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Abstract The Mirandola anticline represents a buried
fault-propagation fold which has been growing during Qua-
ternary due to the seismogenic activity of a blind segment
belonging to the broader Ferrara Arc. The last reactivation
occurred during the May 2012 Emilia sequence. In corre-
spondence with this structure, the thickness of the marine
and continental deposits of the Po Plain foredeep is particu-
larly reduced. In order to better define the shallow geometry
of this tectonic structure, and hence its recent activity, we
investigated in a depth range which is intermediate between
the surficial morphological observations and seismic pro-
files information. In particular, we carried out numerous
passive seismic measurements (single-station microtremor)
for obtaining the horizontal-to-vertical spectral ratio. The
results of a combined analysis of the peak frequency and
its amplitude nicely fit the available geological information,
suggesting that this low-cost geophysical technique could
be successfully applied in other sectors of wide morpholog-
ically flat alluvial plains to investigate blind and completely
buried potential seismogenic structures.
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Introduction

In May 2012, two moderate (M; = 5.9 and 5.8 or M, = 6.1
and 5.9; e.g. Pondrelli et al. 2012) earthquakes, associated
with a noticeable aftershock sequence (e.g. Sarao and Peru-
zza 2012; Scognamiglio et al. 2012), affected the eastern
sector of the Po Plain, Italy. The causative faults are two
segments of the Ferrara Arc thrust system representing the
most frontal portion of the buried Northern Apennines fold-
and-thrust belt (e.g. Vannoli et al. 2015; Fig. 1a). In particu-
lar, the two major structures which were reactivated have
a left-stepping largely overlapping geometry. Both seismo-
genic sources were associated with blind, mainly dip-slip
reverse, faulting (e.g. Scognamiglio et al. 2012; Pondrelli
et al. 2012), while the uppermost tip segment of the slid-
ing planes has been estimated to reach a minimum depth
of 3—4 km (Bignami et al. 2012). As a consequence of the
fault geometry and kinematics, the rock volume above
the co-seismic rupture tip was characterized by a typical
fault-propagation folding process that eventually caused
the bending of the topographic surface and the consequent
uplift of the broader epicentral area (Fig. 1b; Bignami et al.
2012; Salvi et al. 2012; Pezzo et al. 2013; Caputo et al.
2015).

However during the long interseismic periods, the
high sedimentation rate characterizing the Po Plain
tends to compensate the seismically induced topographic
variations. The repeating of similar ‘areal morphogenic
earthquakes’ (Caputo 2005) during Late Pleistocene
and Holocene locally caused cumulative effects in the
coeval stratigraphic succession. Although such strati-
graphic lateral variations are relatively evident in the
deeper geology (Pieri and Groppi 1981; Boccaletti et al.
2004), they are morphologically subtle in the otherwise
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flat topography of the alluvial plain and they could be
emphasized only by a careful inspection of the hydro-
graphic network, which indeed highlights the occurrence
of several drainage anomalies (e.g. Burrato et al. 2003,
2012; Fig. 1b). Such hydrographic anomalies were con-
sidered key features for documenting the recent tectonic
activity of the underlying faults (Basili et al. 2008; DISS
WG 2015) whose instrumental or even historical seismic
record is relatively poor due to the long recurrence inter-
vals on these structures.

In the present paper, we focus on the shallow subsoil,
say the first 100-200 m, representing an intermediate-depth
investigation target between the deep geological elements
and the surface features. The former could be only observed
based on very expensive seismic reflection profiles gener-
ally carried out for hydrocarbon purposes; however, these
geophysical surveys are not always available, but above all
the details for the uppermost stratigraphic levels are com-
monly not sufficient to document the most recent tectonic
activity of blind thrusts. Indeed, due to the deeper target of
such explorations, the analysis of the uppermost sediments,
which could potentially record a recent seismogenic activ-
ity, are often deliberately neglected since the preliminary
planning phases of the geophysical survey. On the other
hand, the results of detailed topographic, hydrographic and
morphological analyses could be masked or even oblit-
erated by the effects of anthropogenic manipulations and
the fluvial dynamics occurring during the long interseismic
periods, which are commonly in the order of thousands of
years.

