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Seismic microzonation is a basic element for emergency planning and developing effective risk reduction stra-
tegies. An application is presented of a cost-effective advanced strategy for the seismic microzonation of a large
settlement: the city of Foggia in Southern Italy. Available geological and geophysical data have been reinter-
preted and integrated with inversion techniques in order to reconstruct the seismostratigraphic structure of the
local subsurface. Numerical simulations have been considered to infer the impact of these configurations on the
local seismic hazard by taking into account uncertainty affecting the subsoil configuration. It has been
demonstrated that the depth of the reference seismic bedrock plays a crucial role in hazard assessment, but its
identification becomes challenging in the presence of a deep sedimentary basin, such as in the case of Foggia.
Unlike most previous seismic microzonation studies in Italy, this work addresses uncertainties in expected
seismic amplification effects and by considering alternative reference seismic bedrock configurations. On this
basis, peak ground acceleration relative to 475y return period has been estimated for the study area by ac-

counting for site effects and relevant uncertainty in the frame of a coherent probabilistic approach.

1. Introduction

Seismic hazard assessment is generally performed in two steps. First,
seismic hazard is estimated at any reference soil condition on the basis of
standard probabilistic approach (Cornell, 1968; McGuire, 1976) ac-
counting for seismicity rates, distribution and geometry of seismic
sources, and ground motion prediction equations determined at regional
scale. Outcomes of this kind of analysis (e.g., Stucchi et al., 2011) are
then implemented in the seismic code (e.g., CEN, 2005). As a second
step, the possible impact of local seismostratigraphical and morpho-
logical configuration is evaluated to modify reference estimates and
providing a more effective hazard estimate. In the seismic code, this last
update is generally estimated at the scale of single manufact and to this
purpose, specific experimental and numerical procedures are considered
to provide this information (e.g. Kramer, 1996). However, when large
scale hazard assessment is required to develop land planning policies
aiming at seismic risk reduction or improving resilience at the scale of a
municipality, budget limitations do not allow the general application of
the standard procedures cited above. To face this problem, specific
Seismic Microzonation (SM) strategies have been developed in Italy (SM

Working Group, 2015; OPCM 3274, 2003) to support local administra-
tion in the definition of hazard maps at the scale of a Municipality. These
procedures are designed to take into account available studies con-
ducted for other purpose, along with cost-effective geophysical surveys
and numerical simulations, within a coordinated strategy of collabora-
tion between local professional subjects and academic institutions
(Moscatelli et al., 2020). This approach focuses on identifying Seismi-
cally Homogeneous Microzones (SHMs), areas defined by similar ex-
pected responses to seismic ground motion amplification and
earthquake-induces soil instability effects (such as liquefaction or
landslides). Depending on available funds and data, three levels of detail
constitute microzonation studies nowadays. At the first level, a reference
seismo-geological model is defined based on the integration of existing
data and cost-effective seismic surveys. At this level, SHMs are identified
and described (qualitatively) in terms of expected co-seismic effects and
only zones where 1D seismostratigraphical amplification effects are
expected are identified. At the second level, for each of these SHMs,
amplification effects are quantified often based on numerical ap-
proaches or supported by the application of seismic abacuses. The third
level of the analysis focuses on the SHMs where complex effects are
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expected (e.g., liquefaction or 2D—3D seismostratigraphical amplifica-
tion effects). In these zones, more advanced numerical modelling and
specific site-specific investigations are carried out to achieve a more
detailed definition.

Therefore, the outcome of seismic microzonation study is a patch-
work of SHMs each characterized by a set of synthetic parameters
quantifying expected phenomena. A limitation of this approach is that a
number of artificial discontinuities are introduced at the contacts be-
tween contiguous SHMs, also the case that respective seismostrati-
graphical configurations varies smoothly. An attempt to attenuate this
possible problem is presented below. Moreover, since microzonation
outcomes are mainly devoted to support land planning activity operated
by local Authorities, relative hazard estimates within the single mu-
nicipality are of main concern, with no reference to absolute seismic
hazard levels. To overcome this limitation, a more advanced approach is
proposed here, where data collected by microzonation studies are re-
examined and re-analysed to obtain a seismic hazard map (in terms of
expected peak ground acceleration) of a municipality accounting for
local effects and uncertainty inherently affecting large scale studies
within a coherent approach considering the probabilistic character of
the reference hazard map (Stucchi et al., 2011).

