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ABSTRACT ARTICLE HISTORY
Exploring the ‘fragile crust of our planet’ is crucial for human sur- Received 28 July 2024
vival holding an immense social and economic significance. ~ Accepted 26 October 2024

Therefore, innovative approaches become of utmost importance
for obtaining precise subsoil models in urban areas making the
latter more resilient to natural disasters. Due to logistic issues and t L
. . X omography; seismic
a high level of anthropogenic disturbance and related back- reflection; urban
ground noise, urban areas are usually intrinsically more problem- geophysics; hydrogeology;
atic for applying geophysical prospecting methods. This work urban geology
presents the results obtained by Deep Electrical Resistivity
Tomography and P wave Seismic Reflection surveys performed
along the Ferrara, north Italy, city walls documenting the adapt-
ability of the geophysical surveys and how it is possible to obtain
high-quality electrical resistivity and seismic data even in complex
urban settings. The joint interpretation of geoelectrical and seis-
mic data fully integrated with tectonic, geological and hydrogeo-
logical information allowed to reconstruct the stratigraphic
evolution down to a depth of about 1.5km. These results
highlight the occurrence of a syndepositional Quaternary tectonic
tilting associated with the growth of a fault-propagation fold.

KEYWORDS
Deep electrical resistivity

1. Introduction

The urban population of the world has grown rapidly since 1950, having in-creased
from 751 million to 4.2 billion in 2018 (United Nations 2019). Growth of urban
density is driven by both the overall population trend and the progressive movements
towards urban areas. These two factors are projected to add 2.5 billion to the world’s
urban population by 2050, with almost 90% of this growth occurring in Asia and
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Africa. Therefore, urban areas are expected to absorb virtually all of the future growth
of the world’s population. On the other hand, forecasts based on the best available
scientific evidence indicate that in the coming decades, climate change may induce
hundreds of millions of urban residents increasingly vulnerable to floods, landslides,
extreme weather events, and other natural disasters (United Nations 2020).
Accordingly, this rapid evolution poses challenges for the set-up of an ambitious
urban development agenda that seeks to make cities and human settlements inclusive,
safe, resilient and sustainable (SDG 11). For example, it is worth to note that 90% of
all reported COVID-19 cases occurred within urban areas which became epicenters
for the pandemic diffusion. As a result, cities are increasingly compelled to address
the reality that unplanned urbanization can lead to conditions where many residents
lack adequate access to water and sanitation facilities, particularly in overcrowded
areas where physical distancing is difficult (United Nations 2020). To tackle these
challenges, it is essential to adopt new strategies and programs for planning new
urban centres or expanding existing ones. Such initiatives should aim to enhance
resilience to natural disasters and health emergencies, while also improving ground-
water resources and promoting energy and environmental sustainability. These plans
require a good knowledge of the subsoil which, due to its complexity, in urban and
logistic terms, makes classical diagnostics inappropriate for the purposes.

The city of Ferrara, Northern Italy (Figure 1), was thus selected as a test site in the
frame of the CLARA (CLoud plAtform and smart underground imaging for natural
Risk Assessment) project being affected by both hydraulic, hydrogeologic, seismic,
and environmental risks. The scientific and technological challenge of the project
consists in developing from a Smart Cities perspective, innovative products and serv-
ices for the mitigation of the above risks in urban and suburban areas through the
active involvement of Public Administrations (Castelli et al. 2019).

Figure 1. Simplified tectonic map of the Eastern Po Plain showing the projected traces (red curves)
of the major fault segments belonging to the Ferrara Arc. Dotted curves indicate the crest of the
anticlines associated to the Casaglia and Volano thrusts. Blue lines represent the traces of the deep
seismic reflection profiles. See inset map for location.
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Currently, there is a pressing need to develop innovative approaches for creating
detailed geological models of the subsoil in urban areas. Geological mapping in
densely populated regions presents significant challenges due to the scarcity of suit-
able outcrops that can inform our understanding of subsurface conditions.
Additionally, drilling boreholes for direct observations can be expensive, and urban
layouts often limit the optimal placement of wells due to logistical constraints. In
areas of particularly complex geology, this scattered information is commonly not
enough to provide a detailed picture of the shallow subsurface (Marti and Carbonell
2016). On the contrary, the geophysical exploration of the subsoil in a dense urban
environment (where there is generally an intrinsic difficulty to perform direct surveys
and invasive drillings) could potentially respond to this expectation. Notwithstanding,
the highly anthropogenically modified setting, the presence of several infrastructures
and underground utilities can strongly affect also this kind of sub-soil exploration.

