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A B S T R A C T

We investigate the relationship between Underground Gas Storage (UGS) operations and ground deformation of 
three UGS fields in the Po Plain basin, Italy, hosted in Pliocene clastic deposits within anticline structural traps. 
Sentinel-1 InSAR data from 2015 to 2021 were analyzed to quantify seasonal uplift and subsidence patterns 
associated with the cyclic injection and withdrawal of gas. The methodology evaluates correlations between UGS 
activity and the seasonal amplitude of vertical displacement using cross-correlation parameters R and K, which 
measure the shape (R) and scale (K) similarity between vertical displacement time series and gas volume fluc
tuations. Results show that, with the UGS injection/withdrawal plan implemented until 2021, seasonal 
displacement peaks occur within gas field boundaries and diminish outward. Along the major axis of the anticline 
traps, UGS-related vertical displacements cease before reaching the field boundary, while transversally, they 
extend up to approximately 0.5 km beyond. Frequency distributions of seasonal amplitude, R and K values were 
used to define threshold values for R and K, enabling a quantitative identification of the effective UGS influence 
area, with GNSS data providing additional constraints. Our findings highlight the influence of structural trap 
geometry and bounding faults in shaping surface subsidence and uplift patterns. These findings underscore the 
need for advanced monitoring technologies and a comprehensive understanding of subsurface geology to an 
effective management of UGS operations. As global demand for gas storage increases, integrating geomechanical 
modeling with ground deformation monitoring will enhance risk assessment, ensure operational safety, and 
optimize gas storage strategies. The proposed methodology provides valuable insights for monitoring induced 
ground deformation, offering a framework for sustainable and effective UGS management.

1. Introduction

The Po Plain basin in northern Italy is one of the most densely 
populated regions in Europe and a crucial area for industrial and agri
cultural activities. Its geological evolution led to the formation of 
numerous hydrocarbons fields (primarily gas), which have been 
exploited since the mid-20th century. Since the 1960s, 13 depleted gas 
fields in the Po Plain have been converted to underground gas storage 
(UGS) facilities, with others currently under evaluation for future con
version to methane, CO2 or H2 storage. In recent years, the global gas 
storage capacity has increased due to geopolitical crises that have 
highlighted the importance of UGS in energy security. UGS systems 
provide flexibility and help maintain strategic energy reserves. 

However, the increase in storage capacity requires rigorous safety 
measures and effective management of the underground resources.

In Italy, public interest in the impact of underground industrial ac
tivities on the population and natural environment has grown over the 
last decade. This awareness gave a great impulse to regulate the moni
toring of micro-seismicity, ground deformation, and pore pressure, with 
the goal of mitigating potential natural and anthropogenic risks (e.g., 
Dialuce et al., 2014; Braun et al., 2020). Advances in monitoring 
anthropogenic ground deformations induced by underground activities 
have been primarily achieved through two complementary technolo
gies: the Interferometric Synthetic Aperture Radar (InSAR) and the 
Global Navigation Satellite System (GNSS) (e.g., Bertoni et al., 1995; 
Carminati and Martinelli, 2002; Cenni et al., 2013; Dacome et al., 2015; 
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Codegone et al., 2016; Benetatos et al., 2017; Giani et al., 2017; ARPAE, 
2018; Benetatos et al., 2020; Bitelli et al., 2020; Palano et al., 2020; 
Severi et al., 2020, 2021; Antoncecchi et al., 2021; Calabrese et al., 
2021). InSAR enables monitoring over large areas, providing relative 
measurements of vertical and east–west (E-W) planar movements, while 
GNSS offers punctual and absolute measurements of vertical, east–west 
(E-W) and north–south (N-S) planar movements.

UGS operations typically induce cyclical surface oscillations (uplift/ 
subsidence) as a result of seasonal gas injection and withdrawal. The 
magnitude, extent, and timing of these phenomena depend on numerous 
factors, including the volume of the injected/withdrawn gas and the 
associated pressure variation, the presence and properties of surround
ing aquifers, the depth, geometry, volume, and petrophysical and geo
mechanical characteristics of the reservoir and surrounding formations 
(e.g., Fjær et al., 2008; Benetatos et al., 2020). In a graphical repre
sentation vertical displacement vs time, these UGS-related ground os
cillations form a “sinusoidal signal” superimposed on background noise 
characterizing the undisturbed areas. Background noise may include 
effects from groundwater production, thermal and meteoric phenom
ena, sediment compaction due to urban settlements, and natural 
geological processes. Advanced data acquisition and interpretation 
techniques are, therefore, required to ensure accurate and high-quality 
ground displacement monitoring.

Geomechanical models have become essential tools in standard 
monitoring programs for underground activities in Italy (e.g., Teatini 
et al., 2006, 2011; Settari et al., 2008; Dialuce et al., 2014; Gambolati 
and Teatini, 2015; Braun et al., 2020). These models simulate the poro- 
mechanical processes associated with reservoir pressure changes and 
their effects on local stress field, which may result in surface uplift and 
subsidence. The development of geomechanical modelling involves 
constructing a 3D geological model that integrates geological and 
geophysical data for an area larger than the reservoir to capture regional 
and reservoir-scale geological complexities. The size of the 3D grid is 
designated to properly describe both the reservoir and the surrounding 
rock volume while ensuring undisturbed boundary conditions. These 
models are populated with rock mechanical properties to allow simu
lations that estimate the responses to pressure changes during storage 
operations. InSAR data are used to calibrate geomechanical parameters, 
ensuring a suitable match between the simulated and observed ground 
movements. Once calibrated, the models are used to predict the 
magnitude and extend of seasonal uplift and subsidence. Vertical ground 
movements due to subsurface storage operations are generally propor
tional to the volume of working gas and reservoir pressure changes, with 
higher values occurring above the reservoir and decreasing radially, 
suggesting a strong correlation between surface deformation patterns 
and subsurface geological features (e.g., Castelletto et al., 2010; Teatini 
et al., 2011; Ferronato et al., 2013; Codegone et al., 2016; Benetatos 
et al., 2017; Wang et al., 2021; Fibbi et al., 2023).

