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Abstract

Short period surface waves, recorded during a seismic refraction survey in the Sannio region (Southern Italy), have
been modeled to infer a shallow velocity model for the area. Based on the decrease of resolution with depth, due to
the bias on group velocity estimates arising from interference of the Rayleigh waves with higher modes, we carried
out a procedure of fitting, with synthetic seismograms, of selected filtered traces with a gaussian filter, having a
width at half height equal to 1 Hz and a central frequency lying in the range [1,4] Hz. We estimated the likelihood
between synthetic and observed seismograms by measuring their semblance. In this way we were able to infer a
more refined local velocity model characterized by a high Vp and Vs vertical gradient in the sedimentary cover.
Two ad hoc resolution studies, based on group velocity and amplitude data respectively, indicate that the local
velocity model is a good velocity model also for the entire studied area. The increase in the number of available
data when using amplitude information allows us to make a more selective choice in the model parameter space
(Vp and Vs of each layer) and to solve for the Vp/Vs ratio. The inferred Vp velocity in the half-space is equal to
2.8 km/s. This value is in excellent agreement with that inferred by other authors (3 km/s) by modeling P-wave
travel time vs. distance. The best-fit model furnish low Vp/Vs for the sedimentary cover so indicating a high
degree of the sediment’s compaction in the studied area. The inferred shallow high-velocity gradient indicates that
the shallow sedimentary layer in the area could trap and focus the energy traveling into it.

Introduction

In the last two decades substantial improvements have
been made in simulating the propagation of the com-
plete wave field in elastic and anelastic flat layer
structures. The matching between the discrete wave-
number method (Bouchon, 1979, 1981) and the clas-
sical propagator matrix methods (Harkrider, 1964;
Dunkin, 1965; Kennett, 1983) allows, actually, for ad-
equately computing the complete wave field generated
by a point-like, or extended, seismic source, embed-
ded in an elastic (or anelastic) medium formed by an
assigned number of flat layers.

The relevant theoretical progresses reached in site
effects study (see e.g. Bard and Bouchon, 1985)

clearly indicate the fundamental role played by the
elastic properties of the surface sedimentary layers
on site amplification. These studies motivate the ac-
tual effort of many experimental researches aimed
at obtaining detailed images of the Vp and Vs vari-
ations of the shallow sedimentary layers overlying the
bedrock (e.g. Malagnini et al., 1997). Usually the
very shallow structure is reconstructed with ad hoc
small scale experiments using seismic reflection or
refraction survey.

During October 1992 an active seismic refraction
survey was performed in Southern Apennine (Italy).
The main aim of the experiment was the determina-
tion of a P wave velocity model for the upper crust
in the Sannio region (Iannaccone et al., 1998). The
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Figure la. Simplified geological sketch of the Southern Apennines. 1 — Middle-Upper Pleistocene and Holocene deposits; 2 — Upper
Pliocene-Lower Pleistocene deposits; 3 — Upper Tortonian to Upper Pliocene thrust-sheets-top deposits; 4 — Sannio and Sicilide Nappes
(Paleogene-Lower Miocene); 5 — Western Carbonate Platform (Mesozoic Tertiary) and unconformable Upper Miocene siliciclastic flysch
deposits of the related marginal areas; 6- Lagonegro and Molise Basin sequences (Mesozoic Tertiary); 7 — Apulia Carbonate Platform (Mesozoic
Tertiary); 8 — buried frontal ramp of the Apennine thrust sheets; 9 — out of sequence thrust; 10 — well; 11 — shot point; 12 — seismic stations.
Schematic geological cross section of the Northern sector of the Southern Apennines. (a) Plio-Pleistocene deposits of the Bradano foredeep; (b)
Later Tortonian to Upper Pliocene thrust-sheets-top deposits; (c) Sannio nappe (Paleogene-Lower Miocene); (d) Western Carbonate Platform
(Mesozoic Tertiary) and unconformable Upper Miocene flysch deposits of the related marginal areas; (e) Lagonegro and Molise Basin upper
sequences (Cenozoic); (f) Lagonegro and Molise Basin lower sequences (Mesozoic); (g) Apulia Carbonate Platform (Mesozoic Tertiary); (h)
Verrucano formation (Permian-Lower Triassic). The shaded rectangular area represents the zone considered in this study. (after Improta et al.,
2000).
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Figure 1b. Zoom of the rectangular shaded area of Figure la, to
obtain a visible image of the geometrical disposition of the shot
point and the seismic stations considered in this study.

experiment was performed in the framework of a
multidisciplinary research program supported by the
European Community to develop a microzonation and
hazard methodology to be applied to Benevento, the
main town of the Sannio area.

