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ABSTRACT
Migration techniques, currently used in seismic exploration, are still scarcely applied
in earthquake seismology due to the poor source knowledge and sparse, irregular acquisition geometries. At the crustal scale, classical seismological studies often perform
inversions based on the arrival time of primary phases (P- and S-waves) but seldom
exploit other information included in seismic records. Here we show how migration
techniques can be adapted to earthquake seismology for converted wave analysis.
As an example, we used data recorded by a dense local seismic network during the
2002 Molise aftershock sequence. In October and November 2002, two moderate
magnitude earthquakes struck the Molise region (southern Italy), followed by an aftershock sequence lasting for about one month. Local earthquake tomography has
provided earthquake hypocenter locations and three-dimensional models of P and
S velocity fields. Strong secondary signals have been detected between first-arrivals
of P- and S-waves and identified as SP transmitted waves. In order to analyse these
waves, we apply a prestack depth migration scheme based on the Kirchhoff summation technique. Since source parameters are unknown, seismograms are equalized
and only kinematic aspects of the migration process are considered. Converted wave
traveltimes are calculated in the three-dimensional (3D) tomographic models using
a finite-difference eikonal solver and back ray tracing. In the migrated images, the
area of dominant energy conversion corresponds to a strong seismic horizon that we
interpreted as the top of the Apulia Carbonate Platform and whose geometry and position at depth is consistent with current structural models from existing commercial
seismic profiles, gravimetric and well data.

INTRODUCTION
One of the aims of earthquake seismology is the study of physical phenomena related to the earthquakes and their effect on
the Earth’s surface. The achievement of these goals requires
detailed knowledge of the subsurface structure, especially in
seismogenic areas. At the crustal scale, a common tool for
subsurface imaging is local earthquake tomography, in which
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parameters of earthquake hypocenters and velocities of P- and
S-waves are simultaneously inverted using first-arrival delaytimes (e.g., Thurber 1983; Michelini and McEvilly 1991; Hole
1992; Le Meur, Virieux and Podvin 1997, among others).
Besides the analysis of traveltimes of some phases (mainly
direct and surface waves), common tools of earthquake seismology seldom exploit other information included in seismic records. Nevertheless, recent studies demonstrate that
reflected, transmitted and mode-converted waves from microearthquakes (hereafter called passive sources) can be used
for crustal-scale imaging (James, Clarke and Meyer 1987;
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Chavez-Perez S. and Louie 1997; Stroujkova and Malin 2000;
Chavarria et al. 2003; Latorre et al. 2004a; Nisii, Zollo and
Iannaccone 2004).
One of the major problems in using passive data for seismic reflection/transmission imaging is the sparse and irregular
distribution of sources and receivers and the poor knowledge
of the source, which includes magnitude, focal mechanism,
earthquake hypocenter location and origin time. In most
passive seismic surveys, receiver coverage is sparse and irregular because seismic networks are generally designed for earthquake monitoring rather than for seismic imaging. Nevertheless, Louie et al. (2002) showed, through synthetic tests, that
passive-source migration approaches are able to image main
features of the subsurface structure, despite artefacts due to
the poor geometrical coverage.
Hypocentral parameters (earthquake location and origin
time) represent one of the main causes of error in focusing
and positioning reflected/transmitted energies. Uncertainty in
earthquake location is strictly correlated to our knowledge of
both the P- and S-wave velocity structures. Moreover, earthquake location in seismogenic areas requires lateral variations

of the velocity structure to be taken into account. In local-scale
passive imaging approaches, the coupled hypocenter-velocity
model problem is solved by inverting simultaneously velocity
and hypocentral parameters (Thurber 1993). In this context,
reflection/transmission imaging with passive sources should
involve a previous estimation of background velocities and
hypocenter parameters using 3D tomographic algorithms.
In this paper, we present an example of converted wave
depth migration with passive source data. We have analysed
seismic records of the 2002 Molise aftershock sequence, which
occurred in southern Italy (Fig. 1) following two earthquakes
with moment magnitude Mw = 5.7 (Chiarabba et al. 2005). A
large number of three-component, high-quality seismograms
was available and P- and S- first-arrival traveltimes were inverted to provide both hypocenter locations of about two
thousand events and 3D tomographic models (De Gori et al.,
pers. comm.).
High amplitude secondary signals were observed between
the direct P- and S-wave arrivals and interpreted as SP
transmitted waves generated at a mid-crustal discontinuity (Chiarabba et al. 2005). We reconstructed the seismic

