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10 Abstract: The Volturno Plain is one of the largest alluvial plain of peninsular Italy. This area is

11 characterized by both natural and human induced subsidence, and is and most susceptible to coastal
12 hazards. The present study is based on post-processing, analysis and mapping of the available
13 Persistent Scatterer interferometry datasets, derived from combination of both ascending and
14 descending orbits of three different SAR satellite systems, during an observation period of almost
15 two decades (June 1992 - September 2010). The main output of the research work is a map of the
16 vertical deformation that provides new insights into the areal variability of ground deformation
17 processes (subsidence/uplift) of Volturno plain over the last decades. Vertical displacement values
18 derived by interferometric data post-processing show that the Volturno river plain is characterized
19 by significant subsidence in the central axial sectors and in the river mouth area, whereas moderate

20 uplift is detected in the eastern part of the plain. Other sectors of the study area are characterized
21 by moderate subsidence and/or stability. We infer that the subsidence recorded in the Volturno

22 plain is mainly a consequence of a natural process related to the compaction of the fluvial deposits
23 that fill up the alluvial plain. Anthropic influence (e.g. water exploitation, urbanization) can be
24 substantially regarded as an additional factor that only locally may enhance subsidence. The uplift
25 imaged in the eastern sector of the plain can be related to tectonic activity. The study of subsidence
26 in the Volturno plain is a valuable tool relevant for river flood analyses and coastal inundation
27 hazard assessment addressed to risk mitigation.

28 Keywords: SAR; alluvial plain; coastal areas; subsidence; Volturno; Italy.

29

30 1. Introduction

31 Most Quaternary alluvial coastal plains of the Mediterranean are affected by significant
32 subsidence due to the simultaneous occurrence of sinking of the ground due to natural and human
33  causes[l, 2, 3, 4] and acceleration of the global sea level rise [5]. Among the main potential drivers of
34 subsidence, there are tectonics [6], compaction of alluvial/coastal plain deposits [7], and fluid
35  extraction [8, 9]. Major effects of subsidence may include inundation of low lands, coastal erosion and
36  aquifer salinization, increased vulnerability to flooding and storm surges, structural damage to
37  infrastructures.

38 In the last decades, several techniques of satellite-based Synthetic Aperture Radar (SAR)
39  Interferometry (InSAR) have been used to assess ground-surface deformation, related to several
40 dynamic processes, such as subsidence, volcanism, seismicity and tectonics [10, 11, 12, 13, 14, 15, 16].
41  Two main different approaches have been developed to extract relevant information contained in the
42  phase values of SAR images: Differential SAR Interferometry (DInSAR) and multi-interferograms
43  SAR Interferometry (Persistent Scatterer Interferometry, PSI) techniques [17]. The DInSAR technique
44 depends on the processing of two SAR images of the same target area acquired at different times [18]
45  to detect phase shifts related to surface deformations (i.e. after an earthquake) occurring between the
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46  two reference acquisitions. This approach requires also an external digital elevation model of the
47  analyzed morphological surfaces, from which the topographic phase contribution is estimated and
48  removed from the interferogram. The PSI approach is based on the use of a long series of co-
49 registered, multi-temporal SAR imagery, for which the larger the number of images is, the more
50  precise and robust the results are [17, 19]. The PSI techniques allow producing maps of displacement
51  velocity, measured along the straight line between target and radar sensor (Line Of Sight), and follow
52 the temporal evolution of the displacement at each SAR acquisition epoch.

53 An overall, retrospective view on the spatial and temporal distribution of ground deformation
54  can be derived for the area of the Campania Region by space-borne multi-temporal DInSAR
55  techniques, based on the analysis of the C-band sensors onboard ERS-1/2, ENVISAT and RADARSAT
56  satellites. A number of Italian national and regional remote sensing projects have recently reported
57 several PSI processed datasets referred to Campania territory [20, 21, 22, 23, 24, 25, 26]. The various
58  datasets have been acquired as the result of implementation of different processing techniques, such
59 as Permanent Scatterers (PS-InSAR) [27], Persistent Scatterers Pairs (PSP) [19, 28, 29] and Small
60  BAseline Subset (SBAS) [30, 31, 32]. Integrated results from these techniques may provide very
61  accurate displacement measurements along SAR Line Of Sight (LOS), which yield accuracy in the
62 order of millimeters [27, 28, 29, 30, 31, 32, 33].

63 The use of SAR interferometry measurements to accurately analyze ground subsidence and/or
64  uplift processes of different origin has been already tested and validated in several sectors of
65 Campania Region [16, 33, 34, 35, 36, 37, 38]. In this research we use PS-InSAR and PSP datasets, both
66  relying on the analysis of pixels which remain coherent over a sequence of interferograms (PSI
67  techniques), as they are available for the entire study area over a relatively long time period (1992-
68  2010).

69 The aim of the present study is the quantitative analysis of the ground deformation trends
70  referred to about two decades (1992-2010), which characterize the alluvial plain of the Volturno River,
71  located in northern sector of Campania (Italy) (Fig. 1).

72 The research work was based on post-processing, mapping and interpretation of available
73 ground deformation datasets [13, 20, 21, 22, 23, 24], obtained from interferometric processing with
74 PS-InSAR and PSP techniques of ERS-1/2 (1992-2001), RADARSAT (2003-2007) and ENVISAT (2003-
75  2010) radar satellite scenes, provided by European Space Agency (ESA).

