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Influence of the Lower Crustal Structure on the Early Coda
of Regional Seismograms

MICHEL CAMPILLO AND ANNE PAUL

Observatoire de Grenoble, France

We use synthetic seismograms for a flat-layered Earth model to study the influence of the widely
observed strong reflectivity of the lower crust on the propagation of seismic regional phases. The
lower crustal layering induces a clear increase in the duration of the Pg and Lg phases on both
the vertical and radial components beyond the group velocity of their terminations in a model
with a homogeneous lower crust. The transverse component is weakly affected. The amplitude
and the spectral content of the early Lg coda are strongly dependent on the distribution of layer
thicknesses. The predominance of the low-frequency components (below 2 Hz) observed in the
Lg coda of real data is correctly accounted for with 1-km-thick layers in the lower crust. From
particle motions at various depths and the analysis of the dispersion curves of normal modes,
we hypothesize that the late arrivais resuit from the interaction of plate-type disturbances of
the high-impedance layers. These waves leak energy in the mantle at a low rate. This mode of
generation of the coda waves explains the puzzling observation that the spreading coefficient of
Lg seems to be applicable to the early coda of regional seismograms. The study of the influence of
the lamelIae on the average Q factor of the continental crust shows that the lower crust layering
does not account for the observed low values of the apparent Qs. Another origin is needed for this
strong attenuation, for example scattering by randomly distributed heterogeneities.

INTRODUCTION 80ME ATTENUATION CHARACTERISTICS
. . . . OF REGIONAL PHASES

8rnce the Introduction of the coda method by Akl and
Chouet [1975] to measure apparent attenuation in the litho- The regional phases Pg and Lg are one of the most charac-
sphere, numerous measurements and applications have been teristic features of the short-period seismograms recorded in
carried out including the study of spatial [Singh and Her- the continental domain. These waves are observed from dis-
rm~nn, 1983] and temporal variations of th~ quality factor tances as close as 150 km up to several thousand kilometers
[~kl, 1985]. ~he ~ackground. of the me~ho~ lS the. theory .of of epicentral distances. They disappear along oceanic paths
sl~gle sc~ttenng rn ~n. elastlc space wlth lsotro.plcally dlS- [Press and Ewing, 1952] and at Borne ver y strong structural
tnbuted rn~omogeneltles [see Sato, 1990]. ln thl.s .paper we boundaries [e.g., Ruzaikin et al., 1977; Kennett et al., 1985].
shall also dlSCUSS the effect of crustal heterogeneltles. How- The interpretation of these arrivaIs as P and S waves multi-
ever, th~ framework of our modeling is quite different sinGe ply reflected within the crust is supported by the success of
w~ conslder the. cru.st as a. sta~k of ~at layers. Although the numerical modeling of these phases (see Campillo [1990]
thlS representatlon lS overslmphfied, It allows us to model for a review of recent results). These models were based
easily the complete phenomenon of wave propagation, in- upon simple crustal structures as deduced from deep seis-
cluding multiple scattering. Furthermore, the fine structure mic soundings. For example, Bouchon [1982], Kim [1987],
of the crust in western Europe presents a distribution of het- and Bertil et al. [1989] have presented realistic seismograms
erogeneity which, in Borne aspects, is Gloser to a horizontal obtained with models consisting of a few flat homogeneous
layering than to an isotropic distribution, especially in the layers. However, these computations fail to explain the long
lower GIUSto duration of observed seismograms. Figure 1 presents exam-