Figure 1 Map view of the study area. The 2002 Molise aftershock sequence occurred in southern Italy, near the town of San Giuliano di
Puglia. Geographical location of the Molise region is depicted with a red box in the lower-right corner of the figure. On the map view, black
dots represent the hypocenter locations of the 2002 aftershock sequence. Blue inverted triangles indicate the short-period temporary stations
deployed on October and November 2002. Red squares are the locations of the deep wells used by Mostardini and Merlini (1986) to constrain
the structural model of the Molise region. Beneath the wells, we also report the depth from the topographic level of the major reflector observed
in commercial seismic lines and indicated in the Mostardini and Merlini’s model. The deep wells cited by Mostardini and Merlini (1986) are
Torrente Tona 1 (TT1), Monacilioni 1 (MN1), Campobasso 1 (CB1), Termoli 2 (TERM2), Civitacampomarano 1 (CCM1), San Biase 1 (SB1),
Fossalto 1 (FOS1) and Frosolone 2 (FROS2). The green circles indicate the location of the wells drilled in the study region. The red and the
black crossing lines are, respectively, the traces of the geological section shown in Fig. 3 and the cross-section of the migrated model shown in
Fig. 8. The black box delimits the area imaged in the present work.
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image of this discontinuity by migrating and stacking SPtransmitted energies with an algorithm based on the Kirchhoff summation technique (Latorre 2004). Passive source
migration was performed using P and S velocity models
and passive source locations (position at depth and origin time) previously estimated by the tomographic study
of De Gori et al. (pers. comm.). Tomographic results were
used as background models to account for the complexity of the P- and S-wave seismic structure in our traveltime
computation.
As a result of the large amount of geological surveys, exploration wells data, gravimetric modelling and commercial
seismic profiles, the geological structure of the Molise region
is fairly well known down to 4–6 km depth (e.g., Mostardini
and Merlini 1986; Roure, Casero and Vially 1991; Improta
et al. 2006; Nicolai and Gambini 2007, among others). In the
light of the present knowledge of the Molise structural model,
we analyse the migrated images and we discuss the sensitivity
of our results with respect to the choice of some input parameters in the migration procedure.
METHOD
Our migration scheme is based on the Kirchhoff summation technique. The migrated image is reconstructed in the
space domain by summing weighted trace energies along
quasi-hyperbolic trajectories in the time domain, whose shape

is governed by the velocity distribution of the medium
(e.g., Yilmaz 2000).
The target volume is divided into a 3D regular grid of image
points. Each of them is associated with a locally oriented interface where we assume that seismic reflections/transmissions
may occur (Fig. 2a). A table of traveltime τ (i.e., the traveltime along the raypath source-image point-receiver) is computed taking into account the fastest P- and S-waves at every
image point. Traveltime calculation is performed in the 3D
P- and S-velocity models. First, we apply a finite-difference
eikonal solver to construct P- and S- first-arrival traveltime
fields everywhere in the model (Podvin and Lecomte 1991).
Then, following the gradient of the time fields, we trace the
rays backward from each source and receiver to each image point and we re-compute more accurate traveltimes along
the raypaths (Latorre et al. 2004b). Finally, at a given image
point, the migrated image is obtained by summing the seismic
energy of the trace segments that are corrected by the time
τ , computed along each source-image point-receiver raypath.
Moreover, in addition to the traveltimes, we obtain all the
P- and S-rays from each source-receiver pair to each image
point.
During summation, we multiply the trace energies by a kinematic weight factor based on Snell’s law. At each image point,
we assume an oriented interface and, for each source-receiver
pair, we consider the rays hitting this interface. Then, we calculate the ray angles with respect to the interface as well as the