The Sannio region has been struck by strong earth-
quakes in historical times (Io> X MCS), as inferred
from intensity data. At present time, the seismicity of
this region is characterized by low energy earthquakes,
clustered in swarms that indicate seismic activity oc-
curring at the borders of seismogenetic zones which
caused the most energetic earthquakes (Iannaccone et
al., 1998).

In this framework, the knowledge of the very shal-
low structure of the region is of fundamental interest
both in the evaluation of site amplification effects, in
the relocation of earthquakes foci, and in the calcula-
tion of accurate fault plane solutions.

In this paper we use data recorded during the ‘Be-
nevento 92’ seismic refraction experiment, performed
at regional scale to obtain a structural model of the up-
per crust, to reproduce the elastic properties of surface
sedimentary layers. At this aim a surface waveform
modeling technique, based on fitting of filtered traces,
has been applied to analyze the short period surface
waves produced by artificial sources.
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Data and techniques

In our analysis we considered some selected seismo-
grams recorded during a seismic refraction experiment
conducted in the Sannio region (Southern Italy). It
consisted in six shots ranging from 400 to 600 kg fired
at five sites equally spaced along a line of 75 km long
(Figure 1a). Each shot was recorded by 71 portable
seismic stations placed along the seismic line. All the
seismic stations were equipped with short period seis-
mometer with a natural frequency of 1 or 2 Hz. A
detailed description of the experiment can be found
in Iannaccone et al., (1998). The recorded data were
interpreted by Improta et al. (2000) using a 2-D ray-
tracing technique constraining the interpretation of
the seismic model by stratigraphic and sonic velocity
logs from well oil exploration. The obtained crustal
velocity model shows a surface layer interpreted as
cenozoic flyschoid cover and basinal successions with
a mean thickness of 1.5 km and P-wave velocity of
about 3-3.3 km/s. A second layer with a P-wave ve-
locity of 4.8 km/s interpreted as mesozoic basinal
sequences overlaying the multilayer carbonate plat-
form with a P-wave velocity of 6.2-6.6 km/s. At
greater depth (9.5-11 km) a lower P-wave velocity is
hypothesized.

From the available data we selected seismograms
showing the clearest and most complete dispersion
data. We used records of shot N.4 reported in Improta
et al. (2000) performed on the October 10, 1992, by
560 kg of explosive detonated in holes of a maximum
depth of 45 m (Figure 1b). By a first inspection of
the band-pass filtered traces in the 1-10 Hz frequency
range we inferred a highly energetic contribution of
the low-frequency Rayleigh waves that follows the
higher frequency body waves (Figure 2).

In order to retrieve a preliminary surface velo-
city model we analyzed the travel times of the first
P-wave at the closest stations (Figure 3). The travel
times graph can be interpreted with a simple seismic
model: a thin surface layer overlaying a half space
media with a highest Vp (3300 m/s) value; however,
based on the layout of the October 1992 seismic ex-
periment, there is no resolution for such shallow depth
analysis by the inversion of the travel time of direct
and/or reflected and converted phases recorded during
the experiment. From Figure 3 we can only estimate a
maximum thickness of the first layer of about 150 m.

A classic way to infer the elastic properties of
this surface body can be provided by the modeling of
the dispersion curves of group and phase velocity of
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Figure 2. Application of a band-pass filter (1-10) Hz to some traces recorded during the experiment. It is enhanced the contribution of the
Rayleigh surface waves (rectangular area) to the wave field generated by the explosive charge.

short period (1-6 Hz) Rayleigh waves generated by
the explosion.

