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ABSTRACT 
Variations in piezometric levels due to natural and anthropogenic factors can 
cause vertical ground deformations, often with significant consequences for 
urban environments. This study investigates the pyroclastic-alluvial aquifer 
of the Sarno Plain (southern Italy) to analyze piezometric level changes and 
ground deformations at basin and local scales, covering the periods 1978–2021 
and 1993–2020, respectively. A GIS-based hydrogeological database was 
developed, integrating piezometric and hydrostratigraphic data from literature, 
local archives, and new field surveys. Ground deformations were assessed using 
Differential Interferometry SAR (DInSAR) data from four constellations, with 
mean displacement rate maps and time series generated through the DInSAR 
technique. At the basin scale, four sectors showed the largest piezometric 
variations, with drawdowns exceeding -10 m and rises up to +8 m. Subsidence was 
prevalent across wide portions of the plain, with rates exceeding -10 mm/yr, while 
uplift occurred mostly in scattered, localised areas. In four selected areas—two 
experiencing piezometric drawdown and subsidence, and two with piezometric 
rise and uplift—time series comparisons highlighted a good correspondence 
between piezometric changes and ground deformation. Moreover, local 
hydrostratigraphic conditions influenced the deformative response, with the 
largest displacements observed under phreatic aquifer conditions and in areas 
with compressible peaty and clayey layers.

KEYWORDS: piezometric variations, subsidence, uplift, DInSAR, 
southern Italy.

INTRODUCTION

Ground deformations associated with fluctuations in 
groundwater levels have been recognised on a global scale, posing 

georisk to human activities and urban settlements in certain 
instances (Tang et al., 2022; Yang et al., 2019). The quantitative 
characterisation of hydrogeological basins, along with the natural 
and anthropogenic processes involved, is crucial for the proper 
management of groundwater resources and their use in fresh-
water supply (Alberti et al., 2022; UN Water, 2022). Conversely, 
mismanagement of groundwater resources exacerbates 
hydrogeological imbalances, often resulting in overexploitation, and 
subsidence induced by groundwater extraction is well-documented 
in the scientific literature (Galloway, 2013; Guzy & Malinowska, 
2020; Pacheco-Martínez et al., 2013). This phenomenon is mostly 
related to aquifer compaction for reduction in pore pressure (Liu et 
al., 2019). On the other hand, uncontrolled cessation of pumping 
can trigger groundwater rebound phenomena (Allocca et al., 
2022), causing piezometric levels to recover and possible ground 
uplift (Chen et al., 2007; Coda et al., 2019a; Teatini et al., 2011). 
Moreover, several studies reported the occurrence of uplift for 
rising of piezometric levels due to water injection (Teatini et al., 
2011) and artificial groundwater recharge (Zhang et al., 2015).

Currently, the most commonly used approaches to address 
ground deformations induced by piezometric variations resort to 
remote sensing for deformation monitoring and to geotechnical 
modelling (Guzy & Malinowska, 2020). In particular, satellite 
technologies offer significant advantages over in situ measurements, 
enabling scientists to conduct regional-scale mapping and monitor 
ground deformation more cost-effectively (Tomás et al., 2014). 
Among these technologies, the DInSAR technique is particularly 
widespread for understanding the spatial extent and temporal 
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evolution of such phenomena (Bonì et al., 2016; Coda et al., 2019b; 
Tessitore et al., 2016; Vilardo et al., 2009).

In this study, the piezometric variation and vertical ground 
deformation, both negative and positive, were analyzed in the 
pyroclastic alluvial aquifer of the Sarno River plain (southern 
Italy) at both basin and local scales. Several studies conducted 
in specific sectors of this area highlighted the cause-effect 
relationship between groundwater depletion induced by pumping 
and subsidence (Fabbrocino et al., 2007), as well as subsidence 
due to a combination of natural and anthropogenic factors 
(Valente et al., 2021). Over the last 20 years, changes in land and 
groundwater use have led to sector-specific rises in piezometric 
levels. Therefore, the evolution of piezometric levels from 1978 to 
2021 was reconstructed using historical piezometric data and a 
new hydrogeological campaign. Ground deformation was detected 
using DInSAR data covering the period from 1993 to 2020. In 
addition to reconstructing updated piezometric and deformative 
trends at the scale of the whole hydrogeological basin of the Sarno 
River plain, the study aimed to analyze the deformative response 
across four sectors of the aquifer in relation to the magnitude of 
piezometric variation and local hydrostratigraphic characteristics. 

STUDY AREA 

The Sarno River plain (Fig. 1a) is a coastal pyroclastic alluvial 
plain that extends for about 170 km². It is the southern extension 
of the Campanian plain and is bordered to the west by the Somma-
Vesuvius volcanic complex, to the east by the carbonate reliefs 
of the Sarno Mts. and Lattari Mts. and it is separated to the 
north-west from other sectors of the Campanian plain by both a 
morphological and underground watershed. Morphology of study 

area is essentially flat with altitude variable between 0 and 70 m 
a.s.l. in the plan sectors, while values up to 325 m a.s.l. are reached 
in the limited piedmont areas.

