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ABSTRACT
In this paper we investigate finite-frequency effects in crustal tomography. We developed an inversion procedure based on an exact numerical computation of the
sensitivity kernels. In this approach we compute the 3D travel-time sensitivity kernels
by using (1) graph theory and an additional bending to estimate accurately both rays
and travel-times between source/receiver and diffraction points and (2) paraxial ray
theory to estimate the amplitude along theses rays. We invert both the velocity and
the hypocentre parameters, using these so-called banana-doughnut kernels and the
LSQR iterative solver. We compare the ray-theoretical and the finite-frequency tomography to image the intermediate structures beneath the Gulf of Corinth (Greece),
which has long been recognized as the most active continental rifting zone in the
Mediterranean region. Our dataset consists of 451 local events with 9233 P- firstarrival times recorded in the western part of the Gulf (Aigion area) in the framework
of the 3F-Corinth European project. Previous tomographic images showed a complex
velocity crustal model and a low-dip surface that may accommodate the deformation.
Accurate velocity models will help to better constrain the rifting process, which is still
a subject of debate. The main results of this study show that finite-frequency tomography improves crustal tomographic images by providing better resolved images of the
3D complicated velocity structure. Because the kernels spread the information over a
volume, finite-frequency tomography results in a sharpening of layer boundaries as
we observed for the shallower part of the crust (down to 5 km depth) beneath the
Gulf of Corinth.

INTRODUCTION
Most seismic tomography experiments rely on the assumptions of classical ray theory. This approach is known to be an
infinite-frequency approximation assuming that travel-time
residuals are only influenced by velocity perturbations located
along the ray path. Recent theoretical studies show that for
realistic frequencies, seismic waves are in fact predominantly
sensitive to structure away from the ray path, within a volume
known as the Fresnel zone and that observed delay times are
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affected by wave front healing (Wielandt 1987; Marquering,
Dahlen and Nolet 1999; Hung, Dahlen and Nolet 2000;
Zhao, Jordan and Chapman 2000; Dahlen, Hung and
Nolet 2000; Nolet and Dahlen 2000; Hung, Dahlen and Nolet
2001). These pioneering studies emphasize the limitations
of the ray-based inversions, which break down whenever
the size of heterogeneities becomes too small, and motivates the development of finite-frequency inversions (Montelli
et al. 2004; Zhou, Dahlen and Nolet 2004). By accounting
for the effects of scattered, off-path seismic wave propagation, the finite-frequency approach is a better forward theory, which may provide more highly resolved tomographic
images.
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Several studies present comparisons of ray-theoretical and
finite-frequency tomography in order to explore whether the
sensitivity kernels provide a significant improvement of the
images. Montelli et al. (2004) used the finite-frequency theory
proposed by Dahlen et al. (2000) in global P and PP tomography. They report that, depending on depth and size, the amplitudes of the velocity perturbations in the finite-frequency
tomographic images are 30–50% larger than in the corresponding geometric-ray images. Hung, Shen and Chiao (2004)
show that finite-frequency tomography based on teleseismic
data improves the resolution of the velocity models of the