For the above reasons, in the present research we
investigated the natural amplification occurring within
the subsoil due to the presence of impedance contrasts.
In particular, we focused on the area of Mirandola and
its surroundings for two main reasons. Firstly, because
this is a small-/medium-size industrial district and
hence of particular economic and social interest for
Italy. Secondly, because the urban area is in correspond-
ence with a growing fault-propagation anticline whose
top is at <100 m depth and where both the causative
thrust and the associated fold are completely buried by
the Middle-Upper Pleistocene to Holocene continental
deposits (e.g. Martelli and Molinari 2008; Bonini et al.
2014). The differential vertical movements induced by
this blind tectonic structure and especially the positive
ones (i.e. uplift in correspondence with the fold hinge)
are not able to keep pace with the regional scale subsid-
ence and the high sedimentation rates of the Po Plain.
Therefore, we wanted to test the systematic application
of a low-cost geophysical technique in order to gather
useful information on the local, relatively shallow, stra-
tigraphy as well as of its seismic behaviour. This in
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Fig. 2 Simplified lithological and stratigraphic logs of the Concor-
dia, Mirandola and Medolla boreholes. In the latter two, the cross-
hole surveys (CH1 and CH2, respectively) used for the calibration of
the HVSR measurements have been performed. See Fig. 3 for loca-
tions

turn could help in constraining some crucial seismo-
tectonic parameter and hence improving seismic hazard
analyses.

The occasion of starting this scientific project was
the preparation of a seismic microzonation map for the
Municipality of Mirandola, Emilia-Romagna (Northern
Italy). This investigation was commissioned in winter
2011-2012, and the report complete of maps was released
few months before the seismic sequence that affected the
broader area (Tarabusi 2012). It is noteworthy that the
areas characterized by the strongest damage in May 2012
(likely induced by local amplification effects) were per-
fectly identified and already clearly depicted in these pre-
liminary results.

For the specific aims of the present paper, numerous pas-
sive seismic measurements (single-station microtremor
analyses) were additionally performed in order to improve
and especially enlarge the database originally collected for
the microzonation study and thus extend the investigated
area to cover the whole Mirandola anticline. Accordingly,
the major targets of this note are, firstly, to investigate an
area much wider than the original microzonation study and
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Table 1 Geographic coordinates (latitude and longitude) of the Table 1 continued
HVSR measurements and the corresponding natural frequency, f;,

