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Abstract 

The rise of groundwater levels (GWLr) is a worldwide phenomenon with several consequences 

for urban and rural environment, cultural heritage and human health. In this thesis the 

phenomenon and its effects are analysed in two sectors of the Metropolitan City of Naples 

(southern Italy). These areas are the central sector of the eastern plain of Naples and the Cumae 

archaeological site in the western coastal sector of Phlegraean Fields. The triggering mechanism 

of GWLr is attributed to anthropogenic and natural causes, as the groundwater rebound (GR) 

process and the relative sea level rise due to volcano-tectonic subsidence of coastal areas.  

In the eastern plain of Naples, the interruption of pumping for public and private purposes 

occurred in 1990, leading to a progressive increase of piezometric levels with values up to 16.54 

m. Since the end of 2000s, episodes of groundwater flooding (GF) have been registered on 

underground structures and agricultural soils. The historical piezometric levels and a 

comprehensive conceptual model of the aquifer have been reconstructed, as well as a first 

inventory of GF episodes and the hydrogeological controlling factors of GF occurrence have been 

detected. The economic consequences of GF have been analysed for an experimental building of 

study area, in which a sharp increment of expenditures has been registered. These costs include 

technical and legal support, construction and maintenance of GF mitigation measures and 

electricity consumption.  

Others GWLr-induced phenomena have been recognised, as ground vertical deformation and 

variations of the groundwater contamination. A relationship between GWLr and ground uplift 

emerges from the coupled analysis of piezometric and interferometric data, referred to the 1989-

2013 period. The ground deformation occurs in response to the recovery of pore-pressure in the 

aquifer system, reaching an uplift magnitude up to 40-50 mm. In the 1989-2017 period, the 

piezometric levels and the concentrations of some natural contaminants in groundwater (Fe, Mn, 

fluorides) show opposite trends, conversely the same rising trend has been observed with 

nitrates. These different responses to piezometric rise are related to the lack of mobilization of 

deep fluids due to the interruption of pumping and to the reduction of the surficial contaminants’ 

time travel caused by a shorter thickness of the vadose zone. 

In the western sector of Phlegraean Fields, the naturally triggered GWLr has caused GF in the 

Cumae archaeological site for the last decade, threatening safeguard and conservation of the 

archaeological heritage. From an integrated hydrogeological, hydrochemical and isotopic survey, 

a considerable contamination of groundwater resulted, due to the presence of rising highly 

mineralized fluids, mobilized during pumping periods, and others anthropogenic sources of 

contamination. 



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

2 

 

Lastly, a novel methodology for groundwater flooding susceptibility (GFS) assessment has been 

developed by using machine learning techniques and tested in the eastern plain of Naples. Points 

of GF occurrence have been connected to environmental predisposing factors through Spatial 

Distribution Models’ algorithms to estimate the most prone areas’ distribution. Ensemble Models 

have been carried out to reduce the uncertainty associated with each algorithm and increase its 

reliability. Mapping of GFS has been realized by dividing occurrence probability values into five 

classes of susceptibility. Results show an optimal correspondence between GF points’ location 

and the highest classes (93% of GF points falls into high and very high classes). 

The results of this research provide new knowledge on the GWLr phenomenon that has impacted 

a large territory of the Metropolitan City of Naples. The methodological approach used can be 

exported in others hydrogeological contexts to characterize GWLr and its impacts. In addition, 

the implemented GFS methodology represents a new tool to assist local government authorities, 

planners and water decision-makers in addressing the problems deriving from GF, and a first 

step for the evaluation of GF risk as required by Italian and European legislation.   
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1 

Introduction 

The phenomenon of rise of groundwater levels (GWLr) represents a current issue of 

Urban Hydrogeology, particularly in the context of climate changes and in order to make 

cities more resilient and safety to every kind of geo-risk. This phenomenon is widely 

diffused at global scale and it can generate several dangerous and damaging 

consequences for urban and rural environment, cultural heritage and human health.  