Figure 2 a) Simplified sketch showing the migration scheme applied in this work. The target volume is divided into a regular grid of image
points (black dots). Each of them is associated to an oriented local interface identified by its normal vector. The grey line represents the raypath
from the source to the image point and from the image point to the receiver. By assuming a given incident wave at the local interface, we can
compute its predicted specular rays (transmitted or reflected), i.e., the rays satisfying Snell’s law at the interface. For a given propagation mode,
the angle θ represents the distance of the computed ray direction from the specular condition. b) The Snell’s weighting function decreases from
one towards zero. In the present study, we have applied a threshold corresponding to the angle θ equal to 45◦ , which selects for summation only
traces having a Snell’s weight value greater than 0.5.
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predicted specular ray direction, i.e., the ray satisfying Snell’s
law locally (Fig. 2a). The Snell’s weight factor is then defined as
the function cos2 θ , where θ is the angle between the computed
image point-receiver ray direction and the predicted specular
ray at the interface. Thus, the weight value decreases from
one towards zero as the computed ray direction moves further away from the specular condition (Fig. 2b). Optionally,
we can add a threshold to the weighting factor, which selects
the trace segments before summation. In our analysis of the
Molise aftershock sequence, we use a threshold corresponding
to the angle θ equal to 45◦ (Fig. 2b): only traces that have a
Snell’s weight value greater than 0.5 are selected for summation. Of course, this threshold acts as a filter, which reduces the
sampling of the migrated model but improves our capability
to focus seismic energies.
In general, we observe that the Snell’s weight factor allows us
to smear out ‘smiles’ generated by our limited recordings and
corresponding limited ‘fold’ of contributions to the migrated
image. However, with more recordings, the accumulation of
data in the migrated image increases and reduces the influence
of the Snell’s factor. The Snell’s weight factor is always related
to the concept of a local interface at the image point. When we
analyse rays hitting the local interface, we can theoretically discriminate among different propagation modes (PS-/SP- reflection or transmission propagation mode) and therefore analyse
them separately.
When we deal with microearthquake records, we do not
know the source time function, which is necessary to perform appropriate data correction before migration. Generally,
microearthquakes show various magnitudes and complex radiation patterns, which require a large number of data to be
adequately resolved. Since these source parameters are not
available for our study, we need to overcome the lack of source
correction by applying a different data pre-processing. Therefore, in order to compare records with different source time
functions, in one hand, we apply a three-component trace
equalization, based on the three-components vector sum, to
account for the differences in magnitude. On the other hand,
the trace summation is done by selecting finite time windows
centred on the traveltime τ and stacking the maximum energy
of this window. Thus, we mitigate waveform differences in the
source time function of different records. In some way, we lose
the concept of true amplitude but we may argue that we preserve the energy balance between adjacent time windows of
traces. In this work, only kinematic and geometrical aspects of
the migration procedure are considered, while other weighting
factors like spherical spreading and wavelet-shaping factor are
neglected.
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THE 2002 MOLISE AFTERSHOCK
SEQUENCE
On October 31 and November 1, 2002, two Mw 5.7 earthquakes occurred in the Molise region (southern Italy), followed by a sequence of aftershocks lasting one month. A temporary network of 37 short period, three-component, digital
stations was deployed around the epicentral region (Fig. 1).
The network covered an area of 60 km × 60 km and recorded
more than two thousand earthquakes with local magnitudes
ranging between 2.0 and 4.2. The two main shocks nucleated
at about 18–22 km depth along two nearly vertical, strike-slip
fault segments. In agreement with the main shock focal mechanisms, the aftershock distribution highlights a 15 km long,
E–W trending fault system (Chiarabba et al. 2005).
The epicentral area of the 2002 Molise earthquakes is located in the eastern part of the southern Apennines, an Adriaverging fold-and-thrust belt developed in Neogene times above
the westward-dipping slab of the Apulia continental lithosphere (Roure et al. 1991). The foreland domain of the
southern Apennines is represented by the Apulia Carbonate
Platform, which outcrops to the east of the Molise region and
consists of a 4–7 km thick Mesozoic carbonate unit overlying Permo-Triassic volcanoclastic deposits and metamorphic
rocks. On commercial seismic lines, the top of the Apulia
Carbonate Platform corresponds to a major reflector, whose
seismic signature can be followed along the profiles from the
foreland to the internal Apennines, even when the Apulia Carbonate Platform is hidden beneath thick deposits of the overthrust belt (Mostardini and Merlini 1986; Sella, Turci and Riva
1988; Roure et al. 1991; Nicolai and Gambini 2007). Moreover, a recent teleseismic receiver-function analysis reveals the
Apulia Carbonate Platform M as a strong discontinuity able to
generate PS-converted waves that are clearly recognizable on
the seismic waveforms (Steckler et al. 2008).
A simplified geological cross-section, modified from
Mostardini and Merlini (1986), is shown in Fig. 3. The section intersects the southern Apenninic belt from northeast to
southwest in the region of the 2002 Molise aftershock sequence. Deep wells at the location shown in Fig. 1 reveal
that the Apulia Carbonate Platform is buried beneath PlioPleistocene terrigenous deposits in the external zone (Torrente
Tona and Termoli 2 wells) and beneath the Lagonegro-Molise
Basin units in the internal zone (San Biase 1 and Civita Campomarano wells). The Lagonegro-Molise Basin units are 3–5 km
thick terrigenous deposits, mainly composed by marlycalcareous and siliciclastic rocks. According to Demanet
et al. (1998) and Chiarabba et al. (2005), the top of the Apulia
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Figure 3 Simplified geological cross-section of the study area modified after Mostardini and Merlini (1986). The geographical position of this
cross-section is illustrated in Fig. 1. The main tectonic units of the NE-verging Apenninic orogenic belt are displayed. The brown line delimits the
Lagonegro-Molise Basin units, which overthrust the Apulia Carbonate Platform. The yellow line indicates the Plio-Pleistocene deposits, which
outcrop in the northeastern region. In the external part of the Apenninic belt, the Apulia Carbonate Platform top is located at shallow depths
(about 2 km), as reported by data from the Torrente Tona well. Westward, the Apulia Carbonate Platform dips gradually and it is involved in
the overthrust belt of the internal Apenninic chain. Seismic reflection data indicate that the Apulia Carbonate Platform top from the topographic
level is deeper than 3.6 km beneath the Monacilioni well and deeper that 5.9 km beneath the Campobasso well (Mostardini and Merlini 1986).
Grey open circles indicate the projection of the 2002 Molise aftershock sequence along the SW–NE cross-section. The question mark represents
the hypothetical position of the deeper limit of the Apulia Carbonate Platform.