This study presents results from InSAR data analysis aimed at 
defining the influence area of the seasonal uplift and subsidence linked 
to UGS activities at three operative fields in the Po Plain (hereafter 
referred to as Fields 1, 2 and 3). These fields were selected for their 
comparable geological characteristics, including trap type (anticline), 
reservoir lithology, depth, geometry, and overburden stratigraphy. This 
approach enables a consistent analytical method and a systematic 
analysis of ground displacements distribution relative to geological 
features. The methodology characterizes InSAR signal in the three 
monitored areas in terms of seasonal amplitude and R-K parameters for 
the vertical component of ground displacement. The present study does 
not account for the horizontal (E-W planar) seasonal displacements, as 
these are much lower than the measured vertical displacements (the 
maximum horizontal seasonal amplitude is about 1/2 than the vertical 
one). The background noise was characterized in the outermost part of 
the monitored areas, far enough from the UGS fields to ensure that the 
measurement points on the ground surfaces were unaffected by UGS- 
related seasonal oscillations. Threshold values for the R and K 

parameters were defined so to identify the parts of the InSAR signal that 
exceed the background noise, effectively attributing them to the UGS. 
This analytical method can improve modeling accuracy for UGS sites by 
providing a more precise delineation of uplift and subsidence areas, 
thereby improving the calibration of geomechanical parameters. It also 
enhances our understanding of the UGS-induced variations in the local 
stress field and their propagation to the surface, leading to more accu
rate simulations.

2. Geological background

The Po Plain basin extends approximately east to west, from the 
Western Alps to the Northern Adriatic Sea, and is bounded by two fold- 
and-thrust belts with opposite vergence: the south-verging Southern 
Alps, to the north, and the north-northeast-verging Northern Apennines, 
to the south (e.g., Pieri and Groppi, 1981; Doglioni, 1993; Carminati 
et al., 2003; Fantoni et al., 2004; Fantoni and Franciosi, 2009; 2010; 
Balestro et al., 2022). The basin represents the shared foredeep-foreland 
of these two belts, formed in the context of convergence and continental 
collision between the Adria microplate and Eurasia (e.g., Dercourt et al., 
1986; Fantoni and Franciosi, 2010; Turrini et al., 2016; Irace et al., 
2024).

The Cenozoic evolution of the area was primarily controlled by the 
north-northeastward migration of the Northern Apennine fold-and- 
thrust belt, which led to the formation of the Po Plain as a foredeep 
basin. The outer part of the Northern Apennines was structured in the Po 
Plain subsurface forming three main arcuate thrust systems that are 
known as the Monferrato, Emilia and Ferrara fold systems (e.g., Pieri 
and Groppi, 1981; Boccaletti et al., 2011; Festa et al., 2013, 2015; 
Toscani et al., 2014) (Fig. 1a). During the post-collisional phases, the 
Southern Alps developed through the back-thrusting of the Alpine chain. 
The buried south-verging fold-and-thrust belt faces the Northern 
Apennines in the Po Plain subsurface (e.g., Picotti et al., 1995): the outer 
tectonic fronts of the Northern Apennines and Southern Alps interact 
along a deeper, east–west oriented residual foreland (e.g., Fantoni et al., 
2004; Scardia et al., 2015) (Fig. 1b).

The structural and stratigraphic architecture of the Po Plain sub
surface has been largely studied, described, and explored over the last 
40 years, due to its strategic relevance for the natural gas research and 
exploitation, through seismic reflection lines and deep well data (e.g., 
Pieri and Groppi, 1981; Casero et al., 2004; Fantoni and Franciosi, 2010; 
Ghielmi et al., 2010, 2013; Toscani et al., 2014; Turrini et al., 2016; 
Amadori et al., 2017, 2018, 2019). The main target for gas exploration 
has been the Plio-Pleistocene syn-tectonic clastic sequences.

At a regional scale, the base of the Pliocene sequence records an 
abrupt marine transgression over the Northern Apennine foreland, 
which led the widespread deposition of the marine clays of the Santerno 
Formation (Agip, 1982, Ghielmi et al., 2010). Meanwhile, coarse- 
grained to sand-rich turbidites accumulated in the foredeep areas 
(Caviaga Formation; Agip, 1982). The coarse-grained turbiditic levels of 
the Caviaga Formation host the clastic reservoir of the UGS Field 2. Since 
the Early Pliocene, most of the foredeep experienced the deposition of 
the thick, sand-dominated turbiditic sequences of the Porto Corsini 
(Early-Middle Pliocene) and Porto Garibaldi (Middle-Late Pliocene) 
Formations (Agip, 1982, Ghielmi et al., 2010). The clastic reservoirs of 
the UGS Fields 1 and 3 are both hosted within sand turbiditic levels of 
the Porto Garibaldi Formation. The following Upper Pliocene–Pleisto
cene sand-rich sequences (Asti Group) recorded the transition from 
deep-marine to continental environments, connected to the latest phases 
of the Po Plain foredeep infill, up to the deposition of the Holocene 
clastic deposits in continental environment (alluvium). The overall Late 
Messinian to the Pleistocene clastic infill of the Po Plain foredeep 
reached thickness of 7–8 km (Cazzini et al., 2015).

The studied gas fields (Fields 1, 2 and 3) were discovered during the 
early phases of exploration and research in the Po Plain area, between 
the 1940 s and the 1950 s. They were converted to storage activity 
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between the 1960 s and the 1980 s operating at a maximum injection 
pressure equal to the reservoirs initial pressure. All three UGS fields are 
hosted in the culminations of ramp-anticlines that are bounded by 
steeply dipping, regional thrusts. The seal (caprock) is provided by the 
Pliocene clay deposits of the Santerno Formation, which extensively 
cover the structural traps.

3. UGS field description

Field 1 is located in the eastern Po Plain (Fig. 1) at an average depth 
of 1300 m below sea level (s.s.l.). It was discovered in 1956, and primary 
production continued with 24 productive wells until 1971; starting from 
1975 the field was converted to storage activity. The storage activity is 

currently managed through more than 50 wells (including storage 
operative and pressure monitoring wells) with injection and production 
rates ranging from 3 to 25 MSm3/d and 5 to 40 MSm3/d, respectively. 
The natural gas is hosted within porous sandy levels of the Porto Gari
baldi Formation (Middle-Late Pliocene) with an average gross thickness 
of about 100 m. The seal is guaranteed by the overlying clayey deposits 
of the Santerno Formation, with an average thickness of 130 m above 
the trap (see also Benetatos et al. 2020). The simplified subsurface 
stratigraphy in the field area is shown in Fig. 2. The trap is associated 
with a strongly asymmetric, elongated anticline with a steep forelimb, 
bounded to the northeast by a NW-SE striking thrust with northeastward 
vergence. The trap also has a stratigraphic component: the porous levels 
pinch-out to the southeast above a structural high formed by the 