This thesis, included in the PhD program in Earth Sciences, Environment and Resources 

of University of Naples Federico II, presents the results of a thorough study about GWLr 

and its effects in the Metropolitan City of Naples (southern Italy). In this area, GWLr has 

been originated by the groundwater rebound phenomenon and other types of natural 

triggering mechanism. The first was strictly connected with the sharp reduction of 

groundwater abstraction from some drinking water well-fields, occurred at the end of 

1980s, leading to a progressive piezometric level recovery. The main effect is 

groundwater flooding (GF) of civil engineering structures, agricultural soils and 

archaeological sites. As further consequences, ground deformations and hydrochemical 

variations of groundwater have been registered.  

The natural triggering cause of GWLr is related to subsidence in coastal areas, caused by 

volcano-tectonic deformation. This process has led to relative increase of sea level and 

migration of groundwater discharge zone, causing upstream lifting of piezometric levels. 

Therefore, this study has been conducted by using hydrogeological, hydrochemical, 

remote sensing and machine learning methodologies, to investigate GWLr and its 

impacts. 

During the PhD course, in the period November 2017 – March 2021, the outcomes of the 

different aspects of the main issue have been presented to Italian and international 

conferences and published in scientific journals. Part of the scientific production has been 

selected and reorganized for the writing of this thesis. In each chapter the content of a 

scientific paper or conference proceeding is reported, homogenizing their formatting and 

avoiding as much information redundancy as possible.  

The thesis is structured as follow. Chapters are divided for study area and topic. In 

Chapter 2, GWLr and its effects in a central sector of the easter plain of Naples, 
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corresponding to Casalnuovo di Napoli and Volla municipalities, are described. In 

particular, Chapter 2.1 is focused on GWLr and GF. These phenomena are framed at 

global scale, reporting and comparing several case studies divided for triggering 

mechanism. Causes and dynamics of piezometric rise and, the hydrogeological, 

hydrographic and structural factors controlling GF are explained. Chapter 2.2 deals with 

ground uplift related to GWLr, detected comparing piezometric and interferometric data. 

In Chapter 2.3, variations of groundwater hydrochemical characteristics, associated to 

GWLr, are explained. In Chapter 2.4, a socioeconomic analysis of GF in the northern 

sector of study area is reported. In Chapter 3, ground vertical displacement and GWLr 

are analysed in the Lufrano and Acerra well-fields areas, considered as the core of 

groundwater rebound. Chapter 4 is focused on the Cumae archaeological site 

(Phlegraean Fields), affected by GF. A hydrogeological, hydrochemical and isotopic 

characterization has been carried out to evaluate natural and anthropogenic 

contamination of groundwater, which can threaten conservation of the archaeological 

heritage. In Chapter 6, a novel methodology for GF susceptibility assessment is proposed, 

based on GF inventory, hydrogeological factors and land use, and employed through 

Machine Learning techniques. A summary of the main results and future prospects for 

research are reported in Chapter 6. Lastly, the whole scientific production is listed in 

Chapters 7.       
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2.1 

Groundwater rebound and flooding in the Naples’ 

periurban area (Italy) 

Allocca V.1, Coda S.1, Calcaterra D.1, De Vita P.1 

1 Department of Earth Science, Environment and Resources, University of Naples Federico II, 

Naples, Italy 
Corresponding author: vincenzo.allocca@unina.it        

Abstract 

Groundwater bodies in the urbanized and densely populated aquifers or coastal 

floodplains may be subjected to groundwater rebound (GR), often causing serious risks 

of groundwater flooding (GF) to underground structures and infrastructures.  

In this paper we present the results of a study carried out in the Naples’ periurban area 

(Italy) to: investigate the dynamics and features of GR and GF phenomena; map flooded 

sites during 2013-2015 period; provide an interpretative analysis of the factors that 

control the GF of private buildings and agricultural lands. 

