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Abstract: Fluid produced/injected volumes from/into underground natural formations and their
spatial allocation play a key role in addressing the superposition of anthropogenic subsidence effects,
but the definition of coherent datasets is usually very challenging. In this paper, the creation of a gas
and water production dataset for the Po Plain area in northern Italy is presented, focusing on the
Emilia-Romagna region (an industrialized, highly-populated area characterized by rapid subsidence).
The produced volumes and their spatial/temporal allocation are gathered from different sources,
analyzed, and organized via dedicated georeferenced maps. The geological framework of the Po
Plain is delineated, with attention to the superficial aquifers. Reference ranges of petrophysical and
pseudo-elastic parameters are reported for both aquifer and reservoir formations. Water extractions
from the superficial unconsolidated sediments are widespread, both in space and time; instead,
primary gas production and underground storage of natural gas, involving deeper formations,
are spatially and temporally well constrained. Drastic increases in water production and high
concentrations of gas production temporally coincided between the 1950s and 1970s. The ‘hotspots’
of the strongest superposition are recognized in Piacenza, Ferrara, Bologna, and Ravenna provinces.
Qualitative and quantitative information represent a reference source for both Oil and Gas Societies
and Regional/National authorities in addressing the subsidence analysis to plan the field production
life and predict the environmental consequences.
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1. Introduction

Accepted: 30 May 2022

The Po Plain, located in northern Italy, is a highly industrialized and populated region.
It covers an area of about 40,000 km2 , extending approximately 650 km in an E–W direction
from the Western Alps to the Adriatic Sea. The Po Plain forms an extensive sedimentary
basin representing the foreland basin system of two fold-and-thrust belts: the Northern
Apennines and the Southern Alps. The N–NE verging Northern Apennines system is
buried beneath the Quaternary cover, whereas the S verging Southern Alps system forms a
platform dipping gently into the basin [1].
The Po Plain is a rapidly subsiding area, with subsidence rates up to 70 mm/year, characterized by massive water production and the presence of gas reservoirs and Underground
Gas Storage (UGS) systems. It has been the focus of numerous studies involving subsidence
analyses, as will be discussed later on. In fact, the study and prediction of subsidence
are essential to prevent negative impacts on social–economic activities, to ensure urban
settlement protection, and ultimately, the safety of extraction and storage activities.
Land subsidence drivers can generally be classified into two categories: natural and
anthropogenic. Natural subsidence takes place over millions to thousands of years resulting
from long-term geological movements, whereas anthropogenic subsidence operates over
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hundreds to tens of years and refers to short-term movements. According to the literature,
natural subsidence is responsible for 23.08% of the land subsidence around the world,
whereas anthropogenic drivers are responsible for 76.92% [2].
Natural land subsidence and uplift arise mainly due to geological conditions that act on
highly compressible thick sediments. It may act on either a local (few to tens of kilometers)
or a regional (tens to hundreds of kilometers) scale. These long-term movements are mainly
the result of faulting, compaction of recent sediment deposits, tectonic movements, and
sea-level rise, as well as compaction and post-glacial rebound [3]. Significant research
has been focused on the effects of the tectonic activity and deformation of the Apennine
belt and Po Plain [4–11], and numerous papers offer a holistic overview of the previous
works [1,12–14].
On the other hand, anthropogenic land subsidence results from human activities
such as the extraction of fluids from the subsurface and eventually their re-injection (UGS,
geothermal activities), the underground excavation for mining activities, the construction
of surface and underground facilities and structures, carbonate rock solution, and erosion
of subsurface, among others [15]. In the Po Plain area, the gas fields underwent production
from a number of deep onshore and offshore formations, whereas groundwater extraction
was characterized by a shallow, well-developed multi-aquifer system [16].
