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Characterization of shallow structures was performed by using different approaches analysing both P- and S-
wave seismic data with different resolution. The refraction tomography provided P and S velocity models of
the first 80 m, while the reflection seismic processing gives a reasonable stacking velocity field until 300 m
depth for both P- and S-wave data. So, we estimated the Vp/Vs ratio and an empirical relationship between
the two velocities. We characterised the shallow layers using tomographic velocity models and the deeper
layers using seismic images with different resolution. The seismic images were obtained by conventional
CMP reflection seismic processing and by a novel multi-refractor imaging technique.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Shallow seismic refraction methods are usefully applied to many
engineering, environmental and exploration studies. In addition,
refractionmethods are widely used to correct for the weathered layer,
which is one component of the statics corrections for seismic re-
flection data. Recently, many authors suggested to use both reflected
and refracted events to better image the subsurface (i.e., De Franco,
2005). Moreover, in the last years, the integration between compres-
sional (P) and shear (S) wave analysis has been developed for shallow
and deep targets.

The shallow land seismic data is always affected by the presence of
noise such as environmental noise, ground roll and air wave. Often,
the latter are very difficult to attenuate. Therefore, a stacked reflection
seismic section shows low resolution and reflectors are strongly
attenuated. The analysis of the refraction events helps to avoid this
problem. Several techniques are available and one of these is the
multi-refractor imaging (De Franco, 2005). Multi-refractor imaging is
a technique for constructing a single two-dimensional image of a
number of refractors by stacking multiple convolved and cross-
correlated reversed shot records. The major advantage of the multi-
refractor imaging method is that all the data can be stacked to
maximise the signal-to-noise ratio before the measurement of any
travel times. However, the signal-to-noise ratio can be further
increased if only those traces that have arrivals from the same

refractor are used, and if the correct reciprocal times or traces are
employed. This method can produce a section similar to the familiar
reflection section with a substantially higher signal-to-noise ratio for
the equivalent interfaces. It is possible to improve the interpretation
of the study area by integrating the two sections.

Combining the analysis of the P- (Vp) and S-wave (Vs) velocities
allows to obtain information about the Poisson ratio that is related to
petrophysical characteristics of the subsoil (Schön, 1996). Moreover,
the correlation between Vp and Vs helps to detect the fluid and the
lithological change at an interface (i.e., Giustiniani et al., 2009).

The Vs is estimated by recording S-waves using three component
geophones and a P-generator source. In this way, information about
the Vs is extracted using P-to-S converted waves (i.e., Zhiwen et al.,
2004). However, to obtain a stacked reflection section requires a
complicated processing. For this reason, it is better to acquire land
seismic data using an additional S-generator source. The processing of
the S-wave events is simpler and the quality and the resolution of the
stacked reflection section is higher. In fact, the seismic resolution of
the result obtained without the S-generator source is related to both
Vp and Vs values, whereas, when the S-generator source is used, the
resolution is a function of just the Vs, which is always lower than the
Vp.

We acquired 2D land seismic data of P- and S-wave type to define
the geological and petrophysical properties of the shallow subsoil.
Two component receivers were used in the seismic acquisition to
record both P- and S-waves. The study area (Fig. 1) is located in Friuli
Plain, near the Tagliamento River (North-East of Italy). The shallow
subsoil is characterised by sedimentary deposits made of sandy gravel
with clay (Regione Autonoma Friuli-Venezia Giulia, 2006). The
quaternary depth is supposed to be at 270 m below the ground and
lies on Eocenic Flysch (Barison, 2008).
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1.1. Seismic data

We acquired two seismic lines in the same location using both P-
and S-wave sources. The area is quite flat and the mean elevation is
about 175 m above the sea level. The P-wave acquisition was
performed using 140 active channels in the fixed-spread geometry
with a total length of 278 m, while the S-wave acquisition included 98
active channels with a total length of 194 m. The receiver and shot
intervals were equal to 2 m and 4 m respectively for both lines. The
acquisition system was composed of 10 Hz 2-component geophones,
while the source was a MiniVib that generated both P- and S-waves
during the surveys; the horizontal component was oriented inline.
After evaluating the field tests, we adopted a linear sweep equal to
20–300 Hz for both seismic sources. The record length was 2 s with a
sampling interval of 0.5 ms and accordingly a Nyquist frequency equal
to 500 Hz, much higher than source frequencies.

