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Abstract 

 The coda quality factor of short-period S waves Qc excited by local earthquakes 
in the Pyrenees has been measured as a function of the length of the coda window Lw 
for different choices of the onset time of the coda (tw). In the 2-16Hz frequency band, 
we observe a transient regime characterized by an increase of Qc with Lw, followed by 
a stabilization around a plateau whose value depends on the central frequency of the 
signal. Using Monte Carlo simulations of wave transport in a variety of random media 
(about 1200 models), we demonstrate that the lapse-time dependence of Qc in the 
Pyrenees may be modeled by multiple anisotropic scattering of seismic waves, without 
invoking any depth dependence of the attenuation properties in the crust. In our model, 
anisotropic scattering is quantified by the ratio between the transport mean free path 
and the mean path (l*/l). At 6 Hz, the data require an anisotropy factor l*/l>5, a 
transport mean free path l*≈400km, and an intrinsic quality factor Qi≈800. From the 
frequency-dependent plateau of Qc at large lapse time, we infer an intrinsic quality 
factor of the form Qi≈400 f 0.4 in the Pyrenees. We also show how the rapid increase of 
the lapse-time dependence of Qc with frequency may be exploited to put constraints on 
the power spectrum of heterogeneities in the crust. 

 Next, lateral variations of seismic attenuation in the Pyrenees have been 
explored from the analysis of local earthquakes records. Scattering loss and intrinsic 
absorption both control the propagation of short period S waves through the crust. 
These two parameters have different effects: the shape of the S-wave energy envelope 
strongly depends on scattering while intrinsic absorption produces an exponential 
decay. The role of intrinsic and scattering attenuation is analyzed in two steps. Firstly, 
the coda quality factor Qc which quantifies the energy decay of coda waves, is 
estimated at large lapse time in five frequency bands and interpreted as intrinsic 
absorption. Because of the apparent lapse time dependence of Qc, the choice of coda 
window is crucial to map the lateral variations of seismic attenuation. If different coda 
windows are mixed (early and late coda window), it may happen that the lateral 
variations of Qc are measurement artifacts. Next, we systematically measure the peak 
delay time, defined as the time lag from the direct S-wave onset to the maximum 
amplitude arrival. This parameter quantifies the strength of multiple forward scattering 
due to random inhomogeneities along the seismic ray path. Comparison of coda Q and 
peak delay time measurements allows a qualitative interpretation of the origin of 
seismic attenuation (scattering/absorption) in the Pyrenean crust.  

 In all frequency bands, peak delay time measurements systematically show 
stronger scattering in the Western Pyrenees. At low frequency, Qc variations mainly 
depend on the tectonic units of the Pyrenees, with stronger absorption in sedimentary 
materials and basins, and smaller absorption in Paleozoic basements. At high 
frequency, coda Q is low at the location of Neogene structures in the Eastern 
Pyrenees. A more enigmatic low-Q anomaly is also observed at the location of the 
Maladeta Massif in the Central Pyrenees. In the Western Pyrenees, at the location of 
the Labourd-Maul\'eon region, absorption and scattering are both important at low 
frequency. This region also corresponds to a high-velocity/density anomaly revealed 
from tomography and gravity data analysis. It suggests that the high level of 
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inhomogeneities and absorption in the Labourd region may be related to intrusion of 
mantle and/or sub-crustal materials. In the Eastern Pyrenees, absorption appears 
dominant over scattering at high frequency. We hypothesize that thermal effects 
induced by crustal thinning may explain the strong absorption observed in this area. 
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I – Introduction 
	
  

	
   In complement to seismic velocity measurements, attenuation provides valuable 
informations about the structure of the Earth. It is also an important parameter for the 
quantitative evaluation of  large earthquake strong motion. Three mechanisms can be 
invoked to explain seismic waves attenuation: (1) anelastic absorption which mainly 
depends on temperature, melt or fluid content, and chemical composition, (2) scattering 
of seismic waves generated by small-scale velocity fluctuations  and (3) focusing due 
to propagation in 3-D structures. The separation of these different effects is still a 
significant challenge but various methods have been proposed to estimate the relative 
contribution of anelasticity and scattering to the seismic attenuation in the Earth 
lithosphere (see Sato et al., 2012, for a review).  

 Because of easy applicability, many determinations of seismic attenuation have 
involved so far the use of coda waves of local earthquakes.  Coda Q measurements 
(noted Qc hereafter) was extensively used in seismology for lithospheric or crustal 
attenuation studies. However Qc depends simultaneously on the  scattering and 
anelastic properties of the crust. By using the MLTWA method developed by Fehler et 
al. (1992), Carcolé and Sato (2010) have recently obtained high resolution maps of 
scattering attenuation and intrinsic for Japan.  They also demonstrated that the spatial 
variations of intrinsic absorption and Qc are highly correlated. But many studies have 
also shown that Qc depends on the lapse time in the coda. This observation is usually 
interpreted as an evidence of depth dependence of attenuation in the lithosphere. In  
complement to coda Q measurements, analyses of high-frequency seismic envelopes 
have been used to discuss the relative contribution of intrinsic absorption and 
scattering loss to the total seismic attenuation 

In this project,  we have examined the following points: 

(1) What is the physical interpretation of Qc at short and large lapse time ? 
(2) What is the relative contribution of intrinsic absorption and scattering loss to the 

total seismic attenuation in the Pyrenees? 
(3) What are the lateral variations of seismic attenuation in the Pyrenean crust? 

We analyse about 700 local earthquakes recorded at the pyrenean seismic stations 
managed by the partners of the SISPYR project. We also perform numerical 
simulations of wave transport in heterogeneous random media. 

II – Catalogue of Pyrenean waveforms 
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Figure 1: Location map of earthquakes and seismological stations. 

 We collect around 10000 waveform data recorded at 117 stations from 741 
earthquakes which occured between 2001 and 2011, with a local magnitude (Ml) larger 
than 2.0. Focal depths vary between 1 km and 20 km. Location of epicenters, local 
magnitude and origin time of earthquakes have been determined by the Réseau de 
Surveillance Sismique des Pyrénées (RSSP).  Our dataset mainly contains short 
period velocimetric waveforms from RSSP (20 stations). We also include 
accelerometric data from RAP (Réseau Accéléerométrique Permanent - 23 stations) 
and IGC (Institut Geològic de Catalunya - 13 stations), and broadband  velocimetric 
data from IGC (14 stations) and IGN (Instituto Geogràfico Nacional - 8 stations). We 
also selected a few broadband records from the PYROPE (http://w3.dtp.obs-
mip.fr/RSSP/PYROPE/) and IBERARRAY (http://iberarray.ictja.csic.es) experiments 
which have been deployed in the Pyrenees at the end of 2010.  Most of the short 
period velocimetric and accelerometric data are recorded by triggered systems 
whereas broadband stations record continuously. Locations of epicenters and stations 
are reported on Figure 1. Epicentral distances range from 1 km to 400 km. 

III – Lapse time dependence of coda-Q: interpretation 
	
  

III.1 -  Coda-Q interpretation: State of art 
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 Since its inception by Aki and Chouet (1975), the interpretation of the quality 
factor of coda waves Qc has been the subject of numerous debates in the 
seismological literature. Aki and Chouet (1975) observed that the shape of the coda 
envelope of local earthquakes was remarkably independent of the source location and 
orientation. In addition, they found that a simple algebro-exponential formula could be 
used to parameterize the coda decay as follows:  

E(t, f)   =   S(f)  !!!   e!!"!"/!!  (1) 

where E is the power spectrum, S(f) is a frequency dependent source (and/or site) 
term, t is the lapse time, f is the frequency, α is a  positive exponent, and Qc is the 
frequency dependent quality factor of coda waves. The exponent α cannot be 
determined from the data only. Indeed, the coda decay may  be fitted equally well by 
different values of  α with an impact typically less than 20% on the estimated Qc value. 
Hence, in data analyses the value of  α  is fixed a priori. 

 In the early years of coda studies, most investigators favored a single scattering 
interpretation in a homogeneous half-space. This model is compatible with formula (1) 
with an exponent α equal to 2 and a quality factor Qc which depends simultaneously 
on scattering and absorption  

!!!! = !!"!! + !!!!  (2) 

where Qsc and Qi denote the scattering and absorption quality factor, respectively. As 
array analyses demonstrated that coda waves were likely dominated by shear waves, 
Qc was thought to represent the quality factor of shear waves including scattering and 
absorption processes. In the late eighties and early nineties, the single-scattering 
model was challenged by the introduction of the radiative transfer equation and 
numerical Monte Carlo simulations which put forward the important role  of multiple 
scattering in the generation of coda waves. Direct confirmations of the importance of 
multiple scattering were provided by the observation of seismic wave equipartition 
(Hennino et al., 2001) and weak localization (Larose et al., 2004). Multiple-scattering 
leads to a radically different interpretation of Qc. In particular, at long lapse time, coda 
waves enter in the diffusive regime which implies: 

!!!! = !!!!  (3) 

in a simple uniform half-space. Comparison of formulas (2) and (3) highlights the role of 
the physical model underlying the interpretation of Qc.  

 The dependence of Qc on the lapse time in the coda and its relation to the 
depth dependence of attenuation properties in the lithosphere is another topic of 
interest which  has been discussed recurrently in the literature. Rautian and Khalturin 
(1978) were among the first authors to propose that while remarkably stable, the 
envelope of coda waves could not be fitted with a single Qc parameter, independent of 
the time in the coda. Combining coda observations in different epicentral distance 
ranges and lapse times, they found the general trend that  coda waves are generally 
less attenuated (show higher Qc) at long lapse times (large epicentral distances) than 
at short lapse times (short epicentral distances). The lapse time dependence of coda Q 
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was interpreted by Rautian and Kalturin as a consequence of the overall decrease of 
attenuation of seismic waves with depth.  Elaborating further on this idea and using a 
single-scattering interpretation, Gusev (1995) developed a stratified model of scattering 
properties in the lithosphere exhibiting a strong decrease of the strength of the 
scattering with depth. A number of studies throughout the world reported an increase of 
Qc with lapse time (Ibanez et al., 1990; Tselentis, 1993; Woodgold, 1994; 
Mukhopadhyay et al., 2008) and with few exceptions, generally ascribed this 
observation to depth-dependent attenuation properties in the Earth. Del Pezzo et al. 
(1990) nevertheless pointed out that the increase of Qc with time may stem simply from 
the inability of formula (1) to capture the full complexity of the scattering process in the 
Earth. For instance, the transition from the single scattering to the diffusive regime may 
result in an apparent dependence of Qc with lapse time, even in a half-space with 
uniform attenuation properties. However, as pointed out by Hoshiba (1991) based on a 
multiple isotropic scattering model, such an effect is too small to explain the full 
dependence of Qc with lapse time. Isotropic scattering, i.e. the independence of the 
scattering pattern on the incoming and outgoing propagation directions, does generally 
a poor job at fitting the shape of S coda envelopes at short lapse time (e.g., Gusev and 
Abubakirov, 1987; Hoshiba, 1995). Gusev and Abubakirov (1987) showed that 
envelope records of body waves are generally much better fitted by anisotropic 
scattering models and proposed a generic model of heterogeneity compatible with 
seismological observations. The broadening of energy envelopes with epicentral 
distance is a clear manifestation of multiple forward  scattering  in Earth's lithosphere 
(Sato, 1989; Saito et al., 2002). 

 In this study, we show the role of multiple anisotropic scattering  in the lapse 
time dependence of coda Q using numerical simulations and observations  from the 
Pyrenees. 

III.2 – Data Processing 

	
   We estimate the power spectral density E(t,f) at lapse time t in the coda using 
the procedure outlined by Aki and Chouet (1975). The waveforms are deconvolved 
from the station response and acceleration records are integrated to get the three 
components of velocity. Bandpass Butterworth filters of order 4 are applied to the data 
in three frequency bands:  2-4Hz, 4-8Hz, 8-16Hz. The squared vertical traces are 
smoothed with a moving average window whose typical duration is of the order of 16 
cycles. The coda envelopes are subsequently corrected for the algebraic term !!! of 
Eq. (1) with α=3/2. After selecting a time window of duration Lw starting at a lapse time 
tw after the earthquake occurrence, a least-squares linear fit of ln  (  ! !, ! !!∕!  ) as a 
function of t yields an estimate of Qc in each frequency band. The values of Qc are 
accepted when the signal-to-noise ratio  is greater than 4 and the correlation coefficient 
of the linear regression is greater than 0.98.  At this  point, it seems worthwhile to justify 
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the value α=3/2 adopted in this work which differs from previous investigations. Rautian 
and Khalturin (1978) examined this point in detail and concluded that the data cannot 
guide us in the choice of α. The value of α must therefore be fixed  a priori in 
accordance with the interpretation model. Because our approach relies on wave 
multiple scattering which is known  to converge towards a diffusion process after a few 
mean free times (Sato et al., 2012), we adopt the value α=3/2 expected from 3-D 
diffusion. 

III.3 – Observations 

	
   First, we consider data band-passed around a central frequency of 6 Hz. To 
characterize the lapse time dependence of Qc, we vary the position of the coda window 
with respect to the origin time of the earthquakes tw∈[30-120]s and/or the length of the 
coda window Lw∈[20-135]s. As the shape of the seismogram envelope is strongly 
affected by the source-station distance, we select local records with epicentral 
distances between 50km and 80km. Figure 2 shows the values of Qc at 6Hz as a 
function of the window length Lw for two onset times of the coda (tw=30s and tw=50s). 
Note that twice the ballistic time of shear waves lies in the range [28 - 45]s, so that our 
choice of coda onset time is close to the classical 2ts introduced by Aki and Chouet 
(1975). Figure 2 compiles all  measurements along the pyrenean range and clearly 
displays an overall increase of Qc  with Lw, as previously reported in the literature. 
Some nuance must nevertheless be brought to this statement because the 
dependence of Qc on Lw is strongly affected by the value of tw. As show in Figure 2, 
Qc typically ranges from 450 to 800 for Lw∈[30-130]s at tw=30s, but Qc is largely time-
independent at tw=50s.  Similarly, for sufficient large Lw,  we observe that Qc tends to 
a constant  800 ±200,  independent of tw. We emphasize that the range of fluctuations 
of Qc (±200)  is likely due to strong lateral variations  of the attenuation in the Pyrenees 
(see section 4) and does not reflect the uncertainty of individual measurements, which 
is typically one order of magnitude lower. 

	
  

Figure 2: Qc at 6 Hz as a function of Lw for two coda onsets tw 

 Next, we compare the lapse time dependence of Qc in the three frequency 
bands at fixed coda onset  tw=30s. Figure 3 clearly illustrates the increase of Qc  with 
the length of the coda window  up to Lw≈80s in all frequency bands. After this transient 
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regime, Qc reaches a plateau which globally increases with frequency. The overall 
increase of the lapse-time dependence of Qc from low to high frequencies is a key 
observation to constrain  the form of heterogeneity in the Pyrenees. To facilitate the 
comparison with other studies, the measurements are summarized by a simple power 
law of the form !! = !!!!. At large Lw  (typically Lw~120s), Qc varies as 
295(±25)f0.55(0.015) while at shorter Lw  (Lw~35s),  Qc varies as 106(±21)f0.75(

±
0.08). 

Although earlier studies reported on the frequency dependence of Qc in the Pyrenees, 
a straightforward comparison is problematic because the choice of coda window varies 
from one author to the other (Gagnepain-Beinex, 1987; Mitchell et al., 2008). On the 
one hand, Gagnepain-Beinex (1987) finds Q0 and n in the range [30-140] and [0.7-1.1], 
respectively. These measurements are compatible with our results for short lapse time. 
On the other hand Mitchell et al. (2008) find Q0 and n in the range [200-300] and [0.6-
0.7], respectively. These measurements are consistent with our findings at large lapse 
time. The differences among the various studies  published so far on the Pyrenees may 
presumably be ascribed to the choice of coda window. Indeed, Gagnepain-Beinex 
(1987) analyzed data from nearby earthquakes (r<30 km) using  tw=2ts and a window 
length Lw∈[20-50]s, which mostly samples the early coda. This is in sharp contrast with 
the work of Mitchell et al. (2008) who used earthquakes recorded at regional distances, 
and analyzed the coda starting at a group velocity u=3.15km/s, with a time window of 
several hundreds of seconds. The systematic exploration of the relation between Qc 
and Lw applied to our dataset therefore  reconciles the observations of Gagnepain-
Beyneix and Mitchell. 

	
  

Figure 3: Qc as a function of Lw in three frequency bands (tw=30s). 

III.4 – Numerical results 

III.4.1 – Heterogeneity and multiple scattering model 

	
   In Earth's lithosphere  the fluctuations of velocity  are conveniently encapsulated 
in the formula: 
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! ! = !  (1 + ! ! ) (4) 

where c is the background velocity and  ξ(x) is a random function of position (Sato et 
al., 2012). In this study, the mean velocity is fixed at c=3.5km/s which is a good 
approximation of the S-wave velocity in the pyrenean crust (Souriau and Granet, 1995). 
In multiple scattering applications, random media are usually characterized by the 
autocorrelation function of the fluctuations defined as: 

! !, ! = !(!)!(! + !)   (5) 

where the brackets denote an average over an ensemble of realization (Sato et al., 
2012). We  assume that the random medium is  homogeneous and isotropic which 
implies that  the autocorrelation function  depends on r=|x-y| only. The magnitude of the 
fluctuations is quantified  by the mean-squared velocity fluctuation ε2=R(0). A 
completely equivalent description of the random medium is provided by the 
heterogeneity power spectrum P(k) which is the Fourier transform of R(r). A large 
variety of power spectra relevant to geophysical applications has been proposed by 
(Klimes, 2002). In this work, the usual Gaussian and Von-Karman power spectra will be 
adopted to represent the crustal heterogeneity. The Gaussian power spectrum is used 
to describe smooth random media where fluctuations all have a similar size a, also 
known as the correlation length.  Von-Karman spectra are characterized by three 
parameters (a, ε2, ν) and describe a large variety of random media where small-scale 
fluctuations are superposed on a smooth background. The  roughness of the medium --
i.e. its content in short wavelength features-- is controlled by the exponent ν>0. The 
most frequently encountered version of the Von-Karman spectrum is the exponential 
medium which corresponds to ν= 0.5. Media with 0<ν<1 are said to be rich in short 
wavelength. Note that ν may also be taken greater than 1. 

