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Abstract Underground gas storage (UGS) in depleted hydrocarbon fields 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 almost elastically, 
namely it “breathes”, as a major consequence of the fluid pore pressure fluctuations. Depending on a number 
of factors, including the field 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 a three-dimensional deformation related to the cyclic motion of the land 
surface in both vertical and horizontal directions. We present a multidisciplinary methodology to evaluate 
the environmental impact of UGS from a geomechanical point of view in connection with the ground surface 
displacement that may cause some concern for the integrity of the existing engineered structures and infra-
structures. Long-time records of injected/removed gas volume and fluid pore pressure, together with multi-
year detection of vertical and horizontal west–east displacement of the land surface above the field by an 
advanced PSInSARTM analysis have allowed calibration of a 3-D fluid-dynamic model and development of a 
3-D transversally isotropic geomechanical model. The latter has been successfully implemented and used to 
reproduce the vertical and horizontal cyclical displacements, in the range 8–10 mm and 6–8 mm, respectively, 
measured between 2003 and 2007 above the “Lombardia” gas reservoir, northern Italy, where since 1986 a 
UGS program has been under way by Stogit S.p.A. (Eni), following an initial 5-year field production life. 
Key words underground gas storage; 3-D geomechanical model; PSInSAR 
 
 
INTRODUCTION 

Underground gas storage (UGS) is becoming a common practice to stock gas to be made available 
for occasional peak demand by industry and for increased consumption during cold weather for 
heating houses, or in summer for producing the electricity required for air-conditioning. World-
wide, there are currently about 600 functioning UGS installations, with a working gas volume, i.e. 
the maximum volume that can be withdrawn during the normal activity of the storage facility, of 
approximately 330 × 109 Sm3 in the reference year 2004/2005. This amount is more than three 
times that available in 1970. Most of the gas volume is installed in East Europe (42%), North 
America (35%), and West Europe (19%) (International Gas Union, 2006). A number of issues 
concerned with the implementation of a UGS project must be addressed before obtaining the 
clearance from the Ministry in charge of releasing the necessary authorization. These include the 
subsurface formation integrity, human health and safety as perceived by public opinion, the 
economic hazard, and, last but not least, the effect on engineered surface structures and infra-
structures caused by the gas disposal/removal. More specifically the geo-mechanical response 
induced by gas injection and withdrawal may play a very important role. Two aspects are to be 
primarily investigated: first, underground impact on the sealing cap rock that might be fissured, 
thus generating a potential way of escape for the stored gas (Rutqvist et al., 2008; Ferronato et al., 
2010); and second, the surface impact, i.e. oscillatory vertical and horizontal land motion with the 
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potential for generation of differential displacements that could jeopardize the stability and the 
integrity of man-made structures and infra-structures.  
 The present communication focuses on the latter issue. Land moves vertically up and down 
and horizontally away from and toward the field gravity centre when gas is pumped into and out of 
the storage reservoir, respectively. The magnitude of the occurrence and extent of the area 
involved depend on a number of factors, including burial depth and geometry (namely thickness 
and size) of the field, geo-mechanical properties of the injected formation, the overburden and the 
sideburden, and the pore pressure variation induced by the gas storage/removal. Land response to 
UGS operations may be currently measured by synthetic aperture radar (SAR)-based techniques 
with an unprecedented accuracy and high resolution (Hoffmann et al., 2001; Schmidt & 
Burgmann, 2003; Bell et al., 2008). The horizontal motion is typically smaller than the vertical 
one, which in turn appears to be quite small as usually the gas storage is in deep depleted gas 
fields. To our knowledge, Ketelaar et al. (2007) is the only report on horizontal displacements due 
to gas production over the Groningen gas field, The Netherlands.  
 We present in the following a multidisciplinary effort intended to detect and predict the full 
displacement related to the UGS project implemented by Stogit S.p.A. (Eni) in the “Lombardia” 
field, Po River basin, Northern Italy. The reservoir was developed from 1981 to 1986 and later on 
used for gas storage by Stogit. Methane is injected from April to October and extracted from 
November to March each year. A 3-D seismic survey, together with almost 30-year long records of 
removed/stored gas volumes and fluid pore pressure, have allowed for the construction of a 
detailed static geological model of the gas field and neighbouring formations, and the accurate 
calibration of a dynamic multiphase flow and pressure model. The pattern, magnitude, and timing 
of land displacement above the field, both in the vertical and in the east–west direction have been 
obtained from an advanced Permanent Scatterer InSAR (PSInSARTM) analysis (Ferretti et al., 
2001) using ascending and descending RADARSAT-1 images acquired from 2003 to 2007. This 
information is implemented within a geomechanical transversally isotropic finite element (FE) 
model of the porous medium (Gambolati et al., 1986; Janna et al., 2010), which will be shown to 
successfully match the full 3-D ground surface displacements measured above the reservoir from 
2003 to 2007 by PSInSARTM. The model thus calibrated is then used to assess the land subsidence 
experienced by the area during 1981–1986, i.e. the 5-year primary field production life, and to 
predict the land oscillations from 2003 to 2007. 
 

