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Abstract

This study presents a Differential SAR Interferometry (DinSAR) interferometry analysis and
review of ERS (1992-2001) and Radarsat (2003-2007) data on the city of Napoli (ltaly).
These data are processed using the Persistent Scatterers Interferometric synthetic aperture
radar (PSIinSAR) technique and post-processed by statistical selection and filtering with the
aim to obtain, by combining ascending and descending geometry, the spatial distribution of
the vertical and horizontal (east-west) components of the ground displacement velocity. We
identify five main areas of subsidence affecting residential districts and strategic
infrastructures (transportations and industrial plants). These are: a) Vomero-Arenella district;
b) Scudillo-Stella district, ¢) Municipio Square; d) Garibaldi Square; e) Poggioreale district.
In these areas, the ground deformation rate is between -1.3 and -10.5 mm/yr and varies
through time. In particular, in the investigated time period, the subsidence rate (i) persistently

increases in the Scudillo-Stella and Poggioreale districts, (ii) abruptly increases in



correspondence of underground construction activities (Municipo and Garibaldi squares), and
(iii) decreases following the ground deformation style of the Campi Flegrei caldera (Vomero-
Arenella district). More restricted areas of subsidence also occur in the northeastern, less
urbanized, sectors of the Napoli metropolitan area. The subsidence triggering factors are
investigated through a review of the available geological geomorphological, hydrological, and
urban network information. With respect to other urban contexts, where the cause of
subsidence is of natural or anthropogenic origin, Napoli shows a multiple association of
triggering factors. These factors are: sub-soil excavations for the construction of transport
infrastructures, filling/emptying cycles of large underground water reservoirs, gravity
instability related to local morphological factors, raise of the water table with consequent
hydrocompaction due to the stop of ground water withdrawal, and re-activation of volcano-
tectonic faults associated to the uplift and subsidence phases (bradyseism) of the neighboring,
active Campi Flegrei caldera, whose western sector includes a part of the Napoli urban area.
We conclude that in a complex urban and geological setting like that of Napoli, ground
deformations induced by anthropic and natural processes may coexist and should be
monitored for a correct evaluation of the associated hazard and the management of the city
planning activities. Finally, the combined review of satellite and geological data available for
different urban districts worldwide is essential to identify the sources of ground deformation

and analyze the time evolution of the related anthropic and/or natural processes.
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1. Introduction

The applications of differential radar interferometry for the observation and
monitoring of ground deformation have increased due to the development, in the last decade,
of the persistent (or permanent) scatterers (PS) technique (Colesanti et al., 2003; Crosetto et
al., 2003; Ferretti et al., 2004, 2006). This technique, also known as point-target DinSAR,
allows us to detect the line of sight (LOS) movements of man-made objects or natural
reflectors characterized by radar coherence over time. Urban elements such as buildings,
bridges, industrial plants, docks and piers are proper targets for differential radar
interferometry applications. Land use changes due to urbanization have become one of the
primary factors responsible for the subsidence in urban areas (Chen et al., 2012). In these
areas, the subsidence has been ascribed to different causes including variations of the
groundwater level (Lu and Liao, 2008; Liu et al., 2008; Zhang et al., 2011;), underground
excavations (Fruneau et al., 2000; Tesauro et al., 2000; Wang et al., 2011), water drainage
(Buckley et al. 2003; Engelkemeir et al., 2010; Yan et al., 2010; Hay-Man Ng et al., 2012),
overloading of soil foundation and/or structural adjustment (Ding et al., 2004), compaction of
fine sediments and/or organic-rich soils (Stramondo et al., 2008; Heleno et al., 2011), active
tectonics and volcano dynamics (Vilardo et al., 2009, 2010), landslide and deep-seated
gravitational deformations (Ventura et al., 2011). In spite of the large number of the possible
causes of subsidence, most of the available studies based on satellite observations in urban
areas analyze, with few exceptions (e.g., Ferretti et al., 2004, Lanari et al., 2004a; Kim et al.,
2007; Terranova et al., 2012; Chaussard et al., 2014;), single sources of deformation.

Here, we study the deformation velocity field affecting the urban area of Napoli city
(about 1 million inhabitants) because of (a) its urban network is affected by poorly known

subsidence phenomena, and (b) the western sector of the urbanized area is partly located



within the dynamically active Campi Flegrei caldera. We perform a deformation analysis by
using the multi-temporal (1992-2007) and multi-platform (ERS and Radarsat satellite
missions) PSInSAR dataset from the TELLUS Project (Terranova et al., 2009). This dataset
has been post-processed by Vilardo et al. (2009, 2010), who focused on (a) the large scale
regional deformation of the Campanian region, and (b) the local scale intracaldera
deformation of Campi Flegrei (Fig. 1). The same post-processing approach at a high spatial
resolution is applied in this study on the city of Napoli. The obtained results are merged with
the available geological and hydrological data, as well as the technical data concerning the
urban configuration and infrastructure (i.e., underground galleries and stations, bridges, water
reservoirs), and previous studies on the subsidence in limited areas. The joint interpretation
and review of these data allow us to identify the causes of deformation and provide a
comprehensive framework of the complex interaction between natural and anthropogenic
factors, which could represent a major, underestimated geological hazard for the Napoli
metropolitan area. Ultimately, we show how the review of merged satellite and geological
information, which are available for many urban districts worldwide, allow us to reconstruct
the time evolution of the ground deformations in densely populated areas and identify urban
sectors where future satellite monitoring activities (e.g. ESA Sentinel-1 mission) should be

implemented.

2. Geological setting, recent urban development, and deformations in the Napoli urban
area

The Napoli metropolitan area is located within the Campanian Plain, a NW-SE
elongated, Plio-Quaternary structural depression including the active volcanoes of Campi
Flegrei (last eruption in 1538 AD) and Somma-Vesuvius (last eruption in 1944 AD) (Fig. 1a).