At the municipality scale, since 1990 and until 2015, a remarkable and widespread GR 

was observed, with magnitude up to +16,54 m, triggering an unexpected GF of basements 

of buildings and agricultural soils. Field surveys proved that there is a time delay of the 

GF, ranging from 17 to 20 years, compared to the start of GR. Moreover, inhomogeneous 

distribution of flooding episodes is controlled by anthropogenic and natural factors. The 

obtained results are fundamental to design mitigation measures to groundwater flooding 

hazard, and offer new perspectives to make Naples’ periurban area more robust, smart 

and resilient against this new hydrogeological risk, undervalued by Italian legislation 

and local authorities. 

Key words: groundwater rebound, groundwater flooding, aquifer mismanagement, land 

use change, urban hydrogeology. 

Allocca, V., Coda, S., Calcaterra, D., De Vita, P., 20XX. Groundwater rebound and flooding in 

the Naples’ periurban area (Italy). Journal of Flood Risk Management, submitted in February 

2020, re-submitted in May 2021 after the 2nd round of revision.  

mailto:vincenzo.allocca@unina.it
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1. Introduction 

Urban transformations, climate changes, land use and groundwater use changes have 

caused groundwater levels rising (GWLr) phenomena worldwide. Indeed, GWLr has 

been observed in many areas of the world (Wilkinson, 1994; Howard & Israfilov, 2002; 

Schirmer et al., 2013) and it is considered a current and global issue and an urgent 

scientific task of the Urban Hydrogeology. 

As it will be detailed in the next Section, GWLr may have natural or anthropogenic origin, 

cause severe socio-economic, environmental and health impacts and have different 

triggering mechanisms (Kreibich & Thieken, 2008) that operate at different spatial and 

time scales, from basin, large cities to individual sites and occasional, seasonal to decadal 

periods.  

Among the main anthropogenic causes of the GWLr there is the reduction in abstraction 

rates of groundwater following a period of high groundwater pumping or 

overexploitation which kept groundwater levels artificially low. This triggering 

mechanism of the GWLr is named groundwater rebound (GR) (Crosta & De Caro, 2018). 

It is typical of urban centres and rural areas developing on unconfined aquifers, and is 

also observed in abandoned deep mine zones, where decline in anthropogenic activities 

and then the arrest or uncontrolled reduction of pumping groundwater allowed previous 

depressed groundwater levels to recover. GR can cause various negative effects such as 

the ground uplift and deformation of aquifer systems (Chen et al., 2007; Yang et al., 2019), 

and groundwater flooding (GF) namely “the emergence of groundwater at the ground surface 

away from perennial river channels or the rising of groundwater into the man-made ground, 

including basements of buildings and other subsurface infrastructure” (Macdonald et al., 2008; 

2012). GF phenomenon may have natural and anthropogenic origin, and its impacts can 

be severe on the environment, cultural heritage, utility activities and human health, and 

can cause significant socio economic damages and costs (Azuma et al., 2014). 

Among the major urban areas of the world affected by GR and GF phenomena there is 

the Naples metropolitan area. In this mixed-land use area, since the early 90s a 

widespread GR phenomenon is in progress caused by a drastic reduction and 

interruption of groundwater pumping from public and private wells. Some previous 

studies based on literature data have analysed GR phenomenon at the large scale (Allocca 

& Celico, 2008). Others recent studies analysed others GR-induced phenomena at local 
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scale, such as ground uplift by an integrated use of hydrogeological and DInSAR 

monitoring data (Coda et al., 2019a, b), and as variation of groundwater contamination 

level (Coda et al., 2019d). However, within Naples’ periurban area, it is still missing a 

monitoring-based systematic analysis of the GR and GF phenomena; similarly, a 

mapping of flooded sites of structures and agricultural soils is still absent. This research 

aims to fill these gaps and advance the understanding of GR and GF phenomena 

occurring within Naples’ periurban area at the municipality scale. From a methodological 

point of view, our paper contributes to providing an integrated vision of origin, spatio-

temporal evolution and characteristic of GR and GF processes, in a “cause-effect” 

perspective, based on long-time hydrogeological analysis and flood and hydrogeological 

monitoring, as well as on numerous field geological data. 

