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SUMMARY
We consider a simple model for elastic wave propagation in the Earth's litho-
sphere consisting of a heterogeneous and scattering crust overlying a homogeneous
mantle; that is, we neglect backscattering from the upper mantle. This rough condition
is not strictly valid everywhere, but this model allows us to investigate the e¡ects of
variations of di¡racting properties between crust and mantle on the coda decay. The
free parameters describing the wave propagation are the mean free path of the waves
and the intrinsic absorption in the crust. In the framework of the radiative transfer
theory, we treat, accurately, jumps in S-wave speed and the mean free path at the
Moho. Without intrinsic absorption, this con¢guration yields a synthetic coda decay
1/t exp ({2nft/Qc

1), a form similar to that proposed by Aki & Chouet (1975) to para-
metrize the observations. The exponential decay in our purely elastic model is due to the
partial leakage of di¡use energy into the mantle.

In order to test the applicability of our model, we have determined the coda Q
parameter (Qc) in the 1^15 Hz frequency band from data recorded at four stations
in Mexico. In the low-frequency regime (around 1 Hz), we suggest that the energy
leakage signi¢cantly a¡ects coda Q, whilst at higher frequencies (around 10 Hz),
the anelastic attenuation dominates. A weak intrinsic absorption expressed by a
frequency-independent parameter, Qi, of about 1000 accounts satisfactorily for the
observed Qc values in the whole frequency range. Our very simple model has only two
free parameters and o¡ers an attractive alternative physical interpretation of coda Q.
In Mexico, this model is su¤cient to interpret the coda observations.

According to our model, in regions where the mean free path is much larger than the
crustal thickness (weakly heterogeneous crust), the leakage e¡ect should be small, and
the observed Qc will mainly be due to the intrinsic absorption. On the other hand, when
the mean free path is of the order of the crustal thickness (strongly heterogeneous crust),
we predict a strong sensitivity of the decay rate of the coda to the crustal thickness. This
dependence may be important for the interpretation of the regional variations of coda
Q. We propose introducing a new parameter, qd, the residence time of di¡use energy in
the crust, which is physically more meaningful than a quality factor to quantify the
leakage e¡ect.
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1 INTRODUCTION

Since coda waves were ¢rst recognized as scattered waves
on randomly distributed inhomogeneities in the lithosphere
(Aki 1969; Aki & Chouet 1975), seismologists have tried to
deduce a statistical parameter describing the scattering in the
lithosphere from coda records (that is, the mean free path
of the waves, l), as well as the intrinsic absorption of rocks,

Qi. Due to the complexity of elastic wave propagation in
the lithosphere, some simpli¢cations had to be introduced
regarding the physical processes and/or the mechanical and
scattering properties of the Earth. The early interpretation
of the coda as singly scattered waves in a uniform in¢nite
space led to several estimates of the mean free path of waves
(see Herraiz & Espinosa 1987 for a review). However, higher
scattering orders may not be negligible, and several attempts
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have been made to include multiple scattering. For example,
Wu & Aki (1988), Fehler et al. (1992) and Hoshiba (1993)
developed di¡erent methods, all based on radiative transfer
theory in a uniform half-space, to estimate the mean free path
of waves and seismic albedos. However, as pointed out several
times in the literature (e.g. Abubakirov & Gusev 1990; Fehler
et al. 1992; Hoshiba 1993), the underlying assumption that the
Earth is homogeneous with regard to wave speeds andmean free
paths is known to be inaccurate. In the following, we present a
new simpli¢ed model of scattering in the Earth that incorporates
the Moho at depth, the free surface and a heterogeneity contrast
between crust and mantle. By analysing a speci¢c set of data
from Mexico, we demonstrate that the present model accounts
for the frequency dependence of coda Q in this region.