The proposed approach is applied to the city of Foggia (Southern
Italy), a medium-sized town with approximately 150,000 inhabitants,
situated in a flat and relatively deep sedimentary basin. A preliminary
large scale seismic characterization of Northern Apulia area where
Foggia is located has been provided by Paolucci et al. (2021). This study
revealed that the seismic response of the Foggia area may be signifi-
cantly affected by the presence of relatively deep seismic impedance
contrasts (at depths of the order of hundreds of meters) which are not
captured by seismic surveys performed for engineering purposes.
Moreover, although the seismic hazard of Foggia can be considered
moderate (PGA =~ 0.15 g for a 10 % probability of exceedance in 50
years; http://essel.mi.ingv.it/) compared to other Italian regions (in the
range 0.05-0.35 g) the city has experienced severe earthquake damage
in the past, most notably during the 1731 event (IX MCS; Locati et al.,
2022). It worth noting that the above hazard estimate refers to reference
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soil conditions (rigid subsoil with shear wave velocities above 800 m/s)
which is clearly unrealistic for the Foggia area where significant local
amplification effects could be expected by the presence of soft sediments
and seismic impedance contrasts at relatively high depths (hundreds of
meters). The impact of this configuration cannot be captured by surveys
commonly considered for anti-seismic design, which are limited to few
tens of meters (NCT, 2018).

The following section provides a summary of the local geological
setting, together with the data available for the seismic microzonation
studies conducted in the area (Cardillo, 2021). Subsequently, the
methodological approach adopted to reconstruct the seismostrati-
graphic configuration of the subsoil is described, including the data
sources and the involved steps. Finally, outcomes of numerical simula-
tions are reported as expected amplification and seismic hazard by
considering the effect of relevant uncertainty within a coherent
approach accounting for the inherent probabilistic character of seismic
hazard estimates.

2. Geological setting and available geophysical information

A description of the geological setting of the study area can be found
in Paolucci et al. (2021), which also includes outcomes of extensive
geophysical surveys, borehole data and deep seismic reflection lines. In
particular, the city of Foggia (Fig. 1) is located in the central portion of
foredeep sedimentary basin, known as the Bradanic Trough, active from
the Pliocene to the present day. The basin is located between an east-
ward verging complex tectonic assemblage of Mesozoic and Tertiary
sedimentary units tectonically superimposed to each other, over-
thrusting a flexed carbonate platform (Apulian carbonates). By
following Paolucci et al. (2021) the study area is located in the external
foredeep depocenter where the depth of the Apulian carbonates is about
500 m. The oldest part of the infilling succession (Argille Subappennine
formation during Middle Pliocene - Lower Pleistocene) consists of a
turbiditic complex which lies on the Apulian carbonates. In particular,
two distinct turbiditic cycles have been identified. The lower-one is
composed of non-channelized basinal sequences (high-efficiency
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Fig. 1. Geographical overview of the study area and spatial distribution of the available subsurface data: Boreholes (BH), Down-Holes (DH), Horizontal to Vertical
Spectral Ratio (H/V), deep explorative Borehole (Foggia-003). On the right, a representative lithostratigraphic column summarizes the typical vertical sequence
observed in the area (Paolucci et al., 2021). From top to bottom: lenticular regressive deposits with heterogeneous grain size (SPb) and the two turbiditic cycles
(upper and lower respectively indicated as SC and CS)—followed by the underlying carbonate bedrock (Lm). The column is based on the integration of deep

exploratory boreholes and geotechnical logs within the urban area.
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turbidites), while the upper-one is characterized by channeled turbiditic
sequences (low-efficiency turbidites). A sandy horizon is interposed
between the two depositional sequences and may represent a significant
seismic impedance contrast (see Paolucci et al., for a discussion). The
Quaternary outcropping portion overlying these deposits consists of a
regressive succession of shallow-marine and/or continental-terraced
deposits (Early-Late Pleistocene in age). These deposits, locally
referred to as the “Foggia Synthem” consist of gravelly lenticular bodies
interbedded with silty levels.

During preliminary seismic microzonation study (Cardillo, 2021),
data from 84 geotechnical boreholes (from 5 up to 25 m deep), 93 single-
station ambient vibration measurements using the H/V technique
(Nakamura, 1989) and 5 downhole (DH) tests (Kramer, 1996) were
collected. Additionally, results from 50 surface wave surveys using the
MASW technique (Park et al., 1999) were available. However, MASW
outcomes, limited to shallow depths and lacking associated uncertainty
estimates, were not considered reliable constraints for reconstructing
the subsoil configuration in this study.

