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[1] Underground gas storage (UGS) in depleted hydrocarbon reservoirs is a strategic
practice to cope with the growing energy demand and occurs in many places in Europe
and North America. In response to summer gas injection and winter gas withdrawal
the reservoir expands and contracts essentially elastically as a major consequence of
the fluid (gas and water) pore pressure fluctuations. Depending on a number of factors,
including the reservoir burial depth, the difference between the largest and the smallest
gas pore pressure, and the geomechanical properties of the injected formation and the
overburden, the porous medium overlying the reservoir is subject to three‐dimensional
deformation with the related cyclic motion of the land surface being both vertical
and horizontal. We present a methodology to evaluate the environmental impact of
underground gas storage and sequestration from the geomechanical perspective,
particularly in relation to the ground surface displacements. Long‐term records of injected
and removed gas volume and fluid pore pressure in the “Lombardia” gas field,
northern Italy, are available together with multiyear detection of vertical and horizontal
west‐east displacement of the land surface above the reservoir by an advanced permanent
scatterer interferometric synthetic aperture radar (PSInSAR) analysis. These data have
been used to calibrate a 3‐D fluid‐dynamic model and develop a 3‐D transversally
isotropic geomechanical model. The latter has been successfully implemented and used
to reproduce the vertical and horizontal cyclic displacements, on the range of 8–10 mm
and 6–8 mm, respectively, measured between 2003 and 2007 above the reservoir
where a UGS program has been underway by Stogit‐Eni S.p.A. since 1986 following
a 5 year field production life. Because of the great economical interest to increase the
working gas volume as much as possible, the model addresses two UGS scenarios
where the gas pore overpressure is pushed from the current 103%pi, where pi is the gas
pore pressure prior to the field development, to 107%pi and 120%pi. Results of both
scenarios show that there is a negligible impact on the ground surface, with deformation
gradients that remain well below the most restrictive admissible limits for the civil
structures and infrastructures.
Citation: Teatini, P., et al. (2011), Geomechanical response to seasonal gas storage in depleted reservoirs: A case study in the Po
River basin, Italy, J. Geophys. Res., 116, F02002, doi:10.1029/2010JF001793.

1. Introduction
[2] Because of the importance of natural gas for energy
production, the interest to develop underground gas storage
(UGS) projects is continuously increasing worldwide. Two
major issues are concerned with UGS. First, as gas consumption for both domestic use and electricity generation is
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expected to continue rising, many countries with a growing
gas market are bound to rely more and more upon imports.
Second, any damages to infrastructures might result in
higher gas prices, or a break in supply, with unpredictable
costly consequences for the customers. To meet the above
challenges, an effective solution as recognized by several
governments is to inject gas underground, for example in
depleted gas/oil reservoirs or aquifers where significant
volumes can be strategically stored [e.g., Department of
Trade and Industry, 2007]. UGS is traditionally used to
assure a relatively smooth delivery from gas reservoirs to
the gas consumption pattern dictated by daily and seasonal
oscillations. When gas demand is high and exceeds supply,
for example during cold weather when household heating
peaks or during hot weather when a large amount of elec-
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tricity is required for air conditioning, gas is withdrawn from
gas storage reservoirs to supplement the current pipeline
supply and meet the peak demand. In contrast, when demand
is low, gas from the pipeline is injected into reservoirs close
to a metropolitan area. In this way the UGS added value is
the outcome of a relatively low investment in injection
facilities as opposed to the potentially high investment in
large pipelines and gas production systems, which would
be needed for satisfying a fluctuating demand directly from
the gas fields [Katz and Tek, 1981].
[3] The first successful underground storage of natural
gas was made in 1916 in the depleted Zoar gas reservoir,
south of Buffalo, New York (USA) [Buschback and Bond,
1967], where the injection facilities are still operational
[International Gas Union, 2006]. Worldwide, there are currently about 600 functioning UGS projects, with a working
gas volume, that is, the maximum volume of gas available
for withdrawal during the normal activity of the storage
facility, of approximately 330 × 109 Sm3 (i.e., m3 in standard
pressure and temperature conditions) in the reference year
2004/2005. This amount is more than 300% greater than the
working volume available in 1970. Most of the gas volume
is installed in eastern Europe (42%), North America (35%),
and western Europe (19%) [International Gas Union, 2006].
[4] The hazard and risk associated with subsurface gas
storage are a recurrent issue whenever a new UGS is planned.
Many different aspects are involved, such as formation
integrity, health and safety as related to public perception,
economic risk, and environmental impacts. Among the latter,
the geomechanical effects induced by seasonal gas injection
and withdrawal may play a very important role. The geomechanical issues to be considered include (1) subsurface
impacts and (2) surface impacts.
[5] Subsurface impacts are related to the effective intergranular stress changes within the injected formation and the
sealing caprock, with a risk for the generation of fractures
that might increase on one hand the gas injectivity and
jeopardize on the other the integrity of the cover [e.g.,
Rutqvist et al., 2008; Ferronato et al., 2010]. Moreover,
existing faults crossing the reservoir might be reactivated,
with a possible enhanced microseismic activity [e.g., Segall
and Fitzgerald, 1998] and consequent upward gas migration
[Segall and Grasso, 1991; Kouznetsov et al., 1994].
[6] Concerning the surface impacts, similar to land subsidence due to fluid (water, gas, oil) removal [e.g., Baù et al.,
1999; Teatini et al., 2000], the compaction/expansion of the
withdrawn/injected formation may cause land surface displacements with a possible effect on the natural environment
and damage to the existing ground structures and underground
infrastructures.
[7] The present paper focuses on the latter aspect. Poroelasticity theory describes the three‐dimensional (3‐D)
surface motion in response to stress changes in the gas
storage reservoir and surrounding formations. Land moves
vertically down and horizontally toward the area of maximum pressure decline (usually the reservoir gravity center
where the wells are concentrated) when gas is withdrawn,
and vertically up and horizontally away from the injection
area when gas is stored. The displacement magnitude and
the size of the affected area depend primarily on the burial
depth and geometry (thickness and areal extent) of the reservoir, the geomechanical properties of the reservoir and

