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Abstract

We applied an advanced DInSAR technique, referred to as DINSAR-SBAS (Small
BAseline Subset). This technique allows monitoring the temporal evolution of a
deformation phenomenon, via the generation of mean deformation velocity maps and
displacement time series from a data set of acquired SAR images. In particular, we
have processed a dataset of SAR data acquired by the European Remote Sensing
Satellite (ERS) sensors and compared the achieved results with optical levelling
measurements, assumed as reference. The study area is the southeastern sector of
the Po plain sedimentary basin, in particular the area of the Bologna town, historically
affected by anthropogenic subsidence. We have provided an interpretation of the
detected surface deformation by integrating such results with geological data. Former
results from optical levelling referred to 1897 show 2-3 mm/year vertical movenents. In

the second half of the 20™ century the subsidence rate reached 60 mm/year due to the
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economic growth and the consequent human activity. The surface displacements
detected by DINSAR SBAS from 1992 to 2000 are between 10 mm/year in the historical
part of Bologna town, and up to 59 mm/year in the NE industrial and agricultural areas.
The DInSAR detected deformation rate is in good agreement with levelling
measurements relative to the 1992 and the late 1999 campaigns. The standard
deviation of the difference between levelling data, projected onto the satellite Line Of
Sight and DInSAR results is 2 mm/year. The explanation of soil movements by means
of interferometric results, ground data and geological observations, allowed focusing on

two hypotheses for possible causes: tectonic and anthropogenic subsidence.



* Manuscript

1. Introduction

The city of Bologna is located at the Emilia Region Apennines foothill, along the
southern boundary of the Po River sedimentary basin (Po Plain) (Fig. 1). As widely
documented, the Po Plain is affected by subsidence due to the combination of a long
term “natural” movement and the surface effects of “anthropogenic” activity (Carminati et
al., 1988, Carminati & Di Donato, 1999; Bitelli et al., 2000; Marchetti, 2002; Carminati et
al., 2003). Natural movements are the surface expression of different causes. In the
literature, such causes are commonly referred to both tectonics (Cremonini & Ricci
Lucchi, 1982; Bartolini et al., 1996), originated from the North Apennine thrust belt
activity, sedimentary (loading and compaction) and post-glacial rebound (Carminati & Di
Donato, 1999). These movements are not localized, but their influence is at a regional
scale. According to previous papers dealing with natural subsidence it reaches a rate of
2.5 mm/year (Carminati & Di Donato., 1999; Carminati & Martinelli, 2002; Carminati et
al., 2003). As far as anthropogenic causes are concerned, soil subsidence of the Po
plain area is the surface effect of the overexploitation of the aquifers, as largely
documented by technical reports (RER & ENI - Agip, 1998; RER, 2005; Rete IGM,
2004). Since the fifties, the urban area of Bologna rapidly expanded as a consequence
of the industrial and agricultural development. Therefore compared with pre-industrial
period, water extraction almost quadrupled during the second half of the 20" century
Indeed the comparison of levelling lines from the period 1897-1957 indicate subsidence
rates of about 2-3 mml/year. In contrast, from 1957 to 2001 the average subsidence
increased at 40-50 mm/year, and some benchmarks detected subsidence rates up to 60
mm/year in the northern suburbs of Bologna (Rete IGM, 2004). These subsidence rates

in the Bologna city area are also confirmed by some GPS and gravimetric



measurements (Richter et al., 2003). We studied the temporal evolution of the surface
deformation phenomenon by applying a multitemporal Differential Interferometry
Synthetic Aperture Radar (DInSAR) technique known as Small BAseline Subset
(DInSAR SBAS) (Berardino et al., 2002). The paper is organized as follows: first, an
overview of the study area and its geological characteristics. The following sections
concern a brief rationale of the DINSAR SBAS technique, the obtained results and the
comparison with levelling measurements in the area of the Bologna city area. The
further section is dedicated to the discussion, summarizing the main findings of this

study. The last section is for some brief conclusive considerations.