We shall investigate the influence of the thin layering of pIes of records of vertical motion at stations of the Labora-
the lower crust revealed by deep reflection profiles on the toile de Détection Géophysique (LDG) from an earthquake
propagation of regional phases. ln particular, we shall study in the region of Lacq (southwestern France). The paths
the effect of the lamination on the duration of the seismo- are purely continental and propagate through the Hercynian
grams and the consequences of this structure on the mea- province of Massif Central. They are compared to synthetic
surements of apparent attenuation using regional records in seismograms computed for a simple model consisting of four
France. The influence of a series of thin layers with variable flat homogeneous layers. AlI computations of synthetic seis-
thickness on wave propagation has already been extensively mograms presented in this parer are performed using the
investigated [e.g., Menke, 1983; Mallick and Frazer, 1990]. discrete wavenumber decomposition [Bouchon, 1981] asso-
However, the contexts were different from the study of re- ciated with the reflection-transmission matrix technique of
gional phases presented in this paper. f(ennett [1983]. The source consists of a point strike-slip

dislocation at 10 km depth. The receivers lie in an azimuth
of 30° with respect to the fault plane. 8eismograms are
computed in the frequency range 0-10 Hz. The source func-
tion corresponds to an omega-square model with corner fre-

Copyright 1992 by the American Geophysical Union. quency at 1 Hz, and the seismograms are convolved with the

Paper number 911802714. LDG station response. The comparison between synthetics
0148-0227/92/91J8-02714$05.00 and records shows that the model succeeds in predicting the
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Fig. 1. Comparison between real records of the Pg and Lg phases (traces 1, 3, and 5) of an earthquake in
southwestern France and synthetics (traces 2, 4, and 6) obtained at similar epiœntral distances with a four-layer
model.

amplitudes and shapes of the energetic parts of both Pg and scattering could be the cause of both frequency dependent
Lg. It fails, however,to fit the long progressive temporal de- attenuation and coda of the seismograms. This last inter-
car of the amplitude of these phases as observed on actual pretation is consistent with the frequency dependence of Qp
seismograms. and Qs and with the ratio Qs over Qp observed in France by

Another striking observation is the decay of spectral en- .Cam?illo and Pl~ntet [1991]. ~n intriguing result obtained
ergy of the Lg phase with epicentral distance. Campillo et ln thlS last study IS the correlatl0n of a zone of strong atten-
al. [1985] have shown that the introduction of a frequency uation with a zone ?f strong heterogeneity of the lower crust
dependent quality factor for the whole crust allows to sim- as revealed by a wlde-angle profile. This suggests that the
ulate the decay of spectral en erg y with distance. ln their in~ense scattering occurring in the ~eterogenous lower crust
study of the attenuation of Lg in different group velocity mlght be the cause of the attenuatl0n anomaly.

windows, they also found that the computed apparent qual- HETEROGENEITY OF THE CRUST AS DISPLAYED
ity factors of the crust were almost identical for the windows
3.6-3.1 km/s, 3.1-2.6 km/s, and 2.6-2.3 km/s. BY DEEP REFLECTION PROFILES

However, the process of anelastic attenuation cannot ac- The heterogeneous character of the crust is clearly shown
count for the long duration of the coda. This suggests that by deep seismic reflection experiments. One of the major re-
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sults of vertical seismic reflection profiling in western Europe al., 1990; Sandmeier and Wenzel, 1990]. As a consequence,

[Bois et al., 1988; Matthews, 1986; Fuchs et al., 1987] is the the S wave velocity structure is poorly known, and we had

recognition of the existence of a bright subhorizontal seismic to assume a constant Vp/ Vs ratio of 1.73. ln Figure 2 are

layering in the lower part of the continental crust. On the also displayed the synthetic seismograms corresponding to

other hand, the upper crust is nearly transparent except for the simple four-layer model and those obtained in presence

the shallow sedimentary layers. The nature and the origin of of a laminated lower crust. The increase in duration due to

these lower crustal reflectors remain controversial [W arner, the lamination is spectacular for bath the radial and verti-

1990a]. However, the lateral coherency of the reflections cal components. The envelope of the transverse compaRent,

suggests that the reflecting structures are mostly horizon- corresponding to pure SH case, is almost insensitive to the

tal and very elongated in shape. Deep seismic reflection presence of the laminated lower crust. The coda of Lg ex-

profiling thus provides the most reliable information about hibits significant arrivais at group velocities as low as 2.3

small-scale crustal heterogeneities since the reflectivity is a km/s, while for the four-layer reference model the lowest

direct observation of the fluctuations of the properties of the velocity observed was 2.9 km/s. Indeed, the envelope of