and peak value, A Label Lat. Lon. 1t A
Label - Lon. 1 A H049 44.8684 11.0760 0.91 4.1
HO050 44.8748 11.0683 0.94 3
HO001 44.8894 11.0702 0.91 22 HO51 44.8593 11.0563 1.03 35
HO002 44.8821 11.1963 0.78 2.1 HO052 44.8552 11.0511 0.94 2.7
HO003 44.8943 11.1793 0.75 23 HO53 44.8654 11.0265 1.06 2.8
H004 44.8842 11.0714 0.84 25 HO054 44.8700 11.0281 1.16 32
HO005 44.8854 11.0782 0.88 2.4 HO055 44.8729 11.0001 1.41 3.1
HO006 44.8905 11.0819 0.89 22 HO056 44.8670 11.0098 1.03 2.4
H007 44.8940 11.0686 0.88 2.1 HO057 44.8586 11.0279 0.88 1.9
HO008 44.8884 11.0634 0.78 22 HO058 44.8507 11.0459 0.72 1.8
HO009 44.8694 11.0610 0.88 3.9 HO059 44.8815 11.0694 0.84 2.4
HO010 44.8779 11.0552 0.88 3.8 HO062 44.8887 11.0573 0.81 2.1
HO11 44.8875 11.0527 0.72 2.4 HO64 44.8772 11.1332 0.91 2
HO12 44.8907 11.0341 0.88 2.7 HO065 44.8734 11.1015 0.72 2.8
HO13 44.8856 11.0433 0.88 3 HO066 44.8657 11.0959 0.91 3.8
HO14 44.8826 11.0639 0.81 2.7 HO067 44.8463 11.0888 0.88 2.9
HO15 44.8790 11.0631 0.94 3.3 HO68 44.8329 11.0770 0.92 2
HO16 44.8609 11.0595 1.03 5.7 H069 44.8573 11.0927 1.03 53
HO17 44.8701 11.0482 1.03 44 HO070 44.8443 11.0701 0.75 2.9
HO18 44.8958 11.0878 0.78 22 HO71 44.8446 11.0560 0.72 2
HO019 44.8854 11.0670 0.84 24 HO72 44.8739 11.0345 1.06 4.1
H020 44.8619 11.0623 1.09 4.6 HO73 44.8589 11.0882 1.06 4.7
HO021 44.8623 11.0564 1.06 5.8 HO74 44.8775 11.0629 0.88 3.6
HO022 44.8977 11.0708 0.88 22 HO075 44.8370 11.1589 0.78 24
HO024 44.8749 11.1277 0.94 22 HO076 44.8507 11.1733 0.72 2.1
HO025 44.8590 11.0441 0.94 3.2 HO77 44.8737 11.1861 0.78 2.4
H026 44.8737 11.0094 1.22 3.7 HO78 44.8824 11.1614 0.75 2.1
H027 44.8761 11.0194 1.03 3.6 HO79 44.8650 11.1522 0.84 22
H028 44.8809 11.0484 0.84 3.5 HO080 44.8359 11.1379 0.78 2.5
HO029 449185 11.1025 0.81 2 HO81 44.8241 11.1000 0.89 1.9
HO030 44.9217 11.0911 0.9 1.9 HO82 44.8438 11.1069 0.81 3
HO31 44.9012 11.0688 0.94 2.1 H083 44.8548 11.1107 1.06 4.1
HO032 44.8924 11.0752 0.91 2.1 HO084 44.8701 11.1200 0.75 2.7
HO033 44.8908 11.0597 0.75 22 HO085 44.8664 11.0818 0.91 53
HO034 44.8804 11.0554 0.84 3.2 HO086 44.8553 11.0748 1.16 39
HO035 44.8732 11.0454 1.09 3.4 HO87 44.8362 11.0637 0.81 2.4
HO036 44.8530 11.0374 0.87 2.1 HO089 44.8268 11.1622 0.88 1.9
HO037 44.8669 11.0560 1.09 42 H090 44.8436 11.1697 0.72 2.6
HO038 448779 11.0751 091 2.5 HO091 44.8624 11.1779 0.81 2.5
HO039 44.8696 11.0651 1 4.1 H092 44.8727 11.1547 0.81 2.5
HO040 44.8677 11.0641 1.19 43 H093 44.8563 11.1505 0.88 2.8
HO41 44.8656 11.0693 1.06 44 H094 44.8453 11.1453 0.84 42
HO042 44.8893 11.1014 0.93 1.8 H095 44.8238 11.1323 0.84 22
HO043 44,8811 11.0263 1.13 3.6 H096 44.8331 11.1056 0.75 2
H044 44.8849 11.0285 1.06 32 H097 44.8624 11.1139 0.91 4.4
HO045 44.8636 11.0194 0.88 22 HO098 44.8606 11.0772 1.03 5.4
HO046 449168 11.0654 0.93 23 H099 44.8507 11.0712 0.94 4.1
HO047 44.8766 11.0906 0.63 22 H100 449113 10.9943 0.88 22
HO048 44.8722 11.0807 0.91 2.7 H101 44.8834 10.9884 1.19 4.4
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Table 1 continued