 
Fig. 1 Seasonal behaviour of the vertical (uz) and west–east horizontal (ux) displacements as measured 
by PSInSARTM for the 000GZ and 000A3 PS from March 2003 to October 2007. The pore gas volume 
stored in the field over the same period is also provided. The trace of the “Lombardia” field and the 
location of the two PS are shown in the inset. 
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“LOMBARDIA” GAS FIELD 
The “Lombardia” reservoir is located in the Po River plain 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 Messianic basin. As the field is located in the zone of steeper 
dip, the gas traps are of stratigraphic type with the permeable units pinching out northward against 
the impermeable clays of the Santerno Formation. The reservoir is located at a burial depth of 
1050–1350 m below m.s.l. and consists of three gas-bearing pools, denoted as A, B and C, that are 
vertically separated by 20–30 m thick clay layers. The major pool is C which is composed of three 
sub-units. Extensive 3-D seismic surveys performed at both the field and the regional scale have 
allowed us to accurately reconstruct the geometry of the reservoir, the lateral aquifers extending 
mainly in the southward direction and hydraulically connected to the field, and the other major 
underlying and overlying geological formations. Primary production started in 1981 from unit C. 
About 2.7 × 109 Sm3 (standard m3) were withdrawn from 1981 to 1986 when the pool started to be 
used for UGS purposes by Stogit S.p.A. (Eni). An almost negligible production also occurred from 
pools A and B over the period 1988–1996.  
 The geomechanical properties of the Po River basin were obtained from a number of in situ 
deformation measurements carried out in the off-shore portion of the area by the radioactive 
marker technique (Ferronato et al., 2003a). The data have been statistically processed and used to 
derive a basin-scale relationship that provides the vertical uniaxial compressibility cM as an 
exponential function of the vertical effective stress σz (Baù et al., 2002): 

cM = 1.3696×10−2σz
-1.1347  (1) 

where the units of cM and σz are [bar-1] and [bar], 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, the value of the ratio s between loading and unloading/reloading cM has been estimated to  
 

, 
Fig. 2 (a) Spatial land uplift (mm) from April 2006 to November 2006 as provided by the PS 
measurements interpolated with the aid of the kriging technique (left) and as predicted with the aid of 
the geomechanical model (right); (b) the same as (a) for the horizontal west–east displacement. The 
trace of the gas storage field is shown. 
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range between 1.8 and 3.5 for 100 < σz < 600 bar (i.e. for a depth interval of 1000–6000 m in normally 
pressurized conditions), with s decreasing as σz and depth increase (Ferronato et al., 2003b).  
 
 
PSInSAR OVER “LOMBARDIA” FIELD 
Satellite radar images acquired by RADARSAT-1 from March 2003 to October 2008 are used 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. The extent of the area of 
interest above the reservoir is about 30 km2. The data are processed by PSInSARTM using a 
number of stable scatterers identified with the aid of a statistically-based analysis of the phase and 
amplitude characteristics of the energy backscattered from the earth surface. The PS density was 
found to be quite high in both data sets 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 smaller than in descending tracks, the two 
satellite data sets were similar and this allowed an effective estimate of both vertical and horizontal 
(west–east) components of the surface displacement field.  
 Figure 1 shows the vertical and horizontal component, ux and uz, respectively, of the 
movement of two PS overlying and close to the field, together with the gas volume Vg stored in the 
reservoir versus time. Figure 2 provides the map of uz and ux pattern over the April 2006–
November 2006 injection period. Note in Fig. 1 the good correspondence between the behaviour 
of Vg and both ux and uz in connection with the injection and the removal phase. The vertical 
displacement follows closely the gas volume stored in the reservoir, i.e. land surface goes up when 
gas is injected and down when it is withdrawn. The horizontal movements depend on the actual 
measurement position relative to the reservoir gravity centre. A PS located to the west (e.g. 000A3 
in Fig. 1) moves westward and eastward, hence ux decreases and increases when the gas is injected 
and pumped out, respectively. The opposite behaviour characterizes the PS to the east of the 
reservoir. Based on the PSInSARTM measurements, the UGS activities are responsible for a 
seasonal land movement of up to 8–10 mm and 6–8 mm in the vertical and west–east direction, 
respectively. As expected, due to the satellite line of sight direction, comparison between Fig. 2(a, 
left) and 2(b, left) reveals that ux is noisier than uz. A simple analysis shows that, assuming the  
 

 
Fig. 3 Predicted depth-averaged fluid pore pressure change [bar] in unit C (a) from the inception (1981) 
to the end (1986) of the primary field production life and for (b) a producing (from November 2005 to 
April 2006), and (c) a storage (from April 2006 to November 2006) period of the103% pi activity. 
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ascending and descending data to be affected by the same noise power, the estimated ux 
components are affected by a noise power about 2.4 times greater than the vertical components. In 
other words, the modelling reproduction of the horizontal displacements may be not as satisfactory 
as the vertical ones because of the corresponding noise of the experimental data.  
 