The role of applied geophysical techniques in addressing the challenges of increas-
ing global urbanization is set to expand significantly. In this context, a comprehensive
understanding of the geological subsoil, the lithostratigraphic distribution and the
hydrogeological model, and its interaction with urban infrastructures becomes essen-
tial for effective urban planning at any foundational level. A novel sub-discipline,
called Urban Geophysics (Liu and Chan 2007; Lapenna 2017) has been recently devel-
oping in the field of geophysics for analysing limits and potentialities of well-known
geophysical techniques in urban and industrialized areas. Urban geophysics aims to
simplify and streamline the planning phase by providing a large amount of informa-
tion readily available for consultation by designers and competent bodies in public
administration. This includes detailed information about the geological subsurface. In
order to increase the geological knowledge in the urban context, it is possible to apply
different geophysical methods. Their remote sensing ability offers several advantages
compared with other invasive methods like drilling or penetrometer tests. The most
appropriate methods are Ground Penetrating Radar (GPR), Electrical Resistivity
Tomography (ERT), electromagnetic (EM), seismic (S) and micro gravity (mG) tech-
niques. The choice of the more proper methodologies to be applied depends on the
purpose of the prospecting and, in particular, by the contrasts between the geophys-
ical properties in the subsoil lithologies or sediments, the required depth of investiga-
tion, the logistics for the deployment of the sensors and the economic feasibility. At
this regard, the urban environment poses significant challenges for geophysical studies
due to elevated levels of ambient noise, impacting the accuracy of data collection, and
on the applicability of the different geophysical prospecting methods. Therefore, miti-
gating background noise in geophysics can be achieved through advanced signal proc-
essing techniques, strategic site selection, and the implementation of noise reduction
technologies, enhancing the precision and reliability of data acquisition. In shallower
applications, GPR and ERT have been used for exploring the shallower layers of the
urban subsurface, with resolution from tens of centimetres to tens of metres, for the
detection and geometric characterization of buried ancient structures, anthropogenic
and lithological-structural features, buried cavities and archaeological remains
(Papadopoulos et al. 2009; Rizzo et al. 2019b; Bellanova et al. 2020; Capozzoli et al.
2023). Moreover, passive and active seismic approaches could provide further
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contributions to the development of a reliable geological model of the investigated
area and feed numerical procedures devoted to the assessment of seismic response
(Calamita et al. 2019; Tragni et al. 2021; Gangone et al. 2023).

Among the several geophysical techniques, seismic reflection can provide the
appropriate penetration depth and resolution for achieving a relatively detailed geo-
logical interpretation of the subsoil providing 2D and even 3D imaging thus enabling,
for example, the recognition of fractures networks, the reconstruction of the fault
geometry or other deformational structures, and generally of the overall stratigraphy.
Besides the expected development related to oil and gas exploration companies, the
increasing interest in shallow subsurface has provided a completely new insight to
seismic methods, mainly related to instrumentation and processing techniques to
obtain higher vertical and horizontal resolution and to overcome the challenges of
the complex upper part of the subsurface in unconventional environments and appli-
cations. Therefore, the right planning of the acquisition experiment is essential to
ensure the success of a seismic survey in an urban environment (Liu and Chan
2007). Several seismic surveys were performed in urban settings by using frequency-
controlled vibriosis sources both in P- and SH-waves. As an example, Liberty (2011)
acquired five reflection seismic profiles in residential streets to identify and character-
ize potentially active faults that cross the downtown Reno city, Nevada area.

On the other hand, deep applications of electromagnetic geophysical methods in
urban areas are very uncommon. A rare example is represented by Gabas et al
(2014) which combined the controlled source audio-magneto-telluric method
(CSAMT), the magneto-telluric method (MT), the microtremor H/V analysis, and the
ambient noise array measurements for mapping the bedrock depth and constraining
the thickness of Quaternary sediments in the broader Girona and Salt areas (NE of
Spain). In the research proposed by Rapti-Caputo et al. (2009), the conceptual hydro-
geological and hydrochemical model, based on direct drilling data, up to a depth of
500 m, was integrated by a detailed and repeated 3D resistivity investigation using
combined ERT, Time-Domain Electromagnetic Soundings (TDEM) and in-hole meas-
urements of the geoelectrical parameters. More recently, Carrier et al. (2019) acquired
reflection seismic profiles, gravimetric data, and a 4.5km-long 2-D deep geoelectrical
survey at the edge of the industrial area of Satigny (North of Geneva, Switzerland) to
investigate the subsurface down to 1.5km-depth for geothermal exploration.

The Deep Electrical Resistivity Tomography (DERT) method was introduced by
Perez Flores and Trevino (1997). They studied the Ahuachapan-Chipilapa geothermal
field (El Salvador), where four resistivity profiles were carried out with electrode dis-
tances between 500 and 100 m for detecting the geometry of conductive zones associ-
ated with the presence of geothermal fluids. Although the long time since its
proposal, DERT applications are not widespread in general, and indeed few examples
have been published so far (Di Maio et al. 1998; Storz et al. 2000; Suzuki et al. 2000;
Colella et al. 2004; Rizzo et al. 2004, 2019c, 2022; Giocoli et al. 2008; Pucci et al.
2016; Rizzo and Giampaolo 2019; Troiano et al. 2019, Sapia et al. 2021; Balasco et al.
2022; Olita et al. 2023). All pre-existing DERT applications are associated with geo-
logical, hydrogeological and geothermal investigations in extra urban areas highlight-
ing the feasibility of the technique both from the logistic and instrumental aspects, in
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addition to that of signal analysis. At this regard, this technique represents a good
approach in areas where it is important to study the presence and the circulation of
fluids, such as in areas of geothermal interest. Indeed, within or close to urbanized
areas, the direct use of the geothermal resources could be very fruitful due to the
short connection to the district heating network. A critical point when using electrical
resistivity techniques in urbanized areas is represented by the commonly high level of
electric noise. Accordingly, the DERT technique represents a real challenge for its
operating mode in urban settings where the major critical points could be logistics,
instrumental and data analysis methods for the noise removal (Balasco et al. 2022).

Within the urban area of Ferrara, a 5500 m-long DERT and a 2500 m-long P-waves
seismic reflection profile were selected for carrying out two different geophysical
methods along the same path (Rizzo et al. 2019a; Figure 2). The aim of this double
geophysical investigation was to improve the geological information in correspond-
ence of an urban context. We also performed a joint interpretation of DERT and seis-
mic data which certainly represent an important added value to the research.