2 PRESENTATION OF THE MODEL

We consider a conceptual model consisting of a heterogeneous
and scattering crust with low S-wave velocity overlying a
homogeneous and weak scattering mantle with high S-wave
velocity. The velocity contrast between crust and mantle is
well documented. The heterogeneous character of the crust
is known from geological observations as well as from deep
seismic soundings. Deep re£ection seismology o¡ers direct
access to the depth dependence of the re£ection/di¡raction
properties in the crust and mantle beneath the continents. The
frequency band used in these experiments (typically 5^20 Hz)
overlaps widely that of coda studies (1^20 Hz). The results
of the deep re£ection experiments are therefore relevant to
the description of the structures associated with scattering
in the lithosphere. A considerable e¡ort has been invested
worldwide to provide seismic images of the deep crust. The
programmes COCORP in the USA, BIRPS in Britain,
DEKORP in Germany, LITHOPROBE in Canada, BABEL in
Fennoscandia and ECORS in France, amongst others, have
con¢rmed general features in the seismic picture of the con-
tinental lithosphere [see e.g. Allmendinger et al. 1987; Meissner
1989; contributions to the Proceedings of the 4th International
Symposium on Deep Re£ection Pro¢ling of the Continental
Lithosphere (Meissner et al. 1990 )]. A striking characteristic of
the continental lithosphere revealed by deep re£ection experi-
ments is the strong variation of the seismic re£ectivity observed
in di¡erent regions of the world at a depth corresponding to
the Moho. Above the Moho, the lower crust is re£ective,
whilst below the Moho the upper mantle is generally almost
transparent. TheMoho can even be de¢ned on these sections as
the deepest limit of the re£ective crust. The crustal re£ectivity
depends strongly on the geological setting (Allmendinger et al.
1987; Meissner 1989). There are some examples of re£ectors
below the Moho (McGeary & Warner 1985; Cloves et al. 1996;
Krishna et al. 1996), but they are exceptional. Nevertheless,
these sub-Moho re£ections demonstrate the ability of the
soundings to probe the upper mantle. The huge amount of
observations that have been obtained by the deep re£ection
programmes cannot be overlooked in the construction of
simple models of heterogeneity in the lithosphere.
Based on the results of studies of pulse broadening

(Abubakirov &Gusev 1990) and analyses of coda decay, Gusev
(1995) invoked a strong variation of scattering strength with
depth and claimed the potential importance of this layering
for the interpretation of coda Q. Consequently, our model,
whose characteristics are shown in Fig. 1, is not just an ad hoc

model since numerous seismological and non-seismological
arguments have led us to study such a simple con¢guration.
We do not expect our model to represent the actual structure of
the lithosphere in every region of the world. Aki (1980a,b)
measured the attenuation of direct S waves for earthquakes
above and below the Moho beneath Japan and found results
that suggest only a very weak increase of l with depth. Despite
its simplicity, our model introduces new features in the study of
coda waves, namely the existence of a velocity and mean free
path contrast at a certain depth. We model multiple scattering
using an acoustic radiative transfer equation supplemented
by appropriate boundary conditions. In our analysis, mode
conversions are neglected, and isotropic scattering is assumed,
whilst the angular dependence of transmission and re£ection
coe¤cients of acoustic energy at the Moho is taken into
account.We consider mean free path values covering one order
of magnitude, from 10 to 100 km. The relevance of these values
will be demonstrated in the data interpretation section of this
paper. The way to deal with a re£ective interface as well as
depth-dependent mean free path values has been described in a
previous paper (Margerin et al. 1998, hereafter referred to as
Paper I; see also Hoshiba 1997). An important feature of our
model is the partial leakage of energy at the base of the crust
into the mantle, which gives a functional form of the synthetic
coda decay very di¡erent from the decay obtained in uniform
models without anelasticity. This point is discussed in detail in
the next section.