upper mantle beneath Iceland. Moreover, Yang et al. (2006)
find that finite-frequency tomography provides 3D and highresolved images of both the Azores hotspot and the nearby
Mid-Atlantic Ridge. Despite these results, the beneficial effect of finite-frequency sensitivity kernels to compute the tomographic mantle images, in particular in the context of the
identification of mantles plumes using ‘banana-doughnut kernels’ is currently strongly debated (Dalhen and Nolet 2005;
De Hoop and Van der Hilst 2005; Van der Hilst and De
Hoop 2005). Though intended to correct for the shortcomings of ray theory, the ‘banana-doughnut kernels’ are themselves constructed using ray theory. One objection raised
by De Hoop and Van der Hilst is that ‘banana-doughnut
kernels’ computed in this way for simple, layered, background
models have little validity once the model is three-dimensional
and ray trajectories exhibit caustics with infinites in seismic
amplitudes. Since in this paper we trace ray directly in the
3D crustal model and repeat the computation of ‘bananadoughnut kernels’ as the model evolves in subsequent iterations, we are in a direct position to verify the validity of this
objection.
Sensitivity kernels for surface-wave travel-times at finitefrequency have been proposed by many authors (Spetzler,
Trampert and Snieder 2002; Yoshizawa and Kennett 2002;
Zhou et al. 2004; Tape, Liu and Tromp 2007). Results obtained both at global and regional scales do not enable us
to assess the improvement of the finite-frequency images.
Yoshizawa and Kennett (2004) and Zhou et al. (2005) report
enhanced tomographic models whereas Sieminski, Lévêque
and Debayle (2004), Levshin et al. (2005) and Trampert and
Spetzler (2006) argue that ray theory can produce the same
models with a good physically-based regularization, an appropriate damping parameter, a dense path ray coverage and
in the presence of noise. While surface waves are dispersive,
body waves are not and a specific investigation of how well
the finite-frequency tomography will perform for body waves
should be performed. This is the goal of this paper.
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Here we investigate the finite-frequency effects in crustal
compressional waves tomography by using the Born (single
scattering) approach proposed by Dahlen et al. (2000), however, without the optional paraxial approximation for the
computation of travel-times of scattered waves. So far, this
theory has only been considered for smooth global models.
In this paper we present an algorithm to compute accurate
sensitivity kernels in a 3D complicated crustal environment.
We compare the P-velocity models based on conventional ray
theory with those resulting from a finite-frequency inversion
and discuss the improvement of the tomographic images.
Improving seismic imaging techniques for accurate focusing
of seismic amplitudes is still a challenge for both seismology
and exploration geophysics. Full waveform tomography techniques have been recently applied to 2D exploration problems.
These applications have demonstrated that a good estimate of
the smooth background velocity model is necessary for convergence to the global solution (Sheng et al. 2006). The finitefrequency tomography is an attempt to cover the gap between
the very smooth velocity structures obtained by first-arrival
travel-time tomography. It may provide enough accurate models for making the full waveform tomography converging on
the minimum we want. Of course, we may investigate how to
describe these initial models and investigations by Delost et al.
(this issue) that may help adapting the medium description to
the local resolution.

