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Seismic refraction, surface wave surveys and P and PS seismic reflection data were acquired and processed to
derive the geological setting as well as P and S velocity profiles of the Plio–Pleistocene sediments that are
filling a tectonic valley in central Italy. The results were constrained by boreholes, vertical electrical sounding
and electrical resistivity tomography. The P-wave data, processed with standard processing, was allowed to
detect the top of limestone 50 m depth. The converted PS-wave data were processed with Asymptotic
Common Conversion Point (ACCP) sort and non-hyperbolic normal move out correction. The study shows
that special care must be devoted to data muting because of the low signal-to-noise ratio, which is mainly
due to the high energy of the ground roll and the air wave. The stack section was the result of an iterative
process. From theoretical analysis, we determined that the use of ACCP binning does not allow the reflection
to be focused for all of the time windows because the ACCP approximation is correct only for depths greater
than the shot-receiver offset.
The joint interpretation of the direct and indirect data proved the capability of P and PS seismic reflection
data of constraining the interpretation and removing the ambiguity in the reconstruction of the geological
setting and the P and S profiles of the formation of an alluvial valley located in a seismic area.
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1. Introduction

In the evaluation of the seismic and hydro-geologic risk, the
knowledge of lithologies, thicknesses and elastic low-strain properties
of the near-surface formations is becoming increasingly important. In
the last few years, the use of geophysical methods to obtain this kind
of information has become more common (Cardarelli et al., 2007). To
reduce the intrinsic uncertainty of each single technique, several
geophysical methods are applied, and the data are jointly inverted and
with a priori constraints obtained from borehole data. Vertical
electrical soundings (VES), electrical resistivity tomography (ERT),
seismic refraction, Multichannel Analysis of Surface Waves (MASW)
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(Xia et al., 1999; Socco and Strobbia, 2004) and down and cross-hole
seismic methods (Bernabini and Cardarelli, 1997; Hunter et al., 2002)
are usually used to determine P and S velocity profiles and to
reconstruct the near-surface features. The P-wave velocity is
determined from seismic refraction and down and cross-hole seismic
measurements, and S-wave velocity is determined fromMASW, down
and cross-hole seismic measurements.

In hydrocarbon exploration, P- and S-wave profiles (Hilterman,
2001; Yilmaz, 2001; Domenico, 1974) are used to determine physical
properties of rocks such as lithology, porosity, pore fill, anisotropy, etc.

More recently, S-wave profiles for near-surface studies have been
examined through pure shear (SH) seismic survey (Deidda and Balia,
2001, Young and Hoyos, 2001) and converted waves (PS) (Carr and
Hajnal, 1999; Carr et al., 1998; Schafer, 1993; Yang, 2003; Harris et al.,
2000).

In this paper, we analyse the capability of seismic data, i.e., seismic
refraction, MASW, P and PS seismic data, to reconstruct the near-
surface formations and to determine P and S velocity profiles for
microzonation studies. The study area is located in central Italy very
near to the epicentre of the 6.3 magnitude earthquake that occurred
April 6, 2009 in L'Aquila town. Seismic data are jointly interpreted
with VES, electrical resistivity tomography and boreholes.
2. Theoretical framework

Among the various seismic methods, the PS converted wave
processing is a very challenging task, requiring several modifications
with respect to the P-wave processing due to the asymmetry of the
source-to-receiver ray. It is well known that PS converted waves are
generated at the boundary layer by a compressional (P) wave for non-
normal incidence (Yilmaz, 2001). In the absence of out-of-plane
scattering and velocity anisotropy, the PS-wave raypath is asymmetric
due to the slower velocity of S than P-waves (Fig. 1).

The use of converted waves in exploration geophysics gained
popularity only in the 1980s, even though shear-wave recording can
be traced back to earthquake studies in the 1800s. The first use of
converted waves (PS) for exploration purposes was by Garotta and
Granger (1988). Iverson et al. (1989), derived the Vp/Vs ratio from the
stacking velocities of the P and PS data, and Nazar (1991)
demonstrated the possibility of using PS data for lithology identifi-
cation through amplitude-versus-offset (AVO) analysis.