Earth that induce the scattering of seismic waves. ln this the late part of the Lg wave train shows Borne unrealistic

paper we study the implications of the layered lower crust features very different from the regular decay of actual seis-

for the characteristics of guided wave propagation. Because mograms. Nevertheless, it is important to note the drastic

they consist of multiply reflected waves, Pg and Lg must influence of the lamination on the duration of bath Pg and

be affected by heterogeneities in the same way as the waves Lg wave trains. One may remark that this result contradicts

used in reflection seismics, although the frequency ranges the assertion of Cormier et al. [1991] that the Lg wave train

considered for these two domains are different. Moreover, is almost insensitive to the detail of the crustal structure

the large amplitude of impedance contrasts that are proba- and that its coda is controlled by the total thickness of the

bly associated with the layering, the large thickness of the crust. We have checked using another model that the ve-

heterogeneous zone, and the lateral extent of the region af- locity structure of the sedimentary layer has a much smaller

fected in western Europe support the ide a that the influence effect on the amplitude and the duration of the Pg and Lg

of the layering on Pg and Lg phases has to be considered. codas.

Some characteristics of the P wave velocity structure of the

lower crust are known as a result of the detailed analysis of INFLUENCE OF THE CHARACTERISTICS

reflection records. Particularly, one caR evaluate the main OF THE LAMINATIONS

features of acceptable distributions of velocity with depth .. . .
such as the mean thickness of the layers or the mean ve- ~n. order to ~tudy the rnfluenc.e of the ~lstnbutlon of ve-

locity contrast between them. Such constraints have been locltles and thlc.knesses, we con.sld:r a .senes of ~o~els that

obtained by modeling of wide-angle reflection data recorded ~orr.espond to dlfferent depth distrIbutions ~f ~elsmlc ~eloc-

in the Black Forest [Sandmeier and Wenzel, 1986] and in Ity rn the lower crust. The other charact~nstlcs (sedlme~-

northern France [Paul and Nicollin, 1989], as weIl as from tary layer, upper crust, Moho depth) remaln the same as rn

normal incidence data from the continental shelf off south- the first model. Different velocity structures are depicted in

west Britain [Warner, 1990b; Paul and Hobbs, 1991]. These Figure 3 with the corresponding synthetic vertical seismo-

studies alilead to the same average thickness of 100 m for the gram~ computed at a d~stance of 370 km an~ plotted as a

reflective layering of the lower crust. They also show that functlon of gr.ou~ vel.oclty. ln each case, .a tlm~-frequency
th ' d ontrasts re q uired to ex p lain the bri ghtness map of the distrIbution of spectral amplItude lS also pre-

e Impe ance c d l al d b . F . ..
of the reflections are as large as 20%, leading to velocity con- se.nte. t is e~ uate y com~utrng OUrler spec.tra rn tlme

trasts of at least 10% between high- and low-velocity layers. WIndows ~ovrng along t~e sels~ograms. The WIndows are

However, the frequency range considered for deep seismic 8.125 s wlde. ln e~ch tlme wrndow, the total amount ~f
fl t , 's 8-30 Hz while for the stud y of short- p eriod spectral amplitude lS evaluated by summing up the contn-

re ec Ion l, b ' f h fr . Id ' h f 1.
dregional phases the domain ofinterest is 1-10 Hz. As a con- ut!O~ 0 e~c . equenc~, Yle l~g t, e curve 0 amp Itu e

c t h e waves caR be sensitive to different sc ales of VarIation Wlth tlme. ThIs curve lS dlsplayed along the top

sequen e, f h Th d . .b ' f al l , d . h1 th ' k . th t d . There J'ore the effect 0 t e maps. e lstn utlon 0 spectr amp Itu e Wlt
ayer lC nesses rn e wo omalns. l' . . , ., .

of the mean thickness must be investigated by a series of frequency lS obtalned rn a slmùar way by summrng up the

. 1 . t contribution of each window for each frequency, It is de-
numenca expenmen s. .' .

plcted on the nght-hand BIde of the maps. AlI the models
SIMULATION OF REGIONAL PROPAGATION presented in Figure 3 include strong velocity contrasts with