Fig. 1. (a) Simplified structural map of the Po Plain. The black lines represent the buried thrusts of the Northern Apennines; the yellow lines represent the buried 
thrust of the Southern Alps; the red dashed line indicates the trace of the geological cross section in (b); the red squares indicate the location of the studied UGS fields. 
SA: South Alpine fronts; MF: Monferrato fronts; EF: Emilia fronts; FF: Ferrara fronts (modified after Livani et al., 2023). (b) Simplified geological section across the Po 
Plain; the black dots indicate the approximate structural position of the studied anticline traps (UGS Field 1, 2, 3) with respect to the buried thrust fronts of the 
Northern Apennines and Southern Alps (modified after Livani et al., 2023). (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 2. Field 1. (a) Simplified map of the structural top; (b) cross section derived from the 3D seismic volume crossing the trap (see Benetatos et al., 2020); (c) 
simplified subsurface stratigraphy in the field area (green color: UGS reservoir). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)
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underlying Santerno Formation, defining a narrow non-deposition zone 
parallel to the fold hinge line. The structural culmination of the trap is 
found to the northeast of the center of the field area, close to the 
bounding fault (Fig. 2a). The extension of the originally mineralized 
area is approximately 8 km2.

Field 2 is located in the western Po Plain (Fig. 1) at an average depth 
of 1400 m s.s.l. It was discovered in 1947, and primary production 
continued with 23 productive wells until 1967, when the field was 
converted to storage activity. The storage activity is currently managed 
through more than 35 wells (including storage operative and pressure 
monitoring wells) with injection and production rates lower than Field 
1. The natural gas is hosted within the reservoir’s porous sandy levels of 
the Caviaga Formation (Early Pliocene), which has an average gross 
thickness of about 70 m. The seal is guaranteed by the overlying clayey 
deposits of the Santerno Formation, with a thickness of 400–500 m 
above the trap. The simplified subsurface stratigraphy in the field area is 
shown in Fig. 3. The trap is associated with an asymmetric, elongated 
anticline that is bounded to the south by an E-W striking thrust with 
southward vergence (Fig. 3a). The structural culmination of the trap is 
found slightly to the south of the centre of the field area, near the 
bounding fault. The extension of the originally mineralized area is 
approximately 6 km2.

Field 3 is located in the eastern Po Plain (Fig. 1) at an average depth 
of 1200 m s.s.l. It was discovered in 1959. Primary production started in 
1961 and continued with 9 productive wells until 1981, when the field 
was converted to storage activity in 1985. The storage activity is 
currently managed through more than 30 wells (including storage 
operative and pressure monitoring wells) with injection and production 
rates lower than Field 1 and Field 2. The natural gas is hosted within 
porous sandy levels of the Porto Garibaldi Fm. (Middle-Late Pliocene) 
with an average gross thickness of about 25 m; the seal is guaranteed by 
the overlying clayey deposits of the Santerno Formation, with an 
average thickness of 75 m above the trap (see also Codegone et al., 
2016). The simplified subsurface stratigraphy in the field area is shown 
in Fig. 4. The trap is associated with an almost symmetric, elongated 
anticline that is bounded to the northeast by a NW-SE striking thrust 
with northeastward vergence (Fig. 4a). The structural culmination of the 
trap is rather flattened and slightly shifted to the northeast of the centre 
of the field area, near the bounding fault. The extension of the originally 
mineralized area is approximately 8 km2.

4. InSAR monitoring: Methods and correlation analysis

The InSAR analysis was carried out through the TRE-Altamira 

SqueeSAR® algorithm (Ferretti et al., 2011), which provides high 
(millimeter) precision measurements of ground displacement in the 
form of clouds of measurement points (MP). The SqueeSAR® algorithm 
analyzes a stack of SAR images acquired over a site and measures the 
movement of the radar reflectors on the ground surface that remain 
visible and coherent throughout the period of the analysis. Radar re
flectors can be pointwise targets characterized by highly stable radar 
return signals (e.g. buildings, rocky outcrops, infrastructures, etc.), or 
patches of ground presenting a lower but homogenous radar return 
signal (e.g. rangeland, debris fields, arid areas, etc.). SAR satellites 
image the ground from ascending and descending orbits, according to 
the flight direction, respectively from south to north (imaging to the 
east) and from north to south (imaging to the west).

InSAR measures the projection of the vector of displacement onto the 
satellite line-of-sight (LOS) and provides 1D measurements along the 
LOS, which is inclined with respect to the vertical and north–south di
rection. The 1D (LOS) InSAR results obtained from the ascending and 
descending orbits over the same area and overlapping periods, are 
decomposed on a fixed regular grid to obtain the true relative 2D (ver
tical and east–west planar) components of motion, used in this work. 
The density and distribution of the identified MPs mainly depend on the 
resolution of the imagery, the surface characteristics, the surficial 
changes occurring over time and the topography of the area. The pre
cision of the analysis depends mainly on the correct unwrapping of the 
phase and estimation/removal of the atmospheric contribution, and 
increases with the length of the data stack and the coherence of the 
signal.

In the present study, we analyzed different InSAR datasets acquired 
from the European Space Agency (ESA) Sentinel-1 twin satellites 
constellation over a period of 7 years, from Oct 2014 to Oct 2021. The 
two Sentinel-1 satellites are equipped with a C-band radar sensor (5.6 
cm of wavelength), and capture images with a ground pixel of around 5 
x 15 m every 12 days (reduced to 6 days by combining both satellites). 
The datasets analyzed consist of 4 different Sentinel-1 tracks (2 
ascending and 2 descending) and around 350 images for each track 
(Table 1). The seasonal ground movements above the UGS fields are 
recognized and described using the seasonal amplitude of the ground 
oscillations, calculated from the displacement time series of the InSAR 
MPs, which are decomposed into the north–south and east–west com
ponents using a regular grid of 50 x 50 m2.

A specific cross-correlation analysis was conducted on the UGS sites 
of interest to enhance the identification of correlations between the 
seasonal ground displacements above the fields and the storage activity. 
During storage operations at the studied UGS sites, the volumes 

Fig. 3. Field 2. (a) Simplified map of the structural top; (b) simplified subsurface stratigraphy in the field area (green color: UGS reservoir). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
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cyclically handled are directly correlated with the cyclical pressure 
changes within the reservoirs. The correspondence between the recor
ded minimum and maximum pressures and the handled volumes is 
consistently verified. The volume parameter represents easily measur
able and accessible data, providing a macroscopic and overall view of 
field management during the storage cycles, and it well correlates with 
the ground displacement data. Thus, the cross-correlation analysis was 
based on a comparison between the InSAR-derived displacement time 
series and the cumulative curve of the injected/withdrawn gas volumes, 
aiming to provide a better understanding of the impact of the storage 
activity on surface deformations.