PS waves have several potential advantages over SH waves,
including:

– The significantly reduced acquisition cost because they do not
require a special source;

– Attenuation of the shear waves in the near-surface is only present
for the up-going ray path, rather than both down-going and up-
going paths;
Fig. 1. PS-wave raypath asymmetry: CCP point changes with the depth (Yilmaz, 2001).
– The reduced near-surface static delay, which only needs to
estimate the residual receiver static.

The major disadvantages of PS data are:

– Complicated processing required due to the asymmetry of the
source-to-receiver ray path;

– The difficulty of S-wave velocity estimation.

Beyond conventional processing, the most difficult issues of PS
data are:

1. The receiver static correction;
2. The velocity profile evaluation;
3. CCP binning.

The source-to-receiver raypath makes CCP sorting quite difficult
because the common reflection point (XP) is laterally shifted towards
the receiver, depending on the depth and velocity ratio γ=Vp/Vs.

Since γ is generally unknown, an asymptotic common conversion
point (ACCP) binning approximation is often used (Li and Lu, 1999)
instead of CCP binning (Zhang and Robinson, 1992; Zhang, 1996; Yuan
and Li, 1997; Tessmer and Behle, 1988). This approximation is correct
only for a source-receiver offset that is shorter than the reflector
depth as shown below.

For a homogeneous flat layer with a width of H andwith Vp and Vs
velocities, the CCP location can be determined by taking into account a
reflected raypathwith a ϑp incident angle and a ϑs reflected angle and
indicating with Xp, D and H the horizontal distance between the
source location and the conversion point, the source-receiver offset
and the depth of layer, respectively (Thomsen, 1999):

Xp =
D cos ϑsð Þ

γcos ϑpð Þ + cos ϑsð Þ ð1Þ

where γ = Vs
Vp :

For H→∞, both ϑp and ϑs→0, and the relation (1) becomes:

Xp
D−Xp

=
tan ϑpð Þ
tan ϑsð Þ =

Vp cos ϑsð Þ
Vs cos ϑpð Þ = γ

cos ϑsð Þ
cos ϑpð Þ→

Vp
Vs

= γ ð2Þ

The ACCP is given by:

Xp =
Dγ

1 + γ
=

D
1 + γ′

ð3Þ

Expression (3) indicates the asymptotic location of the conversion
point (ACCP) under the condition of ϑp, ϑs→0 for H→∞. Note that
the ACCP offset (3) between two consecutive receivers is the same for
each depth and γ, while the CCP offset (1) under the same condition
depends on the source-receiver offset. Therefore, the use of ACCP is
correct only for D/H→0, i.e., for deep layers and not for those near the
surface.

To evaluate the errors induced by the ACCP approximation for
near-surface layers, we compare Xp values calculatedwith relation (1)
and (3) forγ=Vp/Vs=1.5, 2, 2.5 and depth layers of 20, 40, 60, 80 and
100 m. The receiver offset was 1 m, the shot-receiver offset was 11 m
and the receiver numberwas 48. In Fig. 2, the differences between CCP
and ACCP offsets versus ACCP offset aremapped. The graphs show that
the difference is inversely proportional to γ and increases nonlinearly
as the shot-receiver offset increases; for a 20 m-deep layer, the
maximumdifference between CCP andACCP offsets ismore than three
times the receiver offset.

The above consideration shows that the use of the ACCP
approximation is not appropriate for reflectors shallower than shot-
receiver offsets. In this case, it needs an appropriate code that allows
the traces to be binned in the correct manner for each depth;
otherwise, only the reflection responding to the actual γ is focused.