2. Geological setting

The investigated area is in the Po Plain, bordered to the South by the Northern
Apennines. The geological setting can be considered as the result of a foreland basin
evolution process (Doglioni, 1993; Mariotti & Doglioni, 2000; Pieri & Groppi, 1981, Pieri,
1983; Royden, 1988) (Fig. 1) lying on the northen end-member of the Adriatic-Apulia
block. From the Piemonte to the Adriatic, the large adjacent arcs enfold the plain
Apennine structures, outlining the front of the buried Apennines chain (Boccaletti et al.,
1985; Castellarin et al., 1985). Outside this was the Regional monoclinal (pede-Alpine
monoclinal) (profile SSW-NNE in Fig. 1), a large and relatively undeformed structural
element, foreland of the Pliocene Northern Apennines. In such context the Po Plain can
be considered syntectonic sedimentary wedge (Cremonini & Ricci Lucchi, 1982) forming
the infill of the Pliocene-Pleistocene Apenninic foredeep, a basin that was bounded by
main belts (Apennines to the South Alps to the North) showing opposite polarity of

tectonic transport (Apennines to the North, Alps to the South). It attains a total thickness



in excess of 4000 m; the Quaternary deposits are about 1000-2500 m thick (Pieri and
Groppi, 1981). A major structural boundary between uplifting and subsiding crust occurs
along the Southern margin of the Po Plain, the Pede-Apenninic Thrust Front (PTF of
Boccaletti et al., 1985; Amorosi et al., 1996) (Fig. 1, 2 and 3). This major structural
elemnt was also repeat-edly active during the Pleistocene, as documented by a 600-700
m vertical offset Quaternary marine succession (Amorsi et al., 1996; Boccaletti et al.,
2004; Castellarin et al., 1985). The compressive front Pede-Apenninic Thrust Front of
Northern Apennines does not correspond to the morphologic boundary between the
mountain chain and the plain while it is possible to recognize this arched kind of limit in
the Emilian and Ferraresi folds (Bartolini at al., 1996; Pieri & Groppi, 1981; Pieri, 1983).
The evolution of this basin is due to the activation of the thrusts and to the re-activation
of the preexisting thrusts (Boccaletti et al., 1985; Boccaletti & Sani, 1998; Boccaletti et
al., 2004; Frepoli & Amato, 1997; Mariotti & Doglioni, 2000; Montone et al., 2004; Pieri &
Groppi, 1981; Selvaggi & Amato, 1992). In this geological context, the Northern
Apennine sector can be considered a thrust belt composed by tectonic units referred to
“Ligure and Tosco-Umbro-Marchigiano domains” (CNR, 1992). On the contrary, the
plain links the external portion of the Upper Miocene - Early Pliocene structured chain
and the padano-adriatico sector. Here, the buried deformations are mainly referred to
the Upper Pliocene-Quaternary, and some of the frontal thrusts are considered still
active as well (Boccaletti et al., 1985; RER & ENI - Agip, 1998; Amorosi et al., 1996;
Boccaletti et al., 2004). The edge of the relief and the alluvial plain beyond reflect a deep
structural and geotectonic difference: the first one represents a raising zone, the second
one a subsiding area (Pieri & Russo,1977; Arca & Beretta, 1985; Bartolini et al., 1996;

Folloni et al.; 1996; D’Anastasio et al., 2006). In fact, as reported in the “Structural Model
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of Regione Emilia-Romagna”, in the “Geological Map of the Po Plain”, in the
“Seismotectonic Map of the Regione Emilia-Romagna” and in previous papers
(Boccaletti et al., 2004), active compressive discontinuities are present (Fig. 2 and 3),
parallel to the pre-Apennine edge, and are composed of Ligurian rocks and Imola sand
deposits (Messinian-Middle Pleistocene). The same units are deeply depressed, and are
also affected by an E-W trending fault system, coincident with the edge of the Sabbiuno
relief. The active Sabbiuno anticline shows growth rates coherent with the effective
tectonic activity of the “thrust pede-appenninico” (Amorosi et al., 1996), strongly
constraining the erosional-depositional system (Bartolini et al., 1996). The same
geological setting can be recognized in the alluvial plain, characterized by thick and
recent alluvial sediments covering the orogene (“buried Apennine”) (CNR, 1992). This
latter is represented by the Plio-Quaternary buried thrusts (see Fig. 2 and 3).