 The gross scattering properties of random media  are encapsulated in two 
parameters: the mean free path $l$ and the transport mean free path l*. l is the 
characteristic length between two scattering events and l* is the propagation distance 
required for a wave to lose ``memory'' of its initial direction. The  ratio l*/l, called  
anisotropy factor hereafter,  quantifies the amount of anisotropic scattering. l  and l*  
scale like k-4 a-3 at low adimensional frequency (k a <<1). At large adimensional 
frequency (k a >> 1), l  and l* scale like k-2 a-1 and a, respectively. The anisotropy factor 
l*/l tends to 1 at small correlation length a, and increases like k2 a2  at large correlation 
length.   At fixed  correlation length, l*/l increases like 2 ν-1 (ka >> 1).  

 Multiple anisotropic scattering is accurately modeled with the radiative transfer 
equation (Ryzhik et al., 1996) which can be solved numerically with the aid of Monte-
Carlo simulations. We employ a simplified version of the Monte Carlo code developed 
by (Margerin et al., 2000). The main steps are summarized hereafter. A number of 
particles (typically 107) are launched isotropically from a point source. The distance 
between two collisions follows an exponential distribution with parameter l and 
absorption is simply taken into account by decreasing the weight of each particle by a 
factor  !!!!"#/!!. At each scattering event, the direction of the particle is modified by 
selecting randomly two angles that statistically reproduce the angular anisotropy of the 
single-scattering process. This free propagation+scattering process is repeated until 
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the traveltime of the particle exceeds the time window of interest. The position of the 
particle is tracked during its random walk through the scattering medium to obtain the 
energy distribution as a function of time. 

III.4.2 – Multiple-scattering models 

 We now propose to discuss the effects of scattering parameters (anisotropy 
factor  and transport mean free path), heterogeneity power spectrum,  and intrinsic 
absorption on the lapse time dependence of Qc at 6Hz.  A large number of coda 
envelopes (around 1200) spanning a large set of random media was computed using 
the Monte Carlo method. Synthetic curves of Qc v.s. lapse time were obtained and 
compared to the pyrenean. Our goal is to find a scattering model which can explain the 
increase of Qc as a function of lapse-time as observed in the Pyrenees at 6Hz: a 
monotonic increase of Qc from Qc~450 at Lw=30s to Qc~800 at Lw=130s. 

 We first demonstrate explicitly that isotropic multiple scattering (l*=l) is 
incompatible with the lapse time dependence of Qc observed in the Pyrenees (Figure 
4). Although the mean free path varies over one order of magnitude, it has little impact 
on the overall shape and  amplitude of the lapse-time dependence of Qc. Multiple 
isotropic scattering may explain at most 25% of the observed variation of Qc which 
motivates the introduction of anisotropic scattering models.	
  

	
  

Figure 4: Lapse time dependence of synthetic codas computed at 6 Hz in a series of isotropic 
multiple-scattering models with l*=1000 km (solid line), l*=500 km (dashed line),  and l*=200 km 
(dot-dashed line) and l*=100 km (dotted line). Three values of intrinsic quality factor are 
investigated: (a) Qi=700, (b) Qi=800 and (c) Qi=900. The numerical results (black lines) are 
superposed on the data (gray dots). The onset of the coda window is the same for synthetics and 
observations (tw=30s). 

	
   We now propose to examine the effect of scattering anisotropy. We fix intrinsic 
absorption (Qi=800). Figures 5(a-c)  show that in an exponential medium,  scattering 
anisotropy increases the lapse time dependence of Qc by a factor of roughly 2 
compared to the isotropic case (Figure 4b). The effect is more pronounced at short 
window length Lw  but is rather insensitive to the value of the anisotropy factor l*/l and 
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of the transport mean free path l*. Rather, the transport mean free path (together with 
the intrinsic attenuation Qi) controls the overall amplitude of Qc.  

 To illustrate the role of the heterogeneity power spectrum, we also consider a 
Von-Karman medium poor in short-wavelength features (ν=5) for the same set of 
anisotropy factors and transport mean free paths as above (Figure 5, lower panels). As 
previously noted, the introduction of scattering anisotropy increases the lapse time 
dependence of Qc. In particular for   ν=5, Qc rises all the more rapidly  at short window 
length as the anisotropy factor is large, and the effect is all the more pronounced as the 
transport mean free path is short. The two Von-Karman power spectra can hardly be 
distinguished for small anisotropy factors (Figure 5(a and d)) but there are  striking 
differences between the two at sufficiently large anisotropy factors.  Comparison of 
panels c and f in  Figure 5 shows that the transport mean free path has little effect on 
the lapse time dependence of Qc in an exponential medium, whereas the rise of Qc at 
short time windows is all the more rapid as the transport mean free path l* is short, in a 
Von-Karman medium poor in short wavelength ν=5. Hence, Figure 5 reveals that in 
addition to the scattering parameters l and l*,  the medium roughness plays a crucial 
role in the lapse time dependence of Qc. The  increase of Qc observed in our dataset  -
-Qc varies from 450 at Lw=30s to 800 at Lw=130s -- requires an anisotropy factor 
typically larger than 5 and a smoothness exponent typically larger than 1.  

	
  

	
  

Figure 5: Lapse time dependence of synthetic codas computed at 6Hz in a series of anisotropic 
scattering models with l*=1000 km (solid line), l*=500 km (dashed line), l*=200 km (dot-dashed line) 
and l*=100km (dotted line) for two heterogeneity power spectra: exponential (top) and Von-Karman 
with ν=5 (bottom). Three values of the anisotropy factor are investigated:  l*/l=2 (a, d),  l*/l=5 (b, e) 
and l*/l=10 (c, f). The intrinsic quality factor is fixed: Qi=800. The numerical results (black lines) are 
superposed on the data (gray dots). The onset of the coda window is the same for synthetics and 
observations (tw=30s).  
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We remark that in  the case of  smooth media (Figure 5 e-f), the  quality factor seems 
to increase indefinitely with lapse time depending on the l*/l and l* values. However, 
when the calculations are performed at sufficiently large  window length Lw as in Figure 
6, we find that the synthetic  Qc curve  can present an overshoot before converging to 
a plateau determined by the intrinsic quality factor. The overshoot is all the more 
pronounced as the anisotropy factor l^*/l and the smoothness exponent ν are larger 
and is associated with a very rapid increase of Qc at short lapse time (Lw∈[30-80]s). 
We may exploit this theoretical prediction to put some loose constraints on the 
anisotropy factor and on the medium roughness. In particular, smooth media (e.g. 
Gaussian media) with large anisotropy factor are less likely to represent the 
heterogeneity of the pyrenean crust because they predict an increase of Qc with lapse 
time usually faster than observed. 

	
  

Figure 6: Illustration of the convergence of the coda quality factor  Qc towards the intrinsic quality 
factor Qi=800 at large lapse time for three anisotropic  scattering models with anisotropy factors 
l*/l=10 (left) and l*/l=5 (right) and transport mean free path l*=200 km: gaussian medium  (black 
line), Von-Karman medium with  ν=3 (dark gray line) and exponential medium  (light gray line). The 
coda starts at tw=30s and the length of the coda window Lw is indicated on the horizontal axis. 

III.5 – On the average attenuation properties of the Pyrenees 

	
   In the previous section, we made a case that a large part if not all the lapse-time 
dependence of Qc in the Pyrenees may be ascribed to anisotropic scattering without 
invoking any depth dependence of the attenuation properties. Following this idea, we 
combine Qc measurements in different frequency bands to put some constraints on the 
nature of heterogeneities in the pyrenean crust. The main purpose is to develop a 
preliminary scattering model which captures the gross features of the lapse-time 
dependence of Qc in the Pyrenees. Let us first recapitulate the principal conclusions 
that can be drawn from the confrontation of observations and numerical models at 6 
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Hz. The lapse-time dependence of Qc  requires: (1) anisotropy factors of the order of 5 
or larger; (2) smoothness exponent ν larger  than 1; (3) intrinsic quality factor of the 
order of 900±300; (4) transport mean free path larger than 100 km. Considering the 
non-linearity of the model and the number of parameters, we do not make any attempt 
to solve an inverse problem. Our modest goal is  to show that the frequency 
dependence of Qc may give some constraint on the roughness of the crust, i.e. its 
content in short wavelength features. We adopt the following two-step approach: (1) 
We infer the frequency dependence of absorption properties  using the close 
correspondence between Qi and the coda quality factor    Qc  estimated from late coda 
windows, as put forward in the previous section. The frequency-dependent plateau of 
Qc  apparent in Figure 3 is parametrized in the form !! = !!!!. For the Pyrenees, the 
values of Q0 and n deduced from a least-squares fit of the average value of Qc are 300 
and 0.6, respectively.  Because Qc tends to Qi at large lapse time, it appears 
reasonable to propose a frequency-dependent intrinsic quality factor  of the form 
Qi=300f0.6. Because the standard deviation of the data is rather large (±100) other 
parameterizations that fall within the uncertainty range are possible. As an example the 
frequency-dependent relation Qi=400f0.4 is equally acceptable and will also be 
implemented. (2)  Assuming an anisotropy factor l*/l=5, we select a set of Von-Karman 
random media with ν={1,3,5} which best fit the lapse time dependence of Qc at 6~Hz.  
Considering the different parameterizations of Qi,  three transport mean free paths 
l*={250,500,1000}km may adequately explain the data.  For each power spectrum 
(ν=1, 3, 5), we calculate the pair (a,ε) which corresponds to a given pair (l*/l,l*) at 6Hz. 
This yields three different heterogeneity models for each value of νas summarized in 
Table 1. From the knowledge of (a,ε,ν) we deduce the transport parameters (l, l*) and 
the scattering pattern in the [2-4]Hz and [8-16]Hz frequency bands. By numerically 
solving the radiative transfer equation for each heterogeneity model (a, ε,ν) given in 
Table 1, we theoretically predict the lapse time dependence of Qc in all frequency 
bands. Numerical results are confronted with observations in Figure7.  

	
  

Table 1: Statistical and scattering properties of the random media investigated in this study. 

 In the [2-4]Hz frequency band, the three Von-Karman random media yield very 
similar predictions. This does not come as a surprise since, as shown in the previous 
section, Qc is essentially controlled by the intrinsic quality factor and the transport 
mean free path for anisotropy factors  typically less than 2 (see Table 1) The 
agreement with observations in the [2-4]Hz frequency band is worth noting and is 
consistent with the dominance of non-preferential scattering around 3Hz in the 
Pyrenees (Figure7 a, d, g). Since the lapse time low-frequency Qc measurements do 
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not provide strong constraints on the medium roughness and on the transport mean 
free path. The comparison of panels (a,d,g) and (c,f,i) in Figure 12 reveals that only 
high-frequency data may help discriminate the models presented in Table 1. 
Independent of the medium roughness, the anisotropy factor  increases  while the 
transport mean free path decreases at high-frequency, which in turn implies a stronger 
lapse-time dependence of Qc as observed in pyrenean data in the [8-16] Hz band. 

	
  

Figure 7: Lapse time dependence of Qc for synthetic codas computed at 3 Hz, 6 Hz and 12 Hz.   
Three Von-Karman power spectra with ν=1.0 (top), ν=3.0 (middle) and ν=5.0 (bottom) are 
considered. In each panel, three couples of statistical parameters (a,ε) given in Table 1 are 
investigated: Model 1 (dot-dashed lines), Model 2 (dashed lines) and Model 3 (solid lines). Two 
frequency-dependent intrinsic quality factors are explored: Qi=300 f0.6 (black lines) and Qi=400 f0.4 
(gray lines). The numerical results (black and gray lines) are superposed on the data (gray dots). 
The onset of the coda window is the same for synthetics and observations (tw=30s) in the three 
frequency bands. 
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   Comparison of panels c,f and i in Figure 7 leads us to select  preferred average 
models of heterogeneity for the pyrenean range, also indicated in boldface in Table 1. 
A  Von-Karman medium with a smoothness exponent  ν=3, a correlation length a=90 
m, root mean-squared velocity fluctuations ε∈[2.5-3.5]%, and intrinsic quality factor of 
the form Qi=400 f0.4 agrees well with observations at all frequencies. Von Karman 
models with ν=1 (resp. ν=5) predict too weak (resp. strong) lapse time dependence of 
Qc in the [8,16]Hz frequency band.  Our preferred models yield a transport mean path 
l*∈[420-830]km and an intrinsic quality factor Qi=620 at 3 Hz, in excellent agreement 
with previous estimates by Sens-Shonfelder et al. (2009) who obtained  Qi=623 and 
l*=761km from the analysis of Lg coda at 3 Hz. 

IV – Spatial variations of attenuation in the Pyrenees 
	
  

IV.1 – Coda-Q Maps 

IV.1.1 – Methodology 

	
   Because of the apparent lapse time dependence of Qc, the choice of coda 
window is crucial to map the lateral variations of seismic attenuation. If different coda 
windows are mixed (early and late coda window), it may happen that the lateral 
variations of Qc are measurement artifacts. For a selected range of epicentral 
distances, we must fix the coda onset tw and the coda window length Lw. Indeed, to 
facilitate the physical interpretation of Qc, we must be sure that its estimate is not 
hampered by the transient regime occurring at short lapse time (see Figure 2).  
However the number of signals which allow measurements at sufficiently large lapse 
time is limited by the length of the triggered seismic records and by the noise level. The 
best compromise is to measure Qc for epicentral distances smaller than 90km and for 
a 30s coda window starting 50s after the origin time of the earthquakes. This range of 
parameters corresponds to the plateau apparent in Figure2 and 3. Our choice of coda 
window allows good spatial coverage of the Pyrenees and ensures that Qc provides a 
reliable estimate of the absorption quality factor Qi. Absorption is to be understood as 
the combined effect of anelasticity and leakage (Margerin et al., 2009), the latter being 
negligible except in locally strongly scattering area. 

 The range of fluctuations  (±250)  around the plateau value (~800 in the 
frequency band 4-8Hz) is typically one order of magnitude larger than the uncertainty of 
individual measurements. We can thus confidently propose that the fluctuations are 
due to strong variations of absorption properties along the Pyrenean range. Adopting 
the selection criteria discussed above, the total numbers of Qc measurements in the 
five frequency bands are: 2190 (1-2Hz), 2260 (2-4Hz), 2296 (4-8Hz), 2293 (8-16Hz), 
2035 (16-32Hz).  We adopt a very simple Qc regionalization approach which consists 
of assigning Qc values to ray paths between stations and hypocentres. As the 
sensitivity of coda waves may be stronger near the station and the source, we should 
select Qc measurements for rather small epicentral distances. We tested various 
epicentral distance ranges, but to preserve good spatial coverage in Qc maps, we 
decided to select all the data for epicentral distance smaller than 90km. For simplicity, 
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we only consider 2D lateral variations of Qc. Seismic ray paths are calculated 
considering that the S-wave velocity is homogeneous (about 3.5km/s). The depth 
distribution of hypocentres, indicates that most of the ray paths are located in the first 
20kms of the crust. We divide the Pyrenean crust into rectangular 0.1°× 0.1° blocks. As 
many ray paths propagate through one block and each ray path indicates a different 
value of Qc we propose to allocate the mean values of Qc to each block. Only blocks 
crossed by more than 2 ray paths are retrieved. Finally, for each block, we take an 
average of the mean value over the nearest nine blocks to smooth the spatial 
variations. 

IV.1.2 – Main characteristics of Qc maps 

 Figure 8 shows the spatial distribution of Qc and the ray path density in the five 
frequency bands. The spatial coverage of the Pyrenees is rather good, more 
particularly in areas characterized by a strong density of seismic stations and 
earthquakes. Strong absorption (small Qc values) is indicated in red colors whereas 
low absorption (large Qc values) is indicated in blue colors.  

 At low-frequency, we observe a rather good correlation between attenuation 
structures and the main tectonic units of the Pyrenees described by Choukroune et al. 
(1982) In the 1-2Hz map, Precambrian and Paleozoic basements in the Eastern (from 
NPF to the Catalan Coastal Range) and the  Central Pyrenees (between the North 
Pyrenean Thrust and the southern limit of the PAZ) are characterized by smaller 
attenuation (larger Qc values) than the South Pyrenean Zone, the Mauléon, Pau and 
Pampelona Basins. However, the Paleozoic Basque Massifs exhibit stronger 
attenuation than other Paleozoic structures of the Pyrenees. Qc maps also reveal a 
North-South low-Qc anomaly at the longitude of the hercynian Maladetta Massifs 
(longitude 1.5°) which crosses the Pyrenees from the Aquitaine Basin to the Ebro 
Basin. On average, similar Qc structures are observed in the 2-4Hz map, except for the 
Mauléon Basin where attenuation becomes smaller  than in the sediments of Pamplona 
and Pau Basins. In conclusion, our low-frequency Qc maps are characterized by rather 
strong absorption in the Western Pyrenees and small absorption in the Eastern 
Pyrenees with in average stronger absorption in sedimentary structures than in 
Paleozoic materials.   
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Figure 8: Regional variations of Qc (left)  and ray path density (right). Qc is estimated in five 
frequency bands from [1- 2]Hz (top) to [16 - 32]Hz (bottom). Blocks with less than two 
measurements are shown in gray in Qc maps. 