The first velocity model is presented in Figure 2. Below a the systematic alternations of high- and low-velocity layers

2-km-thick sedimentary layer (Vs = 2.8 km/s) and a 13 km- which are required to explain the brightness of lower crustal
thick homogeneous upper crust with Vs = 3.58 km/s, the reflectors in vertical incidence seismic data [Warner, 1990b].

lower crust is made of alternating low- and high-velocity lay- The first model (labelled 019 on Figure 3 because it is

ers with an average thickness of 1 km. Thicknesses are cho- made up of 19 layers) has 1-km-thick laminations and is the

sen randomly in the range 900-1000 m. The P wave velocity one used for computing the seismograms presented in Figure

law is inspired from the model given by Sandmeier and Wen- 2. The time-frequency map (Figure 3a) allows one to visual-
, zel [1986], with alternations between two Gaussian distri- ize the specific distribution of energy of the late arrivais, that

butions with average values increasing linearly with depth, is, for group velocity sm aller than 2.9 km/s. Well-organized

The gradients are chosen so that the energy reflected at nor- wave trains are present in individualized frequency bands. ln

mal incidence remains nearly constant with two-way travel the time-frequency domain they have a remarkable continu-

time, as observed in seismic data. At present, there are few ity between 3,2 and 2.3 km/s. For model 019 the dominant

shear wave images of the reflective lower crust [Lûschen et arrivai lies in the band 1,5-2 Hz and exhibits a slight in-
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verse dispersion. Well-defined characteristics like these are the same epicentral distance as the synthetics of Figure 3.
much more difficult to see in the coda of Pu. Let us consider It illustrates the predominance of the low-freq~ency compo-
now models with a thinner layering in the lower cr~st. ln nent in the later part of the Lg wave train for group velocities
model 033 (Figure 3b), the layers have a mean thickness of sm aller than 3.1 km/s. We computed the mean ratio of spec-
500 m. Again, the increase in duration with respect to the tral amplitudes in the group velocity windows 3.6-3.1 and
reference model is very clear. The energy map shows that 2.6-2.3 km/s for a series of paths beneath central France
the main contribution is within the frequency range 2-4 Hz. and showed that the mean ratio decreases for frequencies
Another arrivai can be seen at a frequency of about 8 Hz. sm aller tha~ 2 Hz [Campillo, 1990]. This spectral behavior
This indicates that the frequency content of the late arrivais is independent of the shallow geologic conditions beneath
is inversely proportional to the mean thickness of the lay- the stations. It indicates that, on the average, the early
ering. It is confirmed by the results obtained with model coda is mainly excited in a frequency range corresponding
121 (Figure 3c) where the average thickness of the layers is to layer thicknesses around 1 km. One must remember that
100 m. ln this case, the energy map shows that there is we have no information for frequencies lower than 1 Hz.
no generation of late arrivais for frequencies lower than 8
Hz. The three models that we have just discussed present NATURE OF THE LATE ARRIVALS
unimodal distributions of layer thicknesses. The influence We have shown that the presence of a laminated lower
of more realistic distributions must also be tested. crust implies a duration of the regional seismograms much