The Campanian Plain is filled by an up to 4000 m thick sequence of Plio-Quaternary volcanic,



continental and marine deposits (Bruno et al., 2003; Piochi et al., 2005). Most of the volcanic
deposits are affected by syn-eruptive and post-depositional alteration that produced lithified to
semi-lithified tuffs and loose pyroclastic material know as ‘pozzolana’ (de' Gennaro et al.,
1999; 2000). Unlithified, loose deposits consist of pumice lapilli and ash interstratified with
paleosoils. The city of Napoli partly lies within the Campi Flegrei nested caldera, which
formed subsequently to the Campanian Ignimbrite (Cl; 39 ka) and Neapolitan Yellow Tuff
(NYT; 15 ka) eruptions (Orsi et al., 1996; Scarpati et al., 1993, 2013). The western periphery
of Napoli overlaps the CI caldera rim, and it is located inside the still active eastern sector of
the NYT caldera (Cole et al., 2004; Perrotta et al., 2006; Sbrana et al., 2007; Scarpati et al.,
2013) (Fig. 1a). The Napoli eastern periphery is within the Sebeto valley, which is located at
the base of the northwestern flank of the Somma-Vesuvius volcano.

The lithologies of Napoli are characterized by a predominance of pyroclastic rocks
(tuffs) mainly produced by the volcanic eruptions of phlegraean and neapolitan origin
(Scarpati et al., 2013), and, subordinately, of Somma-Vesuvius (Fig. 1b) (Scarpati et al. 1993,
Orsi et al., 1996). The hilly morphology of Napoli is mainly due to the presence of local
monogenetic volcanoes (Scarpati et al., 2013). Few lavas were encountered in tunnel shallow
excavations in the Vomero-Arenella district. Alluvial deposits and marine sediments, as well
as anthropogenic land filling, predominate in the flat areas located along the present coastline
and in the northern and western sectors of the city (Fig. 1b).

Thick Cl and NYT deposits overlain older tuffs (Ancient Tuffs, AT) exposed along the
scarps south of the Vomero-Arenella hill (Fig. 1b) (Perrotta et al., 2006; Scarpati et al., 2013).
The Somma-Vesuvius tuffs are present in the subsurface of the eastern urban area (Corniello
et al., 2002, 2003). The NYT vyellowish and lithified tuff was commonly used as building
material and many artificial scarps inside the city represent walls of abandoned quarries.

These deposits are also incised by deep valleys later filled by reworked pyroclastic material



(Caliro et al., 1997). The NYT deposits are covered by a laterally discontinuous sequence of
sandy silt and fine sands, gravels (pumice and scoriae layers), peats, anthropogenic sediments,
and sea sandy deposits with alternated pumice and scoria beds, and fine to coarse ash levels
(Comune di Napoli, 1967, 1999). The maximum thickness of this sequence is 20 m in the
Vomero-Arenella area.

From a geotechnical perspective, the different rock types of Napoli show variable
properties (Pellegrino et al., 1967; Baldi and Miraglino, 1999). For instance, the lithified NYT
has an average value of the uniaxial compressive strength of 5 MPa and it is often affected by
sub-vertical fractures (Tangenziale di Napoli, 2001). The unlithified facies of NYT has an
internal friction angle of 30° to 38° and cohesion of about 0.02 MPa. (Pellegrino et al., 1967).
However, in water saturation conditions, the cohesion is zero. The pumice layers and the
volcanic and marine sands are cohesionless because of high permeability and porosity. The
paleosoils and the urban landfill deposits represent the worst terrains in terms of geotechnical
properties because of they have low compressive uniaxial strength and cohesion.

Until the early 1900s, in order to reduce the cost of the construction of new buildings
in the city of Napoli, the pyroclastic deposits were widely exploited in the subsoil digging
vertical pits of about 8-10 meters in the softer rocks. On the basis of the 1999 surveyed data,
the Napoli Municipality estimated about 650.000 m? of caves, aqueducts and underground
quarries affecting the basement of the urban area (Fig. 1b). After World War 11, the large
urban expansion has led to the creation of many new built up areas and associated
underground services in the city centre and neighboring areas (Cantone, 2008). Consequently,
many buildings have been constructed for decades over cavities, cisterns, parts of aqueducts
and underground quarries. Sudden local collapses of buildings and rapid appearance of
sinkholes are common phenomena and their genesis is often attributed to the presence of

unstable underground cavities and/or loss of water from the aqueduct networks or from



sewers (Vallario, 1992). The widespread presence of ancient, buried buildings in the
basement, the existence of three different underground aqueducts carried out on various levels
during Greek, Roman and viceregal ages, and the presence of a large number of subterranean
quarries, create additional severe geotechnical discontinuities in the soil foundations (Comune
di Napoli, 1967).

From the hydrogeological point of view, the Napoli area may be divided into three
sectors (Fig. 1b): western Campi Flegrei sector, central floodplain sectors and eastern
Somma-Vesuvius sector (Celico et al, 2001; Corniello and Ducci, 2002, 2013). Bicarbonate-
alkaline waters characterize the western sector, while bicarbonate and calcium-rich waters
characterize the other two sectors (Celico et al., 1998). Also, the hydraulic gradient (i) in the
western sector, which is 0.2% <i <0.8%, is higher than that of the central and eastern sectors
(i <0.3%). This difference is due to the lower transmissivity T of the pyroclastics of the Campi
Flegrei caldera (10 2<T<10* m?/s) with respect to that of the reworked alluvial deposits of the
other two sectors, where 107'<T<10*m%s. The NYT deposits show the lowest value of T (10~
><T<10"> m%s). The circulation of groundwater mainly develops by filtration into cracks and
fractures for tuffs and lavas, and into pores for loose pyroclastics, marine sands and alluvial
terrains. In the western and central hydrological sectors, which are characterized by
morphological reliefs, the depth of the water table is lower with respect to that of the eastern
sector, where the hydraulic circulation is strictly connected to that of the eastern Campanian
Plain (Fig. 1a,b).

The Napoli aquifers were extensively exploited after World War 11 for industrial
purposes and irrigation. This overexploitation of groundwater causes, in the eastern sector of
Napoli, the drying up of shallow aquifers and some springs. The progressive abandonment,

started in 1990, of the use of water for industrial, agricultural and domestic uses produced a



sudden increase of the groundwater level in the whole eastern area of Napoli, with the
activation of many, previously unknown springs (Corniello and Ducci, 2003).