76 The Volturno plain has been largely investigated in recent years as a representative case of the
77  main land-use and hydro-geomorphological changes characterizing the urbanized coastal plains of
78  the Mediterranean Sea during the last half century. Environmental changes documented for the
79  Volturno coastal plain include dramatic alteration of alluvial channels, floodplain and the deltaic
80 environment, as well as coastline retreat [37, 39, 40, 41, 42]. Previous studies have suggested that the
81  considerable subsidence affecting the Volturno plain area may be interpreted as the result of a
82  negative balance between the groundwater recharge of the Volturno alluvial plain and the water
83  drainage by the channel system realized for industrial purpose and intense agricultural activity [16,
84  43]. Based on GIS overlay, Riccio [44] has pointed out, however, that there is no spatial correlation in
85  the Volturno plain between subsidence rates and the agricultural land use and/or livestock farming
86  and cattle breeding areas. Aucelli et al. [37] elaborated risk inundation maps for the coastal area of
87  the plain by comparing sea level rise forecasts and subsidence trends.

88 Our study presents a new quantitative scenario for ground deformation in the Volturno plain
89  following the method developed by Vilardo et al. [16]. Previous studies [16, 37] have referred only to
90  ERS-1/2 dataset, related to the time interval 1992-2000. The main purpose of this research was to
91  obtain a map of cumulated ground deformation for the study area over the period 1992-2010, relying
92  onthree different SAR datasets, provided by various satellites. The outcomes of our analysis are also
93  discussed on the basis of the geological setting of Volturno Plain and subsurface stratigraphic data.

94 2. Geological, geomorphological and land use framework

95 The Campania Plain is part of a large extensional sedimentary basin mostly formed during the
96  Quaternary between the western flank of the southern Apennines and the eastern Tyrrhenian margin
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97 [45, 46, 47, 48, 49, 50]. The plain is surrounded by calcareous-dolomitic mountain ridges (Fig. 1),

98  delimited by NW-SE trending regional normal faults, whereas its carbonatic and volcanic substratum

99 is affected by extensional tectonics with NE-SW, NW-SE and E-W trending faults [51, 52, 53, 54, 55].
100  Some of these lineaments correspond to normal faults that have been active since the Late Pleistocene
101 and display vertical slip rate in the order of 0.2 - 2.5 mm/yr [51].
102 The area was largely submerged by the sea water since mid-late Pleistocene, when extensional
103  tectonics accompanied by the onset of an intense volcanic activity, locally developed across the
104  continental margin [56]. At ca. 39 ky BP, a highly explosive eruption covered the entire Campania
105  Plain with an ignimbrite deposit, up to 55 m thick, known as Campanian Ignimbrite or Grey Tuff
106  (CGT) [57, 58, 59, 60]. This unit represents the substrate for the uppermost Pleistocene-Holocene and
107  recent sedimentation. A subsequent eruption, dated at ca. 15 ky BP [61], led to deposition of another
108  ignimbrite deposit, the Neapolitan Yellow Tuff (NYT), which is primarily exposed in the urban area
109  of Naples and at the Campi Flegrei (or Phlegrean Fields area). Tuff units (CGT and NYT) and related
110  ash deposits include most of the Quaternary volcaniclastic products cropping out in the Campania
111 Plain (Fig. 1).
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114 Figure 1. Geological map of the Campania Plain. Black frame indicates the study area.
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116 The latest Pleistocene-early Holocene (ca. 16 ky — 6 ky BP) sea-level rise caused a rapid flooding

117  of the lower paleo-Volturno incised valley, accompanied by the formation of a pronounced
118  embayment at the mouth of paleo Volturno estuary and a landward widening of the continental shelf.
119  Since ca. 6.5 ky BP a coastal progradational phase was established, allowing for the onset of the
120  present-day alluvial plain. The coastal area evolved as a wave-dominated delta system, with flanking
121  strandplains forming beach-dune ridges partially enclosing lagoon-marshy areas [62, 63] (Figs. 1 and
122 2). Beach and lagoon environments persisted up to 2 ky BP. Since then, crevasse splay and overbank
123 deposits filled most of the swamp areas. Evidence for a persisting progradational trend of the
124 shoreline is documented since the 3¢ century BC [39, 64]. During the last century, a significant
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125 shoreline retreat, related to the decrease in river sediment load, affected the Volturno River mouth,
126  particularly at the delta cusp [39, 41, 65].

127 The studied sector of the Volturno plain is characterized by a flat morphology (Fig. 3), with slope
128  lower than 5° and elevation ranging between 0 and 40 m a.s.1. from the coastline to the north of Capua.
129  The plain is bordered seaward by a 40 km long sandy beach, behind which a wide lowland area with
130  an elevation between 0 and — 2 m a.s.l. is present (Fig. 3). This area is regarded as the remnant of an
131  ancient barrier lagoon system [62, 66, 67, 68], and is characterized by clayey and silty alluvial deposits
132 (Fig. 2) locally interbedded with peat layers [42].
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135 Figure 2. Geological map of the Volturno Plain (based on Geological Map of Italy and stratigraphic data

136 [62, 63, 70]).
137
138 Most of the coastal plain marshy areas were reclaimed since the XVI century, allowing for the

139  development of agriculture and farming, but also severe urbanization along the coastal zone, at the
140  expenses of the beach-dune system, and along the river course, since the mid-1900s [42]. Human
141  activity often resulted in dramatic changes of the landscape, loss of coastal wetland and accelerated
142 coastal erosion [39, 40, 41, 65]. The effects of the above anthropic impacts are nowadays adding
143 complexity to a scenario characterized by long-term land subsidence and a predicted sea-level rise
144 [69].