ln model 049 the lower crust is made up of layers with a longer than the one predicted by a simple model having a
bimodal distribution of thicknesses in the ranges 900-1100 homogeneous lower crust. It appears that the spect~al char-
m and 90-120 m. The velocity structure and the results acteristics of this early coda are closely related to the statis-
of the computations are shown in Figure 3d. The patterns tic al properties of the stratification. We have not addressed
seen on the time-frequency plot are more complex and dif- Jet the problem of the identification of the waves that form
fuse than in the previous examples. The arrivai at about 2 this slow wave train. To this aim we will Gonsider the sim-
Hz which was noticed for model 019 is present. The effect plest case among those presented in the previous sections:
of mixing two scales ofthicknesses is to spread the energy model 019. We have seen that a specific mode of propaga-
in the time-frequency domain. With model 031, the layer tion exists for frequençies around 2 Hz with a group velocity
thicknesses are randomly distributed between 100 m and that reaches 2.3 km/s. We have computed the particle mo-
1000 m. We present the results obtained in Figure 3e. The tion on the surface and at depth for different group velQcity
coda is weIl developed a~d reaches group velocities as low windows at 530 km of epicentral distance. The amplitude
as 2.2 km/s, as in the çase of the models with narrower dis- spectra of the seismograms are strongiy dominated by the
tributions of thicknesses. fudeed, in this case the energy is low-frequency component around 1.5 Hz, as shown in Figure
widespread in the time-frequency domain. On the seismo- 3a. ln Figure 5 (left) we present the particle motion com-
grams, the decay of amplitude with time after the Qnset Qf puted in the group velocity window 3.45-3.40 km/s, which
Lg is more regular than in the previQus examples, resulting corresponds to the maximum amplitude Qf Lg. At the sur-
in an envelope that seems more realistic. Model 031 corre- face, the particle motions are complex and show both radial
sponds to a particular draw of random thicknesses between and transverse components, indicating that Lgis made up of
100 and 1000 m. ln order tQ check the importance of the S V and SB waves propagating over a wide range of inciden{;e
details of the distribution, we set up a new model (model angles. The same observation can be made at depths of 14
035) with the same characteristics and we recalçulated the and 28 km. Beneath the Moho, at 34 km depth, the radial
synthetic seismograms. The results are presented in Figure component Qf the motion disappears as expected for vanish-
3! Indeed, the wave fields obtained for models 031 and 035 ing SV and SB waves. If we cQnsider now a time window
present Borne differences, but the overall characteristics are in the wave train that appears only in presençe of the lam-
the same, and in particular the envelopes of the coda are inated lower crust, the polarization is completely different.
similar. On the other hand, the details of the energy maps The particle motions computed in a window correspqnding
are different, showing that the spectral amplitude Qf the late to group velocities between 2.70 and 2.65 km/s are displayed
arrivaIs changes rapidly from one draw to another. on Figure 5 (right). At the surface and in the upper crust

We have performed these different simulations in mQdels the motion in the incidence plane is complex and does not
with roughly the same statistical characteristics of layering indicate any type of linear polarization. As we observed
in order to check what differences cou Id be observed between previously, the transverse (SB) compQnent is equal to zero.
recordsobtained for different paths in the same region. This ln the lower crust (28 km depth) the PQlarization becomes
indicates that the mean results obtained for a large number almost linear and vertical. When the Moho is reached, the
of paths will show strong maxima of excitation of the early direction of polarization changes suddenly and corresponds
coda only for frequencies corresponding to a range of thick- to a SV wave propagating dQwnward in the lower half space
nesses predominantly represented in the crust beneath mpst with an angle of about 66°. These pQlarization patterns in-
of the path. dicate that the later arrivaIs that occur in presence Qf thin

We present in Figure 4 an example of energy map for layering in the lower crust have a very distinct nature from
, a seismogram recorded in central France at approximately the primary Lg (defined between 3.5 and 3.0 km/s). Be-

Fig. 2. Synthetic seismograms obtained between 170 and 570 ~ of epi?entral ~stanc~ for the. four-layer model
with a homogeneous lower crust (top) and for a 19-1ayer model wlth layermg at kilometrlc scale m the lower crust
(bottom).
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Fig. 4. Tim,e-frequency ntap of spectralalnplitude for a record of the saine ea.rthquake as in Figure 1 at 386-krn
epicentra;l distance.