Fig. 2. Map of difference between CCP and ACCP versus ACCP offsets for γ=1.5, 2, 2.5 and depth layers of 20, 40, 60, 80 and 100 m.
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3. Geology and background of geophysical data

The study area is located in central Italy (Fig. 3) about 6 km
northwest of L'Aquila. The area consists of a complex tectonic valley
filled by Plio–Pleistocene sediments lying on limestone bedrock
outcropping in the mountains (Fig. 3). The geological profile
transversing the valley axis (Fig. 4) shows a bedrock tectonically
detached with the main fault straight on the valley axis. The bedrock
formed by limestone was drilled by boreholes (Fig. 5) only at the edge
of the valley.

The boreholes (25–52 m in depth) show that the near-surface
sediments consist mainly of alluvial deposits formed by sand, gravel,
silt and clay. The boreholes BH1, BH2, BH3, BH4 and BH7 (Fig. 5)
located near the edge of the valley have reached the bedrock formed
by limestone at a depth of 25–51 m, while the depth of bedrock is
unknown at the centre of the valley as it was never investigated with
boreholes.

A stratigraphy (Fig. 6a) along the two-dimensional profile located
normally to the valley axis (Fig. 4) was carried out from 20 vertical
electrical soundings (VES) whose inversions were constrained up to
50 m with stratigraphy of 7 boreholes.

In Fig. 6b, a two-dimensional electrical resistivity tomography
(ET3 in Fig. 5) profile, located (Fig. 4)more or less in the same position
of the VES profile, is shown.

Comparison of the VES and ERT profiles in Fig. 6a and b shows a
very similar setting of the near-surface electrical stratigraphy. The VES
profile clearly shows the lateral discontinuity of resistive strata (layers
1 and 2 in Fig. 6a) located between VES16 and 15 and the overlapping
of a resistive layer 2 to a conductive layer 3. This was not so clearly
highlighted with ERT, probably due to the low resolution and
interpolation of the data.

The joint interpretation of VES, ERT and borehole data allowed the
low resistivity near-surface formation (20 to 200 Ω·m) to be
interpreted as alluvial deposits formed by clay-silt, sand and gravel,
and layer 1 as limestone. Because layers 2 and 3 were not investigated
with boreholes, they were interpreted only on the basis of the
electrical survey. For layer 2, with a resistivity of 600 Ω·m, we
advanced the hypothesis that it could be associated with compacted



Fig. 3. a) Study area location. b) Geological map and study area.
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gravel formation or a detached limestone slab, and layer 3 could be a
clay formation.
4. Seismic data

4.1. Seismic data acquisition

The area was surveyed with two MASW profiles, three seismic
refraction profiles, two P-wave seismic reflection profiles and one PS
converted wave seismic reflection profile (Fig. 5).

Generally, the near-surface seismic reflection data are character-
ised by a low signal-to-noise ratio due to the overlap of ground roll,
head and air waves compared to the reflected waves (Feroci et al.,
2000). Therefore, to increase the signal-to-noise ratio, it is of utmost
importance to take much care the receiver and source setting of the
Fig. 4. Geological profile transversing
data acquisition so to acquire the reflection data inside the optimum
windows (Hunter et al., 1982).

In the case study, to define the optimum window for shallow
reflection survey, a P-wave synthetic arrival times was generated
(Fig. 7). The theoretical shot gather, which included P reflections as
well as refracted and direct ground and air waves, is calculated for
offsets from 0 to 100 m. The shot was simulated for horizontal layers
with root mean square velocities of 400, 750, 820 and 1600 m/s and
depths of 4, 20, 50 and 80 m, respectively; such parameters were
designed as a good approximation of the actual setting of the study
area. In the simulation, the direct air and groundwaves (Fig. 7) are the
upper limit of the ground roll of a single frequency with a linear ray
path and velocity of 300 m/s. Fig. 7 shows that in the near-surface
zone, the optimumwindow area is very small, and the reflection from
the first layer is entirely outside of the optimum window while the
reflections from the others lie within the optimum windows only for
the valley axis. Location in Fig. 3b.



Fig. 5. Location of direct and indirect surveys.

