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Abstract: In the present work, the Differential SAR Interferometry (DInSAR) technique has
been applied to study the surface movements affecting the sedimentary basin of Cassino
municipality. Two datasets of SAR images, provided by ERS 1-2 and Envisat missions, have
been acquired from 1992 to 2010. Such datasets have been processed independently each other
and with different techniques nevertheless providing compatible results. DINSAR data show a
subsidence rate mostly located in the northeast side of the city, with a subsidence rate
decreasing from about 5—6 mm/yr in the period 19922000 to about 1-2 mm/yr between 2004
and 2010, highlighting a progressive reduction of the phenomenon. Based on interferometric
results and geological/geotechnical observations, the explanation of the detected movements
allows to confirm the anthropogenic (surface effect due to building construction) and
geological causes (thickness and characteristics of the compressible stratum).
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1. Introduction

Differential SAR Interferometry (DInSAR) is a powerful remote sensing technique aiming at the
investigation of the Earth’s surface movements due to natural and/or anthropogenic phenomena like
earthquakes [1-4], small and large scale movements [5,6], volcanic eruptions [7-9] and subsidence
induced by urban expansion or fluids extraction [10,11].

Indeed, important properties offered by the SAR technology as the global coverage, the all-time and
all-weather applicability (sunlight independence and the capability to work in any atmospheric
conditions) made DInSAR an important tool for the seismic and volcanic hazard mitigation, the
landslides monitoring, the management of agricultural activities [12], and the study of the glaciers
behavior [13,14].

Since 2000, advanced DInSAR techniques like Permanent Scatterers (PS) [15,16], Small Baseline
Subsets (SBAS) [17] and Interferometric Point Target Analysis (IPTA) [18] have been developed.
These techniques deeply exploit the capabilities of the satellites, allowing to work with large dataset of
SAR images related to the same area but acquired in different times and with different perpendicular
baselines. This approach, also named multi-pass DInSAR, allows improving the capabilities to,
provide precise measurements of surface deformation rates and estimating the displacement time series
with millimetric accuracy.

In this paper, the SBAS and IPTA approaches have been applied to different datasets of ERS 1-2
and Envisat images in order to investigate and map the surface deformations that characterize the city
of Cassino, Central Italy, from 1992 to 2010. Cassino city may be regarded as an example of middle
size Italian urban settlements, even though characterized by peculiar socio-economical, historical and
geological features, and the presence of strategic infrastructures as the Campania aqueduct, and the
Busso-Paliano methane pipeline, owned by the Societa Gasdotti Italia.

During the Second World War, this area was theatre of a long lasting battle and the city was
completely destroyed. Since then Cassino has been rebuilt and the population has increased from about
twenty to forty thousand people (Figure 1). Over this period, the urban area has considerably expanded
in an alluvial plain at the foot of the Montecassino Abbey, characterized by the presence of soft soils
that are prone to settle if loaded.

Figure 1. Demographic growth of the population residing in the town of Cassino.
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2. Geological and Hydrogeological Framework

The investigated area is located in a peripheral sector of the central Apennines on the left side of the
Latina Valley, among the Cairo Mt. (NW), Venafro Mts. (NE) and Aurunci Mts. (S). The area is
represented by a Quaternary intermontane basin [19] bounded by Mesozoic-Cenozoic carbonatic
reliefs. As well described in literature [20,21], stratigraphic succession points out the presence of
dolostone and limestone with an age between Lias and lower Tortonian. Moving towards, sandstone
with marls and gray clays interbedded represent the syn-orogenetic sequence of the upper Tortonian
foredeep [22]. Then, the deposition of sand and gravel banks (i.e., piggy-back deposits) scans the
chain-progress system by diachronic stages, between lower Messinian and lower Pliocene [23,24].

Along the Latina Valley, thrust-tectonics and late Quaternary faults generated a passage from an
epi-continental environment to a lacustrine one, aided by the obstruction role played by the
Roccamonfina volcano. From middle Pleistocene to upper Pleistocene, lacustrine sandy silts and silty
clays with rare volcanic levels characterize the lowland sectors of the Cassino area [25]. Generated by
a mixing between mineral and shallow waters, travertine plateaus upwards close the lacustrine series.
Thus, alluvial deposits mark the passage towards current environmental conditions, characterized by
the presence of coarse and fine-grained materials, mostly loose and/or normal consolidated. The
localization and spatial distribution of the described units are shown in Figure 2a.