A mean value of semi-amplitude of seasonality is provided for each 
identified MP. This value is calculated on the time series of displace
ment, assuming a seasonal contribution of motion of the following type: 

Acos
(

2π
365

T+φ
)

(1) 

where A is the semi-amplitude, T is the time expressed in days, and φ 
is the seasonality phase referred to the first date of acquisition. Note that 
the model used to estimate this parameter assumes that the amplitude is 
constant and corresponds to the average value over the whole monitored 
period. Thus, it provides an indication of the average amplitude of 
seasonality. The purpose of the cross-correlation analysis is to correlate 
the time series of displacement of each MP and the time series of storage 
volumes. These time series may differ in terms of shape (R) and scale (K). 
The R index is the cross-correlation factor that quantifies the similarity 

in the shape of the two curves, without providing information about the 
magnitude of the motion; it is adjusted for the time delay between the 
two signals and properly scaled with K. R values range from 0 to 1, in 
which 1 represents perfect correlation and 0 no correlation,. The K index 
(in mm/km3) is the scaling factor between the InSAR-measured dis
placements and the amount of gas injection/withdrawal. Negative 
values of K, means that the InSAR and gas volume curves have opposite 
signs. High values of R and K indicate a strong correlation between the 
seasonal displacement and the storage curve. The R and K indexes are 
calculated with the following equations: 

[K̂, T̂] = argmin
⃒
⃒
⃒
⃒Ssar [t] − K⋅Wgas[t − T]

⃒
⃒
⃒
⃒2 (2) 

R =

∑(
Ssar [t]⋅Wgas[t − T]

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

Ssar[t]2⋅Wgas [t − T]2
√ (3) 

In which ||⋅| |2 corresponds to the L2 norm, Ssar are the InSAR 
displacement time-series in mm, Wgas is the cumulated injected/with
drawn gas in m3, t is the time and T the time lag, both in days. The 
correlation index R indicates how similar the estimated model, K⋅Wgas[t- 
T], is to the SqueeSAR time-series, and therefore these parameters T and 
K can be considered meaningful only for high values of R, between 0.5 
and 1.

5. Seasonality and cross-correlation analyses

A strong spatial and temporal correlation is commonly recognized 
above operative UGS fields between the ground displacements (seasonal 
uplift/subsidence) and the curve of the storage volumes (e.g., Castelletto 
et al., 2010; Codegone et al., 2016; Benetatos et al., 2020; Wang et al., 
2021; Fibbi et al., 2023). The InSAR analysis of the UGS-related ground 
deformation is usually based on the assessment of the distribution of the 
vertical seasonal amplitude values within the monitoring areas, e.g. via 
2D amplitude maps and the time series of ground displacements of the 
MPs.

The InSAR monitoring areas of Field 1, 2 and 3 were divided into 
concentric sub-areas to analyze the gradients of distribution of the 
seasonal amplitude, R and K parameters across them with respect of the 
UGS fields position. Each monitoring area was divided into 5 sub-areas, 
labeled A, B, C, D, E, with the UGS Field in the center: the boundary of 
sub-area A corresponds to the UGS field boundary on the ground. The 
sub-areas outside the reservoir boundary enclose the MPs that are placed 
between the reservoir area and 500 m (sub-area B), between 500 m and 

Fig. 4. Field 3. (a) Simplified map of the structural top; (b) simplified subsurface stratigraphy in the field area (green color: UGS reservoir). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1 
InSAR dataset used for the present study.

Orbit #Track Incindence 
angle

#Scene Time period

Field 
1

Ascending 117 37.51◦ 346 30/03/2015 – 
30/10/2021

Descending 95 40.02◦ 350 12/10/2014 – 
29/10/2021

Field 
2

Ascending 15 40.20◦ 336 23/03/2015 – 
29/10/2021

Descending 168 41.30◦ 348 22/03/2015 – 
28/10/2021

Field 
3

Ascending 117 39.60◦ 346 30/03/2015 – 
30/10/2021

Descending 95 40.50◦ 350 12/10/2014 – 
29/10/2021
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1 km (sub-area C), between 1 km and 2 km (sub-area D) and over 2 km 
(sub-area E) from the reservoir boundary.

The maps of seasonal amplitude, R and K, the amplitude histograms 
and the R-K vs amplitude scatter plots for the vertical component of the 
ground displacement highlight the specific patterns and trends that 
characterize each sub-area. In the following, the R and K maps will be 
provided only for Field 1, as the reference case study, to show the 
consistency of the areal distribution of the two parameters with respect 
to the seasonal amplitude trends. For Fields 2 and 3, the distribution of R 
and K will be only discussed through the scatter plots. The extension of 
the InSAR monitoring areas is of about 170 km2 (Field 1 and 3) and 
about 60 km2 (Field 2). Note that the distribution of the MPs within each 
area/sub-area reflects the degree of urbanization (Table 2).

5.1. Results for Field 1

The map of vertical seasonal amplitude (Fig. 5) shows a peak of 
seasonal displacement within the UGS field boundary. Here, the sea
sonal oscillations reach maximum amplitude values of~18 mm, with a 
radial decreasing trend extending across the A and B sub-areas. It should 
be noted that the highest values are found slightly NE of the center of 
sub-area A, decreasing in all directions. The values approach to zero 
within sub-area A toward the NW and SE. The decreasing trend extends 
to the sub-area B to the NE, SW and within the non-deposition zone; the 
highest values are found to the NE (i.e., maximum amplitude~11 mm), 
whereas in the other directions the decreasing trend is set on overall 
lower values with an average amplitude of 1 mm at the southeastern and 
northwestern edges of the sub-area B.