Fig. 6. Two-dimensional section located transversing the valley axis (for location see geological map in Fig. 4) obtained with the joint interpretation of VES and boreholes data (a).
Electrical resistivity tomography (b) (ET3 in Fig. 5).
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Fig. 7. SyntheticP-waves shotgenerated fora4horizontal layermodelwith rootmeansquare
velocities of 400, 750, 820 and 1600m/s, and interfaces depth of 4, 20, 50 and 80m.

Table 1
Geometries of P and PS waves data acquisition.

P-wave line 1 P-wave line 2 PS-wave line 3

Channel 36 36 24
Geophone offset 1 m 1.5 m 1.5 m
Shot interval 1 m 1.5 m 1.5 m
Shot offset 10 m 19.5 m 19.5 m
Record length 0.5 s 0.5 s 0.5 s
Sample interval 0.5 ms 0.25 ms 0.25 ms
Fold 1800% 1800% 1200%
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wide-angle reflections. Moreover, the refracted wave overlaps the
near-surface reflections, and the overlap increases for wide-angle
reflections. Therefore, in this study, the shot and geophone offset was
chosen carefully because only a limited number of channel recording
instruments were available.

Based on previous theoretical results and on experiments (Feroci
et al., 2000), where data with different offsets were acquired and
analysed to prove that the traces with short shot geophone offsets are
characterised by very low signal-to-noise ratios, geophone and shot
offsets were chosen such that they remained at a maximum inside the
optimum windows.

The seismic reflection and refraction profiles were collected
approximately parallel to the ET3 section shown in Fig. 6 (for location
see Fig. 5). In detail, two P and one PS seismic reflection as well as
three seismic refraction lines were gathered (Fig. 5).

The two P-wave lines and the PS-wave linewere 186 m, 306 m and
71 m long, respectively.

The shots of seismic profiles were off-end, and P1 and P2 lines were
acquired with different shots and geophone offsets to relate the
investigation depth and quality of data with the geometry of the
seismic lines. Details of the acquisition parameters are shown in Table 1.
The geometries of P1 and P2 lines were chosen for the purpose of
assisting the near-surface and deep reflections, respectively. The P
vertical component and the in-line radial component (PS) of the ground
motion were not simultaneously recorded.

On the P2 line, three seismic refraction profiles were collectedwith
the aim of detailing the P-wave velocity and setting of the near-
surface layers, as well as carrying out the delay time for the seismic
static correction.

The seismic refraction profiles were acquired with 48 receivers
with an offset of 1.5 m. On each profile, seven shots at−30, 0, 17.625,
35.25, 52.875, 70.5 and 100.5 m were fired.

The two MASW (M1 and M3 in Fig. 5) arrays were collected
parallel to the valley axes. The M1 and M2 arrays are 220 and 440 m
long with receiver offsets of 10 m. The former array is located about
200 m north-east of the M2 array.

A 48-channel seismograph “Geode” (EG&G Geometrics) with a 24-
bit A/D conversion capability was used for the seismic data
acquisition. The source of seismic refraction and reflection surveys
was a Minibang shotgun (eight-gauge) fired downhole at a depth of
about 0.20 m. The receivers were Mark Products with a proper
frequency of 40 Hz for the P-seismic reflection and refraction profiles
and of 4.5 Hz for the PS seismic reflection profile.

The MASW arrays were acquired with 24 channels and with 2048
samplings per scan. Each receiver point was equipped with vertical
and horizontal sensors with central frequencies of 4.5 Hz. The source
was a weight drop of about 700 kg, which had fallen from 1.5 m above
the topographic level by the crane of a truck.

4.2. Data processing and analysis

4.2.1. Seismic refraction
The refraction data were processed to compute static correction

and to reconstruct the near-surface seismic stratigraphy. The first
break was manually picked and used in the evaluation of velocities
and layer numbers. The inversion for seismic stratigraphy recon-
struction was obtained with Cat3D code commercialized by OGS
(Italy) based on the SIRT (Simultaneous Iterative Reconstruction
Technique) algorithm.