F02002

surrounding geological formations, and the pore pressure
changes induced by gas storage/withdrawal.
[8] Some research activities about the elastic aquifer
response to groundwater pumping and artificial/natural
recharge have recently been performed. Differential interferometric synthetic aperture radar (DInSAR)‐based techniques have allowed for measurement with an impressively
high resolution and accuracy of the seasonal land subsidence
and rebound caused by cyclic aquifer system pumping and
recharge [Hoffmann et al., 2001; Schmidt and Bürgmann,
2003; Bell et al., 2008]. Typically, the vertical component
uz of the ground surface motion is resolved. The measurements, together with records of the piezometric level fluctuation and extensometer compaction/expansion, have been
used to derive the elastic bulk coefficient based on the one‐
dimensional Terzaghi principle of effective stress [Terzaghi,
1925]. Some very preliminary investigations have also
concerned the horizontal displacements ux,y. In this respect
Hoffmann and Zebker [2003] compared DInSAR displacement maps of Antelope valley, California, as obtained from
complementary ascending and descending ERS satellite
orbits. Because of the steep incident angle for the ERS data
(∼23°), which implies that the interferometric phase measurement is more sensitive to vertical than horizontal displacements, and due to uncertainties in the interferometric
phase measurement and atmospheric delay signals, they
inferred that values of ux,y were negligibly small. Moreover,
they observed that any conclusion was precluded as far as
horizontal displacements smaller than 20 mm (accompanying 60 mm of land subsidence) are concerned. The
combination of DInSAR data and records from a small
number of GPS stations established in the San Gabriel
valley region of southern California allowed King et al.
[2007] to detect an axisymmetric ux,y associated with a
significant land uplift caused by the natural recharge of an
aquifer system as the result of the 2004–2005 near‐record
rainfall. The 16 m increase of water level was responsible
for a maximum ∼50 mm uz and a ∼10 mm horizontal
movement at about 10 km from the point of maximum
upheaval and directed away from it.
[9] Because gas/oil reservoirs are usually characterized by
a much larger ratio c = d/r between the burial depth d and
a typical horizontal extent r, the three‐dimensional nature of
the displacement field is more pronounced. Ketelaar et al.
[2007] at the Groningen reservoir, Netherlands, report on
horizontal displacements due to gas production. The authors
performed a multitrack Persistent Scatterer Interferometry
(PSI) analysis using 6 independent overlapping ERS tracks.
Based on the different viewing geometries, the measured
displacements were decomposed into a vertical and a horizontal component. Vertical displacements up to 7–8 mm yr−1
and horizontal movements on the order of 2–3 mm yr−1
toward the center of the subsidence bowl were recorded
over the period from 1992 to 2005. Both the magnitude and
the direction of the measured ux,y are consistent with the
estimate calculated using the simple analytical solution by
Geertsma [1973].
[10] The present paper describes the results of a multidisciplinary effort aimed at detecting the full displacement
due to UGS in the so‐called “Lombardia” field, Po River
basin, northern Italy. The reservoir, seated at a burial depth
of 1050–1350 m below mean sea level (msl), was developed
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Figure 1. Map of the Po River plain with the location of the UGS projects implemented by Stogit‐Eni
S.p.A. in the area. The inset on the top left shows the digital elevation model of the study area with the
blue spot representing the reservoir outline and the dashed line representing the trace of the seismic cross
section shown in Figure 2.
from 1981 to 1986 and later used for gas storage by Stogit‐
Eni S.p.A. Methane is injected from April to October and
extracted from November to March each year. A 3‐D seismic
survey [De Tomasi et al., 2002], together with almost 30 year
long records of removed/stored gas volumes and fluid pore
pressure, have been used to construct a detailed static geologic model of the gas reservoir and neighboring formations,
and to accurately calibrate a dynamic multiphase flow and
pressure model. The pattern, magnitude, and timing of land
displacement above the reservoir both in the vertical and
in the west‐east directions have been obtained from an
advanced permanent scatterer interferometric synthetic aperture radar (PSInSAR™) analysis [Ferretti et al., 2001] using
ascending and descending RADARSAT‐1 images acquired
from 2003 to 2007. This information is implemented into
a geomechanical transversally isotropic finite element (FE)
model of the porous medium (C. Janna et al., A geomechanical transversally isotropic FE model for the Po River basin,
Italy, using PSInSAR‐derived horizontal land displacements,
submitted to International Journal of Solids and Structures,
2010), which will be shown to successfully match the full 3‐D
ground surface displacements measured above the reservoir.
Finally, we discuss the results of the geomechanical prediction
for two scenarios of a future UGS program where the largest
storage fluid pore pressure is increased from the present
103%pi, pi being the original in situ gas pressure, to 107%pi
and 120%pi, thus allowing for an increase of the stored gas
volume by approximately 65% and 180% relative to the
current stored value.

2. Geological and Geomechanical Setting
2.1. The Po River Basin
[11] The Po River plain is located in northern Italy
between latitude 44°–46° north and longitude 8°–12° east

(Figure 1) and is bounded by the Alps to the west and north,
the Apennines to the south and the Adriatic Sea to the east.
The sedimentary deposition started in the Cenozoic about
70–80 million years B.P. ending in the Quaternary with
the generation of the Po River drainage system. The basin is
generally characterized by shallow marine or deltaic depositional environments with a total sedimentary column that
ranges from a minimum of 4–5 km at its northern Alpine
border to a maximum of 12 km along the Apennine thrust front.
[12] Since the early 1950s Eni E&P, the Italian oil company, has discovered several gas/oil reservoirs in the Po
River basin. Most of the hydrocarbons detected in the area
are Pliocene and Pleistocene biogenetic/diagenetic gas. The
Pliocene and Quaternary reservoirs are located in thrusted
anticlines, simple drape structures, and stratigraphic traps.
Gas‐bearing rocks range from silty to fine‐grained sandstone. A typical feature of this basin is that gas accumulation
occurs in multipay zone reservoirs centimeters to a few tens
of meters thick. Average reservoir porosity , matrix permeability k, and water saturation Sw range from 25%–30%,
5–1000 mdarcy, and 35%–75% respectively, with net‐to‐
gross pay ratio png from 27% in silty sands to 95% in the
coarser sands. Reservoirs are sealed on top by deep‐marine
shales and impermeable sandstone [Mattavelli et al., 1983].
[13] The geomechanical properties of the sediments are
obtained from a number of in situ deformation measurements carried out in the offshore portion of the basin by the
radioactive marker technique [Ferronato et al., 2003a]. The
data have been statistically processed and used to derive
a basin‐scale compressibility law that provides the vertical
uniaxial compressibility cM as an exponential function of
the vertical effective stress sz [Baù et al., 2002]:
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Figure 2. Vertical seismic cross section through the Lombardia gas field along a southwest‐northeast
direction. The geological units of major interest are shown. The location of the cross section is provided
in Figure 1.
In equation (1) the units of cM and sz are bars−1 and bars,
respectively. Equation (1) holds for rock compression in virgin loading conditions (I loading cycle), while rock expansion is controlled by cM in unloading/reloading conditions
(II loading cycle). From in situ marker data and oedometer
tests, Baù et al. [2002] and Ferronato et al. [2003b] estimate
an average value of the ratio s between loading and unloading/
reloading cM over the range 1.8–3.5 for 100 < sz < 600 bars
(i.e., for a depth range between 1000 and 6000 m in normally
pressurized conditions), with s decreasing as sz rises. This
parameter takes on a key role for the characterization of the
geomechanical reservoir behavior during UGS operations
when the seasonal fluctuations of the effective stress due to
gas injection/removal usually occur at stresses less than the
preconsolidation stress, that is, in the II loading cycle.
[14] Additional important geomechanical parameters are
the Poisson ratio n and the depth‐dependent distribution of
the total vertical stress ^z = ^z(z). In situ hydraulic fracturing
tests and lab triaxial tests under drained conditions performed by Eni E&P provide 0.24 < n < 0.35 [Teatini et al.,
2000]. The results of density logs have been interpreted by
Eni E&P to give the following law for ^z:
^z ¼ 1:2218  101 z1:0766 ;

ð2Þ

with ^z in bars and z in meters. Moreover, available information shows that the basin is in practice normally pressurized down to 1000–1500 m depth.