Label Lat. Lon. i A

H102 44.8422 10.9564 0.94 1.9
H103 448778 10.9653 2 4.1
H104 44.8706 10.9751 1.38 5.1
H105 448785 10.9910 1.44 3.9
H106 44.9223 11.0320 0.75 2

H107 44.8931 11.0111 0.84 2.4
H108 44.8684 11.0028 1.13 34
H109 44.8321 11.0316 0.88 2.1
H110 44.9224 10.9955 0.81 23
H111 44.8982 10.9902 0.84 2.1
H112 44.8584 10.9670 0.84 23
H113 44.8768 10.9839 1.53 47
H114 44.8932 10.9985 0.84 22
H115 44.8844 11.0070 1.06 3.6
H116 44.8596 11.0000 0.91 1.9
H117 44.8915 11.1109 0.81 2.1
H118 44.9002 11.0763 0.91 24
H119 44.8944 11.0591 0.81 23
H120 44.8901 11.0956 0.94 24
Hi121 44.8986 11.0816 0.88 2.1
H122 44.9022 11.0594 0.94 23
H123 44.8537 11.0691 1 44
H124 44.8807 11.0769 0.84 2.3
H125 44.8478 11.0620 0.94 2.1
H126 44.9061 10.9703 0.84 2.3
H127 44.9013 10.9618 0.88 23
H128 44.8933 10.9729 0.88 3

H129 448877 10.9636 1.13 3.1
H130 44.8560 10.9552 0.94 1.9
H131 44.8688 10.9556 1.13 4.1
H132 44.8822 10.9570 1.69 4.1
H133 44.8625 10.9850 0.94 2.8
H134 44.8586 11.1254 0.94 3.1
H135 44.8500 11.1347 0.94 2.9
H136 44.8635 11.0609 1.13 5

 Uncertainty on f;, is commonly around 0.05 with few exception up
to 0.15 in case of particularly broad peaks

corresponding to the broader Mirandola anticline region and,
secondly, to define the best procedure and a general protocol
for systematically applying the methodology to similar geo-
logical and tectonic settings of the Po Plain and worldwide.

Methodology

The passive seismic measurements have been taken
using a digital tromograph (Tromino®) that records the

background noise in order to obtain the natural resonance
frequencies within the underground. All measurements
have been taken in free field conditions far from buildings
in order to avoid their effects and to solely investigate the
subsoil stratigraphy. We followed the three general reliabil-
ity conditions proposed in the SESAME user guidelines
(Koller et al. 2004; Bard et al. 2005). Then natural reso-
nance frequency has been also directly correlated with local
seismic amplification which is commonly considered as the
principal source of damage in case of earthquake shaking
(e.g. Mucciarelli et al. 2001; Gallipoli et al. 2004). The
background noise, also referred to as microtremor, is pre-
sent everywhere at the Earth’s surface and could be associ-
ated also with both atmospheric phenomena and anthropo-
genic activities. It is generally characterized by very small
oscillations with spectral components poorly attenuated in
space and measurable with passive recording techniques.
All elastic waves during their path from the source to a site
suffer some attenuation which is basically geometric, due
to the increasing dimensions of the wave front, and anelas-
tic, due to the real not perfectly elastic behaviour of all
rocks. In both cases, the amount of attenuation is a function
of frequency; indeed, assuming a constant velocity for all
frequencies, the shorter the wavelength (i.e. the higher the
frequency), the greater the number of cycles and hence of
the attenuation occurred. Accordingly, stratigraphic layer-
ing governs the distribution of the mechanical properties
(e.g. Castellaro et al. 2005). Such information is included
in the recorded microtremors together with random noise,
and it can be extracted by means of several methods like
the one proposed by Nakamura (1989; horizontal-to-ver-
tical spectral ratio, HVSR). This technique is nowadays
largely used in order to determine the local seismic ampli-
fication and to estimate the principal resonance frequencies
characterizing the shallow subsoil, say from tens to few
hundreds of meters. Both outcomes are crucial for engi-
neering antiseismic planning.