Geomorphologically we can recognize two distinct areas: the Appennines foothills and
the lowlands in front. The deposits at the foot of the Sabbiuno anticline have been
affected by tectonic and lithostatic compaction (Elmi et al., 1984; Balestri & Villani,
1991). These folds are partially buried and hidden by Quaternary sediments. However,
the Quaternary covering (Reno and Savena fan) of the lowlands, consists of recent and
normal consolidated deposits. The aquifer is contained in the Plio-Quaternary marine
and continental deposits. They fill the peristructural Padano basin originated by the
Northern Apennine horogenic process. The RER & ENI - Agip (1998) and RER (2005)
reports, highlights the presence of a multilayer and non continuous aquifer characterized
by three hydrostratigraphic units (shallower Aquifer Group A, intermediate Aquifer Group
B, deeper Aquifer Group C). Aquifer Group A (free watertable) is composed by alluvial

deposits and the “Borgo Panigale Unit” (alluvial deposits and sands). Aquifer Group B is



a semi-confined aquifer composed by sand-clay alluvial deposits. Aquifer Group C is a
confined aquifer (aquitard) consisting in tectonically deformed-marine deposits in the
lower part and overconsolidated “Imola Sands and Yellow Sands” (Boccaletti et al.,
2004; Elmi et al., 1984; RER & ENI — Agip, 1998; RER, 2005). As far as the Aquifer
Group A and B are concerned they are not present close to the Sabbiuno anticline

(Boccaletti et al., 2004; EImi et al., 1984; RER & ENI — Agip, 1998).

3. DINSAR SBAS: key issues

Space-based differential synthetic aperture radar interferometry has been widely applied
to a single deformation episode (Gabriel et al., 1989; Massonet et al., 1993; Stramondo
et al., 1999). The scientific interest recently moved towards the analysis of the temporal
evolution of a deformation process by exploiting the phase difference of SAR image
pairs. To follow the monitored deformation several approaches have been developed
(Crosetto et al., 2005; Ferretti et al., 2001; Hooper et al., 2004; Mora et al., 2003; Usai et
al., 2003; Werner et al., 2003). An effective way relies on computing a sequence of
DInSAR interferograms, whose data pairs have a short separation between orbits
(baseline) to reduce spatial decorrelation and topographic errors (Berardino et al.,2002).
In this paper we apply the multitemporal DINSAR technique referred to as SBAS
(Berardino et al., 2002). This approach implements the combination of a set of multilook
DInSAR interferograms, thus leading to the generation of mean deformation velocity
maps and displacement time series. The image pairs are properly chosen to mitigate the
decorrelation phenomena (Zebker & Villasenor, 1992) and to obtain as many as possible
coherent pixels. To this aim an upper bound either to the spatial and to the temporal

separation between orbits is applied. The block diagram in Fig. 4 (modified from Casu et



al., 2006) summarizes the key points of the SBAS algorithm. The available SAR data
have been co-registered with respect to a reference “master image”, Orbit 10769, May
12™ 1997. Afterwards a set of multilook DINSAR interferograms has been computed,
each one calibrated respect to a stable point, referred to as the SAR reference pixel (see

Fig. 2 and 4). Let express the generic interferogram as follows:
4
A¢521 = ¢2 - ¢1 ~ 7(52 - 5] ) + A¢tap0 + A¢atm0 + Al’l (1)

where A is the transmitted central wavelength, ¢,and ¢, are the phase components of
the images that generate the interferogram, &, and ¢, are the detected deformations at
times t; and t4 (referred to a time to, with ¢, = 0) projected onto the Line Of Sight (LOS).