2.2. The Lombardia Gas Reservoir
[15] According to International Gas Union [2006],
seven UGS projects are in operation in the Po River basin
(Figure 1) for a cumulative working gas capacity of about
8–10 × 109 Sm3. One of these UGS projects is operated by
Stogit‐Eni S.p.A. in the Lombardia field [Stogit S.p.A.,
2008]. The reservoir is located at the northern margin of
the pre‐Alpine monocline and is made of sandy sediments
corresponding to the lateral end of Pliocene turbidites
onlapping the partly folded Messinian basin. As the reservoir is in the zone of steeper dip, the gas traps are of the
stratigraphic type with the permeable units pinching out
northward against the impermeable clays of the Santerno
Formation. This unit composes the lowest Pliocene deposits
(Figure 2).
[16] The reservoir is located at a burial depth of 1050–
1350 m below msl and consists of the three gas‐bearing
pools, A, B, and C, that are vertically separated by 20–30 m
thick clay layers. The major pool is C which is composed
of 3 subunits, namely C1, C2, and C3, characterized by different petrophysical properties. Table 1 summarizes the
main features of the Lombardia reservoir. Extensive 3‐D
seismic surveys performed at both the reservoir and the
regional scale have allowed for an accurate reconstruction
of the geometry of the reservoir, the lateral aquifers which
are hydraulically connect to the field, and the other major
underlying and overlying geologic horizons. It is important
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Table 1. Geometric and Petrophysical Properties of the Different Pools of the Lombardia Gas Fielda
Pool
Parameter
6

3

Gross bulk volume (×10 m )
Average thickness (m)
Net/gross pay png (%)
Porosity  (%)
Average hydraulic conductivity k (mdarcy)
Water saturation Sw (%)
Volumetric formation factor (m3 Sm−3)
Top depth (m below msl)
Gas‐water contact depth (m below msl)
GOIP(×109 Sm3)
Initial gas pressure pi (bars)

A

B

C1

C2

C3

19.5
3
54
20
380
22
7.3 × 10−3
1080
1159
0.3
131.2

8.5
3
67
29
400
25
7.3 × 10−3
1100
1162
0.2
130.0

178.5
31
83
29
400
12
7.0 × 10−3
1130
1215
5.1
138.1

37.1
16
89
29
400
24
7.0 × 10−3
1160
1215
1.0
139.0

19.4
50
100
29
400
27
7.0 × 10−3
1180
1215
0.5
141.3

a
Data are made available by Stogit‐Eni S.p.A. [Repossi, 1998]. GOIP is the gas originally in place; Sm3 means m3 in standard conditions, that is, at
1.013 bars and 288.15 K.

to note that the large aquifer connected to the reservoir is
developed in the southward direction only, because northward
the sandy layers pinch out against the Santerno Formation
(Figure 3).
[17] Primary production started from the C unit in 1981.
About 2.7 × 109 Sm3 were withdrawn from 1981 to 1986
when the pool started to be used for UGS by Stogit‐Eni
S.p.A. Minor production occurred also from A and B (0.2 ×
109 Sm3 and 0.1 × 109 Sm3, respectively) over the period
1988–1996.

3. Methods
[18] The geomechanical response of an underground reservoir subject to periodic fluid injection and withdrawal
depends primarily on the field geometry (i.e., depth, thickness, areal extent), geomechanical properties of the gas‐
bearing and surrounding porous medium, and pore pressure
changes induced by fluid storage and removal. The process
is theoretically described by the 3‐D fully coupled poroelasticity model originally developed by Biot [1941].
Gambolati et al. [2000] and Settari et al. [2005] have shown
that in the reservoirs and aquifers of the Po River basin
coupling between the flow and the stress fields is weak and
uncoupling, as is usually assumed by hydrogeologists and
petroleum engineers, is fully warranted on any timescale of
practical interest.
[19] Hence in the present analysis a two‐step modeling
approach is followed. The gas/water dynamics in the Lombardia reservoir and surrounding aquifers is first simulated
by a multiphase flow simulator that is calibrated with a
“history match” procedure based on the pressure and production measurements collected over the time interval from
1981 to 2007. The 3‐D deformation field within the porous
medium and the land surface movements above the reservoir
are then predicted with the aid of a transversally isotropic
poromechanical model using the pressure variations specified
as an external source of strength. The available vertical and
horizontal ground displacements observed above the reservoir by PSInSAR from 2003 to 2007 are used to calibrate
the geomechanical model.
3.1. Fluid‐Dynamic Model
[20] In their simplest formulation, the so‐called “black oil
model,” the flow equations in standard conditions for a two‐

phase gas (CH4 in the present case) and water system read
[e.g., Peaceman, 1977]
r

 


kkr;i
qi
@ Si
i ¼ g; w;
¼
ðrpi  i g^rzÞ þ
B i i
S;i @t Bi

ð3Þ

where the quantities with subscript g and w refer to the gas
and water phases, respectively; r and r· are the gradient
and divergence operators; k is the hydraulic conductivity
tensor;  is the medium porosity; pi is the pressure of the
i phase; kr,i is the relative permeability; Si is the saturation
degree; Bi is the volumetric formation factor; mi is the viscosity; ri and rS,i are the density of the i phase in actual and
standard conditions, respectively; qi is the mass injection
rate (or production, if negative) per unit reservoir volume;
ĝ is the acceleration of gravity, and t is time. A number of
auxiliary relationships and additional constraints accompany
equation (3) [see, e.g., Peaceman, 1977].
[21] In this study the commercial reservoir simulator
Eclipse™ [Schlumberger, 2007] is used to numerically
solve for equation (3). A common practice in reservoir
engineering is the development of a numerical model that
strictly extends to the boundaries of the gas/oil field within
which the grid cells take on petrophysical properties as
derived from the exploratory and production wells drilled in
the field. The role played by active bottom/lateral aquifers
hydraulically connected to the reservoir is accounted for
by the use of special boundary conditions representing
simplified analytical approximations to the fully transient
groundwater flow equation. These “analytic” aquifers, for
example, the Carter‐Tracy aquifer model [Carter and Tracy,
1960] implemented in Eclipse, provide a water source to the
reservoir grid cells they are connected with, allowing one
to match historical pressure data.
[22] Although this approach may be satisfactory for reservoir management purposes, these analytical aquifers do
not conform to the actual geological boundaries and are
unable to adequately simulate aquifer pressure change as is
required for geomechanical modeling. The importance of
simulating representative aquifer dynamics to predict the
land surface displacement, during and after the field production life, has recently been pointed out for several gas
reservoirs of the Po River basin [Baù et al., 1999; Teatini
et al., 2000; Stright et al., 2005]. To this end, we use
the approach developed by Baù et al. [1999]. The actual
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Figure 3. Example of the geologic data used to characterize the geometry of the Lombardia reservoir
and surrounding aquifers. Maps of the top depth (in meters above msl) of (a) the C1 gas pool and
(b) the aquifer hydraulically connected to the gas‐bearing unit. The dashed profile in Figure 3a represents
the location of the grid slice shown in Figure 6, and the one in Figure 3b represents the trace of the aquifer
closure against the underlying clay formation.
pressure variations in the aquifer surrounding the reservoir
are calculated by a nonlinear 3‐D FE model solving
equation (3) for i = w, with Sw = kr,w = 1, Bw = 1, and
rw independent of pressure. The right‐hand side can be
rearranged in the usual form Ss∂p/∂t, with the elastic specific storage coefficient Ss defined as Ss = g w(bw + cM),
where g w is the water specific weight, b w is the volumetric
water compressibility, and the medium compressibility cM
is a function of p, and hence sz, via equations (1) and (2),
and Terzaghi’s principle of effective stress. We adopt x, y,
and z as the principal directions of the conductivity tensor
with kx = ky = kz = k.
[23] The domain of the groundwater flow model is
bounded by the outer boundary of the reservoir production

model, where the fluid pore pressure matched within the
field is prescribed as a known boundary condition. A trial
and error calibration procedure allows one to numerically
estimate the average hydraulic conductivity of the aquifer
by satisfying the so‐called material balance equation, that
is, the constraint that the sum of the residual hydrocarbon volume and the interstitial water volume in each pool
of the reservoir, the volume of water encroached from the
adjacent aquifer, and the loss of pore volume due to the
reservoir compaction must be constant any time during
the production life [Ferronato et al., 2004]. The calibration
is usually performed at the end of the field production
when the maximum pore fluid pressure change occurs in
the field. The water volume that entered the reservoir
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must equal the reservoir pore volume made available by
gas production. This volume is herein evaluated as the difference between the integral of the function Swpng, with
png the net/gross pay, calculated over the reservoir domain
at the end of the pool development (e.g., in 1986 for the
C unit of the field) and in the initial conditions (e.g., in
1981 for C).
3.2. Geomechanical Model
[24] Generally speaking, ground displacement related to
UGS projects is caused by the migration to the ground
surface of the deep deformation of the injected or pumped
reservoir. Based on the classical poroelastic theory [Biot,
1941], the equilibrium equations governing the deformation of a mechanically isotropic medium read
Gr2 u þ ðG þ Þrðr  uÞ ¼ rp þ b;