The H/V method assumes the microtremors as mainly
consisting of Rayleigh waves, both vertical and horizontal
components, which are amplified as a consequence of site
effects induced by the presence of stratigraphic discontinui-
ties within the subsoil. Based on a Fourier transform, it is
thus possible to reconstruct, in the frequency domain, the
spectral distribution of both horizontal and vertical records
(measured in the time domain) and hence calculate the
HVSR. The occurrence of a peak in the HVSR curve docu-
ments the presence of a mechanical discontinuity along the
vertical of the measured site.

The field work was carried out with three differ-
ent instruments, and several tests have been performed
by repeating the measurements at a same site at different
times for checking repeatability of results. Sampling was
at 128 Hz with recording times between 30 and 12 min
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according to the SESAME criteria (Koller et al. 2004;
Bard et al. 2005) for a reliable H/V curve. The Grilla soft-
ware (Micromed 2006, 2008) was used for elaborating the
records within the frequency interval 0-64 Hz, considering
time windows of 20 s and a smoothing technique based on
a 10 % wide triangular window.

Natural frequencies and amplitudes

Within a strongly subsiding foredeep basin, like the Po
Plain since Middle Pleistocene, in correspondence with the
structural culminations of the fault-propagation anticlines,
the thickness of the continental Quaternary deposits is gen-
erally reduced. Moreover, these deposits generally consist
of condensed sedimentary successions or even temporal
hiatuses, and in the investigated region, they directly over-
lay the Pliocene marine units (Pieri and Groppi 1981; Boc-
caletti et al. 2004; Martelli and Molinari 2008). As a conse-
quence, a high impedance contrast occurs due to the abrupt

increase in both seismic waves velocity and material den-
sity (Fig. 2). Accordingly, these mechanical conditions are
favourable to be detected on the basis of HVSR analyses
(Amorosi et al. 2008).

In particular, when the lithological changes are sharp
and stratigraphically reduced to (less than) few meters, a
high and marked amplification peak is expected to form
in the HVSR curve. As commonly accepted in the litera-
ture, the frequency of the amplification peak is at a first
approximation proportional to the shear wave velocity of
the overlying sedimentary body and to the inverse of the
discontinuity depth according to the formula (the so-called
resonance equation)
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Fig. 3 Map of the investigated area showing the distribution of the
HVSR measurements (friangles). A-A’ indicate the trace of the seis-
mic reflection profile represented in Fig. 7, while a—g indicate the
traces of the profiles shown in Fig. 9. Full circles indicate the Miran-
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dola (CH1) and Medolla (CH2) boreholes used for measuring the
seismic waves velocity profiles shown in Fig. 7, while empty circles
indicate the deep boreholes used to interpret section A-A’ (corre-
sponding names are in italics)
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close peaks or a relatively wide one (Oliveto et al. 2004;
Castellaro et al. 2005).

In principle, the higher the peak, the greater the imped-
ance contrast between the two layers, while the narrower

and the underlying lithological units (Fig. 2). In this geo-
logical setting, the impedance contrast is somehow dis-
tributed or possibly split between more than one surface.
In this case, the HVSR analysis shows two (or more) very
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Fig. 6 Distribution of the HVSR natural frequency, f,, obtained
within the investigated area. The darker the colour, the higher the
value and hence the shallower the surface characterized by the imped-

the peak (i.e. characterized by a very small range of fre-
quencies), the sharper is the lithological variation in the
stratigraphic column.

