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Abstract

This study investigates ground deformations in the southeastern Po Plain (northern Italy),
focusing on the Bologna area—a densely populated region affected by natural and anthro-
pogenic subsidence. Ground deformations in the area result from geological processes
(e.g., sediment compaction and tectonic activity) and human activities (e.g., ground water
production and underground gas storage—UGS). We apply a multidisciplinary approach
integrating subsurface geology, ground water production, advanced differential interfer-
ometry synthetic aperture radar—DInSAR, gas storage data, and land use information to
characterize and analyze the spatial and temporal variations in vertical ground deforma-
tions. Seasonal and trend decomposition using loess (STL) and cluster analysis techniques
are applied to historical DInNSAR vertical time series, targeting three representatives areas
close to the city of Bologna. The main contribution of the study is the attempt to correlate
the lateral extension of ground water bodies with seasonal ground deformations and water
production data; the results are validated via knowledge of the geological characteristics
of the uppermost part of the Po Plain area. Distinct seasonal patterns are identified and
correlated with ground water production withdrawal and UGS operations. The results
highlight the influence of superficial aquifer characteristics—particularly the geometry,
lateral extent, and hydraulic properties of sedimentary bodies—on the ground movements
behavior. This case study outlines an effective multidisciplinary approach for subsidence
characterization providing critical insights for risk assessment and mitigation strategies,
relevant for the future development of CO, and hydrogen storage in depleted reservoirs
and saline aquifers.

Keywords: DINSAR; ground deformations; subsidence; groundwater extraction; underground
gas storage; cluster analysis; time series decomposition

1. Introduction

Land subsidence and uplift are global phenomena that affect the sustainable devel-
opment of urbanized and industrialized areas and can result in severe socioeconomic and
environmental impacts, e.g., [1-3]. Land movements act on different spatial and temporal
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scales originating from natural causes, human activities, or both [4,5], and their impacts
range from regional flooding to local destruction of present infrastructures [2].

The monitoring of land movements on a regional or local scale is essential for the
continuous understanding of their causes and for the identification of temporal and spatial
patterns that can help in mitigating the impacts of these phenomena. Different techniques
have been developed and applied from ground-based global navigation satellite systems
(GNSS) positioning, leveling, and extensometers to remotely sensed synthetic aperture
radar (SAR).

The Po Plain is a sedimentary basin in northern Italy affected by extensive land
movements of natural and anthropogenic sources, and has been under investigation for
several decades [6,7]. Natural land movements in the Po Plain, still ongoing, are mainly
due to sediment compaction and consolidation, as well as tectonic activity [8-10], whereas
human-induced land movements result from the extraction of fluids from the subsurface,
such as groundwater from superficial acquirers and gas from underground reservoirs, and
their re-injection in the case of UGS systems [4,11]. In particular, natural land movements
contribute up to a few millimeters per year, whereas movements due to fluid extraction
can reach higher values. Moreover, after World War II, in several areas of the Po Plain and
in particular north of the city of Bologna, values of ground subsidence up to 70 mm/year
have been recorded, which have significantly decreased since then [8].

The southeastern Po Plain has been subject to significant subsidence due to both natu-
ral processes and human activities, as was pointed out by various researchers, e.g., [12-15],
who studied ground surface movements using a variety of geodetic techniques to monitor
and analyze subsidence patterns. Their results provided insights into the spatial and tempo-
ral variability of ground deformation, primarily focused on the natural causes of subsidence
and the effect of groundwater production in various parts of the basin. Their work revealed
varying subsidence rates across different regions within the plain, contributing valuable
data toward the understanding of the underlying causes of subsidence. Nevertheless, the
contribution to ground movements (e.g., [8]) of water production from surface aquifers
is still under investigation, mainly due to the high uncertainty of the lateral and vertical
continuity of the sand bodies.

In the Po Plain area, satellite techniques such as GNSS and advanced Differential
Interferometry (DInSAR) have provided effective ways to monitor the temporal evolution
of land movements, especially their vertical component, which is the subject of this study.

In more recent times, post-processing techniques are focused on applying machine learn-
ing and artificial intelligence algorithms for the automatic identification of ground movements
due to various anthropogenic and natural activities, e.g., [16,17]. Ref. [18] tested a methodol-
ogy for identifying areas affected by gas storage activities and quantifying ground movements
using STL—described by [19]—and unsupervised clustering algorithms over DInSAR data.
The seasonal and trend components of the time series depicting the vertical component of the
ground deformations were analyzed using cluster analysis to detect movement anomalies
and pattern distributions (in spatial and temporal domain).

To date, in the Po Plain area, only the trend components of the vertical ground move-
ments (subsidence and uplift) have been thoroughly investigated. The present research
also focuses on the seasonal components of ground deformation that exhibit cyclic patterns
that can be directly correlated with anthropic activities, such as groundwater production
and UGS.

This work focuses on the investigation of the contribution of the superficial sedimen-
tary bodjies, affected by ground water production and other human activities, to the total
vertical ground deformation. In particular, the lateral continuity of the aquifer bodies is
studied via its correlation with the seasonal components of the ground deformation and
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ground water production data. The results are compared and validated with geological
information of the upper-most layers of the Po Plain in the studied area. A case study of an
integrated analysis on both seasonal and vertical trend components of the land movements
to identify and quantify their superposition, primarily due to groundwater production and
gas storage activities, and also due to tectonic phenomena observed in the broader area of
the city of Bologna from 2016 to 2021, is presented.