 
GEOMECHANICAL MODELLING RESULTS 

The management of the “Lombardia” field during its primary production life and the subsequent 
UGS activities, i.e. over the 26-years period from 1981 to 2007, has allowed for a reliable 
calibration of the fluid-dynamic model with the aid of the code ECLIPSETM by Schlumberger. 
From the estimate of the water that flowed into the reservoir during its development provided by 
ECLIPSETM, the average permeability of the surrounding aquifer (waterdrive) is derived. This is 
implemented into a FE model of the waterdrive to predict the pore pressure change from the 
inception (1981) to the end (1986) of the primary field production life (Fig. 3(a)) and during a 
removal (November 2005–April 2006, Fig. 3(b)) and storage (April 2006–November 2006,  
Fig. 3(c)) period when the UGS project was under way, with the pore pressure attaining 103%pi, 
where pi is the original in situ pressure prior to field development. 
 The geo-mechanical model is made from tetrahedral FE and uses information on the top and 
bottom of the “Lombardia” pools and connected waterdrive, along with the depth maps of the 
other geological units of interest (e.g. the Santerno clay formation). The model extent is 60 ×  
50 km2 centred on the reservoir, and is confined by the land surface above and a rigid basement  
10 km deep below. Standard conditions with zero displacement on the outer and bottom 
boundaries are prescribed with the upper boundary as a traction free surface. The elements in the 
gas-bearing strata have a horizontal dimension comparable with the size of the finite difference 
 

 
Fig. 4 (a) Seasonal behaviour of the predicted and measured vertical land displacement for the 000GZ 
PS located as shown in Figs 1 and 2; (b) the same as (a) for the easting movement of the 000A3 PS 
located as shown in Figs 1 and 2. 
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grid of ECLIPSETM (i.e. about 50 m). The generation of highly compatible grids, the same linear 
order of approximation for the numerical solution of both the flow and the structural equations, 
and the infinite pore pressure gradient approach (Gambolati et al., 2001) adopted in the geo-
mechanical model make very easy the conversion of the pressure change, as predicted by both the 
FE flow model and ECLIPSETM, into the external strength source as is required by the structural 
code that has been calibrated over the UGS cycles from April 2003 to November 2007, i.e. when 
the PSInSARTM measurements are available. To accommodate the horizontal displacements the 
assumption of a transversally isotropic porous medium proved necessary. Modelling such a 
medium requires five mechanical parameters, namely Young’s moduli Eh, Ev and Poisson’s ratios 
νh, νv in a horizontal and a vertical plane, and the vertical shear modulus Gv. Moreover, the ratio s 
between virgin and unloading/reloading cM has to be selected. The satellite observations are on the 
whole successfully matched with s = 4, Eh/Ev = 3, νh = 0.15, νv = 0.25 and Gv = Gh = Eh/2(1 + νh). 
Figures 2(a) and 4(a) and Figs 2(b) and 4(b) provide the simulated land displacements vs the 
corresponding measurements in the vertical and west–east directions, respectively. Given the small 
values of the quantity in question and the influence of possible disturbances, the match can be 
considered very satisfactory.  
 Finally, the geo-mechanical and the aquifer flow models calibrated as described above have 
been run to estimate the land subsidence that occurred over the “Lombardia” field during the 
primary field production life and the land motion thereafter. Figure 5(a) and (b) shows the vertical 
land settlement and the horizontal land movement as of 1986. According to the modelling outcome 
the area close to the southern margin of the field has experienced a maximum subsidence equal to  
90 mm, while the largest horizontal motion is of the order of 50 mm. Figure 6 provides the vertical 
land motion from 1981 to 2007. It can be seen that the displacement excursion because of the gas 
injection and removal is about 10–15 mm in the most recent years when the storage overpressure 
has exceeded by 3%pi. 
 

         
Fig. 5 Predicted: (a) land subsidence (mm) and (b) horizontal land displacement (mm) from 1981 to 
1986 at the end of the “Lombardia” primary gas production. 
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Fig. 6 Maximum vertical land displacement versus time as predicted by the geomechanical model from 
1981 and 2007. 
 
 

CONCLUSIONS 

The geo-mechanical response to seasonal gas storage into and removal from a 1200-m UGS asset 
of Stogit S.p.A. (Eni) located in the Po River basin, Italy, has been investigated over the period 
April 2003–November 2008 when the largest injection overpressure was pushed to 103%pi. The 
field was developed from 1981 to 1986 and subsequently used as a tank to store methane. Using 
high precision PSInSARTM measurements of both the vertical and horizontal components of the 
land motion over the reservoir, a transversally isotropic geo-mechanical model has been 
developed, set up and calibrated against satellite data, starting from the pore pressure predicted 
with the aid of the fluid-dynamic code ECLIPSETM. The geomechanical parameters ultimately 
implemented into the model are fully consistent with the data used in previous modelling studies 
of the Northern Adriatic basin, which is the natural extension of the Po River basin. The calibrated 
model matches the satellite observations of both displacement components very well and predicts 
a maximum land subsidence of 90 mm in 1986, south of the field margin (because of the 
contribution from the compaction of the active waterdrive) and an oscillatory settlement and uplift 
of 10–15 mm during the injection/withdrawal cycles, with the largest pore overpressure equal to 
103%pi. 
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