Carbonate Platform is the likely seismic horizon where strong
SP-converted waves may be generated.
SP-converted phases are recorded at almost all the stations of the temporary network between P and S first-arrivals
(Fig. 4). The observed SP-phase represents the most energetic
secondary wave and has high characteristic frequencies (up to
about 40–50 Hz). At some stations, also PS-arrivals can be
identified between the P and S first-arrivals (Fig. 5). However,
their energy is lower than the SP-wave energy and shows different characteristic frequencies, generally in the range of 1–
10 Hz. Most of the SP-energy is polarized on the vertical components, which implies that SP-wavefronts, recorded at the
station network, propagate along nearly vertical directions.
Since in this paper we analyse the data in a SP-transmission
mode, we concentrate on migrated images of the vertical component, even though we use three-component records when
pre-processing the data.
Before migration, traces are arranged in a common receiver
gather. Figure 5 shows vertical and radial seismic sections
that collected seismograms of more than four thousand welllocated earthquakes recorded at the MON9 station. In order
to enhance spatial correlation of SP-energies, traces are first
sorted by the S-P time difference (i.e., the time distance between observed first-arrival times of P- and S-waves) and are
then shifted according to the observed P first-arrival time. Be-
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fore plotting, traces have been normalized to make equal the
seismic records of different source magnitudes.
In our migration approach, traveltime computation is performed using previously computed 3D velocity models and
passive source locations. Background P- and S-wave velocity
distributions and source locations (position at depth x,y,z and
origin time t0) are deduced from the tomographic results of De
Gori et al. (pers. comm.). In their study, De Gori et al. used the
Simulps code (Thurber 1993) to invert 21 594 P- and 14 441
of S-first arrival times and estimate both hypocenter location
parameters (x,y,z and t0) of 1332 selected microearthquakes
and velocity parameters of Vp and Vp/Vs (Fig. 6). The tomographic models image a target volume of about 60 km
× 60 km × 20 km around the epicentral area. A regularly
spaced grid with a linear interpolation function parameterizes the velocity field: grid nodes have a minimum distance of
2.5 km in the horizontal direction and 2 km in the vertical
direction. A complete analysis of the resolution matrix provides information on the reliability of the tomographic results.
We quantify the model resolution by computing the spread
function as defined by Michelini and McEvilly (1991). In the
tomographic models, we assume a spread function threshold of 2.0, below which the reliability of the model is high
(for further details of resolution estimation, see Toomey and
Foulger 1989). Figure 6 shows two representative NE–SW
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Figure 4 Example of seismograms recorded
at four stations of the temporary network. Seismograms are rotated in the
vertical-radial-transversal system by using
the hypocenter location from 3D tomographic inversion. Vertical (Z) and Radial
(R) components are represented for each
panel. The red lines point out observed P
and S first-arrival times, whereas the yellow
windows highlight the SP-arrivals. The map
view illustrates both stations (black triangles) and earthquake locations (grey dots).
Seismograms are band-pass filtered between
1 and 50 Hz.

trending cross-sections of Vp and Vp/Vs tomographic models.
Tomographic results indicate that the hypocenters of the
2002 Molise sequence are mainly located between 7 km and
18 km depth. Under these conditions, we can use records of the
Molise aftershock sequence to migrate SP-transmitted waves
and image seismic horizons in the well-resolved part of the
tomographic volume.

S P T R A N S M I S S I O N M I G R AT I O N O F T H E
2002 MOLISE SEQUENCE
Our target area extends to the eastern part of the epicentral
region (Fig. 1). We have selected this study area because of
the opportunity to compare our migrated images with results
of existing commercial seismic profiles, gravimetric and exploration well data (Mostardini and Merlini 1986; Sella et al.
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1988; Roure et al. 1991; Fracassi et al. 2004; Nicolai and
Gambini 2007).
Our migration model is divided into a grid of 195 435 image
points, which are 500 m spaced in the horizontal direction and
100 m spaced in the vertical direction. The image points are
distributed in a volume of 22 km × 21 km × 10 km. A locallyhorizontal interface is associated with each grid point.
We have analysed three-component seismograms of 789
well-located earthquakes recorded at eight receivers of the
temporary network (Fig. 1). We first selected data by storing
seismograms with high signal-to-noise level and high-quality
P- and S-wave first-arrival time picks. Then, by using the
passive source locations from the tomographic inversion, we
computed P and S first-arrival traveltimes in the background
velocity models and rejected data with residual of P and S
first-arrival times greater than 0.3 s. Thus, we only used data
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Figure 5 Seismic sections of earthquakes recorded at MON9 station (Fig.1): a) vertical component and b) radial component. Traces are sorted
by their S-P time difference (see text) and shifted according to the observed P first-arrival time. Before plotting, traces are normalized and
band-pass filtered with a two-pole, zero-phase shift Butterworth filter. We select a frequency band of 25–40 Hz to enhance SP-arrivals on vertical
components and frequencies between 1 and 10 Hz to point out S- and PS-arrivals on radial components. In order to analyse the data in a SP
conversion mode, we apply a filter with a frequency band of 25–40 Hz.