Among several space-borne advanced DInSAR techniques aimed at generating ground
deformation time series, one comes from Small BAseline Subset (SBAS) [20] elaborations in
its parallel computing version (P-SBAS) [21,22] applied to Sentinel 1 acquisitions.

The ground deformation data were analyzed using a validated approach proposed
by [18] to treat the same kind of time series of ground deformation related to multiple
underground gas storage sites, which allowed for the identification, localization, and quan-
tification of the main ground movement phenomena with similar seasonal patterns. Our
work is focused on applying and expanding this methodology to the southeastern area of
the Po Plain and particularly the area around the city of Bologna (Emilia-Romagna). The
study area was selected due to a series of factors that distinguish it in the basin, such as the
large amount of available scientific data and its particular geological characteristics. The
findings were compared with datasets related to groundwater activities such as produc-
tion volumes and piezometric data, aquifer characteristics and subsurface geology, UGS
activities, and land use maps.

2. Materials and Methods
2.1. Geological Framework

The study domain includes the broader region of the Metropolitan City of Bologna
(Emilia-Romagna) in the Po Plain, northern Italy (Figure 1), covering an area of 47 x 38 km.
The Po Plain basin is a foreland sedimentary basin enclosed by the Southern Alps and the
Northern Apennines, with the foreland in between characterized by active thrusts with subse-
quent sediment infilling of the foredeep basin, e.g., [23]. The upper part of the sedimentary
sequence is of Quaternary origin and composed of alternating layers of sand and clay that
reach a maximum thickness of 2-6 km [24,25] in the Southern Alps and up to 7 km in the
deepest depocenters of the Northern Apennines [26]. Inside the study domain are also located
several gas fields that characterize large parts of the basin. Most of them are described by
anticline structures against thrust faults linked to the front thrusts and are located in depths
ranging between 1000 and 1500 m. One of them, located in the north of Bologna—discovered
in 1956—was converted to an UGS in 1975 once the primary production was completed, and
it is still operational today.

In the Emilia-Romagna alluvial plane, a multiaquifer freshwater system is devel-
oped in the upper 500 m of the Quaternary sedimentary sequence. Figure 1 shows two
cross-sections along the Emilia-Romagna alluvial plane, indicating the presence of 3 main
hydrostratigraphic units known as A, B, and C. Aquifer group A represents the most recent
(Middle Pleistocene-Holocene) hydrostratigraphic unit and extends to the first 150-200 m
from ground-level. Aquifer groups B and C are older (Upper Pliocene-Middle Pleistocene)
and reach depths of 300-350 m or deeper, respectively. The first two aquifer groups
(A and B) mainly consist of alluvial deposits, including gravels of alluvial conoid origin,
fine material of alluvial plain origin, and sand deposits of meandric origin [4]. Aquifer C
consists of alternating layers of sand and finer sediments of coastal and marine-marginal
origins. Aquifer groups A and B are subdivided into minor hydrostratigraphic structures
called aquifer complexes, respectively named Al-A4 and B1-B4 from shallow to deep
(Figure 1). The subdivision is based on the overall volume of aquifers in each unit, as well
as the areal continuity and thickness of the corresponding aquitards. These aquitards are in
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turn, referred to as basal aquitards and are not related to any depositional sequences or
hydrostratigraphic units [27].

Figure 1. (a) Emilia-Romagna map with location of cross-sections AA” and BB’; (b) Cross-sections
showing the main aquifer groups. Letters from Al to C3 represent the aquifer distribution along
the cross-sections (modified from [5]). The location of the study area is shown with the dashed line.
Orange lines represent seismic acquisitions.

The aquifer groups in the Emilia-Romagna plain are influenced by both their location
and their depositional environment that affect sedimentation continuity throughout the
basin and hydraulic connections between the sedimentary bodies. Discontinuity surfaces
can be recognized from the geometry of deposition and gaps in sedimentation, especially
near active fault structures, while more continuous sedimentation is observed farther
from these features [28]. The north and northeast portions of the Emilia Romagna basin
exhibit significant aquifer thickness, but the thickest parts of the aquifers are located in the
river conoids in the southern part of Emilia-Romagna. The regional aquifers are vertically
divided into two main groundwater bodies: the upper bodies, consisting of confined
portions of aquifer complexes Al and A2, and the lower bodies, which include complexes
A3 and A4, as well as aquifers B and C. Above them, there is a single unconfined aquifer
body linked to the Apennine alluvial fans. The superficial unconfined aquifer is recharged
directly by meteoric infiltration, while the confined aquifers (Al to C) receive lateral
recharge from meteoric waters of Apennine and Alpine origin [29]. However, confined
aquifers in the central Po Plain exhibit low hydraulic gradients and circulation velocities,
indicating minimal current recharge processes [30].

2.2. Study Area

The area under investigation encompasses around 1850 km?, is predominantly agri-
cultural, with urban settlements and industrial activities primarily concentrated within
the Metropolitan City of Bologna, also characterized by a high concentration of water
production for civil and industrial purposes. Figure 2 shows the land use map of the entire
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investigated area, named hereafter as the “Extended area”, and Table 1 summarizes the
main groups of activities. Toward the NE direction, the urban settlements and the industrial
activities progressively decrease, as well as water production, both in terms of numbers of
wells and extracted volumes. Figure 3 illustrates the typology, positions, and production
volume for the water production wells, as well as the position of the piezometric wells
and of the gas storage ones considered in the present study. Furthermore, a system for the
underground storage of natural gas is located a few tens of kilometers from Bologna area,
while in the south, it is located in the Apennines chain, characterized by buried tectonic
structures that have contributed to a general uplift—active since the Early Pleistocene.

