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ARTICLE INFO ABSTRACT

The Dosso degli Angeli reservoir is located along the coast of the Adriatic Sea, approximately 20 km north of
Ravenna, Italy, in the nearby of the Comacchio Lagoons. The field was discovered in 1968 and the production
started in 1971. The production strongly decreased from 1998 to 2004 and suspended in 2004. In 2012 Eni, the
oil company managing the reservoir, has planned to complete the exploitation of the residual reserves over the
period from 2013 to 2023. An elasto-plastic FE model provided by Eni was used to measure the expected residual
land subsidence, whose maximum value will amount to 2.8 cm. In this work the environmental impact assess-
ment of the expected land subsidence has been quantified on the lowlying coastland above the reservoir.
Initially, the subsidence map has been used to quantify the displacement gradient & in correspondence of sen-
sitive structures (bridges, pumping stations, lagoon embankments, historical buildings, power plants and a
power lines) in order to assess the possible damages. Because the maximum ¢ value amount to 1 x 10~ >, i.e.
1 mm over 100 m, no damage is expected to the structures. Moreover, hydrological (HEC-HMS) and hydraulic
(HEC-RAS) models have been used to evaluate the possible effects of the land subsidence on the efficiency of the
main drainage networks used to keep dry the area, which is mainly located below the mean sea level. The results
have shown a negligible loss of efficiency of the drainage system. The study allows concluding that land sub-
sidence due to the residual gas production from the Dosso degli Angeli reservoir will not affects the environment,
hydraulic safety, and infrastructures of the Comacchio Lagoons and the lowlying coastland surrounding this
precious natural environment.
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1. Introduction one at greatest risk in Italy (Bondesan et al., 1995a) since the combined

effect of land subsidence and eustatic sea level rise produced a loss of

Relative sea level rise (RSLR), i.e., the superposition of eustatic rise
of the sea and land subsidence, represents one of the geologic hazards
threatening low-lying coastlands worldwide (Nicholls et al., 1999,
2008). One of these zones is the wide flat plain around the Po River
delta, northern Italy, where the study area is located. This coastal re-
gion is characterized by the presence of a significant historical heritage
(e.g., Ravenna), recreational villages known all over Europe (e.g., Ri-
mini), industrial centers and harbors (e.g., the Ravenna port, the most
important one in the Adriatic Sea for merchandise traffic), natural en-
vironments such as lagoons, marshes, and reclaimed farmlands gen-
erally lying below the mean sea level and kept dried by a dense network
of reclamation channels and pumping stations (Fig. 1). This area is the
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land elevation with respect to the mean sea level ranging from centi-
metres to meters over the last decades, and created a significant eco-
logical and environmental impact (Bondesan and Simeoni, 1983;
Teatini et al., 2005; Simeoni and Corbau, 2009; Tosi et al., 2009). The
entire area has experienced permanent changes in coastal morphology
and morphodynamics, which have caused temporary effects such as
beach erosion, wave setup, flooding, and sea encroachment (Gambolati
et al., 1999).

In this wide and complex area, land subsidence is characterized by a
highly variable distribution with several natural and anthropogenic
factors controlling land motion (Simeoni and Bondesan, 1997,
Carminati and Martinelli, 2002; Bitelli et al., 2010). They act on
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Fig. 1. Map of the study area with the trace of the Dosso degli Angeli reservoir (in red). The reclamation basins and the main drainage networks simulated by the HEC-HMS and HEC-RAS
models are highlighted. The main pumping stations (P.S.) and the trace of the Valle Isola channel (Fig. 13) are also shown (in blue). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

different depth ranges, areas and timescales (from millions to thousands
of years and hundred to tens of years, respectively), thus reflecting the
geological history and the human development of the territory
(Carminati and Di Donato, 1999; Tosi et al., 2009).

Anthropogenic land subsidence due to the production of subsurface
fluids (oil, gas, or water) has been observed worldwide over the last
decades. Aquifer over-exploitation produced severe land subsidence, for
example, in Mexico City (Ortiz-Zamora and Ortega-Guerrero, 2010),
Shanghai and Beijing in China (Wu et al., 2010; Zhu et al., 2015), San
Joaquin Valley in USA (Galloway and Riley, 1999), Jakarta in Indonesia
(Ng et al.,, 2012). Well-known examples of subsidence above com-
pacting hydrocarbon fields are, for example, those at Long Beach, Ca-
lifornia (Colazas and Strehle, 1995), in Venezuela (Finol and Sancevic,
1995), or the Ekofisk field in the North Sea (Hermansen et al., 2000).