 

At high frequency ( >4 Hz), the Qc pattern in the Pyrenees change drastically and 
cannot be easily related to the principal tectonic units. The most striking feature is the 
low Qc anomaly clearly delimited by the Neogene structures  (Olot and La Selva 
volcanic areas) in the Eastern Pyrenees. We also observe that the North-South low-Qc 
anomaly already detected at low frequency spreads from the Maladeta Massif to the 
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Adour Fault.  Surprisingly,  the sediments in  Aquitain and Ebro Basins as well as the 
Hercynian massifs of the Paleozoic Axial Zone in the Eastern Pyrenees exhibit similar 
seismic absorption. In the Westernmost Pyrenees, the strong attenuation anomaly is 
now limited to the  Basque Massifs. 

IV.2 – Pulse broadening Analysis 

	
   In complement to coda Qc measurements, analyses of high-frequency seismic 
envelopes have been used to discuss the relative contribution of intrinsic absorption 
and scattering loss to the total seismic attenuation  (Sato,1989; Obara et al., 1995; 
Saito et al., 2002; Petukhin and Gusev, 2003; Takahashi et al., 2007). Multiple 
scattering due to random velocity inhomogeneities in the crust increases the apparent 
duration of the S-wave pulse. On the contrary, intrinsic absorption truncates it. The 
seismic wave envelop results from a competition between scattering and absorption 
(Saito et al., 2005). We thus propose to explore more systematically the regional 
variations of Qc and pulse broadening in order to discuss the origin (scattering and/or 
absorption) of the lateral variations of seismic attenuation in the Pyrenees. 

IV.2.1 – Methodology 

 The strength of multiple scattering  due to random heterogeneities along the 
seismic ray path can be quantified by the peak delay time (noted Tpd hereafter) 
defined as the time lag from the S-wave onset to the maximum of the amplitude.  

 We consider records with hypocentral distances smaller than 80 km in order to 
focus on crustal phases only. The waveforms are first deconvolved from the recording 
system response. Seismograms are filtered in four frequency bands (2-4Hz, 4-8Hz, 8-
16Hz, 16-32Hz) in forward and backward directions to avoid any phase delay caused 
by using the  fourth-order bandpass Butherworth filter. Next, we compute the root mean 
square of the sum of the two horizontal velocity components. The envelopes are 
smoothed with a moving time window whose typical duration is twice the central period 
of each frequency band. We only used waveform data which show a clear S-wave 
onset (quantified by the picking weight). S-wave onsets have been collected from local 
seismicity catalogues and are the same for each frequency band. Tpd is measured in 
seconds in a 40s time window starting from the S-wave onset.  We obtained 5157 Tpd 
measurements in each frequency band. 

 Figure 9 shows Tpd as a function of the hypocentral distance R in the four  
frequency bands. Typically, at 80km epicentral distance, the peak delay time can reach 
4s. Large values of Tpd, while absorption is also important (see section 3), reveal that 
scattering is rather strong in the Pyrenean crust. Although data are widely scattered, 
we observed that log(Tpd) increases almost linearly with the logarithm of the 
hypocentral distance. Indeed, at fixed frequency, it can be shown that log(T_pd) varies 
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linearly with the logarithm of the hypocentral distance depending on the heterogeneity 
power spectrum of the random medium and on intrinsic absorption (Saito et al., 2002). 
Black solid lines in Figure 8 show the linear regression  of log(Tpd) against hypocentral 
distance log(R): 

log !!"    ! = !! ! + !! ! log  (!) 

The regression coefficients are given in Figure 9.	
  

	
  

Figure 9: Tpd as a function of the hypocentral distance 

	
   A part of the dispersion of Tpd measurements at a given hypocentral distance 
could be due to regional variations of scattering along the range. Thus, we propose to 
explore the spatial variations of envelope broadening after removing the hypocentral 
dependence. For the mapping of peak delay times, we follow the method proposed by 
Takahashi et al. (2007).  First, for each frequency band, we remove the hypocentral 
dependence by computing the peak delay time deviation defined as follows: 

Δ log !!" ! = log  (  !!"(!)) − !! ! − !! f   log  (!) 

As  envelope broadening is considered to be the result of multiple forward scattering by 
inhomogeneities,  Δ(logTpd) may represent the relative strength of accumulated 
scattering contribution along each ray path. A small  Δ(logTpd) thus implies the 
absence of strong medium heterogeneities along the ray path from the hypocentre to 
the station, whereas strong  Δ(logTpd) indicates that a strongly inhomogeneous region 
is located somewhere along the ray path. For the mapping, we adopt the same 
approach as the one used for Qc maps. We only consider 2D spatial variations and we 
divide the Pyrenean crust into rectangular 0.1°×0.1° blocks. Next, we allocate the mean 
values of  Δ(logTpd) to each block. Only blocks that are crossed by more than 5 ray 
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paths are considered. Finally, in each block, we take an average of the mean values 
over the nearest nine blocks to smooth the spatial variations. 

IV.2.2 – Tpd maps 

Figure 10 shows the distribution of peak delay time deviation in  four frequency bands. 
Blocks with small values of   Δ(logTpd)  are indicated by blue colors while blocks of 
large  Δ(logTpd)  values are in red. The top panel shows the ray path density. First we 
observe that there is no clear correlation between the  Δ(logTpd) maps and the three 
main tectonic units.  

 The main feature is an East-West dichotomy  in the  Δ(logTpd) spatial 
distribution. The Western Pyrenees (west to the Adour Fault) exhibit  larger  Δ(logTpd) 
values than the Central and Eastern Pyrenees. It may  indicate the presence of strong 
inhomogeneities in the western part of the range. Indeed, as absorption and scattering 
have a competitive effect on the peak delay time, large  Δ(logTpd) values suggest that 
scattering may be dominant, at least equal, in comparison to absorption at low 
frequency. The small variations of  Δ(logTpd)  with frequency also suggest that the 
power spectrum of inhomogeneities is poor in small-scale components (Sato, 1989; 
Saito et al., 2002). In the Central and Eastern Pyrenees, the Paleozoic Axial Zone and 
the North Pyrenean Zone show rather small  Δ(logTpd)  values in all frequency bands. 
This feature could be due either to weak scattering or to strong absorption. But Qc 
maps show that absorption is  low in the PAZ except around the Maladetta Massif. 
Thus,  scattering  is probably weak on average in the PAZ and NPZ. In the Eastern 
Pyrenees, more particularly to the east of intermountain basins of Empordà and  La 
Selva, exhibit rather strong  Δ(logTpd) values in the 2-4Hz frequency band. But the 
amplitude of the peak delay time deviation decreases as frequency increases. This 
frequency feature  suggests that the crust in the Eastern Pyrenees is  richer in small-
scale structures than in the Western Pyrenees. However the effect of absorption should 
be also taken into account to propose a robust conclusion. In the Eastern Pyrenees, we 
also observe two high  Δ(logTpd) regions  located in the southern thrusts of the Axial 
zone,  close to the compressive faults of Tech and Ribes Cambredon .  



24	
  	
  	
  	
  	
  	
  Seismic	
  Attenuation	
  

 

	
  

Figure 10: Tpd maps in four frequency band. Top panel gives the ray path density. 

V – Conclusions 
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(1) A first message conveyed by this study is that most if not all the lapse time 
dependence of Qc observed in the Pyrenees may be explained by a simple  
anisotropic multiple-scattering model without invoking any depth 
dependence of attenuation properties. As anisotropic scattering is a 
prominent feature of high-frequency wave propagation in the Earth, its effect 
should be properly modeled to extract the depth-dependent attenuation 
structure from Qc measurements at the local scale (epicentral distance less 
than 100~km). An additional outcome of this study is the demonstration that 
the lapse-time dependence of Qc contains information on the heterogeneity 
power spectrum of the crust. It may therefore be combined with other 
methods such as peak delay time analysis to develop precise models of 
heterogeneity.   

(2) The good coincidence between the intrinsic quality factor and  the coda 
quality factor at large lapse time found in this work provides a simple 
technique to measure the absorption  properties of the crust. In this respect 
the choice of coda window is crucial. Within a limited and fixed range of 
epicentral distance, we recommend plotting Qc as a function of  coda 
window length Lw for different choices of coda onset tw to ensure visually 
that the estimate of Qc is not hampered by transient phenomena occurring 
at short lapse time. Only the plateau value of Qc can be considered as an 
approximation of Qi. This procedure is particularly important when 
performing a regionalization of Qc over a broad region.  

(3) The model of scattering and absorption of the Pyrenees obtained in this 
study is preliminary and subject to revision in several respects. In terms of 
numerical modeling, it would be necessary to include the coupling among P 
and S waves to properly model the coda envelopes at short lapse time. 
Although it probably plays a minor effect on the lapse time dependence of 
Qc the reflection/refraction effects at the Moho should also be incorporated 
in a more realistic calculation. Concerning the interpretation of data, a more 
systematic exploration of the parameter space (in particular the correlation 
length and the smoothness exponent) should be conducted in future works 
in order to better delineate the robust features of our scattering model. As 
the average attenuation properties of the Pyrenees do not differ much from 
what is observed in the tectonically quiet central France, it appears that the 
interesting information on the pyrenean structure is contained in the lateral  
variations of Qc observed in our data. 

(4) Qc maps show that the amplitude and the frequency dependence of 
attenuation strongly vary along the Pyrenean range. The Paleozoic Axial 
Zone mainly exhibits lower seismic attenuation than the surrounding 
regions, except at the longitude of the Maladeta Massif, east of the Adour 
fault.  Seismic waves in the Western Pyrenees, more particularly at the 
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location of the Basques Massifs and the Nappe des Marbres, are strongly 
attenuated. Similarly the Neogene structures of the North-East Catalunya 
show strong seismic attenuation at high frequency.  

(5) In addition to coda Q analysis, envelope broadening of high-frequency 
seismic waves gives complementary information on the origin of seismic 
attenuation in the Pyrenees, more particularly on the nature of the crustal  
inhomogeneities. The peak delay time maps highligth a strong East-West 
dichotomy in the scattering properties of the Pyrenean crust with stronger 
inhomogeneities in the Western Pyrenees, as previously proposed by Sens-
Schonfelder et al. (2009) The Eastern Pyrenees exhibit a stronger frequency 
dependence of the peak delay time than the Western Pyrenees.  

(6)  The comparison of Qc and peak delay time maps allows a qualitative 
discussion about the relative contributions of absorption and scattering to 
the seismic attenuation in the Pyrenean crust. Anelastic absorption appears 
to be dominant in the Eastern Pyrenees at high frequency, whereas both 
absorption and scattering are strong in the Western Pyrenees. We propose 
a thermal origin for the strong seismic attenuation at the location of the 
Neogene structures in the Eastern Pyrenees. Indeed, the Eastern Pyrenees 
have been affected by a late extensional event with volcanism, and the 
region presents a rather strong geothermal activity in comparison to the 
Ebro Basin or the Western Pyrenees.  In the Western Pyrenees, we argue 
that the attenuation properties of the crust (strong absorption and scattering) 
are mainly due to sub-crustal or mantle intrusions related to the complex 
tectonic history of the region. 
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Lapse-Time Dependence of Coda Q: Anisotropic Multiple-Scattering

Models and Application to the Pyrenees

by Marie Calvet and Ludovic Margerin

Abstract The coda quality factor of short-period S waves (Qc) excited by local
earthquakes in the Pyrenees has been measured as a function of the length of the coda
window (LW) for different choices of the onset time of the coda (tW). In the 2–16 Hz
frequency band, we observe a transient regime characterized by an increase of Qc

with LW , followed by a stabilization around a plateau the value of which depends
on the central frequency of the signal. Using Monte Carlo simulations of wave trans-
port in a variety of random media (≈1200 models), we demonstrate that the lapse-
time dependence of Qc in the Pyrenees may be modeled by multiple anisotropic
scattering of seismic waves, without invoking any depth dependence of the attenuation
properties in the crust. In our model, anisotropic scattering is quantified by the ratio
between the transport mean free path and the mean path (l�=l). At 6 Hz, the data
require an anisotropy factor l�=l ≥ 5, a transport mean free path l� ≈ 400 km, and
an intrinsic quality factor Qi ≈ 800. From the frequency-dependent plateau of Qc

at large lapse time, we infer an intrinsic quality factor of the form Qi ≈ 400f0:4 in
the Pyrenees. We also show how the rapid increase of the lapse-time dependence of
Qc with frequency may be exploited to put constraints on the power spectrum of
heterogeneities in the crust.

Introduction

Since its inception by Aki and Chouet (1975), the inter-
pretation of the quality factor of coda waves (Qc) has been
the subject of numerous debates in the seismological litera-
ture. Aki and Chouet (1975) observed that the shape of the
coda envelope of local earthquakes was remarkably indepen-
dent of the source location and orientation. In addition, they
found that a simple algebro-exponential equation could be
used to parameterize the coda decay as

E�t; f� � S�f�t−αe−2πft=Qc ; (1)

where E is the power spectrum, S�f� is a frequency-
dependent source (and/or site) term, t is the lapse time, f
is the frequency, α is a positive exponent, and Qc is the
frequency-dependent quality factor of coda waves. It was
pointed out by Aki and Chouet (1975) that the exponent α
cannot be determined from the data only. In other words, the
coda decay may be fitted equally well by different values of
α with an impact typically <20% on the estimated Qc value.
Thus, in data analyses the value of α is fixed a priori. In the
early years of coda studies, most investigators favored a
single-scattering interpretation in a homogeneous half space.
This model is compatible with equation (1) with an exponent
α equal to 2 and a quality factor Qc, which depends simul-
taneously on scattering and absorption through the formula
(Shapiro et al., 2000):

Q−1
c � Q−1

sc �Q−1
i ; (2)

where Qsc and Qi denote the scattering and absorption qual-
ity factor, respectively. As array analyses demonstrated that
coda waves were likely dominated by shear waves, Qc was
thought to represent the quality factor of shear waves includ-
ing scattering and absorption processes. In the late eighties
and early nineties, the single-scattering model was chal-
lenged by the introduction of the radiative transfer equation
and numerical Monte Carlo simulations, which put forward
the important role of multiple scattering in the generation of
coda waves (Gusev and Abubakirov, 1987; Hoshiba, 1991).
Direct confirmations of the importance of multiple scattering
were provided by the observation of seismic-wave equipar-
tition (Hennino et al., 2001) and weak localization (Larose
et al., 2004). Multiple scattering leads to a radically different
interpretation of Qc. In particular, at long lapse time, coda
waves enter in the diffusive regime, which implies

Q−1
c � Q−1

i (3)

in a simple uniform half-space (Shapiro et al., 2000). Com-
parison of equations (2) and (3) highlights the role of the
physical model underlying the interpretation of Qc.

The dependence of Qc on the lapse time in the coda and
its relation to the depth dependence of attenuation properties
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in the lithosphere is another topic of interest that has been
discussed recurrently in the literature. Rautian and Khalturin
(1978) were among the first authors to propose that, although
remarkably stable, the envelope of coda waves could not be
fitted with a single Qc parameter, independent of the time in
the coda. Combining coda observations in different epicen-
tral distance ranges and lapse times, they found the general
trend that coda waves are generally less attenuated (show
higher Qc) at long lapse times (large epicentral distances)
than at short lapse times (short epicentral distances). Similar
observations were made by Roecker et al. (1982) in the
Hindu-Kush region. The lapse time dependence of coda Q
was interpreted by Rautian and Khalturin (1978) as a con-
sequence of the overall decrease of attenuation of seismic
waves with depth. Elaborating further on this idea and using
a single-scattering interpretation, Gusev (1995) developed a
stratified model of scattering properties in the lithosphere ex-
hibiting a strong decrease of the strength of the scattering
with depth. A number of studies throughout the world re-
ported an increase of Qc with lapse time (e.g., Ibanez et al.,
1990; Tselentis, 1993; Woodgold, 1994; Mukhopadhyay
et al., 2008, to cite a few only) and, with few exceptions,
generally ascribed this observation to depth-dependent at-
tenuation properties in the Earth. Del Pezzo et al. (1990)
nevertheless pointed out that the increase of Qc with time
may stem simply from the inability of equation (1) to capture
the full complexity of the scattering process in the Earth. For
instance, the transition from the single scattering to the dif-
fusive regime may result in an apparent dependence of Qc

with lapse time, even in a half-space with uniform attenua-
tion properties. As pointed out, however, by Hoshiba (1991)
based on a multiple isotropic scattering model, such an effect
is too small to explain the full dependence of Qc on lapse
time.

Isotropic scattering, that is, the independence of the
scattering pattern on the incoming and outgoing propagation
directions, does a generally poor job at fitting the shape of S
coda envelopes at short lapse time (e.g., Gusev and Abuba-
kirov, 1987; Hoshiba, 1995). Gusev and Abubakirov (1996)
showed that envelope records of body waves are generally
much better fitted by anisotropic scattering models and pro-
posed a generic model of heterogeneity compatible with seis-
mological observations. The broadening of energy envelopes
with epicentral distance is a clear manifestation of multiple
forward scattering in Earth’s lithosphere (Sato, 1989; Saito
et al., 2002). Thus, the purpose of the present paper is to
clarify the role of multiple anisotropic scattering in the lapse-
time dependence of coda Q using numerical simulations and
observations from the Pyrenees. We first review briefly the
method of data analysis and present our observations of
lapse-time dependence of Qc in different frequency bands.
We show thatQc stabilizes after a given lapse time. Next, we
present the multiple-scattering model and discuss its limita-
tions. The core of the paper illustrates with the aid of numeri-
cal simulations of wave transport through a variety of
random media that the lapse-time dependence of Qc is well

explained by multiple anisotropic scattering. This allows us
to give estimates of the scattering properties of the pyrenean
crust based on the observed lapse-time dependence of Qc.
Finally, our results are discussed and compared to other
studies.