Figure 2. Land use activities across the entire study area (modified from Emilia-Romagna Region
authorities https:/ /www.arpae.it/it (accessed on 1 February 2025)).

Table 1. Land use distribution across the studied area (%).

Category Extended Area Areal Area 2 Area 3
Agricultural and green areas 81.6 61.5 88.8 86.0
Urban areas 10.5 21.4 6.2 6.9
Industrial areas 2.5 6.0 0.6 1.3
Road and railway networks 2.8 7.4 1.2 1.5

Others 2.6 3.7 3.2 44
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Figure 3. Case studies inside extended area used for analysis.

To better depict the key local (mainly seasonal) land movement phenomena and to

recognize the trend evolution present in the area, three sub-set domains of investigation

were identified (Figures 2 and 3):

1.

“Area 1” focuses on the Metropolitan City of Bologna characterized by numerous
industrial activities, a strong water production and a specific geological framework.
It has been analyzed by numerous studies regarding the overall trend of ground
deformation, focusing on the city of Bologna, which has been affected by intensive
subsidence related to groundwater exploitation, e.g., [31-33].

“Area 2" is located to the NE of Bologna and is characterized by a low concentration of
urban areas and industrial activities, and by negligeable water production, suggesting
a stable condition.

“Area 3”, in between, shows poor and scattered urban and industrial areas, numerous
widespread water production wells with average production volume, and is marked
by the presence of a UGS system. It represents a transition zone with superimposed
effects from superficial aquifer exploitation and deep subsurface operations.

2.3. Datasets

The dataset in this study includes land-use maps, ground movement measurements,

water production data, gas storage data, and geological and structural information derived

from different acquisition techniques and also at different scales. In particular:

1.
2.

Land use maps from the geoportal of Regione Emilia-Romagna;

Ground movement surveys:

a.  P-SBAS DInSAR time series of vertical ground deformation component pro-
vided by CNR-IREA (Table 2). The exploited parameters for the Line of Site
(LoS) analyses are reported in Table 3 and deeply described in [20-22];
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b.  GNSS time-series from the “BOLGO0ITA” station nearest Bologna, from EUREF
Permanent GNSS Network (Residual Position Time Series-Extended Hybrid
EPN Solution C2235) [34] (Figure 3);

3. Water production data provided by Regione Emilia-Romagna (Figure 3) and by [4]:

a.  Groundwater production volumes (in 106 m3/yr) in the time frame 2016-2018,
and well positions;
Well use: for agricultural, civil, and industrial purposes;

c. piezometric data measurements publicly available on the Open Data portal of
ARPAE (Agenzia Prevenzione Ambiente Energia Emilia-Romagna);

4. Location of storage wells and cumulative stored gas volumes [35] (Figure 3);
5. Geological data collected from technical literature and the geoportal of Regione
Emilia-Romagna:

a.  Geological cross-sections;
b.  Hydrodynamic aquifer parametrization.

Table 2. Features of P-SBAS DInSAR dataset (* [22]).

Covered Area Numbef of MPs Density Grid ?P?tlal i Processing .
(km % km) Measuring (MP/km?) Resolution Satellite Algorithm Time Frame
Points (MPs) (m x m)
Parallel SBAS June—2016
1850 223,311 121 40 x 30 Sentinel 1 Interferometry
. October-2021
Chain (¥)

Table 3. P-SBAS DInSAR technical parameters.

Azimuth Multilook Range Multilook Maximum Temporal = Maximum Spatial

Temporal Coherence

Factor Factor Baseline Baseline
(Pixels) (Pixels) (Days) (m) Threshold
5 20 360 200 0.85

In particular, the data on water production were derived from [4] and further inte-
grated to reach the desired detail. As is described in [4], the data are affected by a certain
degree of uncertainty due to the lack of specific information. Furthermore, the temporal
availability of the data is discontinuous, and they cover three periods in time: 2003; from
2009 to 2001; and from 2015 to 2018. The present research considers the water production
data acquired in the period of 20162018 because they coincide with the availability of land
movement surveys in the same time interval.

Among all the piezometric wells present in the extended area, we analyzed the most
representative, i.e., the ones nearest to the water production wells or to the storage site
or representative of a certain area (Area 2). Unfortunately, some of them lack available
measurement points that could have assisted in a clear identification of seasonal behaviors.

2.4. P-SBAS DInSAR

The Sentinel-1 (S-1) constellation of the Copernicus Program represented a big rev-
olution within the Earth observation scenario, providing an unprecedented operational
capability for intensive radar mapping of the Earth’s surface. Indeed, the S-1 constella-
tion is characterized by enhanced revisit frequency, spatial coverage, and reliability for
operational services and applications requiring a long SAR data time series. Moreover,
the S-1 constellation archive is available with a free and open access policy, thus easing
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data access and enlarging the scientific community interested in its use. These peculiarities
make the 5-1 IWS (interferometric wide swath) data particularly suitable for exploitation
through advanced differential SAR interferometry (DInSAR) [36,37], which is a well-known
remote sensing technique that allows for the generation of spatially dense line-of-sight
(LOS) deformation time series and corresponding mean deformation velocity maps.