The refraction profile (Fig. 8) revealed three layers with meanly
velocities of 500, 900 and 2200 m/s:

1. The first near-surface layer has a velocity of about 500 m/s and a
thickness ranging from 2 to 4.5 m;

2. The second layer has a velocity around 900 m/s and a thickness
ranging from 3 to 6–7 m;

3. The third layer has a velocity of 1900–2500 m/s.

By comparing the results of the seismic refraction data with
boreholes BH7, BH3, BH4 and BH6, the near-surface seismic layer of 2–
5 m in thickness and velocity of 500 m/s was associated with the
colluvial deposits and/or sandy-clay debris; the second layer, with a
wave velocity around 900 m/s and thickness around 4–6 m, was
associated to slimy-clay with pebbles and slimy-gravel with sand; and
the third layer, with a mean velocity of 2200 m/s, was associated with
compacted gravel and sand.

Analysis of the first breaks of MASW data shows a refractor with a
depth of 45–50 m and a velocity of around 3000–3100 km/s, which fit
well with the top of limestone (Orlando et al., 2003). This refractor
was not detected by previous refraction surveys because of the small
length of the refraction profile and short shot-receiver offest.

4.2.2. MASW
The MASW data processing was performed using the inversion

code developed by Rix et al. (2000). The code assumes elasticity of
media and independence of the solution of the inverse problem from
the damping ratio of the surface wave. The data inversion was
constrained with the borehole data.

The MASW seismic velocity profile of the M1 array is shown in
Fig. 9. The velocity range is from 230 to 1340 m/s with velocity
inversion occurring at a depth of 24 m. By comparing the velocity
profile with the data borehole BH7, we associated the near-surface
layer with a velocity of 230 m/s to the formation formed by colluvial
deposits, slimy-clay, slimy-gravel and sand; the second layer, with a
velocity of 960 m/s and thickness of 6.3 m, was associated with



Fig. 8. Seismic refraction profile acquired on P-seismic reflection data.
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compacted gravel and sand; the third layer with a velocity of
400 m/s and thickness of 12.7 m was associated with sandy-clay
and the forth layer with a velocity of 1340 m/s was associated with
limestone. The velocity inversion occurs at the interface between
the bottom of a compacted gravel and sand layer and the top of a
clay-sand layer.

P and S velocities determined from seismic refraction and MASW
data combined with BH3 borehole stratigraphy were used to provide
two-way travel times of the P, S and PS velocity profiles in
correspondence with the seismic reflection profiles (Fig. 10) These
profiles were used for initiating the inversion and interpretation of P
and PS stack sections.
4.2.3. P-wave seismic reflection
The P and PS seismic reflection data were processed with the

SPW—Seismic Processing Workshop of the Parallel Geosciences
Corporation.

The processing of the P-wave data consisted of shot editing, noise
suppression and polarity change of inverse polarity traces, static
corrections, coherent-noise muting, filtering, CMP sorting, residual
static correction, normal move out (NMO) corrections and stacking.

The processing parameters were chosen on the basis of the data
and spectral analysis, which are summarised below.

The P-wave shot (Fig. 11) looks quite similar to the theoretical
shot (Fig. 7), confirming that the signal-to-noise ratio is high only
Fig. 9. MASW data with inversion constrained with borehole stratigraphy.
out of the ground roll cone in both P1 and P2 lines. Spectral analysis
of the shots shows amplitudesN−17÷20 dB between 40 and 95 Hz
for the P1 line (Fig. 12a) and between 40 and 120 Hz for the P2 line
(Fig. 12b). The P2 line has 2 peak frequencies at 55 and 110 MHz. For
both lines, the peak noise frequencies are between 35–50 Hz with
amplitudesN−14÷16 dB from 20 to 60 Hz (Fig. 12b). The P1 and P2
line signals have frequencies up to 140 and 180 Hz, respectively,
with amplitudesN−14 dB (Fig. 12c). The P2 line, acquired with a
receiver offset of 1.5, shows a wider band frequency and a greater
signal-to-noise ratio than the P1 line. For a frequency of 180 Hz and a
P-wave velocity of 2000 m/s, a theoretical resolution of 2.8 m
(Rayleigh criterion of λ/4) is estimated.