Short-term anthropogenic causes became a key problem for the land
stability of the whole northern Adriatic coastland during the twentieth
century, especially from the World War II to the end of the 1960s when
the civil, industrial, agricultural and tourist developments required
huge amounts of water and an increasing of energy supply. Artesian
waters were withdrawn in the Venice area (Tosi et al., 2009), gas-
bearing water in the Po Delta (Caputo et al., 1970), and both ground-
water and gas (inshore and offshore) in the Ravenna region (Carbognin
et al., 1984; Gambolati et al., 1991; Teatini et al., 2006). The anthro-
pogenic land subsidence contributed differently to the RSLR along the
northern Adriatic coast (Fig. 2a). Since the 1980s Ravenna has been
reported among major worldwide areas of anthropogenic land sub-
sidence due to subsurface fluid removal (Carbognin et al., 1984;

Gambolati and Teatini, 2015). Precise geodetic measurements indicate
that the ground surface has subsided by > 1 m in some parts of the area
since the early 1950s (Teatini et al., 2005).

The impacts of land subsidence on the natural, rural, and urban
environments are multiple. The loss of land elevation can reduce the
freeboard of embankments and ports, increasing the flood frequency
and the marine storm intensity, with severe damages to urban her-
itages, economical activities, lagoon and coastal morphologies
(Douben, 2006; Allison et al., 2016). Structural and environmental
hazards can include damage of bridges, buildings, roads, gas/water
pipes and underground telecommunication optical cables, failure of
well casings, and increasing risk of inland sea water intrusion (Pauw
et al., 2012; Erban et al., 2014). Differential land subsidence can alter
the natural river and channel flow directions, inhibit discharge towards
the sea with pumping stations requiring a greater head (d'Angremond
and van de Water, 2012), disrupt surface drainage, reduce aquifer
system storage (Hoffmann et al., 2003), create ground fissures
(Carreon-Freyre et al., 2016).

The aim of the study is to evaluate the possible impact of the an-
thopogenic land subsidence due to the exploitation of residual hydro-
carbon reserve from the Dosso degli Angeli gas field, located on the
northern Adriatic coast, approximately 20 km north of Ravenna. The
possibility of investigating the effects of land subsidence due to hy-
drocarbon production is less frequent than the cases caused by aquifer
exploitation (e.g., Hung et al., 2012; Mahmoudpour et al., 2016). The
investigation lasts the period from 2013 to 2023. After an overview of
the geomorphological setting of the study area and a summary of the
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Fig. 2. (a) Relative sea level rise (RSLR) at Venice, the Po River delta, and Ravenna along the northern Adriatic coast over the period 1896-2007 (redrawn after Carbognin et al., 2011).
(b) Recent natural land subsidence in the northern Adriatic coastal area (after Gambolati and Teatini, 1998). The blue line represents the shoreline of the Adriatic Sea. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

land subsidence measured in the past decades, the main information
about the geological features of the Dosso degli Angeli reservoir and its
production history is provided. The land subsidence and displacement
gradient expected over the reference time interval are presented. Fi-
nally, their possible effects on the hydraulic network and the main
structures and infrastructures distributed in the coastal region above
the reservoir are evaluated.

2. Environmental and geological setting of the study area
2.1. Geomorphological setting

The study area represents the easternmost part of the Po River plain
(Fig. 1). Because of the presence of the Comacchio Lagoons, the Eur-
opean Union recognized this zone as a Site of Community Importance
(SIC) and a Special Protection Area (ZPS). The reclamation of this
coastland, which was completed in 1964, made available 18,000 ha for
crop activities. The farmland is characterized by a flat topography
crossed and kept drained by a large number of artificial channels con-
trolled by pumping stations. A large number of embankments bounds
the rivers and the reclaimed ponds.

From the lithological point of view, the land is characterized by
alternations and interdigitation of continental and marine facies ac-
counting for the complex evolution history. Silty-clay soils and soils
rich in organic matter (peat) are largely distributed in the north-wes-
tern part. Eastward, close to the coastline, fine sands and silty-sands
represent the most frequent lithology (Bondesan et al., 1995b). The
land elevation ranges between — 2 and + 4 m above the mean seal level
(msl), with the highest zones in correspondence of sandy paleo-river
beds and paleo-dunes. Peatlands are characterized by the lowest ele-
vation because of land subsidence due to oxidation of organic matter,
which has been quantified in 10-20 mm/year close to the Venice La-
goon, i.e. a few tens of km to the north of the study area (Zanello et al.,
2001).

