infer Q~ pen-Alpineregions,the CentralMassif and,more
we also need to computesourceexcitation and surprisingly,an areain the northwesterncornerof
stationresponse.Consideringthesetwo last terms the regionstudiedthat wewill identify lateras the
as a part of our model, we can computedirectly CentralArmoricanZone (see Fig. 1 for the loca-
from the actual spectralamplitude an apparent tions of the regions).This exampleillustrates the
Q~

0value for eachrecord that we comparewith difficulty of basing a regionalization of Q on
the valuepredictedby theheterogeneousQ model. surfacegeology only. We shall examinelater the
All misfits due to sourceor stationsare included frequencydependencefor Pg andLg.
in this comparison.The fact that we computethe We also presentin Fig. 7 the resultsobtained
misfits directly in terms of Q~’allows us to for the windows Lg2 and Lg3 that correspondto
comparethe amplitudeof the unresolvedfluctua- the early codaof Lg. We processedand inverted
tions of the datawith the amplitudeof the spatial thesedata in exactly the sameway as for Lgl,
variations of Q~obtained from our inversion, without taking into consideration the nature of
For a frequencyof 3 Hz, we found in a model their codawaves.For Lg2 the image presentsa
with homogeneousQ~a standarddeviation of clearsimilarity with the resultsobtainedwith Lgl.
8 x i04 for a meanQ~1of 1.8 x iO~.After the The meanvalue of Q

1 for Lgl is slightly higher
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58 M. CAMPILLO AND J.L. PLANTET

Qp Qs

300 500 700 900 1100 300 300 500 700 900 1180 300

~
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Fig. 7. Resultsobtainedat 3 Hz for thefour group velocity windows considered:Pg, Lg (Lgl), earlycodaof Lg (Lg2) and codaof Lg.

All availablerecordswereused.The grid meshis 60 km.

than that for Lg2. For Lg3 the image is poorly fact that for high frequenciesthe contrastbetween
resolved, although one can distinguish features quality factors with large values are much less
which are common to Lgl andLg2. The interpre- significant in terms of energyattenuation.There
tation of the results obtainedwith late arrivals is are two different featuresfor the patternsshown
difficult. Nevertheless,the verycloseaveragevalue on the figure. First, some patternshave ampli-
of Q~that we found from primary waves(Lgl) tudesthat vary stronglywith frequencyanddisap-
and from early coda(Lg2), assumingthe same pear almost completely at high frequency. This
geometricalspreadingfor both phases,suggests can be explainedby the fact that the attenuation
that thesewavesare associatedwith a singlemode is dominatedby the effect of scattering,which is
of propagation,as discussedby Campillo (1990). known to result in a peak of attenuationin the

frequencydomain.The anomalousattenuationin
the Central Armorican Zone is in this first cate-

7. Frequency dependenceof Q5 inferred from Lgl gory. Otherwise, the Alpine and peri-Alpine re-
gion seems to be associatedwith attenuation

Figure 8 presentsthe Q5 distributions corn- whateverthe frequencyis, althoughthe contrastis
puted at various frequencies.The imagesare less more significant for the lowest frequencies.This
contrastedat high frequency, in addition to the point suggeststhe superimpositionin this region
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Fig. 8. Distribution of apparentattenuationof S wave in the crust obtained for the groupsvelocity window Lgl for various
frequencies.The meanvaluesof Q5 obtainedarethefollowing: 459 (2 Hz), 589 (3 Hz), 689 (4 Hz), 720 (5 Hz),792 (6 Hz), 922 (8 Hz)
and1020 (10 Hz). The grid meshis 60 km.

of an important intrinsic frequency-independent associatedwith large-scalecrustal heterogeneity.
attenuationon the scatteringeffectthat dominates This can affect the geometricalspreadingof Lg
at low frequency. Indeed, thereis a sedimentary andresult in apparentattenuation.
basinas deepas10 km at the westernperipheryof One conclusion that we can draw from these
the Alpine arc. However, one cannotneglect the images is the clear frequencydependenceof the
fact that a mountainrange such as the Alps is meanquality factor andthe decreasein amplitude
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of the spatial variationsof Q at high frequency. highattenuationbeneaththe Hercynianbasement
This wasone of the main conclusionsof an earlier of westernFrance.
study(Campillo, 1987) which aimedto show that
apparentattenuation in the crust occurs in a
limited frequencyband. This result supportsthe 8. Frequency dependenceof inferred from Pg
hypothesisthat attenuationof crustal waves is
causedmainly by scatteringon small-scaleinho- The resultsobtainedfor at four frequencies
mogeneity rather than by factors that produce are presentedin Fig. 9. The imageobtainedat 2
frequency-independenteffectssuchas anelasticity Hz is shownonly to illustrate the strongfrequency
or large-scalelateral heterogeneity.The distribu- dependenceof Q~in this frequencyrange.In fact,
tion of Q follows the acceptedtrendthat associ- Q~varieswith frequencyevenfaster than does
ates tectonically activeregionswith low Q. How- Q~.Thereis a relatively good agreementbetween
ever, an intriguing problem is, for frequencies the patternsobtainedfor Q~andQ5, althoughthe
between2 and 8 Hz, the existenceof a regionof imagesobtained for are less contrasted.This