ð4Þ

where r2 is the Laplace operator; G and l are the shear
modulus and Lamé constant of the medium, respectively,
generally dependent on the stress path; u is the displacement
vector; a is the Biot coefficient; p is the in situ pore pressure
variation; and b is the vector of the body forces. Within the
gas reservoir, p has to take into account the pressure of both
the water (pw) and the gas (pg) component according to the
relationship [Bishop, 1959]:
p ¼ Sg pg þ Sw pw ;

ð5Þ

with Sw and Sg the saturation index of water and gas,
respectively. Equation (4) is solved in a 3‐D setting by
linear FE following the infinite pore pressure gradient
approach developed by Gambolati et al. [2001] for a heterogeneous porous medium with nonlinear and hysteretic
mechanical properties.
[25] An isotropic stress‐strain relation is the most common assumption in reservoir geomechanics, also because
only the vertical component of the land displacement or in
situ deformation is usually available for the model calibration [e.g., Teatini et al., 2000; Settari et al., 2005; Rutqvist
et al., 2008]. For an isotropic elastic medium the constitutive matrix D relating the effective stress tensor s to the
displacement u via the strain tensor  is given by
D¼
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E ð1  Þ
ð1 þ Þð1  2 Þ
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6
1
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1
61 
6
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1
6
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6 0
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6
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0
6 0
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0
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0
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0

0

0

0
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2ð1  Þ

0

0

0

0
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2ð1  Þ

0

0

0

0

1
1

3
7
7
7
7
7
7
7
7
7
7;
7
7
7
7
7
7
7
7
5

12
2ð1  Þ
ð6Þ

where E is Young’s modulus. The mechanical parameters E,
G, l, and n are related to cM through the well known relations
cM ¼

ð1 þ Þð1  2 Þ
;
Eð1  Þ

cM ¼

ð1  Þ

ð7Þ

;

ð8Þ

and
cM ¼

ð1  2 Þ
:
2Gð1  Þ

ð9Þ

Hence, using equation (1) for cM, matrix D in loading/
reloading conditions is a function of the two independent
parameters n and s, that is, D = D(cM, n, s).
[26] In their pioneering work, Gambolati et al. [1986]
explored the influence of transversal anisotropy on land
subsidence caused by gas/oil production from a disk‐shaped
reservoir. To the authors’ knowledge, the present study
addresses for the first time the calibration of a 3‐D geomechanical model using both the vertical and the horizontal
components of the land surface motion due to fluid injection/production into/from a real reservoir in its complex
geologic environment. The assumption of transversal isotropy can be viewed as a generalization of a mechanically
isotropic soil where the medium elastic properties in a
horizontal plane (subindex h) differ from those in a vertical
plane (subindex z). In this case, the constitutive elastic
matrix takes on the expression
2

1
6 Eh
6
6
6 h
6 E
6
h
6
6
z
6
6 Ez
D¼6
6
6 0
6
6
6
6
6 0
6
6
4
0

h
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1
Eh



z

Ez



z

0

0

0

0

0

0

Ez

Ez
1
Ez

0

0

2ð1 þ
Eh

0

0

0

1
Gz

0

0

0

0



z

hÞ

0

31
0 7
7
7
0 7
7
7
7
7
0 7
7
7 ;
7
0 7
7
7
7
7
0 7
7
7
1 5
Gz

ð10Þ

where Eh and Ez and n h and n z are the Young and the
Poisson moduli in a horizontal and vertical plane, respectively, and Gz is the vertical shear modulus. The shear
modulus Gh is dependent on Eh and n h via the usual relation
Gh = Eh/2(1 + n h). Equation (7) turns into the following
[Gambolati et al., 1986]:
cM ¼



1
2 z2 Eh
:
1
1  h Ez
Ez

ð11Þ

Equation (11) reduces to equation (7) if Eh = Ez = E and n h =
n z = n. Gambolati et al. [1986] have shown that land displacements are primarily related to Ez and secondarily to Eh,
while n h and n z play a more restricted role as their expected
variability is rather restricted.
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Table 2. Main Features of the Two RADARSAT‐1 Data Sets
Used in the Analysisa
Feature

Descending
Data Set

Ascending
Data Set

Track
First scene
Last scene
Number of scenes
Number of PS identified
PS density (per km2)
Director cosine (vertical)
Director cosine (easting)
Director cosine (northing)

197
28 April 2003
10 October 2008
75
6188
’200
0.82
0.56
−0.10

147
7 March 2003
6 October 2008
72
6081
’200
0.85
−0.51
−0.10

a

Acquisition mode is standard beam S3.

[27] Introducing the two nondimensional parameters
¼

Eh
;
Ez

¼

Gh
Gz

ð12Þ

and using equation (1), the elastic matrix D for a transversally mechanical isotropic medium in unloading/reloading
conditions depends on the 5 independent parameters x, z,
n h, n z, and s, that is, D = D(cM, x, z, n h, n z, s). For more
details about the numerical implementation of the transversal isotropy into the 3‐D FE model, see Janna et al.
(submitted manuscript, 2010).
3.3. PSInSAR Methodology
[28] Differential interferometric SAR (DInSAR) is a
methodology where two SAR scenes acquired over the same
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area at different times provide radar phase information that
allows for the detection and measurement of sub‐centimeter‐
scale ground movement in the form of a phase‐change
interferogram [Bürgmann et al., 2000; Hanssen, 2001].
Measurement of the radar phase change is made on a pixel‐
resolution basis (typically 25–90 m pixels), although the
actual resolution may be lower, as the filtering procedures
reduce the noise level at the expense of the spatial resolution.
[29] In contrast, the permanent scatterer (PS) methodology
relies on the identification and exploitation of individual
radar reflectors, or permanent scatterers, that are smaller
than the pixel resolution and remain coherent over long time
intervals so as to develop displacement time series [Ferretti
et al., 2001]. The resolution achieved by the identification of
these PS targets in long temporal series of SAR images
creates a data set consisting of many “radar benchmarks”
where target displacement information can be accurately estimated due to favorable reflectivity conditions. The advantages
of the PS methodology are: (1) good phase coherence over the
sparse PS grid, from nearly all radar scenes, regardless of
geometrical baseline (i.e., separation of satellite trajectories
involved in the generation of the interferograms); (2) as all
interferograms are generated using a single master scene, the
mathematical framework allows the user to take advantage of
procedures for the assessment of the precision [Colesanti et al.,
2003a]; and (3) by exploiting a long time series of radar
data, atmospheric phase contributions can be estimated and
removed from the deformation phase signal by proper filtering procedures, thus significantly increasing the accuracy of
the measurements. PSs correspond to persistent, bright radar
reflectors, such as buildings, poles, metallic structures, exposed