kinematically consistent with our background velocity models, source locations and origin time. By considering the computed residual times of all the selected data, we estimated a
root-mean-square (rms) value of 0.125 s.
Data pre-processing consisted in filtering, normalizing and
muting three-component records. Since we need to enhance
SP-energies and reduce amplitudes associated with PS-arrivals,
we filtered data using a band-pass, zero-phase shift Butterworth filter with corner frequencies of 25 Hz and 40 Hz
(Fig. 5). First arrivals of P- and S-waves were muted to
avoid any interference of their energy with the migration
of SP-waves. Thus, only signals included in the window between P- and S-wave arrivals contributed to the migrated
image. This choice reduces the sampling of the target volume but suppresses artefacts due to misinterpretations of migrated signals. Finally, we applied a three-component traceequalization, which consists in normalizing the traces for the
maximum value of the vector sum computed at each point
in time on the three-component signal. In this way, we correct seismograms for different source magnitudes and receiver
responses.
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Data migration is performed by assuming a SP-transmission
propagation mode, i.e., we migrate and sum the trace energies
by supposing that only SP-waves propagate in the medium and
convert to potential transmitting boundaries. Therefore, in our
analysis, we reject energies associated to possible reflections
at the image points.
Figure 7 shows some map views of the SP-migrated image
from the vertical-component seismograms. Each pixel represents an image point and the colours indicate the relative
amount of focused SP-energy, i.e., the migrated and stacked
SP-energy is normalized with respect to the maximum value
of the model. High relative values indicate high SP-energy focusing and can be interpreted as the most likely transmitting
boundaries where observed SP-signals may be generated. We
also note that part of the migrated image is not sampled (grey
pixels). This arose from several causes, including 1) the muting
applied in the data pre-processing, 2) the Snell’s weight factor
with threshold, 3) the trace selection due to the assumption of
a SP-transmission propagation mode and 4) a threshold used
to reject those parts of the image that only have a few input
traces contributing to them (we used a minimum threshold of
30 traces). Although these constraints limit the coverage of the
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Figure 6 NE–SW trending cross-sections of the tomographic models from De Gori et al. (pers. comm.): a) P-velocity
model, b) Vp/Vs model and c) location of the cross-section with respect to the aftershock sequence (dots) and the tomographic inversion
grid (dark, cross-shaped symbols). The dashed black line on the cross-sections depicts the spread function contouring for values lower or equal
to 2.0. This contour delimits the well-resolved area of the tomographic models.

imaged volumes, they avoid artefacts that blur the migrated
image.
The main features of our results are the high SP-focusing
zones that are concentrated between 1 km and 6 km depth.
Shallower SP-focusing zones are located in the northeastern
part of the investigated area (about 1–2 km depth), whereas
these zones deepen progressively towards the southwest up to
5–6 km depth. All the high SP-focusing zones seem to delineate an almost continuous seismic horizon, which gently dips
towards the southwest.
In order to analyse and validate our results in the light of
independent data, we have compared a vertical cross-section
of the migrated model with a profile extracted from a 3D map
of the Apulia Carbonate Platform top, recently published by
Nicolai and Gambini (2007). This 3D reconstruction has been
obtained by combining well data and proprietary oil industry
seismic data with geological and geophysical published information.
Figure 8 shows a vertical cross-section of the migrated image and the superimposed Apulia Carbonate Platform top profile that we have extracted from the 3D map of Nicolai and
Gambini (2007). Both the vertical cross-section of the migrated image and the Apulia Carbonate Platform top profile
have the same geographical location, as indicated in Figs 1
and 7. Our selected cross-section is located about 1 km SE of
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the Rotello 3 well and 4 km NW of Monacilioni 1 and Torrente Tona 1 wells. Mostardini and Merlini (1986) used data
from Monacilioni 1 and Torrente Tona 1 wells to constrain
their structural model (Fig. 3).
By taking into account the limits of our parameterization,
we note that both the geometry and depth of the high SPfocusing zones are consistent with some areas of the Apulia Carbonate Platform top. High SP-focusing zones correctly
match the Apulia Carbonate Platform top in the northeastern part of the model, between the town of San Giuliano and
the well of Torrente Tona (Fig. 8). High SP-focusing zones
can also be correlated to the Apulia Carbonate Platform top
in the area of the Monacilioni well (southwestern part of the
model). Here, the seismic horizon shows the same geometry of
the Apulia Carbonate Platform top but appears slightly deeper
(from 100 m to 300 m), even though this discrepancy can be
considered small compared to the vertical spacing grid of our
migration model (100 m).
By contrast, the seismic horizon seems to follow a different trend just above seismogenic areas. Its geometry seems to
be more complicated than the Apulia Carbonate Platform top
profile from Nicolai and Gambini (2007), while its depth is
generally greater, showing a maximum discrepancy that exceeds 1000 m. In this part of our migrated model, the seismic
horizon geometry seems to be more similar to the Mostardini
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Figure 7 Horizontal sections of the SP-transmission migrated image for vertical-component seismograms. Layers intersect the migrated volume
at different depths (Z = 1–6 km depth). The target area (coloured part of each layer) is located inside the tomographic model volume, which
covers a region of about 60 km × 60 km (Fig. 6). Each point of the migrated image is represented by a pixel, whose colour indicates the relative
amount of focused SP-energy. The grey colour represents pixels not sampled by our data. Inverted triangles and black dots indicate the projection
of station and earthquake locations, respectively. The black crossing line is the trace of the NE–SW vertical section shown in Fig. 8.

