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ABSTRACT
An integrated multiscale seismic imaging flow is applied to dense onshore wideaperture seismic data recorded in a complex geological setting (thrust belt).
An initial P-wave velocity macromodel is first developed by first-arrival traveltime
tomography. This model is used as an initial guess for subsequent full-waveform
tomography, which leads to greatly improved spatial resolution of the P-wave velocity
model. However, the application of full-waveform tomography to the high-frequency
part of the source bandwidth is difficult, due to the non-linearity of this kind of
method. Moreover, it is computationally expensive at high frequencies since a finitedifference method is used to model the wave propagation. Hence, full-waveform
tomography was complemented by asymptotic prestack depth migration to process the
full-source bandwidth and develop a sharp image of the short wavelengths. The final
traveltime tomography model and two smoothed versions of the final full-waveform
tomography model were used as a macromodel for the prestack depth migration.
In this study, wide-aperture multifold seismic data are used. After specific preprocessing of the data, 16 frequency components ranging from 5.4 Hz to 20 Hz were
inverted in cascade by the full-waveform tomography algorithm. The full-waveform
tomography successfully imaged SW-dipping structures previously identified as highresistivity bodies. The relevance of the full-waveform tomography models is demonstrated locally by comparison with a coincident vertical seismic profiling (VSP) log
available on the profile. The prestack depth-migrated images, inferred from the traveltime, and the smoothed full-waveform tomography macromodels are shown to be,
on the whole, consistent with the final full-waveform tomography model. A more
detailed analysis, based on common-image gather computations, and local comparison with the VSP log revealed that the most accurate migrated sections are those
obtained from the full-waveform tomography macromodels. A resolution analysis
suggests that the asymptotic prestack depth migration successfully migrated the wideaperture components of the data, allowing medium wavelengths in addition to the
short wavelengths of the structure to be imaged.
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The processing flow that we applied to dense wide-aperture seismic data is shown
to provide a promising approach, complementary to more classical seismic reflection
data processing, to quantitative imaging of complex geological structures.

INTRODUCTION
Seismic imaging of complex structures characterized by strong
lateral variations in the velocity field remains a challenge.
In most cases, the seismic imaging problem is concerned
with conventional surface-seismic multichannel reflection geometries, which involve only near-vertical wave propagations
(namely, short-aperture reflections). With these geometries,
the seismic imaging problem can be subdivided into two distinct steps. Chronologically, the first one is the determination of a smooth velocity macromodel which describes the
large-scale velocity distribution. The second step uses this
velocity macromodel to image the short-wavelength components of the structure (namely, discontinuities or interfaces)
by prestack depth migration/inversion (for a review, see Gray
et al. 2001). By prestack depth migration/inversion, we define
the migration methods which are cast in the framework of inverse problem theory and which give a quantitative estimate
of the model parameters. However, it is well established that
for complex media the estimation of a reliable velocity macromodel for migration/inversion is a difficult issue, when only
conventional multichannel seismic reflection data are available. This is due to their limited aperture range, precluding
recordings of refracted and post-critical reflected waves at long
offset, which are sensitive to large-scale velocity distribution.
Moreover, the precise definition of a reliable macromodel for
migration/inversion is still an open question which has been
addressed only in a heuristic manner (e.g. Operto, Xu and
Lambaré 2000).
In order to obtain more reliable macromodels, wideaperture data should be used. Surface wide-aperture geometries, generally referred to as refraction geometries, are
designed to yield sufficiently large source/receiver offsets in
order to record waves refracted at the depths of investigation.
Smooth velocity macromodels can then be developed either
by first-arrival traveltime tomography (e.g. Toomey, Solomon
and Purdy 1994; Zelt and Barton 1998) or combined firstarrival/wide-angle reflection traveltime tomography (e.g. Zelt
and Smith 1992; Korenaga et al. 2000; Improta et al. 2002;
Hobro, Singh and Minshull 2003). In the latter case, picking of secondary arrivals, which requires user intervention
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to identify and interpret reflected arrivals, is rarely a trivial
task, especially in the case of highly laterally heterogeneous
media.
The velocity models derived by any traveltime tomography
methods are poorly resolved since first-arrival traveltimes are
only sensitive to large-scale velocity distribution (Williamson
and Worthington 1993). The use of reflection traveltimes helps
to delineate the geometry of the main interfaces (those which
reflected the picked reflections) but provides no information
on the nature of the discontinuity.
Ideally, wide-aperture seismic surveys have both wideaperture and multifold characteristics. Such a survey can be designed if a sufficiently large number of receivers and shots with
densely sampled spacings are available. These surveys provide
an interesting compromise between common-depth-point fold
and aperture coverage (as defined by the range of scattering
angles between raypaths from the source and receiver to a
diffractor point in a medium) for addressing the seismic imaging problem. Because of the wide aperture of this survey, an
accurate velocity macromodel can be derived by first-arrival
or combined first-arrival/wide-angle reflection traveltime tomography. This macromodel can be used as a starting model
to apply subsequent waveform processing. Compared with
the case of conventional seismic reflection data, the waveform propagation method should ideally account for the full
wavefield recorded at all the angular components, including
super-critical incidence. This class of inversion techniques is
referred as full-waveform tomography since it is able to handle properly both transmitted and reflected arrivals, thanks
to full-wave forward modelling tools, such as finite-difference
or finite-element methods (e.g. Pratt et al. 1996; Shipp and
Singh 2002). The transmitted and reflected wavefields are sensitive to different scales in the medium. When both wavefields
are accounted for in waveform tomography, the tomographic
images are characterized by a broad spectrum of wavenumbers ranging theoretically from 0 (the average property of the
medium) to half the minimum wavelength. When wide apertures are available in the acquisition system, large wavelengths
can be resolved. This is crucial for designing multiscale imaging strategies and mitigating the non-linearity of the inverse
problem (Pratt et al. 1996). The capacity to image a broad and
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continuous bandwidth of wavelengths from multifold wideaperture seismic data by full-waveform tomography is the key
feature that distinguishes this approach from the waveform
processing applied to multichannel seismic reflection data. In
this latter case, there is generally a gap in the medium wavelength range between the wavelength content of the velocity
macromodel and that of the depth-migrated sections (Jannane
et al. 1989).
Full-waveform tomography methods are very sensitive to
several sources of error, among which are inaccuracies in the
starting model. These techniques tend to become highly nonlinear at high frequencies, making them difficult to apply in
the high-frequency part of the source bandwidth. Hence, fullwaveform tomography may be complemented by more robust asymptotic prestack depth migration in order to process
the reflected wavefields over the full frequency source bandwidth and the full aperture range, and hence to develop a
sharp image of the structural discontinuities (e.g. McMechan
and Fuis 1987; Lafond and Levander 1995; McIntosh et al.
2000; White et al. 2003). A macromodel for prestack depth
migration may be provided by either traveltime tomography
or full-waveform tomography.
We apply this seismic imaging processing flow (namely, traveltime tomography + full-waveform tomography + asymptotic prestack depth migration) to a multifold wide-aperture
seismic data set, recorded in the complex geological setting of
a thrust belt in the southern Apennines. Previous geophysical
studies revealed the extremely poor seismic response of the
geological target when conventional processing (stack + poststack time migration), as applied to classical reflection data,
was used.
In the first part of the paper, we briefly outline the
three methods applied here, with special emphasis on
the input/output relationships between the three processing
sequences.
In the second part, we present the application of the processing flow to the real thrust belt data. The results of the traveltime tomography and full-waveform tomography have been
presented in detail in Improta et al. (2002) and Ravaut et al.
(2004), respectively. We recall the main results of these two
tomography processing sequences, and introduce the results
of the asymptotic prestack depth migration that was applied,
using three velocity macromodels. The first one was inferred
from traveltime tomography; the other two were developed by
smoothing the final full-waveform tomography model using
two different low-pass filters.
Throughout the paper, we illustrate the hierarchical multiscale character of the processing flow. Firstly, traveltime to-
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mography enables us to develop a large-scale velocity model.
Secondly, this large-scale velocity model is used as an initial guess for a series of mono-frequency full-waveform tomographies, which are applied in cascade, proceeding from
low to high frequencies. In this way, we can incorporate increasingly short wavelengths into the velocity models. Asymptotic prestack depth migration is the final step of the processing sequence. The best migrated image was obtained
using a macromodel inferred from the full-waveform tomography. Moreover, a simple resolution analysis shows
that medium wavelengths are present in the migrated image, suggesting that asymptotic prestack depth migration
successfully migrates the wide-aperture components of the
data.
We conclude the paper with a discussion on the consistency
between the results obtained from the different waveform processing sequences and a comparison of these results with those
from previous geophysical investigations in the area (reflection
seismics, vertical seismic profiling, resistivity imaging).