Anthropogenic subsidence in the Po Plain has been the topic of numerous studies due
to its high degree of urbanization and the abundance of hydrocarbon fields and groundwater bodies. The research investigates the effect of water production [16–18], among others,
or the effects of hydrocarbon activities, in terms of reservoir exploitation and UGS operation [19–22], but an accurate and reliable analysis of the superposition of both is still a
marginal, even if meaningful, approach. Based on the authors’ experiences, several issues
cause the approach to be challenging and onerous: the accuracy in describing a wide volume
of underground formations in terms of both geological, geotechnical/geomechanical, and
fluid-flow characteristics together with the involved multi-physical phenomena (i.e., stress–
strain and fluid flow). Furthermore, the definition of the fluid produced/injected volumes
from/into underground natural formations and their spatial allocation are not a trivial task.
This information is usually well-defined for natural gas reservoirs via monitoring surveys
throughout the reservoir’s life; in contrast, the identification of water production is usually
more challenging.
The production data plays a key role in understanding and in forecasting the ground
movement induced by fluid production as a whole, and in discriminating the contribution
of each different source. The scope of the present paper is the definition of a dataset of
the historical fluid exploitation/withdrawal information related to gas reservoirs, aquifers,
and UGS in the Po Plain in general, and more specifically in the Emilia-Romagna region.
Different data sources, not always easy to find, such as information about water production,
were gathered, analyzed, and organized in terms of the produced volumes as well as
their spatial and temporal allocation. For the sake of clarity, the collected data were
represented via dedicated georeferenced maps. The dataset could become a reference
source of information for a rigorous distinction between the effects of water production and
gas production in terms of induced ground movements. As a consequence, it will allow to
more accurately optimize the efficiency of the future production activities with respect to
regulations concerning the safety of the infrastructures and underground system.
2. Materials and Methods
The stratigraphy and the geological framework of the Po Plain are delineated, and
two fluid production datasets for water and gas are presented via georeferenced maps,
histograms, and tables with their dedicated sources.
2.1. Geology of Po Plain
A primary geological description of the geodynamic evolution and the stratigraphy of
the study area is presented in this section, with a specialized focus on the superficial aquifers.
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overlain by Mesozoic to Eocene sedimentary successions encompassing mainly limestones
(mudstone and packstone–grainstone), dolomites with marls. The overlying Miocene
formations include sandy marls conglomerates representing the deposition of the foreland
ramp. The evolution of the foredeep Northern Apennine system from the late Miocene to
late Pliocene consist of the main formations such as the Santerno Fm. made up of silty clays
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brackish, and saltwater. The majority of the produced water, for civil, agricultural, or
industrial uses, is provided by thousands of drilled wells with depths that span the range
from 5 to 600 m. The stratigraphy of the alluvial deposits occupying the first few hundreds
of meters of the basin includes three basic aquifers groups nominated A, B, and C. Two
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Aquifer group A is the most recent one, covering the time period of Middle Pleistocene–
Aquifer group A is the most recent one, covering the time period of Middle PleistoHolocene, while the aquifer groups B and C are older, covering the time period of Upper
cene–Holocene, while the aquifer groups B and C are older, covering the time period of
Pliocene–Middle Pleistocene. The first two aquifer groups (A and B) are formed mostly
Upper Pliocene–Middle Pleistocene. The first two aquifer groups (A and B) are formed
by alluvial deposits that consist of gravel (alluvial conoid origin), fine material (alluvial
mostly by alluvial deposits that consist of gravel (alluvial conoid origin), fine material
plain origin), and sand deposits of meandric origin. Aquifer group C instead is formed
(alluvial
origin), and sand sediments
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C and
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by
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and marine–marginal
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sediments [30]. The depositional environment of each aquifer group and its location inside
the plain also control the continuity of sedimentation and thus the hydraulic connectivity
between the aquifer groups. Discontinuity surfaces can exist due to the geometry of
the deposition and the temporal pause in sedimentation [30]. Significant discontinuities
are observed, usually close to faults, while further away from these active structures,
sedimentation is more continuous. The thickest part of the aquifer group is located in
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correspondence to the river conoids of the Emilia-Romagna region to the south, while
significant thicknesses are also present to the north and northeast of the region.