The histograms in Fig. 5 illustrate the frequency distribution of 
vertical seasonal amplitude across the different sub-areas. The sub-area 
A exhibits significantly high seasonal amplitudes, with most data clus
tered in the > 9.5 mm range and a distinct peak in the > 12 mm range; 
lower amplitudes are poorly represented. The sub-area B displays a more 
even frequency distribution across lower amplitude ranges, with most 
values < 7 mm and no notable peak: the highest frequencies are in the 
1–4 mm range. Despite the different number of MPs, the frequency 
distributions in the sub-areas C, D and E display amplitudes values 
heavily concentrated in the lowest ranges, with virtually all data 
showing amplitude < 3 mm and an average seasonal amplitude in the 
order of 1 mm.

The maps of the R and K parameters (Figs. 6-7) show consistent peaks 
of UGS-related displacement within the UGS field boundary, reaching 
maximum values of R~1 and K~20 mm/km3 in correspondence of the 
seasonal amplitude peak. The R and K parameters decrease radially 
across the A and B sub-areas, mirroring the seasonal amplitude trend. In 
the sub-areas C, D and E, where low amplitudes prevail, the R parameter 
shows a fully random, areal distribution (Fig. 6), and the K parameter 
exhibits predominantly very low values, as highlighted by the scattered 
orange-red shades in Fig. 7.

The scatter plots in Fig. 6 show the relationships between the vertical 
seasonal amplitude and the R parameter across the different sub-areas. 
Sub-areas A and B exhibit a positive correlation, with seasonal ampli
tude increasing nonlinearly as R approaches to 1. For low R values, the 
seasonal amplitude clusters below 1 mm and gradually increases as R 
increases. For R > 0.8, the seasonal amplitude increases more and more 
steeply. Conversely, the sub-areas C, D and E exhibit a weak positive 
linear correlation between the parameters within low amplitude ranges. 

In these areas, nearly all the data have R < 0.7. The few outliers suggest 
some variability but do not substantially alter the overall trends.

The scatter plots in Fig. 7 show the relationships between the vertical 
seasonal amplitude and the K parameter across the different sub-areas. 
Sub-areas A and B exhibit a strong, positive linear correlation, with 
the seasonal amplitude increasing consistently as K moves from 0 to high 
positive values. A negative linear correlation exists for the few MPs with 
negative K values and seasonal amplitude mainly < 3 mm. Conversely, 
the sub-areas C, D and E exhibit almost symmetric V-shaped trends, with 
the data concentrated in the lower ranges of both parameters. In these 
areas, virtually all of the data have K < 5 mm/km3. Sub-area C has fewer 
MPs with negative K values compared to D and E, likely due to its sparse 
dataset. In general, the MPs in these sub-areas follow the linear trends 
without notable outliers.

A permanent GNSS station was installed at the end of 2008 at the 
southeastern edge of the field, within sub-area A (location in Fig. 5). The 
station is equipped with a LEICA GR10 receiver and a TOPCON (TPSCR4 
model) antenna with TPSH radome, dual frequency GPS. The historical 
time series of vertical displacement recorded by the station do not show 
a clear seasonality (Fig. 8a).

After removing the linear trend of vertical displacement, the his
torical time series was compared with the storage curve (cumulative 
curve of the injected/withdrawn gas volumes) of Field 1 (Fig. 8b). The 
GNSS data do not exhibit any appreciable correlation with storage ac
tivity. Instead, the vertical movements can be primarily attributed to 
variations in the hydrological load (see Benetatos et al., 2020 for further 
details). The InSAR data near the station report average seasonal 
amplitude of 2.6 mm, R = 0.7 and K = 3 mm/km3. These results are 
consistent with the station’s position near the edge of the InSAR seasonal 
amplitude variation, and provide further constraints to the observed 
decreasing trend in the vertical seasonal displacement within the sub- 
area A.

5.2. Results for Field 2

The map of the vertical seasonal amplitude (Fig. 9) shows the highest 
values (~9 mm) within the UGS field boundary, with a radial decreasing 
trend across the A, B and C sub-areas. The peak of seasonal displacement 
is measured slightly to the south of the center of sub-area A and de
creases in all directions, reaching near-zero values to the west. It should 
be noted that the easternmost part of the sub-area A has no MPs because 
it is a vegetated area including a large fluvial region. Low amplitude 
values were here expected, according with the observed decreasing 
trend; supporting this, low amplitude values (approaching to zero) are 
observed in the surroundings and further east in the sub-area B. The 
decreasing trend extends into the sub-area B to the north and S-SE: the 
highest amplitude values are observed south of the field (amplitude~6 
mm). In the northern and southeastern part of the sub-area B, the 
decreasing trend is set on overall lower value ranges, with most data 
showing amplitude < 3.5 mm. The sub-area C exhibits a slight 
decreasing trend toward the north and SE, but in lower ranges than the A 
and B sub-areas, with most data showing amplitude < 3 mm. The MPs in 
the sub-areas D and E predominantly exhibit amplitudes ≤ 2 mm.

The amplitude histogram of the sub-area A (Fig. 9) shows overall 
higher values than the other sub-areas, but, unlike Field 1, it lacks a 
distinct frequency peak in the higher amplitude ranges. The sub-area B 
displays an even frequency distribution across lower amplitude ranges 
than sub-area A, with most of the data in the < 5 mm range and a rough 
multimodal distribution. Despite differences in the number of MPs, the 
sub-areas C, D and E show similar frequency distributions that markedly 
differ from to those of sub-areas A and B. The C sub-area shows a slightly 
higher frequency peak in the 1–1.5 mm range, but in all three sub-areas, 
the amplitudes are consistently concentrated in the lowermost ranges, 
with nearly all the data showing amplitudes < 2–3 mm, and an average 
seasonal amplitude in the order of 1 mm.

The scatter plots of seasonal amplitude vs R parameter (Fig. 10) show 

Table 2 
Number of InSAR measurement points in the analyzed decomposed dataset.

Sub-areas

A B C D E

Field 1 882 585 470 849 5136
Field 2 378 239 492 1842 1786
Field 3 576 333 448 1304 4253
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a positive correlation between in the sub-areas A and B, with an 
increasing nonlinearity as R approaches to 1. For low R values, the 
seasonal amplitude clusters below 1 mm and gradually increases as R 

increases. For R > 0.8, the seasonal amplitude increases more steeply. 
Conversely, the sub-areas C, D and E show weak, positive linear corre
lation between the parameters within low amplitude ranges. Most data 

Fig. 5. (a) Map of the vertical seasonal amplitude: the solid line represents the boundary of Field 1 (sub-area A), the dashed lines represent the outer boundaries of 
the sub-areas B, C, D (the names of the sub-areas are indicated in the black squares). The red circle indicates the location of the GNSS station. (b) Statistics (minimum, 
maximum, average values and standard deviation) and histograms of the seasonal amplitude distribution in the sub-areas A, B, C, D, E. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. (a) Map of the R parameter: the solid line represents the boundary of Field 1 (sub-area A), the dashed lines represent the outer boundaries of the sub-areas B, 
C, D; (b) Scatter plots of R vs seasonal amplitude in the sub-areas A, B, C, D, E. The names of the sub-areas are indicated in the black squares.