Figure 4. Seasonal behavior of the vertical (uz) and west‐east horizontal (ux) displacements as measured
by PSInSAR for a couple of pseudo‐PS. The pore gas volume stored in the field over the same period is
also provided. Note the very good correspondence between Vg and both ux and uz in connection with the
injection and the removal phase. The trace of the Lombardia field and the location of the two pseudo‐PS
are shown in the inset.
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Figure 5. (a and b) Vertical and (c and d) west‐east horizontal displacements as measured by PSInSAR
above the Lombardia field from November 2005 to April 2006 and from April 2006 to November 2006,
respectively. Positive values mean uplift and eastward movement. The trace of the reservoir and the
reference point for the displacements (marked by an “x”) are shown.
rocks or other similar objects. PS density can be extremely
high (even exceeding 1,000 per km2) in urban and desert
areas [Teatini et al., 2007; Bell et al., 2008], however it drops
to zero in heavily vegetated zones, sometimes preventing the
application of this advanced DInSAR technology in those
areas. DInSAR, and in particular PSInSAR, measurements
of the ground heave due to subsurface fluid injection have
been successfully used to verify the efficiency of enhanced
oil recovery (EOR) projects [Stancliffe and van der Kooij,
2001], detect the permeability of oil/gas fields [Vasco et al.,
2008], and follow the CO2 fate in geologic sequestration
programs [Mathieson et al., 2009]. For a comprehensive
description of the PSInSAR algorithms to measure progressive and seasonal ground displacements, see Colesanti et al.
[2003b].
[30] Similar to leveling data, all SAR‐based observations are
differential measurements relative to a reference point, which
is assumed to be fixed. If no prior information is available,
the reference point is selected within an area that provides the
minimal variance of the estimated displacement field. Contrary

to GPS, both DInSAR and PSInSAR data correspond to range
changes, that is, they are 1D measurements related to the
projection along the satellite line of sight (LOS) of the 3‐D
displacement vector affecting the radar target. Nonetheless, the
combination of the Earth’s rotation and satellite motion makes
it possible for any area of interest to be illuminated by the
satellite radar sensor along two different acquisition geometries: one having the satellite flying from south to north (called
ascending mode) and the other from north to south (called
descending mode). Whenever two data sets of SAR images
are available, acquired over the same area and during the
same time frame along ascending and descending orbits, the
PSInSAR results can be used successfully to estimate two
components of the local displacement field, thus significantly
improving the understanding of the event under study.
[31] Consider a Cartesian reference frame, where the three
axes (x, y, and z) correspond to the west‐east (x), south‐
north (y), and vertical direction (z). Whenever an object
exhibits a PS behavior in both ascending and descending
data, the PS technique allows for the estimation of two
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Figure 6. Axonometric view of the Eclipse model of the Lombardia C pools. The color is representative of the initial gas saturation Sg. The grid is sliced along the vertical section whose trace is shown
in Figure 3b. The grey bars represent production/injection wells.
components of the displacement vector u affecting the radar
target, namely, uasce and udesc. To make the two data sets
comparable, a reference point visible in both data sets has to
be selected and the PS results must be calibrated accordingly. In general, in the Cartesian reference frame, the displacement vector affecting a PS can be expressed as
u ¼ ux nx þ uy ny þ uz nz ;

ð13Þ

where ux, uy, and uz are the components of the displacement
vector along the west‐east, south‐north, and vertical direction and nx, ny, and nz are the corresponding unit vectors.
[32] From satellite ephemerides, it is easy to determine the
orientation of the satellite LOS with respect to the Cartesian
coordinate system in both acquisition geometries (ascending
and descending), thus leading to the following linear system
of equations:
uasce ¼ ux nx;asce þ uy ny;asce þ uz nz;asce
;
udesc ¼ ux nx;desce þ uy ny;desce þ uz nz;desce

ð14Þ

where nx,asce, ny,asce, nz,asce and nx,desce, ny,desce, nz,desce are
the direction cosines identifying the satellite LOS vector for
ascending and descending acquisitions, respectively.
[33] Of course, the measurement of two vector components is not enough to retrieve the full 3‐D displacement, that
is, ux, uy, and uz. However, because satellite orbits are usually
almost parallel to the Earth meridians, the sensitivity to possible target motion along the south‐north direction is usually
much lower than the sensitivity to west‐east and vertical
components (i.e., ny,asce and ny,desce are typically much smaller

than the values of the other cosines). A reasonable strategy is
then to approximate system (14) as follows:
uasce ¼ ux nx;asce þ uz nz;asce
udesce ¼ ux nx;desce þ uz nz;desce

ð15Þ

that can now be solved for ux and uz.
[34] It should be noted that, due to the limited number of
objects exhibiting a PS behavior in both data sets (they typically correspond to poles, whose scattering centers can be
monitored by all possible acquisition geometries), this
approach is usually applied to terrain patches of 50 × 50 m2 or
larger, depending on the PS density. The basic assumption is
that all PSs belonging to the same patch are affected by the
same displacement vector: all displacement time series are
averaged and the new “resolution cell” is then characterized
by a single “pseudo‐PS.” This step can have a beneficial
impact on the signal‐to‐noise ratio of the displacement time
series, provided that the displacement field can indeed be
considered uniform within each cell [Tamburini et al., 2010].
[35] This operation is applied to both data sets (ascending
and descending), so that the data are actually resampled on a
common grid (PS points are likely different between
ascending and descending look directions, but pseudo‐PS
are coincident), possibly having data holes. It is worth
noting that, apart from a spatial data resampling, a temporal
interpolation has to be performed as well, before inverting
for vertical and horizontal components. In fact, ascending
and descending satellite data are acquired at different times:
the temporal window where the inversion can take place
is the one covered by both data sets and data should be

10 of 21

F02002

F02002

TEATINI ET AL.: GEOMECHANICAL RESPONSE TO SEASONAL GAS STORAGE

Figure 7. Time behavior of the average gas pore pressure as measured in the C pool from the inception
of the gas production (1981) to date (2007) and as provided by the production model for the two planned
UGS scenarios over the period 2008–2040. The time intervals used for the model calibration and validation are indicated.
resampled using exactly the same sampling combination,
avoiding a sampling step lower than the satellite repeat
cycle. The accuracy of this procedure depends on different
factors, including (1) the PS density, (2) whether or not the
displacement field can be considered uniform within the
cells, (3) the accuracy of the original PS results, and
(4) whether or not the original time series are evenly sampled. Because of the low incidence angles characterizing
SAR acquisitions, the accuracy of the estimated vertical
components is generally higher than the accuracy of the
horizontal components. For the data sets under study, the
horizontal components are expected to be estimated with
error bars about 50% larger than the vertical components.
[36] Although the exploitation of SAR interferograms
gathered from both ascending and descending orbits to
extract horizontal and vertical components of the displacement field is not new in DInSAR applications [e.g.,
Hoffmann and Zebker, 2003], this is the first time to the
authors’ knowledge that an inversion procedure has been
lied to long time series of PS data, although Ferretti et al.
[2007] applied a similar procedure to artificial reflectors.

4. Application to the Lombardia Gas Field
4.1. PSInSAR Data Over Lombardia
[37] Satellite radar images acquired by RADARSAT‐1
from March 2003 to October 2008 are employed in this
study. Two satellite tracks (number 197 and number 147)
surveyed the region and acquired 75 and 72 radar images in
descending and ascending mode, respectively (Table 2). The
extent of the area of interest above the gas storage reservoir
under study is about 30 km2.