2.2. Fluid Production Overview
The history of hydrocarbon exploration in the Po Valley began after World War II in
the mid-1950s [31]. The Caviaga-1 well, drilled in 1944 to a total depth of 1404 m below
sea level (ssl), resulted in the first significant discovery of natural gas in the Po Plain
and in Italy. Over the years, thanks to the continuous advances in seismic data analyses
and technologies such as seismic reflection methods, deeper successions in the Po Valley
were targeted that led to the exploration of the Mesozoic carbonates [32]. Significant oil
and gas condensate fields were discovered during these successions, whereas gas fields
represented shallow gas accumulations of thermogenic and biogenic origin of the Miocene,
Pliocene, and Pleistocene ages. Most of the hydrocarbons that were discovered in the Po
Valley are Pliocene and Pleistocene biogenic/diagenetic gas, with their reservoirs located
in stratigraphic traps, thrusted anticlines, and drape structures [33].
In Italy, numerous depleted gas reservoirs were converted into underground gas
storage systems from the 1950s to the 1960s onwards, the first of which was the Cortemaggiore Field in 1964 in the Po Plain. UGS activities allow the storage of natural gas within
subsurface geological layers, including depleted hydrocarbon reservoirs, aquifers, and
salt caverns. This is done by seasonal and cyclical extraction and injection of gas in the
winter and the summer, respectively [33]. The main reasons for storing natural gas are (1)
to meet baseload requirements, (2) to meet peak load requirements, and (3) to guarantee
the national strategic reserves [34]. Baseload requirements include satisfying long-term
seasonal demand needs by providing a persistent and stable supply of natural gas, whereas
peak load requirements involve the quick short-term deliverability of natural gas when the
need arises [35].
Groundwater production/extraction is one of the main inducers of land subsidence. In
the Po Plain, a drastic increase in groundwater demand and production was observed in the
second half of the 20th century after World War II. This was the direct result of population
increase, industrial growth, and technological advancements in agriculture and zoology.
This increase was consistent until the 1970s, when a national government law was passed,
leading to the stabilization of groundwater extraction up until today. Studies focused on the
Po Plain area show that the periods affected by an increase in water production coincided
with periods of maximum subsidence rates [13].
2.2.1. Water Production
Groundwater withdrawal data in the Emilia-Romagna region was provided for each
province and for three different time periods by the “Agenzia Prevenzione Ambiente
Energia Emilia-Romagna” (ARPAE). The data were gathered from different monitoring
projects. Water production, expressed in 106 m3 /year, was provided by “Piano di Tutela
delle Acque del 2005” for 2003 [36], by “Piano di Gestione 2015” for the time period 2009–
2011 [37], and by “Progetto di Piano di Gestione 2021” for the time period 2015–2018 [38].
The variation of these rates was represented by color-coded symbols on the position of
extraction by municipality, which led to the production of three maps for the three time
periods (Figure 4). According to ARPAE, about half of the data were acquired through
accurate measurements, whereas the other half were estimated. This is because their
collection comes from combining different assessments conducted separately for different
purposes (civil, industrial, and zootechnical). Thus, it is worth mentioning that the volumes
provided and displayed in Figure 4 are considered reliable at the scale of the provinces, but
they could be up to 50% inaccurate at the scale of municipalities.
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2.3. Experimental Design
The calculation and prediction of the ground movements on Earth’s surface can be
assessed through a multi-disciplinary approach of 3D numerical modeling that includes
the construction of a detailed stratigraphic and structural model of the subsurface and
its population with the petrophysical and geomechanical parameters necessary for the
performance of 3D fluid flow and geomechanical simulations. This approach has been
applied in the past in various cases in Italy [21,22,33,43–48], among others, and it begins
with the construction of a dataset that usually includes a large variety of geophysical,
geological, dynamic, and laboratory data as well as production data.