The city of Ferrara stands on the eastern sector of the Po Plain (Figure 1), a
morphologically flat region, and covers an area of about 404 km® with a popula-
tion of about 132.000 inhabitants. It was founded in the early Middle Ages, as a
small castrum on the natural bank of the Po River and then progressively
expanded, initially in a linear way along the riverbank, then with subsequent addi-
tions in Renaissance times, made possible by hydraulic reclamation works and the
migration of the riverbanks (Patitucci Uggeri 1989; Uggeri 1989; Cremaschi and

——>= DERT
—+— 0GS1

— seismic

Figure 2. Map of the urbanized area of Ferrara showing the traces of the geophysical surveys car-
ried out in the frame of the present research (black and red curves) and the two deep seismic
reflection profiles used for comparison (blue lines). See Figure 1 for location.
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Nicosia 2010). The various parts of the city, settled in successive phases, have dif-
ferent geological characteristics and are subjected to different levels of environ-
mental risks, among which those associated with flooding and potential river
routes of the Po or Reno rivers, that probably will be exacerbated in the future by
climate change. Moreover, an important historical seismicity (Guidoboni 1984;
Caputo et al. 2016), significant seismic amplification factors and a high liquefac-
tion potential also characterize the studied area.

The hydrogeological setting of the city area and its surroundings has been largely
investigated by means of numerous drinking water wells and exploratory boreholes
(generally <150m), and penetrometer logs (generally <35m), therefore providing
direct and indirect information for the shallow subsoil. However, deep geological and
geophysical data (e.g. deep bore-holes stratigraphy, geological-structural studies, seis-
mic reflection profiles as well as active and passive site measurements) are available
only outside Ferrara, where investigations were extensively carried out in the past
decades mainly for hydrocarbon exploration purposes. Consequently, deep geological
and structural knowledge in correspondence of the volume underlying the broader
urbanized area of Ferrara is completely lacking.

2. Tectonic, stratigraphic and hydrogeological framework

The investigated area belongs to the eastern sector of the Po Valley, which represents
a morphologically flat alluvial plain since most of the Quaternary. The uppermost
continental sedimentary succession covers, and it is partly slightly deformed by, a ser-
ies of underlying tectonic structures forming the so-called Ferrara Arc (Pieri and
Groppi 1981; Bigi et al. 1992) belonging to the Neogene-Quaternary Northern
Apennines fold-and thrust belt (Figure 1). In particular, this second-order arc
(Caputo and Tarabusi 2016) corresponds to the frontal most portion of the continen-
tal accretionary wedge and consists of a complex thrust system composed of several
interconnected minor segments, commonly 10-30km-long and characterized by dif-
ferent degrees of overstepping and overlapping geometries (Pieri and Groppi 1981;
Bigi et al. 1992).

Inherited crustal features have likely contributed to this structural complexity, both
in space and time. Faulting along the Ferrara Arc is typically blind (Figure 2). Most
of these tectonic structures are seismogenic and capable of producing at least moder-
ate earthquakes (i.e. M =5-6); in case of co-seismic linkage with nearby segment(s),
the occurrence of stronger events could be not ruled out, possibly up to M =6.5. For
example, two of these segments (Mirandola and Finale Emilia thrusts; Figure 1) were
the causative faults of the 2012 Emilia seismic sequence (Pezzo et al. 2013; Bonini
et al. 2014; Govoni et al. 2014; Vannoli et al. 2015).

Several available seismic reflection profiles and deep wells for hydrocarbon
exploration (e.g. Pieri and Groppi 1981; Regione Emilia-Romagna & ENI-AGIP,
1998; Toscani et al. 2009) document that the Mesozoic-Lower Tertiary, mainly
carbonate, succession is strongly affected by thrusting characterized by prevail-
ingly low-to-medium dip-angle surfaces, showing large displacements locally up to
some kilometres (Figure 2). Moreover, the Tertiary and Quaternary, essentially
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Figure 3. Interpreted seismic reflection profiles east of Ferrara (modified from [48]) showing the
projection of the OGS1 (dotted line) and DERT (dashed line) geophysical surveys carried out in the
present research. Traces are represented in Figure 1.

clastic, sedimentary succession is largely involved in the deformation with a dom-
inant vergence towards the north.

Associated with the fault system, large-scale folds commonly develop as ramp anti-
clines (fault-related folds) or as fault-propagation folds (Figure 3), but also other sec-
ondary accommodation structures could form in correspondence of some segment
boundaries separating thrusts with different settings and kinematics. It is worth to
note that Ferrara stands on top of such transfer structure geometrically and kinemat-
ically connecting the Casaglia Thrust with the Volano Thrust (Figure 1), which form
a left-lateral overstepping (and underlapping?) geometry. The geophysical investiga-
tions carried out in the present research will also contribute to shed some light on
this issue.