Qp Qp
•_

300 500 700 900 1100 300 300 500 700 900 1110 1300

FREOUENCY=2.OHZ FREQUENCY=4.OHZ

300 501 700 0 1100 0 300 500 700 900 1100 1)00

FREQUENCY=6.OHZ • FREDUENCY8.OHZ

Fig. 9. Distribution of apparentattenuationof P wave in thecrustcomputedfrom Pg waves.The meanvaluesof Q~are310 at a
frequencyof 2 Hz, 550 at 4 Hz, 740 at 6 Hz and800 at 8 Hz. Thegrid meshis 60 km.
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seemsto indicate that, in spite of the different Q l/Q
absolutevaluesobtainedfor Q5 and~ the causes 3500 0 0003

of attenuationare the samefor the two types of 3000
waves.

2500

9. Discussionof the meanvaluesof apparent Q5 2000 0.0005

Q~inferred from Pg is smaller than Q~oh- 1500
tamedfrom Lgl over the whole frequencyrange. 1000 0 001

We can interpret both apparentattenuationsin 0

termsof intrinsic attenuationandscatteringeffect. 500 0 ~ Qp

If we consider the mean values of the quality Z

factors,we find that the frequencydependenceis ___________ 0.01

strongerfor than for Q0. As this is also true for 0 2 fr:quency (Hz) 10 12

the different regions we will discussonly the re-
sults obtainedfor the meanvalues. This doesnot Fig. 10. Frequencydependenceof thequality factor for P and

S waves after correctionof our resultsfrom a frequency-Inde-
meanthat the inversionis useless;on the contrary, pendentintrinsic Q of 1500.

it allows a betterevaluationof sourceexcitations
and stationresponsesand thereforea moreaccu-
ratemeasurementof the meanvalue of Q. the effect of the intrinsic attenuation that we

The frequencydependenceof the meanquality considerto be representedby a constant Q of
factorscanbe summarizedby the following func- 1500. This correspondsto the value found by
tional form: Nuttli (1982)for Q~in a stable region, namelythe

() = 240 x f 0.6 and () = 320>< ~-~s central USA. We assumearbitrarily this sameJ valuefor bothP andS waves.After this correction

In an earlier study (Campillo et al., 1985), we we find QCaIO and Q~°to be proportionalto the
found that Q7 = 290 x j0.5, by assuminga homo- frequencyin the range2—10 Hz, as shownin Fig.
geneousdistribution of Q. The frequencydepen- 10. The ratio betweenquality factors of S and P
dencecannotbe directlyanalyzedbecauseanelas- waves (about 1.5) is not as large as predictedby
ticity and scatteringare both actingwith a priori Sato(1984): 2.41. The ratio obtainedhere is de-
unknown strength.However, we can make rea- pendenton our assumptionabout the value of
sonableassumptionsabout the frequencydepen- anelasticQ. Nevertheless,as the observationsat
denceof thesetwo terms. Intrinsic Q has a high high frequencyindicate that this valueis at least
valuewith a very weak frequencydependence,as 800, the ratio of Q°’

t°to ~ computedat low
found from measurementsin shield areas(Nuttli, frequencyis not very sensitiveto our assumption
1982; Singh and Herrmann, 1983; Hasegawa, about anelastic Q. If we assumea correlation
1985). Sato(1984, 1990), undera single-scattering distance of 2 km, our results indicate a mean
assumption,predicted that scattering Q varies fluctuation of 5% when measuredfrom S waves
with frequencyfor wavelengthssmaller than the and of 4% when measuredfrom P waves. These
correlationdistance.In thesepapers,Satoshowed valuesare actuallyvery close.It shouldbe remem-
that his theoreticalresultsare in agreementwith bered that this simple interpretationinvolves the
observationsmade in various active regions.As- assumptionthat the entire path of the wave is
sumingthat wedealwith wavelengthsmallerthan within the randomly inhomogeneousmedium.
thecorrelationdistance,Sato’sresultsindicate that Thesevalues can be underestimatedif it appears
the scattering Q is expectedto be larger for S that only a part of the crust is affected by the
wavesthan for P waves,andthis is effectively our scattering.We canconcludefrom the meanvalues
observation.We havesubtractedfrom our results of the quality factor that thereis a good agree-
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ment betweenour experimentalresults and the atedwith low Q. A more puzzling featureis the
theoreticalpredictionsof Sato. existence of a region of attenuating material

elongatedin a NW—SE direction in the northwest-
ernpart of France.This patternis not correlated