METHODOLOGY
According to the ray theory, the travel-time residual δT due
to the slowness perturbation field δu(x ,y ,z) is given by a 1D
line integral along the ray path:

δT =
δu(x, y, z)dl
ray

where dl is the differential distance along the ray. To account
for finite-frequency effects, the 1D integral along the geometrical ray is replaced by a 3D volume integral:

δT =
K(x, y, z)δu(x, y, z)dx dy dz
V

over a volume V around the geometrical ray in which the slowness perturbation is non-zero, i.e., δu(x, y, z) = 0. The quantity
K(x, y, z) describes the 3D Fréchet kernel or sensitivity kernels
and depends on the frequency content of the wave. This formulation enables us to account for scattering and wavefront
healing in the tomography procedure.
Our finite-frequency tomography method consists of several steps, each of which are described in the literature. A
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recapitulation of the detailed mathematics is beyond the scope
of this paper and we refer the reader to the original articles or
to the textbook by Nolet (2008).
The major new aspect of the method we use is the combination of 3D-ray tracing with the exact computation of the
finite-frequency kernels, rather than relying on simple, layered
background models.
We use a delayed travel-time tomography method to invert
simultaneously the velocity distribution and the hypocentre
parameters (Aki and Lee 1976; Spencer and Gubbins 1980;
Spakman and Nolet 1988; Thurber 1992; Benz et al. 1996).
A comprehensive description of the ray-theoretical approach
and its linearized iterative scheme is given by Latorre et al.
(2004) and Gautier et al. (2006). For finite-frequency inversion we introduce the estimation of the sensitivity kernels in
the iterative scheme of this 3D tomography method. Contrary
to finite-frequency procedures used on a global scale (Dahlen
et al. 2000; Montelli et al. 2004), no paraxial approximation
of both travel-times and amplitudes between sources/receivers
and diffracting points is used in the computation of the kernels. This significantly increases the computational effort, by
at least a factor 10 for the computing time, with respect to the
ray approach.
In this formulation, we consider three different grids: the
inversion grid, the intermediate grid and a fine grid. The inversion grid is where we want to update model parameters
(slowness or velocity). The intermediate grid, which we call
ray grid, is for storing raytracing results such as travel-times
or amplitudes. These quantities should behave smoothly at
this grid scale because of their slow variations. The fine grid,
called kernel grid, will be employed for the computation and
integration of sensitivity kernels. Information on this fine grid
is not stored at any time during the tomographic procedure.
Potentially, the kernel oscillations offer the opportunity to resolve very small detail if the inversion grid is just as finely
spaced but only with a large number of widely dispersed rays
could we hope to resolve such detail, which is not the case for
our data set.
Ray tracing is performed for each iteration of the linearized
approach: we use graph theory (Moser 1991) for computing
rays from a source or a receiver to every node of the ray grid.
This means that we simultaneously optimize the travel time
from one source to all other nodes in the model. In the next
step, the rays, which in the graph theoretical algorithm are
forced to follow straight paths between nodes, are bent to
minimum travel-time. We apply the paraxial theory (Virieux
and Farra 1991) along the bent ray for the estimation of the
geometrical spreading and Maslov index. It is important to
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emphasize that we use the paraxial approximation for each
individual ray from source to scatterer and from scatterer to
receiver, rather than using it away from the central ray only.
Though this leads to a significant increase in computation
time, it avoids errors due to the limitations of the paraxial approximation far away from the ray. It also naturally
avoids inaccuracies near interfaces, where the wavefront obviously does not have quadratic shape imposed by the paraxial
approximation.
Since graph theory results in absolute first-arrival times, the
Maslov index is expected to be zero, unless the ray bending
has moved it away from the absolute minimum travel time.
We have noticed that such excursions are rare in our computational experiments. Travel-time sensitivity kernels are computed by interpolating on the kernel grid the fields of traveltime and geometrical spreading estimated on nodes of the ray
grid and by combining them. As shown in Fig. 1, in a 3D complex environment, the method provides a banana-doughnut
shape with no sensitivity to velocity perturbation close to the
geometrical ray. This picture also indicates that, in a 3D complicated structure, sensitivity is not uniformly distributed. In
particular, we may notice a strong decrease of the sensitivity
below 8 km depth where previous tomographic studies point
out a high velocity gradient.
Partial derivatives, both for slowness field and for hypocentre parameters, are evaluated on nodes of the inversion grid.
Partial derivatives for slowness field are computed by using
the approach proposed by Dahlen et al. (2000). In order to
eliminate problems in the estimation of the sensitivity kernels
near singularities, we exclude a region with a specific radius
R around the source and the receiver from the partial derivatives estimation. Here R is defined as R = 0.5λ with λ the
wavelength corresponding to the considered finite-frequency
f and estimated respectively at the source and at the receiver
location. Tests for different values of R, from R = 0 to R = 2λ,
indicate that this limit is well-adapted to crustal tomography
and has negligible impacts.
As proposed by some authors (Le Meur, Virieux and
Podvin 1997; Spakman and Nolet 1988; Wang and Pratt 1997;
Wang 1999), normalization or scaling of the derivative matrix
is performed for better reconstruction of the different parameters. This operation will remove influences of parameter units
and will also take into account the sensitivity of the data to
each class of parameters. Residual weighting of the dataset is
also used in our tomography to eliminate the outliers. Finally,
the scaled and weighted linear system is solved by means of
the LSQR method (Paige and Saunders 1982) and both the
velocity models and the hypocentre parameters are updated.
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Figure 1 An example of travel-time sensitivity kernel derived from a 3D complicated structure, the finite-frequency crustal velocity model beneath
the western part of the Gulf of Corinth. Top: we find a S–N section (on the left) and a W–E section (on the right) of the travel-time sensitivity
kernel computed using a Gaussian spectrum around 2 Hz. Bottom: S–N sections computed using Gaussian spectrum around 1 Hz (on the left)
and 4 Hz (on the right). The grey circle represents the region with a specific radius R around the source and the receiver which is neglected in
the estimation of the partial derivatives.