As previously stated, the vertical DINSAR data exploited for this work (in the form
of time series) benefited from the Small BAseline Subset (SBAS) [20] technique and, in
particular, its parallel computing version (P-SBAS) [21,22], which implemented the entire
advanced DInSAR processing chain (P-SBAS DInSAR). Moreover, by exploiting the LOS
displacement time series generated from ascending and descending orbits, was possible to
compute the vertical and east-west components [38,39].

The P-SBAS procedure yields deformation time series along the line-of-sight (LOS) of
the satellite through an inversion of an over-determined system of differential interferograms,
each of them characterized by small temporal and spatial baselines. Typically, the used upper
limit thresholds are 2 months for the temporal baseline and 500 m for the spatial one. After
the system inversion, the time series is still corrupted by the atmospheric phase screen (APS)
removed through a cascade of external data exploitation (ERA5) and a data-driven filtering
algorithm, described in [40]. That said, a deeper description of the P-SBAS technique and its
parameters is reported in the reference [21,22], previously mentioned.

These datasets are in the framework of an active agreement between the Institute
for the Electromagnetic Sensing of the Environment (IREA-CNR) and the Italian Ministry
aimed at supporting the Italian administrations with the advanced DInSAR analysis on a
national scale, and deepening insight into the specific of these elaborations falls outside the
main focus of our present research.

2.5. Seasonal and Trend Decomposition Using Loess

The STL (seasonal and trend decomposition using loess) method, developed by [19],
is a widely used technique for decomposing time-series data into trend, seasonal, and
remainder components through an iterative process based on locally weighted regression
(loess). This approach provides flexibility by allowing the seasonal pattern to change
over time and enables user control over the smoothness of both the trend and seasonal
components. STL is robust to outliers, minimizing their influence on the decomposition, and
can handle any type of seasonality beyond fixed monthly or quarterly periods. Due to its
adaptability and robustness, STL is extensively applied in diverse time series analyses [19].
For our case, we adopted the additive approach for obtaining the decomposed series using
STL, in which the raw time series is considered to be the sum of its seasonal (S), trend (T),
and random components (R).

2.6. Cluster Analysis—K-Means

Cluster analysis is an unsupervised machine learning method used to group a set of
objects into clusters according to the similarity of certain properties or attributes [41].

K-means is a prototype-based partitional clustering technique (an unnested method
with non-overlapping classes). Once the desired number of clusters is defined by the user,
the method attempts to group the data in clusters that are represented by their centroids
(e.g., the mean value of a group of points). According to [41], in its basic form, the algorithm
starts by selecting k points as centroids, randomly or user-defined, where k is the desired
number of clusters. Each data point is assigned to its closest centroids during the first
iteration, and consequently, the centroid’s clusters are re-calculated. Until the optimization
process of an objective function reaches the convergence, the process is repeated—i.e., the
centroid change between two successive iterations is lower than a threshold value.
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We implement the [42] algorithm: the optimization of the squared error function
(Equation (1)) allows for the selection of the optimal cluster configuration, based on the
method developed by [43]:

2
NLy i —all® _ oopy — Ml =l

SSE2 =
N; -1 Ny —1

(1)
where SSE corresponds to the sum of squared errors, N is the number of points assigned
to cluster i, x;; the j point of cluster 7, and ¢; the centroid of the cluster (its mean).

For the scope of this work, the initial centroids were randomly defined, but the seed
“123” was imposed for the generation of the random series.

2.7. Methodology

The methodology developed for the critical and comprehensive analysis of the dataset
includes the following steps:

1.  The relative P-SBAS DInSAR vertical measurements were compared with the GNSS
absolute vertical measurements from the “BOLGOOITA” station located close to the
city of Bologna (Figure 3);

2. P-SBAS DInSAR vertical time-series were processed through STL and successive cluster
analysis on seasonal and trend components using the methodology developed by [18];

3. The behavior and magnitude of the identified clusters (where a cluster groups objects
based on the similarity of some shared properties or features [41]) were compared
with both groundwater production and UGS information;

4. The geological framework of the superficial aquifers from [4] was further investigated for
the specific area under analysis and, together with the general geological framework of
the Po Plain, they were related to the phenomena identified by the cluster analysis output.

In particular, the adoption of P-SBAS DInSAR data investigation methodology allowed
for the identification, geo-localization, and quantification of the main ground-movement
events, which were subsequently analyzed considering both anthropogenic and natural sources.
Figure 4 summarizes the details of the approach. Based on the STL, the P-SBAS DInSAR time
series of vertical movements for each MP is subdivided into three components: seasonality,
trend, and residual. The seasonality characterizes the data’s periodic oscillation; trend accounts
for values that increase or decrease (a change in direction of movement); and the residual
accounts for any other random changes [44]. The cluster analyses subsequently groups objects
(MPs in this case) into clusters, based on the similarity of some shared properties or features.
The K-means algorithm was adopted. The results can be visualized in a GIS environment.

Figure 4. Schematic representation of the workflow methodology. Only seasonal clustering examples
are shown on the graph for clarity (modified from [30]).
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3. Results
3.1. Analyses of Ground Movement Survey Data: P-SBAS DInSAR and GNSS

The P-SBAS DInSAR dataset for the extended area was validated with the GNSS
absolute vertical measurements from the “BOLGOOITA” station nearest Bologna (EUREF
network). The GNSS data were compared with the values coming from the nearest available
P-SBAS DINSAR MP (less than 10 m away from the station). As this work mainly focuses on
the seasonal oscillatory behavior of the deformations, for both time-series, we removed the
first-order component (trend) and plot them together for comparison (Figure 5a), obtaining
an RMS of 4.7 mm. For obtaining the seasonal component, STL [19] was applied to the raw
time-series of both acquisitions. The results are shown in Figure 5b,c. Both series show
well-defined and similar seasonal behavior, ensuring the validity of the subsequent analysis.
On the other hand, we remark that a partial suppression of the low-amplitude displacement
retrieved from the DInSAR measurements is possible due to the atmospheric phase screen
signal removal, which is carried out at the end of the interferometric processing [45].