First, a regional scale 3D geological model is constructed through the analysis of the
seismic and well log data that reproduces the main stratigraphic and structural features
and includes a detailed lithological and petrophysical characterization from a certain
depth, that usually coincides with a deep regional stratigraphic horizon, up to the Earth’s
surface. A part of the 3D regional geological model, usually the reservoir area, is used to
perform dynamic simulations in order to investigate the pressure variations and map the
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movements of the fluids inside the broader reservoir area due to production or injection of
the fluids. At this stage, the essential data are the fluid properties (PVT data), production
or injection fluid rates, fluid contacts, well completion data, etc. Afterward, the results of
the dynamic modeling are input to the 3D regional model, and geomechanical simulations
are performed. The geomechanical models allow the prediction of the perturbation
Resources 2022, 11, x FOR PEER REVIEW
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Table 1. Information about the gas fields and the UGS systems in Emilia-Romagna and Lombardia
(refer to text for sources). The (*) symbol indicates the fields converted to gas storage. Four categories concerning the cumulative gas production are set (in 109 m3 SC ): A < 5; B: (5–10); C: (10–20);
D > 20. (Data derived from UNMIG website: https://unmig.mise.gov.it/index.php/it/dati/ricercae-coltivazione-di-idrocarburi/produzione-nazionale-di-idrocarburi accessed on 4 May 2022).
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Field Location
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20
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The uncertainties involved during each part of the process are mostly connected to
the uncertainties of the dataset. Despite the intrinsic uncertainty related to each acquisition technology and the gathering of data from different sources, in reservoir geology and
reservoir engineering, the initial data do not usually suffer from large uncertainties. Well
log data offer high-resolution information and are frequently used to calibrate the seismic
data that usually have large uncertainties due to the nature of their acquisition and their
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The database of water production for the Po plain area, the main objective of the
current work, is a valuable addition to the workflow presented above. It allows the
performance of coupled fluid flow and stress/deformation simulations not only in the
reservoir area but also in the uppermost (alluvium) layer of the geomechanical model
that is characterized by stress-sensitive formations with high porosity and permeability,
providing in this way a higher resolution of the calculated ground movements.
3. Results and Discussion
In this section, the fluid production datasets are discussed and critically analyzed in
order to identify their trends in the Emilia-Romagna region and, consequently, to determine
the strongest superposition between them. The main characteristics and differences relating
to the production of water and gas are then addressed in terms of their effects on induced
ground movements.
3.1. Analysis of the Dataset
Concerning the water production in the Emilia-Romagna region, the histograms
(Figure 5 and Appendix A) along with the three geolocalized maps (Figure 4) allow the
identification of both its general and local trends, spatially and temporally. It is important
to mention that the generated maps do not represent the actual areal extension of the
aquifers hosted in the Alluvium formation; they display the total groundwater withdrawals
on a municipal basis that may overlap, totally or at least partially, with the groundwater
bodies (ARPAE). A widespread allocation of the water production within each province
is highlighted: it was generally characterized by small production rates ranging from
0.004 × 106 to 10 × 106 m3 /year during the three time periods; however, at least one
punctual water production rate greater than 10 × 106 m3 /year was observed in each
province in each of the three time periods. This is observed in the province of Parma
(Figure 5b), with the largest punctual production value of 57.6 × 106 m3 /year that remained
constant throughout time. Ferrara and Forlì-Cesena provinces show a different trend: in
Ferrara (Figure 5c), higher rates were only observed in the last investigated period, whereas
in Forlì-Cesena (Figure 5d), they were only observed in the first two investigated periods.
Furthermore, all provinces display a gradual decrease in water production with time, as
shown in the example of Piacenza (Figure 5a).
Thus, the interpretation of the water production dataset has shown that:

•

•

The general trend of water production per year in the Emilia-Romagna region slightly
decreased from 2003 (with a cumulative consumption of 663 × 106 m3 /year) to
2009–2011 (659 × 106 m3 /year) to 2015–2018 (623 × 106 m3 /year).
Water production is characterized by small values of volume and by a widespread
extension inside each province. In certain areas, a localized constant high-water
production is observed in all investigated time frames.

In order to delineate a complete timeline of the history of groundwater production
in the region, additional data were collected from [13,16]. The rates of water extraction
in the Emilia-Romagna region drastically increased from the 1950s (200 × 106 m3 /year)
to the late 1970s (740 × 106 m3 /year) and then displayed a slight decrease in the 1990s
(710 × 106 m3 /year) and early 2000s (703 × 106 m3 /year). The data collected in the present
paper are in line with a general decrease trend from the 1970s.