Therefore, in this paper a deep investigation of both GR and GF processes at an 

experimental site of the Naples metropolitan area is carried out, exploiting a unique and 

long-lasting hydrogeological dataset, as well as new hydrogeological monitoring and 

field surveys performed in the 2013-2015 period. The study is focused on three main 

goals: (i) to develop a high-resolution 2D hydro-stratigraphic and hydrogeological 

conceptual model of the pyroclastic-alluvial aquifer system, based on stratigraphic logs 

of 149 boreholes and 127 wells; (ii) to characterize, at the municipality scale, GR and GF 

phenomena, to improve knowledge about their spatio-temporal dynamics; (iii) to map 

flooded sites during investigated period, by a citizen participatory approach, and analyse 

natural and anthropogenic factors that locally control GF of private buildings and 

agricultural lands. 

The paper is structured as follows. Section 2 provides an overview of the literature as to 

the various types of GWLr and GF phenomena. Section 3 describes the geological, 

hydrographic and hydrogeological characteristics of the study area, as well as land use 

and groundwater environment changes. Section 4 shows the data and the methodological 

approach used for the analysis of GR and GF phenomena, whereas Section 5 exposes the 

results obtained. Finally, in the Sections 6 and 7, result discussion and concluding 

remarks are presented). 
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2. GWLr and GF: an overview 

As already pointed out, GR is only one of the possible typologies of GWLr. Albeit not 

always GR (and GWLr) engenders GF, recent literature has pointed out that among the 

many possible triggering mechanisms of GF, the one activated by GR is increasingly 

observed, as we document below.  

To begin with, GWLr may have natural or anthropogenic origins (for the resume of case 

studies and references see Table S1 in supplementary materials), and the main natural 

causes listed in literature are: 

- increase of seawater level induced by climate change and glacial isostatic 

adjustment; 

- natural consolidation of compressible sediment layers or bradysismic/volcano-

tectonic land subsidence in coastal area, with consequent local sea-level increase; 

- seasonal variations of the rainwater infiltration and groundwater recharge by 

channel network, during and after heavy flash flood phenomena. 

Conversely, the main anthropogenic causes of GWLr so far investigated in literature are: 

- artificially increased groundwater recharge within the urban aquifers due to 

infiltration of imported water for domestic, irrigation and industrial 

consumption; 

- increased recharge to seepage from septic tanks systems or leakages from sewage 

systems, as well as increased recharge from leaking water mains and over-

irrigation of parks and gardens, irrigation canal leakage, irrigation return; 

- underground constructions (e.g. tunnels, deep foundations, underground parks, 

subway stations, basements of buildings) in saturated zones of urban aquifers; 

- anthropogenic land subsidence in coastal and estuarine area and consequent local 

sea-level rise; 

- reduction of abstraction of groundwater (i.e. GR). 

In accordance with Macdonald et al. (2008), Hughes et al. (2011) and Naughton et al. 

(2017), is possible to identify different scenarios of GF triggered by different mechanisms, 

that can be classified as having natural and anthropogenic origin (Table S2 in 

supplementary materials). In the first group it is possible to list: 
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- flooding in alluvial lowland related to the water table rising above the land surface 

in response to extreme high intensity and/or prolonged extreme rainfall in 

unconfined and consolidated aquifers; 

- flooding in small alluvial flatlands related to the rapid response of groundwater 

levels to precipitation and limited storage capacity in shallow and unconsolidated 

sedimentary aquifers with a good hydraulic connection with river networks; 

- flooding from groundwater in alluvial deposits by-passing or circumventing river 

channel flood defence structures; 

- flooding in lowland karst systems induced by ephemeral karst lakes (turloughs), 

or groundwater-induced flood occurs when intense groundwater discharge via 

springs and highly permeable shallow horizons discharges to the surface water, 

causing overbank flooding; 

- flooding in coastal lowland areas, driven by sea-level rise under climate changes 

or during and following severe storms. 