Figure 5. Comparison of the vertical displacement of BOLGOOITA: (a) Detrended GNSS (red) and
detrended near P-SBAS DInNSAR MP (black) RMS of 4.7 mm, (b) seasonal component of vertical displace-
ments of GNSS, (c) seasonal components of vertical displacements of near P-SBAS DINSAR MP.

3.2. Analyses of Seasonal and Trend Behavior of Ground Movements: Regional Scale

The cluster analysis of the seasonal and trend components of P-SBAS DInSAR vertical
time series was developed at the scale of the extended area (Figure 3) to identify the
dominant phenomena and thus the sub-domains of investigation.

The overall investigated region is characterized by a variety of seasonal phenomena
with local diversities, as depicted by Figures 6 and 7. As a result, the cluster analyses on
seasonal components were applied at each of the sub-areas (Area 1, Area 2, and Area 3),
and the results are presented and discussed in the following sections.
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Figure 6. Spatial distribution of the 4 clusters from extended area seasonal analysis.

Figure 7. Extended area seasonal behavior of the 4 clusters from the analysis displaying average amplitude.

Conversely, the cluster analysis of the trend components developed at the scale of the
extended area was able to identify dominant trends. The K-means cluster analysis was per-
formed using four clusters. Figure 8 displays the spatial distribution of the clusters and Figure 9
groups the trend for each cluster with its net average displacement, which represents an average
value for each cluster. The map depicts the highest concentration of net displacement of up
to —68 mm (cluster 1) over the investigated period (June 2016-October 2021) in the Bologna
area, characterized by high water production volumes. Coherently, the three piezometric wells
analyzed in this area, the locations of which are shown in Figure 8, exhibit a continuous de-
creasing trend in the groundwater level, as it will be analyzed deep into detail in the following
sections. Cluster 2, surrounding cluster 1, still depicts a significant subsidence effect together
with a gradual transition toward the surrounding clusters 3 and 4, which show a more stable
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behavior. In particular, the latter collects the majority of MPs and is characterized by a mean,
even if very low, uplift value and it has been the object of further local investigations focused on
the southern area of Bologna and the NW area. The outcomes of the analyses focused only on
this area are presented in Figures 10 and 11 and they clearly isolate the MPs still experiencing a
significant uplift (cluster 4), compared with the almost stable ones (cluster 3). Clusters 1 and 2
isolated localized subsidence areas.

Figure 8. Spatial distribution of the 4 clusters from extended area trend analysis.

Figure 9. Extended area trend behavior of the 4 clusters with net displacement.
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Figure 10. Spatial distribution of the 4 clusters from analysis with clusters” average velocities in
mm/yt, southern area with high concentration of uplifting

Figure 11. Trend behavior of the 4 clusters on the uplifting southern area of the city of Bologna.

The trend behavior of the extended area is coherent with the distribution of water
production and the land use effects (i.e., urban and industrial Bologna area). Furthermore, the
comparison with the ARPAE velocity subsidence map for the same timeframe (2016-2021)
focused on the Metropolitan City of Bologna shows a good agreement. Figure 12 presents a
comparison between the two maps. Although the overall shape of the average velocities is
comparable on both maps, there is a discrepancy in the absolute values of the motion. This is
probably due to the different types of input data used for the map construction and the fact
that the values used to create our map were averaged across each of the clusters.
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Figure 12. Left: Regional trend map interpolated from the average velocities of the 4 clusters;
Right: Subsidence map of the Metropolitan City of Bologna published by ARPAE on 2023.

3.3. Analyses of Seasonal and Trend Behavior of Ground Movements: Local Scale

Once the general behavior of the extended area was studied, we performed a more
detailed analysis on each of the 3 areas of study (Area 1, Area 2, and Area 3) to investigate
possible small-scale characteristics of interest of the ground motion. Below are our findings
for each study area.

3.3.1. Area 1

Area 1 includes the city of Bologna and an abundant number of water-production
wells, characterized by some of the highest production volumes (0.5 to 2.25 x 10® m?/year).
The wells are concentrated in three punctual areas and are used mainly for civil and
industrial purposes. The distribution of water production wells with their corresponding
production volumes along with the three most representative piezometric wells can be seen
in Figure 13. Furthermore, Area 1 is characterized by the denser areal coverage of P-SBAS
DInSAR data.

K-means cluster analysis of the P-SBAS DINSAR time series of the vertical seasonal
components on Area 1 was performed using four clusters. The results provided a map
with the spatial distribution of the clusters (Figure 13) and a plot showing the seasonal
behavior of each cluster with its average amplitude highlighting the seasonality (Figure 14).
Clusters 1 and 2 are the most cohesive ones and show the highest seasonal amplitude;
clusters 3 and 4 show a widespread extension and they are characterized by lower ampli-
tude. In particular, cluster 2 surrounds the water wells with the highest water production
volumes and it shows a seasonal behavior coherent with the water exploitation and the
aquifers’ behavior: uplift during the aquifer recharge in the autumn—winter period and
subsidence during the spring-summer period of maximum water extraction.