Our analysis concerned the modeling of the group
velocity vs. frequency data by using a standard clas-
sical technique aimed to measure group velocity U(f)
at a fixed frequency f, (Dziewonski and Hales, 1972).
It consists of the application of a gaussian bandpass
filter to the seismogram; the filter function can be
expressed in the frequency domain by:

_TU—f? 0< f< £
H“”we Y M

where f is the frequency, f. is the central frequency
and « the frequency window around f.

It has been shown (Dziewonski and Hales, 1972)
that the signal resulting by the application of the filter
function (1) to a unimodal wave reaches its maximum
value at a time corresponding to the arrival time 7* of
the group around the frequency f., so that the group
velocity is:

R
vinN == 2

with R representing the shot-receiver distance. The
filter function (1) could introduce systematic errors
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Figure 3. Travel time vs. distance for the profile shown in Figure 1b). The different slope of the straight line interpolating the experimental
points at short distance with respect to that interpolating the experimental points at long distances can be interpreted as due to a high Vp velocity

gradient in the uppermost crust.

when the medium is strongly dispersive (i.e. group
velocity rapidly varies with frequency); in this case
the error can be reduced by increasing o, with an
increase in the degree of uncertainty on the velocity
estimate and the risk of the interference between ad-
jacent modes (Dziewonski and Hales, 1972). Based
on this difficult, we carried out a detailed analysis of
the effect of the application of the gaussian band-pass
filter to the considered traces and discarded data for
which a significant bias in the group velocity estimates
could arise from interference of time-adjacent modes.
The selection of group velocity dispersion data was
carried out by means of a seismic data analysis pack-
age for digital processing, and only the most energetic

mode, the fundamental mode of the Rayleigh waves,
was estimated. In order to measure the uncertainty on
group velocity we utilized the relationship:

U
AU =| — | At* 3
|8t*| 3

being At* estimated by the half-period of the first si-
nusoid centered around 7*. Group velocity dispersion
data and related uncertainties are shown in Figure 4.
During the collection of the data the major difficult
we experienced consisted in extracting information at
low frequencies, at about 1 Hz, mainly due to the in-
terference of the Rayleigh waves and the body waves
traveling the deep layer. This effect produces in an
increase of the difference between estimates of U(f)
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Figure 4. (a) — Modeling of the fundamental mode of group velocity dispersion data. The data and their uncertainties are inferred by the
application of a gaussian filter to the original traces. The shaded area quantify the sensitivity of the inferred model to variations in Vp and Vs
velocities. The upper and lower limit of this area correspond to variations in body wave velocities equal to & 0.1 km/s. (b) — The velocity model
inferred by the modeling (Table 1).



Table 1. ‘Starting’ velocity model

depth of the top (m)  Vp(m/s)  Vs(m/s)  density (g/cm3 )
0 600.0 400. 2.1
20. 900.0 600. 2.1
40. 1200. 800. 2.1
60. 1400. 900. 2.1
80. 1700. 1300. 2.1
150. 3300. 1900. 2.3

at different stations with decreasing f. Based on this,
some data were discarded and only those characterized
by a minor level of bias, due to the interference with
higher modes, were considered. A decrease of group
velocity data with the increasing of the frequency can
be deduced by Figure 4.

Modeling of the group velocity dispersion data

Knopoff (1961) firstly observed that determining
model layering from the seismic observation, a pro-
cess known as inverse modeling, tends to give non
unique results.

Given the non-uniqueness of solution several ef-
forts have been made to develop inversion techniques
based on the local linearization of a misfit func-
tion (e.g. Nolet, 1990) or global, non linear pro-
cedures based on genetic algorithms (Sambridge and
Drijkoningen, 1992) or techniques by using differen-
tial seismograms (Du and Foulgers, 1999).

We followed the approach to the problem proposed
by Yao and Dorman (1992) that used a forward, rather
than inverse, modeling method to infer a layered struc-
ture of central and Eastern Tennessee; their technique
consists of computing theoretical group velocity dis-
persion curves by solving the period equation of the
Rayleigh waves for a given layered medium via the
propagator matrix method (Haskell, 1953; Harkrider,
1964; Dunkin, 1965).