3 DESCRIPTION OF SYNTHETIC CODA

First, we consider a model without intrinsic absorption. In
Paper I, we presented a series of Monte-Carlo solutions of the
radiative transfer equation for the lithospheric model discussed
above. These numerical tests have shown that for a large range
of mean free path values (from 10 to 100 km), the envelope of
the synthetic coda in the multiple scattering regime follows
the formulae

o(t)~
1
t
exp {

t
qd

� �
, (1)

qd~
Qc
1

2nf
, (2)

where o is the energy density in the coda, t the time elapsed
since the energy release at the source, f the wave frequency,Qc

1

Figure 1. Geometry and physical parameters of the model.
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the parameter that describes the decay rate of our model, and
qd the characteristic residence time of di¡use waves in the crust,
which measures the rate of leakage into the mantle.
We denote by Q0

1 the value of Qc
1 at the frequency f~1 Hz.

Formula (1) shows the same functional form as that proposed
by Aki & Chouet (1975) to measure coda Q, a parameter
extensively used to describe the decay rate of actual seismo-
gram envelopes. This analogy with the classical quality factor
is somewhat arbitrary, but justi¢ed by its wide application
in seismology. Physically, we believe that a residence time of
energy is more meaningful to characterize the leakage e¡ect.
This will be discussed in the last section.
The physical interpretation of eq. (1) is as follows (Paper I).

The t{1 dependence corresponds to the asymptotic decay
associated with a di¡usion process without absorption in a
2-D medium. The exponential factor expresses the energy
loss into the mantle due to the waves that reach the Moho
below the critical angle. We have shown in Paper I that
for mean free paths smaller than the crustal thickness and
su¤ciently large lapse times, the radiative transfer equation is
basically equivalent to a di¡usion equation that can be solved
analytically. This provides closed-form expressions of Q0

1 in
terms of the physical parameters of the model,

l < H5
Q0
1^ 2nH2

Dm2
^ 6nH2

olm2

qd^ H2

Dm2
^ 3H2

olm2

8>><>>: , (3)

where H is the thickness of the crust, D the di¡usion constant
of waves, o the S-wave speed, and m a parameter representing
the e¡ect of internal re£ection at the Moho, dependent on the
mean free path and the crustal thickness. The mean free path,
l, and D are related by D~ol/3. Note that m[]0, n/2[ and that
the frequency f~1 Hz is implied in the de¢nition of Q0

1.
This formula, whilst restricted to the domain of validity of
our di¡usion approximation, helps to clarify the physics of the
leakage process. On the basis of eq. (3), we conclude that the
larger the di¡usion constant, the faster the di¡use energy leaks
into the mantle.We note that the crustal thicknessH a¡ects the
leakage rate even more than the mean free path, since Q0

1 and
qd increase with the square of H (see eq. 3).We emphasize that
the analytical relation between Q0

1, l and H is restricted to the
domain of validity of the di¡usion approximation (l < H). In
particular, one should not extrapolate eq. (3) to values of the
mean free path larger than the crustal thickness.
Outside the domain l < H, the di¡usion approximation no

longer describes the partial trapping of waves in the crust,
mainly because it assumes a nearly isotropic ¢eld and angularly
averaged values of the re£ection coe¤cient at theMoho. As the
mean free path in the crust increases, post-critical re£ections
at the Moho contribute more and more to the energy trapped
in the crust, which is not described properly in our di¡usion
approximation. Therefore, to quantify the leakage e¡ect for
l > H, we must rely on the radiative transfer theory, which
provides a complete framework, where the angular dependence
of the internal re£ection at the Moho is accurately taken into
account. Surprisingly, it turns out that expression (1) holds
true even outside the restrictive domain where our analytical
solution of the di¡usion equation is justi¢ed. In Fig. 2
we present the numerical solutions of the radiative transfer
equation. Earthquakes are assumed to be very shallow and the

receivers are located on the free surface near the source. These
assumptions are made for simplicity but are by no means
necessary. In particular, the leakage rate does not depend on
the source position in the crust, as long as the source^station
distance is smaller than a few mean free paths. In Fig. 2
we have also plotted the approximations of the numerical
solutions given by expression (1), where the values of Q0