To better detect the seasonal ground movement effects related to water production, the
groundwater piezometric levels were compared with the P-SBAS DInSAR data, considering
the vertical seasonal displacements of the cluster(s) surrounding the piezometric wells, and
the vertical seasonal displacements of the MPs within a buffer zone around the piezometric
wells (considering a distance of about 100-150 m from the well). Figures A1-A3 (in
Appendix A) show the comparisons for wells BO20-01, BO27-00, and BO30-00, respectively,
for the nearby clusters (a) and the buffer zone (b).



Remote Sens. 2025, 17, 2645

15 of 26

Figure 13. Area 1 spatial distribution of the 4 clusters from seasonal analysis.

Figure 14. Area 1 seasonal behavior of the 4 clusters from the analysis displaying average amplitude.

Well BO20-01 and the adjacent water-production wells are surrounded by cluster 2 and
subsequently by cluster 4. A direct correlation was observed between the vertical seasonal
component of cluster 2 and the groundwater level with uplift in the autumn-winter period
and subsidence in the spring—summer. Instead, cluster 4, placed at more than 200 m from
the wells, is characterized by a temporal shift in the order of few months and a lower
amplitude, showing a lower degree of correlation with the water production-induced
phenomena (Figure Ala). The MPs within the buffer zone belong only to cluster 2 and they
show a straightforward correlation between their seasonal displacement and the ground
water level (Figure Alb).
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Well BO30-00 and the adjacent water-production wells are surrounded by cluster 2 and
subsequently by cluster 1. The straightforward correlation between the vertical seasonal
component of cluster 2 and the groundwater level is confirmed. Instead, the behavior
of cluster 1, placed at around 100 m from the wells, shows a seasonality not related to
water-production effects (Figure A2a). The MPs within the buffer zone belong only to
cluster 2 and they confirm a straightforward correlation between their vertical seasonal
displacement and the ground water level (Figure A2b).

Finally, well BO27-00 and the adjacent water-production wells are surrounded only by
cluster 2 and the direct correlation between P-SBAS DInSAR vertical seasonal movements
and groundwater level can be appreciated at each investigated scale level (Figure A3a,b).

The investigation of vertical trend components in Area 1 confirms the findings of the
analysis performed on the extended area, adding no extra information.

3.3.2. Area 2

Area 2 hosts small villages, while the main land-use activity is agriculture, with
several green areas. Water production in this area is negligeable (within the range of
0-0.2 x 10° m®/yr) from few, sparse production wells. The density of P-SBAS DInSAR
data is quite low, with measurements concentrated in correspondence to the sparse villages.

The K-means cluster analysis of the P-SBAS DInSAR time-series of the vertical seasonal
components was performed using four clusters. The results provided a map (Figure 15) and
a plot (Figure 16) showing a very stable zone in which the majority of the MPs belonged
to cluster 4 with very low average vertical seasonal amplitudes (in the order of a few
millimeters), making it almost flat. The water-production wells are surrounded only by
cluster 4, showing practically negligible seasonal land movements. Very local phenomena
are depicted by the other three clusters. In particular, clusters 1 and 2, which collect a very
narrow number of MPs with the highest amplitude, correspond to an orchard area, and
they are unrelatable with the position of the known water production wells.

Figure 15. Area 2 spatial distribution of the 4 clusters from seasonal analysis.
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Figure 16. Area 2 seasonal behavior of the 4 clusters from the analysis displaying average amplitude.

The piezometric data available in the area suffer from a low acquisition frequency,
making the comparison with the P-SBAS DINSAR values barely meaningful. Nevertheless,
data at piezometric well FE73-00 and FE34-02 show a seasonal behavior of very small
amplitude, which is coherent with the aquifer’s production/recharge mechanism.

The analysis of vertical trend components confirm the stability of the area investigated.
The majority of MPs show negligeable net displacement, very local and isolated uplift, and
subsidence phenomena effects on the same area showing evident seasonal phenomena, and
they correspond to agricultural zones, prone to possible water extraction from local wells.

3.3.3. Area 3

The land-use activities in Area 3 are very similar to those in Area 2, with a slightly higher
number of water-production wells, yet still with very low annual production rates (within the
range of 0-0.2 x 10® m3/yr). Area 3 hosts a system for the underground storage of natural
gas, already investigated in a previous publication [35]. The underground storage of natural
gas is a widespread practice to guarantee a real-time response to energy market requests, as
well as providing “strategic” reserves to be accessed in case of shortages or disruption of gas
supply [35,46]. UGS operations consist of the seasonal and cyclical withdrawal and injection
of natural gas in deep porous and permeable geological formations.

The validity of the cluster analysis in detecting the vertical seasonal ground movements
associated with storage operations has already been assessed by [18]. The same workflow
of K-means seasonal cluster analysis was applied to Area 3 using four clusters. The results
provided a map showing the spatial distribution of the four clusters (Figure 17) and a plot
showing the vertical seasonal behavior of each cluster (Figure 18). The distribution of the
clusters is dominated by the localized concentration of cluster 1 (Figure 17) above the UGS,
identified by the storage well position. Figure 19 shows the straightforward correlation
between the gas cumulative volume curve [35] and the vertical seasonal variation of cluster
1. The gas volume variations, as well as the induced fluid pressure variations, behave
according to the two seasonal and cyclical storage operations, with an increase in the
spring—summer injection period and decrease in the autumn-winter production period.
Consequently, a seasonal and cyclical uplift and subsidence ground movement is induced,
with maximum and minimum peaks accordingly occurring at the end of each injection and
withdrawal period, respectively. Cluster 2 surrounding cluster 1 (and the UGS wells) shows
a smaller amplitude and a temporal shift compared with cluster 1 MPs: it is characterized
by a smoother influence of UGS activities together with the superposition of other more
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generic and widespread phenomena collected by cluster 4. Cluster 4 groups the highest
number of MPs of the area with the lowest average seasonal amplitude and no strong
periodicity, in line with the ‘stable” zone identified by cluster 4 of Area 2.