The maps related to the gas fields and the UGS concessions (Figures 6 and 7) were
then used to make a comparison with the water production dataset. Unlike the latter,
the maps related to the gas fields and the UGS in Emilia-Romagna display the actual
positions and areal extension of the concessions that are, in turn, extremely local. The
primary gas production was generally characterized by cumulative volumes ranging from
a minimum of tens of millions to a few billion cubic meters of gas. Table 1 shows the
highest concentrations of the primary gas production to be observed in the provinces of
Bologna, Ferrara, and Ravenna in the fields of Minerbio, Dosso degli Angeli, and Ravenna
Terra, respectively. In general, and in accordance with what was discussed in Section 3, a high
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majority of the fields started producing primarily in the mid-1950s, while others followed
later on in that century. The conversion of some of those fields into UGS started in the 1960s.
It is worth noting that some of the gas fields experienced their late production stage during
the investigated time periods (2003, 2009–2011, 2015–2018) for the water production dataset,
whereas all the UGS systems were operated during those periods. Although a quantitative
comparison between water and gas historically produced is not straightforward, it can be
pointed out that the highest concentrations of gas production and the drastic increases in
water production had temporally coincided within the period from the 1950s to the late 1970s.
Concerning the Emilia-Romagna region, the strongest superposition between hydrocarbon activities (both primary production and UGS concessions) and water production is
located in the following provinces: Piacenza, Ferrara, Bologna, and Ravenna.
3.2. Discussion
This section is dedicated to the identification of the main features and the key differences between water and gas production, which primarily affect the induced
ground movements.
Water production mainly interests the shallow (0–600 m ssl) part of geological formations.
It usually involves widespread areal extension in relation to both the number of wells, widely
dispersed, and the potential hydraulic connection between the aquifers. On the time scale,
even if water production is partially affected by seasonal needs, it has been present over
the years. From a lithological standpoint, the aquifers consist mainly of poorly consolidated
gravel and sand deposits, characterized by high values of porosity (33–45%) [26], hydraulic
conductivity (10−3 –10−5 m/s) [26], and compressibility (10−2 –10−3 1/(kg/cm2 )) [16]. As a
consequence, soil consolidation, induced by water production, strongly affects the petrophysical properties of the formations and, accordingly, the pore pressure spatial and temporal
evolution. Furthermore, the groundwater exploitation from shallow unconsolidated alluvial
sediments is one of the main inducers of the anthropogenic land subsidence in the Po Plain as
it generates fast and evident ground surface deformation [13].
The primary production of natural gas, instead, is a well-constrained phenomenon
from both spatial and temporal standpoints. Reservoir formations are located at an average
depth of 1000–1600 m ssl, and they consist of medium to consolidated sandstone and
conglomerate, with a pseudo-elastic modulus in the order of a few Gigapascals (GPa) to
some tens of GPa [50]. Experimental evidence has shown a deformation and strength
behavior between rock mechanics and soil mechanics [51]. However, their degree of
consolidation usually guarantees very small to negligible effects in terms of petrophysical
variations induced by fluid extraction. Musso et al. [52] demonstrated the lack of the linear
poroelastic model in reproducing the increased subsidence observed even after the end of
production. This delay in subsidence is attributed either to the delayed depletion of low
permeability layers or to the time-dependent behavior of materials that leads to the creep
phenomenon known as secondary compression. In fact, water encroachment helps sustain
the pore pressure during production, spreading the pressure drop over a volume much
larger than that of the reservoir. This may contribute to the enlargement of the expected
subsidence cone even after field abandonment [53]. Furthermore, the ground movements
above gas fields are also highly dependent on the reservoir surrounding rock formations
which is not the case for shallow aquifer systems, characterized by a subsidence spreading
factor equal to 1 [54].