145 The study area is incised by a network of natural and artificial streams, belonging to two major
146 hydrographic catchments, namely related to the Volturno River and Regi Lagni channel. The
147  relatively flat morphology of coastal plain is characterized by the occurrence of a topographic high
148  (up to 8-10 m a.s.l.) formed by Holocene dune ridge, that develops in NW-SE direction at ca 4 km
149  inland with respect to the present-day current shoreline. The ridge is locally interrupted by the linear
150 erosion associated with the course of the Volturno River, Regi Lagni channel and Patria Lake
151 emissary [37].

152 The Volturno plain is characterized by a locally high concentration of infrastructure (roads,
153  railways, etc.) and inhabited areas, both in coastal sectors (Castelvolturno and Mondragone towns)
154  and in inland areas (Capua, Cancello Arnone), where also several farming, agricultural and cheese
155  production activities are located.

156 Land use shows a strong agricultural activity in the Volturno plain, and indicates that fields are
157  almost all (81,1 %) farmed both in summer and in winter season. The urbanized environment
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158  represents a relevant percentage of the area (7,4 %), and it extends mainly along the coast. Grain
159  cereals and grass cultivations are prevailing, mostly in association to numerous zootechnical
160  activities of the area. Most of them are buffalo farming companies. Both cattle breeding and
161  agricultural activities require high amount of water.
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164 Figura 3 — Altimetry classes of the Volturno Plain from DTM with 70 m cell size.

165 3. Materials and Methods

166 Several interferometrically processed (PSI approach) datasets, derived by some Italian national
167 [23, 24, 25] and Campania regional [13, 20, 21, 22] remote sensing projects, are available for research
168  activity and territorial planning and monitoring.

169 Recent trends in ground deformations for the Italian territory have been made available by
170  processed sets of archive SAR images of ERS-1/2, RADARSAT 1 and ENVISAT satellites. The
171  interferometric processing was performed both at national scale, within the frame of the Not-
172 Ordinary Plan of Environmental Remote Sensing [23, 24] by means of the Persistent Scatterer Pair
173 (PSP) technique [19, 28, 29], and at a regional scale, within the activities of the TELLUS Project [13,
174 20, 21, 22] by means of the Permanent Scatterers (PS-InSAR) standard technique [27].

175 The PS-InSAR processing allows for detecting the displacements through time of man-made or
176  natural reflectors (Permanent Scatterers, PS), along the radar LOS. This is obtained, by separating
177  time-dependent surface motions, atmospheric delays, and elevation-error components of the
178 measurement [27, 71, 72, 73]. The main results for each PS consist of a time series of the variation in
179  the sensor-target distance along the LOS (ground deformation) over the entire acquisition period,
180 and include the annual average velocity of the displacement calculated by linear fitting. This
181 technique requires a master scene and a stable reference point, assumed motionless, to which the zero
182  in the time series and the relative measurements of deformation are respectively referred [27].

183 The PSP technique [19, 28, 29] overcomes some limitations of other PS standard methods. Thanks
184  to the pair-of-point approach, the PSP outputs are not affected by artifacts slowly variable in space,
185  like those depending on atmosphere or orbits, and guarantees very dense and accurate displacement
186  measurements, both for anthropic structures and natural terrains [19].

187 The ERS-1/2, RADARSAT and ENVISAT satellites provided a comprehensive archive of
188  imagery, which is currently used as a retrospective tool for historical interferometric monitoring of
189  ground deformations. With reference to the Volturno plain study area that extends for about 770 km?,
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190 354 images of ERS-1/2, RADARSAT 1 and ENVISAT satellite were used for PSI interferometric
191  processing in the source projects (Table 1).

192 The average incidence angles of LOS range from 22° to 34°, with a relevant difference between
193  ERS-1/2 - ENVISAT (22° to 25°) and RADARSAT (32° to 34°) angles (Table 1). The ERS-1/2 reference
194  time range is from June 1992 to December 2001, whereas ENVISAT and RADARSAT acquisition
195  period ranges from November 2002 to July 2010 with overlapping datasets between March 2003 and
196  September 2007 (Table 1).

197 For the study area we have collected and post-processed six PS datasets (Table 2): a) ENVISAT
198 ascending orbit, b) ENVISAT descending orbit, ¢) RADARSAT ascending orbit, d) RADARSAT
199  descending orbit, e) ERS-1/2 ascending orbit, f) ERS-1/2 ascending orbit. The PS datasets include
200  about 506.000 PSs, identified within the study area with coherence higher than 0.65. The selected
201  datasets are characterized by negative mean values of displacement velocities in both ascending and
202 descending orbits (Table 2). Specific PSI techniques used for each dataset are also listed (Tab. 2).