From a hydrogeological point of view, on a basin scale, there is 
a single underground groundwater body (De Vita et al., 2018), albeit 
characterised by marked heterogeneity and anisotropy mainly due 
to the presence of a discontinuous tuffaceous aquitard attributable 
to the Campanian Ignimbrite eruption (Phlegraean Fields; 39ky) 
(Ducci et al., 2012). 

Aquifer recharge occurs not only through direct infiltration but 
also via transfers from the Somma-Vesuvius aquifer, Sarno Mts. 
and Lattari Mts. carbonate hydrostructures that border the plain 
(Celico, 1983; Petrone et al., 2024). In the two carbonate aquifers, 
there are several tapping works for drinking water purposes 
(Petrone et al., 2024), both gravity-fed and through wells, located 
near the boundary with the plain. The plain is highly urbanised, with 
urban areas and industrial sites covering about 70% of its surface; 
the remaining part is predominantly agricultural.

DATA AND METHODS 

Stratigraphic and piezometric data

Figure 1b shows the flowchart of the methodological approach 
adopted for this study. The first step was the development of a GIS-
based hydrogeological database, including 165 stratigraphic logs 
(ubications are reported into supplementary materials) obtained 
from national databases, local administration archives, technical 
and scientific works, and seven piezometric contour maps sourced 
from the scientific literature. These maps correspond to the periods 
September 1978 (Celico, 1983), April 1992 (Celico & Piscopo, 

Fig. 1 - (a) Hydrogeological map of study area (modified after De Vita et al., 2018) and (b) flowchart of the adopted approach for this study.
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1995), March and May 2003, April and September 2005, and April 
2006 (Termolini, 2007). The contours were digitised and rasterised 
in the ArcMap environment (ESRI, version 10.8).

A new hydrogeological campaign was conducted in September 
2021, during which 122 groundwater points (piezometers, wells, 
and draining surface water bodies) were measured using Global 
Navigation Satellite System (GNSS) and a water-level dipper. 
Hydraulic heads were interpolated using the Empirical Bayesian 
Kriging (EBK) method (Gribov & Krivoruchko, 2020) via the 
Geostatistical Analyst tool implemented in ArcMap software (ESRI, 
version 10.8).

Piezometric variation at the basin scale was evaluated by 
calculating differences between the raster pair representing 
the entire period (1978–2021), and the sectors with the 
highest drawdown or rise were identified to reconstruct the 
local hydrostratigraphic setting and piezometric hydrographs 
considering the eight piezometric scenarios (i.e, September 1978, 
April 1992, March and May 2003, April and September 2005, April 
2006, and September 2021). 

Interferometric data and displacement analysis

DInSAR data provide ground deformation measurements for 
each satellite acquisition date, projected along the Line of Sight 
(LoS) direction. This enables the generation of mean displacement 

rate maps and time series. In this study, SAR data were obtained 
and processed as part of the Italian First and Third Not-ordinary 
Plan of Environmental Remote Sensing project, under a specific 
agreement with the Italian Ministry of Environment (MATTM). 
Specifically, 138 images captured by the ERS-1/2 satellites (66 
images in ascending geometry and 72 in descending geometry), 
105 images from the ENVISAT satellite (65 in ascending geometry 
and 40 in descending geometry), 35 descending images from 
COSMO-SkyMed, and 105 ascending images from Sentinel-1 were 
utilised. These datasets cover the monitoring periods of 1993–
2000, 2002–2010, 2012–2013, and 2016–2020, respectively, 
and were processed using the DInSAR technique. 

Finally, for the comparative analysis of piezometric and 
deformation time series at the sector scale, the Permanent 
Scatter (PS) points located within the representative areas of high 
piezometric variations were considered.

RESULTS AND DISCUSSION

Piezometric variation and ground deformation

The updated groundwater flow scheme is shown in figure 2a, 
reconstructed based on the hydrogeological campaign conducted 
in September 2021. The maximum piezometric levels, reaching 

Fig. 2 - (a) Piezometric map relative to the period September 2021 (piezometric contours are in grey and values are expressed in m a.s.l.), (b) piezometric 
variation for the period 1978-2021, and (c) evolution of the mean piezometric level. 
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up to 33.7 m a.s.l., are observed at the north-eastern and eastern 
margins of the plain. The hydraulic gradient is highly variable, 
reflecting the heterogeneity of the aquifer. The Sarno River confirms 
its role as a drainage feature, acting as a preferential groundwater 
flow direction in the inner sector of the plain. 