fore giscussing furtherthe nature of these waves, one m,ust .{t is a usualpractice to introguce a jumpof wa.ve velocities
~otice that the vertical pola.rization observed in the lower in the mél-ntle to get modes representative of upper ma.ntle
crust for group velocities between 2.70 and 2.65 km/s is a propaga.tion as Sn. We ha.ve verified tha.t such a. modifica.-
pheuomenon limited to the mode of propagation observed tion of the four-layer reference model does not change the
at frequencies between 1 and 2 Hz. When considering fre- lower limit of the group velqcity as shown in Figure 6c. On
quencies higher than 4 Hz and the same gfouP velocity, the the contrary, when model 019 with a jump of velocity in
polarization of the motion in the lower crust Is observed the mantle is considefed, the dispersion curves reach veloci-
to be no longer vertical but al.most circular. On the other ties smaUer th an 2,7 km/s (Figure 6d). The locations of the
haud, the linear polarization of the waves propagating in minima of the group velocity that correspond to Airy phases
the mantle is observed to have the same angle regardless of give an image very close to the energy map obtained for the
the frequency considered. This last point suggests a leak- same model as presented in Figure 3a. ln particula.r, the
age in the ma~tle of part of the energy of these "modes". distributio~ of the minima indicates a slight inverse disper-
To check this conclusiqn, we use the framework of normal sion of the resulting energy wave train. These modes appear
mode theory. The dispersion curves of normal. modes a.re only in presence of the la.minated lower crust together with
computed using the computer programs developed by Her- the jump of velocity. This indicates that they are associ-
rmann [1985] foUowing the approach of Haskell [1953]. We ated with the lamella.e a.nd that they are not normal crustal
consider first the four-layer reference model with a homo- modes. After the observation of the pola.rization, this is an-
geneous hal.f-space mantle. The dispersion curves of al.l the other indica.tion of the importance of leaky modes in the
higher modes of tank greater than 6 are plotted in Figure early coda.. Their characteristics suggest that these modes
6a. The lowef group velocity of the crustal. modes is about result from the interaction of the plate type vibrations of
3.1 km/s. Considering now model 019 tha.t includes a lami- the high-impedance layers. We have checked that this effect
nated lower crust, the dispersion curves presented in Figure does not exist for Love wave higher modes. This is in agree-
6b indicate alower limit of group velocity at a.bout 2.9 km/s. ment with our previous observation that there is no coda
Nevertheless, group velocities lower tha.n 3 km/s a.re rea.ched produced by the la.mina.tion for the tra.nsverse component.
by a. smal.l number of modes. It ma.y be noticed that the con-
tributio~ a.t 2.9 km/s occurs at a. frequ~ncy of 1.8 Hz ~ha.t is APPARENT ATTENUATION
the dom~na.nt frequency of the la.te a.rr~val.s observed ~n our
synthetics for this model. Uowever, our numerica.l simula.- With respect to the eva.lua.tion of Qs in the crust from
tions ha.ve shown tha.t energy ca.n tra.vel a.t velocities much a.ctual. seismogra.ms, the importa.nt point is to eva.lua.te the
lower tha.n those computed for normal. modes. ra.te of a.mplitude deca.y of these modes. A perfectly el as-
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Fig. 5. Particle motion obtained from synthetic seismograms computed at 530 km distance and at four different
depths: 0, 14, 28, and 34 km. The velocity model includes 1-km-thick lower crustaIlayers. On the left-hand Bide,
particle motions correspond to the primary Lg (group velocity between 3.45 and 3.40 km/s). On the right-hand
Bide, lower group velocities (2.70 to 2.65 km/s) are considered to study the characteristics of the late arrivaIs which
appear when the lower cust is layered.
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Fig. 6. Influence of the lower crust laminations on the normal modes dispersion curves. (a) Result obtained with
the four-layer velocity model and a homogeneous hal{ space mantle. (b) Laminated lower crust with 1 km-truck
layers and homogeneous half space mantle. (c) Four-layer model with a velocity jump in the mantle. (d) 1 !f-layer
model with a velocity jump in the mantle.