203 Table 1. Orbital parameters of interferometrically processed [20, 21, 22, 23, 24, 25] satellite images.

LOS incidence Used

Satellite - Orbit Track / Frame Time range
angle scenes
ENVISAT - 05 Jun. 2003 —
) 36 /2781 22° 41
Descending 03 Jun. 2010
ENVISAT - 13 Nov. 2002
] 358, 129 / 819 25° 60
Ascending —30 Jul. 2010
RADARSAT - 4 March 2003
i 104 /S3 34° 52
Ascending —15 Sept. 2007
RADARSAT - 5 March 2003
) 11,111/8S3 32-33° 51
Descending -23 Aug. 2007
ERS-1/2 - 14 Jun 1992 -
] 129 /801 22° 69
Ascending 13 Dec 2000
ERS-1/2 - 8 Jun. 1992 -
) 36,265 /2781, 2783 23° 81
Descending 23 Dec. 2001
204
205 PS datasets have been georeferenced to projection WGS-84 UTM Zone 33N, and spatially
206  processed using GIS software. Each point of the four PS shapefile datasets is identified by coordinates
207  (North, East) and a set of attributes, including: a) identifier code; b) average velocity of entire
208  acquisition time period, expressed in mm year’; c) standard deviation of the average velocity; d)
209  coherence; e) a subset of measurements, expressed in mm, of the displacement along the LOS of each
210  PS. The PS coherence is a normalized index of the local signal-to-noise ratio of the interferometric
211 phase and reflects the accuracy of PS measurements [14, 74, 75, 76]. The PSI processing allows
212 obtaining very accurate measurements within 1.0 mmy/year for the PS average velocity along the LOS
213 by assuming a threshold value of 0.65 for coherence [33, 71, 75, 77, 78] thanks to the large number of
214  SAR images used for the processing (Table 1).
215 Due to the side-looking view of SAR satellite sensors, PS displacements are measured along the
216 LOS, which ranges from 22° to 34° in the study area (Table 1). The availability of both ascending and
217  descending datasets allowed for the evaluation of the vertical components of the deformation for the
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218  areas in common with both the acquisition geometries, based on simple trigonometric calculations
219 [16, 33]. We could extract only two spatial components of ground deformation (vertical and E-W
220  horizontal components), as the N-S horizontal component cannot be valued by the SAR satellite
221 acquisition system [16].

222 The mean displacement rates were used to derive the annual average ground deformation LOS
223 velocity maps for ascending and descending orbits of ERS-1/2, RADARSAT and ENVISAT PS data
224 by Inverse Distance interpolation Weighted (IDW) method. IDW approach is commonly used to
225  interpolate scattered points, thus allowing preservation of local variability of the data and suitable
226 results [37, 79, 80]. An interpolation method, consisting in a quadratic weighting power 2 within a
227 500 m radius neighborhood [16, 33], was used to obtain 50 m regularly spaced grids. The vertical
228  components of the mean annual velocity of the ground deformation were computed, using the
229  ascending and descending LOS velocities (VLOSasc and vLOSaesc) raster maps derived from ERS-1/2,
230 RADARSAT and ENVISAT data.

231 Table 2. Summary of PS datasets used in this study.
) PS velocity PS stand. PS ]
Satellite - PSI PS density
R . count - mean dev. - coherence
Orbit technique (num./km?)
(mm/yr) mean - mean
ENVISAT -
) PSP 105.319 -0.88 0.31 0.73 136.8
Ascending
ENVISAT -
. PSP 120.557 -0.40 0.39 0.77 156.6
Descending
RADARSAT -
i PS-InSAR 57.563 -1.32 1.31 0.84 74.8
Ascending
RADARSAT -
. PS-InSAR 55.324 -0.96 0.72 0.85 71.8
Descending
ERS-1/2 -
] PSP 73.694 - 1.08 0.73 0.73 95.7
Ascending
ERS-1/2 -
. PSP 93.480 -0.80 0.50 0.68 1214
Descending
232
233 The vertical component of the velocity was calculated by combining the vLOSasc and vLOSdesc

234 raster maps on pixels common to both maps [13, 16, 32, 33, 81, 82], assuming that the ascending and
235  descending LOS belong to the East-Z plane and the look-angle is the same for both ascending and
236  descending geometries. Based on these assumptions, we use equation (1) [16, 33]:

(vLOSdesc + vLOSasc)/2
vVert = 1)
cos(q)

237  where “v” is the displacement velocity vector of an investigated PS, vVert is the projection along the

238  Cartesian vertical axes, vLOSdesc and vLOSasc are the projections of velocity along different LOSs,
239  and q s the look-angle. For the calculation of vVert related to each satellite dataset we used a value
240  of q given by the average of the two LOS incidence angles of the ascending and descending orbits:
241  i.e.22.5° for ERS-1/2, 33.25° for RADARSAT and 23.5° for ENVISAT. The obtained 50 m spaced grid
242  maps show the distribution of the vertical components of ground deformation velocity in the
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243 Volturno Plain for the datasets 1992-2000 (ERS-1/2), 2003-2007 (RADARSAT) and 2003-2010
244  (ENVISAT).