As above mentioned, late Neogene-Quaternary tectonics is basically synsedimen-
tary as clearly documented by the strong lateral thickness variations, pinch-out geo-
metries and overlap settings as well as fan shape layering in association with growth
synclines. Similarly, inferred sedimentation rates are characterized by a high lateral
variability from almost zero, or even erosion, to several mm/a (e.g. Ghielmi et al.
2013; Mastella 2018; Amorosi et al. 2021; Severi 2021). Notwithstanding the positive
vertical movements locally occurring in correspondence with the anticlines, the
broader Po Plain is dominated by a regional scale subsidence (e.g. Caputo et al. 1970;
Arca & Beretta, 1985; Carminati et al. 2003; Cenni et al. 2013). Accordingly, accom-
modation space is continuously generated, sedimentation follows, and progressively
buries the growing tectonic structures (both faults and folds). As a further conse-
quence of this persistent competition between tectonics and sedimentation, the depth
of the carbonate bedrock varies between several kilometres in the synclines and few
hundred metres at the crest of the anticlines, while as a first approximation, topog-
raphy remains roughly flat across the entire area (e.g. Bigi et al. 1992).
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Based on seismic reflection profiles and deep boreholes carried out for hydrocar-
bon explorations some decades ago, it is possible to reconstruct the subsoil geology
down to several km-depth (Figure 3) thus allowing to recognize of the occurrence,
the position and the geometry of the major tectonic structures affecting the area. In
the frame of a collaboration with ENI SpA, we could analyse numerous seismic pro-
files (Valenti 2015; Allegra Garufi, 2016; Mistroni 2016; Mastella 2018; Rapti and
Caputo 2021) allowing us to acquire a general picture of the regional tectonics
including the area investigated in the present paper.

For the goals of the present note, we will focus on two of the analysed profiles,
referred to as BOL-20 and FOR-188, being the closest ones to the town of Ferrara
(Figure 1). The traces of the selected profiles are parallel and oriented NNE-SSW,
running at ca. 0.5--1.0 and 1.5-3.0km east, respectively, of the Ferrara Renaissance
walls, therefore in a direction almost parallel to that of our roughly N-S geophysical
surveys (Figure 2). Both profiles clearly confirm the presence of a ramp-anticline ori-
ented ESE-WNW whose crest runs close to the southeastern corner of the city walls.
This tectonic structure, here referred to as the Volano Thrust (or anticline; Figure 1),
continues ESE-wards for more than 20 km with a slightly curved shape in plan view.
At a depth of 5-6 km, the available seismic profiles show that this fault is character-
ized by a partitioning of the displacement branching up-dip and forming some major
splays affecting the whole Tertiary succession (Mastella 2018). Seismic reflection pro-
files clearly show that the whole sedimentary succession from Triassic to Pleistocene
has been involved in the shortening.

Also west of Ferrara, the shallow crustal volume is affected by a similar tectonic
structure, which has been however much more investigated because it contains a
medium enthalpy geothermal reservoir exploited since decades to support the district
heating network serving a large portion of the Ferrara buildings. It is the Casaglia
Thrust mainly trending E-W and turning to an ESE-WNW direction in its eastern
sector (Figure 1). It is ca. 22km-long and characterized by a well-defined ramp that
accommodates most of the shortening thus describing a different deformational style
with respect to the Volano Thrust in terms of geometry, setting and position of the
ramp and the presence of secondary accommodation structures lacking in the eastern
structure investigated by our geophysical surveys.

Although both belonging to the broader Ferrara Arc, the two structures had clearly
distinct and different geometric, kinematic, and probably chronological evolutions,
thus representing potential fourth-order seismogenic sources (sensu Caputo and
Tarabusi 2016). As a further consequence, in correspondence to Ferrara there likely
exists a hard segment boundary somehow linking the two major tectonic elements.
Lacking deep industrial seismic profiles within the urbanized area, the present
research could also contribute to shed some light on this issue.

The infilling of the Po Basin displays an overall regressive tendency, from
Pliocene open marine to Quaternary marginal marine and then alluvial deposits,
corresponding to the marine (Qm; age > 0.65Ma) and continental Quaternary
(Qc; commonly referred to as the ‘Emilia-Romagna Supersynthem’) stratigraphic
cycles (Ricci Lucchi et al. 1982). The large-scale architecture is characterized by an
internal subdivision of the succession into several unconformity-bounded
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stratigraphic units (UBSU), where each unconformity represents a phase of basin
re-organization (Amorosi et al. 2008).

The ca. 0.45Ma unconformity of tectonic origin (Regione Lombardia and ENI-
AGIP; 2002), allows to subdivide the ‘Emilia-Romagna Supersynthem’ into two
lower-rank ones: ‘Lower Emilia-Romagna Synthem’ (AEI) and ‘Upper Emilia-
Romagna Synthem’ (AES) being the latter strongly influenced by the Milankovitch-
scale (ca. 100 ka) cyclicity (Amorosi et al. 2008).

From a hydrogeological point of view, within AES, AEI and the underlying depos-
its are developed three major Aquifer Groups, referred to as A, B and C further sub-
divided into aquifer systems. Up to a depth of 500 m within the study area, group A
includes four major aquifer systems (Al to A4), similar to group B (BI to B4), while
group C includes five major aquifer systems (CI to C5) in reality poorly explored
(Regione Emilia-Romagna & ENI-AGIP, 1998; Rapti-Caputo et al., 2000; Molinari
et al. 2007). The aquifers in groups A and B are mainly developed in alluvial deposits
and particularly within the coarse-grain component of the alluvial fans and in the
sandy layers associated to the Po River channels. On the other hand, the aquifers of
group C mainly consist of coastal and marine marginal deposits, characterized by
sands alternating with finer sediments.

The geometrical parameters (thickness and lateral distribution) and the geochem-
ical and hydrodynamic characteristics of the aquifers strongly depend on the lateral
and vertical facies variations of the sedimentary successions, which in turn are gov-
erned by the tectonic activity and the continuously varying depositional environments
(continental, lacustrine or marine, e.g. Rapti-Caputo et al., 2000).