tic medium has been assumed in our calculations. However, centered at a velocity of 2.6 km/s (Figure 7 (right)), the loBs
in order to perform the same analysis as we did with data of energy of the late arrivalleads to an apparent attenuation.
[Campillo et al., 1985; Campillo and Plantet, 1991], we stud- The leader must keep in mind that the seismograms were
ied the decay of spectral amplitude with epicentral distance corrected from the spreading of Lg. The values of Q that
for different group velocity with the synthetics computed were computed are never sm aller than 1000. The minimum
for model 019. The seismograms were corrected for time values are not associated with the frequency ranges of the
domain geometrical spreading of Lg, as evaluated from nu- low-velocity arrivaIs which were identified in Figure 3a. For
merical simulation in a reference model. We evaluated ap- example, at 2 Hz, where the maximum amplitude occurs,
parent Q values from linear regression of the logarithm of the correlation coefficient is very small and the Q value very
the amplitude with distance. Figure 7 shows the results of high, indicating that the spreading is very similar to the one
this processing for two time windows centered at group ve- of Lg.
locities of 3.3 km/s and 2.6 km/s. The first case (3.3 km/s) Several conclusions can be drawn from this analysis. The
corresponds to the part of Lg with maximum amplitude re- decay of amplitude of Lgis not affected by the presence of the
gardless of the model considered. The results presented in laminated lower crust in spite of the excitation of the slow
Figure 7 (left) indicate that there is no measurable apparent waves. Surprisingly, the decay of the slow modes is close to
attenuation of Lg due to the excitation of low-velocity modes the decay of Lg. This means that the leakage of energy into
in presence of lamination. The pOOl correlation is explained the mantle is weak with respect to the geometrical spreading
by the rapid variations of Lg amplitude due to interferences of a guided wave. ln the frequency bands 1.5-2 Hz or 4-5
between multiply reflected S waves. Considering a window Hz, where significant energy travels at small group velocities
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Fig. 7. Results of the measurement of the apparent Q factor for model 019 from the decay of spectral amplitude
with distance. The density of spectral energy is computed in a 8.1 25-s-wide window centered on a group velocity of
3.3 km/s on the left-hand Bide and 2.6 km/s on the right-hand Bide. The variations of the Q factor with frequency
are presented on top. The curves in the Irùddle show the linear correlation coefficient for the linear regression
used to measure Q. The bot tom curves show the square root of the energy density for the seismogram at 170-km
epicentral distance in the corresponding time window.

(2.5 km/s), the values of the equivalent Q factor represent- be relevant for other regions where the reflective lower crust
ing the leakage of energy are much larger than the average has been observed.
values measured for the crust in France (about 400 at 1.5 "

Hz and 640 at 4 Hz, respectively). This mode of generation CONCLUSION
of theearly coda is therefore consistent with the observation We have included present-day knowledge of the structure
that the Q measurements made in different group velocity of the lower crust in the models used to simulate the propa-
windows between 3.5 and 2.3 km/s lead to almost the same gation of regional phases. A striking implication is the fact
value even when the analysis assumes the same geometrical that taking into account the lamination of the lower crust
spreading regardless of the window considered [Campillo et increases considerably the duration of the wave train which
al., 1985]. begins with the onset of Lg. Numerical simulations predict

However, this observation is no more universal than is arrivaIs of energy with group velocity as low as 2.3 km/s.
the existence of a laminated lower crust. For example, the This is in good agreement with the envelopes of seismograms
lower crust in shield areas often appears to be transparent recorded in France.
to the high-frequency waves used in deep seismic reflection The study of the polarization of these waves and the
experiments [Nelson, 1991]. Wh en reflections are recorded, modal representation of the wave field suggest that the late
like in the Baltic and Bothnian Echoes from the Lithosphere arrivaIs consist of plate vibration-like disturbances which
(BABEL) profile of the Gulf of Bothnia [BABEL Working leak energy in the mantle at a very weak rate. On the other
Group, 1990], they still are legs bright and laterally contin- hand, these modes show a decay of amplitude with distance
'nous than in Paleozoic and Mesozoic areas. On the other which is close enough to the geometrical spreading of Lg to
hand, the coda of Lg in shield areas is much legs developed allow that the apparent quality factor deduced from these
than for the seismograms recorded in France. This can be waves is close to the one obtained from Lg. This model is
seen by comparing the data observed in Scandinavia and therefore in agreement with the observation that Qs for the
studied by Kim [1987] with those recorded in France and crust is almost constant when measured in different group
presented here. Our analysis is relevant for France and may velocity windows assuming the spreading of Lg. Another re-
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