and Merlini’s model (Fig. 3), in which SW-dipping normal
faults create a step-like geometry of the Apulia Carbonate
Platform top beneath the San Giuliano town and a NE-verging
thrust system increases the complexity of the Apulia Carbonate Platform tectonic structure. Different hypotheses can be
invoked to explain the discrepancy between the migrated seismic horizon and the Apulia Carbonate Platform top from
Nicolai and Gambini (2007) in the seismogenic area of the
2002 Molise sequence; we will discuss them after the sensitivity analysis of our model.

S E N S I T I V I T Y O F T H E M I G R AT E D M O D E L
In this last section, we discuss the different results obtained by
modifying some input parameters in our migration procedure.
The first parameter is the length of the trace segment, which
is selected to perform the sum of the migrated energies. When
constructing an image point, we stack energies corresponding
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to the trace segment centred on the traveltime τ , i.e., the traveltime along the total raypath from the source to the image
point and from the image point to the receiver (Fig. 2a). The
choice of this segment length (here called twin ) can influence
the final migrated image (Fig. 9).
When we choose a segment length equal to the sampling
rate of our seismic records (twin = ±dt, where dt is the sampling rate of 0.008 s), the image is not well focused everywhere (Fig. 9a). However, if we increase the segment length
size, we enhance the SP-focusing zones around the Apulia Carbonate Platform top profile (Figs 9b and 9c). The use of a
small segment length should imply that computed traveltimes
are perfectly consistent with both background velocity models
and source hypocenter locations (position at depth and origin
time). Nevertheless, this is an ideal condition. Actually, our
selected data show P and S residual first-arrival times such as
to have a rms of 0.125 s, which suggests some discrepancy of
our data with respect to the background velocity models and
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Figure 8 Comparison between a NE–SW trending cross-section of
the migrated model and a vertical profile of the Apulia Carbonate
Platform top extracted from the 3D reconstruction by Nicolai and
Gambini (2007). The Apulia Carbonate Platform top is represented
by a black line. Both the vertical cross-section of the migrated model
and the Apulia Carbonate Platform top profile intersect the study
area along the same trace plotted in Figs 1 and 7. In this NW–SE
vertical cross-section are plotted the projections of the Monacilioni
well, located ∼4 km SE of the profile, the Rotello 3 well (R3), located
∼1 km NW and the Torrente Tona 1 well, located ∼4 km SE. The
stations used in this work are also plotted (inverted triangles) and the
events located close to the cross-section (black open circles). As in
Fig. 7, the colour bar indicates the relative amount of focused SPenergy (values equal to 1 represent the highest value in the migrated
model).

the passive source locations. Therefore, in order to take into
account this discrepancy, it is reasonable to increase the trace
segment length, while requiring its size to be lower than the
rms value computed on the residual times.
The second aspect we want to outline concerns the use of
the Snell’s factor in weighting migrated trace energies before
summation (Fig. 2). As an example, we have applied the
same migration procedure to our data without imposing any
weighting factor (Fig. 10a). This condition is equivalent to
considering each grid point as a scattering point. The migrated
image of Figure 10(a) shows a large amount of SP-energy,
which is spread out along complex trajectories. By comparing
this image with the APC top, we note that only a part of
the SP-focusing zone matches the target horizon, whereas
lateral branches probably arise from the poor coverage of the
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Figure 9 Sensitivity of the migrated image with respect to our choice of
the length (twin ) of the trace segment used in the migration procedure
(see text for further details). Three NE–SW cross-sections of the SPtransmission migration image are plotted: a) migrated image obtained
by using a twin = ±dt (dt is the seismogram sampling rate), b) migrated
image obtained by using a twin = ±5dt and c) migrated image obtained
by using a twin = ±0.1 s (±12.5dt). Symbols are the same as in Figs 7
and 8. The model plotted in Fig. 9(c) is the same as in Fig. 8.
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Figure 10 Sensitivity of the migrated image to the application of a
weight factor in the migration procedure. Both the NE–SW crosssections represent the migrated images obtained by applying the same
migration procedure but different weight factors: (a) migrated image
without weight factors and (b) migrated image with weight factors. In
the first model (a), we assume that image points are scattering points,
while in the second (b) we assume that image points are potential
transmission boundaries. The model plotted in Fig. 10(b) is the same
as in Figs 8 and 9(c).