In contrast, H/V data were regarded as particularly valuable due to
their higher penetration depth and sensitivity to velocity contrasts. The
H/V method relies on the measurement of spectral ratios of average
spectral amplitudes of horizontal and vertical components of ambient
vibrations and has been widely used for subsoil seismic characterization.
It can be shown (e.g., Molnar et al., 2018) that the shape of these ratios
as a function of the frequency reflects the subsoil seismic response and
thus this technique plays a key role in advanced seismic microzonation
studies, often in combination with other geophysical techniques (Vessia
et al., 2021). In this work, H/V measurements represented the primary
tool for inferring the deeper stratigraphic structure. After quality
screening, 30 out of the 93 recordings were excluded due to poor signal
quality, duplication, or excessive distance from the urban area. The
spatial distribution of the data used in the following analyses is shown in
Fig. 1.

3. Seismo-stratigraphic reconstruction from geophysical data

Lateral variation in the thickness of the shallowest regressive de-
posits can be determined using the available borehole data. These
indicate the presence of superficial gravel bodies throughout the urban
area, with thickness ranging based on the lenticular geometry of the
deposits (Boggs Jr., 2006), but generally thicker in the central parts of
the settlement. However, these data do not provide information on the
seismic behaviour of these deposits, and they are limited to a depth of
only a few tens of meters. To this purpose, available geophysical data
(H/V analysis and DH surveys) have been considered, which represent a
distributed source of indirect information about the subsoil seismo-
stratigraphy (Fig. 1). The five downhole (DH) tests, which reach
depths of about 40 m, fully penetrate the regressive deposits and extend
to the top of the Argille Subappennine formation. As direct measurements
of shear-wave velocities in the subsurface, the DH indicate significantly
higher shear wave velocities in the gravelly layers (600-1100 m/s)
compared to the silty facies of the regressive deposits and the underlying
Argille Subappennine (400-500 m/s).

As regards the existing H/V curves, at first, they have been reproc-
essed to obtain a uniform dataset. To this purpose, raw data were
reanalysed using “Grilla” software (Micromed Moho S.r.l.), employing
20-s window lengths with a 10 % triangular smoothing window. Noise
disturbances were removed, and the overall quality of the signals was
evaluated using the criteria proposed by Puglia et al. (2011). Seven
measurements were excluded as they were considered unsuitable for
further analysis.

H/V curves often exhibit two significant peaks in the low-frequency
range (< 1 Hz), suggesting the potential presence of relatively deep
seismic impedance contrasts. A first rough estimate of the possible depth
of seismic impedance contrasts responsible for these maxima has been
obtained in the quarter-wavelength approximation (Joyner et al., 1981),
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assuming an average Vs of ~600 m/s. This value reflects the increase of
Vs with depth from ~400 m/s measured at 40 m (DH data) and is
consistent with compaction trends observed in clay soils (Romagnoli
etal., 2022) and with the higher velocities in the overlying gravel layers.
The estimated depths are on the order of 500 m and 160-200 m,
respectively. The deeper contrast is likely associated with buried Apu-
lian foreland carbonates, while the shallower one is probably related to
transition between the two turbiditic cycles identified by Paolucci et al.
(2021).

Then, to improve robustness of this data set, H/V curves were
grouped, under the assumption that similar curves correspond to com-
parable seismostratigraphic configurations. A hierarchical cluster anal-
ysis (Everitt et al., 2001) was performed by considering H/V curves in
frequency range of 0.1-30 Hz and using the Pearson correlation index as
the semblance parameter (e.g., Albarello et al., 2023). Five clusters were
identified (Fig. 2), differentiated by the presence of the peaks and the
corresponding frequencies, with a correlation index threshold of 0.5. In
cases of ambiguity, a visual inspection of the curves has been used to
manually assign them to appropriate clusters. Stratigraphic information
from boreholes and DH data close to the single-station measurements
were considered to constrain the inversion process and five represen-
tative H/V curves, one for each cluster (red curves in Fig. 2), were
selected also accounting for their proximity to reliable stratigraphic
data.

Almost all analysed measurements exhibit H/V curves with a clear
minimum in the 1-10 Hz range. A similar pattern was observed by Di
Giacomo et al. (2005) in the nearby city of Venosa, with similar stra-
tigraphy to Foggia. The authors attributed this de-amplification to
shallow velocity inversion caused by gravelly deposits.

Representative H/V curves have been used in inversion procedure
with the Genetic Algorithm technique in order to infer the subsoil
configuration in a 1D approximation (e.g., Fah et al., 2001; Arai and
Tokimatsu, 2004; Parolai et al., 2005; Picozzi et al., 2005; Foti et al.,
2011). This last assumption implies that lateral variations are assumed
to be relatively smooth: no evidence of faulting or sharp lateral
discontinuity exists in the shallowest part of the sedimentary cover.