245 In order to obtain a quantitative assessment of the subsidence process, we have calculated the
246  amount of vertical ground deformation based on the average yearly vertical velocity for each satellite
247 datasets and the number of years of the time interval to which they are referred (i.e. 9 years for ERS-
248  1/2, 2.5 years for RADARSAT and 5.5 years for ENVISAT, as the overlapping years of RADARSAT
249  and ENVISAT datasets count 0.5 year each). The result is a 50 m spaced grids map, showing the
250 cumulated distribution of vertical movements in the Volturno Plain, expressed in millimeters, for the
251  period 1992-2010.

252 4. Results

253 4.1. LOS wvelocity fields

254 The LOS velocity data distribution obtained by the post-processing of PS datasets is mainly
255  characterized by negative values in both ascending and descending orbits for all satellite datasets
256  (Table 3). The mean and median LOS velocity values are negative (respectively ranging from — 1.32
257  to — 0.40 mm/yr and from — 0.83 to — 0.01 mm/yr) for all datasets, showing an asymmetrical
258  distribution toward negative values, due to the general subsidence affecting the plain (skewness
259  ranging from -3.62 to — 1.49). The Quartile (Q1, Q3) values and the interquartile range (IQR) are
260  similar for all datasets (Table 3). The ranges of "normal" values (less and more than two standard
261 deviations away from the mean), that account for ca. 95% of all data, show very similar values for all
262  datasets (Table 3). This implies that the distribution of the most part (95%) of the data in all datasets
263  is homogenous, and describe a constant and persistent process of ground deformation at regional
264  scale. Only the extreme maximum and minimum values of velocity (representing ca. 5% of all data)
265  show significant differences, that are usually due to very local causes (e.g. instabilities of anthropic
266 structures or buildings, water extraction from the subsurface or infiltration).

267 Table 3. Data distribution statistics of LOS velocity data in the used datasets.
Satellite - std. . -2 )
. mean skewness Q1 median Q3 IQR +2 s.d. min max
Orbit dev. s.d.
ENVISAT -
) -0.88 214 -3.32 -1.20 -0.20 +0.30 150 -516 +340 -31.30 +7.80
Ascending
ENVISAT -
. -040 1.88 -3.16 -0.80 -0.01 +0.60 140 -4.16 +3.36 -28.10 +5.70
Descending
RADARSAT -
] -1.32  2.60 -1.49 -2.25 -0.83 +0.10 235 -6.52 +3.88 -34.25 +26.09
Ascending
RADARSAT -
. -096 245 -2.52 -1.49 -0.57 +021 170 -5.86 +3.94 -35.02 +16.51
Descending
ERS-1/2 -
/, -1.08 241 -3.62 -1.26 -0.46 +0.08 134 -5.90 +3.74 -38.87 +8.26
Ascending
ERS-1/2 -
/ . -0.80 223 -3.47 -1.05 -0.26 +0.31 136 -5.26 +3.66 -3722  +6.71
Descending

268
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269 Figure 4. Map view of range-change rate measurements (LOS velocity) of PS with coherence 20.65 of
270 the six used datasets: (a) ERS-1/2 ascending orbit; (b) ERS-1/2 descending orbit; () RADARSAT
271 ascending orbit; (d) RADARSAT descending orbit; () ENVISAT ascending orbit; (f) ENVISAT
272 descending orbit.
273 The spatial distribution of PS yearly average LOS velocity values is showed in different maps

274  for both ascending and descending orbits of ERS-1/2, RADARSAT and ENVISAT datasets (Fig. 4),
275  that show a similar geographical distribution of PSs. Most of the PS are concentrated along linear
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276 infrastructures (roads, railway, etc.) and over urban areas, where the concentration of buildings and
277  other manufactured structures is very high (Fig. 4). Even if areas of no data may locally occur, the
278  overall distribution of PS is sufficiently homogenous for a regional analysis of ground deformation.
279  If we consider the PS density (Table 2), we may observe that ERS-1/2 and ENVISAT datasets are
280  characterized by higher values, comprised between 96 and 157 PS/km? whereas RADARSAT datasets
281  are characterized by lower values of PS density (72 to 75 PS/km?). This difference depends on the
282  adopted procedure, as the PSP technique, used for ERS-1/2 and ENVISAT data processing, results in
283  adenser distribution of points for the measurement of displacement [19].

284 The spatial distribution of the mapped velocity classes display a common general trend in the
285  six datasets, even though some differences can be recognized in the different maps (Fig. 4). The lowest
286  LOS velocity values (lower than -10 mm/yr) are recorded in the central sector of the study area
287  (around Grazzanise) and along the Volturno River (Fig. 4). The Volturno river mouth shows
288  moderate negative LOS velocity values (-2 to — 10 mm/yr), whereas positive values (+ 2 to + 10 mm/yr)
289  arerecorded in the eastern sector (eastward Capua and San Tammaro cities).

290 More in detail, RADARSAT and ENVISAT datasets display higher positive values in the eastern
291  sector of the study area and less negative values in the central sector of the study area if compared
292 with ERS-1/2 datasets, showing some changes in the intensity of subsidence/uplift velocity during
293 the two decades of observation. Moreover, some datasets shows differences in the displacement rates
294  obtained from ascending and descending geometries.