The quality of the seismic dataset is satisfactory, although the
ground roll was strong. The reflections are moderately recognisable
from 0.05 s to 0.3 s. In Fig. 2, an example of the raw field data is shown.
The good quality of the refraction events allowed us to easily perform
the picking of the first breaks and to apply themulti-refractor imaging
method (see next section; De Franco, 2005).

The seismic analysis is summarised in three main steps: (1)
inversion of the traveltime data to obtain the compressional and shear
wave velocity fields, (2) processing to increase the signal/noise ratio

reducing the ground roll and conventional common-midpoint (CMP)
reflection seismic processing to produce stack sections and (3)
application of the multi-refractor imaging method.

1.1.1. Inversion of refraction data
The velocity fields were obtained through the inversion of the first

breaks using the diving wave. Its pathway and curvature depend on
the velocity field. Firstly, the picking of the first arrivals was carried
out using the commercial software RadexPro (DECO Geophysical).
The good quality of the picking was tested through the calculation of
the apparent velocity (the ratio between the shot-geophone distance
and the picking time). In order to improve the data quality, the events
with an anomalous velocity and with an offset less than 3 m were
deleted.

The inversion of the first breaks was performed with the com-
mercial software CAT3D (home code) that uses a modified version of
the minimum time ray tracing (Böhm et al., 1999) and an iterative
procedure for the inversion based on the SIRT algorithm (Stewart,
1993). The ray tracing computation starts with an initial path and
converges to a final geometry through an iterative procedure by using
the analytical solution of Snell's law.

Initially, the first arrivals were inverted using a velocity field
increasing linearly in depth and the ray path for diving waves. The
initial velocities were obtained by the dromochrone analysis. The
dromochrone is the representation of first beak times versus offsets;

Fig. 1. Location map of the acquired line. Black lines represent the isobaths of the Quaternary cover. Stars: location of the available well stratigraphies.
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the velocity is related to the angular coefficient of the dromochrone
lines (Sheriff and Geldart, 1995). To improve the lateral resolution of
the velocity model, the inversion procedure continued utilizing the
staggered grid method (Vesnaver and Böhm, 2000). In Figs. 3 and 4,
the corresponding P- and S-wave velocity fields are shown. Note that
the maximum depth reached is about 140 m, which corresponds to
about 40 m below the surface. The distribution of Vp/Vs ratio to
evaluate the Poisson ratio was calculated from the models in Figs. 3
and 4 and shown in Fig. 5.

1.1.2. Reflection seismic processing
The reflection seismic processing was focalized to remove the

undesirable events, such as the ground roll and to increase the signal/
noise ratio in order to obtain a stacked section. Here, we summarise
the main steps of the processing sequence for both lines. After
recovering the amplitude, we applied a notch filter in order to remove
the electrical power noise. We calculated the statics by using the
tomographic velocity field (previous section). The datum was located
at 165 m above the sea level for both P- and S-wave seismic data. In

Fig. 2. Examples of raw field data: A) P-wave reiprocal shots; B) S-wave shot.
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the shot domain, a trimmed mean dynamic dip filter (TMDDF) was
applied in order to attenuate the ground roll. To improve the lateral
continuity of the reflections on the P-wave dataset a FX deconvolution
was applied. For the S-wave data, after applying the TMDDF to remove
the coherent noise (not the ground roll because it is difficult to dis-
criminate the dip of S-wave arrivals and ground roll), we muted some
portions of the shots. After the stacking, we applied a trapezoidal
bandpass filter, FX deconvolution and an AGC to improve the seismic
image on both datasets. The final stack sections are shown in Figs. 6A
and 7.