Figure 2 Map of the western Gulf of Corinth. The selected area is
shown on the left bottom corner. The location of the town of Aigion
is indicated with the dark dot. The complete network used during the
2001– 2002 experiment is represented with triangles and major faults
are drawn in dark grey (Psa: Psathopyrgos fault; Ai: Aigion fault; He
Heliki fault and Py-Ma: Pyrgaki-Mamoussia fault).

A P P L I C AT I O N T O T H E W E S T E R N PA RT
OF THE CORINTH RIFT
Study region
The study region is located in the Aegean area. In this paper, we
focus on the western part of the Gulf of Corinth (Fig. 2), which
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is the southernmost of a series of active grabens that discontinuously link the western part of the North Anatolian fault to
the Hellenic subduction zone (Armijo et al. 1996; Briole et al.
2000; Tiberi et al. 2001). The Gulf of Corinth presents a 3D
complicated crustal environment from a geological, tectonic
and geodynamic point of view.
The Gulf of Corinth, which separates the Peloponnesus
from continental Greece, is a 110 km long, N120◦ E oriented
asymmetrical graben, bounded by quaternary E-W normal
faults (Armijo et al. 1996). The current extension rate varies,
decreasing from 16 mm.yr−1 in the west to 11 mm.yr−1 in the
east (Avallone et al. 2004). Despite some variations, the direction of extension is on average approximately N–S. The most
active faults crop out on the southern uplifted side of the gulf
whereas some smaller antithetic faults can be found on the
northern subsided coast.
The Corinth rift cuts obliquely across the NNW–SSEtrending fabric of the Hellenic mountain belt (Jacobshagen
et al. 1978). Orogenic building leaves a complex lithologic
structure resulting in an heterogeneous stack of Mesozoic
nappes (Aubouin et al. 1962; Doutsos and Poulimenos 1992).
In our area of study, the Pindos and the Gavrovo-Tripolitza
series correspond to the shallowest units. They consist respectively of 3.5 km thick deep-water carbonates and about
2.5 km thick carbonate platform sediments. Below these
nappes, a metamorphic unit called the Phyllite series,
composed of an alternation of quartzites, phyllites and
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schists is likely be encountered (Jacobshagen et al. 1978;
Dornsiepen, Manutsoglu, Mertmann 2001). Finally, field observations point out a 1 km thick synrift sedimentary sequence
in north Peloponnesus (Doutsos and Poulimenos 1992; Flotté
and Sorel 2001) and at the east of the study region, the synrift sediment basin beneath the gulf reaches depth of 2.5 km
(Sachpazi et al. 2003).
In the western part of the gulf, the microseismicity is mainly
distributed along a sub-horizontal north-dipping trend, located at about 6–12 km depth (Rigo et al. 1996; Latorre
et al. 2004; Lyon-Caen et al. 2004). Rigo et al. (1996) interpret the seismogenic zone as a north-dipping detachment
structure that could accommodate the deformation in this
area. Fault plane solutions, indicating the presence of an active
low-angle dipping structure at depth, are consistent with this
tectonic model (Rietbrock et al. 1996; Bernard et al. 1997).
Hatzfeld et al. (2000) proposed an alternative model suggesting the rise of the brittle-ductile transition up to 10 km depth.
In their interpretation, microearthquake mechanisms with a
dip steeper than 15◦ may be related to small faults located at
the base of the brittle-crust.
Tomographic studies have revealed a two-layer vertical
structure characterized by a sharp velocity gradient lying at
7–9 km depth and which may be interpreted as a lithological
contrast between the Gavrovo-Tripolitza unit and the Phyllite
series (Latorre et al. 2004; Gautier et al. 2006). The shallower part of the crust (down to 5 km depth) is controlled by
the N–S extension and lacks seismicity. The deeper part (7–
13 km depth) matches the seismogenic zone and is characterized by faster and more heterogeneous anomalies. In this zone
the background seismicity reveals a low-angle active surface
dipping about 20◦ toward the north and striking WNW–ESE
(Gautier et al. 2006). The position of this active structure
is consistent with both high Vp/Vs and low Vp/Vs anomalies
identified at 8–12 km depth and suggests a highly fracturated
and fluid-saturated zone.
Despite a large amount of recent tectonic, geodetic and seismic observations, there is considerable debate concerning the
rifting process and the underlying mechanical mechanism. We
apply finite-frequency tomography for better images of the intermediate structures beneath the Gulf of Corinth in order to
provide additional constraints on the extension mechanisms.