Results from leveling data (Del Gaudio et al., 2009), geological investigations (Di
Vito et al., 1999; Cinque et al., 2011), and satellite studies on Napoli (Tesauro et al., 2000;
Bonano et al., 2013; Lanari et al., 2004b; Vilardo et al., 2009 and 2010; Terranova et al.,
2012) evidence that the urban area and its surroundings are affected by significant
deformations. In the western sector of the Napoli urban area, minor uplift and subsidence
episodes occurred in correspondence of the wvolcanic deformation events affecting the
neighbor Campi Flegrei caldera (Lanari et al., 2004b; Vilardo et al., 2010; Terranova et al.,
2012). Subsidences possibly correlated to the construction of the subway line and stations
have been also detected in the central sector of the city (Tesauro et al., 2000; Bonano et |.,
2013), while evidences of significant movements related to landslides or other gravity-related
processes are lacking (Vilardo et al., 2009). Some subsidence areas located in the
northeastern, less urbanized, sector of the city were also detected (Terranova et al., 2012).
These latter are probably related to soil compaction and/or structural adjustment of

constructions.

3. PSINSAR data review and post processing

In this study, we use two different radar data sets with ascending and descending
observing geometry: the first one relates to ERS-1 and -2 (1992-2001), and the second one to
Radarsat-1 (2003-2007). Both datasets have been interferometrically processed by means of
the PSinSAR™ (Permanent Scatterers Interferometric synthetic aperture radar) analysis
technique performed by the T.R.E. s.r.l. in the framework of TELLUS project (Terranova et

al. 2009). The technique uses multiple radar images acquired from slightly different positions



comparing (or interfering) the different phases of the radar signal. The distance between the
position of satellites at the time of the acquisition, in the plane perpendicular to the direction
of orbit, is defined interferometric baseline (Curlander, 1982 and 1984). Shorter distances
between the passes of the satellite (baseline) lower the dependency of the measurement by the
topography of the area. In that case, the variation of the measured radar phase depends almost
exclusively by the movement of the ground. In the radar data set used by us, we selected
baselines lower than a critical value, which, for the ERS platform; is 937 m, corresponding to
a distance between each satellite pass of tens or hundreds meters. The PSinSAR processing
procedure (Ferretti et al., 2000, 2001; Colesanti et al., 2006) bases on the identification of
permanent scatterers (PS), which are man-made objects (statues, heating and ventilating
structures on the roofs of buildings, utility poles, dams, etc.) or natural (rock outcrops)
reflectors characterized by stable individual radar-bright and radar-phase over long temporal
series of interferometric SAR images. The phase data from PS are used to detect topographic
changes which are expressed in terms of one-dimensional measurement of change in distance
along the look direction of the radar spacecraft (line of sight; LOS).

The results of the PSinSAR™ processing, which also concerns the estimate and
removal of the different contributions due to atmospheric anomaly, topographic effects and
orbital ramps (Ferretti et al., 2000, 2004, 2006; Lu et al., 2008), consist of the time series of
the sensor-target distance variations during ERS and Radarsat acquisition periods for
ascending and descending satellite orbits. The precision on single PS LOS measurements
depends on both the number of available SAR images and the PS multi-interferogram
coherence. The SAR images used in this study allowed the accurate measurement of the PS
movements along the SAR LOS. We select PS with a coherence > 0.65, which implies a
millimetric accuracy (Colesanti et al., 2003; Ferretti et al., 2006; Lu et al., 2007). The PS

yearly average displacement velocities in the LOS are calculated by linear fit of the variation
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in distance between the target and the radar antenna. The final result is a measurement of the
PS annual mean velocities within 1.0 mm/yr of accuracy (Fig. 2) (Ferretti et al., 2007,
Colesanti et al., 2003; Vilardo et al., 2009, 2010).

The mean displacement rates are used to derive the average ground deformation
velocity (mm/yr) maps in SAR coordinates for ascending and descending orbits of both ERS
and Radarsat data by the inverse distance interpolation weighted method (IDW; Shepard,
1968). The radar LOS mean displacement velocity maps computed from the ascending and
descending orbits, are successively combined to retrieve vertical and East-West mean
displacement velocity maps of both ERS and Radarsat data (Lanari et al., 2004a,b; Lundgren
et al., 2004; Manzo et al., 2006; Vilardo et al., 2009, 2010).

Before performing SAR data interpolation, with the aim to identify unstable larger
urban districts and remove isolated deformations due to very local phenomena like the
instability of a single building, isolated PS with the highest rate are removed after checking
the location and nature of the scattering point. The filtering is performed interactively using
the PS in both ascending and descending geometry superimposed on digital orthophotos and
technical vector maps at 1:5000 scale. The next processing step concerned the estimate of the
average ground deformation velocity maps over the entire time interval in radar LOS for
ascending and descending orbits of both ERS and Radarsat data. This has been performed by
IDW of each dataset using a quadratic weighting power 2 algorithm within a 500 m radius
neighborhood to obtain a 5 m spaced grid. The IDW has been already applied to scattered set
of satellite data by Inggs and Lord (1996), Girard and Girard (2003), Dermanis and Kostakis
(2006), and Vilardo et al. (2009, 2010). In this interpolation method, a neighborhood about
the interpolated point is identified and a weighted average is taken of the observation values

within this neighborhood. The weights are a decreasing function of distance and the
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neighborhood size is specified in terms of its radius (Shepard, 1968; Franke and Nielson,
1980).