The analysis of piezometric variations at the basin scale over 
the entire period (1978–2021; Fig. 2b) reveals that approximately 
70% of the area is experiencing drawdown, with four sectors 
characterised by the most significant changes. The north-eastern 
(Sarno area) and south-western (Pompei area) margins show 
drawdown values greater than -10 meters. In these sectors, 
the drawdown is attributed to the presence of several active 
industrial sites with high pumping rates. In contrast, two sectors 
exhibit rising values up to +8 meters at the north-western margin 
(Palma Campania area) and the southern margin (Gragnano area), 
where intermittent reductions in pumping rates for industrial 
and drinking water use have occurred, triggering a groundwater 
rebound phenomenon similar to that observed in the adjacent 
hydrogeological basin of the eastern plain of Naples (Allocca et 

al., 2022). Based on the available data, the evolution of mean 
piezometric levels at the basin scale can be divided into three main 
phases (Fig. 2c): a decline period between 1978 and 1992, a rising 
phase up to the first half of the 2000s, and a subsequent decline 
continuing until 2021.

Figure 3 shows the mean displacement rate maps for the 
considered satellites and the respective periods. In general, 
negative rates prevail over positive ones, with values greater than 
-10 mm/yr, indicating extensive sectors affected by subsidence. 
This phenomenon has also been documented by other authors 
(Fabbrocino et al., 2007; Valente et al., 2021), who primarily 
attributed it to pumping activities and the natural compaction of 
compressible sediments. Specifically, in the north-eastern sector 
(corresponding to the Sarno area) and in the inner part of the plain 
along the NE-SW direction, subsidence is observed across all 
acquisition periods, except in the COSMO-SkyMed map (Fig. 3c), 
which shows a slight uplift (up to +5 mm/yr) during the 2012–2013 
period. Additional evidence of widespread uplift is highlighted in 
the western sector, as detected by the ERS satellite in descending 

Fig. 3 - Mean displacement rate maps relative to (a) ERS 1/2 (1993-2000 period), (b) ENVISAT (2002-2010 period), (c) COSMO-SkyMed (2012-2013 
period), and (d) Sentinel-1 (2016-2020 period) constellations. 



48

S. CODA ET AL.

geometry (Fig.  3a). For the ENVISAT (Fig.  3b) and Sentinel-1 
(Fig. 3d) satellites, positive rates are more localised and display a 
scattered distribution.

Integrated analysis of ground deformation

Comparing the time series of piezometric levels and 
LOS displacements in the four selected areas (Fig.  4), a clear 
correspondence between piezometric and deformation trends 
is observed, suggesting a cause-effect relationship between 
piezometric variations and ground deformations. This relationship 
is further supported by previous studies (Fabbrocino et al., 2007; 
Valente et al., 2021). In detail, the areas affected by piezometric 
rise, related to the groundwater rebound phenomenon, and 
ground uplift (Palma Campania and Gragnano areas) exhibit 
different deformation responses. In the Gragnano area, a maximum 
piezometric rise of +4.7 m corresponds to a deformation of +45 cm, 
whereas in the Palma Campania area, a smaller piezometric rise 
(+2.9 m) results in a LOS displacement of +119 cm. As observed 
in other sectors of the Campanian Plain (Coda et al., 2019b), local 
hydrostratigraphic conditions strongly influence the deformation 
rates. The Palma Campania area is characterised by incoherent 
pyroclastic deposits and phreatic aquifer conditions, which enable 
greater elastic deformability compared to the Gragnano area, 
where the aquifer is semi-confined by Campanian Ignimbrite tuff. 

The presence of highly compressible layers significantly influences 
subsidence rates in areas affected by piezometric drawdown. 
Specifically, the Sarno area experiences greater subsidence (-192 
cm) compared to the Pompei area (-82 cm), with piezometric 
drawdowns of -14.4 m and -9.2 m, respectively. Both areas exhibit 
phreatic conditions, but the higher subsidence observed in the 
Sarno area is attributed to the high compressibility of its peaty and 
clayey layers, rather than solely to the magnitude of the drawdown.

CONCLUSIONS

This study reconstructs the piezometric evolution of the coastal 
pyroclastic alluvial aquifer of the Sarno Plain during the period 
1978–2021, based on literature data and new field surveys. It 
also analyzes ground deformations detected using SAR data. The 
multiscale analysis provides a preliminary characterisation of the 
ground’s deformative response to piezometric variations, considering 
local hydrostratigraphic settings; in the four selected sectors of the 
study area, the highest negative and positive LOS displacements 
are detected in correspondence of highly compressible layers and 
phreatic condition of the aquifer. The developed hydrogeological 
database and the obtained results represent a basis for further 
studies aimed at investigating the causes of piezometric variations 
and the associated deformative mechanisms. 

Fig. 4 - Comparison between hydrostratigraphic characteristics and time series of piezometric levels and LOS displacements in the four selected sectors. 
Hydrostratigraphic layers: fine (PAf) and medium-coarse (PAc) pyroclastic, marine and alluvial deposits; carbonate conglomerate, breccias and debris 
(CB); peats and clays (Pt); fractured lavas (L); Campanian Ignimbrite tuff (CI). 
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