10. Discussion of the spatial distribution of ap- with the surface geology or the distribution of
parentattenuation seismicity (Fig. 2 gives a realistic view of the

seismicity). The direction of elongation cone-
Wehavediscussedour results in termsof aver- spondsto the structuraldirection of the Vanscan

agevaluesfor the entireareaandthe whole depth basementin this region (Matte and Him, 1988).
of the crust. We may now try to understandthe The deep crustal structuresin this region have
distribution of the apparentquality factor. Oneof beenknown sincethe ‘ECORSNord de la France’
the main featuresof our imageis the attenuating experiment,which consistedof a vertical reflec-
characterof the Alpine region. Nevertheless,we tion seismic profile and a wide-angleprofile (the
haveseenthat the poor resolutionof our inversion latter is shown in Fig. 1). The records obtained
in this areadoesnot allow a detailedanalysisof with the latter techniquehavebeeninterpretedby
this very complex region. It is a well-known ob- Matte and Him (1988). Their profile crossesthe
servationthat active mountainranges are associ- low-Q region that we found in northwestern

Qs

600
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400

CENTRAL ARMORICAN ZONE
Thouarcé La Flèche Le Ma s

c~j ~ ~1~1
50Km

Fig. 11. Wide-anglereflection profile showing a zone of strong heterogeneityin the crust (after Matte and Him, 1988) and the
apparentQ5 inferred from Lg (Lgl) at a frequencyof 3 Hz.
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France.This is a very fortunateopportunity to processingof a large dataset. The largetrade-off
comparethe apparentattenuationof the crustin a betweenthe unknownsnecessitatesa very careful
given region with its heterogeneityas revealedby interpretationof the resultsof the inversion.We
seismic exploration.The part of the seismic see- believe that the inversion may also be useful to
tion that correspondsto the intersectionwith the increasethe accuracyof the measurementof the
zone of higher attenuationis characterizedby a meanvalueof the quality factors.Wehaveshown
very specific seismic signature, as shown in Fig. that the relativelypoorresolutionof our inversion
11. Thiszoneis boundedby two faults that seem results in an important smoothingof the image
to cross the entire crust (Matte and Him, 1988). butdoesnot produceartifacts.
Thereflectionsfrom the lowercrust are numerous Theresultsobtainedshowthe frequencydepen-
and have large amplitudes,indicating strongim- denceof Q~and Q5. A simpleanalysisshowsthat
pedancecontrasts.This comparisonbetweenthe the meanvaluesobtained are in agreementwith
image producedby the seismic reflection experi- the single-scatteringmodel of Sato(1984), which
ment and the apparentattenuationsupportsthe implies a linear dependenceof the quality factor
hypothesisthat scatteringplays an importantrole on frequency,and larger valuesof Q~than Q~.
in the attenuation of seismic waves within the We found that the meanfluctuation of velocity
crust. Indeed, this agreementmay be fortuitous, needed to explain the data is about 5%. The
but it is the only exampleof such a comparison distribution of quality factors is governed by
that we canmakewith our dataset, large-scalestructuressuchasthe Alpine range.We

An interesting feature of this comparison is found that ancient structurescan be associated
that it indicates a correlation between the ap- with zones of high attenuation. The Central
parent attenuationof multiply reflectedcrustal ArmoricanZonein the Variscanbelt is an exam-
waves and the heterogeneityof the lower crust. ple of that. Becausewe have an image of the
This heterogeneityis revealedby the large reflec- crustal structure obtained by wide-angle reflec-
tivity in most of the examplesof deep reflection tion, we can associatethe high apparentattenua-
profiles in Western Europe (e.g. Brown et al., tion in this zonewith scatteringin a highly hetero-
1986; Peddy and Hobbs, 1987). In contrast, the geneouslower crust. Such a comparisonbetween
upper crust is generally more transparent to the apparentattenuationandthe observedhetero-
seismic waves. The strong scattering of short- geneityof the crustmust be repeatedelsewhereto
period wavesin the crustcould be localized in the confirm the correlation obtained in this paper.
regionof strongreflectivity, i.e. the lower crust.A Quality factor tomography is useful for the
controversialhypothesiscould be drawn: most of quantitativeinterpretationof short-periodseismic
the attenuationoccurs in two regionsof the crust: phases,but if such a correlationis confirmed it
the first few kilometers beneaththe surface,as could also be a promisingtool for investigationof
suggestedby Toksöz et al. (1988), and the highly deepcrustalstructures.
inhomogeneouslower crust, as indicatedin our
example.The fact that a strongapparentattenua-
tion and therefore an importantscatteringcould Acknowledgements
occur in the possibly ductile lower crust is con-
sistentwith the frameworkproposedby Jin and We thank M. Ukawa, M. Bouchon and F.J.
Aki (1989) to explain temporalvariationsof coda Sanchez-Sesmafor their usefulcomments.
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