Moreover the term Ag,,, contains possible topographic artifacts due to the DEM (Digital

Elevation Model) used to generate the interferogram, whilst A¢ _ is relative to the

atmo

atmospheric phase artifacts due to possible inhomogeneities between the two
acquisitions (Goldstein 1995). Finally, the term An accounts for the noise effects due to
decorrelation phenomena (Zebker & Villasenor, 1992).

The SBAS approach first identifies the coherent pixels for each interferogram,
characterized by small values of An (Casu et al., 2006). Furthermore the informations

ineq. 1,

from the computed interferograms are combined to cancel out Ag, , and Ag,,,
thus providing an estimate of the deformation time series for each coherent pixel. A
phase retrieval procedure (i.e. the phase uwrapping) is then applied to each DInSAR
interferogram. The phase unwrapping on a sparse grid of coherent pixels is based on

the algorithm presented in Costantini & Rosen (1999), improved with a region growing

procedure to maximize the propagation to areas with relatively low coherence (Casu et



al., 2006). The SBAS approach generates a linear system of equations, one for each
DInSAR interferograms, to be solved on a pixel by pixel basis. Therefore the Singular
Value Decomposition (SVD) method is applied to carry out a minimum norm Least
Square solution. At this step the provided estimate of the deformation time series may
contain also undesired contributions, as atmospheric artifacts and orbital ramps. It has
been observed that the atmospheric signal is correlated in space while poorly in time
(Ferretti et al., 2000). Therefore a Low Pass (LP) filter in space followed by a High Pass
(HP) filter in time, applied to the time series, provides an estimate of the atmospheric
signal. Parallely, as orbital ramps behaves similarly in space and time, the spatial LP
and temporal HP filtering also detect such effects caused by inaccuracies of the orbital
informations. This latter filtering leads to generate the effective deformation time series

(Casu et al., 2006).

4. DInSAR SBAS: application and results

The surface deformation in Bologna had been already studied by means of DInSAR
(Strozzi et al., 2001). Two subsidence maps spanning the time intervals 1992-1993 and
1997-1998 were calculated. For both cases six SAR data acquired by the ERS1-ERS2
(ERS - European Remote Sensing) satellites were used and the interferogram stacking
technique was applied. We applied the DINSAR SBAS technique to measure the soil
deformations in Bologna city and in the surrounding area. The method allows to
generate a mean deformation velocity map with millimetric accuracy, and a deformation
time series for each investigated pixel (coherent pixel) (Berardino et al.,2002; Lanari et
al., 2004). To our aim we selected 52 ERS1-ERS2 SAR images on descending pass

(track 394, frame 2691) spanning April 24", 1992 - December 13", 1999. As stated in



the previous section, to mitigate decorrelation phenomena in the multilook DINSAR
interferograms we assumed 200 m as the maximum spatial separation (baseline) while
1000 days is the maximum time span. Based on such constraints, we computed 80
multilook interferograms from the available SAR dataset. The topographic phase has
been removed by using a 20-m pixel size, 10 m accuracy, DEM provided by the Italian
Geographic and Military Institute (IGM). Moreover precise orbit state vectors for ERS
satellites, calculated from Delft University, have been used to reduce orbital errors. The
DInSAR products, i.e. the mean velocity map and the SAR time series, have been
generated with a complex multilook operation (4 looks in range direction, 20 in azimuth)
thus obtaining a pixel size of about 80x80m. The mean velocity map showing the soil
movements of the coherent pixels projected onto the satellite LOS is in Fig. 2. The
reference point is in a stable area some km south of Bologna, where the benchmarks
measured zero deformation along the four levelling campaigns performed from 1983 to
1999. Concerning the SAR time series they have been computed for each coherent pixel

to follow the temporal evolution of the deformation.