1 were
determined by a simple regression. For the di¡erent crustal
thicknesses and mean free path values considered, we note that
for lapse times larger than 20 s, formula (1) ¢ts the numerical
solution very closely. We conclude that when l > H, the
functional dependence (1) is still accurate but Q0

1 has to be
evaluated numerically.
Calculations have been performed for three di¡erent thick-

nesses, H~20, 30 and 40 km, and mean free paths ranging
from 10 to 100 km. The dependence of 1/Q0

1 is plotted as a
function of the mean free path in Fig. 3 for the three di¡erent
values ofH.We note that when l < H, 1/Q0

1 (or 1/qd) increases
with l according to formula (3). When l is of the order of or
larger than H, 1/Q0

1 decreases as l increases, because in this
case the leakage rate is governed by the number of scatterings
per unit time. Scattering causes the loss of trapped energy into
the mantle, but with increasing l the number of scatter-
ing events decreases. We note that in the two cases l%H and
l&H, the leakage e¡ect is small, as shown in Fig. 3. As a
consequence, when l is much larger than H, Q0

1 is large and
almost independent of the value ofH. On the other hand, when
l is of the order ofH, Q0

1 strongly decreases withH (see Fig. 3).
Although extreme, our assumption of a transparent mantle

does not represent a singular case with respect to models where
the mean free path is much larger in the mantle than in
the crust. In Fig. 4 we present the results of simulations of the
radiative transfer equation in strati¢ed models with increasing
values of mean free paths in the mantle. These computations
show the progressive evolution of the shape of the curves from
the uniform case to the case of a transparent mantle.When the
mean free path is much larger in the mantle than in the crust,
our former conclusions are not qualitatively altered.
The question we want to address next is the importance of

the leakage for the interpretation of observed coda and the
estimation of the mean free path and intrinsic absorption in
the crust. This will be studied by applying our model to account
for the frequency dependence of coda Q measured in Mexico.

4 OBSERVATIONS

We consider a data set of 45 local earthquakes (maximum
epicentral distance less than 50 km) recorded at stations
CAIG, HUIG, PNIG and ZIIG of the Mexican broad-band
network (Singh et al. 1997). The earthquake locations and
magnitudes are given in Table 1 and the epicentres are plotted
in Fig. 5. CAIG, HUIG, PNIG and ZIIG are located along
the Mexican coast, where the crust is possibly 30 km thick
(Kostoglodov et al. 1996). In fact, the crustal thickness is
not perfectly determined in that region and we will assume an
average crustal thickness ranging from 20 to 30 km, since
the crust is expected to become thinner in the direction of the
ocean. We measure the time decay of the coda using the pro-
cedure outlined by Aki & Chouet (1975). The noise level is
observed before the onset of the ¢rst arrival. We end the coda
analysis when the signal becomes smaller than four times the
noise level. The analysis starts about 30 s after the ¢rst S-wave
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arrival, which roughly corresponds to the time when the signals
exhibit a steady decay. The signal is bandpass ¢ltered in a
frequency window with a width of 2/3 the central frequency.
The energy of the signal is calculated in half-overlapping
time windows of duration three times the central period of
the signal. By squaring the amplitude time-series and then
summing the values in a time window, an intensity time-series
Ei
k is obtained, where i denotes the ith record and k the kth

point in time, and the origin time is the energy release at the
source.
The envelopes have been assumed to follow the relation

log (Ei
kt

i
k
n)~Ai{

2nftik
Qc

. (4)