As to the GF triggered by anthropogenic causes, the list mainly includes: 

- flooding of underground structures creating barriers to groundwater flow; 

- flooding of basements of buildings, and subsurface structures and infrastructures 

induced by GR in urban centres and abandoned mine zones. 

The above provided conceptualization of the existing scientific literature clearly points 

out that GWLr and GF are multi-driven phenomena, widespread at global scale.  

The analysis of the main natural and anthropogenic causes of GWLr and GF, in different 

latitudinal and hydro-environmental, contexts has contributed to implement the 

methodological approach of this research. Indeed, the present study is concerned with 

the last category in the lists of anthropogenic GWLr and GF phenomena just described, 

as observed within the large territory of the Naples’ periurban area. 
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3.     Description of the study area 

3.1 Geology and geomorphology 

The study area, extended over about 14 km2, corresponds to the municipalities of 

Casalnuovo di Napoli and Volla, located within the Naples metropolitan area (Italy).  

From a geological point of view, the study area is located in the central-southern sector 

of the Campanian Plain (Fig. 2.1a), a large alluvial plain formed in the Pliocene-

Pleistocene by the filling of a regional semi-graben structural depression, which was 

originated along the western side of the southern Apennines, during the opening of the 

Tyrrhenian Sea. Starting from 300 k-yrs (Rolandi et al., 2003), an intense volcanic activity 

occurred across the Campanian Plain with the formation of the Phlegraean Fields and 

Somma-Vesuvius volcanic districts. In the last 25 k-yrs, in addition to the deposition of 

volcaniclastic products, further sedimentation and erosional processes led to the filling 

of the structural depression by 1000-3000 m of alluvial, marine and fluvio-palustrine 

sediments. 

According to the updated geological data (ISPRA, 2019), four geological complexes have 

been identified in the study area (Fig. 2.1d): Holocene pyroclastic-fluvial sediments (PF); 

ash-fall pyroclastic deposits (P), dated 39.3-39.8 k-yrs; Holocene pyroclastic, alluvial-

marine and palustrine sediments (PAP) as well as late Holocene volcanic and alluvial 

deposits (VA). Furthermore, the northern and central-northern sectors are characterized 

by a tuff horizon, corresponding to the Campanian Ignimbrite (CI), in a zeolitized yellow 

facies, dated 39.28±0.11 k-yrs (De Vivo et al., 2001). This tuff horizon does not crop out in 

the study area, being only recognizable in boreholes, with a thickness variable up to 40 

m. Specifically, in the central-southern and southern sectors of the study area (Fig. 2.1d), 

CI is absent due to erosion of paleo-Sebeto river and locally substituted by silt and clay 

deposits, as well as by lenses of peat and volcanic rocks (Bellucci et al., 1990). 

From a morpho-structural point of view (Figs. 1a and 1c), the study area is subdivided 

between two catchment basin, Regi Lagni to the north, and the Sebeto River to the south, 

latter known as Volla river. The northern sector, crossed by Santo Spirito stream (Fig. 1c) 

is part of the lowland floodplain of Regi Lagni, named the Acerra structural depression 

(Fig. 1a). The southern sector, crossed by Cozzone and Volla rivers and Reale Lufrano 

channel, is lowland floodplain of subsiding tectonic depression, the Sebeto Valley (Fig. 

1a) set on Quaternary-active faults such as the buried deep Magnaghi-Sebeto fault. In 
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these sectors, the landscape morphology is quite flat, with very gentle slopes, dipping up 

to 1%, and altitude varying from 25 to 12 m a.s.l., respectively. The two catchment basins 

are locally separated by a watershed divide, formed by the pyroclastic deposits of the 

Avellino plinian eruption (3780 yr B.P.) of Somma-Vesuvius volcano (Rolandi et al., 

1998), which crosses the central sector of the study area (Fig. 1c), where the ground 

surface reaches altitudes up to 45 m a.s.l., and slopes up to 4%. 