5. DINSAR and levelling data comparison

Surface deformation has been detected by two independent techniques, DINSAR-SBAS
and optical levelling. The 511 benchmarks measured (Rete IGM, 2004) are densely
distributed in Bologna and its surroundings (Fig. 5). To our goal we focused on the last
two campaigns (1992 and late 1999) that almost completely overlap the SAR dataset
temporal span. The DINSAR mean velocity map (Fig. 2 and 5) is characterized by a high
density of coherent pixels in the Bologna city, whilst it gradually degrades outside. This

can be explained accounting for the frequent surface changes due to agricultural

10



activities all around Bologna affecting the temporal correlation of the SAR signal. In
contrast, inside the city the surface scenario remains almost stable over time. Besides
we observe that the mean surface velocity increases northwards. The detected
subsidence rates are 2-5 mm/year along the piedmont sector of the Apennine belt close
to the anticline (Fig. 2 and 3), but it though increases up to 40-50 mm/year towards the
Reno River (WNW) and the Savena River (ESE) (Fig. 2 and 3). In the southern portion
of the ancient Bologna, the mean subsidence velocity pattern ranges from 2 to 6
mm/year. Towards the north suburbian area, where industrial and agricultural activities
lead to a larger exploitation of water resources, surface velocity reaches 40-50 mm/year,
and, very locally, up to 59 mm/year. To validate DINSAR results we compared the mean
velocity with the vertical displacement measurements available from the levelling
network in correspondence with the benchmarks surrounded by coherent pixels. So we
computed the standard deviation of the difference between SAR and levelling

benchmarks projected onto the LOS, o =2.0mm/year. A subset of 38 randomly

selected benchmarks and their average displacements are in Table 1. In a recent paper
(Casu et al., 2006) authors investigated the performance of the SBAS approach. They
carried out a quantitative assessment of the SBAS procedure performance by
processing SAR data acquired by the ERS sensors and comparing the achieved results
with geodetic measurements that are assumed as reference. The comparison between
DInSAR SBAS mean velocity and levelling measurements presented in this paper is in
agreement with Casu et al. (2006). Concerning the temporal evolution of the subsidence
it can be followed by analyzing the DINSAR time series for coherent points close to, or

coinciding with, levelling benchmarks. To this aim we have provided a selection of 8

11



SAR coherent points and the contiguous benchmark. For each point we have
superimposed the LOS projected levelling measurements and the deformation time
series. Along the investigated period the DINSAR time series point out a general trend
not diverging from a linear behaviour (except for leveling FID 267 and 385) (see Fig. 2
and 6). Moreover to infer further considerations about the previous years we accounted
for levelling campaigns in 1983 and 1987. Based on such data it appears a general

slowdown of the mean deformation from 1992 campaign.

6. Discussion

The surface subsidence in the Bologna area is due either to natural and to
anthropogenic causes. Natural subsidence is the result of sediment compression and
loss of interstitial fluids produced by rising above loading, natural compaction and
tectonics. Concerning anthropogenic causes, they can be identified in the hydrocarbon
and groundwater extraction, producing sediment compaction. Moreover from the second
half of the 20" century, the economical growth of the main cities and the corresponding
rising of new building blocks and urban structures increased the lithostatic
Ithereforeoading and the sediment compaction. The RER & ENI — Agip (1998) identifies
a multiple water table aquifer including A, B and C Aquifer Groups. Aquifer Group A, the
shallowest and the most affected by subsidence, is predominant in the study area. We
compare the DINSAR mean velocity map with the isobaths of the Aquifer Group A (Fig. 2
and 3). It is possible to observe a general trend: in those areas where the surface
velocity (i.e. the subsidence) is higher, the Aquifer Group A, mainly exploited by
groundwater withdrawal, is thicker (Fig. 2 and 7). This correspondence suggests that the

main cause of the SAR detected subsidence is water extraction from the shallowest

12



Aquifer Group C (aquitard, not affected by water extraction) allow assuming tectonic
activity as the most reliable cause of this slow surface deformation. To enforce such
hypothesis, seismological data point out that the ipocentral distribution from instrumental
seismicity is mainly localized at depth south of the structure corresponding with the

frontal thrust of the Apenninic chain (Fig. 7).