The Ai are individual amplitudes of the envelopes, Qc is the
coda Q parameter common to the set of envelopes, and n is

an exponent depending on the model used for interpretation.
It equals 2 for the single scattering of body waves (see Aki
& Chouet 1975) and 1 in our model. The best solution in the
least-squares sense of the system of linear equations (4) has
been determined by the singular value decomposition method.
The statistics on about 10 events at each station give stable
Qc values that are not signi¢cantly modi¢ed by adding or
suppressing one event to or from the set we have used. The
¢t was made for both n~1 and n~2. The exponent n~1
gives the smallest relative error (about 2 per cent) on the
Qc values, whilst the error reaches 4 per cent for n~2. In
Fig. 6 we show an example of smoothed coda envelopes
and the ¢t obtained using our model. The central frequency
of the signals is 3 Hz and the measured Qc&570. From Fig. 6
it is apparent that the whole coda is ¢tted satisfactorily with a
time-independent Qc.

Figure 2. Coda decay obtained for our model with H~20 and 30 km and the mean free path of the crust l ranging from 30 to 100 km. Solid lines
show the numerical solution of the radiative transfer equation and dotted lines show the best approximation obtained with the formula
(1/t) exp ({2nt/Q0

1). The Q0
1 value corresponding to the best approximation is given in the ¢gures. The maximum standard deviation of the Q0

1 is
*Q0

1&30.
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5 DATA MODELLING AND
INTERPRETATION

In this section we explain using a speci¢c example (station
CAIG) how our results can be applied to model the frequency
dependence of coda Q. We then show that our model can be

used to explain globally the measurements of coda Q along
the Paci¢c coast of Mexico. The measurements of 1/Qc with
respect to the frequency at CAIG are plotted in Fig. 7 with
error bars. The dashed curves in Fig. 7 limit the domain of
1/Qc

1 obtained in our purely elastic model for thicknesses
of 20 and 30 km. Since we cannot say a priori how l varies
with frequency, we assume that for 1 Hz¦ f¦15 Hz, we have
20 km< l( f ) < 100 km. We exclude smaller mean free path
values because they would lead to unrealistic attenuation of
the primary S wave.
When l is assumed to be frequency-independent, the para-

meter Qc
1 is of the form Q0

1 f (that is, qd is independent of the
frequency) because l is the only parameter that may depend
on frequency in our model. In some simple cases, it may be
possible to determine the frequency dependence of the mean
free path. For example, let us introduce the correlation length
of the £uctuations in the medium a, and the wavelength j.
In the low-frequency limit (j&a), the mean free path varies
as f{4, whereas in the high-frequency limit (j%a), l varies as
f{2. If the medium is self-similar and contains all length scales
of inhomogeneities, one may expect l to be weakly frequency-
dependent. It is beyond the scope of this paper to discuss more
complicated cases that may occur in the lithosphere. When
1/Qc

1 is plotted as a function of frequency for the two limiting
values l~20, 100 km, one obtains the two branches of a
hyperbola shown in Fig. 7 limiting the estimated variation
of the parameter 1/Qc

1.
Around 1 Hz, the values of coda decay predicted for a purely

elastic model are of the same order as those measured on actual
data. This shows that the value of 1/Qc measured at 1 Hz can
possibly be explained by the leakage e¡ect without invoking
any intrinsic absorption. If we had neglected the leakage e¡ect,
as is the case in uniform half-space models, we would have been
obliged to ascribe the value of 1/Qc to the intrinsic attenuation
in the crust around 1 Hz. At higher frequencies, we see in Fig. 7
that the leakage e¡ect becomes negligible with respect to the
anelastic absorption.We can expect that, in the high-frequency
limit, Qc gives an estimate of the anelastic absorption in the
crust. We also point out that, when the leakage is dominant,
the notion of `coda quality factor' tends to lose its physical
meaning.We ¢nd it more natural to use a characteristic time qd1,
such that the coda decays as 1/t exp ({t/qd1). The new para-
meter, qd1, represents the typical time necessary for the di¡use
energy partially trapped in the crust to escape into the mantle.
In order to ¢t the frequency dependence of Qc in the entire

frequency band, we have to take into account the intrinsic
attenuation of rocks. Thus, we introduce in the model an
intrinsic quality factor, Qi. In a ¢rst step, Qi is assumed to be
frequency-independent. We will discuss the implications of
this assumption in the case of the Mexican data. We note that
frequency-independent quality factors of about 1500 have
been measured for Lg waves in the 1^20 Hz frequency band in
stable shield areas, where scattering is expected to be very weak
(Hasegawa 1985). We use this measurement as a typical order
of magnitude of the intrinsic quality factor for dry crustal
rocks. We de¢ne the total attenuation predicted by the model
as 1/Qm