Observations

Data Selection and Processing

We collected all available waveform data from various
institutions that operate seismological networks on both the
French and Spanish sides of the Pyrenees. This database is a
coordinated effort through the European project INTERREG
SISPYR. We selected ∼5000 waveforms from 159 earth-
quakes that occured between 2001 and 2010, with a local
magnitude >3:0. This data set includes short-period seis-
mometer data from RSSP (Réseau de Surveillance Sismique
des Pyrénées), accelerometer data from RAP (Réseau Accél-
érométrique Permanent) and IGC (Institut Geolologic de
Catalunya), and broadband seismometer data from IGC and
IGN (Instituto Geografico Nacional). Short-period velocim-
eter and accelerometer records are triggered data. The se-
lected events are located within 20–250 km epicentral
distance, with a majority of events occurring between 2 and
12 km depth. Locations of epicenters and stations are re-
ported on Figure 1.

We estimate the power spectral density E�t; f� at lapse
time t in the coda using the procedure outlined by Aki and
Chouet (1975). The waveforms are deconvolved from the
station response, and acceleration records are integrated to
get the three components of velocity. Passband Butterworth
filters of order 4 are applied to the data in three frequency
bands: 2–4, 4–8, and 8–16 Hz. The squared vertical traces
are smoothed with a moving average window, the typical du-
ration of which is of the order of 16 cycles. The coda enve-
lopes are subsequently corrected for the algebraic term t−α of
equation (1) with α � 3=2. After selecting a time window of
duration LW starting at a lapse time tW after the earthquake
occurrence, a least-squares linear fit of ln�E�t; f�t3=2� as a
function of t yields an estimate ofQc in each frequency band.
The values of Qc are accepted when the signal-to-noise ratio
is >4 and the correlation coefficient of the linear regression
is >0:98.

At this point, it seems worthwhile to justify the value
α � 3=2 adopted in this work, which differs from previous
investigations. Rautian and Khalturin (1978) examined this
point in detail and concluded that the data cannot guide us in
the choice of α. In particular, they write: “For most frequen-
cies, the estimates ofQ for n � 0:5, 0.75, or 1.0 differ by less
than 20 per cent and the data are inadequate to choose among
these values.” (Note that n � α=2.) The value of α must,
therefore, be fixed a priori in accordance with the interpre-
tation model. Because our approach relies on wave multiple
scattering, which is known to converge towards a diffusion
process after a few mean free times (Sato et al., 2012), we
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adopt the value α � 3=2 expected from 3D diffusion theory
in full-space. Although this is not shown in the paper, we did
perform the data analysis with other choices of α. This
affects only marginally the measurement of coda Q. As an
example, in the case α � 2, we found slightly higher values
of Qc (typically �10%), but the lapse-time dependence is
intact.

Lapse-Time Dependence of Qc at 6 Hz

In this paragraph, we consider data band-passed around
a central frequency of 6 Hz. To characterize the lapse-
time dependence of Qc, we vary the position of the coda
window with respect to the origin time of the earthquakes
(tW∈�30–120� s) and/or the length of the coda window

(LW∈�20–135� s). As the shape of the seismogram envelope
is strongly affected by the source-station distance, we select
local records with epicentral distances between 50 and
80 km. Figure 2 shows the values of Qc at 6 Hz as a function
of the window length (LW) for two onset times of the coda
(tW � 30 s and tW � 50 s). Note that twice the ballistic time
of shear waves lies in the range 28–45 s, so that our choice of
coda onset time is close to the classical 2tS introduced by Aki
and Chouet (1975). Figure 2 compiles all measurements
along the pyrenean range and clearly displays an overall in-
crease ofQc with LW , as previously reported in the literature.
Some nuance must nevertheless be brought to this statement
because the dependence of Qc on LW is strongly affected by
the value of tW . As shown in Figure 2, Qc typically ranges
from 450 to 800 for LW∈�30–130� s at tW � 30 s, but Qc is
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largely time independent at tW � 50 s. Similarly, for suffi-
ciently large LW we observe that Qc tends to a constant
(800� 200), independent of tW . We emphasize that the
range of fluctuations of Qc (�200) is likely due to strong
lateral variations of the attenuation in the Pyrenees and does
not reflect the uncertainty of individual measurements, which
is typically one order of magnitude lower.

To confirm these observations, estimates of Qc as a
function of epicentral distance are shown in Figure 3. The
window length is fixed (LW � 30 s), and three choices of
coda onset tW are explored: tW � 2tS, with tS the ballistic
time of shear waves in the crust, tW � 50 s, and tW �
80 s. For tW � 2tS, Qc increases with epicentral distance
(r∈�10–180� km) and reaches the plateau value 800� 200

reported earlier, for r typically >100 km (Fig. 3a). The
opposite behavior is observed in Figure 3b for tW � 50 s.
In this case, the average value of Qc is roughly constant
at short epicentral distances and decreases rapidly for
r > 100 km. It is also worth noting that there is a large scat-
ter in the data points at short epicentral distance. This obser-
vation is consistent with the lapse-time dependence of
Qc shown in Figure 2. In particular, at epicentral distance
r > 150 km, the ballistic time of the shear waves is
tS > 43 s. Because the coda onset is at tW � 50 s, Qc is
estimated in the very early coda where the energy decay is
faster, which explains the lower values ofQc. When mapping

lateral variations of Qc, it is, therefore, crucial that the same
range of epicentral distance and onset time tW be adopted
throughout the region of interest. Only a careful examination
of the data can guide the choice of time windows and epi-
central distances that allow for a robust estimate of Qc. For
sufficiently large tW (80 s in Fig. 3c), Qc is approximately
constant (800� 200) throughout the range of epicentral
distances we have explored. From the analysis of Figures 2
and 3, we conclude that Qc does not increase indefinitely
with lapse time in the Pyrenees but rather tends to a plateau
the value of which depends on the local attenuation proper-
ties. The modeling of the transient regime and the conver-
gence toward the plateau will be the main target of this work.

Frequency Dependence of Qc

In this paragraph, we compare the lapse-time dependence
of Qc in three frequency bands: 2–4, 4–8, and 8–16 Hz, at
fixed coda onset (tW � 30 s). Figure 4 clearly illustrates
the increase of Qc with the length of the coda window up
to LW ≈ 80 s in all frequency bands. After this transient
regime, Qc reaches a plateau that globally increases with fre-
quency. The overall increase of the lapse-time dependence of
Qc from low to high frequencies is a key observation to con-
strain the form of heterogeneity in the Pyrenees, as will be
demonstrated later in this paper. To facilitate the comparison
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with other studies, the measurements are summarized by a
simple power law of the form Qc � Q0fn. At large LW

(typically LW ≈ 120 s), Qc varies as 295��25�f0:55��0:015�,
whereas at shorter LW (LW ≈ 35 s), Qc varies as
106��21�f0:75�0:08. Although earlier studies reported on the
frequency dependence of Qc in the Pyrenees, a straight-
forward comparison is problematic because the choice of
coda window varies from one author to the other (Gagnepain-
Beyneix, 1987; Pujades et al., 1990;Mitchell et al., 2008). On
the one hand, Gagnepain-Beyneix (1987) finds Q0 and n
in the range 30–140 and 0.7–1.1, respectively. Thesemeasure-
ments are compatible with our results for short lapse time. On
the other handMitchell et al. (2008) findQ0 and n in the range
200–300 and 0.6–0.7, respectively. These measurements are
consistent with our findings at large lapse time. The dif-
ferences among the various studies published so far on the
Pyrenees may presumably be ascribed to the choice of coda
window. Indeed, Gagnepain-Beyneix (1987) analyzed data
from nearby earthquakes (r < 30 km) using tW � 2tS and
a window length LW∈�20–50� s, which mostly samples the
early coda. This is in sharp contrast with the work of Mitchell
et al. (2008) who used earthquakes recorded at regional dis-
tances and analyzed the coda starting at a group velocity
u � 3:15 km=s, with a time window of several hundreds of
seconds. The systematic exploration of the relation between
Qc and LW applied to our data set therefore reconciles the ob-
servations of Gagnepain-Beyneix (1987) and Mitchell et al.
(2008). InHeterogeneity andMultiple-ScatteringModels sec-
tion, we present the physical model of wave scattering
adopted in this study.

Heterogeneity and Multiple-Scattering Models

As outlined in the introduction, there are two key ingre-
dients to model high-frequency seismic waves: (1) multiple
scattering, which is responsible for the generation of coda
waves and (2) anisotropic scattering, which is required to
explain envelope broadening. Thus, the basic question
addressed in this work is as follows: to what extent does
multiple anisotropic scattering in a statistically homogeneous
medium explain the lapse-time dependence of Qc observed
in the Pyrenees? This physical model is in sharp contrast
with a single-scattering interpretation in depth-dependent
attenuation structures. If anisotropic scattering has an impact
on the lapse-time dependence of Qc, however, its effect must
be quantified to have access to the stratification of hetero-
geneity in the lithosphere. Our study represents a first effort
in this direction. In what follows, we describe in detail the
basic ingredients of our model.

In Earth’s lithosphere, the fluctuations of velocity are
conveniently encapsulated in the formula

V�x� � c�1� ξ�x��; (4)

where c is the background velocity and ξ�x� is a random
function of position (Sato et al., 2012). In this study, the

mean velocity is fixed at c � 3:5 km=s which is a good
approximation of the S-wave velocity in the pyrenean crust
(Souriau and Granet, 1995). In multiple-scattering applica-
tions, random media are usually characterized by the auto-
correlation function of the fluctuations defined as

R�x; y� � hξ�x�ξ�x� y�i; (5)

where the brackets denote an average over an ensemble of
realization (Sato et al., 2012). In this work we assume that
the random medium is homogeneous and isotropic, which
implies that the autocorrelation function depends on
r � jx − yj only. The magnitude of the fluctuations is quan-
tified by the mean-squared velocity fluctuation ϵ2 � R�0�. A
completely equivalent description of the random medium is
provided by the heterogeneity power spectrum P, which is
the Fourier transform of R. A large variety of power spectra
relevant to geophysical applications has been proposed by
Klimeš (2002). In this work, the usual Gaussian and Von-
Karman power spectra will be adopted to represent the
crustal heterogeneity. The Gaussian power spectrum is used
to describe smooth random media where fluctuations all
have a similar size a, also known as the correlation length.
Von-Karman spectra are characterized by three parameters
�a; ϵ2; ν� and describe a large variety of random media where
small-scale fluctuations are superposed on a smooth back-
ground. The roughness of the medium, that is, its content in
short wavelength features, is controlled by the exponent
ν > 0, such that the power spectrum P�k� decays like
k−2ν−3 for ka ≫ 1, with k the wavenumber. The most fre-
quently encountered version of the Von-Karman spectrum is
the exponential medium that corresponds to ν � 0:5 (see
Appendix). Media with 0 < ν < 1 are said to be rich in short
wavelength. Note that ν may also be taken >1.

The gross scattering properties of random media are
encapsulated in two parameters: the mean free path l and
the transport mean free path l�. l is the characteristic length
between two scattering events, and l� is the propagation dis-
tance required for a wave to lose memory of its initial direc-
tion. The ratio l�=l, called anisotropy factor hereafter,
quantifies the amount of anisotropic scattering. A complete
description of elastic-wave scattering should incorporate the
polarization of the waves and mode conversions (Margerin
et al., 2000; Przybilla et al., 2006; Sens-Schönfelder et al.,
2009). Mode conversions are particularly important to
describe the coda of P waves and the convergence toward
equipartition. A number of studies around the world have
reported the rapid stabilization of energy ratios in the high-
frequency coda, which is usually interpreted as a marker of
equipartition (e.g., Hennino et al., 2001; Margerin et al.,
2009; Yamamoto and Sato, 2010). A stabilization of the
vertical-to-horizontal kinetic energy ratio was observed in
the Pyrenees by Souriau et al. (2011) only a few seconds
after the S-wave onset. This strongly supports the idea that
coda waves in the Pyrenees are close to equipartition, thereby
implying that the transport of seismic energy is dominated
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largely by shear waves. In addition, numerical Monte Carlo
simulations generally suggest that the depolarization of
shear waves is extremely rapid (Margerin et al., 2000). As
a consequence, it seems reasonable to model the coda of
S waves within the acoustic approximation, which neglects
polarization and mode conversions. This approximation
greatly alleviates the numerical effort and allows the explo-
ration of a large variety of random media.

The analytical expressions of l and l� for scalar waves in
Gaussian, exponential, and general Von-Karman media are
given in the Appendix. In Figure 5, we have plotted l, l�,

and the anisotropy factor l�=l as a function of the correlation
length for two Von-Karman power spectra with ν � 0:5
(Fig. 5a) and ν � 3:0 (Fig. 5b). For the two power spectra
shown in Figure 5, l decreases continuously with a (and ϵ2).
Interestingly, l� goes through a minimum at a correlation
length amin, which decreases as ν increases. From Figure 5
(and the results included in the Appendix), we find that l
and l� scale like k−4a−3 at low adimensional frequency
(ka ≪ 1). At large adimensional frequency (ka ≫ 1), l,
and l� scale like k−2a−1 and a, respectively. The anisotropy
factor l�=l tends to 1 for a ≪ amin and increases like k2a2 at
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large correlation length. At fixed correlation length, l�=l
increases like 2ν − 1 (ka ≫ 1). In the limit of weak pertur-
bations, the power spectrum of the velocity fluctuations
completely determines the scattering anisotropy, usually en-
capsulated in the differential scattering cross section:

σ�θ� ∼ P
�
2k sin

θ
2

�
; (6)

where θ is the angular deviation from the forward direction
and P the power spectral density function of random inho-
mogeneity (Sato et al., 2012). Equation (6) provides an
important relation between the degree of smoothness (or
roughness) of the medium and the excitation of scattered
waves at large angles, particularly in the regime ka > 1. As
an example, smooth Von-Karman media (large ν, poor in
short-wavelength features) tend to favor scattering at small
angles compared to rough Von-Karman media (small ν, rich
in short-wavelength features). In what follows, ν will be
termed the smoothness exponent of the Von-Karman medium.

Multiple anisotropic scattering is accurately modeled
with the radiative transfer equation (Ryzhik et al., 1996),
which can be solved numerically with the aid of Monte Carlo
simulations. In this paper, we employ a simplified version of
the Monte Carlo code developed by Margerin et al. (2000).
The main steps are summarized hereafter. A number of par-
ticles (typically 107) are launched isotropically from a point
source. The distance between two collisions follows an expo-
nential distribution with parameter l, and absorption is simply
taken into account by decreasing theweight of each particle by
a factor e−2πft=Qi. At each scattering event, the direction of the
particle is modified by selecting randomly two angles that
statistically reproduce the angular anisotropy of the single-
scattering process. This free propagation+scattering process
is repeated until the travel time of the particle exceeds the time
window of interest. The position of the particle is tracked dur-

ing its random walk through the scattering medium to obtain
the energy distribution as a function of time.

Numerical Results

In this section, we discuss the effects of scattering
parameters (anisotropy factor and transport mean free path),
heterogeneity power spectrum, and intrinsic absorption on
the lapse-time dependence of Qc at 6 Hz. A large number of
coda envelopes (∼1200) spanning a large set of random me-
dia was computed using the Monte Carlo method. Using the
processing approach outlined in Observations, synthetic
curves of Qc versus lapse time were obtained and compared
to the pyrenean data shown in Figures 2–4. Our goal is to
find a scattering model that can explain the increase of Qc

as a function of lapse time as observed in the Pyrenees at
6 Hz: a monotonic increase of Qc from Qc ≈ 450 at LW �
30 s to Qc ≈ 800 at LW � 130 s.

Isotropic Multiple-Scattering Models

Before delving into more complex models, it is interest-
ing to demonstrate explicitly that isotropic multiple scatter-
ing is incompatible with the lapse-time dependence of Qc

observed in the Pyrenees. We recall that scattering is iso-
tropic or more generally nonpreferential (equal amount of
forward and backward scattered waves) when the wave-
length is much larger than the correlation length. In that case,
the transport mean free path l� is equal to the mean free path
l (see Fig. 5). In Figure 6, we show the variation of Qc as
a function of the window length LW estimated both from data
and synthetic envelopes for a coda onset at tW � 30 s. To
facilitate the comparison between data and models, we
represent the average value of synthetic Qc weighted by
the observed distribution of epicentral distances in the range
50–80 km. In the simulations, the mean free path ranges from
100 to 1000 km, as suggested by previous scattering models
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Figure 6. Lapse-time dependence of synthetic codas computed at 6 Hz in a series of isotropic multiple-scattering models with l� �
1000 km (solid line), l� � 500 km (dashed line), l� � 200 km (dot-dashed line), and l� � 100 km (dotted line). Three values of intrinsic
quality factor are investigated: (a)Qi � 700, (b)Qi � 800, and (c)Qi � 900. The numerical results (black lines) are superposed on the data
(gray dots). The onset of the coda window is the same for synthetics and observations (tW � 30 s).
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of the Pyrenees (Sens-Schönfelder et al., 2009). The values
of intrinsic attenuation Qi � f700; 800; 900g are dictated by
the plateau of Qc at large LW . Although the mean free path
varies over one order of magnitude, it has little impact on the
overall shape and amplitude of the lapse-time dependence of
Qc. Multiple isotropic scattering may explain at most 25% of
the observed variation of Qc, which motivates the introduc-
tion of anisotropic scattering models considered in the next
paragraphs.

Anisotropic Multiple-Scattering Models

To illustrate the impact of anisotropic scattering, we
consider the popular exponential random medium (ν �
0:5) for three anisotropy factors l�=l � f2; 5; 10g and four
values of the transport mean free path l� � f100; 200;
500; 1000g km. To match the value of Qc observed in our
data set at large window length LW , we fix the intrinsic qual-
ity factor Qi � 800. By using the same averaging procedure
as described in the previous section, we compare in Figure 7
the coda quality factorQc in synthetics and observations (top
panels). Figures 7a–c show that in an exponential medium,
scattering anisotropy increases the lapse-time dependence of

Qc by a factor of roughly two compared to the isotropic case
(Fig. 6b). The effect is more pronounced at short window
length LW but is rather insensitive to the value of the aniso-
tropy factor l�=l and of the transport mean free path l�.
Rather, the transport mean free path (together with the intrin-
sic attenuation Qi) controls the overall amplitude of Qc.