The zone is mainly devoted to crop production, with a few small
villages scattered thorough the farmland. Comacchio is the main urban
center and is characterized by the presence of an important historical
monument known as of “Trepponti di Comacchio”, which is a masonry
bridge dated 1638. Major infrastructures are related to the reclamation
and drainage of the area: the Valle Lepri and Fosse pumping stations,

which rise the drainage waters to a higher level than the msl, several
channels, the so-called “Agosta” embankment bounding the Comacchio
Lagoons. Other relevant structures are a couple of large bridges crossing
the Reno River, a north-south high-voltage power-line, and the Teodora
power-plant at the southernmost tip of the study zone (see Fig. 14 for
their location).

2.2. Land subsidence

Land subsidence in the coastland of the Po River plain is due to the
superposition of natural processes and anthropogenic activities. Natural
land subsidence is also largely variable (Fig. 2b), depending on the
thickness of the Plio-Quaternary deposits, the deposition age and type
of the Holocene sediments, and deep tectonics (Bartolini et al., 1983;
Gambolati and Teatini, 1998). Foraminiferal markers (Hyalinea bal-
thica) and backstripping techniques on stratigraphic information from
approximately 200 deep wells have been used by Carminati and Di
Donato (1999) to quantify the average subsidence rate over the last
1.43 Myr. In the area of Dosso degli Angeli, they evaluated an average
natural subsidence of 2 mm/year, with 0.5 mm/year caused by the
compaction of the Quaternary deposits, 0.4 mm/year due to the sedi-
mentary load, and 1.1 mm/year due to tectonics. Concerning the an-
thropogenic land subsidence, this is usually much larger than the nat-
ural component in the coastal part of the Po River plain and is caused
by aquifer overexploitation, peat oxidation and, more locally, the de-
velopment of hydrocarbon reservoirs (Carbognin et al., 1984; Teatini
et al., 2006).

Several public authorities and private companies have been in-
volved in the measurement of land subsidence in this area. The
Environmental Agency of the Emilia-Romagna Region (ARPA-ER)
published a first comprehensive map of the average subsidence rate in
the whole region by interpolating the levelling surveys carried out
between 1970/93 and 1999 (Bitelli et al.,, 2000). The subsidence
averaged 10 mm/year in the study area, with an increase up to 20 mm/
year in the northernmost tip of the Ravenna coastland where the Dosso
degli Angeli is located (Fig. 3). The land subsidence measured by ARPA-
ER on a levelling benchmark in the surrounding of the production wells
totaled 360 mm between 1984 and 2005, with a rate of 18 mm/year
and 13 mm/year over the periods from 1987 to 1999 and between 1999
and 2005, respectively.
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Fig. 3. Map of the subsidence rate (cm/year) built-up using the levelling surveys carried
out over the period 1970/93-1999 (modified after Bitelli et al., 2000). The green dots
represent the benchmark locations. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Levelling was also been carried out by the Municipality of Ravenna.
Of interest are the surveys performed in 1986, 1992, and 1998 with the
displacement values obtained over those periods shown in Fig. 4. The
maximum settlement amounted to 12 to 15 mm/year close to the trace
of the reservoir and significantly reduced southward.

Taking advantage of the large experience developed worldwide, for
example in USA (Riley, 1986; Buckley et al., 2003) and China (Wu
et al., 2008), Eni, the Italian oil company managing the reservoir, es-
tablished in 1997 an extensometer station in correspondence of the
production wells (see Fig. 4a for the location) to quantify the fraction of
the total subsidence caused by the compaction of the shallower de-
posits. In particular, the station is made of two rod extensometers 30 m
and 336 m deep to provide the compaction of the Holocene and the
Quaternary portion where the pumped fresh-water aquifers are located,
respectively. The extensometers are characterized by a sub-millimeter
accuracy. The measurements shown in Fig. 5a highlight an average
compaction rate of the Quaternary equal to 1.1 mm/year, which re-
presents an evaluation of this contribution more reliable for the study

Comacchio
Lagoons

Adriatic
Sea
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area than the value 0.5 mm/year estimated by Carminati and Di Donato
(1999).

Moreover, Eni accomplished the extensometer station by a con-
tinuous GPS (CGPS) in 2002. Fig. 5b provides the vertical displacements
recorded until 2011. The subsidence rate decreased from 12 mm/year
in 2002 to 5 mm/year in 2008.