By assuming that the ascending and descending radar LOS directions belong to the
East-Z plane and the look-angle is the same for both ascending and descending geometries,
the vertical and East-West displacement components have been retrieved by properly
combining the radar LOS mean displacement velocity maps, computed from the ascending
and descending orbits (Lanari et al., 2004a,b; Lundgren et al., 2004; Manzo et al., 2006;
Vilardo et al., 2009, 2010). The results are shown in Fig. 3. The validation of the deformation
trends recognized by PS-InNSAR was already performed by Vilardo et al. (2009, 2010)
comparing the mean vertical deformation velocities estimated from the ERS and Radarsat
data with the corresponding velocity values recorded by the continuous GPS stations
operating in the Campi Flegrei area. In order to check whether the investigated subsidence
phenomena fit a linear model, LOS deformation time series for different sets of selected PS
have been extracted from the data set of Vilardo et al. (2009) by following the procedure
described in Vilardo et al. (2010). LOS time series are here presented for each of the
investigated areas by selecting (a) the 20 PS with a maximum in the deformation rate over an
extended (> 1 km?) area (e.g. quarter or district; Figs. 4, 6, 12), or (b) all the PS located in a
restricted area (e.g. square, subway station; Figs. 9 and 10). The LOS time series allow us to
highlight the linear component of displacements and to determine the average value of the

deformation rate of the selected PS.

4. Results and discussion

The analysis of the vertical component velocity maps allow us to identify several

subsiding areas located within and outside the Napoli administrative boundaries (Fig. 3). In
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general, the ERS data set (1992-2001) show a large subsidence in the Campi Flegrei caldera
and more localized areas of subsidence within the Napoli urban area. The Flegrei subsidence
is associated with a westward velocity trend, which is consistent with a deflation of the
caldera (Vilardo et al., 2010). The Radarsat data set (2003-2007) records the uplift of the
Campi Flegrei caldera due to bradyseismic activity (Orsi et al., 1996) and the associated
eastward velocity trend affecting the caldera, and, to a lesser amount, the whole Napoli urban
area (Vilardo et al., 2010).

Here, we investigate the areas of subsidence located within the central sector of the
Napoli urban area, for which hydrogeological and geological data are available. We do not
discuss the more restricted subsidences located in the less urbanized northeastern boundary of
the Napoli metropolitan area (Fig. 3a) because of data are lacking and do not permit to draw
reliable interpretations. For these subsidences, as previously reported, Terranova et al. (2012)
suggest (a) possible compaction processes due to water table fluctuation, and (b) structural
adjustment of urban infrastructures (e.g. highway overpasses, railway embankments, large
foundation pillars). However, more data are necessary to unequivocally determine the factors
responsible for these ground deformations.

Within this Napoli central sector, the vertical component evidences five main areas of
deformation, whereas the E-W component maps show homogeneous velocity variations on
the whole central sector of the city with the exception of the Scudillo-Stella district (Fig. 3b,
d), whose horizontal component of deformation is discussed in Section 4.2. Taking into
account general considerations summarized above, we focus the discussion on the vertical
velocity patterns.

The subsidence areas recognized in Fig. 3 within the Napoli central sector include the
urban zones named: a) Vomero-Arenella district (VA); b) Scudillo-Stella district (SS), c)

Municipio Square (MS); d) Garibaldi Square (GS); e) Poggioreale district (PD). Table 1
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summarizes the maximum deformation velocity for the 1992-2001 and 2003-2007 time
periods in each of the above identified sectors. The maximum value of subsidence (up to -
10.5 mm/yr) of the Napoli metropolitan area characterizes the Garibaldi Square. An increment
of subsidence through time characterizes the Scudillo-Stella district, the Municipio and
Garibaldi squares and the Poggioreale district. In Municipio and Garibaldi squares, significant
subsidence phenomena appears after 2003. In the Vomero-Arenella district, the subsidence
slightly decreases through time. With the exception of the Scudillo-Stella district, the other
detected ground deformation areas have no a spatial relationship with the networks of
artificial underground cavities of Napoli (see Figs. 1b and 3).

In the following, we illustrate the main geological, hydrological, and urban features of
the five subsiding urban sectors of Napoli, and provide an interpretation of the causes of
ground deformation. The geological, hydrological, and urban data we use are: a
photogrammetric Digital Terrain Model 5 meter resolution (Regione Campania, SIT at
http://sit.regione.campania.it/portal/portal/default/Home), the geotechnical and geolithological
maps of Napoli (1:4000 and 1:10.000 scale, Comune di Napoli, 1999), the hydrogeological
map of Napoli Province (1:50.000 scale; Provincia di Napoli Assessorato Miniere e Risorse
Geotermiche, 2004), the network of subway tunnels and stations (1:18.000 scale; Comune di
Napoli, 2004), the diagrams of sewage and underground water supply network (Comune di
Napoli, 2004), the map of underground quarries, cavities and pits (1:20.000 scale; Comune di
Napoli 2004), and the local subsurface geological information derived by exploration wells
logs. These data are geo-referenced in UTM WGS84 coordinate system, organized in a GIS-
based database, and integrated with the radar interferometry imagery. Data from technical
reports and scientific publications on specific areas were also used. GIS was used to perform
(a) a geospatial analysis of the different thematic layers with the aim to check, as an example,

the relationships between the terrain slope and the horizontal component of the deformation
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velocity, (b) the geostatistical analysis (interpolation) of the horizontal and vertical
components of the deformation velocity, and (c) the overlap of different thematic maps, e.g.,
the hydrogeological map, the urban infrastructure map, and the satellite-derived deformation

maps.

4.1 The Vomero-Arenella district

4.1.1 Geological and hydrological setting

The largest (about 1.5 km?) ground deformation area of Napoli involves the Vomero-
Arenella district. This area shows a persistence of the subsidence during the 1992-2001 and
2003-2007 time periods, but with decreasing velocity values through time (Fig. 4; Table 1).
Tesauro et al. (2000) also detected a subsidence in this area in the 1993-1995 time period, and
relate this deformation to the construction of the subway. The Vomero-Arenella district is a
NE-SW slightly elongated morphological plateau with altitudes between 160 and 180 m a.s.l..
This plateau is bounded by the morphological scarps of the Campi Flegrei CI caldera faults
(Fig. 4; Perrotta et al., 2006; Amato et al., 2009). The present morphology was shaped over
the centuries by the extraction of tuffs and by subsequent filling of the excavation fronts and
watercourses with landfill materials, and later by intense urbanization. According to Cole et
al. (1994) and Scarpati et al. (2013), a dome-like lava body occurs at about 150 m depth
below the Vomero-Arenella ground level. This body is covered by the pre-Cl deposits, Cl
deposits and by an up to 80-100 m thick sequence of partly lithified NYT rocks. The
uppermost, up to 20 m thick, sediments are pumices and ash layers of the post-NYT activity
of Campi Flegrei (Scarpati et al., 2013). The water table is at a depth of about 10 m a.s.l., i.e.,

at a depth of 150-170 m from the Vomero-Arenella ground level (Allocca and Celico, 2008).
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4.1.2 Causes of the ground deformation