The underground storage of natural gas shows its own peculiarities, mainly in the
induced fluid pressure variation. The storage strategy responds to seasonal and cyclical demand, with increasing pressure in the summer injection period and decreasing
pressure in the winter production period. The consequent reservoir shrinkage and expansion propagate up to the surface, inducing the so-called “earth breathing” phenomenon,
i.e., seasonal and cyclical subsidence and rebound. Furthermore, if the involved formations
are depleted reservoirs, experimental evidence [21,55] has shown an increased stiffness
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of the formations caused by primary productions and their pseudo-elastic shrinkage and
expansion during UGS activities.
The effects of the differences in the properties of the two fluids are also worth mentioning. The kinematic viscosity of the water is generally an order of magnitude higher than
that of the natural gas, implying a higher resistance to flow compared to the one of gas.
In addition, the compressibility of the two fluids differs by two orders of magnitude [56].
As is well known, both properties affect the evolution of fluid pressure distribution in the
porous medium, with consequent effects on the subsidence phenomenon.
Finally, the following consideration can be inferred in terms of the ground movements
in the Po Plain area induced by fluid extraction/injection:
1.

2.

3.

Subsidence due to water extraction is widespread, both in space and time; some
neuralgic points correspond to the high production provinces. Its identification,
quantification, and forecast are not a trivial task due to the lack of information and
accuracy in both the production data and the spatial allocation. In addition, subsidence
due to water production is typically greater than that due to gas production [54].
Subsidence induced by the primary gas production is spatially well constrained, and
it is time-dependent due to the creep phenomena. Dedicated analyses via numerical
(or analytical) approaches allow a good estimation of its areal extension as well as
its magnitude.
The “earth breathing” ground movements induced by UGS represent an easily recognizable signal. As in the case of primary production, UGS effects can also be estimated
with high accuracy. Based on experimental evidence, the magnitude of the induced
movements is even lower compared to the primary production one [21,55].

4. Conclusions
The proposed research was focused on the Po Plain in northern Italy, an industrialized,
highly populated area that is also experiencing rapid subsiding. Two main characteristics of
the broader area that affect the subsidence rates are intense water production (in the range
of 108 –1010 m3 /year) for urban, industrial, and agricultural activities and the presence of
numerous gas fields (around 32), some still in production while others have been converted
into underground gas storage (around 11). The superposition of both phenomena makes the
study and the prediction of the subsidence of primary importance in order to guarantee the
safety of the inhabitants and of the infrastructures on the Earth’s surface and safeguard all
industrial activities. The holistic overview of the paper can be helpful for Regional/National
authorities in locating the most neuralgic points and planning further measurement
surveys accordingly.
The proposed research collects from different sources the water and hydrocarbon
produced (and injected) volumes and their spatial and temporal allocation. The data are
then analyzed and organized via dedicated georeferenced maps. The definition of aquifer
areal continuity and an accurate allocation of the production at the wells are also discussed.
Based on the dataset, it can be pointed out that water production mainly interests
the shallow part (0–600 m ssl) of unconsolidated sediments, and it is widespread, both
in space and time. Instead, the primary gas production and the underground storage of
natural gas involve deeper parts of the subsurface, usually a couple of thousands of meters
deep (1000–1600 m ssl), medium to consolidated sandstone and conglomerate, and they are
spatially and temporally well constrained. The drastic increases in water production and
the highest concentrations of gas production temporally coincided between the 1950s and
1970s. The ‘hotspots’ of the strongest superposition are recognized in Piacenza, Ferrara,
Bologna, and Ravenna provinces, and nowadays involve mainly water production and
UGS activities. Furthermore, gas fields are experiencing late production at present, and the
superposition of effects mainly concerns UGS activities and water production operations.
The crucial issues concern the definition of aquifer areal continuity and an accurate
allocation of the production of wells. Additionally, the information about the water produc-
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tion from hydrocarbon reservoirs lacks quantity and accuracy. This information could be
collected in more detail for each case study.
The paper presents the first step of a wider research project aimed at calculating, via
numerical analysis, the effect of subsidence caused by fluid productions and, consequently,
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