In this paper we used a similar approach, comput-
ing the complete wave field to solve for the reflectiv-
ity layer matrix representing the period or dispersion
equation (Kennett, 1983; Muller, 1985).

In order to simulate the Vp velocity gradient of
the shallow layer we subdivided the 1D model in six
different layers (5 layer on a halfspace). The initial
velocity model was inferred by determining the best
fit value of the Vp vertical gradient in a 1D medium
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that fits the observed P waves travel times, shown in
Figure 3. This was achieved by applying the theory
of ray propagation (Lee and Stewart, 1981) in a 1D
elastic media. We fixed the density of the first five
layers equal to 1.9 g/cm® and that of the halfspace to
2.3 g/em?, as derived by preexisting geophysical and
geological investigations (Improta et al., 2000). Also
we fixed the depth of each interfaces separating the
different layers. This model was successively refined
through a trial and error perturbative procedure based
on fitting of group velocity dispersion data. In this way
we were able to infer a theoretical dispersion curve
that adequately fits the data (Figure 4a), corresponding
to the Vp and Vs velocity model shown in Figure 4b
and reported in Table 1 (in the next referred as the
starting model).

Also we studied the sensitivity of the inferred
model to Vp and Vs variation of each layer. In Fig-
ure 4a the shaded area delimitates the range of vari-
ation of the theoretical dispersion curve corresponding
to variations of Vp and Vs velocities in the range £
0.1 km/sec.

Overall, the less constrained parameter was the
depth of the top of the halfspace (between 100 and
200 m of depth). This is clearly the effect of the
previously described large uncertainties affecting data
around 1 Hz.

Modeling of the filtered seismograms

In order to better detail the shallow sedimentary struc-
ture of the area in the following we considered only
the area between the receiver P54 and P55 (Figure 1b).
The effect of the application of the gaussian filter,
for different values of the central frequency fc, to
the velocigrams recorded at these stations is shown
in Figure 5. Only those traces for which there is no
overlapping between adjacent modes were considered.
Synthetic seismograms have been computed by means
of AXITRA, a computer program that implements
the discrete wave-number Bouchon’s (1981) theory
in conjunction with the reflectivity method (Kennett,
1983). The effect of the explosion was simulated by
considering as seismic source an instantaneous, point-
like isotropic source, i.e. a Dirac delta function both in
the time and in the space domain.

These traces were compared with the correspond-
ing filtered synthetic seismograms obtained by consid-
ering as velocity model the previously inferred Vp and
Vs velocity model (starting model). Both data and syn-



56

STARTING MODEL OBSERVED

v o YNTHETIC

station 54
7 f =2 Hz
0.00
-1.00 — station 54

f.=1Hz

station 65

station 55
I f.=2Hz

VELOCITY (normalized amplitudes)

TIME ()

Figure 5. Comparison between the observed gaussian-filtered seismograms (black line) and corresponding synthetic filtered traces (blue line).
The velocity model used to compute the synthetic wave field is the starting model (see the text).



Table 2. ‘Final’ velocity model

depth of the Vp(m/s) Vs (m/s) density Vp/Vs
top (m) (g/em?)

0 620. 405. 2.05 1.53
20. 905. 560. 2.28 1.61
40. 1170. 740. 2.00 1.58
60. 1365. 910. 2.10 1.50
80. 1690. 1320. 22 1.28
150. 2800. 2200. 23 1.27

thetic were digitized at the same rate of sampling and
normalized to the unity, due to the lack of amplitude
information of the data.

A simple way to quantify the degree of similar-
ity between M seismograms u,(f) (1<n<M) in the
time domain #, consists of measuring the semblance
St defined as (Telford et al., 1990):

M L 2
|: Zun(ti)]
g — L Li=ti=i
=
M M L
> > ua(h)

li=1

n

where T = t; + ...t is the time window considered
in the analysis.