More recently, Synthetic Aperture Radar (SAR)-based methodolo-
gies have been widely used to quantify the displacements caused by
fluid production from the subsurface (Rohmer and Raucoules, 2012;
Motagh et al., 2017). In the study area, ascending and descending
images acquired by ERS-1/2, RADARSAT, and COSMO-SKYMED over
the periods 1992-2000, 2003-2010, and 2008-2011, respectively, have
been processed by the SqueeSAR (Ferretti et al., 2011) and properly
combined (Tamburini et al., 2010) to quantify the vertical movements
of radar targets scattered on the coastland. Because SqueeSAR provides
differential displacements, it has been elected to use the 1992-1998
levelling and the CGPS records to calibrate the SqueeSAR measure-
ments. The SqueeSAR results from the three satellites are shown in
Fig. 6. The maps point out the variability of the observed displacements
as a result of the various processes (surficial loads in newly urbanized
zones, groundwater pumping, natural compaction of Holocene deposits,
development of the Dosso degli Angeli reservoir, peat oxidation) con-
tributing to the total subsidence. Notice that a signal of the contribution
of gas production to the total subsidence is clearly distinguishable only
over the period between 1992 and 2000, i.e. from ERS-1/2, when the
cumulative settlement above the trace of the reservoir amounted to >

10 mm/year.

This dataset has been used to calibrate the geomechanical model
over the period 1986-2011. Notice that, to remove the contribution due
to the processes not connected to gas production, the measured sub-
sidence rates have been reduced by 2.6 mm/year, that is the sum of
1.5 mm/year due to natural deep processes as estimated by Carminati
and Di Donato (1999) and 1.1 mm/year due to shallow compaction and
aquifer exploitation as provided by the extensometer.

3. The Dosso degli Angeli reservoir: geological setting and
production history

Similar to other hydrocarbon reservoirs in the northern Adriatic
sedimentary basin, Dosso degli Angeli is composed by a number of gas-
bearing pools located approximately along the same vertical and

Comacchio
Lagoons

Adriatic
Sea

Fig. 4. Land displacement on the benchmarks of the Ravenna municipality network over the periods (a) 1986-1992 and (b) 1992-1998. Negative values mean subsidence. A light-blue
line shows the trace of the Dosso degli Angeli reservoir. A black cross in (a) shows the location of the extensometer and CGPS station established by Eni. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Time behavior of (a) the compaction and (b) the subsidence recorded by the two extensometer and the CGPS station established by Eni above the Dosso degli Angeli reservoir. The
average rates are negligibly affected by the gap occurred between 2005 and 2007.
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Fig. 7. Daily and cumulative gas production from the Dosso degli Angeli reservoir.

independent from the hydraulic point of view. The reservoir is formed
by a structural trap with a gentle trangressive Pliocene anticline on a
Miocene monocline rising north-eastward. Gas accumulation occurs in
thick sandy middle- and late-Pliocene levels sealed on top by deep-
marine shales and impermeable sandstone (Mattavelli et al., 1983).

Dosso degli Angeli is made of 8 pools with the gas-water-contact
spanning the depth range between 2885 and 3839 m below msl and
with an initial pore pressure from 318 to 504 bar. Each pool is con-
nected to a bottom and lateral aquifer extending mainly to the north-
east. The aquifers are bounded by a regional fault south-westward. The
reservoir was discovered in 1968 with a gas-originally-in-place (GOIP)
equal to 37 x 10° Sm®. The production started in 1971 and temporarily
closed in 2004 with a cumulative extracted volume equal to ~32 x 10°
Sm?® (Fig. 7), i.e. 94% of the recoverable resources. The initial pressure
p; decreased by 65-85% depending on the pool in 1998-2004, followed
by a certain recovery after the well closure due to groundwater inflow
from the surrounding aquifers.

The environmental impact assessment presented in this work is fo-
cused on the residual production Eni has started in October 2011
(Fig. 7). Based on an agreement with the public environmental autho-
rities managing the area, a further gas volume equal to about 1.8 x 10°
Sm?>, which corresponds to approximately 5% of the recoverable re-
source, will be produced before December 2023 if it is shown that the
expected land subsidence will caused a negligible impact on the coastal
area. The residual production will occur from three levels, with a fur-
ther pressure decline ranging from 5 to 20%p;.

4. Materials and methods
4.1. Geomechanical model

Eni has made available the outcomes of a three-dimensional (3D)
finite-element (FE) elasto-plastic geomechanical model of the Dosso
degli Angeli reservoir (Ferronato et al., 2012). The model domain has
an areal extent of 70 x 80 km centered on the reservoir and is confined
by the ground surface above, with a 4 to 8 km deep rigid bottom cor-
responding to the top of the carbonates. Standard conditions with zero
displacement on the outer and bottom boundaries are prescribed, while
the land surface is a no-stress boundary. The 3D mesh is formed by
9627180 nodes and 5684055 tetrahedra (Fig. 8), with the element
characteristic size ranging between 50 m above the reservoir to 2000 m
along the domain boundary, thus allowing an accurate reconstruction
of the subsidence bowl above the study area. The layers where the re-
servoir and the surrounding aquifers are located and the faults
bounding the deep formation southwestward are properly discretized.