7. Conclusions

We investigated the surface deformations of Bologna city and its surroundings during
1992-2000 by means of the DINSAR SBAS technique and geological data. In previous
papers the whole subsidence in and around the Bologna city area has been explained
as the consequence of the intensive water extraction from the Aquifer Group A and B.
We compared the DINSAR SBAS mean velocity map and the levelling measurements,
i.e. our reference data, of 1992 and late 1999 campaigns, projected onto the SAR LOS.
The standard deviation of the difference SAR/LOS levelling is about 2mm/y. The
temporal evolution of the detected subsidence follows a pretty linear trend, as shown in
SAR time series of selected points. However the levelling campaigns in 1983 and 1987
demonstrate a slowdown of surface deformation from 1992.

The geological analysis allows assuming that the larger amount of the detected
subsidence (40-50 mm/year) is due to the abovementioned cause. As a matter of fact it
takes place in the area of thicker deposits of the Po Plain, corresponding with the
Aquifer Group A and B. Furthermore, as also highlighted by many authors (Amorosi et
al.,1996; Arca and Beretta, 1985; Bartolini et al., 1996; Boccaletti et al., 1985; Boccaletti
& Sani, 1998; Boccaletti et al., 2004; Carminati & Di Donato, 1999; Carminati & Di

Donato, 2002; Pieri, 1983; Pieri & Groppi, 1981; Pieri & Russo, 1977), our results

14



confirm the existence of a natural, tectonic component of the displacement in the
Apennine piedmont belt (Sabbiuno anticline) immediately close to the southern portion
of Bologna. The detected amount of such displacement ranges 2-5 mm/year. The area
close to the piedmont Sabbiuno anticline, coinciding with the active thrust, is also
characterized by the absence of the Aquifer Group A and B. This element, together with
the results of our analysis, is a further aspect enforcing the tectonic activity (interseismic)

as the main cause for the movements observed in this area.
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Captions

Fig. 1. Seismotectonic map of the study area. The instrumental earthquakes recorded
by the Istituto Nazionale di Geofisica between 1981 and 2002 are in yellow: circles
(M<4), squares (4<M<5), stars (M>5). Historical events are indicated by red squares
(Gruppo di Lavoro CPTI, 1999). White crosses represent the orientation of horizontal
stress (Sh min) deduced from breakout and focal mechanism analysis (Montone et al.,
2004). White line is the direction of Profile 1 in Fig. 2, 3 and 6. PTF: Pede-Apenninic

Thrust Front (of Boccaletti et al., 1985; Amorosi et al.,1996)

Fig. 2. Surface DINSAR mean deformation velocity map spanning 1992-2000. The time
series relative to levelling benchmarks along Profile 1 (white circles) are in Fig. 6. The

reference point of the DINSAR velocity is also shown (red circle).

Fig. 3. Schematic geological map of the study area. The 2-5 mm/year DInSAR

SBAS mean velocities (yellow), selected from velocity map in Fig.2, are also shown.

Fig. 4. Block diagram of the DINSAR SBAS razionale (modified from Casu et al., 2006).