METHODS
A flow chart of the overall processing flow, summarizing the
relationship between the three imaging methods that we applied, namely, traveltime tomography, full-waveform tomography and prestack depth migration, is presented in Fig. 1.

Traveltime tomography
The processing flow starts with non-linear first-arrival traveltime tomography (Herrero, Zollo and Virieux 1999) used
to determine a large-scale velocity macromodel. A brief outline of the method is given here and the reader is referred
to Improta et al. (2002) for a detailed description of the
method.
The tomography technique combines the multiscale approach (Lutter, Nowack and Braile 1990) and the use of a
non-linear optimization scheme.
Only first-arrival traveltimes were considered for developing a starting model for subsequent waveform processing
although the traveltime tomography method can also use reflection traveltimes to map interfaces (Improta et al. 2002). Inversion of first-arrival traveltimes gives a smooth macromodel
if smooth base functions are adopted. Mapping of discontinuities (i.e. the small wavenumbers) was left to subsequent wave
propagation processing.
First-arrival traveltimes are computed by the finitedifference eikonal solver of Podvin and Lecomte (1991). The
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velocity values in the cells of the fine finite-difference mesh are
interpolated from a coarser grid of 2D bi-cubic spline nodes
which parametrize the velocity models in the traveltime tomography algorithm.
The bi-cubic spline parametrization significantly decreases
the computational cost of the inversion, which is critically
dependent on the number of parameters, and controls the
smoothness of the output velocity models.
The tomography consists of a succession of inversion runs
performed by progressively refining the velocity grid. At
each inversion run, the minimum value of the cost function
(L-norm) is searched by a non-linear optimization scheme
that combines global (Monte-Carlo) and local (downhillsimplex) search algorithms. The multiscale procedure is
halted, based on two stopping criteria: the decrease in the rms
traveltime residual and the model resolution assessed by a
posteriori checkerboard resolution tests. Synthetic tests and
real data applications have demonstrated that the incorporation of a non-linear optimization scheme into a multiscale
approach makes the inversion procedure stable and robust, at
the same time reducing the risk of local convergence and the
computational cost. Note that the initiation of the inversion
at the coarser level does not require a starting model since a
global Monte-Carlo search can be performed on the coarsest
grid.

Frequency-domain full-waveform tomography
The velocity model developed by first-arrival traveltime tomography describes only the large-scale velocity distribution and hence lacks spatial resolution. We used the traveltime tomography model as a starting model for subsequent
frequency-domain full-waveform tomography, thus improving the spatial resolution of the models. The full-waveform
tomography problem is solved by an iterative linearized approach using a gradient method (e.g. Tarantola 1987). At each
iteration, the residual wavefield (namely, the difference between the observed data and the wavefield predicted by the
starting model) is minimized in a least-squares sense. The minimization of the cost function leads to a perturbation model
that is added to the starting model to provide an improved
model. The process is iterated non-linearly, which means that
the final model of the iteration n is used as a starting model
for the subsequent iteration n + 1.
Thanks to the reciprocity principle, the gradient of the cost
function can be built by zero-lag convolution of the forward
wavefields with the back-propagated residuals (e.g. Tarantola
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1984). Consequently, two wavefield modellings per source or
receiver gather are required to compute the gradient of the cost
function: one to compute the forward wavefield and one to
back-propagate the residuals, which are treated as a composite
source formed by the assemblage of the data residuals at the
receiver positions.
Among the possible methods for modelling wave propagation, the finite-difference (FD) method provides an interesting compromise between accuracy and completeness of
the solution, computational efficiency and simplicity of the
parametrization. FD methods for wave propagation modelling
can be performed in either the time or the frequency domain.
We used frequency-domain FD wave propagation modelling
because it provides an optimal framework to compute such
multisource modelling (Pratt and Worthington 1990; Jo, Shin
and Suh 1996). The frequency-domain acoustic wave equation
can be written in matrix form as
Ap = s,

(1)

where A is the so-called impedance matrix, p is the monofrequency pressure wavefield and s is the source term. The matrix A has complex coefficients which depend on the frequency
concerned and on the physical properties of the medium.
If a direct method can be used to solve (1), solutions for
multiple sources (i.e. multiple right-hand-side terms) can be
obtained efficiently by forward and backward substitutions
once the matrix A has been LU factorized:
LU [p1 p2 ...pn ] = [s1 s2 ...sn ] .

(2)

The gradient of the cost function needs to be properly scaled
(i.e. preconditioned) to account for the non-uniform medium
illumination provided by surface acquisition geometry. This
scaling can be provided by the diagonal terms of the approximate Hessian matrix (Shin et al. 2001). Computation of the
diagonal terms of the approximate Hessian matrix requires
the wavefields for each shot and receiver position to be computed. Hence, the number of forward problems required to
compute the preconditioned gradient becomes Nshot + Nreceiver
while 2 × Nshot forward problems were required to compute
the unscaled gradient (Nshot and Nreceiver denote the number
of shots and receivers, respectively, in the framework of a
wide-aperture seismic experiment for which it is assumed that
each receiver records all the shots). If Nreceiver is close to Nshot ,
as in this case study, the scaled gradient can be computed at
minimal extra cost compared with the unscaled gradient. The
gradient scaling is regularized by a damping term  to avoid
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Figure 1 Flow chart of the processing flow.
The processing sequences are delineated by
rectangles. The input/output of the processing sequences are delineated by parallelepipeds. The grey text denotes intermediate and final outputs (velocity models and
migrated sections) of the seismic imaging
processings. All these models can be integrated in a subsequent geo-structural interpretation.

Raw data

Full-waveform tomography data preprocessing
- trace editing
- minimum phase whitening
- spectral amplitude normalization
- Butterworth bandpass filtering
- coherency filtering
- time windowing
Bandpass filtered data

Loop 1 over frequency iw

Picking of first-arrival traveltimes

Mono-frequency dataset

Traveltime tomography

Loop 2 over iterations it
True

Smooth velocity model

iw=1,it=1

Starting model

False

Full-waveform tomography

Updated velocity model
2
1

Final velocity model
Smoothing
Asymptotic prestack depth migration

Depth migrated section

instabilities. The gradient is also regularized by a smoothing
operator in the form of a 2D Gaussian filter G2D .
Finally, a scalar step length α, estimated by a line search, is
multiplied by the gradient to form the perturbation velocity
model δc. The final full-waveform inversion formula that we
used is given by
δc = −α(diag Ha + I)−1 G2D Re{JT δd∗ },