Data distribution

During the geophysical campaigns, a total number of
about 150 free field measurements have been taken. About
10 % of them were discarded according to the SESAME
criteria and based on the single-component Fourier spec-
tra, or because they were affected by anthropogenic dis-
turbances. Accordingly, only 131 measurements have been
further considered and subsequently analysed for the pur-
pose of this paper (Table 1). They are distributed all over
the investigated area (Fig. 3), though with a variable den-
sity in order to better highlight the geometry of the Miran-
dola anticline, which represents the structure-related stra-
tigraphy investigated in this paper. As mentioned earlier,
for each site the amplitude of the peak value of the HVSR
curve, A, and the corresponding frequency, f, (commonly
referred to as natural frequency), have been considered
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ance contrast. Triangles indicate the measured sites. Corresponding
numerical values are also reported in Table 1

(an example is shown in Fig. 4). In this regard, it should
be noted that only the peaks between 0.2-0.4 and ~10 Hz
have been analysed. Indeed, peaks at lower frequencies
could be possibly influenced by the meteorological condi-
tions (Koller et al. 2004), while peaks at f, > 10 Hz are
associated with very shallow stratigraphic reflectors of no
interest for the purpose of this paper.

The distribution of both parameters has been further
elaborated by creating a colour-shaded map using the Krig-
ing interpolation method included in Golden Software
Surfer®™®. The results of the geophysical campaign and the
gridding clearly document the presence of areas character-
ized by resonance phenomena, locally very important ones,
and allow to map their distribution. In particular, Fig. 5 evi-
dences the occurrence of a narrow zone (2.5-3.5 km wide),
trending ESE-WNW and characterized by A values of the
HVSR curves (Fig. 4) >2.5. Local maxima occur, from
west to east, along the central sector.

A similar pattern is also observed in Fig. 6, where the natu-
ral frequency f;, has been interpolated with the same procedure
described above. In this case, the selected discriminant value
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Fig.7 a HVSR curves obtained from sites investigated within a
distance of 200 m from a profile crossing the Mirandola anticline
(A-A’ in Fig. 3). The major peaks in the different graphs have been
tentatively correlated along the transect suggesting the possible lat-
eral continuity of the surfaces characterized by some impedance con-
trast. See for comparison the parallel geological section (b) obtained

is ca. 1 Hz and the gridding emphasizes an elongated ESE—
WNW-trending area characterized by natural frequencies up
to 2.0 Hz. Assuming as a first approximation laterally uni-
form (or smoothly variable) seismic waves velocities within
the uppermost sedimentary units, say the first 100150 m, the
mapped distribution of the natural frequencies is certainly due
to a strongly variable depth of the surface producing the reso-
nance (i.e. characterized by an impedance contrast).

The areas emphasized in Figs. 5 and 6 basically coin-
cide and are both characterized by marked gradients north
and south and progressive fading ESE-wards. Position and
dimensions of the overlapping area as well as the corre-
sponding values of the two mapped parameters are due to
laterally changing impedance contrast associated with the
variable stratigraphic succession developed during Plio-
cene—Quaternary on top of the Mirandola anticline.

Interface depth
A geological cross section based on seismic reflection

profiles (Martelli and Molinari 2008) and realized for
investigating possible geothermal reservoirs in the area of

B -

s Bls _—7

from a seismic reflection profile and boreholes data (modified from
Martelli and Molinari 2008). Legend: / Middle-Upper Quaternary
continental deposits; 2 Upper Pliocene-Lower Pleistocene marine
deposits; 3 Middle Pliocene; 4 Santerno Formation (Lower Pliocene);
5 Porto Garibaldi Formation (Lower Pliocene); 6 Colombacci Forma-
tion (Upper Messinian); 7 major thrusts