The structural setting of the plain is characterized by extensional features, superposed on a fold and
thrust geometry related to the contractional phases. The main element is the active fault Atina-San
Pietro Infine [19,26-28], which shows tectonic evidences since the Lias age [29]. The NW-SE and
NE-SW ones (Figure 2a) are the prevailing fault with normal features and a horst and graben
geometry. The Terme Varroniane and Borgo Mastronardi carbonatic outcrops (Figure 2a,b) can be
considered two horsts of the above-mentioned system. Nonetheless, additional buried horsts [19] have
been detected under the quaternary deposits, portraying a complex trend of the bedrock (i.e., sandstone
and limestone). On the other hand, the western boundary has a NNE-SSW trend with a complex
geometry with the prevalence of contractional features. After a detailed geological analysis, it is
supposed the presence of an anticline fold along the whole Montecassino-Cassino slope [19].

The analysis of the Quaternary thickness and the relationship between lacustrine deposits and the
older units outline as the basin was most likely to be already established before the lacustrine event, in
accordance with a horst and graben geometry. In fact, lacustrine deposits locally lay on the
Mesozoic-Cenozoic limestone, upper Tortonian sandstone and piggy-back deposits, showing erosional
events (Figure 2b). However the sin-sedimentary action of the most tectonic elements (e.g., Atina-San
Pietro fault), it is demonstrated by the huge variation of lacustrine thickness, ranging from few meters
to more than 140 m [19].

From the geotechnical point of view, the deposits filling the basin are formed by lacustrine (fine
grained) and fluvial (coarse grained) materials. The lacustrine fine-grained deposits appear as
normalconsolidated, or slightly overconsolidated, with high values of the compressibility index. The
fluvial coarse-grained soil consists of rounded particles, transported from the surrounding mountains
by the rivers and deposited in the valley as debris fans. They appear as loose or slightly packed [30].

Finally, hydrogeological data are useful to support the geological model proposed. Gari springs
(discharges of 13—15 m’/s) are scattered through the urban area of Cassino [31], by several springs and
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linear contributions along the Gari River. Highly permeable for karst, limestone represents the main
hydrogeological reservoir, as well as sandstone, can be considered the regional aquiclude. Gari springs
distribution and the discharge analysis ensures the continuity of the carbonatic structure and fit with
the horst and graben model proposed before (Figure 2b). In this context laterally fed by the main karst

reservoir, the lacustrine and alluvial deposits represent a multi-stratified aquifer. Therefore, aquifers
show a water level nearly coincident with the ground level.

Figure 2. (a) Geological map of the Cassino plain, the white box identifies the investigated

area; (b) Geological section along the Montecassino Hill—Terme Varroniane—Borgo
Mastronardi alignment A-A’ [19].
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3. Multipass DInSAR Approach

DinSAR technique is based on the principle that, thanks to the very high stability of the satellite
orbits, it is possible to exploit the informative contribution carried by the phase difference between two
or more SAR images looking at the same scene from comparable geometries.
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The phase difference, also named interferometric phase, is related to the different path of the signal
back-scattered from the ground to the satellites and it is mainly due to possible surface displacements
occurred in the time span between the two acquisitions [32].

Unfortunately, in the interferometric phase there are also other contributions that can affect the
accuracy of the surface displacement measurements. In detail, the interferometric phase, ¢, can be
expressed as follows:

© = Qpisp + @rop + ©arm + @rrar + Pnoisk (1)

where:

®  @psp 1s the surface displacement contribution.

e  (@rop is related to the topography of the investigated scene and can be removed with an
external Digital Elevation Model (DEM). According with the accuracy of the DEM some
residual errors might be present also after this step.

® 7y is the atmospheric contribution. It is related to the changes of the atmospheric conditions
between different acquisitions that imply a difference of the signal path.

®  pp4r 1s the “Flat Earth” contribution and can be minimized using precise orbital parameters.

®  @yoisg 1s mainly due to temporal decorrelation effects typical of snowy or vegetated area.
Additionally, this contribution takes into account all other possible error sources like orbital
uncertainties or thermal noise.

The availability of a large set of data and the multi-pass DinSAR approach, thanks to achieving a
more accurate estimation, among the others, of atmospheric contribution and topographic phase
component, allow reducing error sources and provide narrow constraints that limit the impact of noise.

In addition, the dense data temporal sampling makes it possible to study the temporal evolution of a
phenomenon in order to provide time series and rate of the deformation process.

Considering a dataset composed by N SAR images, the multipass DinSAR approach leads the
vectorial form of the problem expressed in Equation (1) where:

(PT = [@1, @2, . , Pu] (2)

is the vector of the M interferometric phases and M can vary from N—/ (single master) to N(N—1)/2.