The lack of significant, large cavities in the Vomero-Arenella substratum, the absence
of correlations between deformation velocity and thickness of the shallower sediments, and,
as previously reported, the occurrence of an aquifer at a depth of 150-170 m from the ground
level exclude that the detected subsidence is associated with subsoil-related instability or to
the dynamics of the water table. Also, we exclude that the subsidence can be fully ascribed to
the construction of the subway, as suggested by Tesauro et al. (2000), because (a) the
subsiding area has a surface of about 4 km?; as also noted by these authors, ‘the extension of
the subsided area is quite large compared to what expected from the effect of soil volume loss
due to the excavation works’ (Tesauro et al., 2000), (b) the subway track is below a part of the
southern sector of the subsiding area, and does not crosses the northern and eastern sectors
(see Figs. 1, 2 and 4, and figure 5 in Tesauro et al., 2000), and (c) the subsidence continues
from 1992 to 2007, whereas the construction activities of the subway tunnel ended in 1995.
As a result, the causes of Vomero-Arenella ground deformation must be likely sought in its
geological structure. According to the results from leveling data collected between 2006 and
2008, Del Gaudio et al. (2009) show that the dynamics of the Vomero-Arenella area is strictly
related to that of the NYT caldera. Our data indicate a subsidence rate of -5.6 mm/yr between
2003 and 2007, a value fully consistent with those estimated by Del Gaudio et al. (2009),
which are between -2.5 and -5.0 mm/yr. The data of Fig. 5 indicate that two main areas of
subsidence affect the Vomero-Arenella district: the first one is delimited by the CI caldera
faults, and the other one is located in correspondence of the NYT caldera rim. Therefore, the
recognized subsiding areas are confined by the Cl and NYT caldera faults (Fig. 4a) (Perrotta
et al. 2006, Amato et al., 2009; Cinque et al., 2011), which are part of a regional structure. In
addition, the Vomero-Arenella area is located within the NYT caldera (Fig. 1). We propose

that the Vomero-Arenella subsidence is controlled by the NYT and CI caldera faults. These
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faults, which were also reactivated during the NYT collapse, are still active and possibly
sensitive to the volcano dynamics of the Campi Flegrei caldera. In fact, the interferometric
processing referred to the 2003-2007 period (Figs. 4b and 5) evidences an attenuation of
subsidence during the uplifting phase of the central sector of the Campi Flegrei caldera. The
deformation style of Vomero-Arenella district, i.e. subsidence along caldera faults bounding a
single block, is consistent with the re-activation of the Campi Flegrei inner and bordering

faults, which produce a block-like differential buckle (Orsi et al., 1996; Di Vito et al., 1999).

4.2 The Scudillo-Stella district

4.2.1 Geological, hydrological and urban setting

The Scudillo-Stella subsiding area represents the site of ground deformation inside the
urban area of Napoli with peculiar characteristics of the subsidence rate and persistence of the
movements (Figs. 3 and 6). This area is characterized by an increase of deformation velocity
through time with maximum values of about -8.6 mm/yr (Fig. 6b; Table 1). The Scudillo-
Stella district (average altitude of 220 m a.s.l.) is a low density built-up area characterized by
a 3° to 15° dipping, southeast facing morphological bulge laterally bounded by incisions. The
water table below Scudillo-Stella is at a depth of 14 to 18 m a.s.l. (Celico et al., 2001). Figure
7 shows the stratigraphy of wells located around the district (Comune di Napoli, 1999;
Tangenziale di Napoli, 2001). The local stratigraphy reconstructed from these wells shows a 4
m thick succession of artificially reworked pyroclastic deposits and pumice levels with
different degree of compaction below Scudillo. These reworked deposits represent the
anthropic landfill of Scudillo. This succession covers 6 to 8 m thick yellow tuff cohesive
deposits (NYT), whose thickness increases moving away from the subsiding area (Figs. 6 and

7). The yellow tuffs, which are affected by subvertical fractures, cover an up to 30 m thick
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succession of gray ash including sandy layers with pumices and scorias. The geotechnical
tests carried out on these latter deposits underlying the NYT reveal a cohesion approaching 0
(Tangenziale di Napoli, 2001).

A large, artificial network of cavities measuring about 350 x 150 x 10 m with a surface
area of 5.25 x 10* m? occurs within the NYT deposits of Scudillo (Figs. 6, 7 and 8)
(https://wwwe.arin.na.it/index.php?id_page=27 https://www:.arin.na.it/index.php?id_page=27).
This cavity network is located at about 180 m a.s.l. (about 40 m below the average ground
level) and it is currently used by the water distribution company of Napoli, which built (with
additional concrete elements and waterproofing works) the larger drinking water reservoir of
the city (estimated capacity of 145,000 m®). Data collected by us in the galleries surrounding
the main reservoir show that the NYT deposits are affected by 20 to 40 m spaced cracks with

a prevailing NW-SE strike and a second-order NE-SW strike (inset of Fig. 6b).

4.2.2 Causes of the ground deformation

On the basis of the above reported data, we exclude that the Scudillo subsidence is
triggered by (a) hydrological causes like variations in the water table depth, (b) faulting
activity, and (c) soil softening because the water table is at a depth of 200 m from the ground
level, active faults are lacking, and no relation exists between soil thickness and deformation
velocity. In fact, the subsiding area is centered on the main cavity (Fig. 8), whose
filling/emptying cycles (loading/unloading effect) may have damaged the NYT deposits, and
the underlying cohesionless pyroclastics. The major evidence of damage of NYT is the
occurrence of fractures in the galleries of the water distribution reservoir (Fig. 6b, inset). With
the available elements, the deformation recorded on Scudillo could be due to the above

reported artificial cause and, to a general gravity instability of the morphological bulge (slope
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angle up to 15°; Fig. 8), as suggested by the up to 2 mm/yr eastward velocity component in

the Radarsat map (Fig. 3b,d).