Mirandola is represented for reference in Fig. 7b. On top
of the profile are also plotted the HVSR curves obtained
from sites measured within a distance of ca. 200 m from
the trace of the geological section (A-A’ in Fig. 3). Accord-
ingly, we tentatively correlated laterally the major peaks
and few secondary ones in order to obtain a pseudo-2D
section representing the principal surfaces characterized
by impedance contrast. As it could be clearly observed,
there is a good agreement between the reconstructed sub-
soil geometry of the Pliocene and Quaternary sedimentary
bodies and the position (i.e. frequency) and shape of the
peaks in the different HVSR curves (Fig. 7a). In particu-
lar, in correspondence with the top of the Mirandola anti-
cline, the HVSR curves show a marked peak, locally as
high as 5.8, progressively decreasing in amplitude A both
northwards and southwards, that is to say moving towards
the two contiguous synclines. From a mechanical and
hence seismological point of view, these HVSR variations
(Fig. 7a) could be due to a laterally variable impedance
contrast particularly related to an impedance increase in
the sedimentary body below the interface in correspond-
ence with the anticline. This could be a consequence of (1)
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Fig. 8 1D velocity profiles obtained at Medolla (a) and Mirandola
(b) (see Fig. 3 for location) with the cross-hole technique (dots). ¢,
d The HVSR curves measured at the head site of the two boreholes
(black curves) and the modelled ones (grey curves) obtained using the
simplified velocity profile shown in (a, b) as a stepping black curve

differential compaction, (2) the direct contact with older
(i.e. more compacted and denser) layers following the
partial erosion of the upper part of the underlying succes-
sion and/or (3) a condensed overlying sedimentary series.
Following the same approach, we also attempted to corre-
late other secondary peaks (Fig. 7a), which emphasize the
pinch-out geometry of the sedimentary bodies infilling the
synclines both north and south of the Mirandola anticline.

Discussion

It is worth to note that the overall picture of the buried
Mirandola anticline has been obtained in this paper based

@ Springer

only on the large number of single-station measurements
that allowed to laterally correlate the peak frequency and
amplitude of the HVSR curves and especially to give a
stratigraphic meaning to the interfaces corresponding to the
observed peaks (Figs. 5, 6).

In order to further constrain and validate the subsoil
model here proposed, we also carried out HVSR meas-
urements in correspondence with two boreholes cored
by Regione Emilia-Romagna down to a depth of 101 and
127 m, respectively (see Fig. 3 for location). Accordingly,
at these two sites, the detailed stratigraphic succession has
been reconstructed showing the occurrence of the lower
Pliocene Top, the so-called seismic pseudo-bedrock inter-
face of the area (i.e. v, > 600 m/s). at ca. 96 and 113 m,
respectively (Luca Martelli, pers. comm.). Moreover,
at both sites a second borehole was drilled to perform a
cross-hole investigation for measuring the velocity distri-
bution at depth (Fig. 8a, b). Based on a simplified inver-
sion approach (Castellaro and Mulargia 2009), we suc-
ceeded to reproduce our measured HVSR curves and
particularly the major and meaningful peaks down to the
bedrock interface separating the marine Early Quaternary—
Late Pliocene from Lower Pliocene deposits (Fig. 8c, d).
The slight velocity misfit with increasing depth is possibly
due to the progressive loss of verticality and hence of par-
allelism between the two boreholes used for the cross-hole
measurements that could have introduced a velocity error
in the deeper part of the borehole measurement (e.g. Butler
and Curro 1981).

Following the resonance Eq. (1), a good estimate of the
shear-waves velocity of the deposits overlying the litho-
logical discontinuity could allow to constrain its depth.
The estimated values of the v, and especially of the
vy vary from 200 to 210 m/s and from 305 to 315 m/s,
respectively, at the two measured sites of Medolla and
Mirandola (Fig. 8a, b). Accordingly, the inferred depth
of the recognized discontinuity emphasized by the natu-
ral frequency distribution (Fig. 6) ranges between 75 and
90 m, on the crest of the Mirandola anticline (e.g. near
San Giacomo in Roncole; Fig. 3), to more than 150 m
both north and south along the two flanks of the fold and
towards the eastern pericline (the investigated area does
not cover the western termination of the buried tectonic
structure).