To increase the signal-to-noise ratio, we applied to the data a
severe muting of the ground roll and the refracted wave and a
bandpass time filter (10–50 Hz to 250–400 Hz). The velocity profile
for the normal move out correction was attained by fitting hyperbolae
to reflections of CMP gather. To improve the quality of the stacked
section, residual static corrections were estimated and applied before
to the stack itself. The static corrections were calculated in two
different ways: the first one from the seismic refraction, using the
delays under each geophone and shot with the intercept method
(Gardner, 1939; Bernabini, 1965) and the second one by automatic
picking of first arrivals of the seismic refraction events along with
subsequent manual revision. We obtained sections that were quite
similar.

The P1 and P2 stack sections are shown in Fig. 13. Depending on
the receiver offset, which was 1 m for the first line and 1.5 m for the
second line, P1 and P2 profiles were found to be 100 and 200 ms,
respectively. The sections show that shot offset influences the ability
of seismic reflection to investigate the near-surface zone; in fact, the
P1 profile acquired with a shot offset of 10 m has reflections above
15 ms, and the P2 profile with a 19.5 m shot offset has reflections
above 30 ms. The sections show many more or less discontinuous
reflections, and the most important are marked with dotted lines.
The P two-way travel time of Fig. 10b, drawn in Fig. 13 near the
borehole BH3, indicates that reflection 1, at 27 ms, is related to the
top of the compacted sandy-gravel formation. This reflector was
better detected by line P1, depending on the shot-receiver offset.
Reflection 2, detected by both lines, is related to the top of limestone.
The former reflection, at a depth varying from 40 to 60 ms, appears
discontinuous mainly at CMP 120 of the P1 line (60 m from the start
line) and at CMP 220 of the P2 line. Starting from CMP240 of P2, the
reflection appears with higher continuity and reflectivity. Referring
to the geologic map and section of Figs. 3 and 4, we correlated the
lateral discontinuity of reflector 2 to the fault system reported by
Tallini and Magaldi (2002). The seismic section indicates that



Fig. 10. a) Borehole BH3 stratigraphy. b) P velocity two-way travel time profile. c) S velocity two-way travel time profile. d) PS velocity two-way travel time profile obtained
combining P and S velocity profiles.
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between CMP20 and 200 there is a system normal fault, which
gradually pushes the limestone toward the centre of the valley. The
raising of the limestone from CMP220 can be interpreted as a reverse
Fig. 11. P-wave shots of seismic reflectionP1 line (left) acquiredwith sensors offset of 1 mandP
fault and/or thrust rather than a direct fault as indicated in the
geological section of Fig. 4. Reflections into the limestone indicate
that it consists of a stratified formation.
2 line (right) acquiredwith sensors offset of 1.5 m. Thedataweremutedoutside of dot line.



Fig. 12. Spectral analysis of a P1 wave shot (left) and of a P2 shot (right). On the top spectral analysis of shot, noise in the middle and signal on the bottom. Frequency of 150–180 Hz
and velocity of 2000 m/s gives a vertical resolution (Rayleigh criterion of λ/4) of 2.8 m.
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4.2.4. PS-wave seismic reflection
The PS data were processed following the flow chart of Fig. 14.

The typical step processing, which consists of polarity reversal of
the trailing spread and rotation of the horizontal components, was
skipped because the receivers used in the survey were single-
component and the acquisition geometry was off-end. The proces-
Fig. 13. Stack sections of P1 and P2 lines. White dotted line (1) draws the top of gravel sandy l
and BH3. Two-way travel time P-wave seismic profile in Fig. 10b is drown near the BH3.
sing parameters were based on the field data analyses described
below. Shots show a good signal-to-noise ratio in the polygonal
area (Fig. 15). The shot spectral analyses (Fig. 16a) show
frequencies from 15 to 55 Hz for amplitude ratiosN−15 dB. The
noise has frequencies with amplitudesN−14 dB up to 30 Hz and
signals up to 50 Hz. Taking into account the former frequency and a
ayer and black dotted line (2) the top of limestone formation detected by boreholes BH7



Fig. 15. PS-wave shot acquired with sensors offset of 1.5 m. The data were muted
outside of dot line.