(3)

where J is the Jacobian matrix, Ha is the approximate Hessian
matrix and δd denotes the data residuals. Expressions for the
Jacobian matrix and the approximate Hessian matrix can be
found in Pratt, Shin and Hicks (1998).
The perturbation model δc is summed with the starting
model c0 to provide the updated model c = c0 + δc which
is subsequently used as a starting model for the next iteration
(Fig. 1).
The full-waveform inversion can also be implemented in either the time or the frequency domain. Again, we solved the
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Asymptotic prestack depth migration
Depth migrated section

inverse problem in the frequency domain for two main reasons. Firstly, the wide-aperture acquisition geometry leads to
high data redundancy in the wavenumber domain (Pratt and
Worthington 1990). This data redundancy can be reduced
without any loss of information in the full-waveform tomography by decimating the data volume with respect to
frequency. Decimating the data allows us to invert only a
few (non-redundant) frequency components. This data decimation, combined with the efficiency of the multisource
frequency-domain waveform modelling, makes the frequencydomain approach significantly less computationally expensive
than the time-domain approach. Note, however, that for real
data inversion, redundancy is never fully removed, since stacking redundant data helps to improve the signal-to-noise ratio
of the waveform tomography images. An optimal trade-off
must be heuristically found between the need to stack redundant data to improve the signal-to-noise ratio and the need to
decimate data to save CPU time.
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Secondly, the frequency domain provides a natural framework to subdivide data into monochromatic data subsets that
are sensitive to different wavenumber ranges. Inverting these
data subsets in cascade defines a hierarchical multiscale approach in the sense that high wavenumbers are progressively
incorporated into the velocity models. Proceeding from the
low- to the high-frequency components helps to mitigate the
non-linearity of the inverse problem (Pratt et al. 1996; Pratt
1999). The final model obtained at the end of the inversion of
one frequency component is used as the starting model for the
next frequency inversion.
More detailed numerical aspects and validation of our fullwaveform tomography algorithm with a realistic synthetic example, using the SEG/EAGE overthrust model, are presented
in Ravaut et al. (2004).

Asymptotic prestack depth migration
If full-waveform tomography can be applied up to the highest frequency of the source bandwidth, the processing flow
will finish at this step since full-waveform tomography will
have exploited the full information contained in the data. For
geo-structural interpretation, the velocity models developed
by full-waveform tomography could be high-pass filtered to
remove the footprint of the low-wavenumber components of
the velocity models, and hence produce a depth section of
discontinuities which mimics that which would have been obtained by prestack depth migration of reflection data. However, full-waveform tomography is very sensitive to several
sources of error, which include inaccuracies in the starting
model and the source estimation. This processing tends to become highly non-linear at high frequencies and computationally expensive since high-frequency inversion requires refining
of the velocity model grid for FD wavefield modelling.
To overcome these two difficulties, we complemented the
full-waveform tomography by asymptotic prestack depth migration to account for the full frequency content of the source
bandwidth in a more robust and faster way.
The prestack depth migration algorithm used here relies on
a preserved amplitude ray + Born formalism. This ray + Born
prestack depth migration/inversion algorithm has been described in detail by Thierry, Operto and Lambaré (1999). Only
a brief outline is given here. A simple adaptation of the algorithm was developed to account for the specific wide-aperture
acquisition geometry (i.e. the offset range varies from one receiver gather to the next). The migration/inversion algorithm is
cast in the framework of least-squares inverse theory with the
objective of minimizing the misfit between the observed and
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the modelled reflected/diffracted wavefields. Weighted data
residuals are spread out along isotime surfaces in the distance–
depth domain for each source–receiver pair. The weights account mainly for the geometric amplitude, the diffracted raypath aperture and the two-dimensionality of the imaging. All
the parameters required to compute the kernel of the Born integral (i.e. geometric amplitudes, slowness vectors, traveltimes)
are computed using dynamic ray tracing in a smoothed velocity macromodel described by cubic cardinal B-splines (Lambaré, Lucio and Hanyga 1996). The algorithm is generally
used as one single iteration process although the ray–Born inversion/migration can be iterated in a linear way (i.e. the modelled reflected/diffracted wavefield is computed with the linearized ray–Born approximation at each iteration). Note that
since the velocity macromodel is smooth, the reflected wavefield computed at the first iteration is zero. The data residual at
the first iteration then corresponds to the reflected/diffracted
components of the observed wavefield. Iterations can be reasonably well avoided, thanks to an asymptotic local approximation of the Hessian operator estimated in the framework
of a quasi-Newton algorithm (Jin et al. 1992; Thierry et al.
1999).
The model obtained by the ray–Born migration is discretized
by a fine grid of point diffractors and represents P-wave velocity perturbations or, equivalently, the P-wave velocity structure
that underwent a spatial band-pass filter. The cut-off frequencies of this filter vary over the migrated image and depend
on the source bandwidth and the aperture range over which
the reflections were migrated (see Lambaré et al. (2003) for a
resolution analysis).

A P P L I C AT I O N T O R E A L D ATA
Geological setting
The seismic data processed here were collected in the axial
zone of the southern Apennines thrust-and-fold belt (Italy) by
the Enterprise Oil Italiana (Fig. 2). The area investigated is
characterized by a strongly heterogeneous crustal structure.
The geological setting consists of a tectonic stack of
NE-verging sheets involving Jurassic rocks (cherty dolomites,
cherts) and Cretaceous shales. These basinal units are overthrusted by a regional nappe, which consists of a tectonic
melange of Palaeocene clays and marly limestones. The shallower units include Pliocene soft sediments representing the
infill of small basins. The main surface tectonic structures
crossed by the seismic profile are a NW-trending synform,
filled with soft Pliocene sediments, and a broad nappe anti-
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Figure 2 (a) Geological setting in the target area: (1) Plio-Pleistocene soft sediments; (2) Palaeocene shales, clays and marly-calcareous deposits;
(3) Mesozoic basinal rocks; (4) syncline; (5) anticline; (6) seismic profile; (7) well for oil exploration (modified after the map Foglio 1:100,000
no. 199 of Servizio Geologico d’Italia). (b) Topography along the seismic profile. The position of the well along the profile is indicated by the
symbol (circle+cross). (c) Velocity–depth and petrological profiles determined by VSP and well data: (1) shales (Lower Cretaceous); (2) cherts
(Jurassic–Upper Triassic); (3) cherty limestones (Upper Triassic); (4) sandstones (Middle–Lower Triassic); (5) main thrust planes. Elevation is
with respect to sea-level (from P. Dell’Aversana, unpublished).

cline, the latter being responsible for a tectonic window where
Mesozoic rocks outcrop.
Due to the presence of clayey strata alternated with Mesozoic hard-rock sheets, and to a variable surface geology,
strong lateral variations and velocity inversions are present
at all depths. The heterogeneous velocity structure, along
with a rough topography (Fig. 2b), hampers the collection of
good-quality near-vertical reflection data, which are affected
by strong diffractions, multiples, surface waves and static
problems (Dell’Aversana et al. 2000). In addition, in such
a context, standard velocity analysis is inadequate to estimate accurate velocity macromodels for prestack depth migration. Consequently, multichannel reflection seismic usually yields only poor-quality structural images in the area
investigated (fig. 7 in Dell’Aversana 2001). In order to address this problem, alternative geophysical exploration tools
(multifold wide-angle seismic, well logging, magnetotelluric
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and gravity) were used jointly in the region (Dell’Aversana
2001).