In the present application, the inversion procedure has been applied
ten to twenty times at each site by retrieving the best fitting solution
relative to each run. These best fitting solutions have been then
considered, and the overall best fitting curve has been reputed as the
general outcome. Details about the adopted procedure are reported in
Picozzi and Albarello (2007). Two single-station measurements were
located close to DHs, whose stratigraphic and seismic data were used to
constrain the inversions. The remaining three measurements were
inverted using stratigraphic data from nearby boreholes in the
assumption that the same lithologies exhibit similar seismic behaviour
across the studied area, with thickness variations only. Seismic analyses
of the five DHs supported this assumption.

For deeper subsurface layers, where direct data were unavailable,
loose constraints were applied to the depths of two anticipated litho-
logical boundaries at 160-200 m and ~ 500 m. Depth variability was
allowed between 100 and 300 m for the first boundary and 300-650 m
for the second. Similarly, Vs was allowed a broad variability due to the
lack of direct data. Despite this variability, the inversion results well
aligned with stratigraphic data, indicating lithological boundaries at
depths of ~150 m and ~ 400-500 m, and yielded Vs values consistent
with available literature (Romagnoli et al., 2022).

Stratigraphic and velocity profiles obtained from the five represen-
tative inversions are shown in Fig. 3. For each cluster the obtained
theoretical H/V curves form inversions are shown in comparison with
experimental one, with details relative to the final misfit values for each
inversion.

Notably, the number of layers in the regressive deposits varies due to
their lenticular geometry. Considering all possible stratigraphic combi-
nations for the five obtained models (Fig. 4), a generalized eight-layer
model has been defined, consisting of, from top to bottom: Fill (F),
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Fig. 2. Groups of H/V curves (in green) in each of the groups identified by the cluster analysis. The red curve is the one considered as representative for the
respective group (see text for details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Gravel (Gr-1), Sandy Silt (Ss), Gravel (Gr-2), Sand (S-1), Clay (C), Sand
(S-2), and Limestone (Ls). The range of best fitting Vs values obtained for
the relevant layer in the five inversions is also reported in Fig. 4. When
the same lithology appears at different depths, numerical suffixes (1 and
2) distinguish respectively the upper from the lower unit.

The next step involved inverting remaining H/V curves using
thickness, Vs, and Vp data derived from the models of the initial five
representative inversions. Unlike these initial inversions, these subse-
quent ones are no longer constrained by direct stratigraphic data but by
the results of the earlier inversions. In particular, models obtained from
the inversion of a single representative curve are used as constraints for
the entire cluster. For these inversions, upper and lower bounds were set
around the values derived from the representative models, with a vari-
ability of £5 % for layer thickness and Vs, and + 10 % for Vp. These
constraints are significantly more restrictive than those applied in the
first inversions. Despite these tighter limits, the inversions successfully
reproduced the H/V curves with a high degree of accuracy. This
outcome reinforces the reliability of the representative models in guid-
ing subsequent inversions and further supports the assumption of shared
stratigraphic characteristics among curves within the same group.

4. 3D seismo-stratigraphic model

Results obtained from the constrained inversion of H/V curves have

been used to build a 3D seismo-stratigraphic model of the study area as
interpolation of the seismic layers represented in Fig. 4.

The ordinary kriging method (McBratney and Webster, 1986; Oliver
and Webster, 1990) was used for the interpolation process. All the
standard semi-variogram models (spherical, exponential, gaussian,
linear, and circular) were considered to feed the kriging approach and
provided the same outcomes with differences of the order of few cen-
timeters, and thus negligible with respect to the objectives of this study.
We ultimately adopted the spherical model, as it appeared appropriate
for representing spatially continuous variables with finite correlation
ranges, such as sedimentary deposits.

A total of seven surfaces corresponding to lithological boundaries
were generated on an initial grid of 78 x 83 nodes with a resolution of
150 m, for a total of 6474 nodes. This configuration effectively captured
the densely populated urban core while extending into adjacent rural
areas. However, due to the limited availability of stratigraphic data in
peripheral zones, maintaining the original grid resolution throughout
the entire study area was unnecessary. To optimize subsequent analysis
of the local seismic response, grid density was progressively reduced in
areas farther from the urban centre, resulting in a refined grid of 1708
nodes while preserving essential spatial details. The seven surfaces were
overlaid in order to obtain the thicknesses of the different lithologies at
each grid point.