4.3 The Municipio Square and the Garibaldi Square

4.3.1 Geological, hydrological, and urban setting

Municipio Square is located in the seafront of the Napoli harbour (Fig. 1b); the square lies
within an ancient, now disappeared, natural bay used as harbour until the V century A.D..
Later, the bay was filled and drained. The subsoil consists of sandy silt covering the NYT
deposits, which have been found at 35 meters below the ground level
(http://www.rocksoil.com/pdf/Metronapoli.pdf). In this area, the water table is at about 2 m
below the ground (Amato et al., 2009).

Garibaldi Square is located in front of the Central railway station of Napoli (Fig. 1b) over
a subsoil constituted by volcanic sand and silt deposits with intercalations of pumiceous lapilli
covering the NYT deposits (Amato et al., 2009). The NYT deposits are at depth between 20
and 40 meters from the ground level. The construction of the Line 1 of the Napoli subway
started in 2002 with geognostic drilling and drainage. Soil freezing activities started at the end
of 2004, and the underground subway station excavation begun in June 2005. The excavations
were carried out below the water table at about 30 meters of depth in Municipio, where the
piezometric level of groundwater was about 1.5 meter below the ground level
(http://www.rocksoil.com/pdf/Metronapoli.pdf). The subway gallery consists of two, 11 m
spaced pipes with 5.8 meters of internal diameter; the underground stations have a

rectangular, 20 x 45 m shape and are at a depth between 35 and 50 meters below the ground.
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Subway galleries are built with a cap crossing the NYT deposits and the overlying
sand. During the subway construction, the underground structures have been realized with the
technique of soil freezing preceded by extensive groundwater pumping with the aim of

reducing the hydraulic head (http://www.rocksoil.com/pdf/Metronapoli.pdf).

4.3.2 Causes of the ground deformation

The ground deformation anomalies detected in Municipio Square and Garibaldi
Square during the 2003-2007 observing period result from the construction of the subway
(Figs. 9 and 10). According to this interpretation, no ground deformations are detected in the
ERS dataset (1992-2001), i.e. in the period preceding the excavation activities (Figs. 9a and
10a). Radarsat data (2003-2007; Figs. 9b and 10b) show comparable velocity trends and
behavior for both PS on buildings and street floors, indicating an overall ground deformation.
Bonanno et al. (2013) also detected a subsidence between 2003 and 2008 in two, selected PS
located on the Napoli Railway Station, in front of the Garibaldi square. They record a small
uplift (1 mm/yr) between January and May 2010. Bonanno et al. (2003) suggest that the
subsidence is related to the subway tunnel construction below Garibaldi square. However,
excavation activities in Garibaldi square started in 2005. Accordingly, the time series values
of individual PS we have identified on buildings and ground point out that the subsidence
started after the beginning of underground excavation activities (Fig. 11 and Table 1). On the
basis of our data, we propose that (a) the subway excavation activities carried out from 2005,
(b) the weight of the temporary and permanent underground structures, and (c) the intensive
drainage of the groundwater and soil freezing before 2005 lead to the detected subsidence
phenomena. In particular, an extensive and massive drainage of groundwater using pumping
stations reduced the fine fraction from the sand and pyroclastic deposits promoting soil

compaction phenomena (Cantone, 2008). The maximum subsidence rate deduced from the
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analysis of the Radarsat LOS data in the Municipio Square between 2002 and 2005, when the
drainage and soil freezing activities started, was of -1.5 mm/yr (Table 1). In the time period of
the gallery construction, between 2005 and 2007, the subsidence was of -9.5 mm/yr (Table 1;
Fig. 11). These values are consistent with the ground measurements from geotechnical
monitoring carried out during the construction, which show a subsidence of -1.5 mm/yr

between 2004 and 2005, and of -10 mm/yr between 2005 and 2006 (Cantone, 2008).

4.4  Poggioreale district

4.4.1 Geological, hydrological, and urban setting

Poggioreale is located in the eastern area of Napoli (Fig. 1b). The district developed on
an alluvial plain on which the Central railway station and some industrial activities are located
(orthophoto in Fig. 12). In this area, the subsoil deposits consist of reworked pyroclastics and
limno-marsh and marine deposits with discontinuous lens of 5 to 10 m thick peats (Corniello
and Ducci, 2002). Below these deposits, a 10 m thick, incoherent to lithified sequence of
Somma-Vesuvius tuffs has been encountered at 20 m below the ground. These tuffs cover an
up to 60 m thick succession characterized by metric levels of coarse sand alternating with
dark fine sands, ashes and pumices. An artesian aquifer passes through the tuffs below the
Poggioreale district (Allocca and Celico, 2008, 2009). In this sequence, the CI deposits are
lacking (Bellucci et al., 1994). At Poggioreale, the rising of the ground water is a
phenomenon developed in the last twenty years, when the activities of groundwater
exploitation stopped (Corniello and Ducci, 2002) and the groundwater withdrawals
significantly reduced from 3.1-10° m*/yr in 1992 to 4.7-10° m*yr in 2001. In the subsiding
Poggioreale area (Fig. 12), the rise of the water table from 2-3 m below the ground in 1992 to

<1 min 2001 produced overflowing phenomena (Corniello and Ducci, 2013). Between 1992



21

and 2002, the subsidence rate was of -1.6 mm/yr (Table 1) and the average rise rate of the
water table was of 0.5 m/yr (Fig. 12c). Between 2003 and 2007, the ground subsidence and

raise rate of the water table increased to -7.8 mm/yr and 0.8 m/yr, respectively.