1.1.3. Refraction data analysis
In order to improve the information extracted from the data, we

applied the multi-refractor technique (De Franco, 2005). The multi-
refractor imaging method is a 2D technique for constructing a single
image of a number of refractors, through stacking multiple convolved
(refraction convolution section) and cross-correlated reversed shot
records. The details of this method are described in De Franco (2005).
Here, we recall the main principles of this procedure. The multi-
refractor imaging method uses the first arrivals without picking them,
although it is also applicable to picked arrival times in order to create
synthetic shot gathers. The method does not require any prior
determination of a suitable offset range for individual layers, nor of
the reciprocal times or traces. Essentially, the input data (the pre-
processed seismic data) are sorted in shot and reciprocal shot gathers.
The first step consists in convolving a shot gather and its reciprocal
shot gather. Then, the output of the convolution is cross-correlated
with the corresponding reciprocal trace to obtain the intercept time
gather. These sections are muted so that all artefacts, primarily the
lateral arrivals such as cross-convolution events, air-waves and any
reflected energy, are removed. These operations (convolution, cross-
correlation, muting) are repeated for all suitable pairs of reversed shot
records along the seismic line. Finally, the traces are stacked and the
result is called multi-refractor image. Themulti-refractor image of our

P-wave data obtained from this procedure is shown in Fig. 6 in com-
parison with the corresponding reflection seismic section.

2. Results

2.1. Velocity fields

The compressional velocity field obtained from tomography
(Fig. 2) shows strong lateral velocity variation between 10–40 m
underground. The P-wave velocity ranges from 1600 to 2200 m/s, in
agreement with the geological setting (Barison, 2008). In general, the
tomographic Vs field is more complex and the velocity ranges from
about 300 to 1000 m/s. The presence of delimited areas around station
20 and between station 35 and 45 are characterised by low shear
velocity (about 450 m/s) with respect to the surrounding areas that
are not characterised by a low compressional velocity. As expected,
these areas present high Vp/Vs ratios (Fig. 5), which can be related to
fluid-saturated fractured zones. These features are recognised on the
multi-refractor image (Fig. 5B) at about 10 ms, while in the P- and S-
wave sections the resolution is not sufficient.

In order to link the values of Vs and Vp, we decided to determine
the empirical relationship between Vp and Vs. We started from the
mudrock line (Schön, 1996), which is the straight line in the plane of
S-wave velocity versus P-wave velocity. In such a graph, the angular
coefficient and the intercept are related to the type of rock. Generally,
the mudrock line is used to identify the presence of fluids. For ex-
ample, if the points (Vs,Vp) of a water-saturated rock lie on a straight
line, the points (Vs,Vp) of the same rock, but gas saturated, lie above
the previous line (Schön, 1996). In our case, we obtained the fol-
lowing fit:

Vp = 1440 + 1:265VS ð1Þ

where the velocity is expressed in m/s. If we plot the seismic velocity
and both Vp and Vs estimated by using Eq. (1), the area with opposite

Fig. 3. Compressional-wave velocity model obtained by tomographic inversion of P-wave first arrivals. The black line is the surface. The white colour corresponds to no data.

Fig. 4. Shear wave velocity model obtained by tomographic inversion of S-wave first arrivals. The black line is the surface. The white correspond to no data.
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Vp and Vs trend is well detected (Fig. 8). In fact, the low Vs velocity is
not predicted by the seismic Vp and, consequently, the Vs predicts a
low Vp that is not detected by seismic velocity analysis. This low Vs is
clearly recognisable at station 20 and between station 35 and 45
(Fig. 3). As expected, this area presents an anomalous high Vp to Vs

ratio (Fig. 4), which means a high Poisson ratio that is in agreement
with the presence of fluid-saturated fractures.

Regarding the error, if we estimate Vs from Vp, we obtain a mean
error equal to 4%, whereas if we estimate Vp from Vs, the mean error
reduces to 1% and confirms the goodness of our fit.

2.2. Seismic sections

If we compare the two compressional sections (Fig. 6), we
recognise in both images the main interfaces, although several
interfaces are more clearly detected by the multi-refractor imaging
method. Below 0.1 s the multi-refractor image satisfactorily resolves
the structures. On the contrary, the shallow structures are better
defined by the reflection seismic image. Note the different signal-to-
noise ratio between the two sections and the increase of the frequency
in the multi-refractor image. Fig. 7 shows the stack section of the S-

Fig. 5. Vp/Vs ratio derived from the tomographic P- and S-wave models. The black line is the surface. The white correspond to no data.