SAR data processing techniques dealing with the solution of problem above have been developed.

In urban scenarios and in all cases where the full pixel resolution is necessary, the Persistent
Scatterers (PS) technique [15,16] is preferable. PS is a single-master approach working on full spatial
resolution wrapped interferograms based on the concept that some natural or man-made point-targets
are able to maintain the same properties during the entire acquisitions interval thus showing a very
high coherence value.

On the other hand, the Small Baseline Subsets (SBAS) proposed by [17] counteracts the error
sources working on multi-looked data and selecting the interferograms characterized by small
perpendicular baseline. Therefore, it works better than PS in lower coherence areas and can be
properly used in the study of medium and large-scale phenomena.

Furthermore, the IPTA analysis [18] works on PS in iterative way so that it is able to progressively
improve the parameters estimation.
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IPTA is also able to use a multi-baseline approach [33] that allows it to work with subsets of
interferograms computed on high coherence and/or intensity points only, thus, merging SBAS and PS
approaches. The main difference with SBAS approach is the capability to improve the parameters
estimation in the interferometric phase. In addition, IPTA works on vector data structures thus
allowing to reduce the computational time and data storage. This technique also exploits a weighting
factor that penalizes fast velocity variations in phase variations thus providing a quasi-linear behavior
of the time series. Thus, according to a priori knowledge of the deformation process, in the study of
phenomena showing a quasi-linear slow deformation (subsidence, volcano uplift, efc.), small values of
the weighting factor might be used in order to avoid slight seasonal oscillations. On the other hand,
high values of the weighting factor might be exploited where isolated atmospheric spikes occur in the
time series.

4. Cassino SAR Data

The ERS 1-2 dataset is composed of 45 SAR images acquired from April 1992 to September 2000
along descending orbit (Table S1 in supplementary files). In order to process, data such as the SBAS
algorithm [17] (ENVI SARscape software) have been applied.

First, the images have been multi-looked by a factor of 4 in range and 20 in azimuth direction,
respectively. Smoothed data with lower noise (speckle) level and a square pixel (spatial resolution of
~80 x 80 m) have been obtained representing a good starting point for the interferometric
SAR processing.

The DInSAR processing has generated 124 interferograms, based on the following constraints:
maximum spatial perpendicular baseline and maximum temporal baseline fixed to 400 m and
1500 days, respectively.

The topographic phase component was removed using the 90 m Digital Elevation Model (DEM)
provided by the Shuttle Radar Topography Mission (SRTM).

The second dataset consists of 33 Envisat SAR images spanning from October 2004 to August 2010
(Table S1 in supplementary material). They were also acquired along descending orbit with an
incidence angle of 23° and an orbit inclination with respect to the geographic north equal to —167°.

In this case the multi baseline approach [33] proposed in the framework of the IPTA technique [18]
and implemented in GAMMA software packages has been used. Envisat SAR data are characterized
by a spatial resolution of about 20 m in range and 4 m in azimuth and ground coverage of about
100 x 100 kilometers. All the images were preliminary cut around the Cassino plain and then
multilook factors of 2 and 10 (in range and azimuth direction respectively) have been applied in order
to achieve a pixel size equal to 40 x 40 m in both directions.

The maximum perpendicular spatial baseline has been set to 400 m while the temporal baseline is
between 1 and 350 days, with more than 90 interferograms. Although some of them have been
discarded due to large decorrelated and noisy areas (probably due to the large vegetated areas in
Central Italy), or atmospheric residuals and unwrapping problems, a consistent number of
interferograms have been used for the study. Additionally, for Envisat data, SRTM DEM was used to
remove the topographic phase. As stated above, fast ground changes hamper the possibility to study a
specific area by means of DInSAR, being very sensitive to temporal decorrelation effects. In addition,
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in order to overcome or reduce this problem, the Goldstein filter [34] was applied, and high coherence
and intensity thresholds (0.5 and 1.8, respectively) were used to select the points where estimating the
displacement time series following the multi-baseline IPTA approach [33].

Such approach returned almost 5000 points like PS [15,16] clearly concentrated in the urbanized
areas in the Cassino plain.

Furthermore, in order to provide a cross-validation of the results, two additional data processings
have been performed. The IPTA method has been applied to the ERS 1-2 dataset whereas the Envisat
dataset has been processed by SBAS approach. These results are shown in the supplementary material
and they are in a general good agreement, as discussed in the following sections, thus providing a
further evidence of the quality of the results.