For the starting model and the 10 filtered traces
deployed in Figure 5 the semblance is equal to 0.154.
In order to better detail the elastic properties of the
area between P54 and P55 stations we followed a
simple approach that consists in progressively adjust-
ing model parameters (Vp,Vs and density of each
layer) by optimizing the semblance between the gaus-
sian filtered observed and corresponding synthetic
traces. In this way we determined a more detailed local
velocity model (Table 2) for the area between P54 and
P55 stations. In Figure 6.A,B,C is shown the progress-
ive increase of the semblance after the various refining
of the velocity model. The final value of the semb-
lance was 0.205 with a percentage of 35% of increase
with respect to the starting model. A high sensitivity of
the semblance to variations of model parameters arises
from a visual inspection of results of Figure 6. As we
will detail in the next sections, we think that this fol-
lows from the use of all data constituting the filtered
traces that allows us for a more refined search in the
model parameter space; physically, we are requiring
that our model will reproduce, although locally, not
only the time arrivals of narrow frequency-band wave-
packets but also their shapes (that is other than fitting
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velocity we search to adjust also for the energy content
of these packets).

The major difference between the starting and the
final model is represented by the body wave velocities
of the half-space, whereas the body waves velocities
of the intermediate layers result only poorly changed.
The comparison between data and filtered traces cor-
responding to the final velocity model is shown in
Figure 7.

Resolution study

The approach proposed in the previous section uses
one iteration of the Powell’s optimization method
(Press et al., 1989), i.e. perturbatively adapting one
variable at time. Given the local nature of the ob-
tained maximum of semblance, a resolution analysis
is need in order to clarify at least two aspects. The first
consists of establishing if the model so obtained can
be considered as a good velocity model for the entire
area, i.e. if it corresponds to a minimum misfit value
between observed and theoretical group velocity data.

The second consists of establishing what is the
level of resolution of model parameters; in particular it
is need to evaluate if the velocity gradient in the shal-
low layer and the Vp/Vs ratio are effectively resolved
or not.

Based on this, in the next two sections we discuss
the resolution of the obtained Vp and Vs velocity mod-
els and the uncertainties affecting model parameters.
Two different resolution analyses have been carried
out. In the first we used only group velocity data, in
the second the amplitude data (i.e. the entire filtered
seismograms) of the five previous considered filtered
traces.

a) Group velocity data

A first way to evaluate the resolution of model para-
meter and their uncertainties consists of representing
the misfit between group velocity data and correspond-
ing estimates as a function of model parameters. In
this first analysis we used all group velocity data (i.e.
between P52 and P57 stations). The calculations were
performed for different values of the body wave velo-
city of each layer around the Vp and Vs values of the
obtained velocity model (Table 2). Results are shown
in Figure 8. The dashed line in each graph represents
the average 1o standard deviation as inferred by the
standard deviations of group velocity data, estimated
through the equation (3).
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the density of each layer.

Results of Figure 8 indicate that our final model
(Table 2), obtained by locally refining the semblance
between filtered and synthetic seismograms, repres-
ents a good velocity model for the entire studied area,
since the minimum value of the misfit function is ob-
tained for Vp and Vs values very close to the Vp and
Vs values of the final model (Table 2).

A simple estimate of velocity uncertainties could
be obtained by measuring the range of velocity values
for which the misfit function is less than the threshold
value (the dashed line in Figure 8). If we adopt this
criterion we obtain the following results:

1. Vp resolution progressively decreases with in-
creasing depth, with the exception of Vp of layer
5.

2. Vs resolution progressively decreases with de-
creasing depth, with the exception of Vs of layer
5.

3.Vs is better resolved than Vp in each of the
considered layers.

The uncertainties of resolved Vp and Vs model para-
meters are however very high. This would imply that

we are not able to retrieve the gradient velocity in the
shallow layer (depth < 150 m) by using only group
velocity data.