periment deployed thirty 3C L22 2 Hz digital and nineteen 3C
CMG40 60 s digital stations using GPS time (temporary stations and CRL permanent stations (Lyon-Caen et al. 2004))
on both sides of the Gulf during the year 2002. The distance
between stations is around 5 km. During March–April, three
3C ocean-bottom seismometers were deployed in the centre
of the gulf for a one-month period, allowing an increase of
the ray coverage in the study area. The complete network is
represented in Fig. 2.
The dataset comprises direct P and S phases from regional
earthquakes. On average, 400 events per month were recorded
during this dense passive experiment. First-arrival times were
hand-picked and an initial location was obtained using the
1D model proposed by Rigo et al. (1996). In order to obtain
a more reliable and uniform tomographic dataset, we have
performed a selection using different criteria (Gautier et al.
2006). A total of 451 local events with 9236 P- hand-picked
first-arrival times are used to invert for velocity perturbations
according to ray or 3D finite-frequency kernel formulations.
In this paper, we shall concentrate only on the first-arrival
P-wave times and we shall not consider here the S-wave times.
Our tomographic model is a 56 km × 56 km area with
a local origin point located at (longitude = 21.6◦ E and
latitude = 38◦ N) and extends to 19 km depth in order to include all the ray paths. This 3D model is discretized on a grid
of 17 by 17 by 12 nodes. The distance between grid points is
3.5 km in the two horizontal X and Y directions and 2 km in
the vertical Z direction. The finer grids used for the inversion
are regular grids with a node spacing of 1 km in all directions
for the ray grid and 250 m for the kernel grid. Some tests
show that this discretization allows us to compute accurate
sensitivity kernels in a reasonable computation time.
Here, we choose to use the same parameterization for both
ray-theoretical and finite-frequency inversion, i.e., the same
1D initial model (Rigo et al. 1996), the same regularization
of the partial derivative matrix and the same damping parameter. All these different parameters are fixed through synthetic
tests using the ray-based inversion and the real event-station
geometry. A comprehensive description of these synthetic tests
is presented in Gautier et al. (2006). We estimated that the
optimal set of weightings for the 2002 tomographic study is
1 for P-waves, 5 for both the location and the origin time of
earthquakes and finally 0.5 for the damping parameter.