Fig. 14. Flow of PS-wave processing.
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S-wave velocity of 800 m/s, the waiting resolution (Rayleigh
criterion of λ/4) is about 4 m.

A Butterworth filter (50–200 Hz) was applied to remove the noise.
Because of the low signal-to-noise ratio (Figs. 15 and 16), mainly due
to the high energy of the ground roll, special care was given to the
muting and to the static correction. For this reason, a severe muting
was applied to the shot, leaving only the energy within the polygonal
area of Fig. 15.

The static correction was performed by separately considering the
shot and receiver static (Cary and Eaton, 1993; Chan Wai-kin, 1998);
the static source was determined from the refraction survey, and the
static receiver was calculated from the common receiver stacked
sections (CRP). In detail, it was performed in the following way: 1)
application of the shot static to the data; 2) sorting of common
receiver; 3) non-hyperbolic NMO correction; 4) hand-picking of the
CRP-stacked section of a single continuous event on the receiver stack
section; 5) computation of mean/average pick time and subtraction of
the actual time pick; and 6) the static corrections, smoothed with a
moving average mean of four samplings, were applied back to the
CRP-stacked section to check the result until a satisfactory solution
was obtained. To obtain the final static solution, this process was
iterated several times.

Based on the considerations outlined in the introduction to PS
data, the ACCP sorting approximation (Fromm et al., 1985) was
used with the objective of focusing the layers of the first 20
meters.

ACCP binning was performedwith the Constant Gamma Stack step
and a non-hyperbolic NMO correction. The first value of gamma used
in the iterative process was selected from P and S velocities obtained
from seismic refraction and MASW surveys.

Finally, for display purposes, an automatic gain-control (AGC)
function was applied to the data (Fig. 17a).



Fig. 16. Spectral analysis of PS-wave shot (a) noise (b) and signal (c).
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The PS stack section (Fig. 17a) shows only a continuous reflection
at 40 ms depending on the use of ACCP sorting instead of a CCP
sorting, which only focused this reflector. Comparing the stack section
Fig. 17. PS (a) and P (b) stack sections. White dotted line draws the gravel sa
with the two travel time velocity profiles of the PS-wave shown in
Fig. 10d and drown on the right in Fig. 17a, we observe that the dotted
white reflection corresponds to the top of compacted gravel and sand
as detected by boreholes.

4.2.5. Joint data interpretation
The analysis of processed data shows that each method can

investigate different depths depending on acquisition parameters and
their own intrinsic physical parameters, confirming that the under-
ground reconstruction in terms of features and velocity profiles is
possible only from the joint interpretation of more data based on
principles and/or different physical parameters. An important rule is
given by borehole stratigraphy, which allows the thickness and
lithologies to be constrained both in the data inversion and
interpretation.

In this paper, the VES and ERT data have provided information on
features and formation types; seismic data have provided on the
features and on P and S velocities; and boreholes have allowed the
thickness in the data inversion to be constrained and the geophysical
layers of the first 50 m to be characterised in terms of lithologies. This
setting up to limestone bedrock is well shown by the VES and ERT data
in Fig. 6, which has allowed the electro-stratigraphy to be carried out
along a 2D profile normal to the valley axis. Correlation of resistive
data with boreholes has allowed the association to be made between
each resistivity and lithology up to 50 m. In the centre of the valley,
the resistive data resulted in detection of a resistive layer 2 (Fig. 6)
overlapping a conductive layer, which was not lithologically defined
due to the lack of boreholes in this area. More information about this
body and the elastic characteristics of near-surface formations were
determined from seismic data. The refraction data have provided an
indication of the features and allowed the velocity profiles of the P-
waves of the formations to be defined for the first 12–15 m,
corresponding to the top of the compacted sandy-gravel layer. By
relating the velocities determined from the refraction data andMASW
with stratigraphy of BH3, the two-way travel time profiles of P and S
velocity were calculated for the formations up to the limestone
ndy top layer. On the left of profiles, t.w.t. of PS and P-waves are drown.
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(Fig. 10). The P and S velocity profiles were used in the seismic
reflection data inversion as starting parameters in the iterative
processes, and they were used to calculate the two-way travel time
profiles, which were used for the interpretation of reflections in terms
of lithologies.