295 RADARSAT datasets show some differences along the coastal area, near Castelvolturno, which
296  display higher subsidence in ascending datasets. RADARSAT and ERS datasets are characterized by
297  lower positive values in descending datasets in the eastern uplifting sector. Along the southern sector
298  of the study area, minor differences can be found between ascending and descending RADARSAT
299  and ERS datasets. These differences can be related to non-vertical movements affecting those sectors
300 like, for example, local displacement from East to West along the horizontal component of ground
301  deformation for the coastal area and the eastern sectors.

302 It is to be noted that the difference between LOS angles characterizing the two orbital systems
303 (32-34° vs. 22-25°) (Tab. 1) can only justify a difference of few mm/yr in the values of LOS velocity
304  referred to the same ground deformation phenomenon. Consequently only a minor part of the
305  discrepancy between RADARSAT AND ERS/ENVISAT datasets can be ascribed to the geometrical
306  differences in the satellite acquisition geometry.

307  4.2. Vertical components of ground deformation velocity

308 The maps of the vertical component of the displacement velocity, derived by the processing of
309  ascending and descending LOS velocities maps, shows that the study area has been characterized by
310  similar vertical velocity patterns over the periods 1992-2000 (Fig. 5a), 2003 - 2007 (Fig. 5b) and 2003-
311 2010 (Fig. 5¢c) time intervals.

312 All the vertical velocity maps (Fig. 5) indicate significant ground deformation in central-northern
313  part of the Campania plain, mostly concentrated along course of Volturno River and around
314  Grazzanise, with subsidence rates in the order of —33 to —15 mm/year, at least since the early 90's.
315  Wider areas, also affected by significant subsidence processes with rates of —15 to -5 mm/year, may
316  be found along the Volturno river channels in the central sector of the plain and along the lateral
317  flood plains, on the lowland area at the back of the dune system (Villa Literno) and at the estuary
318  area of Castelvolturno. An uplift sector with positive (uplift) rates of +0.25 to + 8 mm/year is detected
319  to the East of San Tammaro, in the eastern sector of the study area.

320 Even though the main ground deformation trends are consistent throughout the processed
321 datasets, the differences between subsiding and uplifting sectors appear more marked and extended on
322 the2003-2010 maps (Fig. 5b-c), which show uplifting sectors displaying rates up to + 8 mm/yr. Subsiding
323 areas of intermediate class (- 5 to -10 mm/yr), instead, appear wider on the 2003-2007 map (Fig. 5b).
324
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325 Figure 5. Vertical components of ground deformation velocity detected by interferometric processing
326 of ERS-1/2 (a), RADARSAT (b) and ENVISAT (c) datasets.
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When considering the differences in vertical velocity rates between RADARSAT and ENVISAT
datasets in the uplifting sector (Fig. 6), it can be seen that they are mainly limited to 1-3 mm/yr, with
RADARSAT velocity rates higher than in the case of the ENVISAT datasets. These differences, likely
depending on the different values of LOS incidence angle of the two orbital systems, may actually reflect
a net change in the intensity of subsidence/uplift velocity between the two periods. The same
considerations can be made for areas affected by subsidence, characterized by different negative values
in RADARSAT and ENVISAT datasets.

vertical velocity difference
mmiyr
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Figure 6. Differences in vertical velocity ranges between 2003-2007 RADARSAT and 2003-2010 ENVISAT
datasets in the uplifting eastern sector of the study area.

4.3. Subsidence assessment

A quantitative assessment (expressed in mm) of subsidence and uplift processes affecting the
Volturno plain has been obtained by calculating the cumulate amount of the vertical deformation of
ground surface derived by the average annual vertical velocity of the three processed satellite
datasets. The map of Fig. 7 shows that ca. 89% of the study area (685 km?) is characterized by negative
values (from 0 to — 417.4 mm) and only the remaining part, representing ca. 11% of the area (85 km?)
is characterized by positive values (from 0 to + 40 mm) in the analyzed time interval (1992-2010).
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Figure 7. Cumulated amount of vertical ground displacement estimated during 1992-2010.
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349 If we regard as stable the coastal plain sectors characterized by vertical ground movements with
350  values between +10 and — 10 mm (green, gray and light blue colors in the map of Fig. 7), we may
351  define a number of areas with a total extension of ca. 200 km? (26% of the study area), showing no
352 significant evidence of subsidence or uplift during the period 1992-2010 . Conversely, the central part
353  of the Volturno Plain shows a large area of 215 km?, corresponding to ca. 30% of the investigated area,
354  that displays subsidence values ranging from - 50 to - 418 mm. This sector is characterized by a
355  complex deformation pattern (Fig. 7) with the highest negative values (lower than - 200 mm) along
356  the course of the Volturno River between the cities of Cancello Arnone and Grazzanise. High
357  subsidence values (- 50 to - 200 mm) are found in the more external sectors of the alluvial plain, and
358 in the back-dune depressions, that extend for ca. 8 km?, in the vicinity of Villa Literno. The coastal
359  sector close to the Volturno river mouth (ca. 10 km?), is characterized by moderate subsidence values
360 (- 50 to - 150 mm), whereas the dune ridge system shows very slight subsidence or stability. Low
361  subsidence (- 10 to - 50 mm) also characterize the remaining sectors of the plain, to the North and to
362  the South of the Volturno River. The eastern sector (East of San Tammaro and Capua cities),
363  extending for ca. 40 km? and corresponding to ca. 5% of the investigated area, displays moderate
364  uplift with vertical ground movements between +10 mm and + 40 mm (Fig. 7).