 
Figure 2.1 - a) Geological map of the Campanian Plain; b) Hydrogeological map of the eastern plain of Naples; c) 

Geomorphological setting of study area, and d) Hydrogeological setting of the study area. Legend of 1a), 1b) and 1c): 

1) Quaternary epiclastic deposits; 2) Quaternary volcanic deposits; 3) Miocene deposits; 4) Mesozoic Apennine 

platform carbonates; 5) Normal fault; 6) Groundwater contour line (m a.s.l.; Esposito, 1998, simplified); 7) Groundwater 

flow direction; 8) Groundwater divide; 9) Watershed boundary; 10) Isopach (thickness meters) of the ash-fall deposits 

of Avellino eruption (Rolandi et al., 1998); 11) Hydrographic network system; 12) Bolla aqueduct; 13) San Marcellino 

Meteorological Observatory rain gauge (SMMO); 14) Naples and Volla swamps’ reclamation Consortium boundary; 

15) Study area. Legend of 1d): 1) VA complex; 2) PF complex; 3) PAP complex; 4) P complex; 5) Sector with buried 

Campanian Ignimbrite (CI); 6) Sector with buried lava rocks; 7) Drainage network system; 8) Urban drainage system 

(culverts); 9) Tank septic system; 10) Cozzone (1) and Bolla (2) springs; 11) Deep well; 12) Shallow well; 13) River head 

monitoring point; 14) Monitoring station; 15) Artesian wells; 16) “Casa dell’Acqua” plant; 17) Borehole; 18) Cross-

section lines; 19) Study area.  
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3.2 Hydrography and hydrogeology 

With the exception of the central sector, the large part of the study area is generally 

characterized by a shallow water table and a drainage channel pattern which are typical 

of floodplain environments (Figs. 2.1b and 2.1d). Historically, the main watercourse was 

the Sebeto river. Subsequently, in Bourbon epoch (1600-1700) the hydrographic system 

of the Regi Lagni was artificially created: an ancient work of hydraulic reclamation, 

consisting of a network of channels dug to drain the ground and surface-waters of 

marshy Acerra tectonic depression. 

The central-southern sector of the study area shows typical morphological features of a 

swamp land, with a natural and artificial drainage micro-network and some natural 

emersion of groundwater circulation, represented by the Bolla and Cozzone springs (Fig. 

2.1d), which were active until the beginning of the 20th century (Fiorelli, 1926). The Bolla 

spring, located close to the “Casa dell’Acqua”, was tapped since the 4th century to feed 

the ancient homonymous aqueduct system serving the city of Naples (Figs. 2.1c and 2.1d).  

Due to its swampy features, the central-southern sector of the study area was interested 

by different hydraulic reclamation since 13rd century and a complex natural and artificial 

drainage network was established to control surficial and groundwater drainage toward 

the Sebeto river. Other drainage works were carried out later on, since 1917, with the 

institution of the Naples and Volla swamps’ reclamation Consortium, which is still active 

today (Fig. 2.1b). However, during the last century the most significant reclaiming 

interventions were realized by farmers of the floodplain, who manually excavated micro-

channels to irrigate agricultural fields and to canalise groundwater and surface-water 

(Caputo et al., 2000). 

This drainage system, which was constantly maintained and managed, consisted of (Fig. 

2.2e) longitudinal and transverse open ditches and furrows, that, by crossing and 

bordering the agricultural fields, created a micro-network interconnected with the main 

rivers (Fig. 2.2e). Furthermore, some farmers have always used an agronomic technique 

called “baulatura” (Bazzoffi and Nieddu, 2011), characterized by a convex profile of 

ground surface, with slight slopes to facilitate water drainage laterally. Starting from the 

second half of the 20th century, the change of land use (Figs. 2.2a and 2.2b) due to the 

quick and unplanned urbanization, industrialization and infrastructuring have deeply 

changed the original aspect of rural territory of floodplain, modifying and cancelling the 

ancient artificial drainage micro-network system. Today, Volla and Cozzone rivers, Reale 
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Lufrano channel and Santo Spirito stream represent the local drainage system of 

groundwater and surface water (Figs. 2.1d and 2.2f), and their hydraulic maintenance is 

entrusted to the Naples and Volla swamps’ reclamation Consortium (Fig. 2.1b). 