To illustrate the role of the heterogeneity power spec-
trum, we also consider a Von-Karman medium poor in short-
wavelength features (ν � 5) for the same set of anisotropy
factors and transport mean free paths as above (Fig. 7, lower
panels). As previously noted, the introduction of scattering
anisotropy increases the lapse-time dependence of Qc. In
particular for ν � 5, Qc rises all the more rapidly at short
window length as the anisotropy factor is large, and the effect
is all the more pronounced as the transport mean free path is
short. The two Von-Karman power spectra can hardly be dis-
tinguished for small anisotropy factors (Fig. 7a and d), but
there are striking differences between the two at sufficiently
large anisotropy factors. Comparison of panels c and f in
Figure 7 shows that the transport mean free path has little
effect on the lapse-time dependence of Qc in an exponential
medium, whereas the rise of Qc at short time windows is all
the more rapid as the transport mean free path l� is short, in
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Figure 7. Lapse-time dependence of synthetic codas computed at 6 Hz in a series of anisotropic scattering models with l� � 1000 km
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a Von-Karman medium poor in short wavelength (ν � 5).
Thus, Figure 7 reveals that in addition to the scattering
parameters l and l�, the medium roughness plays a crucial
role in the lapse-time dependence of Qc. The increase of
Qc observed in our data set—Qc varies from 450 at LW �
30 s to 800 at LW � 130 s—requires an anisotropy factor
typically >5 and a smoothness exponent typically >1.
Better estimates of the scattering properties of the pyrenean
crust will be provided in the next section.

The impact of the medium smoothness on Qc at large
anisotropy factor (l�=l � 10) is further examined in Figure 8
where four examples of power spectra (Gaussian and
Von-Karman with ν � f1; 3; 5g) are compared for the same
set of transport mean free paths (l� � f200; 500; 1000g km)
and an intrinsic quality factor Qi � 800. The coda quality
factor rises all the more rapidly at short window length as
the smoothness exponent of the medium increases (compare
panels from top to bottom in Fig. 8) and the effect is all the
more visible as l� decreases. Figure 8 also suggests that the
transport mean free path and the roughness of the medium
deduced from coda-wave observations will be to some extent

correlated. Indeed, the lapse-time dependence of Qc may
equally well be fitted by smooth media (ν∈�3–5�) with
large transport mean free path (l� > 800 km), or moderately
rough media (ν∈�1–3�) and smaller transport mean free path
(l� < 500 km).

We remark that in the case of smooth media (Fig. 8c,d),
the quality factor seems to increase indefinitely with lapse
time.When the calculations are performed at sufficiently large
window length LW , as in Figure 9, however, we find that the
synthetic Qc curve can present an overshoot before converg-
ing to a plateau determined by the intrinsic quality factor. The
overshoot is all the more pronounced as the anisotropy factor
l�=l and the smoothness exponent ν are larger and is associ-
ated with a very rapid increase of Qc at short lapse time
(LW∈�30–80�). We may exploit this theoretical prediction
to put some loose constraints on the anisotropy factor and
on the medium roughness. In particular, smooth media (e.g.,
Gaussian media) with large anisotropy factor are less likely to
represent the heterogeneity of the pyrenean crust because they
predict an increase of Qc with lapse time usually faster than
observed (Figs. 8 and 9).
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Figure 8. Effect of the roughness of the random medium on the lapse-time dependence of Qc at 6 Hz. Four heterogeneity power spectra
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Figure 9 also shows that some care must be taken to
infer Qi from coda Q measurements with real data for which
the observation window is necessarily finite due to either
noise or recording conditions (e.g., triggered data). The
effect of windowing is further studied in Figure 10 where

we explore the lapse-time dependence of Qc for three values
of intrinsic attenuation: Qi � f700; 800; 1000g. Figure 10
shows the results of the numerical experiments for four
values of the transport mean free path l� � f100; 200;
500; 1000g km, an anisotropy factor l�=l � 5, and two
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power spectra: exponential (top panels) and Von-Karman
with ν � 5 (bottom panels). As expected, the impact of
the transport mean free path on the lapse-time dependence
of Qc is all the more visible as the intrinsic quality factor
is large. As a consequence, the lapse-time dependence of
Qc increases with the intrinsic quality factor Qi. This implies
some correlation between the values of l� and Qi deduced
from coda Q measurements at short time windows. In the
Pyrenees, the data may equally be fitted by fQi � 1000;
l� > 500 kmg or fQi � 700; l� < 500 kmg, in the Von-
Karman case with ν � 5.

Although the main theme of this paper is the lapse-time
dependence of Qc, it is nevertheless interesting to make a
short digression on the distance dependence ofQc in connec-
tion with the estimation of the intrinsic quality factor Qi.
In Figure 11, we represent the variation of Qc as a function
of epicentral distance for three choices of time windows
(tW � 2tS, tW � 50 s, and tW � 80 s). In numerical calcu-
lations, two transport mean free paths (l� � f500;
1000g km), two anisotropy factors (l�=l � f2; 5g) and four
intrinsic quality factors (Qi � f700; 800; 900; 1000g) have
been considered for two Von-Karman random media
(ν � 0:5 [top panels] and ν � 5 [bottom panels]). The theo-
retical predictions are superposed upon the observations,
shown in light gray. It is reassuring to see that the values
of the transport mean free path and attenuation deduced from
a rapid analysis of the lapse-time dependence of Qc predict
rather well the distance dependence of Qc for the three
choices of coda window. The role of the scattering anisotropy
is more apparent in media poor in short wavelengths but is
on the whole much less pronounced than in the lapse-time
analysis. The curves representingQc as a function of epicentral
distance all show a plateau for late coda samples. This cor-
responds to either large epicentral distance for the tradi-
tional coda window starting at tW � 2tS, or short epicentral
distances for coda windows starting at fixed lapse time
(tW � 50,80 s). The numerical results confirm that the value
of the plateau is close to the intrinsic quality factor Qi. From
the analysis of Figure 11, we conclude that the distance
dependence of Qc provides useful information on the plau-
sible range of absorption in the crust but does not strongly
constrain the power spectrum of the fluctuations.

On the Attenuation Properties of the Pyrenees

In Numerical Results section, we made a case that a
large part if not all the lapse-time dependence of Qc in
the Pyrenees may be ascribed to anisotropic scattering with-
out invoking any depth dependence of the attenuation prop-
erties. Following this idea, we combine Qc measurements
in different frequency bands to put some constraints on the
nature of heterogeneities in the pyrenean crust. The main
purpose is to develop a preliminary scattering model that
captures the gross features of the lapse-time dependence
of Qc in the Pyrenees. Let us first recapitulate the principal
conclusions that can be drawn from the confrontation of ob-

servations and numerical models at 6 Hz. The lapse-time
dependence ofQc requires (1) anisotropy factors of the order
of five or larger, (2) smoothness exponent ν > 1, (3) intrinsic
quality factor of the order of 900� 300, and (4) transport
mean free path >100 km. Considering the nonlinearity of
the model and the number of parameters, we do not make
any attempt to solve an inverse problem. Our modest goal
is to show that the frequency dependence of Qc may give
some constraint on the roughness of the crust, that is to say,
its content in short-wavelength features.

We adopt the following two-step approach. (1) We infer
the frequency dependence of absorption properties by using
the close correspondence between Qi and the coda quality
factor Qc estimated from late coda windows, as put forward
in the previous section. The frequency-dependent plateau
of Qc apparent in Figure 4 is parametrized in the form
Qc � Q0fn. For the Pyrenees, the values of Q0 and n de-
duced from a least-squares fit of the average value of Qc

are 300 and 0.6, respectively. BecauseQc tends toQi at large
lapse time as illustrated in Figure 9, it appears reasonable to
propose a frequency-dependent intrinsic quality factor of
the form Qi � 300f0:6. Because the standard deviation of
the data is rather large (�100), other parameterizations that
fall within the uncertainty range are possible. As an example
the frequency-dependent relation Qi � 400f0:4 is equally
acceptable and will also be implemented. (2) Assuming an
anisotropy factor l�=l � 5, we select a set of Von-Karman
random media with ν � f1; 3; 5g, which best fit the lapse-
time dependence of Qc at 6 Hz. Considering the different
parameterizations ofQi, three transport mean free paths l� �
f250; 500; 1000g km may adequately explain the data. For
each power spectrum (ν � 1, 3, 5), we calculate the pair
�a; ϵ�, which corresponds to a given pair (l�=l, l�) at
6 Hz. This yields three different heterogeneity models for
each value of ν as summarized in Table 1. From the knowl-
edge of �a; ϵ; ν�, we deduce the transport parameters (l, l�)
and the scattering pattern in the 2–4 and 8–16 Hz frequency
bands. By numerically solving the radiative transfer equation
for each heterogeneity model �a; ϵ; ν� given in Table 1, we
theoretically predict the lapse-time dependence of Qc in all
frequency bands. Numerical results are confronted with ob-
servations in Figure 12.

In the 2–4 Hz frequency band, the three Von-Karman
random media yield very similar predictions. This does
not come as a surprise because, as shown in the previous
section, Qc is controlled essentially by the intrinsic quality
factor and the transport mean free path for anisotropy factors
typically <2 (see Table 1). The agreement with observations
in the 2–4 Hz frequency band is worth noting and is consis-
tent with the dominance of nonpreferential scattering around
3 Hz in the Pyrenees (Fig. 12a,d,g). Because the lapse-time
dependence is weak, low-frequencyQc measurements do not
provide strong constraints on the medium roughness and on
the transport mean free path. The comparison of Figure 12a,
d,g and Figure 12c,f,i reveals that only high-frequency data
may help discriminate the models presented in Table 1.
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Independent of the medium roughness, the anisotropy factor
increases while the transport mean free path decreases at
high frequency, which in turn implies a stronger lapse-time
dependence of Qc, as observed in pyrenean data in the 8–
16 Hz band. Comparison of panels c, f, and i in Figure 12
leads us to select preferred average models of heterogeneity
for the pyrenean range, also indicated in boldface in Table 1.
AVon-Karman medium with a smoothness exponent ν � 3,
a correlation length a � 90 m, root mean-squared velocity
fluctuations ϵ∈�2:5%–3:5%�, and intrinsic quality factor of
the form Qi � 400f0:4 agrees well with observations at all
frequencies. Von Karman models with ν � 1 (resp. ν � 5)
predict too weak (resp. strong) lapse-time dependence of Qc

in the [8,16] Hz frequency band. Our preferred models yield
a transport mean path l�∈�420–830� km and an intrinsic
quality factor Qi � 620 at 3 Hz, in excellent agreement with
previous estimates by Sens-Schönfelder et al. (2009) who
obtained Qi � 623 and l� � 761 km from the analysis of
Lg coda at 3 Hz. Sens-Schönfelder et al. (2009) assumed
a model of heterogeneity of exponential type (ν � 0:5),
which differs from our estimate (ν � 3). This is not a severe
discrepancy as we have demonstrated that low-frequency
data do not give constraints on the roughness of the crust.

Discussion

Single-Scattering Versus Multiple-Scattering
Interpretations

Using data from the Pyrenees, we may provide one more
demonstration of the necessity to introduce depth-dependent
scattering properties to explain the observed lapse-time de-
pendence of Qc within the single-scattering approximation.
Figure 13a displays the variation of Qc with window length
LW (coda onset is fixed at tW � 30 s), as predicted by the
anisotropic single-scattering model of Sato (1982) using
an exponential correlation function with a fixed anisotropy
factor l�=l � 5, the transport mean free path l� � f100; 200;
500; 1000g km, and an intrinsic quality factor Qi � 1000.
From the comparison between model and data at 6 Hz

in Figure 13a, we infer that the transport mean free path
should increase roughly from ∼200 km at shallow depth
to >1000 km at large depth in a stratified model of hetero-
geneity. Such an increase has been reported many times in
the literature (see e.g., Mukhopadhyay et al., 2008; Rahimi
et al., 2010; Padhy et al., 2011; Vieira Barros et al., 2011,
among recent publications) based on the single-scattering in-
terpretation. The reader should keep in mind that single scat-
tering is nothing but the first term of the multiple-scattering
series that we calculate numerically in our Monte Carlo
simulations. In Figure 13b, we compare in more details the
single- and multiple-scattering results for two values of the
transport mean free path l� � f100; 1000g km. It is apparent
that even for l� � 1000 km, the full numerical solution dis-
agrees with the single-scattering approximation. This dis-
agreement is all the more visible for shorter l�. This means
that the single-scattering approximation is limited to
l� > 1000 km. The comparison of Figure 13a and Figure 10c
also reveals that the variation of the amplitude ofQc with the
transport mean free path is completely opposite in single-
and multiple-scattering models. The difference between the
lapse-time dependence of Qc predicted by the two models is
striking. In particular, without invoking any depth depend-
ence of attenuation properties, multiple anisotropic scattering
explains most of the observed variation of Qc with the win-
dow length.

Our study highlights the fact that a signature of depth-
dependent scattering and/or absorption properties may only
be detected once the effect of scattering anisotropy and
multiple scattering have been properly quantified. This con-
clusion should hold for the space and time scales involved in
this study: lapse time typically of the order of 200 s and epi-
central distances typically <100 km, that is, for waves that
propagate mostly within the crust. At larger temporal and
spatial scales, lapse time and epicentral distance in the range
200–2000 s and 100–600 km, respectively, Rautian and
Khalturin (1978) showed that the coda decay may be fitted
piecewise by equation (1) with coda Q generally smaller at
short lapse time than at large lapse time (see Roecker et al.,

Table 1
Statistical and Scattering Properties of the RandomMedia Investigated in the Section, “On the

Attenuation Properties of the Pyrenees”

l (km) l� (km)

Power Spectrum Model a (m) ϵ (%) 3 Hz 6 Hz 12 Hz 3 Hz 6 Hz 12 Hz

Von-Karman ν � 1:0 Model 1 160 3.7 230 50 13 485 250 190
Model 2 160 2.6 460 100 25 970 500 380
Model 3 160 1.8 920 200 50 1930 1000 760

Von-Karman ν � 3:0 Model 1 90 3.5 230 50 13 420 250 235
Model 2 90 2.5 450 100 25 830 500 470
Model 3 90 1.8 900 200 50 1650 1000 940

Von-Karman ν � 5:0 Model 1 70 3.6 220 50 13 390 250 250
Model 2 70 2.5 430 100 25 780 500 490
Model 3 70 1.8 870 200 50 1560 1000 980
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1982; Gusev, 1995, for similar conclusions). Explaining such
observations, which span a broad range of temporal and spatial
scales, goes beyond the scope of our model and presumably
points toward a drastic change of scattering properties at
the transition between crust and mantle.

On the Scattering and Absorption Properties of the
Pyrenees

As recently put forward by Carcolé and Sato (2010)
based on a thorough study of coda attenuation in Japan, there

exists a strong connection between intrinsic attenuation (Qi)
and the coda quality factor Qc. In particular, in the multiple-
scattering regime the simple relation, equation (3), applies at
large lapse time in a statistically homogeneous half-space. A
uniform depth distribution of seismic and scattering proper-
ties in the lithosphere may nevertheless be too restrictive an
assumption. It has been argued by Korn (1990) and Margerin
et al. (1998) that the lithosphere may be better represented by
a heterogeneous crust overlying a transparent mantle in some
regions. In this configuration, the leakage of diffuse waves
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Figure 12. Lapse-time dependence of Qc for synthetic codas computed at 3, 6, and 12 Hz. Three Von-Karman power spectra with ν �
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from crust to mantle entails an apparent attenuation quanti-
fied by a quality factor Qleak. The ratio between the crustal
thickness H and the transport mean free path controls the
efficacy of leakage. Typically the effect is maximum for
l�=H ∼ 1 and becomes negligible for l� ≫ H. Based on the
numerical study of Margerin et al. (1999), we may approxi-
mate the leakage quality factor asQleak ≈ 1000f, assuming a
crustal thickness of the order of 40 km (Choukroune et al.,
1990) and a transport mean free path of the order of
600 km (Sens-Schönfelder et al., 2009; this study). We may
therefore conclude that the leakage effect is on the whole
negligible in the Pyrenees. Note that in some anomalous re-
gions, the transport mean free path may bemuch smaller, which
may locally enhance the role of leakage (Sens-Schönfelder
et al., 2009).

From the observation of coda-wave attenuation, we pro-
pose a relation of the form Qi � Q0fn with Q0 of the order
of 400 and n of the order of 0.4 to parametrize the intrinsic
attenuation in the Pyrenees in the 2–16 Hz band. The fre-
quency dependence of Qi is relatively weak but still meas-
urable. The exponent n deduced from our data set is in line
with other studies based on the multiple lapse window analy-
sis (Ugalde et al., 1998; Vargas et al., 2004; Carcolé and
Sato, 2010, for example). At 3 Hz, the absorption length
(of the order of 110 km) and the transport mean free path
(∼600 km) found in this study agree perfectly with the find-
ing of Sens-Schönfelder et al. (2009) based on the analysis of
Lg waves propagating through the range. The mean free path
is of the order of 330 km, which suggests that absorption is
slightly dominant over scattering in the Pyrenees. Lacombe
et al. (2003) obtained similar estimates in central France
from an analysis of Lg coda waves.

The crustal heterogeneity in the Pyrenees has been para-
meterized with a Von-Karman power spectrum, which mod-
els satisfactorily our observations with a correlation length
a � 100 m and a smoothness exponent ν � 3. These esti-
mates should definitely not be taken at face value as they
do not result from a genuine inversion process. It is worth
noting that our model of crustal heterogeneity is in sharp
contrast with the one proposed for northern Japan by Taka-
hashi et al. (2009). From the analysis of envelope broadening
with distance, these authors inferred a correlation length of
5 km and a smoothness exponent typically <1. The differ-
ence may find its origin in (1) the different geological con-
ditions, (2) the different type of data analyzed, (3) the
physical model underlying data interpretation, and (4) the
limited range of parameters explored in our study. Evaluating
the role of each factor goes way beyond the scope of the
present study. In the near future, we intend to analyze the
broadening of seismogram envelopes with distance and fre-
quency to put to the test our heterogeneity model and to re-
vise it if necessary.