1~1/Qiz1/Qc
1. In Fig. 8 we present a comparison

between the observations at CAIG and the model predictions
including intrinsic absorption. For crustal thicknesses of 20 and
30 km and intrinsic Q ranging from 1100 to 1200, the model
expectations are in good agreement with the observations in
the whole frequency range.We do not aim to ¢nd a `best' set of

Table 1. Locations and magnitudes of earthquakes used in this study.

Station CAIG

Latitude Longitude Depth (km) Magnitude

16:81 {100:23 7:0 4:6
16:82 {100:25 1:0 4:6
16:87 {100:27 15:0 4:7
17:37 {100:30 7:0 4:8
16:81 {99:81 6:0 4:9
16:82 {100:42 21:0 4:6
16:87 {99:92 9:0 4:2
16:97 {100:75 20:0 4:5
17:07 {100:23 23:0 4:2
16:52 {100:05 22:0 4:6

Station HUIG

Latitude Longitude Depth (km) Magnitude

15:38 {96:56 20:0 4:7
15:878 {96:39 0:0 4:6
15:891 {96:28 0:1 4:5
15:606 {96:51 17:4 4:5
15:714 {96:15 49:8 4:2
15:804 {96:43 10:0 4:3
15:690 {96:48 17:3 5:0
15:731 {96:48 3:7 4:5
15:40 {95:79 20:0 4:9
15:86 {95:89 36:0 4:8
16:15 {96:08 15:0 4:4
15:83 {95:81 9:0 4:2

Station PNIG

Latitude Longitude Depth (km) Magnitude

16:34 {98:49 84:0 4:6
16:56 {98:51 13:0 4:5
16:34 {98:13 8:0 4:2
15:96 {98:00 20:0 4:0
16:32 {98:62 5:0 5:0
16:24 {98:29 5:0 5:6
16:26 {98:25 7:0 4:4
16:38 {98:50 21:0 5:5
15:92 {98:00 29 4:7
16:01 {98:29 5:0 4:7
16:04 {98:04 5:0 4:5

Station ZIIG

Latitude Longitude Depth (km) Magnitude

17:15 {101:14 15:0 4:5
17:49 {101:14 18:0 6:5
17:33 {101:40 20:0 4:9
17:31 {101:16 20:0 4:1
17:52 {101:20 30:0 5:3
17:29 {101:50 5:0 4:7
18:05 {101:57 70:0 4:4
17:11 {101:28 4:0 5:6
17:210 {101:34 14:3 4:4
17:366 {101:49 5:0 4:4
17:23 {101:33 5:0 4:9
17:26 {101:17 24:0 5:6
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model parameters; rather, we would like to capture the relative
importance of the physical processes at work. The data are
¢tted satisfactorily with only two free parameters, l and Qi,
both with very reasonable values. Therefore, our data set

does not require us to introduce an ad hoc strong frequency
dependence of Qi. In Fig. 9 we present the measurements
carried out at four stations along the Paci¢c coast. The obser-
vations exhibit the same main features. For the two crustal

Figure 3. Dependence of the parameter 1/Q0
1 on the mean free path l for three crustal thicknesses, H~20, 30 and 40 km. Dots correspond to the

values calculated with the di¡usion approximation and crosses denote the values estimated numerically with the radiative transfer theory. Both
coincide for l < H: The dashed lines interpolate between the crosses.