Wide-aperture acquisition and data quality
The 2D acquisition geometry consists of a SW–NE 14 200 m
long line, running above a synform and a wide antiform
(Dell’Aversana et al. 2000). The profile strikes NE–SW and
is almost perpendicular to the main thrust front and fold axes
in the area. The profile is tied to a deep well, drilled in the core
of the antiform (Fig. 2c). The topography along the profile is
rough. The maximum difference in altitude between sources
reaches 700 m (Fig. 2b). The surface receiver array consists
of 160 vertical geophones deployed along the 2D line at
90 m intervals. A total of 233 shots were fired, with an average spacing of 60 m in the array, by placing explosive charges
in 30 m deep boreholes (for a detailed description of the
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experiment design see Dell’Aversana et al. (2000)). This acquisition geometry leads to a multifold wide-aperture acquisition
with densely sampled source and receiver spacings suitable
for wavefield propagation processing, such as full-waveform
tomography and asymptotic prestack depth migration.
A representative example of a common-receiver gather
(CRG) is shown in Fig. 3. The CRG after Butterworth bandpass filtering (cut-off frequencies: 4–50 Hz) is shown in
Fig. 3(a). Note the sharp amplitude variations with offset which can be attributed to shot-size variability, variable
receiver–ground coupling and heterogeneity of the structure. The data were processed by minimum-phase frequencydomain deconvolution (whitening), Butterworth band-pass
filtering and automatic gain control (AGC) to carry out a
qualitative interpretation of the main arrivals (Fig. 3b). The
cut-off frequencies of the Butterworth filter were between 5
and 15 Hz to eliminate high-amplitude high-frequency noise.
Refracted waves (Re) and two wide-angle reflections (R1) and
(R2) are labelled in Fig. 3(b). Note also the sharp attenuation
of the refracted wave at offsets greater than 5 km, indicating
the presence of a possible constant-velocity or low-velocity
zone (SZ).
The amplitude spectra of the 4–50 Hz band-pass-filtered
data, the data after minimum phase whitening, and the data
after minimum phase whitening plus Butterworth band-pass
filtering are shown in the inset of Fig. 3(a).

Traveltime tomography results
Application of the non-linear traveltime inversion to the data
set used here has already been presented by Improta et al.
(2002). The resulting velocity model, which will be used as a
starting model for full-waveform tomography later, is shown
in Fig. 4(a). Over 6000 first-arrival traveltimes, from 32 receivers, were inverted. The velocity model in Fig. 4(a) was obtained after four inversion runs and was parametrized during
the last run (involving finer parametrization) by 128 B-spline
nodes (16 vertical and 8 horizontal nodes). Checkerboard resolution tests indicated that the model is well resolved down to
about 1.7 km depth below the surface in the 4–12 km distance
range. The velocities range between 2.0 km/s and 7.0 km/s.
The traveltime tomographic velocity model was subsequently
interpolated on a 639 × 171 regular grid with a 25 m grid
interval. This discretization was used to solve the FD forwardmodelling problem in the waveform tomography program.
Since the FD stencils, implemented in the wave modelling program, require four gridpoints per minimum wavelength, the
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maximum frequency involved in the full-waveform tomography was 20 Hz.
The linearized waveform tomography requires that the
first-arrival times are matched to within a half-cycle of the
frequency to be inverted, in order to avoid cycle-skipping artefacts in the waveform inversion. The superposition of the firstarrival times on the CRG of Fig. 3 suggests that this condition
is reasonably well verified for the dominant frequency of the
signal (and hence for the lowest-frequency component) when
using the velocity model of Fig. 4(a) (Figs 4b,c).

Full-waveform tomography results
Successful application of full-waveform tomography requires
the estimation of a source wavelet (the s term in equation (1))
and the design of a specific preprocessing sequence of the data
(e.g. Pratt 1999).
A source wavelet was estimated by solving a linear inverse
problem whose associated forward problem relates the data
to the source function. Equation (17) in Pratt (1999) was directly implemented in the full-waveform tomography program
to estimate the source term at the frequency to be inverted. One
source term was estimated by integration over the full data set.
The main objectives of the data preprocessing (Fig. 1) were:
(1) to improve the signal-to-noise ratio; (2) to apply to the
data several modifications which reflect the approximations
used in the wavefield modelling and inversion algorithms (see
Chapman and Orcutt (1985) for a discussion on this issue);
(3) to mitigate several amplitude effects resulting from the instrumentation (variability of the source size from one shot to
the next) and from the variable surface geology which affects
the receiver–ground coupling. Accounting for the surface geology is clearly beyond the resolution limit of full-waveform
tomography.
These issues are discussed in the Appendix and in Ravaut
et al. (2004).
The CRG of Fig. 4(a) after waveform inversion preprocessing is shown in Fig. 4(c). The best waveform inversion results
that we obtained are shown in Fig. 5.
A total of 119 CRGs were selected for full-waveform tomography among the 160 available gathers. Their positions
along the profile are shown in Fig. 5. This data set represents
20 563 traces. Sixteen frequency components ranging from
5.4 Hz to 20 Hz were inverted sequentially. This gives a frequency interval of roughly 1 Hz. This frequency interval was
chosen heuristically to reach a reasonable trade-off between
the need to decimate data redundancy in the wavenumber domain in order to limit the number of frequencies to be inverted
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are labelled: Re, refracted waves; GR, ground rolls; R1 and R2, wide-angle reflections; SZ, shadow zone. A reduced time scale is applied with a
reduction velocity of 5 km/s. (c) Data processed for full-waveform tomography.