5. Results and Discussion

The results in terms of surface velocity rate and displacement time series have been retrieved
from both datasets considering the area bounded by the white box in Figure 2. The Line-of-Sight
(LOS) velocity rate shows a quite stable behavior in the southern part of the city (displacements
close to zero), whereas it is possible to note a subsidence rate growing from the center of the plain
to the northern side (Figure 3a,b). The same patterns have been obtained by processing the ERS
data with IPTA and the ENVISAT data with the SBAS approach (see Figure Sla,b in the
supplementary material).

Figure 3. Plot of the 1992-2000 ERS 1-2 (a) and 2004-2010 Envisat (b) velocity maps.
The white stars indicate the points whose time series are in Figure 4.
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Despite the similar deformation pattern, the comparison of the 1992-2000 ERS 1-2 data series
(Figure 3a) with the younger 2004-2010 Envisat data (Figure 3b) highlights that the subsidence rate
slows down from about 5-6 mm/yr (= 1 mm) to about 2.5 mm/yr (= 1 mm) in the area where the larger
subsidence is detected (NE of the urban area). Similar trends are also observed in the other more
stable areas.

This behavior is confirmed by the time series of cumulated LOS deformation for some target points,
located in the southern (point 1), central (point 2) and northern (point 3) part of the investigated area
(Figure 3a,b).

The ERS 1-2 (1992-2000) time series (Figure 4) show a seasonal deformation due to the oscillation
of the groundwater table during the dry and rainy season, as observed by the comparison with rainfall
data [35]. This effect causes a change in ground stress and a consequent compression or dilation of the
Quaternary shallow soils, as confirmed by the plot of Overconsolidation Ratio (OCR) (supplementary
Figure S2), being maximum close to the ground surface and rapidly decreasing with depth [30].
Instead, the Envisat time series (2004—2010) appear more smoothed since they have been estimated
using a weighting factor of 2 to reduce the slight oscillations around the linear trend. However,
neglecting the seasonal effects it is possible to observe and compare a linear deformation trend for all
points. The total subsidence increases moving from south (point 1) to north (point 3) of the plain. The
point 1 appears stable in both datasets whereas the points 2 and 3 subside in a more accentuated way
considering the ERS 1-2 data than Envisat data, clearly indicating a slowing down of the subsidence
for the two investigated time span. Similar deformation trends are observed comparing the time series
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obtained in the same points from the ERS data, processed with IPTA method, and the ENVISAT data,
processed with the SBAS approach (see Figure S3 in the supplementary material).

Figure 4. Time series relative to the targets identified in Figure 3, together with the daily
rainfall registered in the Cassino municipality in the same observation period.
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Since the same deformation pattern, characterized by the similar trend, is observed for both
datasets, it is reasonable to expect a linear trend also during the interval 2000-2004 not covered by
SAR data, thus this allows to suppose that the subsidence phenomenon detected in different periods is
due to the same cause.
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The observed subsidence is strictly related to the presence of the soft soils constituting the alluvial
valley of Cassino plain. The recent alluvial deposits are the most susceptible to settle because of the
superimposition of different loads related to the urbanization such as man-made fills, infrastructures
(e.g., road embankments, railways, aqueducts), buildings [11], and, finally, the lowering of water table
level due to the overexploitation of the aquifer [10].

In the present case, the detected deformation cannot be ascribable to the lowering of the water table
induced by groundwater exploitation. Indeed, most of the water wells are located to the south of the
urban center, capturing water from the deep aquifer, and the springs identified in Figure 2 have not
suffered flow reductions in the last 20 years. Furthermore, groundwater overexploitation generally
produces higher values of subsidence rate, in the order of several centimeters per year [10,36].
Therefore, the urban development of Cassino in the last century has been taken into account in order to
explain the observed phenomenon.

As observed in Figure 5, most of the buildings constituting the urban center have been built
between the 1950s and 1990s, after the Second World War. Probably the greatest urban sprawl
happened during the 1970s—1980s, according to the population growth (Figure 1), hence, about 10-30
years before the observation periods of ERS 1-2 and Envisat data.

Generally, such external loads produce settlements, which can be considered as the combination
of primary consolidation processes and secondary compression, in agreement with the consolidation
theory [37]. The settlements ascribable to the primary consolidation process are largely greater than
those ones due to the secondary compression, the last ones being strictly related to viscous behavior of
very fine-grained soils and, especially, of organic soils. Generally the magnitude and the time needed
to complete the primary consolidation process depends on the thickness and compressibility of the
loaded soils, on the hydraulic conductivity and on drainage condition and paths, being in some cases
(i.e., thick layer of a very low permeability deposits involved in 1D consolidation process) very long
such as some tens of years.