Figure 4. E¡ect of the mean free path contrast on the shape of the synthetic coda. The values of the crustal mean free path l and of the crustal
thicknessH are indicated at the top of the ¢gure. The ratio of the crustal to the mantle mean free path is indicated beside each curve. There is a steady
transition from the algebraic decay, t{3=2, when there is no contrast, to the exponential decay, 1/t exp ({t/qd), when the mantle is transparent.

ß 1999 RAS, GJI 138, 343^352

348 L. Margerin et al.



thicknesses H~20, 30 km, we plotted the curves correspond-
ing to two extreme sets of model parameters l and Qi, as
indicated in the ¢gure. Almost all data points lie between these
curves. We note that the values of Qi necessary to explain
the data globally are slightly larger for H~20 km than for
H~30 km. These measurements show the strong frequency
dependence of coda Q along the Paci¢c coast in Mexico and
that the conclusions drawn from measurements at CAIG can
be extended to the other stations along the coast. Our results
indicate the need to take into account the depth dependence
of the mean free path and velocity for the interpretation of
coda decay in terms of statistical parameters. An inter-
pretation of this data set using a half-space with uniform
scattering properties would have led us to infer a large intrinsic
absorption at low frequency.
In the preceding analysis, we have used the two crustal thick-

nesses 20 and 30 km for data interpretation. We emphasize
that the values of H used in the model cannot be directly
compared to the actual crustal thickness at the station. What
matters is the existence of the velocity contrast to create a
waveguide, and the e¡ective thickness, He, of the scattering layer. In the continental crust, the heterogeneity is often con-

centrated in the lower part (see e.g. Fuchs et al. 1987; Bois et al.
1988). Therefore, in such a case, the thickness of the lower crust
could be preferred as the value of He. Moreover, we stress that
it is not possible to neglect the velocity mismatch at the Moho.
Even at high frequencies, post-critical re£ections at the base of
the crust can always be identi¢ed on seismograms. We have
shown in Paper I that the absence of re£ection at the base of the
scattering layer would imply a leakage e¡ect much bigger than
that observed.

6 IMPORTANCE OF THE LEAKAGE
EFFECT

In previous coda studies based on radiative transfer in a
uniform half-space, a separation of scattering and intrinsic
absorption was proposed. Fehler et al. (1992) and Hoshiba
(1993) found that Qi tends to increase with frequency. This
would have also been our conclusion if we had based our inter-
pretation on a half-space with constant properties. However, it
has been shown that, for the Mexican data, the frequency
dependence of Qi is not required when considering a strati¢ed
model including the leakage e¡ect. This shows that the intrinsic
Q and the seismic albedo may be underestimated at low

Figure 5. Map of epicentre and station locations.

Figure 6. Example of smoothed data envelopes from CAIG, ¢ltered
around 3 Hz. Data are ¢tted by assuming n~1 in eq. (4). Coda energies
are normalized after the individual amplitudes Ai have been deter-
mined (see eq. 4). The origin time is the energy release at the source.
Note the typical oscillations of individual data envelopes.

Figure 7. Dots with error bars show the values of 1/Qc from 1 to
15 Hz at CAIG. The dashed curves delimit the domain of variation of
1=Qc

1 predicted by the model for the crustal thicknesses H~20 and
30 km, assuming that 20 < l < 100 km in the 1^15 Hz frequency band.
Arrows show the value of l for each limiting hyperbola.
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frequencies (around 1 Hz) when data interpretation is based on
uniform half-space models. On the other hand, Fehler et al.
(1992) and Hoshiba (1993) pointed out that Qc and Qi do not
di¡er much at higher frequencies (around 10 Hz), which is in
agreement with our interpretation. Therefore, we propose that
the intrinsic quality factor of the crust, Qi, can be estimated
from the value of Qc at frequencies larger than about 10 Hz.
In our interpretation we emphasize the e¡ect of leakage.