(Sirgue and Pratt 2001), hence saving CPU time, and the need
to stack redundant data in order to improve the signal-to-noise
ratio. Ten iterations were computed per frequency component.
For all the inversions, the model parameters were discretized
on a Cartesian grid with grid intervals of 100 m horizontally
and 25 m vertically.
The velocity models shown in Figs 5(a) , 5(b), 5(c) and 5(d)
were obtained after the inversion of the frequency components
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5.38 Hz, 10.27 Hz, 15.16 Hz and 20 Hz, respectively. Note
how the full-waveform tomography incorporates details of the
structure in the velocity models as the inversion progresses towards higher frequencies. The most noticeable structures are
high-velocity SW-dipping slices at around x = 10 km and z =
1–2 km in Figs 5(a–d) , corresponding to high-resistivity bodies previously identified by Dell’Aversana (2001). Note that
the inversion of a rather low-frequency component, such as
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5.38 Hz, already incorporates these SW-dipping structures in
the velocity models (Fig. 5a).
Comparisons between the vertical seismic profiling (VSP)
log and the velocity logs extracted from the traveltime (Fig. 4a)
and full-waveform (Fig. 5) tomography models are shown in
Fig. 6. The waveform tomography logs of Figs 6(a), 6(b), 6(c)
and 6(d) were extracted from the models of Figs 5(a), 5(b),
5(c) and 5(d), respectively. The VSP log in Figs 6(a–d) have
been low-pass filtered in the time domain in order to reflect
approximately the expected resolution of the full-waveform
tomography.
A reasonably good fit between the filtered VSP log and
the full-waveform tomography log is reached down to
1.9 km depth. This depth corresponds to the limit below which the traveltime tomography model was considered
to be unresolved by the acquisition device (Improta et al.
2002).
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The velocity value and thickness of the high-velocity layer
centred on 0 km depth is reasonably well recovered (Fig. 6d).
The high-velocity layer drilled between 1.2 km and 1.6 km is
also reasonably well recovered (Figs 6c,d). The arrival labelled
R2 in Fig. 3(b) is probably a reflection from this carbonate
layer. As documented by the VSP log, these two high-velocity
layers are separated from 0.3 down to 1.2 km by a low-velocity
zone in a large-scale sense. This low-velocity zone corresponds
to a stack of thin layers of cherts and shales and is probably
responsible for the shadow zone observed in data and labelled
SZ (Fig. 3b). The full-waveform tomography successfully retrieves each of these thin layers although the amplitude of
the velocity is not always well recovered (Fig. 6d). Note that
a deep low-velocity cherty layer drilled between 1.6 km and
1.9 km is also well marked in the full-waveform tomography
log (Fig. 6d), despite its thinness. Finally, a sharp velocity increase at 1.9 km in the waveform inversion log corresponds
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quite well with the top of the high-velocity dolomites layer,
drilled between 1.9 km and 2.5 km.
A maximum reduction of only 10% of the cost function
was obtained over the iterations for each frequency compo-
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nent inversion (Ravaut et al. 2004). This was obtained for the
dominant frequency component of the source spectrum. This
poor cost-function reduction may partly result from the approximations that we made in the waveform modelling and
inversion, but also from inaccuracies in the subsurface velocity models. With an application to the SEG/EAGE overthrust model, which is characterized by a surface weathering
zone, it was shown that local subsurface velocity inaccuracies in the starting model used by full-waveform tomography
can lead to a poor cost-function reduction, while a good image of the deeper structure can be obtained (Ravaut et al.
2004).
In order to assess qualitatively which part of the data contributed significantly to the model reconstruction, we compute time-domain finite-difference (FDTD) seismograms with
the traveltime and full-waveform tomography velocity models (Fig. 7). The source that was used for this simulation is
located at the position of the receiver of the CRG of Fig. 3.
We used a band-pass-filtered delta function for the temporal source function, which should provide a good approximation of source excitation to model whitened and bandpass-filtered data. Direct comparisons between the data of
Fig. 3(c) and seismograms computed with the traveltime and
full-waveform tomography models of Figs 5(b–d) are shown
in the right-hand panels of Figs 7(c–e) . Each seismogram has
been normalized by its maximum amplitude to facilitate the
phase identifications.
In Fig. 7(b), it can be seen that the first arrival (refracted
arrival) is generally correctly predicted by the traveltime tomography model, although amplitudes are overestimated in
the 5–8 km offset range where the shadow zone was observed
(compare Figs 7a and 7b). Conversely, the wide-angle reflections R1 and R2 are poorly predicted by the smooth traveltime
tomography model. The large-scale high-velocity variation of
the traveltime tomography model centred at 1500 m depth
(Fig. 6) generates small-amplitude wavefields focused at large
offsets (8–9.5 km), which approximately fit the traveltimes of
the R2 wide-angle reflection (Fig. 7b). This wavefield focusing
evolves towards a high-amplitude wide-angle reflection spanning a broader range of offsets as the full-waveform tomography incorporates higher wavenumbers in the tomography
images (Figs 7c–e). Note also the appearance of the shadow
zone corresponding to attenuation of the first-arrival refracted
wave while the wide-angle reflection R2 is built (Figs 7c–e).
The wide-angle reflection R1 is well predicted in Figs 7(c)
and 7(d) but its match has been degraded after inversion of
the 20 Hz frequency component (Fig. 7e). This suggests that
waveform tomography was instable between 15 and 20 Hz,
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although a close examination of the logs of Figs 6(c) and 6(d)
proves that, at least around the VSP log location, the vertical resolution of the full-waveform tomography images has
continued improving up to the 20 Hz frequency component
inversion.
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Asymptotic prestack depth migration results
The final step in our processing flow is to apply asymptotic
prestack depth migration to the wide-aperture data with three
objectives. The first basic objective is to assess the overall
consistency between the images developed by full-waveform
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tomography and asymptotic prestack depth migration, in particular when initiating the two waveform processing sequences
from the same macromodel developed by traveltime tomography. Secondly, we assess whether the velocity models developed by full-waveform tomography could provide, after
smoothing, an improved macromodel for asymptotic prestack
depth migration. Thirdly, since full-waveform tomography is
difficult to handle at high frequencies due to the non-linearity
of this type of processing, more robust asymptotic prestack
depth migration should provide a complementary tool to process the data over the full source bandwidth.
The asymptotic prestack depth migration(/inversion) was
applied to the full data set (i.e. incorporating the full offset
range) although the ray–Born approximation is known to be
inaccurate at wide angles (Lambaré 1991, pp. 167–174). Due
to this inaccuracy, we will not address the ability of the quantitative migration to recover the true amplitude of the model
parameters but will simply analyse the accuracy of the reflector mapping (from a structural viewpoint exclusively).
The same preprocessing flow (minimum phase whitening
+ Butterworth filtering + coherence filtering) as for fullwaveform tomography (see Appendix) was applied to the
data, except that the cut-off frequencies of the Butterworth
filtering were 5 and 25 Hz for the asymptotic prestack depth
migration instead of 5 and 15 Hz as for the full-waveform
tomography. Consequently, high frequencies were better preserved in asymptotic prestack depth migration, in order to
obtain the migrated section with the highest possible resolution. No attempt was made to mute the refracted waves since
these arrivals are often very close in time to the super-critical
reflections. The strongest arrival was migrated instead of the
first arrival, since it is assumed to provide superior imaging in
the presence of multiple arrivals (Thierry et al. 1999).

The macromodels
The three macrovelocity models that were used are shown
in Fig. 8. The first (macromodel 1) was derived from
the model developed by first-arrival traveltime tomography
(Fig. 8a). The macromodel was built by first replacing the air
layer above the topography by a fictitious layer whose velocity is close to that present just below the topography. This
modified model was subsequently projected on to a cardinal cubic B-spline basis with a 200 m spacing between the
B-spline nodes. The projection on the B-spline basis is complemented by a 2D Gaussian filtering with horizontal and vertical correlation lengths of 200 m (Fig. 8a). The algorithm
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used is described in Operto et al. (2003). The air velocity
was replaced by surface velocity to avoid sharp velocity contrast during the smoothing and B-spline basis projection steps.
Note that the 2D B-spline basis projection and Gaussian filtering do not modify the wavelength content of the traveltime tomography model (compare Figs 4(a) and 8(a), which
exhibit essentially the same velocity distribution below the
topography).
The second velocity macromodel (macromodel 2), shown
in Fig. 8(b), was derived from the final model developed by
full-waveform tomography (Fig. 5d). The same procedure as
for the traveltime tomography model (air-layer replacement,
smoothing, B-spline description) was used. The correlation
lengths of the Gaussian filter and the spacing between B-spline
nodes were 200 m. Macromodel 2 incorporates more structural details than macromodel 1 and hence should theoretically be an improvement on macromodel 1.
The third velocity macromodel (macromodel 3), shown in
Fig. 8(c), was also derived from the final model developed
by full-waveform tomography (Fig. 5d), but the spacing between the B-spline nodes and the correlation lengths of the
Gaussian filter was decreased to 100 m. The spatial resolution
of macromodel 3 is still superior to that of the macromodels
1 and 2.
The dynamic ray tracing used in the prestack depth algorithm requires the macromodel to be smooth (Lambaré et al.
1996), which is why we smoothed the full-waveform tomography model to provide macromodels suitable for migration.
An optimal compromise must be heuristically found between
the need for a smooth macromodel to guarantee a good ray
coverage and the need for an accurate macromodel to stack
the reflections optimally.
An example of ray tracing in the three velocity macromodels is shown in Fig. 9. The rayfield computed in macromodel
1 is unfolded (i.e. no caustics are formed) (Fig. 9a). The rayfield computed in macromodel 2 also remains mostly unfolded
(Fig. 9b), although one caustic is observed in the thrusted zone
at distance 12 km and depth 2 km. Conversely, many caustics
are generated in macromodel 3 due to the increased heterogeneity of the macromodel (Fig. 9c). The rayfields computed
in macromodels 1 and 2 suggest that single-arrival migration
can be used, contrary to macromodel 3 which requires the use
of multiple-arrival migration (Operto et al. 2000).