Figure 17. Area 3 spatial distribution of the 4 clusters from seasonal analysis.

Figure 18. Area 3 seasonal behavior of the 4 clusters from the analysis displaying average amplitude.
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Figure 19. Comparison between the seasonal components of cluster 1 inside the UGS boundary and
the curve of the field gas cumulative volumes (blue line) [35].

In line with Area 2, water production induces no appreciable vertical seasonal ground
movements in the surroundings of the documented water wells present in Area 3, whereas
the vertical seasonality of cluster 3, which collect a very narrow amount of MP, is coherent
with water production/aquifer recharge, but it is unrelated to the position of the known
water production wells.

The cluster analyses performed on vertical trend components in the area of Area 3
does not add any further information; the area turns out to be a transition zone from the
high subsidence observed in the area of Bologna (Area 1) through the almost stable NW
area (Area 2). No vertical trend effects due to the storage operations can be appreciated.

4. Discussion

The different hydrogeological conditions characterizing the key areas in the studied
region—Areas 1-3—]led to a distinct response of the geological layers to water production
and subsequent recharge from rainfall or meteoric water. These responses highlight the
complexities of groundwater dynamics and their relationship to geological characteristics
throughout the region and have an impact on both the seasonal and trend components of
ground movement.

Area 1 is characterized by a high concentration of water production. It is located
inside the Reno alluvial fan [47] with a high thickness of sand /gravel deposits and a high
lateral continuity, as represented in geological sections S1 and S2 (Figures 20 and 21). The
groundwater levels of the piezometric wells in this area are consistent with the groundwater
recharge/withdrawal regime with high hydraulic heads (30-50 m), and are coherent with
the P-SBAS DInSAR vertical seasonal movements. This can be attributed to the recharge
of the aquifers directly from rainfall precipitation with high circulation velocities [30].
Thus, the consistency of the vertical seasonal component of P-SBAS DInSAR with the
groundwater regime is attributed to the high volume of water production accompanied
by fast recharge. Furthermore, the areal continuity of the sediments allows for pressure
areal sink propagation that also explains the vertical seasonal ground movement variation
spread throughout the investigated area.
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Figure 20. Examples of typical geological sections in the studied area that indicate the expected
continuity of the sand bodies in the superficial aquifers. (Figure modified from geological cross-
sections from Regione Emilia-Romagna database: https:/ /servizimoka.regione.emilia-romagna.it/
mokaApp/apps/pozzi_sez/index.html (accessed on 1 November 2024)).

Figure 21. Extended area trend map with contour lines of aquifer A’s thickness.
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On the other hand, Area 2 is located in the NE part of the broader studied region. This
part of the basin is characterized by lower concentrations of sand/gravel deposits that also
exhibit lower lateral continuity (Figures 20 and 21). There are not enough data to make a
direct correlation between the groundwater levels of the piezometric wells in this area and
the P-SBAS DInSAR vertical seasonal movements, but it is assumed to be a “stable” area in
relation to seasonality with low hydraulic heads (2-7 m). The recharge of the aquifers in
this area is by meteoric waters of Apennine and Alpine origin [30], and the inconsistency of
the vertical seasonal component of P-SBAS DInSAR data with the groundwater regime can
be attributed to extremely low circulation velocities and the lack of present-day recharge
phenomena. The vertical seasonal phenomena depicted by the cluster analysis performed
on Area 2 are very local due to the low areal continuity of the aquifer deposits displaying
lenticular shapes.

The central part of the investigated region, Area 3, is characterized by the presence of
the UGS site. In fact, MPs belonging to Cluster 1 are located directly above the UGS site
(Figures 17 and 18) and also exhibit very cohesive behavior in respect to the other clusters.
Their vertical seasonal components show seasonal correlations both in time and space with
storing activities—broadly characterized by injection cycles from April to October and
withdrawals from November to March [48], in agreement with the seasonal behavior of
the vertical ground deformation shown in Figure 19. The location and dimensions of the
underground reservoir are in good agreement with the observed oscillations on the ground
surface. The results are in agreement with those of [18], where several UGS sites were
studied in the Po Plain area in Northern Italy, and those of [35] that show that the peak
ground deformations are localized immediately above the reservoir area while a transitional
area extends toward the field borders before ceasing completely in a zone outside the
reservoir borders. The ground motions observed above the underground gas storage
site can be more easily interpreted compared with those in areas where only aquifers are
present. The UGS site dimensions and its geological characteristics have been thoroughly
investigated through detailed analysis of numerous wells and 3D seismic data. In contrast,
the dimensions and potential connections of superficial aquifers are more difficult to
identify, making it harder to correlate them with the observed ground movements.

The long-term trend of vertical ground movements in the studied area reveals that most
of the Northern Apennines, including the area south of Bologna, have undergone uplift
(Figures 10 and 11) since the early Pleistocene [49,50]. In fact, the area of interest is affected
by the activity of the Bologna anti-cline associated with an active blind thrust [15,51]. Thus,
the uplift in the range of up to 2 mm/yr is very close to the surface expression of the thrust
and represents movements from natural tectonic activities.