The regressive deposits posed a particular challenge due to their
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Fig. 3. Inversion of the 5H/V curves representative for each group identified by the cluster analysis. Plots on the same line refer to the inversion outcomes relative to
each group. In the following columns are reported: the misfit values relative to the considered inversion runs, the corresponding Vs profiles down to a depth of 500 m
and a focus on the shallower 100 m (the dashed lines indicate the range of Vs values considered in the inversion). The blue line indicates the experimental H/V curve,
in yellow the outcomes relative to each inversion run, in red the values corresponding to the overall best fitting solution and in green alternative solutions char-
acterized by a misfit value within 10 % of the one corresponding to the overall best fitting solution. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

lateral variability and the reduction in data density with depth. While
152 stratigraphic profiles were available for the shallow layers, only 63
profiles (derived from H/V inversions) extended to the deeper strata.
This data limitation occasionally led to inconsistencies in interpolation
of layer thicknesses, with some nodes showing negative thickness values
in the shallower strata. These negative values were generally lower,
typically on the order of a few centimeters. Although their impact on the
overall model was limited, such values were corrected to ensure strati-
graphic continuity and coherence. A minimum thickness of 0.1 m was
assigned to these layers, effectively representing erosional discontinu-
ities (Boggs Jr., 2006) without compromising the structural integrity of
the model. The obtained model, revealed to be fully compatible with
available borehole data. In Fig. 5 the overall 3D model produced by the
interpolation of the 1708 nodes is shown, with focus on two orthogonal
cross-sections that well capture the lateral variability in terms of
thickness of the considered layers.

5. Numerical simulation of the local seismic response

By following Italian Criteria for Seismic Microzonation (SM Working
Group, 2015), outcomes of seismic microzonation studies are expressed
in terms of seismic amplification factors (AF hereafter) computed at
different period ranges of engineering interest defined as:

T2 S A (T)

——=dT
T1 SAinP (T)

AFTl—Tz =
where SAoy: and SAj,, respectively represent the ordinates of the
response spectra at the surface and at the reference seismic bedrock.
Areas with AF > 1 indicate stratigraphic amplification, whereas those
with AF < 1 indicate expected de-amplification effect at the surface.
Three ranges of periods are considered (AF1:0.1-0.5 s; AF2: 0.4-0.8 s;
AF3: 0.7-1.1 s) respectively corresponding to common, high and
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Fig. 4. Stratigraphic profiles obtained from the interpretation of the five representative H/V curves in Fig. 3 and a general stratigraphic model of the area with
associated the range of best fitting Vs values (in m/s) relative to each layer and derived from the constrained inversion of H/V data (see text for details). The general
stratigraphic model includes eight layers, though not all of them are consistently present across the study area, as shown in the five stratigraphic profiles: Fill (F),
Gravel (Gr-1), Sandy Silt (Ss), Gravel (Gr-2), Sand (S-1), Clay (C), Sand (S-2), and Limestone (Ls). Vs values for the limestone unit are not derived from H/V inversion,
as this method does not provide reliable estimates at such depths. Instead, indicative Vs values were assigned based on literature data, specifically from Rafavich

et al. (1984).

seismically isolated buildings (Falcone et al., 2020, 2021; Lanzo et al.,
2011; Lanzo and Pagliaroli, 2012; Mori et al., 2020; Pagliaroli et al.,
2014; Santucci de Magistris et al., 2014). Along with this information,
amplification factor relative to Peak Ground Acceleration (PGA) has
been also considered.

Simulations have been performed in the frame of the Random Vi-
bration theory (Kottke and Rathje, 2008) by assuming as a reference
event earthquake with magnitude range 6.0-6.5. In this approach, input
motion is supplied in terms of a response spectrum in acceleration (no
time history is required). In the case here considered, the uniform hazard
spectrum is the one supplied by National Hazard Map for the city of
Foggia corresponding to an exceedance probability of 10 % in 50y
(Stucchi et al., 2011) and relative to a reference subsoil configuration
(flat outcrop of a rigid subsoil characterized by shear waves velocity
above 800 m/s). The choice of this reference value is merely conven-
tional and does not rely on any seismological or-geotechnical consid-
eration. It depends on the availability of a number of accelerometric
data at relatively rigid soil sufficient for the parameterization of ground
motion prediction equations implemented in the standard procedure for
above hazard assessment in Italy (and more generally in Europe):
actually, the reference ground motion to be considered for anti-seismic
design and site response assessment is assumed to be known (with
relative uncertainty) at the reference engineering bedrock (Vs above
800 my/s) irrespective the actual subsoil configuration. AF values rela-
tive to the considered area have been obtained by numerical simulations
considering linear-equivalent approach which is reputed adequately
accounting for non-linear soil behaviour (PGA remains below 0.3 g),
which is consistent with the Italian reference hazard for a 475-year re-
turn period at Foggia (Falcone et al., 2021). In the numerical simula-
tions, no impedance correction was applied at the input boundary,
consistent with standard practice in equivalent-linear 1D site response
analysis.