The simulations were carried out by the code GEPS3D (Janna et al.,
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2012) using as input data the pressure evolution computed by a fluid-
dynamic production model developed by Eni wusing Eclipse
(Schlumberger Ltd, 2007). Consistently with the Eclipse simulations, a
proper constitutive relationship based on the outcome of the radio-
active marker technique and linking the rock compressibility to depth
and effective stress (Bati et al., 2002; Hueckel et al., 2005) was used in
GEPS3D. The geomechanical model was calibrated using the subsidence
measurements, properly corrected to remove the components not re-
lated to gas production, and then used to forecast the expected land
displacements over the period 2013-2023.

4.2. Hydrologic and hydraulic models

Because of the low elevation of the area, land subsidence can po-
tentially impact on the complex network of ditches and pumping sta-
tions that discharge the drainage water into the Adriatic Sea or the
Comacchio Lagoons. A specific hydrologic and hydraulic modeling
study was performed to check the possible loss of efficiency of the
drainage system. The model domain and the main drainage network
used in the simulations are shown in Fig. 1. The simulated area, which
is composed of seven independent drainage sub-basins, comprises about
36,500 ha.

The HEC-HMS (Hydrologic Modeling System) hydrologic model
(USACE-HEC, 2010) was used to compute the discharge along the main
channels in each sub-basin. Among the available hydrologic methods,
the exponential loss method was used to handle infiltration loss, ne-
glecting evapotranspiration and baseflow because the most serious
events occur in winter season and due to the flatness of the region. The
kinematic-wave transformation method (Chow, 1959), which well
adapts to reclamation basin and allows to change the system slope due
to subsidence, was used to compute the runoff hydrograph and follow
its downstream transformation along the channels. Due to the lack of
specific information on the “udometric coefficient”, i.e. the contribu-
tion of unit area of the basin to the formation of the peak discharge, the
precipitation events in input to HEC-HMS were defined using the in-
formation on the characteristics of the pumping station of each sub-
basin. For example, the maximum water discharge at the Fosse
pumping station, whose sub-basin (known as Mezzano-SE) is one of the
largest in the study area with an areal extent of 7’420 ha, amounts to
Q, = 24 m®/s. This discharge is characterized by a 25-year return
period (T,), which is the classical T, value used by the Italian re-
clamation authorities to design the reclamation structures. Hence, a
rainfall event with T, = 25 years was generated by a trial-and-error
procedure in order to obtain Q,, at Fosse using:

e a maximum time-of-travel of water t, equal to 5days in the
Mezzano-SE sub-basin as computed by the Pasini empirical relation
(Da Deppo et al., 2004); t, varies between 1 and 5 days in the other
sub-basins;

e a maximum rainfall intensity i, = 142.5 mm/h as estimated for a t;
event by Todini (1990) in this zone of the Po plain;

® a sub-basin slope equal to 0.000015.

The hydraulic model of the main ditches and channels was devel-
oped using HEC-RAS (River Analysis System) by USACE-HEC (2016).
The geometry of the drainage network, cross sections, and profiles of
the watercourses were made available by the Water Reclamation Au-
thorities managing the area. The main hydraulic structures, such as
bridges, culvers, and inline structures were accounted for. The simu-
lations were performed using in input the HEC-HMS results: the dis-
charge for each sub-basin accounted for in the hydrologic model is
uniformly distributed along the corresponding channel, with the con-
trol rule of the pumping station used as downstream boundary condi-
tion. A uniform value of the Manning roughness coefficient n = 0.03 m”
1735 was used for all the channels. An example of the time behavior of
the discharge at the closing section of each sub-basins as provided by
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dashed-red line traced in (a), highlighting the pools of the Dosso degli Angeli gas field. The colors indicate the different lithologies. The vertical exaggeration is 10 X (after Ferronato
et al., 2012). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Discharge hydrograph at the closing section of the various sub-basins as provided
by HEC-RAS.

the hydraulic model is shown in Fig. 9.

4.3. Displacement gradients

A major concern related to land subsidence is the possible genera-
tion of differential displacements (or displacement gradient) & that
might jeopardize the stability and integrity of the structures and in-
frastructures scattered in the subsiding area. Generally speaking, a ra-
ther restricted & is to be used wherever a criterion of aesthetic or
functional nature prevails, e.g., for an important building such as a
historical monument or a civil structure such as a bridge, dam, or
embankment. Alternatively, a less bounding limit can be accepted for,
e.g., an industrial building.

According to Bjerrum, 1963 and Ricceri and Soranzo, 1985, dis-
placement gradients < 1/300, i.e. 3.33 x 1073, do not produce
visible fissures in bearing and non-load-bearing walls. Damages to re-
inforced concrete structures are caused by values of £ larger than 1/150
(6.67 x 10~ 3). The most restrictive rules (Viggiani, 2003) prescribe a
maximum differential displacement equal to 5 X 10~ % (1/2000) for
multi-floor masonry buildings. A summary of some bounds on & for
specific structural issues is given in Table 1.