4.4.2 Causes of the ground deformation

The observed Poggioreale subsidence is associated to a rise of the water table. Such a
rise should produce an uplift, however, the progressive wetting of soil may also produce
hydrocompaction, a phenomenon observed in flat areas and volcanic terrains like those of
Poggioreale (Amin and Bankher, 1997). According to Lofgren (1969), hydrocompaction
processes, which also affect extensive areas in North America, Europe, and Asia, may
develop in loose, dry, low-density deposits that compact when they are wetted. The
compaction by wetting produces widespread subsidence of the land surface because the
infiltrating water enters the pores of the sediment and weakens the interparticle bonds
reducing the capillary tension between coarser soil particles that provided strength when
unsaturated. Removal of these bonds causes overall consolidation (Stumf, 2013). The
Poggioreale terrains include loose, reworked pyroclastics, limno-marsh deposits and
incoherent tuffs with dark fine sand, ash and pumice. The density values are between 800 and
1400 kg/m®, and the porosity between 52 and 57 % (Pellegrino et al., 1967). The available
oedometer tests (Pellegrino et al., 1967) show that, when saturated, the terrain collapses at a
constant pressure. After the collapse, the sample slightly deforms at increasing pressures. The
strain is not recovered when the pressure is removed (Fig. 12 d). The above summarized data
indicate that the Poggioreale terrains have the required characteristics for possible
hydrocompaction by progressive wetting because they are incoherent, include a fine fraction

(volcanic ash and a limnic component) and have a low density (pumices). The results of the
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oedometer test are also consistent with those of collapsible soils by hydrocompaction
(Mansour et al., 2008).

Based on the above summarized data and considerations, the subsidence of the
Poggioreale district could be explained by a worsening of the technical characteristics of
foundation soils due to hydrocompaction processes. These processes are related to the
condition of water saturation that occurred after 1992. In addition, the higher values of
subsidence detected by Radarsat data cluster on the main railway elements including the
embankment (Fig. 12b), which, with respect to the surrounding industrial warehouses,
represent structures with concentrated load. Other significant, spot-like subsidences occur in
correspondence of an E-W trending flyover and abandoned industrial areas (Fig. 12). We
remark that the ground subsidence detected by Radarsat data includes the depressed areas
with the highest flood hazard due to the raise of the water table over the ground (Regione

Campania, 2005).

5. Conclusions

Our study shows that five zones with extension up to 1.5 km?of the Napoli urban area
are affected by ground deformation (subsidence) with rates up to -10.5 mm/yr. These zones
are: the Vomero-Arenella district and Scudillo-Stella district (western sector), Municipo and
Garibaldi squares (central sector), and the Poggioreale district (eastern sector).

The causes of subsidence include volcanotectonic processes associated with the
reactivation of the Campi Flegrei caldera bounding faults, loading/unloading cycles
associated to the filling/emptying of water within a subterranean, large reservoir possibly

associated to local gravity instability processes, activities for the construction of subway
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transport infrastructures, and elevation of the water table due to reduction and of groundwater
exploitation with consequent hydrocompaction.

Between 1992 and 2007, the subsidence rate is not constant and (a) persistently
increases in the Scudillo-Stella and Poggioreale districts, (b) abruptly increases in
correspondence of yard underground activities (Municipo and Garibaldi squares), and (c)
decreases following the ground deformation style of the Campi Flegrei caldera (Vomero-
Arenella district). On the basis of these results, a continuous monitoring of the subsidence
must be implemented, mainly in the Scudillo Stella and Poggioreale districts, along with
operational actions aimed to reduce the hazard related to potential, sudden accelerations of
deformation. In addition, further studies are required to investigate the causes of subsidence in
the areas located close to the eastern boundary of the Napoli municipality (Fig. 3).

In a more general context, deformations related to caldera dynamics like those of
Napoli are observed at other cities, e.g. Kokubu (Aira caldera, Japan) (Remy et al., 2006),
while the subsidence induced by use of groundwater also affect Paris (France; Fruneau et al.,
2005), Mexico City (Mexico; Osmanoglu et al., 2011), Houston (Texas; Buckley et al., 2003;
Engelkemeir et al., 2010), Lisbon (Portugal; Heleno et al., 2011), and Los Angeles
(California, Lanari et al., 2004a). As detected in the Municipo and Garibaldi squares of
Napoli and other urban areas, e.g. Shangai (China; Wang et al., 2011), underground
excavations may also play a role in triggering subsidence. However, the above cited examples
concern ground deformations associated to a single, anthropic or natural cause. Our results on
Napoli show that unrelated anthropic and natural sources of subsidence may coexist showing

the complexity and the multidisciplinary character for city management.
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Figure Captions

Figure 1 - (a) Location of Napoli city, Campi Flegrei caldera and Somma-Vesuvius volcano;
the black polygon is the administrative boundary of the Napoli municipality; the red lines
define the Campi Flegrei caldera rims (data from Perrotta et al. (2006), Scarpati et al. (2013)
and Vitale and Isaia (2014)). (b) Lithological sketch map of Napoli (modified from Comune

di Napoli, 1999) with isopiezometric contour lines (in m above the sea level, blue dashed
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lines) and main drainage axes (arrows) (modified from Celico et al., 2001); the three main
hydrological sectors of the Napoli are also reported. The dotted line A-B in represents the
trace of the profile in Fig. 5. Symbols: 1 Alluvial, beach and marine deposits, and landfill
material, 2 Mainly unlithified and cohesionless pyroclastics younger than 15 ka of the Campi
Flegrei activity, 3 lithified to unlithified Neapolitan Yellow Tuff deposits (15 ka) and
unlithified pyroclastics with age between 15 and 39 ka, 4 Campanian Ignimbrite (CI) lithified
tuffs and loose pumice lapilli and ash layers (39 ka), and older lithified to unlithified tuffs of
the Napoli city volcanoes (up to 80 ka), 5 pyroclastic deposits of the Somma-Vesuvius
historical activity, 6 pyroclastic deposits of the Somma-Vesuvius pre-historical activity, 7

Anthropic cavities and underground cavities of the Napoli metropolitan area.

Figure 2 - Map view of the PS (coherence>0.65) range-change rate measurements computed
from: (a) ascending, and (b) descending ERS data (1992 - 1999), and (c) ascending and (d)
descending Radarsat (2003 - 2007). Positive values indicate a decrease in the range (distance
from the satellite to point on the ground). The insets show the satellite flight direction (black
arrow) and the look direction (red arrow); the number (degree) refers to the incidence angle

(data from Vilardo et al. (2010).