The migrated images
The three migrated sections (migrated images 1, 2 and 3) inferred from macromodels 1, 2 and 3 are shown without AGC
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Figure 8 (a) Velocity macromodel used by asymptotic prestack depth migration derived from the traveltime tomography model. (b) Velocity
macromodel used by asymptotic prestack depth migration derived from the final waveform tomography model. The final waveform tomography
model was smoothed with a 2D Gaussian filter having horizontal and vertical correlation lengths of 200 m. (c) Velocity macromodel used by
asymptotic prestack depth migration derived from the final waveform tomography model. The final waveform tomography model was smoothed
with a 2D Gaussian filter having horizontal and vertical correlation lengths of 100 m.

in Figs 10(a), 10(b) and 10(c), respectively. Although the quantitative aspects of the migration can be questionable due to
the inaccuracy of the ray–Born approximation at wide apertures, the migrated sections roughly quantify, in a relative sense
(i.e. the source function is not accounted for by the processing),
the P-wave velocity perturbations associated with the imaged
discontinuities. From a qualitative viewpoint, it is rather difficult to assess which migrated section is the most accurate.
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However, we observe that the overall amplitude level of the
migrated images decreases from image 1 to image 3, but the
spatial resolution of the migrated images is improved from image 1 to image 3. A possible interpretation is that macromodel
1 is not sufficiently accurate to provide an optimally focused
migrated image. However, macromodel 1 is consistent with
a single-arrival migration algorithm since it guarantees unfolded rayfields. In this case, the amplitudes of the reflected

2004 European Association of Geoscientists & Engineers, Geophysical Prospecting, 52, 625–651

640 S. Operto et al.

Figure 9 Examples of ray tracing in the velocity models (a) in Fig. 8(a), (b) in Fig. 8(b), (c) in Fig. 8(c). Note the occurrence of numerous caustics
in the rayfield.

wavefields are more fully processed in the case of a very
smooth macromodel than in the case of a more accurate one
when a single-arrival migration is used. This reflects the compromise in migration, based on the single-arrival hypothesis,
between the need for an accurate macromodel for spatial resolution and positioning and the need for a very smooth macromodel for quantitative imaging of complex media (Operto
et al. 2000).
Unlike macromodel 1, macromodel 3 may contain sufficient
structural detail to stack reflections optimally, but a multiarrival migration would be required to migrate the full infor-
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mation contained in the data, as indicated by the numerous
caustics present in the rayfields. Macromodel 2 represents a
compromise between macromodels 1 and 3.
Note also that migrated image 3 is polluted by numerous spikes caused by the ray theory amplitude singularity at
caustics.
At present, no attempt has been made to migrate the multiple arrivals to prove that migrated image 3 can be improved by taking multiple arrivals into account. However,
this hypothesis may be supported by the Marmousi synthetic test presented in Operto et al. (2000), where several
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Figure 10 (a) Migrated section 1 obtained using velocity macromodel 1 of Fig. 8(a). (b) Migrated section 2 obtained using velocity macromodel
2 of Fig. 8(b). (c) Migrated section 3 obtained using velocity macromodel 3 of Fig. 8(c).

macromodels of various smoothness were tested. The macromodel 3 used in this study has a wavelength content (i.e.
a level of complexity) comparable to the Marmousi macromodel, which provided the best quantitative migrated sec-
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tion by multiple-arrival prestack depth migration. This Marmousi macromodel was built by smoothing the true Marmousi
macromodel with a 2D Gaussian filter having horizontal and
vertical correlation lengths of 76 m, while macromodel 3 was
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Figure 11 Schematic view of a wide-aperture reflection from a flat interface. The diffraction angle θ is the angle between the two slowness
vectors ps and pr associated with the rays from the source and the receiver to the reflection point, respectively. The wavenumber is related
to the frequency ν and the diffraction angle through the relationship
k = ν q where q = ps + pr .

built by smoothing the final full-waveform tomography model
with a 2D Gaussian filter having horizontal and vertical correlation lengths of 100 m.
This level of complexity of macromodel 3 was obtained by
the combination of traveltime and full-waveform tomography
applied to wide-aperture data. It is unlikely that such a complex macromodel could have been developed by traveltime
tomography or migration-based velocity analysis techniques
applied to near-vertical reflection data. Although this statement is only hypothetical, it indicates the potential benefit of
using wide-aperture acquisition geometry to address the problem of complex media imaging.
In order to assess, in a more quantitative way, the accuracy of the three velocity macromodels tested, we computed
common-image gathers (CIGs) (the so-called iso-X panels)
in the diffraction angle–depth domain (e.g. Xu et al. 2001)
(see Fig. 11 for a definition of the diffraction angle θ ), and
we locally compared the three migrated images with the
VSP log.
CIGs computed from the three migrated sections are shown
in Fig. 12 for diffraction angles between 40◦ and 120◦ . Events
are generally better aligned on the CIGs of migrated images 2
and 3 than on that of migrated image 1, suggesting that the
macromodels inferred from full-waveform tomography may
provide, at least in some regions of the target, an improvement
on the traveltime tomography macromodel. This conclusion
is also supported by the comparison between a band-passfiltered version of the VSP log and the coincident log of the
three migrated images (Fig. 13). The VSP log was band-pass
filtered to match the wavelength content of the migrated image


C

logs (Figs 13b–d). The VSP log was filtered so that vertical
wavelengths between roughly 100 and 800 m were preserved.
The spectral amplitude of the spatial band-pass filter applied
to the VSP log is shown in Fig. 13(e).
An AGC with a 500 m long window was applied to the
migrated section logs since we need to verify the accuracy of
the position and focusing of reflectors. Overall, we obtained
the best match of the VSP log when using migrated image 2.
The main features of the VSP log are roughly matched (i.e.
the high-velocity layer centred at elevation 0 m, the highvelocity layer at depth 700 m, the two high-velocity layers centred at depths 1300 and 2000 m). However, migrated image
1 provides a good match for the deep structures (below
1600 m). This may illustrate the decrease in the sensitivity
of the migration to the inaccuracies in the macromodel as the
depth increases (i.e. as the aperture range decreases). The superior accuracy of macromodel 3 is illustrated by the improvement with depth in the spatial resolution and positioning of
the perturbations on the log of migrated image 3 (for example, note the positioning accuracy of the high-velocity layer
centred at depth 0 m and of the layer centred at depth 2000 m
in Fig. 13d). However, the log of migrated image 3 is polluted
by several oscillations which probably result from ray theory
artefacts in the presence of caustics.
Resolution analysis
Since asymptotic prestack depth migration is more usually applied to near-vertical reflection data, it is instructive to assess the range of trace apertures (i.e. diffraction angles) which
makes a significant contribution to the imaging when migration is applied to wide-aperture reflection data.
In terms of spatial resolution, wide-aperture seismic data
should theoretically lead to migrated images with a low
wavenumber content (if the wide-aperture components of the
data are successfully migrated) that is better than that provided
by more classical reflection experiments spanning a narrower
aperture range.
To give a rough estimate of the wavenumber range which
may be imaged from the wide-aperture data, we consider the
most illustrative parameters defining the acquisition device
and the target (Fig. 11). We assume a reflector at depth 2 km
overlain by an average homogeneous medium with a velocity
of 4 km/s. The source bandwidth is between 6 and 25 Hz. The
offset range is between 1 and 9 km. The vertical wavelength
λv , which is locally imaged, is given by
λv =


1
c 1 + (o/2z)2
,
=
kv
2ν

(4)
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Figure 12 (a) CIGs computed using macromodel 1. (b) CIGs computed using macromodel 2. (c) CIGs computed using macromodel 3.
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Figure 13 (a) VSP log. (b) Comparison between the band-pass-filtered VSP log (black curve) with the coincident log extracted from the migrated
section of Fig. 10(a) (grey curve). (c) Comparison between the band-pass-filtered VSP log (black curve) with the coincident log extracted from
the migrated section of Fig. 10(b) (grey curve). (d) Comparison between the band-pass-filtered VSP log (black curve) with the coincident log
extracted from the migrated section of Fig. 10(c) (grey curve). (e) Spectral amplitude of the band-pass filter applied to the VSP log (Fig. 13a) to
match the wavelength content of the migrated section logs (Figs 13b–d).