The displacement gradient of the vertical (u,) and horizontal (uy)
displacements at the land surface was straightforwardly computed from
the outcome of the 3D geomechanical model through the relation:

Table 1
Bound of admissible displacement gradients & for various structural issues (after Bjerrum,
1963 and Ricceri and Soranzo, 1985.

Issue & bound

1/750 (1.33 x 107 3)
1/600 (1.66 x 10~ 3)
1/500 (2.00 x 10~ 3)
1/300 (3.33 x 10~ 3)
1/250 (4.00 x 10™3)
1/150 (6.67 x 10~ 3)

- (6_u) +(a_u) -

ox dy (@)
where x and y correspond to the west-east and south-north directions,
respectively, and u; is the vertical (i = 2) or horizontal (i = h) dis-
placement component. Notice that uy represents the modulus of the

horizontal movement calculated from the west-east and south-north
components. Finally, the resultant & value is calculated as:

£= \/gz2 + ghz 2

Problems for the efficiency of specific machineries
Static problems for reticular structures

Absence of fissure development

Visible fissures in bearing and non-load-bearing walls
Visible tilt of tall buildings

Structural damages to reinforced concrete structures

5. Expected land displacements and displacements gradients

The calibrated geomechanical model allows evaluating the expected
land displacement and displacement gradients due to the residual
production from Dosso degli Angeli.

5.1. Land displacements

Land subsidence due to the residual development of the Dosso degli
Angeli reservoir is shown in Fig. 10. The shape of the subsidence bowl is
elongated in the north-west - south-east direction feeling the aquifer
and fault geometry, with the 1-cm isoline subsidence extending 30 km
along this direction and 15 km along the orthogonal one. The maximum
subsidence amounts to 2.8 cm and is expected to develop not above the
reservoir but approximately 7-8 km to the north. This is due to the
complex geometry of the produced layers and the contribution of the
aquifer compaction to the cumulative land subsidence. Above the trace
of the gas field the settlement will be < 1.5 cm. In term of subsidence
rates, the contribution of the reservoir development will be < 2.8 mm/
year. A qualitative evaluation of the importance of these amounts can
be simply performed by their comparison with the subsidence rates
recently measured in the area (Fig. 6).
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Fig. 10. Expected land subsidence (cm) due to the residual production from the Dosso
degli Angeli reservoir between 2013 and 2023. The trace of the gas field is highlighted.
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Fig. 11. Modulus of the expected horizontal displacement (cm) due to the residual pro-
duction from the Dosso degli Angeli reservoir between 2013 and 2023. The trace of the
gas field is highlighted.

Because of the significant depth of the reservoir, the displacement
field caused by the gas production is characterized by a significant
tridimensionality (Geertsma, 1973). This means that also the horizontal
displacements cannot be negligible at the land surface. The 3D geo-
mechanical model provides a quantification of this displacement com-
ponent. Fig. 11 shows the modulus of the expected horizontal move-
ment over the study decade. The computed value is generally < 1 cm
with the maximum, which amounts to 2 cm, located within the Co-
macchio Lagoons, approximately 8 km to the north-west of the trace of
the reservoir. As expected, the horizontal displacement almost vanishes
close to the production wells. The shape of horizontal displacement
resamples that of land subsidence.
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Fig. 12. Expected differential displacements due to the residual production from the
Dosso degli Angeli reservoir between 2013 and 2023. The trace of the gas field is high-
lighted.

5.2. Displacement gradients

The displacement field provided by the 3D geomechanical model
have been properly processed by Egs. (1) and (2) to compute the ex-
pected gradient of the displacement. The outcome is shown in Fig. 12.
The values range between 10~ ¢ and 10~ >, i.e. from 0.1 to 1 mm over
100 m. The large majority of the coastland will experience an
amount < 5 X 10~ , with the larger values located above the trace of
the reservoir as mainly related to the sharp variation of the horizontal
displacements.

6. Geomechanical effects on the coastland
6.1. Hydrologic and hydraulic impacts

Land subsidence can affect the efficiency of the reclamation network
used to maintain the watertable below the ground surface. In particular,
a change in the slope of a basin or a channel modifies the maximum
travel time, the lowering of the inlet shaft of a drainage pumping sta-
tion with respect to the mean sea level increases of pumping head, thus
reducing the station efficiency and increasing the drainage cost, the
settling of river and lagoon embankments reduces their freeboard.