migrated volume, which is related to the sparse distribution of
both sources and receivers. By contrast, the use of the Snell’s
weight factor greatly improves the SP-focusing on the target
horizon (Fig. 10b). In this second case, we have assumed that
each image point corresponds to an oriented local interface.
In particular, we have chosen a locally-horizontal interface because it is the simplest geometry as possible and because we
expect that the target horizon is not steeply-dipping, consis-
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tent with the regional geology (Mostardini and Merlini 1986;
Roure et al. 1991; Nicolai and Gambini 2007).
It is important to highlight the effects of the weighting function in our migrated image. By using a weighting function
for a horizontal interface, we do not prevent our capability
to focus seismic energies generated at moderately dipping interfaces. Indeed, we have shown that we correctly image the
gently dipping structure of the Apulia Carbonate Platform top
in the area located between the town of San Giuliano and the
Torrente Tona well and are able to identify the geometry of
the structure beneath the Monacilioni well (Fig. 8). In practice,
the Snell’s weight function acts as a filter that modulates the
trace energies as the ray direction moves farther away from the
specular condition. By imposing a horizontal interface and a
threshold of θ = 45◦ , we suppress seismic energies associated
to very steeply dipping seismic structures (with dips greater
than 45◦ ) but we are always able to focus transmitted energy from seismic horizons dipping less than 45◦ , although
this energy is weighted differently. Of course, we have to be
aware that the weight factor can bias the results by reducing
the brightness of the seismic horizon when it is dipping instead
than locally horizontal. Nevertheless, the weighting factor has
not an effect on the depth of the seismic horizon, which is
actually controlled by the kinematics of the wave propagation in the background velocity model. Thus, although we
cannot interpret our results in terms of amplitude variations
along a seismic horizon, we show that kinematic aspects of migration are enough to image geometry and position at depth
of seismic structures with moderate dips, into the limits of
our resolution. The example of Fig. 10 also demonstrates that
the use of the Snell’s weight factor is necessary to overcome the
problem of the sparse acquisition geometry in passive-source
imaging.

DISCUSSION AND CONCLUSION
In this study, we show and demonstrate the effectiveness of a
migration technique applied to passive source data for imaging subsurface structure. In our example, we point out that
some reasonable precautions should be taken into account to
conveniently employ microearthquake records as controlled
sources. We outline the importance of using both background
3D velocity models and source parameters estimated through
first-arrival time tomographic inversion. Moreover, we show
that significant improvement in focusing migrated energies
and reducing image artefacts can be achieved with opportune
input parameters and selecting data kinematically consistent
with background velocity models.
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The region of the 2002 Molise aftershock sequence has represented an excellent laboratory to test our procedure with
real passive data, due to both the high quality data and the
presence of clear converted phases. The existence of independent data providing a reconstruction at depth of the major
seismic horizon allowed us to validate the results and analyse
the sensitivity of the migrated models.
The seismic images obtained by SP-wave migration of the
2002 aftershock sequence indicate that the observed largeamplitude SP-converted waves were generated at the top of
the Apulia Carbonate Platform. Through our images, we are
able to reconstruct the position at depth of the seismic horizon
that we associate to the top of the Apulia Carbonate Platform.
The NE and SW parts of our migrated horizons are imaged
at about 2 km and 4–5 km depth respectively, showing a geometry that gently dips toward southwest (Fig. 8), which is
in agreement with previous studies (Mostardini and Merlini
1986; Fracassi et al. 2004; Nicolai and Gambini 2007). However, there are some discrepancies between our results and the
Apulia Carbonate Platform top from Nicolai and Gambini
(2007) above the seismogenic area, which is marked by the
aftershock sequence distribution (Fig. 8). In particular, our
images outline: 1) a more complicated geometry of the Apulia Carbonate Platform top, which also seems to be located
deeper than the Apulia Carbonate Platform top from Nicolai
and Gambini (2007) and 2) a weaker brightness of the SPfocused zone with respect to the external parts of the seismic
horizon (i.e., the NE and SW parts).
Because the kinematic aspect of the wave propagation (traveltime) controls the position at depth of the high SP-focusing
zones, our results may be affected by our choice of the background velocity model. If we refer to the Apulia Carbonate
Platform model from Nicolai and Gambini (2007), the discrepancy of the migrated image may be interpreted as an inadequacy of our background velocity model in the seismogenic area, which does not allow us to correctly locate the
seismic horizon at depth. In this sense, a further update of the
background velocity model in this area may lead to reduce
the observed discordance. On the other hand, we remark that
the complexity of the migrated horizon is similar to that of
the structural model of Mostardini and Merlini (1986). In
particular, we note some similarities at NE, where the Apulia Carbonate Platform top appears disconnected by a system
of high-angle normal faults dipping to SW and in the area of
the Monacilioni well, where a complex NE-verging thrust system is proposed by Mostardini and Merlini (1986) (Fig. 3). In
agreement with the latter model, we suggest that the Apulia
Carbonate Platform structure is effectively more complex than
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that proposed by the Nicolai and Gambini’s model. If this is
the case, a possible explanation for the discrepancy is that the
migrated horizon in the seismogenic area does not correspond
to the top of the Apulia Carbonate Platform but to one of
the seismic horizons involved in the thrust system identified
by Mostardini and Merlini (1986). This interpretation may be
supported by the fact that our image is the result of a seismic
migration that assumes a transmission propagation mode and
a particular source-receiver layout and where the medium is
lightened differently (from depth to the surface) with respect
to classical seismic reflection studies.
Changes in brightness of migrated horizons can be related to
variations of converted wave incidence angles, density and/or
velocity properties. Although our observations indicate strong
coherent lateral variations of P-wave velocity distribution in
our tomographic models (Fig. 6), nevertheless, as previously
discussed, we have to be aware that the use of the kinematic weight factor can bias the brightness of the reflector/transmitting horizon image when we are dealing with dipping/undulating structures instead of locally horizontal interfaces. For this reason, at the present, we cannot discriminate
whether this feature is an effect of our kinematic approach or
a result of real changes in physical properties of the medium,
as suggested by our tomographic models. This requires further
investigation, through the analysis of the entire dataset of the
2002 Molise aftershock sequence, the application of the migration procedure to analyse PS mode-converted waves and a
modified migration procedure, which also takes into account
the amplitude in passive data analysis.
It should be noted that the reconstruction of the Apulia Carbonate Platform top from deep wells and commercial seismic
profiles is very well constrained in productive areas, such as
the Val d’Agri region, south of our study area, or in external
regions near the coast, where a large amount of deep wells is
concentrated (Fig. 1). Nevertheless, in the internal part of the
Apennines, the seismic reflection coverage is still sparse and
very few wells are drilled (Fig. 1). Since depth conversion of
commercial seismic lines was performed using average velocities from well data (Nicolai and Gambini 2007), it is likely
that their Apulia Carbonate Platform top reconstruction is less
constrained in internal Apennines, as for example the epicentral area of the 2002 Molise aftershock sequence, with respect
to the external regions. We therefore believe that the nature
of the Apulia Carbonate Platform structure in the epicentral
area of the 2002 Molise earthquake remains unresolved and
requires further investigation.
Locating crustal discontinuities has important implications
for geodynamical reconstruction and tectonic models, as well
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as for identifying potential oil and gas reservoirs. With this
purpose, the use of passive sources for seismic migration imaging offers considerable complementary information with respect to classical tomographic studies in seismogenic areas.
This study demonstrates the usefulness of our migration procedure and allows us to extend its application to image the
seismic structure of other seismogenic areas, using aftershock
data or background seismicity.