Conclusions

The principal message conveyed by this article is that
most if not all the lapse-time dependence of Qc observed
in the Pyrenees may be explained by a simple anisotropic
multiple-scattering model without invoking any depth de-
pendence of attenuation properties. As anisotropic scattering
is a prominent feature of high-frequency wave propagation in
the Earth, its effect should be properly modeled to extract the
depth-dependent attenuation structure from Qc measure-
ments at the local scale (epicentral distance <100 km). An
additional outcome of this study is the demonstration that the
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Figure 13. (a) Lapse-time dependence of synthetic codas computed at 6 Hz in four anisotropic single-scattering models. Four values of
the transport mean free path, l� � f100; 200; 500; 1000g km, are considered for an exponential random medium with fixed anisotropy and
intrinsic quality factor (l�=l � 5, Qi � 1000). (b) Comparison of the lapse-time dependence of Qc in single-scattering and multiple-scatter-
ing models depicted by black and gray lines, respectively. Two values of the transport mean free path are considered, l� � 1000 km (solid
lines) and l� � 100 km (dotted lines). The intrinsic absorption and the anisotropic factor are fixed: Qi � 1000 and l�=l � 5. In each panel,
the numerical results (lines) are superposed on the data (gray dots). The onset of the coda window is the same for synthetics and observations
(tW � 30 s).
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lapse-time dependence of Qc contains information on the
heterogeneity power spectrum of the crust. It may, therefore,
be combined with other methods such as peak delay time
analysis to develop precise models of heterogeneity.

The good coincidence between the intrinsic quality
factor and the coda quality factor at large lapse time found
in this work provides a simple technique to measure the
absorption properties of the crust. In this respect the choice
of coda window is crucial. Within a limited and fixed range
of epicentral distance, we recommend plotting Qc as a func-
tion of coda window length LW for different choices of coda
onset tW to ensure visually that the estimate ofQc is not ham-
pered by transient phenomena occurring at short lapse time.
Only the plateau value of Qc can be considered as an ap-
proximation of Qi. This procedure is particularly important
when performing a regionalization ofQc over a broad region.
If different epicentral distance ranges and/or different coda
windows are mixed, it may well happen that the lateral var-
iations of Qc deduced from observations are measurement
artifacts.

The model of scattering and absorption of the Pyrenees
obtained in this study is preliminary and subject to revision
in several respects. In terms of numerical modeling, it would
be necessary to include the coupling among P and Swaves to
properly model the coda envelopes at short lapse time.
Although it probably plays a minor effect on the lapse-time
dependence of Qc, the reflection/refraction effects at the
Moho should also be incorporated in a more realistic calcu-
lation. Concerning the interpretation of data, a more system-
atic exploration of the parameter space (in particular the
correlation length and the smoothness exponent) should be
conducted in future works to better delineate the robust fea-
tures of our scattering model. As the average attenuation
properties of the Pyrenees do not differ much from what
is observed in the tectonically quiet central France, it appears
that the interesting information on the pyrenean structure is
contained in the lateral variations ofQc observed in our data.
Future works should focus on the mapping of attenuation
properties along the range and their relation with the propa-
gation anomalies detected by Chazalon et al. (1993) and
Sens-Schönfelder et al. (2009).

Data and Resources

Accelerometer data are available at the Réseau Accélér-
ométrique Permanent in Grenoble (France) on request, or at
http://www‑rap.obs.ujf‑grenoble.fr (last accessed October
2012). Short-period data are available at the Réseau National
de Surveillance Sismique in Strasbourg (France) at http://
renass.u-strasbg.fr/ (last accessed October 2012). Figures
have been drawn with the Generic Mapping Tool (Wessel
and Smith, 1991).
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Appendix

Scattering and Transport Mean Free Path for
Gaussian, Exponential, and Von-Karman

Random Media

In this appendix, we summarize basic facts about the
most popular models of heterogeneity in seismological ap-
plications. The power spectral density function of Gaussian,
exponential, and Von-Karman random media are defined
as

PG�k� � �2π�3=2a3ϵ2 exp�−k2a2=2�; (A1)

PE�k� �
8πa3ϵ2

�1� k2a2�2 ; (A2)

and

PVK�k� �
8π3=2ϵ2a3Γ�ν � 3=2�
Γ�ν��1� k2a2�ν�3=2 ; (A3)

where k is the wave number, ϵ2 is the total variance of the
squared slowness fluctuations, a is the correlation length,
and Γ denotes the gamma function (Sato et al., 2012).
The corresponding scattering and transport mean free paths
are readily evaluated using the definitions given by Sato et al.
(2012):

lG � 4

k2aϵ2
������
2π

p �1 − exp�−2k2a2�� ; (A4)

l�G � 23=2a
ϵ2

���
π

p �1 − �1� 2k2a2� exp�−2k2a2�� ; (A5)

lE � 1� 4k2a2

2k4a3ϵ2
; (A6)
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l�E � 4a
ϵ2�ln�1� 4k2a2� � 1=�1� 4k2a2� − 1� ; (A7)

lVK � �1� 2ν�Γ�ν�
ϵ2

���
π

p
k2aΓ�ν � 3=2��1 − �1� 4k2a2�−ν−1=2� ;

(A8)

and

l�VK � �4ν2 − 1�Γ�ν�a
ϵ2

���
π

p
Γ�ν � 3=2��1 − �2ν − 1�k2a2�1� 4k2a2�−ν−1

2 − �1� 4k2a2�−ν�1
2� ; (A9)

where k � ω=c, with ω the circular frequency and c the S-
wave velocity.
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Abstract9

Lateral variations of seismic attenuation in the Pyrenees are explored from the analysis10

of local earthquakes records. Scattering loss and intrinsic absorption both control the11

propagation of short period S waves through the crust. The role of intrinsic and scattering12

attenuation is analyzed in two steps. Firstly, the coda quality factor Q, which quantifies13

the energy decay of coda waves, is estimated at large lapse time in five frequency bands14

and interpreted as intrinsic absorption. Next, we systematically measure the peak delay15

time defined as the time lag from the direct S-wave onset to the maximum amplitude16

arrival. This parameter quantifies the strength of multiple forward scattering due to17

random inhomogeneities along the seismic ray path. Comparison of coda-Q and peak delay18

time measurements allows a qualitative interpretation of the origin of seismic attenuation19

(scattering/absorption) in the Pyrenean crust.20

At low frequency, coda-Q variations mainly depend on the tectonic units of the Pyre-21

nees, with stronger absorption in sedimentary basins, and smaller absorption in Paleozoic22

basements. At high frequency, coda-Q is low at the location of Neogene structures in the23

Eastern Pyrenees. A more enigmatic low-Q anomaly is also observed at the location of24

the Maladeta Massif in the Central Pyrenees. In all frequency bands, peak delay time25

measurements systematically show stronger scattering in the Western Pyrenees.26

In the Labourd-Mauléon area, absorption and scattering are both important at low27

frequency. The Western Pyrenees also correspond to a high-velocity/density anomaly28

revealed from tomography and gravity data analysis. This suggests that the high level of29

inhomogeneities and absorption may be related to intrusion of mantle and/or sub-crustal30

2



materials. In the Eastern Pyrenees, absorption appears dominant over scattering at high31

frequency. We hypothesize that thermal effects induced by crustal thinning may explain32

the strong absorption observed in this area.33

Keywords: Seismic Attenuation, Coda waves, Wave Scattering, Crustal Structure,34

Pyrenees35
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1 Introduction36

In complement to seismic velocity measurements, attenuation provides valuable infor-37

mations about the structure of the Earth. It is also an important parameter for the38

quantitative evaluation of earthquake ground motion. Three mechanisms can be invoked39

to explain seismic wave attenuation: (1) anelastic absorption which mainly depends on40

temperature, melt or fluid content, and chemical composition, (2) scattering of seismic41

waves generated by small-scale velocity fluctuations and (3) focusing due to propagation42

in 3-D structures. The separation of these different effects is still a significant challenge43

but various methods have been proposed to estimate the relative contribution of anelas-44

ticity and scattering to the seismic attenuation in the Earth lithosphere (see Sato et al.,45

2012, for a review).46

Substantial regional variations in the attenuation of high-frequency seismic waves have47

been documented in several studies (see Romanowicz & Mitchell, 2007, for a review). Few48

studies have explored the seismic attenuation in the French lithosphere (e.g. Campillo49

et al., 1985; Campillo & Plantet, 1991; Chevrot & Cansi, 1996; Lacombe et al., 2003),50

but some of them have detected differences between distinct tectonic units. For example,51

attenuation at 1 Hz may be stronger in the Alps than in the Pyrenees (Drouet et al.,52

2008, 2010). In Spain, Pujades et al. (1990) and Payo et al. (1990) have shown that53

seismic attenuation at 1 Hz may be higher in the Pyrenees than in Galicia or in the Ebro54

Basin. But only a few studies specifically concern the Pyrenees. These studies either55

focus on a specific area (Gagnepain-Beyneix, 1987; Correig et al., 1990) or propose an56

estimation of the seismic attenuation for the entire Pyrenean range (Drouet et al., 2005;57
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Calvet & Margerin, 2013). However, there is some evidence of strong lateral variations of58

both seismic absorption and scattering properties in the Pyrenees, as illustrated by the59

Lg blockage phenomenon observed in the western part of the range (Chazalon et al., 1993;60

Sens-Schönfelder et al., 2009).61

Because of easy applicability, many determinations of seismic attenuation have in-62

volved so far the use of coda waves of local earthquakes. Coda Q measurements (noted63

Qc hereafter) was extensively used in seismology for lithospheric or crustal attenuation64

studies (Aki & Chouet, 1975; Mitchell, 1995; Sato et al., 2012). However Qc depends65

simultaneously on the scattering and anelastic properties of the crust. By using the66

MLTWA method developed by Fehler et al. (1992), Carcolé & Sato (2010) have recently67

obtained high resolution maps of scattering and intrinsic attenuation for Japan. They68

also demonstrated that the spatial variations of intrinsic absorption and Qc are highly69

correlated. In complement to coda Q measurements, analyses of high-frequency seismic70

envelopes have been used to discuss the relative contribution of intrinsic absorption and71

scattering loss to the total seismic attenuation (Sato, 1989; Obara & Sato, 1995; Saito72

et al., 2002; Petukhin & Gusev, 2003; Saito et al., 2005; Takahashi et al., 2007). Multiple73

scattering due to random velocity inhomogeneities in the crust increases the apparent74

duration of the S-wave pulse. On the contrary, intrinsic absorption truncates it. The75

seismic wave envelop results from a competition between scattering and absorption (Saito76

et al., 2005).77

In this study, we propose to explore more systematically the regional variations of78

Qc and pulse broadening in order to discuss the origin (scattering and/or absorption) of79

the lateral variations of seismic attenuation in the Pyrenees. To characterize the spatial80
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variations of attenuation in the Pyrenees, we take advantage from a dense seismic network.81

Several Institutes in France and Spain operate about 70 permanent seismic stations in82

the Pyrenees, and two temporary experiments have been conducted since 2010 on both83

sides of the mountain range. The paper is organized as follows. First, we summarize the84

main tectonic and seismological structures of the Pyrenees (section 2). Then, we present85

our data set in section 3. Coda-Q and pulse broadening measurements are discussed86

in section 4 and 5, respectively. The origin of the observed spatial variations of both87

observables is discussed in section 6. Conclusions are given in section 7.88

2 Structure of the Pyrenees89

2.1 Seismotectonic settings90

The Pyrenees are an asymmetrical, double-wedge continental belt about 400 km long and91

150 km wide which exhibits a North-South structure described by three main tectonic92

units: the Paleozoic Axial Zone (PAZ), the North Pyrenean Zone (NPZ) and the South93

Pyrenean Zone (SPZ) (Choukroune, 1992). These principal units are shown in Figure 1.94

The North Pyrenean Fault (NPF) is the major tectonic feature in the Pyrenees. It95

is observed at the surface in the central and eastern parts of the range. The NPF is96

also characterized by metamorphic rocks and lherzolite outcrops (Lagabrielle & Bodinier,97

2008). Other important fault systems are the Adour fault with a NW-SE orientation in98

the Central Pyrenees, and the Têt and Tech faults in Eastern Pyrenees. Intricate fault99

systems related to the Western Mediterranean opening are observed at the southeast end100

of the Pyrenees and in the Catalan Coastal Ranges. The PAZ is largely inherited from101
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Hercynian structures and includes several granitic massifs such as the Maladeta Massif.102

It also includes the highest summits. The NPF marks the boundary between the PAZ103

and the NPZ. The NPZ corresponds to the former Eurasian margin thinned during the104

Cretaceous extension phase. It is mainly composed of highly deformed Mezosoic flysh105

deposits. It also includes large Paleozoic outcrops such as the North Pyrenean Massifs106

in the central part of the range (noted NPM in Figure 1) and the Basque Massifs to the107

west. To the north, the NPZ sediments override the Aquitaine Basin along the North108

Pyrenean Frontal Thrust. To the south, the South Pyrenean zone (SPZ) is composed of109

Mesozoic and Cenozoic sediments which overthrust the molasse of the Ebro Basin.110

The Pyrenees have been affected by several successive orogens. From 120 to 80 Ma,111

the Pyrenean domain and the Hercynian structures experienced an extension episode112

related to the opening of the Bay of Biscay with the rotation of the Iberian plate. Dur-113

ing this episode, the crust was thinned and affected by dense lower crust and upper114

mantle intrusions in the western and central part of the Pyrenees. Two competing plate-115

kinematic models have been proposed to describe the rotation of Iberia with respect to116

Europe: a scissor-type opening model (Srivastava et al., 2000; Rosenbaum et al., 2002)117

or a left-lateral strike-slip opening model (Le Pichon & Sibuet, 1971; Jammes et al.,118

2009). Recently, Vissers & Meijer (2012) have proposed a third geodynamical scenario119

consistent with both seafloor magnetic anomaly data and geological observations: during120

the progressive opening of the Bay of Biscay, the mantle lithosphere subducted and be-121

came gravitationnally unstable leading to asthenospheric upwelling with magmatism and122

metamorphism. The second stage for the formation of the Pyrenees is the North-South123

collision of the Eurasian and Iberian plates about 65 Ma ago, with less shortening in124
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the Western Pyrenees than in the Central Pyrenees (Vergés et al., 2002). The Eastern125

Pyrenees also experienced Neogene extension during the rotation of the Corsica-Sardinia126

block. Neogene to Quaternary volcanism has affected the Catalan Coastal Ranges and127

the south-eastern Pyrenees in the Olot region (Mart́ı et al., 1992).128

The seismic activity of the Pyrenees is known from historical catalogues as well as129

from instrumental seismological studies. The present-day seismicity in the Pyrenees is130

moderate with an average of one event per year with a magnitude greater than 4 (Souriau131

& Pauchet, 1998; Rigo et al., 2005; Ruiz et al., 2006). The geographical distribution of132

Pyrenean earthquakes is very inhomogeneous. To the west, a diffuse activity is observed in133

the southern part of the range around Pamplona. In the Central Pyrenees, the seismicity134

is mostly in the North Pyrenean Zone but without any clear evidence of relashionship with135

the surface location of the NPF (Souriau et al., 2001; Rigo et al., 2005). The seismicity136

becomes much more diffuse in the eastern part of the Pyrenees with a clear southward137

shift of the seismicity. The current tectonic regime in the Pyrenees still remains uncertain138

(Souriau et al., 2001; Nocquet & Calais, 2004; Rigo et al., 2005) even if most of the139

recent significant earthquakes exhibit East-West extensional fault plane solutions more140

particularly in the Central Pyrenees (Chevrot et al., 2011).141

2.2 Seismic structure of the Pyrenean crust142

Crustal structures in the Pyrenees have been widely explored using seismic and gravity143

data. Geophysical studies based on refraction and ECORS deep penetration seismic144

profiles (Choukroune et al., 1990) show a large Moho jump along the NPF. The crust is145

much thicker on the Iberian side (50-55 km) than on the French side (28-30 km). From146
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refraction profiles, there is some evidence that the crust south of the NPF has a 50 km147

maximal thickness beneath the centre of the range, and is progressively thinned to 23 km148

to the East (Gallart et al., 1981; Mauffret et al., 2001) and to 40 km to the West (Gallart149

et al., 1980, 2001). The lower crust in the western part of the NPZ displays much higher150

P wave velocity than in the PAZ likely due to mantle intrusions into the lower crust151

(Daignieres et al., 1981).152

The crustal seismic tomography by Souriau & Granet (1995) has revealed two high-153

velocity bodies (both for P waves and S waves) in the Central and Western parts of the154

North Pyrenean Zone (Figure 2a). These two fast seismic anomalies also correspond to155

high density bodies (Casas et al., 1997; Vacher & Souriau, 2001; Jammes et al., 2010)156

as suggested by positive Bouguer anomalies (Figure 2c). Such gravity anomalies could157

be related to lower crust or mantle material uplifted through the upper crust during the158

extension episode preceding the collision (Vacher & Souriau, 2001; Jammes et al., 2009,159

2010). In Figure 2b, we also show the mean crustal VP/VS ratio computed at several160

seismic monitoring stations from Wadati diagrams. We observe that Paleozoic materials161

are characterized by rather low VP/VS ratios whereas the Mauléon Basin, Pamplona Basin162

and the SPZ (in Central Pyrenees) exibit larger VP/VS values. In contrast, the seismic163

attenuation structure of the Pyrenean crust is relatively poorly known. Recently, Sens-164