Fig. 7. (a) Map of the K parameter: the solid line represents the boundary of Field 1 (sub-area A), the dashed lines represent the outer boundaries of the sub-areas B, 
C, D; (b) Scatter plots of K vs seasonal amplitude in the sub-areas A, B, C, D, E. The names of the sub-areas are indicated in the black squares.

G. Codegone et al.                                                                                                                                                                                                                              Gondwana Research 143 (2025) 185–198 

191 



from the sub-area C have R < 0.8, while more than almost all of the data 
of the sub-areas D and E have R < 0.6. The few outliers suggest some 
variability but do not substantially alter the overall trends.

The scatter plots of seasonal amplitude vs K parameter (Fig. 11) 
exhibit a strong, positive linear correlation in the sub-areas A and B, 
with the majority of the data in the positive range of K. In the sub-area B, 
a few MPs exhibit a negative linear correlation for negative K values, 
with seasonal amplitude mainly < 1 mm. Conversely, the scatter plots of 
the sub-areas C, D and E show a symmetric V-shaped trend, with the data 
concentrated in the lower ranges of both the parameters. In these areas, 

almost all of data have K < 5 mm/km3. In general, the MPs follow the 
linear trends with few outliers.

5.3. Results for Field 3

The map of the vertical seasonal amplitude (Fig. 12) shows the 
highest values (~7 mm) within the UGS field area, with a radial 
decreasing trend across the A and B sub-areas. The peak of seasonal 
displacement is measured in the center of the sub-area A, and decreases 
in all directions, reaching near-zero values toward NW and SE. The 

Fig. 8. Historical time series of vertical displacement measured by the GNSS station. (a) Difference between the estimated and reference coordinates. (b) Comparison 
between the de-trended historical time series and the storage curve (red line). (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

Fig. 9. (a) Map of the vertical seasonal amplitude: the solid line represents the boundary of Field 2 (sub-area A), the dashed lines represent the outer boundaries of 
the sub-areas B, C, D. (b) Statistics (minimum amplitude, maximum amplitude, average amplitude and standard deviation) and histograms of the seasonal amplitude 
distribution in the sub-areas A, B, C, D, E.

Fig. 10. Scatter plots of R vs seasonal amplitude for Field 2. A, B, C, D, E: sub-areas of analysis (location in Fig. 9).
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decreasing trend extends into the sub-area B to the NE and SW, where it 
is set on overall lower values, with most data showing amplitude < 4 
mm. The MPs in the sub-areas C, D and E predominantly exhibit am
plitudes ≤ 2 mm.

The amplitude histograms of the sub-area A exhibit overall higher 
values than the other sub-areas (Fig. 12). Like Field 2, Field 3 does not 
exhibit a frequency peak in the higher amplitude range, but rather it 
displays a bimodal data distribution with two peaks at~1 mm and~5 
mm. Despite differences in the number of MPs, the histograms of the 

sub-areas B, C, D and E show similar frequency distributions, that 
markedly differ from to those of sub-area A: the amplitudes are consis
tently concentrated in the lowermost value ranges, with the vast ma
jority of the data in the < 3 mm range and an average seasonal 
amplitude in the order of 1 mm.

The scatter plots of seasonal amplitude vs R parameter (Fig. 13) 
exhibit a positive correlation in the sub-area A with a certain nonline
arity as R approaches to 1. For low R values, the seasonal amplitude 
clusters below 1 mm and increases faster as R gradually increases. The 

Fig. 11. Scatter plots of K vs seasonal amplitude for Field 2. A, B, C, D, E: sub-areas of analysis (location in Fig. 9).

Fig. 12. (a) Map of the vertical seasonal amplitude: the solid line represents the boundary of the Field 3 (sub-area A), the dashed lines represent the outer boundaries 
of the sub-areas B, C, D. (b) Statistics (minimum, maximum, average values and standard deviation) and histograms of the seasonal amplitude distribution in the sub- 
areas A, B, C, D, E.

Fig. 13. Scatter plots of R vs seasonal amplitude for Field 3. A, B, C, D, E: sub-areas of analysis (location in Fig. 12).
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sub-areas B, C, D and E show a weak, positive linear correlation within 
low amplitude ranges. Nearly all the data concentrate in the R < 0.7 
range. The few outliers suggest some variability but do not substantially 
alter the overall trends.

The scatter plots of seasonal amplitude vs K parameter (Fig. 14) 
exhibit clear V-shaped trends. The scatter plot of the A sub-area shows a 
prevailing positive linear correlation, with most of the data in the pos
itive range of K, and the seasonal amplitude increasing consistently as K 
moves from 0 to high positive values; a negative linear correlation exists 
for the few MPs with negative values of K and seasonal amplitude 
mainly < 3 mm. The sub-areas B, C, D and E exhibit a notable concen
tration of data in the lower ranges of both the parameters, with almost 
all data in the K < 10 mm/km3 range. In general, the MPs follow the 
linear trends with no outliers.

6. Thresholds definition

The described data allowed to characterize the InSAR signal in the 
UGS-monitored areas in terms of vertical seasonal amplitude and cross- 
correlation parameters (R and K). In particular, the presented method 
allows for the discrimination between the part of the signal that effec
tively records the UGS activities and the background noise. The 
described MPs maps show that the sub-areas D and E (>1 km from the 
UGS field boundaries) consistently exhibit random distributions of ver
tical seasonal amplitude, R and K in their lowest ranges, with no 
directional trends linked to the sub-area A, where the peak of UGS- 
related displacements is located. These observations suggest the 
absence of correlation with UGS activities. The histograms and scatter 
plots confirm that the frequency distributions of vertical seasonal 
amplitude, R and K in the subareas D and E are not affected by UGS- 
related displacements, unlike the sub-area A. The “undisturbed” char
acter of the R and K frequency distributions in the subareas D and E 
serves as a reference to characterize the background-noise signal in the 
UGS monitoring areas.