According to the geotechnical characteristics of the soils [30], the relatively fast decreasing trend
observed by the comparison of DInSAR time series referring to 1992-2000 and 2004-2010 (Figure 4)
suggests that an exponentially decreasing subsidence affects the alluvial deposits mainly due to the
urbanization and the construction of buildings.

Regarding the observed subsidence pattern in Figure 3a,b, it is a clear consequence of the different
thickness and lithology characterizing the soft alluvial deposits filling the Cassino basin. As a matter of
fact, observing the contour map of the alluvial sediment thickness in Figure 5 [19,38], stable areas are
located where the thickness of the alluvial deposits is smaller (point 1) as a direct consequence of the
shorter time required to complete the consolidation process.

A further validation of the urbanization-induced subsidence is given by observing in the Envisat
velocity map the occurrence of high rate of subsidence close to 9 mm/yr (£ 1 mm) north of the city
center (point 4 in Figure 3b), than to the smaller values (1-2 mm/yr + 1 mm) detected in the
surrounding areas. The observed isolated case occurs on recent, four-storey residential buildings,
constructed in the last 10-15 years, as it is easy to infer observing the 2000 and 2009 digital
orthophoto in Figure 6a,b, where the buildings are present only in the 2009 image. Time series of the
detected displacement in the area (point 4 in Figures 3 and 6) reveal a total LOS displacement of about
six centimeters in six years probably due to the ongoing consolidation process.
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Figure 5. Contour map of the thickness of quaternary soft deposits filling the Cassino
plain [19,38] together with the chronological development of the city.

13°49'0"E

[T 2 s mmrrms e

|Legend

13°49'30"E 3 13°50l'30"E

f Outcropping rock

 |Buildings construction

él Before 1942
_|:| 1942 - 1991

V. 1991 - 2009

41°30'0"N

41°29'30"N

£

o » v N

pig i) 025 05 1

N T T S Kilometers 7 ) =
- e e D — PR ah LA

< 1 1

T
Tickness of quaternary deposits (m)

____CNNNEEEEEEERST
0 20 40 60 80

100 120 140 160 180 200

Figure 6. Envisat 2004-2010 velocity map superimposed to the 2000 (a) and 2009
(b) digital ortophoto.

13°49'50"E 13°49'55"E 13°50'0"E 13°49'50"E 13°49'65"E 13°50'0"E

41°30'5"N

=z
0
0
)
N
)

=
<

25 50 100
- Meters [*
T




Remote Sens. 2014, 6 9687

6. Conclusions

In the present study, the capabilities of multi-pass SAR Interferometry have been exploited to detect
and investigate slow surface movements in the city of Cassino (Central Italy).

Two datasets of SAR images have been used, provided by ERS 1-2 (1992-2000) and Envisat
(2004-2010) satellites thus covering from 1992 to 2010.

More precisely, SBAS and IPTA DInSAR approaches have been applied to the ERS 1-2 and
Envisat dataset, respectively. Although slight differences in SBAS and IPTA processing chains, the
outcomes are consistent each other, thus providing a convincing evidence of the robustness of
the method.

Experimental results show a surface subsidence affecting the Cassino plain and characterized by a
decreasing rate from 1992 to 2010, testifying a progressive reduction of the ongoing phenomenon.
Concerning the spatial distribution, the detected subsidence tends to be more pronounced in the
northern part of the city where it reaches values of about 5—6 mm/yr (= 1 mm) in 1992-2000 and
2-3 mm/yr (= 1 mm) between 2004 and 2010. On the other hand, the rest of the city is more stable,
with a pattern of subsidence decreasing from the center to the southern part where it has values close
to zero.

The cross-validation of the outcomes relies on two additional processing performed by applying the
same technique and the same processing parameters to both dataset. These results, shown in the
supplementary material, are in agreement with those presented in the main text.

The main achievements from remote sensing data have been fully explained and validated by a
multidisciplinary approach, aiming at analyzing the relation with the geological setting and the
anthropogenic activities leading to the urban development.

In fact, the detected deformation pattern is related to the joint effect of the urban expansion, leading
to consolidation of soft soil deposits characterizing the Cassino plain, and the different thickness of the
latters. The detected uneven deformation pattern and the different displacement time histories are
clearly related to the different thickness of quaternary soft deposits. Indeed, in the northern part of the
city both the subsidence rate peaks and the highest thickness of the deposits are present, suggesting
that the consolidation process is still active. Instead, the lower subsidence rate detected in the southern
part is probably due to the presence of thinner compressible deposits, for which the consolidation
process is almost finished.
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