Valle Isola and Valle Pega (Fig. 1) are the two basins mostly affected
by land subsidence, with displacements amounting approximately to
2.5 cm in the southern portion and vanishing northward. Unsteady flow
simulations have been performed in the present condition and in 2023
when the slope of the basins and the depth of the channel cross-sections
have been updated in HEC-HMS and HEC-RAS, respectively, to account
for the expected land subsidence.

The subsidence effects have been evaluated by comparing the two
solutions in terms of water level and velocity in the channels, time
behavior of the discharge at the closing sections, functioning of the
pumping stations. The comparison points out that the differences are
very small:

o the discharge hydrographs in the 2023 configuration are char-
acterized by a faster development, with a difference of < 5 min. The
maximum discharges remain almost unchanged;

o the maximum water velocity practically does not change;

e following the lowering of the channel beds, the profile of the
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Fig. 13. Profiles of the bed and maximum water level along the main channel of the Valle Isola in the present condition and in 2023. The channel location is highlighted in Fig. 1.

maximum water level losses 1 to 2 cm in 2023 along the main
channel of the Valle Isola and Valle Pega sub-basins (Fig. 13). No
detectable difference is computed for the other sub-basins;

o the functioning rules of the pumping stations can remain unchanged
because of the negligible variations of the water levels;

o the embankment freeboards does not change appreciably.

Doss\
degli Angeli

Fig. 14. Satellite image of the study area with the photo and location of the main structures and infrastructures: A) the Fosse pumping station; B) a major power-line crossing the territory
from north to south; C) the Agosta embankment bounding the Comacchio Lagoons; D) the bridge on the State Road E55 crossing the Reno River; E) the bridge on the State Road E55
crossing the Lamone River; F) the mobile dam “Volta Scirocco” along the Reno River; G) the “Teodora” power plant; H) the “Trepponti di Comacchio” bridge; I). the “Mandriole” channel.
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Expected subsidence and displacement gradient due to the residual production from Dosso degli Angeli in correspondence of the main structures/infrastructures in the study area. The site

locations are provided in Fig. 14.

Structure ID  Description Subsidence 2013-2023 (cm) & (x 107 %)

A Fosse pumping station: main pumping station in the study area (length 70 m, maximum discharge 24 m*/s) 1.1 6

B Major power-line connecting the city of Ravenna to the main Porto Tolle power plant at the tip of the Po River delta < 0.5 1-4

C Agosta embankment: soil embankment bounding the Comacchio valleys (elevation: + 1.5 m above slm, i.e. +4 m <28 2-6
above the surrounding farmland)

D Reinforced concrete bridge along the State Road E55 crossing the Reno river (length 115 m) 1.4 6

E Reinforced concrete bridge along the State Road E55 crossing the Lamone river (length 140 m) 0.8 4

F Volta Scirocco: tainter gate to control the water flow and level long the Reno river (5 mobile elements with a 0.9 2
cumulative 125-m length)

G Teodora thermal-power plant (capacity: 750 MW) < 0.5 3

H Trepponti di Comacchio: historical masonry bridge 2.6 3

I Mandriole channel: infrastructure diverting water from the Reno river to supply the industrial aqueduct of the 0.9-1.9 4-5

Ravenna industrial zone

6.2. Effects of the differential displacements on structures and
infrastructures

Fig. 14 shows a map of the study area with the location of the main
constructions and infrastructures. The displacement gradient that must
be expected in these sites has been obtained using the results provided
in Fig. 12.

A list with the characteristics of these structures and the computed &
over the period 2013-2013 is provided in Table 2. The maximum dis-
placement gradient is estimated at Fosse pumping station (site A), the
nearby portion of the Agosta embankment (site C), and the bridge on
the State Road E55 crossing the Reno River (site D), with a value equal
to 6 X 10~ °. For the other constructions and infrastructures, & ranges
from 1 x 107 % to 5 x 10~ %, Comparing these values with the ad-
missible bounds summarized in Table 1, it clearly emerges that neither
static issues nor instrumentation (e.g., pump) malfunctioning are ex-
pected to occur, with & approximately 3 orders of magnitude smaller
than the safety limits. Also for the Trepponti of Comacchio (site H),
which is the most sensible masonry structure in the area, £ is about 100
times below the 5 x 10~ * bound.

7. Discussion

Subsidence management is a key topic in several flat coastal areas
worldwide. Key questions are: how much subsidence is acceptable and
at which rate? How can it be reliably assured that (future) subsidence
will stay within these limits? And, how can we split the cumulative
values, provided for example by the SAR-based measurements, between
the various processes contributing to the total subsidence amount?