Figure 3 - Mean deformation velocities estimated using SAR data. (a) and (b) show the
vertical and East-West components of the average deformation velocity generated from ERS
data, respectively. (c) and (d) report, respectively, the vertical and East-West components of
the average deformation velocity generated from Radarsat data. The abbreviations refer to the

main subsiding areas discussed in the text: VA (Vomero-Arenella district), SS (Scudillo-
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Stella district), MS (Municipio Square), GS (Garibaldi Square), PD (Poggiorele district). Gray

areas have deformation velocity = 0.0+0.5 mm/yr, as specified in the legend.

Figure 4 - Vomero-Arenella district (VA in Fig. 3): vertical component of the average
deformation velocity generated from ERS (a) and Radarsat (b) data. The location of PS from
ascending (square) and descending (circle) acquisition geometries is also reported in (a) and
(b). In the background, the digital color orthophoto (2011). The CI caldera faults are reported
as red lines with triangle (location from Perrotta et al. (2006)). (c) LOS mean deformation
time series for ERS (1992-2001) and Radarsat (2003-2007) PS with the maximum
deformation rate in the Vomero-Arenella district. RS= Radarsat, A= ascending, B=

descending. Negative values indicate movement away from the satellite along LOS.

Figure 5 - Profile along the VVomero-Arenella district reporting the topography (black), the
vertical components of the velocity from ERS (red) and Radarsat (blue) data, and the faults of
Fig. 4. The trace of the profile is in Fig. 1b. The CI caldera faults are reported as red dashed

lines (from Perrotta et al., 2006).

Figure 6 - Scudillo-Stella district (SS in Fig. 3): vertical component of the average
deformation velocity generated from ERS (a) and Radarsat (b) data. The location of PS from
ascending (square) and descending (circle) acquisition geometries is also reported in (a) and
(b). The black polygon represents the projection on the surface of the underground water
reservoir. The trace of the SW-NE and SE-NW profiles depicted in Fig. 8 is also reported in

(@). Color scale as in Fig. 4b. In the background, a digital color orthophoto acquired in 2011.
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The inset right of (b) reports the results of a structural survey carried out by us in the galleries
surrounding the underground reservoir and shows the stereographic projection of the recorded
fractures (Schmidt net, lower projection); the red plane represents the best fitting plane (dip
direction 224°; dip 55°) of the NW-SE striking fractures. (¢) LOS mean deformation time
series for ERS (1992-2001) and Radarsat (2003-2007) PS with the maximum deformation rate
in the Scudillo-Stella district. RS= Radarsat, A= ascending, B= descending. Negative values

indicate movement away from the satellite along LOS.

Figure 7 - (a) Location of the available wells (yellow dots) around the Scudillo-Stella district
(SS in Fig. 3). The water reservoir is also reported; (b) Stratigraphy from the well logs (data

from Comune di Napoli, (1999), and Tangenziale di Napoli (2001).

Figure 8 - NW-SE and SW-NE profiles across the Scudillo-Stella district reporting the
topography (black), the vertical components of the velocity from ERS (red) data, the top of
the NYT deposits (blue dots), and the location of the underground water reservoir is also

reported. The trace of the profiles is in Fig. 6a.

Figure 9 - Municipio square (MS in Fig. 3). Vertical component of the average deformation
velocity generated from ERS (a) and Radarsat (b) data. Color scale as in Fig. 4b. The location
of PS from ascending (square) and descending (circle) acquisition geometries is also reported
in (a) and (b). The PS selected for the LOS mean deformation time series reported in Fig. 11
are within the main subsiding area enclosed by the dashed line. The background in (a) and (b)

are digital color orthophotos acquired in 1998 and 2011, respectively. The route of the
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subway tunnel (black line) and the excavation area of the subway stations (blue box) are also

reported.

Figure 10 - Garibaldi square (GS in Fig. 3). Vertical component of the average deformation
velocity generated from ERS (a) and Radarsat (b) data. Color scale as in Fig. 4b. The location
of PS from ascending (square) and descending (circle) acquisition geometries is also reported.
The PS selected for the LOS mean deformation time series reported in Fig. 11 are within the
main subsiding area enclosed by the dashed line. The background in (a) and (b) are digital
color orthophotos acquired in 1998 and 2011, respectively. The subway tunnel (black line

with tracks) and the excavation area of the subway stations (blue box) are also reported.

Figure 11 - LOS mean deformation time series for Radarsat PS located in Municipio (Fig. 9)
and Garibaldi (Fig. 10) squares. Negative values indicate movement away from the satellite
along LOS. The selected PS are those enclosed in the area of maximum subsidence bounded

by the dashed line in Figs. 9 and 10.

Figure 12 - Poggioreale district (PD in Fig. 3). Vertical component of the average
deformation velocity generated from ERS (a) and Radarsat (b) data. Color scale as in Fig. 4b.
The location of PS from ascending (square) and descending (circle) acquisition geometries is
also reported. In the background, a digital color orthophoto acquired in 2011. The banked
railway lines (black line with tracks) and the elevated highway (thick white line) are also
reported. (c) LOS mean deformation time series for ERS (1992-2001) and Radarsat (2003-

2007) PS with the maximum deformation rate in the Poggioreale district. RS= Radarsat, A=
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ascending, B= descending. Negative values indicate movement away from the satellite along
LOS. The piezometric level variations with time are reported in blue (data from two wells
located at a distance of 600 m northwest from the banked railway; Allocca and Celico, 2008;
Corniello and Ducci, 2013). The average rates of the water table rise are also reported in m/yr.
(d) Oedometer test results of neapolitan volcanic soil ‘pozzolana’ (data from Pellegrino,
1967). The bleu arrows mark the cycle of loading. Note the collapse of the sample at constant

pressure when the water is added.
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District/Quarter

Max deformation value (mm/year)

1992-2001 (ERS)

Max deformation value
(mm/year)

2003-2007 (Radarsat)

Vomero-
Arenella

Scudillo Stella

Municipio

Square

Garibaldi Square

Poggioreale

-5.7

-1.6

-15

-1.3

-1.6

-5.6

-8.6

9.5

-10.5

-7.8

Table 1. Maximum values of the vertical deformation velocity measured in the selected zones of the

Napoli metropolitan area.