Consequently, the Pliocene-Quaternary deposits in the subsoil of the investigated
area are characterized by silty-muddy layers alternating with sandy and sometimes
gravel lenses. In particular, within the first 500m in correspondence of the broader
Ferrara area, it is possible to distinguish three main aquifers groups A, B, and C
(Regione Emilia-Romagna & ENI-AGIP, 1998; Rapti Caputo 2000), where the con-
fined aquifers consist of sandy layers with variable grain size or sandy-silt material.
These aquifers are in general hydraulically separated by layers with low permeability
(mainly silt or clay-silt). It should be noted that (Figure 4), firstly, Group A is in gen-
eral saturated in fresh water with a total thickness of about 150 m, though the aquifer
system A, is locally absent. Secondly, in the investigated area the top of Group B
occurs at a depth of 150 m with a thickness of about 70m and it is saturated with
fresh water. On the contrary, the lower portion of B, between 220 to ca. 550 m, is
saturated with salt/brackish water. Thirdly, all deeper aquifers belonging to Group C
obviously contain salty water.

3. Geophysical data and methods

As above mentioned, the CLARA project was devoted to applying ‘deep’ geophysical
prospecting methodologies to urban settings, and to achieve this target we carried out
seismic reflection and 2D Deep Electrical Resistivity Tomography (DERT) campaigns
in the city of Ferrara allowing to investigate as deep as ca. 1500 m below the ground
surface. The deep geophysical surveys were conducted along the vallum between the
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Figure 4. Simplified hydrogeological framework in correspondence of the Eastern Ferrara sector
showing a greater detail in the first 150 m, where A7, A2 and A3 aquifers have been distinguished.

sixteenth-century walls and the modern eastern sector of the town. In particular, a
seismic reflection line (2630 m-long) was acquired along the currently dry moat
(Figure 2). Due to the intense vehicular transit and the multiple anthropogenic activ-
ities that could condition the seismic acquisition, the survey was carried out at night,
with partial closure to the circulation of some road sections, thanks to the collabor-
ation of the Ferrara Administration. This allowed to largely improve the quality of
the collected data.

A DERT profile (5600 m-long) partially superimposed on the seismic profile was also
performed (Figure 2). The geoelectric survey was conducted during the day. In order to
prevent the crossing of the cables from any road and therefore avoid the necessary clos-
ure of road traffic, electrodes were installed on vegetated surfaces both in private and
public gardens. We wish to remind that managing geophysical surveys in an urban
environment is challenging in terms of work organization, timing and site safety, as well
as to reduce any possible act of vandalism. Permits for working in public areas and for
accessing private ones were provided and facilitated by a municipal ordinance.

3.1. Seismic reflection profile

Seismic reflection is a geophysical method that provides information about the sub-
surface structures of the ground (e.g. Yilmaz 2001). In this method, acoustic waves
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are sent into the ground, which are reflected from the various buried structures (Sato
et al. 2012). The signal recorded by geophones at the surface is proportional to
impedance contrasts (the product of density and seismic velocity). In general, geo-
physical surveys are divided into shallow and deep surveys. The methods mainly dif-
fer in a) the energy sources, b) the geometry of the source and the receivers (<5m
distance between receivers for shallow reflections, 5-60 m for deep reflections) and c)
the type of used receivers (low-frequency geophones for deep, high-frequency geo-
phones for shallow reflections; (Steeples 1998). For shallow seismic surveys, sledge-
hammers, portable vibrators and mechanical weight drops are most commonly used,
while vibroseis and explosives are used for deep seismic surveys. In the frame of this
project, we therefore recorded a reflection seismic line with a MiniVib source in P-
wave mode.

The seismic survey was carried out using a DMT Summit II telemetry system
equipped with a 24-bit A/D sigma-delta converter. A MiniVib T-2500 was used as
the acoustic source. The vibration source was instead selected as a pulse source
because it is possible to apply the same energy at a lower intensity over a longer
period (Laing 1972, 1989; Goupillaud 1974). Low intensity is always required when
the seismic survey is close to buildings or archaeological remains as was the case for
this survey (Figure 5a).

Arrays of 6 geophones (10Hz) with a pattern spacing of 10m were used as
receivers to attenuate the ground-roll effect (Morse and Hildebrandt 1989) and ran-
dom noise (Savit et al. 1958). We performed FSW and FRW tests (Vincent et al.
2006), in which we determined near-surface seismic phase velocities for different
coherent wave trains. The tests show that an upsweep in the frequency range between
8 and 140Hz propagating linearly in 16sec had a satisfactory penetration into the
ground with a force of 25001b. To limit the ripple effects in the clapper, a 10% taper
was applied. The energization point was selected every two stations (i.e. 20 m), and
two or more shots were conducted at each point. The entire line was covered with a
fixed distribution of 264 stations. All seismic parameters are reported in Table 1.