Although in laterally heterogeneous sedimentary suc-
cessions a much larger number of boreholes would be
necessary to establish a reliable frequency—thickness rela-
tionships (e.g. Ibs von Seht and Wohlenberg 1999; Gosar
and Lenart 2010), our investigated area is characterized by
a smoothly variable stratigraphy, and hence, we consider
the calibration performed at the two boreholes of Regione
Emilia-Romagna as sufficiently constrained for the purpose
of this paper.
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Fig.9 HVSR curves obtained from sites investigated within a dis-
tance of 200 m from the traces a—g (see Fig. 3 for location) cross-
ing the Mirandola anticline. Following the same approach discussed

According to the calibrated mean velocity profiles
and following the same approach previously described
and used for laterally correlating 1D HVSR measure-
ments (Fig. 7a), we elaborated several transects oriented
NNE-SSW that are running across the buried anticline
(traces a to g in Fig. 3). The results of this approach

in the text and shown in Fig. 7, the major peaks have been tentatively
correlated to form pseudo-2D sections

and the tentative correlations among the different
HVSR peaks are shown in Fig. 9, where it is possible
to observe a substantially uniform pattern marked by
some major surfaces (i.e. characterized by impedance
contrast) converging both north and south towards the
top of the anticline. This geometry is emphasized by
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the more pronounced and relatively higher frequency
peaks, which commonly correspond to the shallow-
est depth of the so-called seismic pseudo-bedrock (i.e.
v, > 600 m/s).

Concluding remarks

Seismic amplification is influenced by the stiffness of the
soil, and especially by the impedance contrast among shal-
low seismic units. Accordingly, maps of natural frequency
are of utmost importance because they allow to recognize
areas characterized by a high impedance contrast where
a greater amplification in ground motion is expected to
occur in case of seismic shaking. Indeed, if the amplified
frequency at a site is close to that of a standing building,
a resonance effect may occur, and therefore, the risk of
the building to suffer structural damage greatly increases
(e.g. Mucciarelli et al. 2001; Castellaro et al. 2014). In
this regard, amplification maps are crucial for urban plan-
ners in defining the height of buildings (viz. the number
of floors) characterized by a resonance coincident with the
natural one and enabling engineers to improve the antiseis-
mic behaviour of new constructions or to retrofit old ones.
Seismic amplification is in fact considered the first cause of
damage and collapse during an earthquake (e.g. Mucciar-
elli et al. 2001; Gallipoli et al. 2004).

The major results of the present research consist in the
reconstruction of the natural amplification distribution
associated with, and caused by, the presence of impedance
contrast in the subsoil. In particular, this information has
been obtained either in terms of frequency and amplitude
of the HVSR (Figs. 5, 6). This paper also shows how the
systematic application of the HVSR method, a low-cost
non-invasive geophysical technique, generating a rela-
tively dense grid of measurements over a wide area and
strictly following as a standard the well-tested SESAME
criteria, could allow to laterally correlate specific amplifi-
cation peaks and hence to interpolate with confidence the
same impedance contrast surface. According to the instru-
mentation used and the stratigraphic setting of the inves-
tigated area, such a surface that represents the real target
of the whole procedure could be up to 150-200 m deep.
The capacity to model it in some detail could enable to
map large-scale deformations, which are too subtle to be
reconstructed on the basis of morphological analyses (due
to the lack of cumulative effects) and generally too shallow
to be taken into account during seismic reflection surveys
devoted to hydrocarbon exploration.

Finally, the application of the above procedure to the
Mirandola case study allowed to emphasize the persisting
and recent growth of a major fault-propagation anticline,
where both the causative thrust and the associated fold
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are completely buried by the Middle—Upper Pleistocene
to Holocene continental deposits (e.g. Martelli and Moli-
nari 2008; Bonini et al. 2014). In this regard, the obtained
results clearly and independently document the presence
of a folded surface in the shallow Mirandola subsoil; the
crest is oriented ESE-WNW with a culmination towards
the west and a periclinal setting eastwards in perfect agree-
ment with the deeper tectonic structure reconstructed on
the basis of seismic reflection profiles. The results of this
methodological approach are quite encouraging and could
be easily applied to other morphologically flat regions
affected by blind faulting and folding.
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