However, there is a great discrepancy between the
high sensitivity of the semblance to Vp and Vs vari-
ations (Figure 6) and the poor resolution arising from
the analysis described in Figure 8. This discrepancy is
only apparent as we will motivated in the next section.

b) Amplitude data

By the observed filtered traces, used in the semblance
analysis, we can obtain a simple estimate of uncer-
tainties on amplitudes by using the error propagation
formula:

N
1 0A;
AA = — At
v !

i=1

where At is the sampling time and N the number
of considered point in the seismogram. Averaging
on the five filtered traces, and discarding amplitude
data whose absolute value is below a given threshold
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(here assumed equal to 5% of the maximum ob-
served amplitude), the estimated average error on
amplitude data results equal to (AA) = 0.375. (AA)
is non-dimensional since we used normalized traces.
The fixed threshold allows us for a total number of
available amplitude data equal to 352.

Following the same lines of the previous section,
we computed the r.m.s. misfit function between the-
oretical and observed amplitudes for different values
of the body wave velocity of each layer around the
Vp and Vs values of the obtained velocity model
(Table 2). In Figure 9 the resolution analysis based
on amplitude data is shown. The r.m.s. is obtained
by averaging the r.m.s. of each of the five couples
of considered seismograms, by using the following
relationship:

(Aabs,i - Ateo,i)2

N

where A,ps,; represents the i-th amplitude data and
Ayeo,i Tepresents the i-th amplitude measured on the
corresponding synthetic seismogram. Results can be
summarized in the following way (Figure 9):

1. both Vp and Vs model parameters of each layer
(both in the shallow layer and in the halfspace) are
well resolved.

2. The level of uncertainties affecting model paramet-
ers is always less than 0.05 km/sec.

We retain that the reason for the very high difference
of results, arising from the two resolution analysis,
is due to the different number of data considered. In
fact, in the first approach we used only 17 data (all
the group velocity data of the dataset). In the second
analysis, based on amplitudes, the starting number of
considered data was S(number of seismogram) time
128 (number of point of each seismogram), that was
successively reduced to 352 by introducing a threshold
equal to 5% of maximum amplitude on each seis-
mogram. The enormous increase of the number of
available data in the amplitude analysis reflects in its
higher resolving power, although its local character
(i.e. between P54 and P55 stations).

=

i=1

r.n.s. =

Discussion and conclusions

The modeling of the dispersion curves of group velo-
city of Rayleigh waves and the next optimization of
the semblance between some high quality filtered data
and the corresponding synthetics aimed us to infer:
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o the range of variability of body wave velocities in
the studied area (the starting model)

e and a more refined but local velocity model of the
sediments in the zone of the Sannio region located
between P54 and P55 stations.

The first result we point out consists of the observation
of very high gradients both in Vp and in Vs velocities
in going from the surface to the base of the so-called
bedrock (the layer below the depth of 150 m). Both Vp
and Vs near triplicate their value in going from zero m
of depth to 80 m of depth. Thus the shallow sediment-
ary layer in the area could act as a guide that traps the
energy traveling into it. Owing to the seismogenetic
potential of the Sannio area a further study is need to
evaluate the role played by the inferred shallow high
velocity contrast on site effects.

The second important result consists of the low
Vp/Vs ratio (ranging from 1.5 and 1.7) for the first 5
layers of the inferred model (the shallow sediments).
This result should indicate that, at least between the
P54 and P55 stations, sediments should be strongly
compacted.

With increasing depth, resolution in our Vp and
Vs estimates strongly deteriorates; this is primarily
due to the interference between the Rayleigh waves
and the P waves. However the two station analysis
seems indicate only a slight reduction in P-wave ve-
locity (2.8 km/s) with respect to the average values
determined by Iannaccone et al. (1998) (3 km/s).

The applied technique shows that surface waves
recorded on active seismic profiles can be very useful
to constrain the velocity of superficial layers which
are poorly determined by arrival time modeling; in
particular, the use of amplitude variations of Rayleigh
waves around their group velocity peak allows for an
enormous increase of Vp and Vs resolution.

The lack of instrumental calibration curves pre-
vented attenuation analysis based on calculation of
differential seismograms as described in recent pa-
pers (see e.g. Du and Foulger, 1999; and references
therein).
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