[38] The data are processed by the PSInSAR technique.
Estimation and removal of orbital errors was of the utmost
importance in the processing, since no precise state vectors
are available for RADARSAT‐1. Stable scatterers are identified using a statistically based analysis of the phase and
amplitude characteristics of the energy backscattered from
Earth’s surface. A temporal coherence of 0.8 is used as a
lower threshold for PS selection using a seasonal model of
ground deformation [Colesanti et al., 2003b]. It is important
to point out that no prior information was used in InSAR data
processing, apart from a very rough estimation of the extent
of the area affected by reservoir‐induced surface displacement. In order not to force the SAR data to a sinusoidal
model, the atmospheric phase screen (APS) superimposed on
each SAR image has been estimated outside this area and
spatially interpolated.
[39] The PS density was found to be quite high in both
data sets (Table 2), due to the presence of many buildings
and artificial objects on the ground. Contrary to what is
encountered in ESA ERS archives, where the number of
radar scenes acquired in ascending mode is typically much
Table 3. Water Volume Encroached at the End of the Field
Primary Production and Calibrated Average Conductivity of the
Aquifer Surrounding the Lombardia Gas Field
Pool
Parameter
a

6

3

Water volume (×10 Sm )
Aquifer conductivity (mdarcy)
a
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A

B

C1

C2

C3

0.57
90

0.53
200

4.16
190

0.95
60

2.5
60

Sm3 means m3 in standard conditions (1.013 bars and 288.15 K).

F02002

TEATINI ET AL.: GEOMECHANICAL RESPONSE TO SEASONAL GAS STORAGE

F02002

Figure 8. Depth‐averaged fluid pore pressure change (bars) in the C1 unit (a) from the inception in 1981
to the end of the primary field production life in 1986 and for (b) a producing (from November 2005 to
April 2006) and (c) a storage (from April 2006 to November 2006) period of the UGS 103%pi activity.
lower than in descending tracks, the two satellite data sets
were similar and this allowed for an effective estimate of
both vertical and horizontal (easting) components of the
surface displacement field. Figure 4 shows the vertical and
horizontal component of the movement of two pseudo‐PSs
overlying and close to the field together with the gas volume
Vg stored in the reservoir versus time. Figure 5 provides the

uz and ux pattern over the November 2005 to April 2006 and
April 2006 to November 2006 production and injection
periods, respectively. The vertical displacement follows
closely the gas volume stored in the reservoir, that is, the
land surface goes up when gas is injected and goes down
when it is withdrawn. The horizontal movements depend on
the actual measurement position relative to the reservoir
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Figure 9. (a) Axonometric view of the 3‐D FE grid used in the geomechanical model and (b) north‐
south vertical cross section of the FE grid through the pools of the Lombardia gas field. The colors indicate the different lithologies. The vertical exaggeration is 5X.
center of gravity: the PSs located to the west (e.g., 000A3 in
Figure 4) move westward and eastward, hence ux decreases
and increases, when the gas is injected and pumped out,
respectively. The opposite behavior characterizes the PSs
located east of the reservoir center of gravity. Based on
the PSInSAR measurements, the UGS activities appear to
be responsible for a seasonal land movement of as much
as 8–10 mm and 6–8 mm in the vertical and easting direction, respectively.
[40] Comparison between Figures 5a and 5b and Figures 5c
and 5d reveals that ux is noisier than uz, as expected because
of the satellite LOS direction. A simple analysis of the
eigenvectors of the matrix to be inverted shows that,
assuming the ascending and descending data to be affected
by the same noise source, the estimated easting components
are 2.4 times more noisy than the vertical components. In
other words, the a posteriori estimated standard deviation
of the horizontal measurements is about 1.56 times larger
than that of the vertical ones.
[41] Finally, we have explored the effect of ignoring the
south‐north displacements (uy) on the quantification of the
vertical (uz) and west‐east (ux) components of the movement.
In the Lombardia site, the unit vectors of both ascending and
descending data (see equation (14)) are the following:
2

3 2
3
nx;asce
0:519
4 ny;asce 5 ¼ 4 0:106 5
nz;asce
0:848

2
;

3 2
3
nx;desce
0:571
4 ny;desce 5 ¼ 4 0:106 5:
nz;desce
0:814

ð16Þ

These values show that both satellite acquisition geometries
are at least 5 times less sensitive to south‐north displacements
than to west‐east movements. Even considering a purely

horizontal displacement of 10 mm in south‐north direction,
we would erroneously estimate a vertical displacement of just
1 mm and no west‐east displacement (<0.1 mm). Therefore,
south‐north displacement values, though present, cannot
compromise the estimation of vertical and west‐east components. In particular, west‐east displacement components
are almost unaffected by possible south‐north motion.
4.2. Model Implementation and Calibration
4.2.1. Fluid‐Dynamic Models
[42] The management of the Lombardia field during its
primary production life and the subsequent UGS activities,
that is, over the 26 year period from 1981 to 2007, has
allowed for a reliable and accurate calibration of the
dynamic reservoir model. Figure 6 shows an axonometric
view of the unit C Eclipse model characterized by a horizontal size of about 6 × 4 km. The 10‐layer grid consists of
29,370 cells with a 50 m horizontal dimension in the area
where the production/injection wells are located. A zero‐
flux condition has been prescribed on the northeast boundary consistent with the available geologic information. The
hydrologic properties of both the reservoir (Table 1) and the
Carter‐Tracy aquifer connected with the south‐west boundaries of the field have been obtained by matching the gas
production history and the pressure measurements at the wells.
[43] The time behavior of the average gas pore pressure is
summarized in Figure 7. The pore pressure decline achieved
its maximum value of 35 bars in 1986 at the end of the
primary gas production. UGS started soon after and the pore
pressure fluctuation due to seasonal gas injection/removal
was superposed on the natural pressure recovery due to the
water inflow from the surrounding aquifer. Since 2002, the
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Figure 11. (a) Absolute value of the horizontal land displacement (millimeters) as predicted by the geomechanical model over the injection phase from April 2006 to November 2006. The components along
the (b) west‐east and (c) south‐north directions are shown.
UGS program has been pushing the maximal gas pore overpressure to 103%pi. This value, together with a cyclic pressure
drop/recovery of about 30–35 bars, has allowed a managed
annual working gas volume of ∼1.2 × 109 Sm3 (Figure 4).
[44] Table 3 provides the cumulative volume of water that
flowed from the aquifer into each pool of the reservoir
between 1981 and 1986 as calculated by Eclipse. As previously outlined, these volumes are used to calibrate the
aquifer conductivity in the groundwater flow models. The
aquifer models are strictly consistent with the geomechanical model in the sense that the FE flow grids represent a
subset of the global 3‐D FE structural grid, with the actual
elastic storage coefficient variable in time and space as it is
in the basin‐scale geomechanical model.
[45] The average k values finally obtained from the calibration are given in Table 3. Consistent with other gas fields
of the sedimentary Po River basin [Baù et al., 1999; Teatini
et al., 2000; Ferronato et al., 2004; Stright et al., 2005],
the aquifer permeability to water is found to be generally
less than reservoir permeability, mainly due to the effect of
the trapped gas saturation in the water invaded zone that
develops during gas production [Hower and Jones, 1991].
An example of the groundwater model outcome for the
aquifer connected to the C1 pool is shown in Figure 8. The
maps provide the pore pressure change from 1981 to 1986,
that is, over the time interval used to calibrate the model,
and from November 2005 to April 2006 and April 2006 to
November 2006, that is, a producing and a storage UGS
phase, respectively. The pressure change propagation within
the aquifer is clearly indicated.
4.2.2. Geomechanical Model
[46] A tetrahedral FE mesh was generated based on
information on the top and bottom of the Lombardia pools