To account for uncertainty affecting model parameters a number of
stochastic simulations have been performed at each location (at each
grid node) using the software NC92Soil (Acunzo et al., 2024). In each
simulation, Vs values are randomly extracted by log-normal probability

distribution with a depth dependent average and variance. Following
Romagnoli et al. (2022) the shape of the relevant distribution and of the
interlayer correlation depend on the prevalent lithology within each
layer. The random values extracted in this way were constrained within
the range of available experimental values (Fig. 3). In the lack of local
information, literature data were considered for possible Vs values
within the deep carbonate layer. To define realistic Vs boundaries for
this layer, we referred to Rafavich et al. (1984), who measured Vs values
for different carbonate deposits under simulated in-situ conditions,
reporting a range between 2500 and 3500 m/s.

The same procedure has been adopted to randomly select shear
modulus decay and damping curves within a variability range as a
function of depth and dominant lithology by considering empirical re-
lationships provided by Gaudiosi et al. (2023) and Pieruccini et al.
(2024). Layer thickness relative to the Quaternary outcropping units
have been kept as fixed since they are well constrained by borehole data.
The same holds for the depth of the Carbonate units at the bottom of the
Argille Subappennine formation which are well constrained by a deep
borehole 'Foggia-003’ close to Foggia (ISPRA (Istituto Superiore per la
Protezione e la Ricerca Ambientale), 2025). The possible location of the
transition between upper and lower turbiditic layers within the Argille
Subappennine formation is instead weakly constrained and thus the
respective depth has been randomly variated between 150 and 250 m.

For each of the 1708 grid nodes, 100 random profiles were gener-
ated, resulting in a total of 170,800 1D stochastic simulations. The
relevant seismic and geotechnical profiles relative to each simulation
have been randomly generated by considering the empirical lognormal
distributions parameterized by following Romagnoli et al. (2022),
Gaudiosi et al. (2023) and Pieruccini et al. (2024) and depending on the
prevalent lithology and depth. As concerns Vs values, the relevant ran-
domized values have been constrained within the ranges of variation
determined by the constrained inversion of H/V data and reported in
Fig. 4 (and in the supplementary material). This ensured a statistically
robust dataset for amplification factor analysis and the respect of the
constraints provided by local information.

One of the primary factors influencing the amplification factor (AF)
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84 UTM 33 N reference system (EPSG 32633). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

is the definition of the reference seismic bedrock where the input motion
is applied in the numerical simulations (e.g., Pieruccini et al., 2024). As
shown in Fig. 3, several lithologies in our stratigraphic model, including
Gr-1, Gr-2, S-1, S-2, and Ls, exhibit Vs values that may reach the Vs
threshold (800 m/s) according to Italian Seismic Code. It is important to
note, however, that defining the reference seismic bedrock involves
more than just identifying where Vs exceeds 800 m/s; the velocity must
also remain stable with depth, without significant decreases, as
emphasized in the NTC18 (2018) guidelines. Based on this criterion, the
uppermost layers (Gr-1, Gr-2, and S-1) cannot be considered as a refer-
ence seismic bedrock due to the presence of underlying clay deposits,

and the first layer that satisfies both conditions is S-2. However, the
reference seismic bedrock may correspond to either S-2 or Ls horizons
since in both cases expected Vs values exceed 800 m/s. It worth to note
that, despite of the formal definition of a reference seismic bedrock, the
strong impedance contrast between S-2 and Ls may play a role in the
seismic response assessment, as Ls is expected to have a significantly
higher Vs than the overlying sandy deposits. To account for both pos-
sibilities, we performed numerical simulations twice: once with S-2 as
the reference seismic bedrock and once with Ls. The impact of the
different choices of the reference seismic bedrock on the expected
amplification effects relative to a single location within the study area is
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reported in Fig. 6.

One can see that selecting the Ls layer as the reference seismic
bedrock leads to significantly higher amplification factors across all
considered frequency ranges, compared to simulations based on the
shallower S-2 layer. The summary of outcomes of the 1D numerical
simulations for the study area are presented in Fig. 7 by considering
distribution of median AFs obtained by the two possible choices of the
reference seismic bedrocks for each of the grid nodes.

These differences also result dependent on the location as shown in
Figs. 7 and 8. In these figures the 84° percentile (mean + 1c) of the
distribution of AF values retrieved at each site has been considered as
representative of the local amplification effect. This choice is in line with
the one proposed by Andreotti et al. (2018) to implement the amplifi-
cation factors relative to the 1D seismostratigraphic configuration in the
seismic code by accounting for the relevant uncertainty within the
probabilistic approach underlying the standard seismic hazard map.