ACKNOWLEDGEMENTS
This work has been greatly improved thanks to the help of
two anonymous reviewers. We thank F. Villani, U. Fracassi, G.
Improta and P. Scandone for constructive discussions. Many
figures have been drawn using the free software GMT (Wessel
and Smith 1991). We used the Seismic Unix package (Cohen
and Stockwell, Colorado School of Mines) to display data of
Fig. 5. The CONV code for converted wave kinematic migration is part of the PhD thesis of Diana Latorre at the UMR Geosciences Azur (Nice, France). The seismic data were recorded
by the INGV mobile seismic network, managed with the support of the Italian Dipartimento della Protezione Civile. We
thank the INGV staff that collected the seismic network data.
Diana Latorre and Alessandro Amato acknowledge the project
Airplane (contract no. RBPR05B2ZJ, UR 3), funded by the
Italian Ministero dell’Università e della Ricerca.
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Steckler M.S., Agostinetti N.P., Wilson C.K., Roselli P., Seeber L.,
Amato A. et al. 2008. Crustal structure in the Southern Apennines
from teleseismic receiver functions. Geology (in press).
Stroujkova A.F. and Malin P.E. 2000. A magma mass beneath Casa
Diablo? Further evidence from reflected seismic waves. Bulletin of
the Seismological Society of America 90, 500–511.
Thurber C.H. 1983. Earthquake locations and three-dimensional
crustal structure in the Coyote Lake area, Central California. Journal of Geophysical Research 88, 8226–8236.

2008 European Association of Geoscientists & Engineers, Geophysical Prospecting, 56, 587–600

600 D. Latorre et al.

Thurber C.H. 1993. Local earthquake tomography: Velocity and
Vp/Vs-theory. In: Seismic Tomography: Theory and Pratice
(edsH.M. Iyer and K. Hirahara). CRC Press, Boca Raton,
FL.
Toomey D.R. and Foulger G.R. 1989. Tomographic inversion of
local earthquake data from the Hengill-Grensdalur central vol-


C

cano complex, Iceland. Journal of Geophysical Research 94,
17,497–17,510.
Wessel P. and Smith W.H.F. 1991. Free software helps map and display
data. Eos Transactions, American Geophysical Union 72, 441.
Yilmaz O. 2001. Seismic Data Analysis: Processing, Inversion and
Interpretation of Seismic Data. SEG.

2008 European Association of Geoscientists & Engineers, Geophysical Prospecting, 56, 587–600