where kv is the vertical wavenumber, c is velocity, o is offset,
z is depth and ν is temporal frequency. The relationship (4)
can be easily derived by simple trigonometric computations
from the acquisition geometry defined in Fig. 11. Considering
a maximum offset of 9 km, a minimum frequency of 6 Hz and
an average velocity of 4 km/s, we obtain a diffraction angle of
130◦ and an estimate of the largest vertical wavelength to be
imaged of around 800 m. Conversely, considering a minimum
offset of 1 km and a maximum frequency of 25 Hz, the smallest
wavelength to be imaged is 80 m.
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The asymptotic prestack depth migration roughly recovers
the wavelengths predicted by our schematic resolution analysis, suggesting that the prestack depth migration exploited the
wide-aperture components of the data (at least from a kinematic viewpoint). Indeed, the bandwidth of the spatial filter
that we applied to the VSP log to match the spectral content
of the migrated image logs (Fig. 13e) is in agreement with the
wavelength range predicted by the resolution analysis. This
range of wavelengths (between around 80 and 800 m) can be
compared with those estimated by Jannane et al. (1989) for
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Figure 14 (a) Common-angle migrated section obtained using velocity macromodel 2. The diffraction angle is equal to 130◦ . (b) As (a), after
high-pass filtering.

a more classical reflection acquisition geometry (i.e. spanning
a narrower range of apertures). Jannane et al. (1989) found
that (classical reflection) data can recover long wavelengths
(λ > 300 m) and short wavelengths (20 m < λ < 60 m) but
that medium wavelengths (60 m < λ < 300 m) cannot be recovered. We have shown that these medium wavelengths were
recovered thanks to the wide-aperture components of our data
set.
To illustrate the contribution of the wide-aperture components in the migration, we plotted a common-angle migrated
section for a diffraction angle of 130◦ using macromodel 2
(Fig. 14a). Note the unusual large-scale pattern of the wideaperture component migrated image compared with the more
classical migrated images derived from near-vertical reflection
data. This large-scale pattern results from the migration of
the low (temporal) frequency part of the wide-aperture data
component.
The common-angle migrated section of Fig. 14(a) is shown
in Fig. 14(b) after vertical high-pass filtering. Vertical wavelengths below 300 m (the so-called medium wavelengths) were
filtered out to highlight the short wavelength content of the
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130◦ common-angle migrated image. Some reflectors can be
clearly seen, suggesting that the high (temporal) frequency part
of the wide-aperture data component has also been successfully migrated.
For completeness, in Fig. 15, we present the three migrated
images of Fig. 10 after vertical high-pass filtering. The cut-off
wavelength was again 300 m to keep only the short wavelengths. Hence, the migrated images of Fig. 15 mimic those
which would have been obtained from more classical reflection data. Removing the footprint of the medium wavelengths
in the migrated images may help to delineate the main discontinuities during the structural interpretation stage. However, large and medium wavelengths are of invaluable help
for lithological interpretation of the layers delineated by the
discontinuities.
C O M PA R I S O N W I T H O T H E R
GEOPHYSICAL STUDIES
The short-wavelength content of the velocity models developed by the full-waveform tomography and asymptotic
prestack depth migration (Figs 16a,b) provides new insights
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into the structure of the upper crust and contributes to a
better understanding of the internal geometry of the thrustand-fold system investigated, which is only poorly imaged by
conventional reflection seismic (Dell’Aversana 2001). A de-
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tailed structural interpretation of the full-waveform tomography and migrated images is not within the scope of this
paper. Migrated image 2 has been superimposed on the final full-waveform tomography model to verify the consistency
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Figure 16 (a) Superposition of the final full-waveform tomography model and migrated section 2. (b) Schematic line drawing of the main
reflectors revealed by the joint analysis of the full-waveform tomography and prestack depth-migrated images. (c) Two-dimensional resistivity
model obtained by inverting magnetotelluric data collected along the profile (modified after Dell’Aversana 2001). The resistivity model clearly
delineates the large-scale structures of the waveform tomography velocity models. The high-velocity regions in the deep part of the model
correspond unambiguously to two clearly defined high-resistivity bodies in the MT section, while shallow low-velocity layers correspond well
with low-resistivity regions.

between the two images (Fig. 16a). A schematic line drawing
of the main discontinuities based on the joint analysis of the
two images is shown in Fig. 16(b).
The most noticeable features of the two images are SWdipping slices clearly delineated by sharp velocity contrasts between high-velocity bodies (5500–6500 m/s) and narrow lowvelocity regions (3500–4000 m/s), which are located beneath
the anticline drilled by the borehole. On the western flank of
the anticline, these structures are bounded by an intermediatevelocity region (4500–5500 m/s), that merges upwards with
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an evident near-surface high-velocity bump, the latter corresponding to the anticline where Mesozoic rocks are exposed.
In this region, the prestack depth-migrated section shows between 5 km and 7 km of distance antiformal structures, which
merge eastward with strong discontinuities embedded in the
high-velocity shallow bump.
On the western side of the profile, a noticeable feature of the prestack depth-migrated image is a clear
west-dipping fault, delineated by truncated and tilted
events.
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The reliability of the full-waveform tomography velocity
model and the migrated image has been further assessed
by a comparison with a 2D resistivity model obtained by
Dell’Aversana (2001) inverting magnetotelluric data collected
along the seismic profile (Fig. 16c).
We found an overall good agreement between the velocity and resistivity images. The SW-dipping high-velocity
bodies imaged at 1–2 km depth are consistent with two highresistivity regions showing the same trend, while the highvelocity bump imaged beneath the antiform matches quite
well with a high-resistivity shallow region. In addition, a weak
arc-shaped discontinuity shown by the migrated section between 7 and 8 km of distance at about 1.5 km depth matches
quite well the top of the deeper high-resistivity body. The
near-surface low-velocity layers bounding the antiform correspond to strongly conductive bodies. In particular, note the
pronounced thickening of the conductive region imaged between 4 km and 7 km of distance. This conductive region
is cross-cut by a thin high-resistivity layer, that matches well
strong discontinuities shown by the prestack depth-migrated
image. Finally, the low-velocity region identified in the deeper
part of the model between 4 km and 5 km of distance corresponds to a region of relatively low-resistivity values, that is
sandwiched between two high-resistivity bodies.

CONCLUSIONS
We have presented an application of a seismic imaging flow,
integrating first-arrival traveltime tomography, frequencydomain full-waveform tomography and asymptotic prestack
depth migration, to real onshore wide-aperture seismic data
recorded in a complex geological environment (thrust belt).
We have illustrated the input/output relationships between the
three processing sequences of our multiscale approach.
The first main conclusion is that a reliable macromodel for
frequency-domain full-waveform tomography and asymptotic
prestack depth migration can be derived by first-arrival traveltime tomography, thanks to the wide-aperture acquisition
geometry.
Frequency-domain full-waveform tomography has led to
greatly improved spatial resolution of the velocity model by
incorporating shorter wavelengths as the inversion progresses
towards higher frequencies. Full-waveform tomography was
applied to (temporal) frequency components between 5.4 Hz
and 20 Hz. Full-waveform tomography is highly non-linear at
higher frequencies and hence was complemented by the more
robust asymptotic prestack depth migration to account for the