and surrounding aquifers, along with the depth maps of
the other geologic units of interest (i.e., the Santerno clay
formation). The model domain has an areal extent of 60 ×
50 km centered on the reservoir and is confined by the
ground surface above and a rigid basement 10 km deep
below. Standard conditions with zero displacement on the
outer and bottom boundaries are prescribed, while the land
surface is a no‐stress boundary. The large modeling domain
relative to the reservoir dimensions assures that the disturbance does not reach the boundary.
[47] The 3‐D mesh is formed by 268,558 nodes and
1,568,466 tetrahedra (Figure 9). Great care has been devoted
to the gridding issues as suggested by Settari et al. [2005].
The layers where the reservoir and the surrounding aquifers
are located have been vertically discretized, consistent with
the field production model. Moreover, the elements of the
gas‐bearing strata have a horizontal dimension comparable
to that used in Eclipse (i.e., about 50 m in the present case).
Highly compatible grids, the same linear order of approximation for the numerical solution of both the flow and
the poroelastic equations, and the infinite pore pressure
gradient FE approach [Gambolati et al., 2001] for the
geomechanical computation are used. Thus, the conversion
of the pressure change, as predicted by the flow models, into
the external strength source, as required by the structural
code, becomes trivial.
[48] The geomechanical model has been calibrated over
the UGS cycles from April 2003 to April 2005 and validated
from April 2005 to November 2007 using the PSInSAR
measurements described above. Because no land displacement measurements are available in the study area before
2003, we have elected to use equation (1) to evaluate the
geomechanical response of the field during the primary

Figure 10. Comparison between the simulated ground surface displacements using the transversally isotropic geomechanical model and the PSInSAR measurements. Negative values indicate downward and westward displacements. (a) Computed uz versus the corresponding measurements with calibrated and validated values marked differently. (b) The same as
Figure 10a for ux. (c) Seasonal behavior of the calculated and measured vertical land displacement for a pseudo‐PS located
as shown in Figure 10e. (d) The same as Figure 10c for the easting movement of the pseudo‐PS as shown in Figure 10f.
(e) Spatial land uplift (millimeters) from April 2006 to November 2006 as provided by the PS interpolation (left) and
the model (right). (f) The same as Figure 10e for the horizontal west‐east displacement. The trace of the gas storage field
is shown.
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Figure 12. (a) Land subsidence (millimeters) and (b) horizontal land displacement (millimeters) in 1986 at the end of
the Lombardia primary gas production.
production life, that is, in the virgin loading phase, and
calibrate the parameters x, z, n h, n z, and s which the model
response depends upon (see section 3.2) under unloading/
reloading conditions. We are fully aware of the limitation of
this calibration procedure. However, on one hand equation
(1) has proven reliable in a number of applications performed recently for the prediction of land subsidence due
to gas production over other gas reservoirs located in the Po
River basin [e.g., Ferronato et al., 2003a; Barends et al.,
2005] and, on the other, the approach is consistent with
the main research goal, that is, developing a reliable modeling tool for the prediction of the ground surface response
to seasonal gas storage at a gas pore pressure exceeding the
original in situ value.
[49] The isotropic stress‐strain model has been provisionally used to perform the first simulation set. Comparison
with the recorded displacements shows a good match of uz
with s = 4, quite consistent with the available geomechanical
data. Conversely, ux turns out to be overestimated by a
factor of 2 irrespective of any plausible n. The transversally
isotropic model has proven quite appropriate to reproduce

F02002

both the vertical and the horizontal measured displacements.
The satellite observations are on the average successfully
matched with s = 4, x = 3, n h = 0.15, n z = 0.25, and z = 1.
[50] Figures 10a and 10b provide the simulated land displacements versus the corresponding measurements in the
vertical and the horizontal easting directions, respectively.
The distribution of the points highlights the generally good
agreement between the two data sets for both the components. As expected, some outliers are present because a
portion of the measured PSs, for example, those located at
the margins of the investigated area where the uz displacements are very small, are inevitably affected by and sensitive to local disturbances (e.g., local movements unrelated to
the UGS activities). Figures 10c and 10d show the excellent
agreement between the measured and the predicted vertical
and horizontal land displacements from 2003 to 2007 over
two representative PSs overlying and close to the field,
respectively. Finally, to give an idea of the complex spatial
pattern of land motion and model correctness in substantially capturing the occurrence over an injection/extraction
cycle, Figures 10e and 10f show the predicted land uplift
and horizontal movement from April 2006 to November
2006 as compared with a map obtained by interpolating the
corresponding PSInSAR measurements. Interpolation has
been made with the kriging technique based on an analytical
variogram obtained from matching the experimental variogram. A nugget effect h = 2 mm2 and 7 mm2 for the uz and
ux components, respectively, is suggested from the fitting
of the experimental data. The use of h allows one to filter
out the local‐scale variabilities that are not accounted for
by the gas storage/production, at the expense, however,
of an attenuation of the observed largest displacements. It is
interesting to note that the largest vertical uplift occurs in
the vicinity of the field center of gravity, just south of it, due
to the contribution from the aquifer that is thicker southward. Conversely, the maximum horizontal displacement
occurs near the field boundary. The calibrated 3‐D geomechanical model also allows for an appraisal of the horizontal displacements in the south‐north direction. As an
example, see Figure 11 for the injection period April 2006
to November 2006.

Figure 13. Maximum vertical land displacement versus
time simulated by the geomechanical model between 1981
and 2007.
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Figure 14. Predicted pressure change (bars) relative to pi in the C1 unit in November, that is, at the end
of the injection phase, for (a) the 107%pi and (b) the 120%pi scenario. Positive values mean overpressure.
(c and d) Absolute value of the predicted pressure change (bars) from April to November of the same year
(pressure rise) and from November to April of the following year (pressure decline) in the C1 unit for the
two scenarios (107%pi and 120%pi, respectively).
[51] Another interesting result of the model is concerned
with the past history of the field production life and is
represented by the cumulative displacement that occurred
from the inception of gas production to present. The stress
prediction at the end of the reservoir life is of paramount
importance to evaluate the stress field, and hence the geomechanical properties of the reservoir and the aquifer, at
the starting time of the geomechanical model calibration.
Figure 12 shows the land subsidence and the horizontal land
displacement predicted in 1986 at the completion of the
primary gas production. The largest subsidence amounts to
90 mm and occurs just south of the field center where the
overall center of gravity of the depleted volume composed
by the reservoir and the surrounding aquifer is located. The
horizontal displacement is essentially radial toward the
center of gravity of the depleted system. The largest 50 mm
value predicted at the north boundary of the gas field
quickly decreases northward. The maximum vertical subsidence versus time during the primary gas production and
the subsequent UGS activities to the end of 2007 is given
in Figure 13.
4.3. Land Displacement Prediction for Future Gas
Storage Scenarios
[52] The model as previously calibrated is used to predict
the expected geomechanical response of the Lombardia
field to future UGS development programs. In particular,
two scenarios are addressed, a first one where the gas pore
overpressure is pushed to 107% of the original pressure