As outlined above, the frequency distributions show that almost all 
the MPs in the sub-areas D and E have R < 0.7 and K < 5 mm/km3 (Field 
1), R < 0.6 and K < 5 mm/km3 (Field 2), R < 0.7 and K < 10 mm/km3 

(Field 3) (see Table 3). These values are considered the threshold values 
for R and K parameters that identify the site-specific, upper limits of the 
background noise. The MPs with R and K values above these thresholds 
record UGS-related displacements that superimpose and exceed the 
background noise, indicating an effective correlation between the 
ground movements and the storage activities.

The frequency distributions for the sub-area C of the Field 1 and 3 are 
similar to those of the sub-areas D and E. Only the Field 2 shows clues of 
a possible extension of the UGS-related displacement trend into the sub- 
area C, but within a very low amplitude range, similar to the sub-areas D 
and E.

The maps in Figs. 15, 16 and 17 show the spatial distributions of the 
MPs with R and K values above the thresholds (indicated in black): they 
identify the effective influence area of the storage activity on the ground 
surface for each UGS field. Most MPs recording the UGS-related dis
placements for Field 1 (Fig. 15a-b) and Field 2 (Fig. 16a-b), and almost 
all MPs recording the UGS-related displacements for Field 3 (Fig. 17a-b), 
are located within the field areas. The time series of vertical displace
ment for the MPs at the peaks of vertical seasonal amplitude exhibit a 
marked sinusoidal trend of movement with a strong correlation with 
storage activities (e.g., Fig. 15c, Fig. 16c and Fig. 17c).

The UGS-related vertical displacements do not reach the field 
boundaries along the major axes of the traps (NW-SE for Field 1 and 
Field 3; E-W for Field 2), except for the southeastern edge of Field 1, 
corresponding to the narrow non-deposition zone of the trap, where a 
few MPs record UGS-related displacements. No MPs are available in the 
easternmost part of the Field 2 area, but R and K values below the 
thresholds are expected, based on the decreasing amplitude trend 
(reaching very low values further east) and the comparison with the 
Field 1 and Field 3. Along the minor axes of the traps, the UGS influence 
area extends outside the field boundaries, up to~500 m for Field 1 (NE- 
SW direction), ~500 m (K map) and~1 km (R map) for Field 2 (N-S 
direction), and~400 m for Field 3 (NE-SW direction).

The influence area identified by the R map is slightly larger than that 
of the K map for Field 1 and Field 2, especially toward the SW and SE 
(Field 1) and toward the north and SE (Field 2). The time series of 
vertical displacement for the MPs located within the UGS influence area 
of the R maps, but outside the influence area of the K maps (Fig. 15d and 
Fig. 16d), show irregular, low-amplitude seasonal signal. For Field 1, the 
Fig. 15d refers to MPs close to the GNSS station (location in Fig. 15b), 
which does not highlight vertical seasonal oscillations correlated with 
storage activities: such results are consistent with the K map. For Field 3, 
the R and K maps provide consistent extensions of the UGS influence 
area. The time series of vertical displacement for the MPs located at the 
edge of the UGS influence areas show UGS-related oscillations but in a 
lower amplitude range (Fig. 17d). The time series of vertical displace
ment outside the influence area (~900 m from Field 1 and Field 2, 
and~600 m from Field 3) confirm the absence of any seasonal trend 
(Fig. 15e, 16e, 17e).

Fig. 14. Scatter plots of K vs seasonal amplitude for Field 3. A, B, C, D, E: sub-areas of analysis (location in Fig. 12).

Table 3 
Threshold values defined for the R and K [mm/km3] parameters.

Threshold on R Threshold on K

Field 1 R = 0.7 K = 5
Field 2 R = 0.6 K = 5
Field 3 R = 0.7 K = 10
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7. Discussion

The described analysis was based on InSAR data acquired over three 
operative UGS fields corresponding to elongated anticline traps bounded 
by frontal thrusts. The anticlines exhibit different degrees of structural 
asymmetry: the anticline of Field 1 is highly asymmetric, with a steep 
forelimb and the structural culmination very close to the bounding 
thrust; the anticline of Field 3 is nearly symmetric, with a flattened 
structural culmination slightly shifted toward the bounding thrust; the 
anticline of Field 2 exhibits intermediate features. These fields also share 
comparable reservoir extension, depth, lithology, and overburden 
stratigraphy.

The distribution of the vertical UGS-related displacements shows 
similar trends across the three monitored areas: the peak of vertical 
seasonal displacement is located within the field areas and decreases 
radially. The geometric similarity between the traps and the deforma
tion trends allowed us to apply the same analytic approach. The cross- 

correlation analysis confirmed that the highest values of the cross- 
correlation parameters R and K are consistently concentrated within 
the field boundaries (subareas A), decreasing radially in all directions. 
The peak of vertical seasonal oscillation is characterized by R = 0.98, K 
= 19.6 mm/km3 (Field 1), R = 0.96, K = 19.3 mm/km3 (Field 2), and R 
= 0.97, K = 27.2 mm/km3 (Field 3).

The outermost parts of the monitored areas, more than 1 km from the 
field boundaries (sub-areas D and E), consistently exhibit: (i) the absence 
of directional trends, (ii) the prevalence of low amplitudes (≤2-3 mm) 
with an average value in the order of 1 mm, (iii) a fully random distri
butions of R values across a wide range, and (iv) a prevalence of low K 
values. These characteristics confirm that the MPs more than 1 km away 
from the field areas are unaffected by UGS activities and record the 
“undisturbed signal” of the monitored areas. Their frequency distribu
tions were used to define threshold values on R and K, representing the 
upper limits of the background noise. The results indicate that the 
estimated threshold values are site-specific: R = 0.7 and K = 5 mm/km3 

Fig. 15. Maps of the R (a) and K (b) parameters in the Field 1 monitoring area; the solid line represents the boundary of the field. (c), (d), (e): comparison between 
the average time series of vertical displacement of the measurement points indicated in (a) (black line) and the storage curve of the UGS field (red line). The red circle 
in the K map indicate the location of the GNSS station. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 16. Maps of the R (a) and K (b) parameters in the Field 2 monitoring area; the solid line represents the boundary of the field. (c), (d), (e): comparison between 
the average time series of vertical displacement of the measurement points indicated in (a) (black line) and the storage curve of the UGS field (red line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Field 1), R = 0.6 and K = 5 mm/km3 (Field 2), R = 0.7 and K = 10 mm/ 
km3 (Field 3). The MPs with R and K values exceeding these thresholds 
provide evidence of UGS-related displacements: the spatial distribution 
of such MPs identifies the effective influence area of the UGS activity.