Schönfelder et al. (2009) and Calvet & Margerin (2013) have shown that absorption165

may be slightly dominant over scattering at low frequency with probably some lateral166

variations. In particular, scattering and absorption may be significantly stronger in the167

Western Pyrenees than in the surrounding regions (Sens-Schönfelder et al., 2009).168
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3 Data Selection169

In this study, we analyse velocity waveform data recorded by permanent and temporary170

seismic networks in the Pyrenees. We collect around 10000 waveform data recorded at 117171

stations from 741 earthquakes which occured between 2001 and 2011, with a local magni-172

tude (ML) larger than 2.0. Focal depths vary between 1 km and 20 km. Location of epicen-173

ters, local magnitude and origin time of earthquakes have been determined by the Réseau174

de Surveillance Sismique des Pyrénées (RSSP). Our dataset mainly contains short period175

velocimetric waveforms from RSSP (20 stations). We also include accelerometric data176

from RAP (Réseau Accélérométrique Permanent - 23 stations) and IGC (Institut Geològic177

de Catalunya - 13 stations), and broadband velocimetric data from IGC (14 stations) and178

IGN (Instituto Geogràfico Nacional - 8 stations). These data have been collected in the179

framework of the european project SISPYR (http://www.sispyr.eu). We also selected a180

few broadband records from the PYROPE (http://w3.dtp.obs-mip.fr/RSSP/PYROPE/)181

and IBERARRAY (http://iberarray.ictja.csic.es) experiments which have been deployed182

in the Pyrenees at the end of 2010. Most of the short period velocimetric and accelero-183

metric data are recorded by triggered systems whereas broadband stations record continu-184

ously. Locations of epicenters and stations are reported on Figure 3. Epicentral distances185

range from 1 km to 400 km.186
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4 Coda Q observations187

4.1 Definition of coda Q188

Aki & Chouet (1975) have observed that the energy envelop of seismic coda waves decays189

as:190

E(t, f) = S(f)t−αe−2πft/Qc(f) (1)191

where E is the power spectral density, S(f) is a frequency-dependent source and/or192

site term, t is the lapse time, f is the frequency, α is a positive exponent, and Qc is the193

frequency-dependent quality factor of coda waves. It is well documented that independent194

estimates ofQc and α cannot be achieved from data only. Therefore, the value of α must be195

fixed a priori, but the impact on the estimated Qc value is typically less than 20% (Aki &196

Chouet, 1975). The value of α and the interpretation of the coda quality factor Qc depend197

on the physical model used to describe coda waves. A single-scattering interpretation of198

the seismic coda in a homogeneous half-space is compatible with Eq.(1) for an exponent199

α equal to 2. In that case, the coda quality factor Qc depends simultanueously on the200

scattering and absorption as follows (Sato et al., 2012):201

Q−1
c = Q−1

sc +Q−1
i (2)202

where Qsc and Qi are the scattering and intrinsic absorption quality factor, respectively.203

However, the observation of seismic wave equipartition puts forward the role of multiple204

scattering in the generation of coda waves (Hennino et al., 2001). For example, in the205

Central Pyrenees, Souriau et al. (2011) have demonstrated that the equipartition regime206

may be reached only a few seconds after the S-wave onset. Within the multiple scattering207

11



interpretation of coda waves, the physical meaning of Qc is radically different. After a208

few mean free times, multiple-scattered waves reach a diffusion regime which implies that209

Qc = Qi (3)210

in a uniform half-space (Sato et al., 2012). In the present study, we adopt a multiple211

scattering interpretation of Qc with α = 3/2 in Eq. (1) (Paasschens, 1997).212

4.2 Qc measurements methodology213

Prior to estimating the power spectral density E(t, f) at lapse time t in the coda, we214

deconvolve the waveform from the station response and accelerometer records are inte-215

grated to get the vertical component of velocity. For Qc measurements, only events with216

a local magnitude greater than 2.5 are processed. Using a bandpass Butterworth filter of217

order 4, data are filtered in five frequency bands: 1 - 2 Hz, 2 - 4 Hz, 4 - 8 Hz, 8 - 16 Hz,218

16 - 32 Hz. In each frequency band, we smooth the squared vertical traces with a moving219

window whose typical duration is of the order of 16 cycles. The smoothed envelopes are220

thus corrected for the algebraic terms t−3/2. In each frequency band, an estimate of Qc is221

obtained from a least-square linear fit of E(t, f)t3/2 as a function of t in a coda window of222

duration LW starting at a lapse time tW . The values of Qc are accepted when the signal-223

to-noise ratio is greater than 4 and the correlation coefficient of the linear regression is224

greater than 0.7.225
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4.3 Lapse-time and frequency dependence of Qc226

In Figure 4, we represent all estimates of Qc in the frequency band 4 - 8 Hz as a function227

of epicentral distance. The coda window length is fixed at LW = 30 s and three possible228

choices of coda onset tW are explored: (a) tW = 2ts -commonly adopted in the seismo-229

logical literature- where ts is the ballistic time of S wave in the crust, (b) tW = 50 s after230

the origin time of the earthquakes, and ( c) tW = 80 s. The purpose of this plot is to231

identify the range of epicentral distances and lapse time which allow stable measurement232

of Qc. For tW = 2ts, Qc increases with epicentral distance (R ≤ 100 km) and reaches a233

plateau value ∼ 800± 250 at large epicentral distances (R > 100 km). For tW = 50 s, Qc234

is almost independent of distance for R ≤ 100 km, with an amplitude close to 800, and235

decreases rapidly at larger epicentral distances. At sufficiently large tW (80 s, Figure 4c),236

Qc is stable (800± 250) throughout the epicentral distance range we have explored.237

The choice of coda window is thus crucial to map the lateral variations of seismic238

attenuation. If different coda windows are mixed (early and late coda window), it may239

happen that the lateral variations of Qc are measurement artifacts. For a selected range240

of epicentral distances, we must fix the coda onset tW and the coda window length LW , to241

facilitate the physical interpretation of Qc. In particular, we must be sure that its estimate242

is not hampered by the transient regime occurring at short lapse time (Calvet & Margerin,243

2013). However the number of signals which allow measurements at sufficiently large lapse244

time is limited by the length of the triggered seismic records and by the noise level. The245

best compromise is to measure Qc for epicentral distances smaller than 90 km and for a246

30 s coda window starting 50 s after the origin time of the earthquakes. This range of247
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parameters corresponds to the plateau apparent in Figure 4. Our choice of coda window248

allows good spatial coverage of the Pyrenees and ensures that Qc provides a reliable249

estimate of the absorption quality factor Qi (see Figure 4b). As discussed by Calvet &250

Margerin (2013), absorption is to be understood as the combined effect of anelasticity251

and leakage (Margerin et al., 1999), the latter being negligible except in locally strongly252

scattering area. The range of fluctuations of Qc (±250) around the plateau value (∼ 800 in253

the frequency band 4-8Hz) is typically one order of magnitude larger than the uncertainty254

of individual measurements. We can thus confidently propose that the fluctuations are255

due to strong variations of absorption properties along the Pyrenean range.256

Adopting the selection criteria discussed above, the total numbers of Qc measurements257

in the five frequency bands are: 2190 (1 - 2 Hz), 2260 (2 - 4 Hz), 2296 (4 - 8 Hz), 2293 (8 -258

16 Hz), 2035 (16 - 32 Hz). These measurements can be summarized by a simple power law259

of the form Q0f
n where Q0 is the value of Qc at 1 Hz and n is an exponent which accounts260

for the frequency dependence. A simple fit yields Q0 = 220(±84) and n = 0.64± 0.15 for261

the Pyrenees. Previous studies have also reported a frequency dependence of Qc in the262

Pyrenees. In the Western Pyrenees, on the western end of the Axial Zone, Gagnepain-263

Beyneix (1987) finds Q0 and n in the range [30− 140] and [0.7− 1.1], respectively. In the264

Eastern Pyrenees, close to Andorra, Correig et al. (1990) obtain Q0 ∼ 14 and n ∼ 1.13,265

indicating stronger attenuation at 1 Hz in the Western Pyrenees. These two studies266

focused on the analysis of nearby earthquakes (epicentral distances smaller than 40-30 km)267

using a coda window starting at tW = 2 ts which mostly samples the early coda. This268

choice of coda window may largely underestimate Qc-values (see Figure 4a) and cannot269

be easily interpreted in terms of absorption. On the contrary, our results are close to270
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those of Mitchell et al. (2008) (Q0 ∈ [200 − 300] and n ∈ [0.6 − 0.7]) obtained at large271

lapse time.272

4.4 Spatial distribution of Qc in the Pyrenees273

4.4.1 Mapping Methodology274

Usually, the classical quality factor regionalization approach adopted with coda waves275

considers that the sensitivity is distributed within ellipsoidal shells whose size increases276

with the lapse time in the coda (e.g. Mitchell, 1995; Vargas et al., 2004; Mitchell et al.,277

2008). Recent progresses in the modeling of seismic coda waves challenges this view. In278

particular, in the multiple scattering regime, the coda wave sensitivity strongly depends279

on the type of perturbation (elastic or anelastic), and is not distributed within an ellipsoid.280

In diffusive propagation model, it has been verified that the coda waveform sensitivity to281

slowness or scattering perturbation is larger at the locations of the source and the station282

(Pacheco & Snieder, 2005; Rossetto et al., 2011). The sensitivity kernels of coda wave283

intensity to local variations of absorption still have to be derived, but we expect similar284

spatial sensitivity. Consequently, we adopt a very simple Qc regionalization approach285

which consists of assigning Qc values to ray paths between stations and hypocentres. As286

the sensitivity of coda waves may be stronger near the station and the source, we should287

select Qc measurements for rather small epicentral distances. We tested various epicentral288

distance ranges, but to preserve good spatial coverage in Qc maps, we decided to select289

all the data for epicentral distance smaller than 90 km.290

For simplicity, we only consider 2D lateral variations of Qc . Seismic ray paths are291
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calculated considering that the S-wave velocity is homogeneous (about 3.5 km.s−1). The292

depth distribution of hypocentres, indicates that most of the ray paths are located in293

the first 20 kms of the crust. We divide the Pyrenean crust into rectangular 0.1◦ × 0.1◦
294

blocks. As many ray paths propagate through one block and each ray path indicates a295

different value of Qc, we propose to allocate the mean values of Qc to each block. Only296

blocks crossed by more than 2 ray paths are retrieved. Finally, for each block, we take an297

average of the mean value over the nearest nine blocks to smooth the spatial variations.298

4.4.2 Main characteristics of the Qc maps299

Figure 5 shows the spatial distribution of Qc and the ray path density in the five frequency300

bands. The spatial coverage of the Pyrenees is rather good, more particularly in areas301

characterized by a strong density of seismic stations and earthquakes. Strong absorption302

(small Qc values) is indicated in red colors whereas low absorption (large Qc values) is303

indicated in blue colors.304

At low-frequency, we observe a rather good correlation between attenuation structures305

and the main tectonic units of the Pyrenees described by Choukroune (1992). In the 1-306

2 Hz map, Precambrian and Paleozoic basements in the Eastern (from NPF to the Catalan307

Coastal Range) and the Central Pyrenees (between the North Pyrenean Thrust and the308

southern limit of the PAZ) are characterized by smaller attenuation (larger Qc values)309

than the South Pyrenean Zone, the Mauléon, Pau and Pamplona Basins. However, the310

Paleozoic Basque Massifs exhibit stronger attenuation than other Paleozoic structures of311

the Pyrenees. Qc maps also reveal a North-South low-Qc anomaly at the longitude of312

the Hercynian Maladeta Massifs (longitude 1.5◦) which crosses the Pyrenees from the313
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Aquitaine Basin to the Ebro Basin. On average, similar Qc structures are observed in the314

2-4 Hz map, except for the Mauléon Basin where attenuation becomes smaller than in the315

sediments of Pamplona and Pau Basins. In conclusion, our low-frequency Qc maps are316

characterized by rather strong absorption in the Western Pyrenees and small absorption317

in the Eastern Pyrenees with in average stronger absorption in sedimentary structures318

than in Paleozoic materials.319

At high frequency (> 4 Hz), the Qc pattern in the Pyrenees change drastically and320

cannot be easily related to the principal tectonic units. The most striking feature is the321

low-Qc anomaly clearly delimited by the Neogene structures (Olot and La Selva volcanic322

areas) in the Eastern Pyrenees. We also observe that the North-South low-Qc anomaly323

already detected at low frequency spreads from the Maladeta Massif to the Adour Fault.324

Surprisingly, the sediments in Aquitain and Ebro Basins as well as the Hercynian massifs325

of the Paleozoic Axial Zone in the Eastern Pyrenees exhibit similar seismic absorption. In326

the Westernmost Pyrenees, the strong attenuation anomaly is now limited to the Basque327

Massifs. We will discuss all these features in section 6.328

5 Peak delay time observations329

5.1 Definition of the peak delay time330

In randomly heterogeneous media, an impulsive seismic wave radiated from the source331

broadens as its travel distance increases. The broadening of energy envelopes with epicen-332

tral distance is a clear manifestation of multiple forward scattering in Earth’s lithosphere333

(Sato, 1989; Saito et al., 2002). The strength of multiple scattering due to random hetero-334
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geneities along the seismic ray path can be quantified by the peak delay time (noted Tpd335

hereafter) defined as the time lag from the S-wave onset to the maximum of the ampli-336

tude. Peak delay time measurements have been mainly used to characterize the scattering337

properties of the Japanese lithosphere (Obara & Sato, 1995; Saito et al., 2005; Takahashi338

et al., 2007, 2009) or in the Kamchatka region (Petukhin & Gusev, 2003). In comparison,339

the scattering properties of the French crust are really poorly known (Lacombe et al.,340

2003; Sens-Schönfelder et al., 2009; Calvet & Margerin, 2013). In this study, we propose341

a first attempt at measuring and mapping the peak delay time Tpd in the Pyrenees.342

5.2 Tpd measurements343

We select data from permanent stations for earthquakes with a local magnitude greater344

than 2.0. We consider records with hypocentral distances smaller than 80 km in order345

to focus on crustal phases only. The waveforms are first deconvolved from the recording346

system response. Seismograms are filtered in four frequency bands (2 - 4 Hz, 4 - 8 Hz,347

8 - 16 Hz, 16 - 32 Hz) in forward and backward directions to avoid any phase delay caused348

by using the fourth-order bandpass Butherworth filter. Next, we compute the root mean349

square of the sum of the two horizontal velocity components. The envelopes are smoothed350

with a moving time window whose typical duration is twice the central period of each351

frequency band. We only used waveform data which show a clear S-wave onset (quantified352

by the picking weight). S-wave onsets have been collected from local seismicity catalogues353

and are the same for each frequency band. Tpd is measured in seconds in a 40 s time window354

starting from the S-wave onset. We obtained 5157 Tpd measurements in each frequency355

band.356
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5.3 Hypocentral distance and frequency dependence of Tpd357

Figure 6 shows Tpd as a function of the hypocentral distance R in the four frequency bands.358

Typically, at 80 km epicentral distance, the peak delay time can reach 4 s. Large values359

of Tpd, while absorption is also important (see previous section), reveal that scattering is360

rather strong in the Pyrenean crust. Although data are widely scattered, we observed361

that log10(Tpd) increases almost linearly with the logarithm of the hypocentral distance.362

The general features of Tpd variations with hypocentral distance have been previously363

investigated by using a Markov approximation of the parabolic wave equation (Sato, 1989;364

Saito et al., 2002). At fixed frequency, it can be shown that log10(Tpd) varies linearly with365

the logarithm of the hypocentral distance depending on the heterogeneity power spectrum366

of the random medium and on intrinsic absorption (Saito et al., 2002). Black solid lines367

in Figure 6 show the linear regression of log10(Tpd) against hypocentral distance log10(R ):368

log10 Tpd(f) = Ar(f) +Br(f) log10R (4)369

The regression coefficients Ar and Br are given in Table 1. The comparison of the linear370

regression coefficients in the frequency band 4-32 Hz reveals that Tpd slightly increases371

with frequency (at fixed hypocentral distance). Saito et al. (2002) have verified that en-372

velope broadening strongly increases with frequency as the content of the random media373

in short-wavelength increases. Our measurements thus suggest that the Pyrenean crust374

may be poor in short-wavelength components. This interpretation is in good agreement375

with Calvet & Margerin (2013) who have proposed that the Pyrenean crust inhomogene-376

ity may be described by a Von-Karman random medium with a hurst exponent larger377

than 1. However, to confirm our interpretation, we also need to consider the effect of ab-378
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sorption on the frequency dependence of Tpd. Coda Q measurements at large lapse time379

indicate that the average absorption quality factor in the Pyrenees varies as ≈ 220f 0.64.380

Consequently, the absorption time decreases with frequency as f−0.36. We hypothesize381

that the decrease of the absorption time with frequency hampers the broadening effect382

of small-scale heterogeneities and results in a slow increase of Tpd with frequency (Saito383

et al., 2002). A more quantitative interpretation in terms of heterogeneity power spec-384

trum would be possible (Saito et al., 2005; Takahashi et al., 2009) but goes beyond the385

scope of the present article.386

A part of the dispersion of Tpd measurements at a given hypocentral distance could387

be due to regional variations of scattering along the range. Thus, we propose to explore388

the spatial variations of envelope broadening after removing the hypocentral dependence389

described by the regression lines given in Table 1.390

5.4 Spatial distribution of Tpd in the Pyrenees391

5.5 Mapping methodology392

For the mapping of peak delay times, we follow the method proposed by Takahashi et al.393