Figure 15. Time behavior of the maximum vertical land
displacement expected for the UGS scenarios at (a) 107%pi
and (b) 120%pi.
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Figure 16. Absolute value of the predicted vertical and horizontal ground displacements (millimeters)
during each injection/production cycle for the UGS scenarios addressed by the study: (a) uz and (c) ux
for an overpressure at 107%pi and (b) uz and (d) ux for 120%pi.
prior to the field development and a second where the peak is
increased to 120%pi. A constant amount of CH4 is planned
to be injected/produced each year from 2008 to 2040. The
above scenarios are of the greatest importance because they
allow an increase in the stored gas volume by approximately
65% and 180% relative to the current maximum storage
value. Such a significant increase of working gas is accounted
for primarily by water displacement within the aquifer adjacent to the reservoir and, secondarily, by the larger gas
compression together with the injected formation expansion.
[53] The modeling results for the two scenarios in term of
pore pressure change are provided in Figures 7 and 14.
Figure 7 gives the average gas pore pressure in the reservoir
versus time. It is interesting to observe that (1) the seasonal
cycles are repeated almost identically each year and (2) the
UGS management is designed so that the two scenarios
implement the same minimum pressure, approximately
corresponding to the pressure value experienced at the end
of the primary production life in 1986 (75%pi), and obviously a different largest overpressure, yielding a higher
average pore pressure for the scenario 120%pi. For the two
scenarios, Figures 14a and 14b show the overpressure distribution relative to pi in the C1 pool and the surrounding
aquifer in November when the injection phase ends. The
absolute value of the pore pressure change for a single UGS
phase, that is, the difference between the maximum and
minimum p experienced each year, is provided in Figures 14c

and 14d. The numbers indicate a pore pressure increase from
April to November and a decrease from November to the
following April. Observe that in Figure 14a the outer −5 bars
isoline means that UGS activities for scenario 107%pi take
place with the aquifer slightly depressurized.
[54] The largest simulated uz versus time relative to
January 2008 is given in Figure 15. In the scenario 107%pi,
after an initial 25 mm subsidence caused by a temporary
pressure decrease down to 100 bars (Figure 7), a 17 mm
periodic oscillation characterizes the elastic response. The
seasonal oscillation increases to about 25 mm for scenario
120%pi. The areas potentially affected by the vertical and
horizontal displacements are shown in Figure 16. The
increase of the oscillation amplitude of the seasonal vertical displacements relative to the present UGS operations
is approximately 15 mm (Figure 17). This value is well
below the land subsidence experienced by the area above
the field in the 1980s. It is to be noted that the use of the
geomechanical model outside the stress range experienced
by the reservoir during the calibration and validation periods could raise some concerns about the reliability of the
results shown in Figure 16. However, available in situ data
of the Po River basin about the cM behavior in unloading/
reloading conditions, and consequently on the mechanical
response of the stressed formations, have been acquired for
a stress range much wider than the one addressed in the
Lombardia case [Baù et al., 2002; Ferronato et al., 2003a,
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Figure 17. Difference between the vertical displacements (millimeters) currently produced by an injection/
production cycle at 103%pi and those expected at (a) 107%pi and (b) 120%pi as predicted by the numerical simulations.
2003b; Hueckel et al., 2005]. This strongly supports our
confidence in the reliability of the present prediction.
[55] The actual significance of the displacements predicted above depends on the vulnerability of the environment surrounding and the structures overlying the reservoir.
In the present case, the average land elevation is about
110 m above msl with most of the area devoted to agriculture. Therefore, no environmental consequences are
expected from both land settlement and uplift. As far as the
safety of buildings is concerned, it should be emphasized
that possible damages could be caused by differential displacements. The most severe indications are related to the
maximum distortion acceptable for masonry buildings
with more than one floor which should be limited below
5 × 10−4, that is, 5 mm every 10 m [Skempton and McDonald,
1956]. For reinforced concrete and steel structures the above
limit can be 10–15 times larger. The maximum gradient
predicted by the geomechanical simulation is 3.8 × 10−6 and
5.9 × 10−6 for the 107%pi and 120%pi scenario, respectively,
that is, two orders of magnitude smaller than the bound
provided above. Thus, it can be concluded that no concerns should be raised for possible damages to buildings
and infrastructures due to the planned increase of the working
gas volume.

5. Summary and Conclusions
[56] Simulation of cyclic gas storage in underground
reservoirs is a complex multidisciplinary effort that involves
both fluid‐dynamical and geomechanical modeling predictions. The results may prove helpful to evaluate the working
gas volume, the safety of the disposal, and the impact of
land motion on both the overland structures‐infrastructures
and the environmental ecosystem.
[57] The geomechanical response to seasonal gas storage has
been investigated for a UGS Stogit‐Eni S.p.A. asset located in
the Po River basin, Italy. The reservoir, seated at a depth
of about 1200 m, was developed from 1981 to 1986 and then
used for UGS with the injected gas overpressure exceeding
the original pressure pi by 3% over the last 5–6 years. Two
UGS future programs of increasing the maximum overpressure to 107%pi and 120%pi are being planned.

[58] The use of (1) the geomechanical data set from previous studies of the Po River basin, (2) a detailed knowledge
of the subsurface geology made available by 3‐D seismic
surveys, (3) almost 30 years of measurements related to the
gas field activities, and (4) an advanced PSInSAR analysis
providing the vertical and horizontal west‐east displacements of the ground surface above the field from 2003 to
2007 has allowed for the development, set up, and calibration of a transversally isotropic nonlinear FE geomechanical
model that was successful in reproducing both the observed
land settlement/uplift and easting displacements due to
UGS activities.
[59] Major research advances achieved from the present
study include (1) the demonstration of the PSInSAR capability to reveal the temporal long‐term vertical and west‐east
horizontal displacements as a response to (seasonal) changes
of gas pore pressure in storage reservoirs and (2) the characterization of the geomechanical response of a depleted
reservoir subject to fluid injection/production in a complete
three‐dimensional setting with a transversally isotropic
geomechanical model.
[60] A few major results can be summarized as follows.
[61] 1. UGS is responsible for a land surface excursion of
8–10 mm over the last 5 years caused by a gas overpressure at the end of the injection phase equal to 103%pi. The
excursion is expected to increase to ∼15 mm and ∼25 mm with
the gas overpressure of 107%pi and 120%pi, respectively.
[62] 2. The model calibration is consistent with the geomechanical characterization of the Po River basin as derived
from previous experimental and modeling studies. In particular, the 2003–2007 PS vertical displacements are successfully
matched with a loading unloading‐reloading compressibility
ratio equal to 4, perfectly in line with in situ marker expansions
measured in other reservoirs of the same basin.
[63] 3. The UGS 107%pi and 120%pi scenarios addressed
in the present study are not expected to raise concern for the
integrity of the surface man‐made structures‐infrastructures
and the preservation of the natural environment. The differential displacements at the ground surface caused by the reservoir expansion and contraction are by far below the limits
indicated in the literature to avoid structural instabilities.
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[64] Finally, this study can be viewed as a prototype
application. The interdisciplinary approach, which integrates
geophysics, petroleum engineering, subsurface hydrology,
geomechanics, remote sensing, and numerical modeling
prediction, allows for a broad characterization of the geomechanical response of deep reservoirs to fluid injection
and/or removal. We believe that the above methodology
may constitute an important tool in future fluid injection/
production programs to reliably address the environmental
risk related to UGS, geologic CO2 sequestration, gas/oil
field development, enhanced oil recovery (EOR), and
aquifer system recharge (ASR).
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