Fig. 5. Surface mean velocity map as in Fig.2 and levelling benchmarks (black dots,
fuchsia and white circles). Fuchsia and white circles are the 38 randomly selected
benchmarks in Table 1. Besides the 8 white ones are the levelling benchmarks in Fig. 6
and n.385, 398, 487, 340, 250 are also those in Fig.1 and 2. The reference point of the

DInSAR mean velocity is also shown (red circle).
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Fig. 6. (a,b,c,d,e,f,g,h) Comparison between the DINSAR SBAS deformation time series
of coherent points (in blue) and the corresponding levelling measurements (in fuchsia)
projected on the SAR LOS for the 8 white benchmarks in Fig. 5. Levelling campaigns
are in 1983, 1987, 1992 and late 1999. R? is the correlation index between the time

series and the linear trending line.

Fig. 7. Schematic data correlation between SAR surface velocity, thickness of
aquifers and simplified geological and hydrostratigraphic cross section along Profile

1 (see Fig. 1, 2 and 3).

Table 1. Comparison between levelling measurements of the 38 selected benchmarks

(fuchsia circles) in Fig. 5 and the DINSAR SBAS mean velocity deformation at coherent

points. Levelling data relative to the 1992 and 1999 are also projected on the SAR LOS.
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Tablel

FID | Levelling 1992-1999 | Levelling in SAR DInSAR surface Difference
(mm/y) LOS (mm/y) velocity (mm/y) (mm/y)
499 0 0.0 0.3 -0.3
506 -1 -0.9 0.2 0.7
0 0 0.0 0.1 -0.1
266 7 6.4 4.5 1.9
157 14 12.9 14.0 -1.1
19 16 14.7 11.6 3.1
440 0 0.0 0.0 0.0
149 19 17.5 18.0 -0.5
456 12 11.0 7.0 4.0
381 15 13.8 8.3 5.5
328 23 21.2 18.5 2.7
341 30 27.6 26.6 1.0
332 24 22.1 17.3 4.8
338 36 33.1 314 1.8
296 37 34.1 34.6 -0.5
318 41 37.7 322 5.5
305 16 14.7 12.6 2.1
216 22 20.3 22.6 2.3
159 18 16.6 15.9 0.7
219 45 414 37.5 39
479 30 27.6 232 44
144 9 8.3 7.0 1.3
153 38 35.0 33.0 2.0
343 11 10.1 9.7 0.4
96 1 0.9 0.0 0.9
250 31 28.5 25.8 2.7
267 0 0.0 0.4 -0.4
340 32 29.5 26.0 3.5
480 31 28.5 27.0 1.5
398 8 7.4 3.1 4.3
385 1 0.9 0.3 0.6
487 34 313 30.0 1.3
396 6 5.5 -4.4 1.1
278 25 23 18 5
275 7 6.4 7 -0.6
232 39 359 31 4.9
473 33 30.4 27 3.4
242 37 34 29 5
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(A) Simplified hydrostratigarfic section (Profile 1 in Fig. 1 and 2). From RER and Eni-Agip, 1998. Modified.
Legend: 1) Sabbiuno anticline: Ligurian, Subligurian and Epiligurian Units (Jurassic-Miocene,
205-6,8 My); evaporitic and clastic deposits (Early and Middle Messinian, 6,8-6,3 My); lagoonal and
marine deposits (Late Messinian-Early Pliocene, 6,3-4,5 My). 2) Post early Pliocene tectonic phase
marine deposits (4,5-1 My): Acquifer group, confined (acquitard). 3) Yellow sands (Early Pleistocene, 1- 0,8 My) and
Imola sands (Middle Pleistocene, 0,8-0,65 My): Acquifer group C, confined (acquitard). 4) "Basal Alluvional Unit"
(0,65-0,35 My): Acquifer group B, semi-confined. 5) Alluvial fan and "Borgo Panigale Unit" (0,35-0,12 My):
Acquifer group A, free-watertable. 6) Active thrust fault (< 1 My). B) Legend: 7) Aquifer group “A” thickness
(from: RER and Eni-Agip, 1998). C) Legend: 8) DInSAR SBAS LOS (Line Of Sight) soil velocity due to both
anthropic and natural subsidence.
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