365 5. Discussion

366 Vertical deformation values derived by post-processing of PSI datasets utilized in this study
367  indicate that the Volturno river plain is characterized by a complex trend of vertical ground
368  deformation during 19 years of observation (1992-2010). A moderate subsidence (between - 50 mm
369  and - 10 mm) has characterized most of the investigated area. Severe subsidence has been detected
370  in the central sectors of the plain, with ground deformation lower than - 200 mm along the course of
371 the Volturno River, and values lower than - 150 mm close to the river mouth. Conversely, the eastern
372 part of the study area, East of San Tammaro and Capua is characterized by the occurrence of a slightly
373  uplifting sector (Fig. 7).The maps realized in this study, based on results deriving from different
374  datasets (Fig. 5), indicate that the study area is generally characterized by consistent vertical velocity
375  patterns during the two periods of observation (1992-2000 and 2003-2010). LOS displacement time
376 series (Fig. 8) of some exemplificative PS located (Fig. 9) both in subsiding sector, near Grazzanise,
377  and in uplifting sector, near San Tammaro, display mainly linear trends, characterized by continuous
378  subsidence or uplift with similar rates through time. This behavior is substantially different from the
379  one that is observed in adjacent structural domain of the Campi Flegrei (Fig. 1). In fact, LOS
380  displacement time series (Fig. 8b) derived from selected PS located near Pozzuoli, clearly indicate
381  that the Campi Flegrei district is characterized by remarkably non-linear behavior of ground
382  deformation, due to repeated alternation between phases of uplift and subsidence, ostensibly related
383  with active volcano-tectonic processes occurring in the volcanic caldera [12].

384 The interpretation of mechanisms controlling ground deformation patterns in the Volturno Plain
385  is quite complex, as the entire coastal area has suffered from severe land use and profound landscape
386  modifications during the last three centuries [42]. On the coastal zone, especially along the shoreline
387  [37,42], a wild growth of both touristic and residential housing over the last decades has resulted in
388  adramatic environmental impact. The increasing construction load and water pumping activity have
389 in fact contributed, in turn, to enhance the longer-term subsidence rates due to tectonics [47, 48], as
390 suggested by a comparison of the 1992-2000 ERS-1/2 with the dataset (Fig. 4a) to 2003-2010
391 RADARSAT - ENVISAT datasets (Fig. 4b-c).

392 Vilardo et al. [16] have proposed that the subsidence characterizing the Volturno plain is mostly
393  due to the negative balance between the water recharge rates of the Volturno basin and the drainage
394  operated by the artificial channeling related to industrial and intense agricultural activities. The lack
395  of unequivocal correlation between subsidence trends and agricultural land use and zootechnical
396  farms location [44] seems to indicate that these human activities do not exert significant impact on
397  regional subsidence rates.

398
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401 Figure 8. Time series of exemplicative PS located in the study area: a) comparison between time series of
402 PSs located near San Tammaro in uplifting sector (PS codes: A2TJU, BKG]JB, 0004u0018sR); b) comparison
403 between time series of PSs located near Grazzanise in subsiding sectors (PS codes: A3BFZ, A62FM,

404 0004u0015qx) and PS in Phlegrean Fields area (PS codes: A9TLO, BACQE, 0004u002nk0).


http://dx.doi.org/10.20944/preprints201711.0112.v1
http://dx.doi.org/10.3390/geosciences8010008

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 November 2017 d0i:10.20944/preprints201711.0112.v1

15 of 22

405 The overlay of the main trends of subsidence with a geological map of the study area (Fig.
406  9)suggests, instead, that vertical ground deformation could be partly controlled by the lithology and
407  stratigraphic architecture of geological units forming the subsurface of the alluvial plain.

408 The occurrence of several tens of meters thick Holocene alluvial deposits in the axial zone of the
409 Volturno plain, between the cities of Capua, Grazzanise, Cancello Arnone and Castelvolturno, and
410  subordinately at the Volturno River mouth, suggests that the high subsidence values (from — 30 mm
411  to - 418 mm) recorded in this area may be affected by the nature of the subsurface geological units
412 (Fig.9). Particularly, the highest subsidence values (lower than — 170 mm) detected in the vicinity of
413  Grazzanise and Castelvolturno may be correlated with the occurrence of thick peat layers in the
414  subsurface. These layers are characterized by successions of organic clays, peat layers and alluvial
415  brackish deposits (Coastal plain, Swamp and Lagoon deposits) (Fig. 10) that are easily compressible
416 by lithostatic load [37, 62, 63]. They were formed as a result of the accumulation of flood plain
417  sediments by the Volturno river during the transition between the late phase (Early-Middle
418  Holocene) of the post-glacial marine transgression and the Late Holocene progradation of the
419 Volturno delta system [62, 63 ]. In these areas, subsidence has been ostensibly driven by enhanced
420  sediment compaction following the rapid progradation of the coastal environments during the
421  Holocene [37, 63].