C

full frequency content of the data. The asymptotic prestack
depth migration was applied to all the aperture components
of the data. Three macromodels of various smoothness were
used. The first was developed from traveltime tomography
and the two others are smoothed versions of the final fullwaveform tomography models.
Firstly, we have shown that asymptotic prestack depth migration applied to the wide-aperture data allowed us to image
medium wavelengths which are out of reach when classical
near-vertical reflection data are available. Hence, migrated images with an unusually broad wavelength content can be developed when wide-aperture geometry is available. The broadening of the wavelength content improves the spatial resolution
of the migrated images and facilitates interpretation of the
lithological units.
Secondly, thanks to an analysis of CIGs and local comparison of the migrated images with the VSP log, we have shown
that the smoothed full-waveform tomography models provide
improved macromodels for asymptotic prestack depth migration. This has contributed to verifying the relevance of the fullwaveform tomography models, in addition to the other verifications that we have presented (match of a VSP log, data fit,
comparison with a coincident resistivity section). Moreover,
the combination of traveltime and full-waveform tomography
applied to wide-aperture seismic data provides a framework
to develop macromodels for prestack depth migration with
a high level of complexity. Previous synthetic tests, aimed at
imaging complex media by asymptotic prestack depth migration, suggested that such complexity was required to develop
well-resolved and quantitative migrated images of complex
structures (Operto et al. 2000). It is reasonable to assume that
the spatial resolution of the macromodels developed here cannot be achieved when only near-vertical reflection data are
available.
The next step will be to apply multiple-arrival prestack
depth migration to the wide-aperture data to take full advantage of the high spatial resolution of the macromodels developed by full-waveform tomography. Indeed, the heterogeneity
of the full-waveform tomography macromodel generates complex rayfields with caustics which require this type of multiplearrival prestack depth migration.
We have presented an integrated processing flow applied
to dense wide-aperture data recorded in a complex geological
environment. We have shown that the combination of wideaperture acquisition configuration and a multiscale seismic
imaging flow could provide a promising approach to image
complex structures.

2004 European Association of Geoscientists & Engineers, Geophysical Prospecting, 52, 625–651

Imaging complex structures 649

ACKNOWLEDGEMENTS
We thank J. Zimmermann, A. Vesnaver, B. Cox and an anonymous reviewer for critically reading the manuscript. We are
also grateful to J. Zimmermann for help in improving the English and grammar in the paper. This work benefited from
fruitful discussions with J.X. Dessa concerning frequencydomain full-waveform inversion. We thank G. Lambaré for
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Lambaré G. 1991. Inversion linearisée de données de sismique
réflexion par une méthode quasi-Newtonienne. PhD thesis, Université de Paris VII.
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APPENDIX
Full-waveform tomography preprocessing
As stated in the text above, the main objective of data preprocessing is to apply to the data some modifications which
reflect the approximation made in the modelling and inversion
algorithms.
One of the main approximations we made is that we used
the scalar acoustic wave equation to model wave propagation.
The density and the attenuation factor Q were assumed to be


C

constant and equal to 1 and 1000, respectively, for this case
study. Converted PS-waves are not modelled by the acoustic
wave equation and hence must be processed as noise. Consequently, a major objective of the preprocessing was to transform the data so that the processed data mimicked as closely as
possible the data which would have been recorded in a perfect
acoustic earth. We did not use a visco-elastic full-waveform
modelling/inversion scheme for this case study but a simpler
acoustic one for several reasons. Firstly, multiparameter fullwaveform tomography is very sensitive to errors in the starting
model. Hence, the relevance of the multiparameter estimation
is very difficult to assess. Secondly, the PS-wave conversion
phenomenon is a rather ephemeral and hence complex phenomenon in the case of a complex geological environment
involving rugged interfaces (Spudich and Orcutt 1980; White
and Stephen 1980). It was noted that rugged interfaces may
prevent the downward-propagating converted shear waves
from being phase coherent although the velocity properties
at the interface may be appropriate for considerable mode
conversion (White and Stephen 1980). This comment brings
out the non-linearity of the elastic full-waveform inverse problem in the case of complex structures, since it is unlikely that
the waveform inversion will be sufficiently robust to distinguish between the effect of interface roughness and velocity
contrasts when fitting non-coherent converted PS-waves.
Preprocessing must also mitigate several amplitude effects
resulting from the instrumentation (variability of the source
size from one shot to the next) and the extremely variable
surface geology which affects the receiver–ground coupling.
Accounting for the surface geology is clearly beyond the
resolution limit of full-waveform tomography. The sharp
amplitude-versus-offset variations in the CRG in Fig. 3(a) suggest that amplitude-versus-offset information may be very difficult to account for in full-waveform tomography, since it may
be affected by several factors extraneous to wave propagation
phenomena (source variability, receiver–ground coupling).
To overcome these difficulties and account for the acoustic
approximation, we have designed a heuristic preprocessing
sequence which performs the following tasks (Fig. 1):
r minimum-phase frequency-domain deconvolution (whitening) (Yilmaz 2001, p. 253), including a normalization of
the spectral amplitude of each trace with respect to its
maximum;
r Butterworth band-pass filtering to improve the signal-tonoise ratio;
r quality control and trace editing to remove noisy traces;
r application of a reduced time scale to facilitate subsequent
application of coherence filtering;

2004 European Association of Geoscientists & Engineers, Geophysical Prospecting, 52, 625–651

Imaging complex structures 651

r coherence

filtering using spectral matrix filtering
(Glangeaud and Coppens 1997) to improve the
signal-to-noise ratio and to strengthen the lateral trace
coherence;
r offset and time windowing. Traces within the 0–0.8 km
offset range are removed to eliminate ground rolls. Time
windowing is applied to eliminate late arrivals which correspond to deep reflections coming from outside the limits of
our model and converted PS-waves.
Whitening, which flattens the amplitude spectrum, was applied to give a similar weight to each frequency component
of the amplitude spectrum and to mitigate the effect of the
source directivity. The spectrum flattening was subsequently
mitigated by applying a Butterworth band-pass filter to improve the signal-to-noise ratio. The spectral amplitude normalization implies that the amplitude-versus-offset information is lost and that an equivalent weight is given to each
trace in the full-waveform tomography algorithm. Only the
amplitude-versus-time information is fully preserved by the
preprocessing. We claim that this information may be sufficient to develop a reliable mono-parameter P-wave velocity
model by summation of each individual trace contribution.
However, we acknowledge that this data weighting would not
be acceptable in the framework of a multiparameter elastic
inversion which may require amplitude-versus-offset analysis
to uncouple the different parameters. The spectral-amplitude
normalization was applied to remove many amplitude effects, such as shot-to-shot variability and receiver–ground
coupling.
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The acoustic wave equation provides the pressure wavefield.
The data measured by vertical geophones are vertical particle velocities. Strictly speaking, a conversion from pressure to
vertical particle velocity would be required in the FD forwardmodelling code. Moreover, the Jacobian matrix of the partial
derivatives of pressure wavefields with respect to model parameters must be replaced by that of the partial derivatives of
vertical particle velocities with respect to model parameters in
the full-waveform tomography algorithm. This latter task is
not trivial.
Alternatively, some heuristic weighting of the observed vertical particle velocity data can be applied, such that the
weighted vertical particle velocity wavefields reflect pressure
wavefields. The waveform shapes of the pressure and the
vertical velocity fields are essentially related by a derivative
relationship (Sheriff and Geldart 1995, p. 225). This relationship can be accounted for by the source term whose estimation
is embedded in the waveform tomography algorithm. Moreover, the amplitude-versus-angle behaviour of the pressure and
vertical velocity fields are rather different since the amplitude
of the vertical velocity is sensitive to the angle of incidence of
the arrival at the sensor. We used spectral-amplitude normalization, applied by whitening, to weight the amplitude-versusangle behaviour of vertical particle velocity seismograms so
that it reflects that of pressure seismograms. Although this approximation may appear crude, this is the approach which, up
to now, has allowed us to develop waveform tomography images which have revealed geological features whose relevance
was demonstrated.
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