Methodologies to try providing scientifically based answers to those
questions are complex and not unique too, depending on the specific
sites and the environmental topic to address. In the Netherlands, for
example, where subsidence caused by extraction of hydrocarbons is an
issue as sensitive as in Italy, the concept of “effective subsidence ca-
pacity” (de Waal et al., 2012) has been developed and is currently used
to prevent damage to the tidal system in the Dutch Wadden Sea area.
Generally speaking, the effective subsidence capacity is the maximum
human-induced subsidence that the affected area can robustly sustain.
Depending on the characteristics of the study area, the effective sub-
sidence capacity can be defined in different terms, specifically a max-
imum subsidence volume, a maximum subsidence at a given location,
or a maximum subsidence rate. In the Wadden Sea coastland, the long-
term survival of the natural marsh system depends on its ability to keep
balance with the average long-term relative sea-level rise by means of
sedimentation and thus maintain a dynamic morphologic equilibrium.
The limit of acceptable subsidence is the maximum rate of relative sea-
level rise that can be accommodated in the long term with null impact
in terms of coastal erosion and morphological deterioration. Note that a
relative sea-level rise may be caused by either sea level-rise due to

10

climate changes or not-climatic components such as land subsidence.
The effective subsidence capacity available for human activities, such
as gas production, is obtained by subtracting the expected average sea-
level rise plus the natural subsidence from the limit of acceptable
subsidence (i.e., the sedimentation rate in this specific case study).
Modeling and monitoring are of paramount importance to develop re-
liable subsidence predictions and hence reliable application of the
“effective subsidence capacity” concept.

Suggestions from the extensive legal, technical, and organizational
framework in place in the Dutch country has been adapted to and ap-
plied in relation to the residual production from the Dosso degli Angeli
reservoir located along the coast of the Adriatic Sea:

® during production, subsidence has been accurately measured in the
field;
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Fig. 15. Average subsidence rates (mm/year) along the shoreline of the study area due to
the residual production from Dosso degli Angeli as computed by the FE model (Fig. 10)
and measured between 2008 and 2011 using COSMO-SKYMED data (Fig. 6¢), this latter
reduced of the deep contribution estimated in 1.5 mm/year. The difference between the
two profiles in correspondence of the north coordinate of the Dosso degli Angeli ex-
tensometer amounts to about 1.5 mm/year, in quite good agreement with the trend
provided by the monitoring station (Fig. 5a). The difference between the “measured” and
“computed” profiles is representative of the subsidence due to shallow processes (e.g.,
groundwater pumping, natural consolidation of compressible Holocene deposits, and
compaction due to surficial loads).
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e an advanced and integrated monitoring system has allowed quan-
tifying the relative importance of the main processes contributing to
the cumulative land subsidence;

the subsidence due to hydrocarbon production has been simulated
by an advanced 3D geomechanical model; the multi-decadal pro-
duction life has allowed a reliable calibration of the model (Fig. 15);

iv) the “effective subsidence capacity” has been identified for the
study area. Because of the large land subsidence occurred in the past
(Caputo et al., 1970; Teatini et al., 2005, 2006; Bitelli et al., 2010)
and the complex sedimentary architecture of this coastland (Simeoni
and Corbau, 2009), the main potential problems associated with
land subsidence are located inland, i.e. in the lowlying farmland on
the back of sandy coastal ridges and dune alignments. Therefore, the
effective subsidence capacity corresponds to a lowering that does
not reduce the efficiency of the reclamation system and does not
mine the structural safety and instrumentation functioning of the
major structures and infrastructures because of displacement gra-
dients.

8. Conclusion

A three-dimensional finite-element modeling approach was used to
predict the anthropogenic land subsidence expected at the northern
Adriatic coastland due to the residual gas production planned from the
Dosso degli Angeli field. The simulation time extends over 10 years,
between 2013 and 2023, when the last 5% of the initial recoverable
resource will be produced. The propagation of the pressure drawdown
in the lateral/bottom aquifer was fully accounted for. The model, which
was initially calibrated on a large dataset of subsidence and compaction
measurements provided by levelling, CGPS, SqueeSAR, and ex-
tensometers, predicted a maximum subsidence and horizontal dis-
placement equal to 2.8 cm and 2.0 cm, respectively. These values has
allowed to evaluated an expected displacement gradients ranging be-
tween 10~ and 10~ 5, i.e. from 0.1 to 1 mm over 100 m.

The analyses presented in this work have been aimed at evaluating
the impact of this man-induced process on the environment and
structures/infrastructures beneath Dosso degli Angeli. The modeling
investigations highlight that the anthropogenic land subsidence due to
the residual gas production from this major gas reservoir is relatively
small compared to the land subsidence recently measured in the area,
with no practical consequence in terms of loss of efficiency of the re-
clamation network, increase of flooding hazard because of a freeboard
reduction, and decrease of the structural safety caused by differential
displacements.
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