422 This peculiar geological setting, also common to other major deltas of the Mediterranean region
423  and Asia, can be recognized in the stratigraphic section of Fig. 10. Recent studies [7, 83, 84, 85, 86, 87]
424  have suggested that natural compaction of alluvial/coastal plain deposits may cause subsidence of
425  several millimeter/year, especially in organic-rich deposits, although still poor information exists on
426  the magnitude of the expected compaction rates.

427
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429 Figure 9. Correlation between cumulated amount of vertical ground displacement classes, mapped in

430 classes with wide thresholds to better highlight the main trends, and geology maps.
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431
432 Figure 10. Correlation between stratigraphy and vertical velocity of displacement detected by SAR data.
433
434 The enhancement of the natural subsidence process may result from the uncontrolled

435  groundwater exploitation, especially in the urban areas of the inner sector of the plain and along the
436  coast, where the highest values of subsidence can be observed (Fig. 5).

437 In the north-eastern sector of the study area, the Campanian Ignimbrite tuff, locally covered by
438  thin pyroclastic layers or alluvial and colluvial deposits, represents the main relative bedrock (Fig. 9
439  and 11). These tuffaceous units are formed mainly by consolidated rocky materials, and are
440  substantially unaffected by the compaction processes due to secondary consolidation occurring
441  under the lithostatic load of thick alluvial deposits. This geological setting may explain why
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442  subsidence processes do not affect areas where the Campanian Ignimbrite and associated
443  volcaniclastic covers units occur at shallow depth beneath the ground surface.

444 Unlike the central area of the Volturno delta Plain, the eastern sector of the study area is
445 characterized by a slight uplift (values from + 10 to + 40 mm during 1992-2000) (Fig. 9). Uplift appears
446 to be continuous during the analyzed time intervals (1992-2000, 2003-2007 and 2003-2010) (Fig. 5).
447  When analyzing displacement time series (Fig. 8a), we may observe a change in uplift rates between
448  the two decades of observation, as already detected from maps of Fig. 5. Minor oscillations possibly
449  related to annual episodes of rainfall and groundwater variations can be also identified. Actually, the
450  uplifting sector is bounded to the south by the lateral termination of an E-W trending normal fault,
451  known as the “Cancello fault” [51]. This tectonic element is located south of Marcianise (Fig. 6), and
452  hasa vertical slip rate of ca. 1 mm/yr from 130 ky to the present day, estimated on the basis of morpho-
453  tectonic analysis [51]. The area to the north to the fault is characterized by average uplift between 1
454  and 4 cm in 19 years, corresponding to a vertical rate of 0.5 to 2 mm/yr. This scenario seems to be
455  compatible with an active tectonic uplift component controlled by the "Cancello" fault activity and
456  its estimated vertical rates. The south-western structural boundary between uplifting and subsiding
457  sectors is tentatively interpreted as a fault zone, located between Casal di Principe and San Tammaro

458  (Fig.9).
459
0, —
1 Alluvial deposits
10 1 T campanian Grey Tuff -
I | | ignimbrite
1
20 Campanian Grey Tuff -
1 pyroclastic loose deposifts
30 b |
|
I
40 | Sands
1
e
50
460 Borehole SMCV 052
461 Fig. 11 — Example of a borehole stratigraphy inside the uplifting sector. For borehole location,
462 see Fig. 9.
463 6. Conclusions
464 The analysis and interpretation of three SAR datasets of ascending and descending orbits

465  acquired over the Campania coastal sectors during the period June 1992 — July 2010 provides new
466  insights into the spatial variability of vertical ground deformation (subsidence/uplift) of Volturno
467  River coastal plain. These data are in agreement with the long-term tectonic subsidence process
468  affecting the whole Tyrrhenian margin [45, 46, 47, 48].

469 Ground deformation occurring in the Volturno plain resulted to be fully detectable by the SAR
470  techniques. With reference to a period of about twenty years (1992-2010), we have documented a
471  significant, continuous subsidence in some sectors of the alluvial and coastal plain and a moderate
472 uplift in the eastern sector of the plain. Ground deformation patterns have been consistently imaged,
473 even though with minor differences, by the different SAR datasets.

474 Integration of the three datasets has provided advantages with respect to the use of a single
475  dataset:

476 1. By averaging and cumulating the different dataset we have minimized the contributions
477 resulting from the different acquisition geometry (LOS angles) and SAR technique processing
478 (PS-InSAR and PSP) of ERS-1/2 - ENVISAT satellites with respect to the RADARSAT satellite;
479 2. By using multi-annual time series with different duration we have encompassed a longer time
480 period of observation, so that the final results of cumulated amount of vertical ground

481 displacement is less affected by local and short-term changes.
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According to our interpretation, subsidence of the Volturno plain can be regarded as a natural
process, mainly due to the compaction under lithostatic load of the alluvial/transitional sediments
fill. The magnitude of recorded subsidence was found to be greater where peat layers occur in the
subsoil. Conversely, anthropic influence (e-g- water pumping, urbanization) can be only considered
as an additional factor that may locally enhance subsidence processes. The detected uplift involving
the eastern part of the study area is likely compatible with the tectonic activity already documented
in the area [51].

The results of this study confirm the fundamental importance of using SAR data for a full
understanding of rates and patterns of the recent ground deformation over coastal plain regions
within tectonically active continental margins. They also provide a valuable tool for a correct
territorial management strategy addressed to coastal risk mitigation.
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