Data and model parameterization
A dense passive seismological experiment took place from
November 2001 to June 2002 in the western part of the Gulf
in the framework of the European 3F-Corinth project. The ex-
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Results
We performed both ray theoretical and finite-frequency
inversion on the same 2002 dataset by using the same
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parameterization as described in the previous paragraph. Here
we present the results obtained for a finite-frequency of 2
Hz, since the dominant part of the seismic energy is around
this frequency for the studied micro-seismicity. Moreover, it
represents an upper bound to analyse the effect of the finitefrequency theory. Frequencies lower than 2 Hz cannot be analysed because the instruments we used rapidly lost sensitivity below this frequency. Some tests performed for different
frequencies in the range 2–5 Hz pointed out that sensitivity
kernels affect the tomographic images for frequencies equal to
2 Hz, whereas pictures are close to ray theoretical predictions
for higher frequencies. The convergence between ray theory
and finite-frequency may partly be imposed by the coarser
inversion grid.
We present the tomographic solution obtained after five iterations. There is no objective approach to compare models
based on different theories. Figure 3 indicates that the difference between the weighted root mean square residuals is
less than 2 ms suggesting that we compare models with an
equally good fit which is the correct criterion to use in comparisons (Hung et al. 2004; Montelli et al. 2004). This justifies the use of the same inversion parameters for both ray and
finite-frequency formulations with a damping of 0.5. Both the
P-velocity models and the earthquake locations are shown in
Fig. 4. In addition to the map views, the results are also presented along three S–N vertical sections (Fig. 5), corresponding
to different areas of the gulf region, from west to east. Their
locations are indicated by dotted lines on the map views.
At a regional scale the finite-frequency results are consistent
with ray-theoretical images confirming a two-layer vertical
structure of the mid-crust characterized by a sharp velocity
gradient lying at 7–9 km depth. Both P-velocity models show

Figure 3 The figure points out the misfit function for both the raybased and the finite-frequency inversion.
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a shallower low-velocity anomaly located beneath the Gulf
down to 4 km depth and more heterogeneous anomalies in
the deeper part (8–13 km depths). Moreover the S–N section
C1–C2 reveals a low P-velocity anomaly located at 8–13 km
depth beneath the northern side of the gulf, near the Psaromita
peninsula.
Despite the same global structure, we notice some differences at small scales. The shallower low-velocity anomaly
shows higher amplitudes in the finite-frequency images than in
the ray-theoretical pictures. S–N sections seem to indicate that
finite-frequency images provide a better resolved geometry of
the shallow low-velocity anomaly boundary. In addition, the
finite-frequency model points out a sharper discontinuity at
7–9 km depth than the corresponding ray theoretical pictures,
with a higher velocity contrast. Figure 6 confirms that both
higher amplitudes of the velocity perturbations and a sharpening of layer boundaries are observed when finite-frequency
effects are included in the inversion procedure.
Finally, in comparison with the ray-theoretical location,
the finite-frequency approach produces a narrow picture of
the microseismicity. Furthermore, S–N sections indicate differences in the event distribution at depth suggesting that a
more flatten low-angle dipping surface is obtained with the
finite-frequency procedure.

DISCUSSION AND CONCLUSION
From a methodological point of view, we use 3D ray tracing
to construct the ‘banana-doughnut kernels’, rather than rely
on the paraxial approximation to compute the detour times
for scattered waves. At each iteration of the tomography procedure, the sensitivity kernels are re-computed for the new 3D
complex velocity structure. The steady convergence of these
iterations clearly shows that the shape of the kernels is not critically altered by the ray bending or existence of small caustics
in the 3D structure. In fact, we find little or no evidence of the
effect of small caustics, a fear raised by De Hoop and Van der
Hilst (2005). We may conclude that the use of finite-frequency
kernels is not subject to strong nonlinearities.
Another important result of this study is that the finitefrequency analysis affects crustal tomographic images. We find
clear evidences of differences between the velocity models obtained by the ray theoretical and the finite-frequency methods.
In global studies, the finite-frequency models show more pronounced velocity anomalies (Montelli et al. 2004) and this has
been confirmed by studies confined to the upper mantle (Hung
et al. 2004; Yang et al. 2006). Our study is the first application in a very heterogeneous and crustal environment, strongly
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Figure 4 Presentation of the final tomographic results on map views at different depths ranging from 0 km to 13 km. The ray-theoretical images
are represented on the left side and the finite-frequency model on the right side. Distances are represented in the X-Y coordinate system derived
from the Universal Transverse Mercator (UTM) projection (zone 34) and a local origin point (longitude = 21.6◦ E and latitude = 38◦ N) is used
for plotting presentation. Events located in a range of 1 km around each layer are displayed (dark dots). Stations are plotted on the first section
(blue triangle) whereas the major faults are drawn on the second map. 1 km3 cells with no ray coverage have been masked. The colour scale
indicates the absolute velocity from the lowest value in red to the highest value in blue.