(2007). First, for each frequency band, we remove the hypocentral dependence by com-394

puting the peak delay time deviation defined as follows:395

∆ log10 Tpd = log10 Tpd(f)− (Ar(f) +Br(f) log10R) (5)396

As envelope broadening is considered to be the result of multiple forward scattering by397

inhomogeneities, ∆ log10 Tpd may represent the relative strength of accumulated scattering398

contribution along each ray path. A small ∆ log10 Tpd thus implies the absence of strong399
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medium heterogeneities along the ray path from the hypocentre to the station, whereas400

strong ∆ log10 Tpd indicates that a strongly inhomogeneous region is located somewhere401

along the ray path. For the mapping, we adopt the same approach as the one used for402

Qc maps. We only consider 2D spatial variations and we divide the Pyrenean crust into403

rectangular 0.1◦ × 0.1◦ blocks. Next, we allocate the mean values of ∆ log10 Tpd to each404

block. Only blocks that are crossed by more than 5 ray paths are considered. Finally, in405

each block, we take an average of the mean values over the nearest nine blocks to smooth406

the spatial variations.407

5.5.1 Main characteristics of ∆Tpd maps408

Figure 7 shows the distribution of peak delay time deviation in four frequency bands.409

Blocks with small values of ∆ log10 Tpd are indicated by blue colors while blocks of large410

∆ log10 Tpd values are in red. The top panel shows the ray path density.411

First we observe that there is no clear correlation between the ∆ log10 Tpd maps and the412

three main tectonic units. The main feature is an East-West dichotomy in the ∆ log10 Tpd413

spatial distribution. The Western Pyrenees (west to the Adour Fault) exhibit larger414

∆ log10 Tpd values than the Central and Eastern Pyrenees. It may indicate the presence415

of strong inhomogeneities in the western part of the range. Indeed, as absorption and416

scattering have a competitive effect on the peak delay time, large ∆ log10 Tpd values suggest417

that scattering may be dominant, at least equal, in comparison to absorption at low418

frequency. The small variations of ∆ log10 Tpd with frequency also suggest that the power419

spectrum of inhomogeneities is poor in small-scale components (Sato, 1989; Saito et al.,420

2002).421
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In the Central and Eastern Pyrenees, the Paleozoic Axial Zone and the North Pyrenean422

Zone show rather small ∆ log10 Tpd values in all frequency bands. This feature could be423

due either to weak scattering or to strong absorption. But Qc maps show that absorption424

is low in the PAZ except around the Maladetta Massif (Figures 7). Thus, scattering is425

probably weak on average in the PAZ and NPZ.426

Eastern Pyrenees, more particularly to the east of intermountain basins of Empordà427

and La Selva, exhibit rather strong ∆ log10 Tpd values in the 2−4 Hz frequency band. But428

the amplitude of the peak delay time deviation decreases as frequency increases. This429

frequency feature suggests that the crust in the Eastern Pyrenees is richer in small-scale430

structures than in the Western Pyrenees. However the effect of absorption should be431

also taken into account to propose a robust conclusion. In the Eastern Pyrenees, we also432

observe two high ∆ log10 Tpd regions located in the southern thrusts of the Axial zone, close433

to the compressive faults of Tech and Ribes-Camprodon . These high ∆ log10 Tpd anomalies434

match with regions characterized by strong deformation (Choukroune & Séguret, 1973)435

and may be related to small scale heterogeneities produced by strong crustal thickening436

(Vergés et al., 2002).437

6 Discussion438

In this section we propose to discuss Qc and ∆Tpd maps in relation with other geophysical439

and geological observations. Globally, there is no clear correlation between geological440

structures and attenuation maps in the Pyrenees in all frequency bands. Usually, seismic441

waves are less attenuated in crystalline materials than in sedimentary ones (Sato et al.,442
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2012). In the Pyrenees, this classical feature is maybe observed only at low frequency. In443

the next paragraphs, we propose a more detailed discussion.444

6.1 The Eastern Pyrenees445

The Eastern Pyrenees, south of the Têt and Tech faults, are characterized by rather small446

S-wave velocity (Souriau & Granet, 1995; Villaseñor et al., 2007), small (strong) absorp-447

tion and rather large (small) ∆ log10 Tpd values at low (high) frequency. It may indicate448

that absorption is predominant at high frequency whereas scattering is strong at low fre-449

quency. However we can not quantitatively conclude on the predominance of scattering450

against absorption (and vice versa). Strong absorption and slightly low velocities suggest451

a thermal origin of these anomalies and/or the presence of fluids and melt, but rather452

small VP/VS ratio (Figure 2b) in this area does not favor a fluid interpretation of the453

strong absorption observed at high frequency. However, we clearly observe that low val-454

ues of Qc are mainly found in the Neogene fields at the east to Olot. Indeed, the Eastern455

Pyrenees have been strongly affected by the Neogene and Quaternary extensional events456

which have induced a crustal and lithospheric thinning towards the Mediterranean Sea as457

revealed by seismic data (Gallart et al., 1981; Mauffret et al., 2001), gravity data (Zeyen458

& Fernàndez, 1994; Vergés et al., 2002; Ayala et al., 2003; Gunnell et al., 2008) and heat459

flow measurements (Lucazeau & Vasseur, 1989; Fernandez & Banda, 1989). The Eastern460

Pyrenees have been also affected by alkaline volcanism in the late Mediterranean exten-461

sional phase. The main volcanic structures are located west to Banyoles-Olot and along462

the border of the intermountain basin of La Selva. Moreover, numerous thermal springs463

and associated geothermal anomalies located along faults or at the margins of graben-like464
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structure in the Catalan Coastal Range also confirm a stronger geothermal activity in465

this part of the Eastern Pyrenees (Fernandez & Banda, 1989; Cabal & Fernàndez, 1995).466

In contrast, seismic absorption is smaller west of the volcanics units, in the Ebro Basin,467

where no strong geothermal anomalies have been detected (Fernandez & Banda, 1989).468

We thus propose that thermal effects induced by the crustal thinning and volcanism may469

explain strong attenuation in this area.470

6.2 The Western Pyrenees471

In the Western Pyrenees, ∆Tpd and Qc maps reveal strong crustal inhomogeneities and472

strong absorption, respectively. The Pau Basin is characterized by rather strong absorp-473

tion at low frequency (Figure 5), low-velocities and high VP/VS ratio (Daignieres et al.,474

1981). It could be explained by the presence of oil and gas in the sediments. In the475

South Pyrenean Zone, the Pamplona Basin is also characterized by low shear wave veloc-476

ity (Souriau & Granet, 1995; Villaseñor et al., 2007) high VP/VS ratio (Figure 2b), and477

strong absorption (Figure 5). However, Qc varies differently with frequency in the Pau478

and Pamplona Basins. The difference in the attenuation properties of the two basins may479

be ascribed to geographical variations either in the chemical composition of sedimentary480

materials and/or fluids, or in the distribution of melts and fluids, or in the density and481

connectivity of the fractures (and consequently in fluids circulation) (e.g., Leary, 1995).482

Analyses of Lg waveforms have suggested the presence of small-scale heterogeneities483

in the Western Pyrenees. Indeed, no crustal phases appear in seismic records of Lg waves484

when ray paths cross the western part of the range (Chazalon et al., 1993; Sens-Schönfelder485

et al., 2009). Chazalon et al. (1993) have demonstrated that neither a realistic Moho jump486
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nor a large-scale high-velocity body in the crust can cause such extinction. They specu-487

late that the attenuation of crustal phases may be due to high scattering by small-scale488

heterogeneities in the Western Pyrenees. This hypothesis has been confirmed by Sens-489

Schönfelder et al. (2009) who demonstrated that a large-scale body with strong intrinsic490

absorption and strong scattering may explain the Lg blockage phenomenom. Their best491

model is characterized by an intrinsic quality factor Qi about 180 and a scattering quality492

factor about 340 (at 3 Hz). In the Western Pyrenees, absorption and scattering may493

be respectively about 4 times and 10 times larger than in the surrounding regions. Our494

∆ log Tpd and Qc maps show qualitatively that scattering and absorption are on average495

strong in the Western Pyrenees at low frequency. Even if we do not perform robust496

inversions, our results are in good agreement with those of Sens-Schönfelder et al. (2009).497

The Basque and Labourd Massifs are characterized by strong attenuation in all fre-498

quency bands. The Mauléon Basin seems to have a distinct behaviour with slightly less499

absorption at high frequency than the surrounding Massifs. Slightly higher VP/VS ratio500

in the Mauléon and Pamplona Basins in comparison to the Basque and Labourd Mas-501

sifs (see Figure 2b) suggests the presence of more melts or fluids in the basins than in502

Paleozoic Massifs. Geographical variations in the fluid contents may also explain a part503

of the frequency-dependence of absorption in the Mauléon Basin. However, the fluid504

hypothesis is not compatible with the high seismic velocities observed in this region (Fig-505

ure 2a). Alternatively, seismic properties of the Labourd-Mauléon area may be ascribed506

to the chemical and/or mechanical properties of the crustal materials. The strong posi-507

tive Bouguer anomaly observed in the Mauléon-Labourd area (Vacher & Souriau, 2001;508

Jammes et al., 2010) (see also Figure 2c) have been interpreted as mantle intrusions which509
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could also explain high seismic velocities and strong absorption. Sens-Schönfelder et al.510

(2009) argue that S-wave absorption in the Western Pyrenees is too strong for crustal511

materials (Sato et al., 2012). As mantle materials are more ductile, their presence may512

induce stronger seismic absorption.513

Peak delay time measurement reveals that scattering is strong in the Western Pyrenees.514

What is the possible origin of scattering in this area? Close to the surface, it is observed515

that Cretaceous sediments are locally associated with remnants of subcrustal and mantle516

rocks in the Labourd Massifs and the Mauléon Basin. Particularly, the Mauléon Basin517

contains a number of outcrops, ranging from a few meters to 3 km in diameter, rich518

in serpentinized mantle peridotites (Lagabrielle & Bodinier, 2008; Jammes et al., 2009).519

Interestingly, Sens-Schönfelder et al. (2009) obtain a typical size for heterogeneities in520

the western Pyrenean crust around 800 m. Intrusion of mantle or subcrustal material is521

thus a possible mechanism to explain both the strong seismic scattering and absorption522

observed in the Western Pyrenees.523

6.3 The Central Pyrenees524

In all frequency bands, a low-Qc anomaly (strong absorption) extends from the North525

Pyrenean Zone to the South Pyrenean Zone. At the same location, small ∆ log Tpd values526

show that scattering may be smaller than in the Western Pyrenees. East to this low-Qc527

anomaly, we also observe that most of the Paleozoic materials are characterized by small528

absorption (Figure 5). This East-West dichotomy in the Axial Zone with a transition at529

the location of the Maladeta Massif can not be easily explained from tectonic and geologi-530

cal arguments except maybe that most of the Hercynian granitic massifs, the large massifs531
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of gneiss (age ∼470 Ma) and the older meta-sediments (Upper Proterozoic to Ordovician)532

are located in this high-Qc area (Baudin et al., 2008). We also observe that the Pyrenean533

seismicity shifts southward at the location of the low-Qc anomaly. A deep structure in the534

crust may be at the origin of this attenuation anomaly. Interestingly, an anomalous body535

has been detected in this area by seismic tomography and analysis of Bouguer anoma-536

lies. This high-density and high-velocity crustal body is located south to Saint Gaudens537

, in the North Pyrenean Zone,(see Figure 2), on the northern border of this Qc-anomaly.538

As proposed for the Labourd-Mauléon area, more ductile mantle or sub-crustal materi-539

als could be at the origin of the observed strong absorption. However, we observe that540

the Saint Gaudens and Labourd-Mauléon anomalies have a rather distinct seismic be-541

haviour. The Saint Gaudens anomaly exhibits smaller absorption, smaller scattering and542

smaller VP/VS ratio than the Labourd-Mauléon one. In both cases, the positive correla-543

tion between seismic velocity and attenuation cannot be explained by thermal effects but544

suggests that seismic properties may be related to the chemical composition. Variations545

in the chemical/mineralogical composition of these deep materials may be at the origin546

of the distinct seismic behaviour between the two high density/velocity anomalies. How-547

ever, from the comparison of gravity and seismic data, Vacher & Souriau (2001) propose548

a similar mineralogical origin for these two bodies, even if more detailed investigations549

may be necessary. A part of the difference in absorption between the Saint Gaudens and550

Labourd-Mauléon anomalies may be also due to a difference in the amount of mantle551

materials in the crust.552
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7 Conclusions553

A first attempt at mapping seismic wave attenuation in the Pyrenees has been proposed,554

based on coda Q and peak delay time analysis in the [1 − 32] Hz frequency band. Qc555

maps show that the amplitude and the frequency dependence of attenuation strongly556

vary along the Pyrenean range. The Paleozoic Axial Zone exhibits mainly lower seismic557

attenuation than the surrounding regions, except at the longitude of the Maladeta Massif,558

east of the Adour fault. Seismic waves in the Western Pyrenees, more particularly at559

the location of the Basques Massifs and the Nappe des Marbres, are strongly attenuated.560

Similarly the Neogene structures of North-East Catalonia show strong seismic attenuation561

at high frequency. In addition to coda Q analysis, envelope broadening of high-frequency562

seismic waves gives complementary information on the origin of seismic attenuation in563

the Pyrenees, more particularly on the nature of the crustal inhomogeneities. The peak564

delay time maps highligth a strong East-West dichotomy in the scattering properties of565

the Pyrenean crust with stronger inhomogeneities in the Western Pyrenees, as previously566

proposed by Sens-Schönfelder et al. (2009). The Eastern Pyrenees exhibit a stronger567

frequency dependence of the peak delay time than the Western Pyrenees.568

The comparison of Qc and peak delay time maps allows a qualitative discussion about569

the relative contributions of absorption and scattering to the seismic attenuation in the570

Pyrenean crust. Anelastic absorption appears to be dominant in the Eastern Pyrenees571

at high frequency, whereas both absorption and scattering are strong in the Western572

Pyrenees. We propose a thermal origin for the strong seismic attenuation at the location573

of the Neogene structures in the Eastern Pyrenees. Indeed, the Eastern Pyrenees have574
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been affected by a late extensional event with volcanism, and the region presents a rather575

strong geothermal activity in comparison to the Ebro Basin or the Western Pyrenees.576

In the Western Pyrenees, we argue that the attenuation properties of the crust (strong577

absorption and scattering) are mainly due to sub-crustal or mantle intrusions related to578

the complex tectonic history of the region.579

Although some correlations have been observed between Qc, ∆ log10 Tpd, seismic ve-580

locity and VP/VS ratio, our findings need to be clarified in several aspect. First, seismic581

structures in the eastern and western edges of the range are not correctly resolved in582

the tomography by Souriau & Granet (1995), more particularly the lateral extension of583

the Labourd-Mauléon high-velocity anomaly. High-resolution crustal tomography may584

be soon available through to the deployment of the PYROPE and IBERARRAY seismic585

networks. Second, we only provide coda-Q and peak delay times deviation maps which586

have been interpreted qualitatively in terms of absorption and scattering. Future works587

should explore the sensitivity of coda-Q measurements to the lateral and depth variations588

of absorption. It is clear that our simple mapping approach to Qc measurements only589

gives the gross features of the lateral variations of attenuation without any constraint on590

the depth behavior. Next, we will consider an inversion of the peak delay times, after cor-591

rection for absorption, in order to better quantify the spatial distribution of the velocity592

random fluctuations in the Pyrenean crust. Absorption and scattering maps may bring593

new insights into the structures of the Pyrenees but also offer new elements for inter-594

preting geophysical data (Bouguer anomaly, seismic tomography), seismicity distribution595

and geological observations. Moreover, such attenuation maps should also significantly596

improve strong motion prediction in the Pyrenees.597
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Table 1: Estimated Ar and Br parameters with their standard deviation from least-square

regression log10 Tpd(f) = Ar(f) +Br(f) log10R in four frequency bands.

Frequency (Hz) Ar SD(Ar) Br SD(Br)

2.0-4.0 -0.827 0.125 0.649 0.074

4.0-8.0 -1.572 0.125 1.045 0.075

8.0-16.0 -1.859 0.124 1.239 0.075

16.0-32.0 -1.902 0.125 1.323 0.075
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List of Captions

Figure 1: Main structural units of the Pyrenees after Choukroune (1992). NPFT: North

Pyrenean Frontal Thrust; NPM: North Pyrenean Massifs; SPT: South Pyrenean Thrust.

Light grey zones corresponds to Paleozoic material, dark grey zones indicates Quaternary

volcanic rocks.

Figure 2: (a) Crustal P-wave tomographic model by Souriau & Granet (1995) at depth

11 km. (b) VP/VS ratio computed at some French and Spanish velocimeter stations (c )

Bouguer anomalies (computed by International Gravimetric Bureau – http://bgi.omp.obs-

mip.fr/). Black thick lines are the main Pyrenean faults.

Figure 3: Location map of earthquakes and seismological stations used for coda-Q and

peak delay time measurements. See inset for symbol explanation.

Figure 4: Qc as a function of the epicentral distance in the frequency band [4 − 8]Hz.

Solid line is the mean value and dashed lines correspond to one standard deviation. The

coda windows start at 2 ts (a), 50 s (b), 80 s (c) after the origin time of the earthquake.

ts is the S-wave travel time. The length of the coda window is fixed at 30 s.

Figure 5: Regional variations of Qc (left) and ray path density (right). Qc is estimated

in five frequency bands from [1− 2] Hz (top) to [16− 32] Hz (bottom). Blocks with less

than two measurements are shown in gray in Qc maps.

795
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Figure 6: Logarithmic plot of peak delay times (in seconds) as a function of the hypocen-

tral distance (in kilometers) for crustal S waves in four frequency bands. Gray dots are

the data, and black lines are the regression lines : log10(Tpd) = Ar(f) + Br(f) log10R.

The values of coefficient Ar and Br are listed in Table 1.

Figure 7: Distribution of the logarithmic deviation of crustal S-wave peak delay time

∆ log10(Tpd) in four frequency bands. We do not consider blocks in which the number of

ray paths is less than 5 (gray blocks). The top panel gives the ray path density in all

frequency bands.
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