The entire study area can be characterized as a transition zone moving from SW to NE
(Figure 8). The vertical trend of the extended area is described by significant subsidence
values in the Bologna area due to high water production and continuous recovery of
groundwater levels, considering that, in that area, the thickness of the groundwater aquifers
is the largest (Figure 21). The subsidence values gradually diminish approaching the more
stable NE area. The UGS site is located in the central part of the region, which exhibits no
distinctive vertical trend behavior. The analysis indicates that no direct correlation exists
between UGS activities and the area’s overall vertical movement trends, suggesting instead
that these trends are more closely related to the regional geological dynamics and localized
water production.

5. Conclusions

This work focused on the quantification of the contribution of the superficial sedimen-
tary bodies and of deeper sedimentary formations, affected by ground water production
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and UGS activities, respectively, to the total vertical ground deformation. The results were
compared and validated with geological information of the upper-most layers of the Po
Plain in the studied area.

This study identified and quantified the contributions of different and superimposed
causes of natural and anthropogenic origins to the vertical ground movements in an area of
the Po Plain (Italy) deeply affected by land movement phenomena. The adopted approach
integrated land movement surveys, i.e., advanced satellite DINSAR and GNSS acquisitions,
with groundwater and gas storage activities, land use maps, and subsurface geology. The
investigation was developed separately on seasonal and trend components of the vertical
land movements adopting the STL and the cluster analysis techniques applied on the
P-SBAS DInSAR time series of vertical displacement. In particular, the findings on the trend
component turn out to be in line with previous research, whereas the outcomes related to
seasonal components, historically scarcely investigated, have allowed a straightforward
correlation with ground water production and UGS activities. Furthermore, the depicted
vertical ground movement phenomena were analyzed in light of the subsurface geological
framework, focusing on the aquifer groups characterizing the Emilia-Romagna plain.
The extension of the phenomena was correlated to the variable areal continuity of the
sand/gravel aquifer bodies throughout the investigated part of the Po Plain basin.

The results showed vertical seasonal oscillations in the areas of mayor water with-
drawn of about +3 mm every 6 months (areas around water-production wells presented in
Case 1 near Bologna city) in agreement with aquifer recharge dynamics. For the area above
the UGS site (Case 3), the values average £ 12 mm every six months, in agreement with
gas injection/withdrawal cycles. In terms of absolute vertical displacement, the extended
area showed values ranging from around —68 mm (near Bologna area) to +8.5 mm at the
foot of the Apennines (south Bologna) over the entire 5-year period, in agreement with
previous findings.

In conclusion, the findings of this research can be adopted by local and national
authorities for safety assessment during the production of groundwater from superficial
aquifers or injection of fluids deeper in the subsurface; this paper proposed a methodolog-
ical approach of general validity, which can be successfully adopted for successive case
studies elsewhere.
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Abbreviations

The following abbreviations are used in this manuscript:

ARPAE Agenzia Prevenzione Ambiente Energia Emlia-Romagna
CNR-IREA  National Research Council—Institute for the Electromagnetic Sensing of the Environment
DInSAR Diferential Interferometry Synthetic Aperture Radar

EPN EUREF Permanent Network

EUREF Regional Reference Frame Sub-Commission for Europe
GIS Geographic Information Systems

GNSS Global Navigation Satellite Systems

INGV Istituto Nazionale di Geofisica e Vulcanologia
IWS Interferometric Wide Swath

LOS Line of Sight

%15 Measuring point

NE North East

NW North West

P-SBAS Parallel Computing Small BAseline Subset
SAR Synthetic Aperture Radar

SBAS Small BAseline Subset

STL Seasonal and Trend decomposition by Loess
UGS Underground Gas Storage

Appendix A

Appendix A.1

Figure A1l. Comparison between the time-variation of the groundwater level of well BO20-01 and the
P-SBAS DInSAR seasonal vertical displacements: (a) map showing the location of the well and nearby
clustered MPs (zoom from Figure 14) and comparison with the seasonal component of clusters 2 and 4,
(b) map showing the extension of the buffer zone and comparison with the seasonal component of the
MPs within the buffer zone. For both maps green dots showcase piezometric wells, blue squares water
production wells for civil use (0.5-1.15 10° m?/yr) and colored dots P-SBAS DInSAR MPs.
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Appendix A.2

Figure A2. Comparison between the time-variation of the groundwater level of well BO30-00 and the
P-SBAS DInSAR seasonal vertical displacements: (a) map showing the location of the well and nearby
clustered MPs (zoom from Figure 14) and comparison with the seasonal component of clusters 2 and 1,
(b) map showing the extension of the buffer zone and comparison with the seasonal component of the
MPs within the buffer zone. For both maps green dots showcase piezometric wells, blue squares water
production wells for civil use (0.5-1.15 10° m3 /yr) and colored dots P-SBAS DInSAR MPs.

Appendix A.3

Figure A3. Comparison between the time-variation of the groundwater level of well BO27-00 and the
P-SBAS DInSAR seasonal vertical displacements: (a) map showing the location of the well and nearby
clustered MPs (zoom from Figure 14) and comparison with the seasonal component of cluster 2,
(b) map showing the extension of the buffer zone and comparison with the seasonal component of
the MPs within the buffer zone. For both maps green dots showcase piezometric wells, blue squares
water production wells for civil use (1.15-2.25 10° m3/yr) and colored dots P-SBAS DINSAR MPs.
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