Based on the joint interpretation of seismic reflection profiles, VES
and ERT data show a good overlapping between the top of resistive
bodies 1 and 2 of Fig. 6 and reflection 2 of Fig. 13, which appears
continuous along the whole profile, even if the reflection in
correspondence with resistive body 2 appears more continuous
than in the other zone. Combining information from the VES, which
indicates that the resistive body 2 overlaps a clay formation, and
information from seismic data, which suggests that this body is
composed of limestone, we can advance the hypothesis that the body
2 could be a detached limestone formation.

Therefore, the geologic section of Fig. 4 in the centre of the valley
must be revisited in light of the geophysical data.

5. Conclusion

This study has proven that the joint interpretation of seismic data
with vertical electrical sounding and electrical resistivity tomography
constrained by borehole stratigraphies are useful tools for reducing
the ambiguity in feature reconstruction and for determining P- and S-
wave profiles of near-surface formations (b50 m). Even if the data
inversions of eachmethodwere performed separately, the constraints
on layer thickness and velocities determined from boreholes and
seismic refraction allowed the ambiguity in data inversion to be
reduced. For example, in the case study referred in this paper, vertical
electric soundings, electrical resistivity tomography and boreholes
have helped to confirm the depth of reflectors, while seismic
refraction and MASW data have resulted in a priori information on
the velocities, which were used to determine the static correction and
the velocity profiles for P and PS data processing.

Depending on the methods, different depths were investigated.
The vertical electrical sounding and electrical resistivity tomography
methods allowed the reconstruction of the underground features up
to limestone, and the seismic data provided information on the P and
S velocity profiles and the features of strata.

Because of velocity inversion at the contact of the bottom of the
sandy-gravel layer with the top of clay, the seismic refractionmethod
allowed investigation of only the first 9–12 m of the underground,
but the velocities carried out from the inversion combined with
borehole stratigraphies allowed determination of the P-wave
velocity profile and the delay time for the seismic reflection static
computation.

MASW data provided the S velocity profile up to limestone. The
uncertainty in the MASW data inversion was reduced using borehole
stratigraphy. The P and S two-way travel time profiles obtained from
seismic refraction and MASW data were very useful tools in data
inversion and interpretation of P and PS seismic reflection data.

P and PS seismic data have shown to be effective in the
reconstruction of near-surface formation, even if obtaining this data
involves greater investments in data acquisition. The good quality of
seismic data depends on the signal-to-noise ratio, which can be
improved by creativity in the acquisition and processing phases. A
good signal-to-noise ratio is available only in the window out of the
ground roll cone, and a drastic muting in the processing phase that
eliminates energy inside such cones is necessary for improving the
signal-to-noise ratio. This requires a wide-shot geophone offset to be
used during acquisition, keeping in mind that for the superficial zone,
the optimum window changes very quickly with the offset. In the
processing of converted PS waves, it is important to take into account
that the use of ACCP sorting is based on the lack of dependence of CCP
with the offset. This approximation is correct only for depths greater
than the shot-receiver offset. For shallower depths, the ACCP sorting
does not change with depth, and it therefore does not allow
reflections to be focused throughout the entire time window.

We must stress that for small depths it is very difficult to
obtain a correct correlation of stack section with boreholes due to
the errors that occur in the depth-to-time conversion. In this case,
the seismic reflection and MASW profiles obtained with the
correlation of borehole stratigraphy allow the problem to be
bypassed.
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