On this regard, as shown in Fig. 8, simulations made using S-2 as the
reference seismic bedrock yield relatively homogeneous AF distribu-
tions over the urban area of Foggia: most of values remain within a
moderate amplification range (AF < 1.30), with only limited zones
exhibiting slightly higher values for longer periods (e.g., in the ranges
0.1-0.5 s and 0.7-1.1 s). This pattern reflects the comparatively lower
impedance contrast between surface deposits and the underlying S-2
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sandy layer, resulting in a less pronounced stratigraphic response.

On the contrary, simulations based on the deeper carbonate Ls layer
produce a more complex and variable amplification scenario (Fig. 9). AF
values are generally higher across all maps (in PGA and 0.7-1.1 s), with
the most substantial amplifications observed for longer period intervals
(notably AF3). In these maps, large portions of the study area exhibit AF
values exceeding 1.75, with some areas even surpassing 2.0.

Moreover, the spatial distribution of the amplification in Fig. 9
suggests that the presence of thick, soft sediments plays a key role in
focusing seismic energy, especially for low-frequency content. In
contrast, the relatively flat response seen in Fig. 8 implies that using a
shallower, intermediate-velocity layer as a reference seismic bedrock
may lead to an underestimation of expected site effects in similar
geological settings.

To provide a quantitative representation of the expected ground
shaking in terms of pseudo-accelerations, the amplification factors were
applied to the baseline seismic hazard values defined at the national
scale for a 10 % probability of exceedance in 50 years. This integration
was performed following the probabilistic formalization proposed by
Albarello and Paolucci (2024). The results of this operation are pre-
sented in Fig. 10 and show the possible impact of computed AF values on
the local seismic hazard.

As expected, the deep reference seismic bedrock configuration
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Fig. 6. Comparison between distribution of amplification factors in the different vibration periods obtained by assuming the two possible reference seismic bedrocks
(S-2 and Ls respectively) at a site within the study area. On the right, the considered Vs profiles considered in numerical simulations by randomly varying the relevant
parameters (Vs and thicknesses in the plot). On the right, the corresponding distributions of AF values.
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Fig. 8. Maps of amplification factors relative to PGA (AFO0) and to the periods 0.1-0.5 s (AF1), 0.4-0.8 s (AF2) and 0.7-1.1 s (AF3). Values refer to simulations with
the S-2 layer considered as the reference seismic bedrock. In order to adopt the approach proposed by Andreotti et al. (2018), the values correspond to 84° percentile
of the distribution of the AF values obtained in the random simulations relative to each node. Numbers in the plots represent the range of amplification factors
estimated for the relevant area. Values below 1 indicate and expected de-amplification with respect to the reference input motion.

results in systematically higher ground shaking levels across all periods, New pseudo-acceleration values are direct consequence of the higher
especially at 0.5 s and 1 s, where values exceed 0.35 g over wide sectors amplification factors associated with the thick, low-rigidity sedimentary
of the urban area. cover above the Ls layer, as previously highlighted. The spatial
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simulations. For details, see caption of Fig. 8.

variability in acceleration values further emphasizes the inhomogeneous
seismic response of the area.

The comparison between different reference seismic bedrock defi-
nitions also stresses the need for site-specific criteria in selecting refer-
ence horizons, especially in areas characterized by complex
stratigraphic settings and deep sedimentary basins such as the one
investigated in this study. In this context, passive seismic methods have
proven to be an essential investigative tool, offering excellent depth
penetration and a strong cost-benefit ratio, making them particularly
well-suited for extensive microzonation studies and seismic hazard
assessments.

6. Conclusions

This study presents a comprehensive advanced approach to seismic
microzonation for the city of Foggia using both geophysical and nu-
merical methods. With respect to standard microzonation study, a more
detailed map of expected amplification effects due the local seismos-
tratigraphical configuration has been determined by accounting for
relevant uncertainty. Moreover, the impact of these effects on the
seismic hazard has been also evaluated by considering the inherent
probabilistic character of this estimate.

The approach here considered can be summarized as follows. First,
geological, geophysical and geotechnical data relative to the study area
have been collected and reanalysed. Since relatively deep seismic
impedance contrasts are expected to exist in the area, main attention has
been devoted to the reconstruct the seismostratigraphical profile down
to depths of the order of hundreds of meters. Second, outcomes of an
extensive passive seismic survey (H/V technique) have been used to
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provide a first zoning of the urban area into microzones area where the
local seismostratigraphical configuration is expected to be nearly ho-
mogeneous. For each microzone, a representative H/V curve has been
inverted to retrieve the local Vs profile by using as a constraint close DH
data relative to the shallowest subsoil. These ‘master’ profiles have been
used to constrain the inversion of all H/V measurements available in the
respective microzone. Based on borehole data, these profiles have been
interpreted in terms of lithostratigraphic units by determining local
thickness variations these units and attributing to each of them a range
of Vs values. Third, numerical interpolation procedure has been then
used to reconstruct a detailed grid map of the seismostratigraphic units
in the area. At each node of the grid, a numerical simulation of the ex-
pected seismic response has been performed by considering uncertainty
affecting the relevant parameterization. Outcomes of this analysis in
terms of expected amplification factors (and relevant uncertainty) in
different range of periods have been combined with hazard estimates at
reference soil conditions to obtain a map of seismic hazard accounting
for site effects.