Fig. 6. Seismic sections of P-wave data obtained from reflection seismic processing (panel A) and from the multi-refractor image approach (panel B).
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waves. Strong reflectors can be recognised; note that the resolution is
higher compared to the P-sections.

In order to compare the three sections, a time-to-depth conversion
was performed by using the stacking velocity fields from reflection
seismic analysis instead of the tomographic velocities. In fact, the
tomographic velocities have two limits: 1) the maximum depth is not
sufficient for the reflection section (only up to 40 mbelow the surface)
and 2) the coverage of the tomographic velocity is trapezoidal
providing depth conversion problems in the border areas. With this
procedure, we use velocity fields with higher error and, probably, the
Vp andVs errors are different, introducing a possiblemisfit between the
P- and S-sections.

Fig. 9 shows the three depth sections up to−120 m below the sea
level (300 m depth), which is the maximum depth for a reasonable
velocity analysis in agreement with the acquisition geometry. In
general, main reflections are recognised in all sections, but with
different lateral and depth resolutions. For example, between 50 and
0 m above sea level, the reflection P-wave depth section (Fig. 9)
shows the presence of a strong reflector that seems to become
shallower toward the West. Looking for the same reflector in the P-
wavemulti-refractor section (Fig. 9B) and the reflection S-wave depth
section (Fig. 9C), the reflector seems to be quite flat. The reflector,
recognised in the first section, may be generated by the interference
between two reflections, both detected in the higher resolution
sections, especially in themulti-refractor depth image. The base of the
Quaternary, recently mapped by Barison (2008), is recognised at
about 270 m below the surface in all sections (red lines in Fig. 9), even
if it is better resolved in the multi-refractor depth image. In fact, the S-
wave reflection depth section is affected by a low signal/noise ratio, in
particular for deeper reflectors. Note that the shallower structures
(see for example CDPs 145–185 at 100 m depth) are better

characterised with respect to the P-sections. As already mentioned,
the study area is characterised by sedimentary deposits made of sandy
gravel with clay (Regione Autonoma Friuli-Venezia Giulia, 2006). So,
the recognised reflectors can be related to sedimentary variation. To
interpret the shallower reflectors, we collected some well stratigra-
phies. The reflectors shown in Fig. 9 (blue, green and yellow dotted
lines) can be related to an alternation of conglomerate and gravel
layers, with local presence of clay (Regione Autonoma Friuli-Venezia
Giulia, 1990).

3. Conclusions

The results obtained by analysing seismic data with different
approaches allowed us to investigate the near surface subsoil and to
determine the geometry and the physical properties of the main
structures with different resolution.

The P-wave data provided the following information: a detailed
shallow velocity field from tomographic analysis; a reflection stacking
velocity field used to convert time-to-depth and reflection and multi-
refractor image sections in time and depth. The integration of the two
seismic dataset analysis pointed out important differences especially
in resolution. In fact, the multi-refractor method (De Franco, 2005)
provides a higher resolution image than the reflection seismic anal-
ysis, without any human efforts. Special efforts in acquisition are not
required. The combination of the two approaches should be rec-
ommended for studies of shallow subsoil.

From the S-wave data, we obtained the following information: a
detailed shallow velocity field from tomographic analysis and a
reflection seismic image. In our case, even if the data are quite noisy,
the final stack sections in time and depth contributed to characterise
the structures. In any case, by only integrating Vp and Vs data, we can
estimate the Poisson ratio. For example,wedetected a shallow channel
with low Vs and normal Vp that can be associated to fracturated, and
probably water-saturated rock. Moreover, we determined a relation-
ship between Vp and Vs that can be adopted in earthquake hazard
mitigation studies, in particular in site effects studies.
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Fig. 7. Seismic section of S-wave data obtained from reflection seismic processing.

Fig. 8. Comparison between Vp, Vs, and their values calculated with Eq. (1). Black
squares: tomographic Vp. Black crosses: Vs empirically estimated from Vp. Black dots:
tomographic Vs. Black crosses: Vp empirically estimated from Vs. See text for details.

Fig. 9. Time-to-depth conversions of the sections in Figs. 6 and 7. P-wave reflection sections (A), multi-refractor section (B) and S-wave reflection section (C). The dotted coloured
lines indicate reflections, as discussed in the text.
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