After data collection and before data processing, it was necessary to check the data
quality (QC) in the pre-processing phase. The field data were recorded without cor-
relation. Cross-correlation with the sweep pilot was performed after a predictive
deconvolution was applied to the uncorrelated data to reduce environmental noise
(Baradello and Accaino 2013). After verifying the survey geometry, the entire seismic
dataset was edited shot-by-shot to remove noisy traces and then the energizations
performed at the same position were merged (vertical stack). The basic processing
steps to increase and improve the signal-to-noise ratio were, firstly, an amplitude
recovery (geometric divergence and ground absorption), and secondly, an attenuation
of the coherence noise (ground roll) using a trimmed mean dynamic dip filter and
bandpass filtering. Zero-phase deconvolution was successfully performed to increase
the vertical resolution (Berkhout 1977). Semblance and CSV algorithms were applied
to groups of common deep points (super gathers) to calculate the seismic velocity
across the sediments. The seismic velocity information led to the time correction of
the reflections (normal move-out) in the individual CDP before stacking. The final
result of the stacked section (in the following referred to as OGS1) shows several
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Figure 5. a) Seismic reflection profile OGS1 acquired within the Eastern sector of the Ferrara
urbanized area. b) Same profile depth converted using the smoothed interval velocity field, calcu-
lated from stack velocity with Dix (the indicated labels are described in the main text). See
Figure 2 for location.

Table 1. Values of the principal parameters used during the seismic
reflection survey.

Record windows 19s
sweep length 16
sampling rate 2ms
frequency range 8-140 Hz

non-horizontal subsurface structures (Figure 4) so a Kirchhoff time migration was
required. To convert the section in the depth domain, we used the interval velocity
calculated with Dix from the stack velocity table (Yilmaz 2001).
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3.2. Deep electrical resistivity tomography

The basic principle of the geoelectrical method is to inject a current, I (expressed in
A), into the earth by using two electrodes (A and B) and to measure the potential dif-
ference, AV (commonly measured in mV), by means of two other electrodes (M and
N) on the surface of the earth, giving us a way to measure the electrical resistivity of
the subsoil:

AVyn =1Iap- R (1]

where AV,y is the measured voltage between electrodes M and N; I, is the injected
current between electrodes A and B, and R is the resistance of the material, measured
in Q, through which the current flows. As far as the potential between M and N, the
current introduced through A and B, and the electrode configuration are known,
the resistivity of the ground can be determined. This is referred to as the ‘apparent
resistivity’, p,, expressed in Q-m:

Pa =Ky - Vun/Inp 2]

where, K, (in meters) is called the geometric factor which depends on electrode
geometry (array) and can be calculated from the different electrodes spacing.

An inversion approach is applied to turn from the apparent resistivity to the true
spatial distribution of the resistivity. The electrical resistivity tomography (ERT) is
largely applied in shallow investigations to solve environmental, engineering and geo-
logical problems (e.g. Caputo et al. 2003; Lapenna et al. 2003; Chambers et al. 2006
and references therein). Continuous improvements in the field technology and data
processing allow it to be one of the most employed geophysical methods for investi-
gating the subsoil in the range of 0-200 m. Therefore, a new approach (investigating
depths >500m) was introduced for deep geological investigations. As described in
Balasco et al. (2022), to increase the resolution for deeper targets (>500m), it is
necessary to improve the low S/N ratio in voltage recordings increasing the useful sig-
nal produced by the square wave of a DC injected into the ground. The main task of
the DERT is the use of a dipole-dipole array configuration where the current injec-
tion dipole and the voltage acquisition dipole are physically separated. Beyond this
technological solution, the peculiarity of the DERT is also the use of large electrode
distances (>200m) and generally long profiles (>>3000 m) thus allowing to reach large
investigation depths (>500 m).

In the specific case study of Ferrara city, the DERT was acquired with a deep
multi-channel system designed and built at the Hydrogeosite Laboratory of the CNR-
IMAA (Figure 6). This device enables the system to be expanded and adapted to vari-
ous logistical conditions, allowing for the collection of a larger volume of data in a
relatively short time, significantly reducing overall survey durations. In detail, long
stainless-steel current electrodes (A and B) are connected to a transmitting station
consisting of a transmitter Zonge GGT-10, a voltage regulator, and an external power
system (ZMG-9). This energizing system can inject into the ground a time-domain
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Figure 6. New DERT device system. Transmitter units (a) are connected with a power supply (b).
The current is injected with a rose electrodes configuration (c) and the drop of potential is
acquired with a data logger and cables connected with unpolarized electrodes. The current (e) and
the drop of potential (f) are acquired in an automatic data logger.

(50% duty cycle) square-waveforms current signal of 32 sec, with a maximum energiz-
ing current of 20 A (Figure 6a-b).

The injected current is recorded in real time on the transmitter and to guarantee
enough square wave recordings for signal analysis the injection time should last for at
least 20 min for each current dipole. Furthermore, the voltage measuring system con-
sists of stainless-steel potential electrodes (M and N) connected to a multichannel
receiver system consisting of 6 remote multichannel dataloggers (Figure 6d), a GPS
antenna and a radio connected to a personal computer. The system can simultan-
eously record a maximum of 8 generated voltage signals (mV) for each datalogger
with a recording frequency of 100 Hz, together with timing and geographic position.
The use of a long monopolar electric cable for connecting the electrodes at both
transmitting and receiving stations allows a better management of the electrode posi-
tions and array configuration and particularly their large separation, up to more than
200 m.

In order to avoid polarization phenomena of potential electrodes, a dipole-dipole
array configuration was used, where an electric current pulse (I) is sent into the
ground via electrodes A and B, and the potential drop (AV) is measured between
other two electrodes (M and N). In turn, M-N dipoles became energized dipoles
when connected to the transmitter. During the survey, the A-B and M-N dipoles
length ranged between 250 and 750 m, whereas the maximum dipole separation was
of 3500m. In total, 21 current injections have been performed and consequently
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240 resistivity data, related to different current and potential electrode positions, were
measured.