Due to the extensive character of the analysis and the uncertain
characterization of the subsoil structure, quantifying and managing
relevant uncertainty is of main importance in the assessment of the
seismic response to be considered for risk analysis. In our work this
aspect has been carefully considered and coherently implemented in the
hazard estimates by accounting for the inherent probabilistic character
of this kind of estimate.

Outcomes of our study indicate that the choice of the reference
seismic bedrock plays a major role in the hazard assessment. This choice
cannot be simply demanded to conventional choices. In the case here
considered, the definition of the reference seismic bedrock (half space
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grid considered for numerical simulations.

with Vs above 800 m/s) can be applied to different interfaces and the
choice of the one to be considered significantly affect outcomes. As
concerns the case of Foggia, this study demonstrates that the use of a
deeper reference seismic bedrock (carbonate layer) leads to higher
amplification factors and higher expected seismic effects, particularly
for longer periods. These results underscore the importance of carefully
defining the reference seismic bedrock boundaries in microzonation
studies to ensure a more accurate assessment of local seismic risks. This
problem is particularly important and troublesome when the study area
is located over a deep sedimentary basin, and the position of the possible
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reference seismic bedrock can be determined only approximately based
on indirect observations. In this regard, results here described may be of
help for a critical revision of hazard estimates worldwide, where deep
sedimentary basins are present. In particular, the search for eventual
strong seismic impedance contrasts at depth, well beyond the typical
depth of few tens of meters considered in the common engineering
practice, should be encouraged and implemented in local seismic codes.
Results obtained in this work also support the joint use of use of nu-
merical simulations and passive seismic methods, such as H/V from
ambient vibrations, to constrain Vs profiles at relatively large depths.
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This approach appears mandatory when the characterization of local
seismic response over wide urban areas located over deep sedimentary
basins is of concern and budget limitations do not allow the application
of more direct approaches. In these cases, however, uncertainty
affecting outcomes must be carefully accounted for and implemented
hazard estimates within a coherent probabilistic approach.

Given the extensive character of our analysis, by no way results
obtained could be considered as alternative to small scale evaluation of
the local seismic response for engineering purposes. The main use of our
outcomes is supporting local Authorities for city planning activities
devoted to seismic risk reduction at the scale of the whole Municipality.
Moreover, they can help to identify most critical situations where more
detailed studies are of main importance. Finally, these may supply useful
indications about the main constraints to be considered in the detailed
seismic response study, such as, in the case of Foggia, the choice of a
reference seismic bedrock well below few tens of meters of depth as in
most common studies.

Despite the encouraging results obtained, some methodological
limitations should be acknowledged. First of all, the whole seismic
response analysis assumes that eventual 2D/3D effects play a minor role
with respect to vertical heterogeneities. This hypothesis is supported by
observing that lateral seismic impedance contrasts are largely lower
than the vertical ones. None of the data gathered in the area suggests the
presence of significant sharp discontinuities close to the surface (faults,
etc.). Another limitation of the analysis here presented concerns the use
of the linear equivalent approach for the simulation of the local seismic
response. This approximate numerical approach is widely accepted and
represents a standard practice in engineering-scale seismic micro-
zonation, especially when studies are constrained by limited data
availability or resources, as is the case here. However, one should be
aware that, particularly in areas where high amplification and thick clay
layers are observed, the linear-equivalent procedure may overestimate
the amplification patterns in terms of absolute amplification level and
cannot correctly account for resonant frequencies and hysteric soil
behaviour (Hosseini Mir Mohammad et al., 2010).

Finally, one must be aware that hazard estimates here proposed only
rely on numerical simulations since no direct experimental indication
(see, e.g., Primofiore et al., 2020) is available in the area able to support
the amplification effects here estimated due to the lack of significant
accelerometric registrations representative of reference site conditions
at the site of Foggia. It is worth noting however, that relatively high
hazard values have been obtained in correspondence of the historical
part of the city where main damages were observed during the 1731
earthquake (https://storing.ingv.it/cfti/cfti5/quake.php?016671T).
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