Indeed, we did not demonstrate (nor did we try to do so)
that the simple model we propose can be applied everywhere.
As already stated, it was found that beneath Japan, l is not
much larger in the mantle than in the crust (Aki 1980a,b),
implying that the leakage e¡ect is small in this region (Fig. 4).
In this case the coda decay is governed by the values of l andQi

in both the crust and the mantle. In some regions the intrinsic
attenuation can be large enough to shadow the leakage e¡ect.
This may be the case in Tibet, where the crust is thick and
where Kind et al. (1996) suggested the presence of partial

melting in the crust, which would result in a strong intrinsic
attenuation. The low values of Qc measured by Jin & Aki
(1988) in Tibet are in contradiction to the large values expected
for a thick crust in our elastic model. In the cases of Japan and
Tibet, the leakage e¡ect cannot be the most prominent e¡ect
governing the coda decay. It is nevertheless di¤cult to assess
quantitatively its contribution.
On the other hand, in regions where the actual structure of

the crust corresponds to the case where l is of the order of H,
as may be the case in Mexico, Qc at 1 Hz is determined by the
e¡ect of partial leakage of di¡use energy from the scattering
crust into the mantle. In this case, the leakage e¡ect is more
strongly a¡ected by the variations ofH than the variations of l,
as is clear from Fig. 3 and eq. (3). In regions where l is much
larger thanH, the leakage e¡ect is small. As shown in Fig. 3 for
l~100 km, the value of Q0

1 is large and almost independent of
the crustal thickness. In this case, we expect Qc to be mostly
determined by absorption. These remarks can be related to the

Figure 8. Same as Fig. 7 except that a constant intrinsic absorption Qi has been incorporated in the model. The dashed curves limit the domain of
1/Qm

1 predicted by the model for 20 < l < 100 km.
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observations of Singh &Herrmann (1983). They showed that in
the stable shield areas of North America, where l is supposed
to be large, Qc has high values and is almost frequency-
independent, as expected when leakage is negligible. On the
other hand, in the tectonically active regions, where l and H
may be of the same order,Q0 is of the order of 100^300, andQc

strongly depends on frequency. Both features support a model
where leakage is prominent. When l and H are similar, the
decay is strongly sensitive to the crustal thickness. Another
parameter, which we did not discuss, is the re£ective property
of the Moho. Anomalous high velocities in the lower crust
would result in a small velocity contrast that enhances the
leakage (see eq. 3, where m increases with decreasing contrast).

This e¡ect can be invoked to explain the measurements of
Akamatsu (1990) in Antarctica, which show exceptionally low
values of Qc for a shield.

7 CONCLUSIONS

We used a conceptual model of a di¡ractive crust over
a transparent mantle. This model does not represent all
conditions in the Earth but it allowed us to demonstrate the
importance of the leakage e¡ect due to a contrast between
scattering properties of the crust and the mantle. We showed
that the interpretation of the coda decay in Mexico does not
require a strong intrinsic attenuation, since we found Qi to be
roughly equal to 1000 and almost independent of frequency.
The frequency dependence of Qc is explained by scattering in a
strati¢ed model. In fact, the scattering e¡ects tend to dominate
at low frequency. A similar conclusion was reached from the
study of Lg wave attenuation by Campillo & Plantet (1991).We
found a strong sensitivity of the decay rate of the coda with
ratio l/H. When l is of the order of H, the coda decay is more
sensitive to a variation of the crustal thickness than of the
mean free path. This suggests that, in this condition, the crustal
thickness has to be taken into account to interpret the regional
variations of coda Q. In our modelling, the coda decay at low
frequency was governed by the time of residence of di¡use
waves in the crust. This model can be applied when a strong
mean free path contrast between crust and mantle can be
assumed. The model predicts that tectonically active regions
(with a small mean free path in the crust) are associated with
low values of Qc at 1 Hz and strong frequency dependence. On
the other hand, shields (with a large crustal mean free path)
are associated with high values of Qc and weak frequency
dependence.
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