For all three fields, the influence area is mostly contained within the 
field areas, with a minor extension outside in the direction perpendic
ular to the bounding fault of the geological trap. Conversely, in the di
rection parallel to the fault (trap major axis), UGS-related displacement 
values diminish before reaching the reservoir boundary. Possible ex
planations for this behaviour could include the characteristics of the 
surrounding aquifer. The threshold values of Field 1 identify an influ
ence area which extends outside the field boundary up to a maximum 
distance of~500 m. The influence area identified by the R threshold is 
slightly larger. The GNSS data corroborate the K threshold results, 
attesting that R slightly overestimates the extension of the influence 
area. The threshold values of Field 2 identify an influence area which 
extends outside the field boundary up to a maximum distance of~500 m 
(K threshold) and~1 km (R threshold). Also in this case, the influence 
area identified by the R threshold is slightly more extensive, particularly 
towards the north and SE. The observations from Field 1 suggest that K 
provide more reliable estimations. The threshold values of Field 3 
identify an influence area which extends quite symmetrically outside the 
field boundary up to a maximum distance of~400 m. In this case, the R 
and K maps provide consistent extensions of the UGS influence area. The 
time series of vertical displacement confirm that the MPs with R and K 
values below the thresholds lack any evidence of UGS-related 
displacement.

Finally, the peak of the ground oscillation for Field 1 and Field 2 is 
offset from the centre of the field areas. Fig. 18 shows the MPs with R ≥

0.9 compared with the structural map of the buried traps. Almost all the 
MPs are concentrated within the field areas. The peak of oscillation for 
Field 1 and Field 2 is shifted towards the bounding fault of the trap. This 
asymmetry reflects the structural asymmetry of the traps, which de
termines the position of the crest where most of the storage wells 
intersect the reservoir. As a result, the higher UGS-related amplitudes 
measured outside the field areas are concentrated near the bounding 
faults, where oscillation peaks abruptly stop due to the faults presence. 
Conversely, Field 3, with its symmetric trap, exhibits the peak of oscil
lation almost in the centre of the field area. These findings could provide 
insights into the role of the trap geometry and of the bounding faults in 
confining the expected major UGS-related uplift and subsidence phe
nomena at the surface.

8. Conclusions

The present study proposes an analytical methodology to identify the 
influence area of the UGS-related ground deformations above three 
operative UGS fields in the Po Plain (Italy). The methodology is based on 
the characterization of the InSAR monitoring data in terms of vertical 
seasonal amplitude (measuring the amount of average seasonal 
displacement) and R-K cross-correlation parameters (quantifying the 
correlation between the seasonal displacement and the UGS activity), 
focusing on the vertical component of the ground deformations. The 
InSAR dataset comprises images acquired by the Sentinel-1 satellites 
over the 2015–2021 period.

The studied UGS fields were selected based on their similar geolog
ical complexities to ensure that the distribution of ground deformations 
relative to the geological features was geometrically comparable, 

Fig. 17. Maps of the R (a) and K (b) parameters in the Field 3 monitoring area; the solid line represents the boundary of the field. (c), (d), (e): comparison between 
the average time series of vertical displacement of the measurement points indicated in (a) (black line) and the storage curve of the UGS field (red line). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Distribution of the MPs with R ≥ 0.9 compared with the structural map of the Field 1, 2, 3. The MPs are concentrated above the crest of the anticline hinge 
line (where most of the storage wells intersect the reservoirs); the position of the MPs reflects the degree of structural asymmetry of the buried trap.
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enabling the application of a consistent analytical approach. The case 
studies correspond to elongated, anticline traps bounded by frontal 
thrusts (i.e., buried ramp anticlines), and also share similar reservoir 
extension (6–8 km2), depth (1200 to 1400 m s.s.l.), lithology (coarse- 
grained and sand-rich turbidites), and overburden stratigraphy 
(including, in particular, the clayey caprock). The described analyses 
confirm that the MPs in the outermost part of the monitored areas (>1 
km from the fields) are not affected by UGS-related ground displace
ments and record the “undisturbed signal”: these MPs were used as 
reference to identify threshold values for R and K that are site-specific. 
The MPs with R and K values exceeding these thresholds identify the 
effective influence area of the storage activity.

Our findings show that, with the UGS injection/ withdrawal plan 
implemented until 2021, the influence areas of the studied UGS cases are 
mostly confined within the field areas and only a minor part extends 
outside. Along the major axis of the traps/fields, the measurable UGS- 
related displacements cease before reaching the field boundaries, 
whereas transversally these extend outside up to a few hundred meters 
(~400–500 m). The R and K thresholds for Field 3 provide consistent 
extensions of the influence area, while the R thresholds for Field 1 and 
Field 2 identify slightly more extensive influence areas than the K 
thresholds. The data from the GNSS station at the edge of Field 1 are 
consistent with the K threshold results. It attests that R tends to slightly 
overestimate the extension of the influence area, that can be considered 
a conservative result. Furthermore, the data indicate that the position of 
the displacement peaks reflects the structural asymmetry of the traps.

The proposed analytical methodology allows for rapid and precise 
identification of the areas experiencing uplift/subsidence at surface due 
to the underground operations at the reservoir depth by analyzing R-K 
parameters derived from the InSAR data. The accurate definition of the 
influence area applied to geomechanical simulations can significantly 
improve the calibration of the geomechanical parameters, and. Addi
tionally, it can serve as a monitoring tool by comparing the results of 
geomechanical simulations with the observed outcomes. Significant 
discrepancies between observed and predicted deformation areas might 
indicate groundwater movement in shallower stratigraphic layers, hy
draulically separated from the reservoir.

The methodology could be expanded also to reservoir types dedi
cated to underground fluid storage characterized by other geological 
features and ground deformation trends, providing valuable insights and 
observations. For example, a different nature or geometry of the trap (e. 
g. stratigraphic traps) should require drawing different geometries of the 
analysis sub-areas. A comprehensive understanding of the structural and 
stratigraphic complexities of the reservoir and surrounding formations, 
along with the deformation trends, remains essential to adapt − and 
properly apply − the proposed method. The use of different satellites 
working with other radar wavelengths could provide new insights on the 
influence area definition. Moreover, deploying more satellites with 
diverse viewing angles could also enhance the available information 
from both temporal and spatial resolution points of view.
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