The data acquired in the field were processed through a procedure built ad hoc for
this type of geoelectric surveys (DERT). In fact, electric potential and input current
signals are recorded for over 20 min for each dipolar pair whose distance between
transmitter and receiver can be up to several kilometres. Figure 6f shows an example
of a recorded signal. In general, data quality decreases as a function of the distance
between the receiver and the transmitter. In an urban environment like the one
explored by the present research, this criticality could increase due to the presence of
very high anthropogenic noise and therefore an off-line processing (post-acquisition)
was performed by data analysis procedures both in the frequency domain (FFT) and
in the time domain (stacking). At this regard, it is assumed that the voltage value x(¢)
is composed of a periodic component, the signal s(f), and a noisy component, r(t):

x(t) = s(t) +r(t) [3]

For the purpose of improving the results, a particular effort was spent in removing
the noisy component from the measured voltage value, thus better resolving the amp-
litude of the signal, which represents the voltage value to be considered for the subse-
quent calculation of the resistivity. For this reason, an ad hoc approach has been
applied allowing to filter the noise by means of an FFT analysis. As concerns the data
acquired in the frame of this project, we applied the processing procedure represented
in the diagram of Figure 7. The automatic processing consisted of synchronizing elec-
tric potential and current time series, filtering spikes and self-potential drifts, comput-
ing an FFT analysis on voltage and current signals for amplitude estimate, and
calculating the resistance from the previous measurements considering Equation (1).

The 240 electrical resistivity data were obtained from the data analysis of more
than 200.000 raw data. The voltage signal amplitude of the selected data ranges
between 1 and 150 mV while the apparent resistivity of the data ranges from 1 to

Acquired voltage data
I

I |
Bad data
removal

I |

I
Useful signal

Detrending

Injected
currentdata

Al .
Ce]

Figure 7. Data analysis flow chart for the deep electrical resistivity tomography, in order to deter-
mine the drop of potential with very low s/n ratio to determine the resistivity values.
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Figure 8. The inversion DERT results of the apparent electrical resistivity. See Figure 2 for location.

2300 Q-m. The theoretical distribution of the data points that show a higher apparent
resistivity are observed in the southern and deeper parts of the profile. The apparent
resistivity data inversion was performed by ZondRes2D software (Zond geophysical
software). It is a computer program for 2.5D interpretation of electrical resistivity
datasets which uses a finite-element method to solve forward and inverse problems.
The first step was to prepare the data for the inversion, such as poor data detection.
The next step was to select the inversion type and parameters. To transform the
apparent resistivity pseudo-section into a model representing the distribution of the
calculated electrical resistivity in the subsurface, a smoothness constraint has been
applied. The latter is a least-square inversion method based on a smoothing operator.
The inversion type was Marquardt classic inversion algorithm consisting of a least-
square method with regularization by a damping parameter (Marquardt 1963). In
case of a small quantity of section parameters, this algorithm allows to definition the
model of the subsurface heterogeneities (Figure 8). The starting model of the inver-
sion consists of a 10Q-m homogeneous medium assuming triangular meshes with
dimensions varying between 50 and 300 m. The final RSM was 2%.

4, Results

The depth-converted seismic reflection profile OGS1 (Figure 5) clearly shows the first
major seismic reflectors (‘a’ in Figure 5b) between 150 and 250 m-depth, laterally con-
tinuous along the entire profile and with a sub-horizontal setting. Although much
less continuous, also in the shallower portion of the profile reflectors seem to be sub
horizontal. Similarly, sub horizontal reflectors could be also observed at 310-380 m-
depth in the southernmost sector of the profile (CDPs 10-80; ‘b’ in Figure 5b),
between 370 and 420m along a large central portion (CDPs 110-390; ‘c’ in Figure
5b) and at 490-520m in the northern part (CDPs 320-500; ‘d’ in Figure 5b).
Probably the most marked reflectors in terms of amplitude of the signal and lateral
continuity across the entire profile is observed from 400-420 m-depth at the southern
end (CDP 10), which progressively deepens to 580-600 m-depth at CDP 360-370 (‘¢’
in Figure 5b). Further north, the same reflectors become sub horizontal or even
slightly shallower, reaching 560-590 m-depth at CDP 500 (‘f in Figure 5b). A similar
trend is described by a slightly deeper reflector starting at CDP 190 (550 m) and con-
tinuing to the northern end (CDP 500; ‘g’ in Figure 5b). Overall, these reflectors
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define an almost 2 km-long (up to ca. CDP 370) monocline dipping 5° to 10° north-
wards, becoming sub horizontal or even gently southwards dipping, therefore defining
a very open syncline. On top of this large-scale structure, it is worth to note that at
the bottom of the previously described younger succession of sub horizontal reflec-
tors, typical onlap geometries could be observed (red arrows in Figure 5b). Finally, in
the deeper portion of the profile down to at least ca. 1500 m, several other reflectors
could be observed all of them gently dipping northwards.