suggesting that the finite-frequency tomography provides a
better resolution of the geometry of the velocity anomalies,
resulting in a sharpening of layer boundaries. These results
demonstrate that the finite-frequency crustal effects are not
negligible, especially in a 3D complicated environment.
The increased sensitivity of the finite-frequency kernels in
the shallower part seems to differ from results of some of the
surface wave studies referred to in the introduction. In our
opinion, this reflects two shortcomings of the surface wave
studies. First, with the exception of Zhou et al. (2005), the
resolution studies were performed on phase velocity maps, not
on 3D tomographic models and relied on the assumption that
the surface wave travels with a velocity that is a localized property of the model. This assumption is fundamentally incompatible with a finite-frequency approach, in which the wave is
influenced by scattered energy from different directions, hence
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its apparent velocity is a function of the past history of the
wavefront and cannot be properly localized. Secondly, phase
velocity imaging is for one frequency only and can never capture the influence of varying width of resolving kernels for
different frequencies on the resolution of a 3D model.
Finally, the finite-frequency velocity model confirms the
two-layer vertical structure of the mid-crust beneath the Gulf
of Corinth. Despite the same global structure, differences are
observed at small scales. In particular, the finite-frequency interpretation allows us to increase the resolution of the shallow
low-velocity anomaly located beneath the gulf, and related
to the presence of thick synrift deposits and the existence of
highly fracturated carbonates in the first 3 km (Doustos and
Poulimenos 1992; Pham et al. 2000; Flotté and Sorel 2001;
Sachpazi et al. 2003). However, the resulting model would
not be interpreted any differently than the ray theory model.
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Figure 5 S–N sections of the P- velocity tomographic results with the ray-theoretical images on the left side and the finite-frequency model on
the right side respectively. The location of each S–N section is indicated in Fig. 4. Earthquakes (dark dots) that are located in a 3.5 km wide area
around each section are plotted. Major normal faults are displayed in the pictures. We used the same mask as for the map view.

Earlier resolution studies by Latorre et al. (2004) and Gautier
et al. (2006) for the same data set show a reduced resolution for the ray theoretical model at greater depth. From the
present study, it is clear that the finite-frequency does not improve on this. Unfortunately, the weak resolution of velocity
structure below 8 km prevents us from providing additional
constraints on the rifting process. An exact resolution test for
the finite-frequency inversion would of course be preferable to
the approach adopted here (which ignores the linear approximations inherent in ‘banana-doughnut kernels’) but would require the computation of thousands of synthetic seismograms
with a finite-difference technique in 3D. Such a synthetic test is
beyond our present computational means and far beyond the
scope of this paper. Moreover, only the P velocity model is inverted here, suggesting a poor constrained location of events.
Because of this limitation, we are not able to interpret differences between the event distributions obtained by the ray
theoretical and the finite-frequency inversions as we did for
the low dipping structure. The next step will be a simultaneous inversion of the P- and S-velocity distribution using the
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finite-frequency tomography method in order to better constrain both the structure and the dynamics of the mid-crust
beneath the Gulf.
We also note that the parameterization of the model will
be critical for better retrieving the velocity structure. The expected resolution of the finite-frequency approach will require
a denser data acquisition sampling and will promote strategies
of seismic exploration into seismology. The dramatic increase
of the number of stations will make possible a finer description of the model according to the expected resolution of the
finite-frequency approach. Therefore, this better formulation
opens new roads for better reconstructed images but still require careful analysis of the influence of the different parameters. This work is one step in this direction for the body-wave
seismograms.
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Figure 6 P-velocity logs corresponding to three different locations along the S–N section B1– B2 (Fig. 5). The black dashed curve represents the
initial velocity profile. The ray-theoretical and the finite-frequency logs are plotted respectively in red and blue.
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