As concerns the results of the deep geoelectrical survey (DERT profile; Figure 8),
the inverted image obtained on the basis of the collected data shows electrical resistiv-
ity values in the range 1-350 Q-m, which are essentially compatible with the presence
of sand, silt, clays, and marls of continental and marine successions. At a first glance,
the resistivity distribution shows a downwards gradient, that is to say from more con-
ductive to more resistant sediments; the gradient is not vertical, but strongly dipping
southwards. In other terms, the resistivity isolines indicate a general northward dip-
ping setting. In particular, the shallower portion of the tomography, reaching the sur-
face at 300 m from the horizontal origin (south), and deepening to ca. 800m at the
end of the inverted profile (ca. 5000 m distance) is characterized by resistivity values
lower than 20-30Q-m. Only exception is a minor shallow resistivity lens in the
northern sector (4100-4500m distance), that in any case shows values smaller than
40-45Q-m. As above mentioned, in the deeper portion of the profile roughly below
the contour line of 50-60 Q-m, resistivity values rapidly increase becoming >200 Q-m.
Such values are reached in the resistivity layer located at 700m depth, between
2000 m from the origin to the end of the profile. On the contrary, in the southern
sectors, this resistivity layer is discontinuous and much shallower, and with lower
resistivity values (90-140 Q-m).

In terms of geological and hydrogeological interpretation, the shallow conductivity
zone (<20-30Q-m) should be correlated with the alluvial sediments characterized by
silty-muddy deposits alternating with sandy lenses, like the shallow resistivity lens
(4100-4500 m from the origin). The deep resistivity layer should be instead associated
to the marly-to-clastic succession including the upper portion of the Scaglia
Formations (Figure 3). Finally, the lateral discontinuity of the deep resistivity layer
could been tentatively associated to a secondary tectonic feature representing an
accommodation structure, which is not well defined in the seismic image (Figure 5)
being shorter than the DERT profile.

5. Discussion

Notwithstanding the two deep geophysical surveys were based on substantially differ-
ent and independent techniques, their results show large similarities. Taking into
account the different resolutions and the different approaches for depth conversion
applied to the two geophysical datasets, the two profiles have overlapped (Figure 9a).
In particular, they both visibly show the presence of a shallow wedge being a few
hundred meters thick in the southern sector, becoming 600-800 m-thick in the north-
ern part. On the other hand, the seismic reflection profile OGS1 clearly shows a hori-
zontal layering of this upper sedimentary succession and several onlap geometries at
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Figure 9. Comparison between the geophysical surveys carried out the in the frame of the present
research (OGS1 and DERT) across the Eastern sector of the Ferrara urbanized area and the deep
seismic reflection profiles for hydrocarbon exploration (BOL-20 and for-188).

the bottom. This sedimentary wedge seems to overly be a gently northward dipping
monocline characterizing the lower portion of the profile down to the maximum
investigated depth (ca. 1500 m).

We also compare our results with the ones based on deeper seismic reflection pro-
files (Figure 3). It is worth noting that our profile has been obtained in urban
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conditions with all logistic limitations discussed in a previous section and at a rela-
tively low cost, while the other ones have been carried out for hydrocarbon explora-
tions, with expensive technologies and have been also calibrated with deep boreholes
(e.g. Mistroni 2016; Mastella 2018).

For the purpose of this comparison, we projected the interpretation of the deep
seismic profiles onto ours (Figure 9b-d) trying to account for the slight graphical dis-
tortion due to the imperfect parallelism of the traces (Figure 2). Considering also the
distance of 500-1000m for profile BOL-20 and 1500-3000m for profile FOR-188,
and consequently the possible lateral variations of the tectonic structures and the
overall stratigraphy at depth, our OGSI profile nicely reproduces the overall pattern
of seismic reflectors, but especially it provides several additional details, due to its
much higher quality and resolution, allowing to improve our view of the subsoil
within the investigated transect. Indeed, the observed monocline represents the north-
ern flank of a major anticline whose crest area is immediately south of the OGS1
(Figures 1 and 9b-c).

As previously described, on the northernmost sector of our seismic profile, the
layering becomes sub-horizontal, therefore also confirming the northwards lateral
transition to a large scale very gentle syncline (Figure 9c). Accordingly, the observed
overlying wedge represents the laterally variable infilling of the Middle Pleistocene
marine sedimentary unit (the so-called Gruppo di Asti; Figure 3) progressively sealing
the Late Messinian-Early Pleistocene post-evaporitic deposits. The latter unit is
markedly involved in a fault-propagation folding event, together with the Oligocene-
Miocene units, as well as the mainly Palacogene Scaglia Formations. On top, the rela-
tively tabular and hence poorly deformed continental (Middle-)Late Quaternary unit.

Taking into account the difference in the overall number of measurements, in the
characteristics of the geophysical recorded signal and interpolated parameters, and
hence the different resolution that the electrical resistivity technique can provide, also
between the DERT obtained in this research and the deep seismic reflection profiles
there is an overall good agreement (Figure 9d). Indeed, the low-resistivity materials
could be mainly associated with the Quaternary mostly clastic deposits, which are still
characterized by a relatively high porosity and hence an important water content as
an average. Moving downwards in the stratigraphic succession, firstly, depositional
units are progressively more compacted hence similarly reducing their mean porosity
and, secondly, the marly-carbonate component also increases in the older formations
becoming dominant in the Oligocene-Miocene units. As a consequence, electrical
resistivity should also progressively increase.

6. Concluding remarks

In conclusion, the 5600 m-long DERT and the 2630 m-long seismic reflection profile
were carried out along the vallum between the sixteenth century walls and the mod-
ern eastern sector of the town (Figure 2). Analyses and interpretation allowed us to
reconstruct the ‘local’ stratigraphic-depositional geometry until a depth of about
1.5km, and to highlight the occurrence of a syndepositional Quaternary tectonic tilt-
ing associated to the growth of a fault-propagation fold. The obtained information on
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the subsurface geology will be also crucial for the Ferrara Administration for updating
and improving the territorial and urban planning tools for the mitigation of hydro-
geological and seismic risks.
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