From a hydrogeological point of view, the study area is a sector of the pyroclastic-alluvial 

plain of Naples (Fig. 2.1b), where the groundwater circulation at basin scale can be 

considered unitary and interconnected with the Avella-Pizzo d’Alvano karst and 

Somma-Vesuvius volcanic aquifers (De Vita et al., 2018). At the local scale, the aquifer is 

characterized by a porous multi-layered system, recharged by direct effective infiltration 

(which was estimated equal to about 300 mm/year by; Allocca et al., 2014) and by 

groundwater flow coming from the upstream plain sector of the study area. Groundwater 

flow system is locally direct toward the Sebeto river and its tributaries (Fig. 2.1b). 
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Figure 2.2 - a), b) and c) Land use change at basin and locale scale; d) Demographic growth for Naples Metropolitan 

area and study area; e) and f) Macro and micro-network drainage system reconstructed for the 1943 (at 1:25000 scale) 

and 2015 years. 1) Urbanized area in the 1943-1956 period; 2) Urbanized area in 2015; 3) Agricultural area in 2015; 4) 

Railway infrastructure constructed in the 1890-1910 period (Circumvesuviana Rly and FS Railway); 5) Railway 

infrastructures constructed in the 1999-2007 period (TAV Rly Viaducts); 6) Road infrastructures constructed in the 

1955-1985 period (SP1 Rt, A16 Hwy, SS162dir Rt); 7) Micro-network drainage system; 8) Dismissed industrial site in 

the 1995-2010 period; 9) Lufrano well field; 10) Study area. 
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3.3 Groundwater use and land use changes 

The study area is one of the most densely populated urban areas of Italy, with nearly 

75,000 inhabitants and a population density of about 5,240 inhabitants/km2 among 

highest in Europe. Until the ‘30s of the last century, floodplain groundwater was mainly 

used by inhabitants of rural villages for agriculture and local drinking needs, using 

shallow wells and manual methods for lifting groundwater, like the water-wheel or 

ancient Arabic system named “noria”, moved by power-animals. Since the post-World 

War II, floodplain groundwater has been intensively exploited for drinking water, 

agriculture and industry needs through modern pumping systems based on submerged 

pumps. The most important water-tapping public project was the Lufrano well field 

realized during 1930-1946, with about 156 wells distributed on an area of several km2 

(Figs. 2.2a and 2.2b), to meet water demand of the city of Naples. In the ‘70s and ‘90s of 

the last century, the Ponticelli and Acerra well fields were realized respectively (Fig. 

2.2b), to provide drinking water to the hinterland of Naples. During this stage, a great 

number of unauthorized private wells for agricultural and industrial uses were realized 

with spatial density of 90-100 wells/km2. 

In the 1970-1989 period, an intensive use of groundwater resources by public and private 

wells occurred, causing a strong water balance disequilibrium and a groundwater over-

exploitation at the basin scale. Consequently, this disequilibrium determined a decline of 

piezometric levels and a deterioration of groundwater quality by the increase of nitrate, 

iron, manganese and fluoride concentrations, exceeding the acceptable drinking water 

standards (Celico et al., 1997). Due to such a groundwater quality deterioration, Lufrano, 

Acerra and Ponticelli well fields (Fig. 2.2a) were partially or totally abandoned and 

groundwater withdrawals were drastically reduced (Fig. 2.7). Since 1990s, private 

withdrawals for rural and industrial use have been drastically reduced, due to process of 

deindustrialization and land use change (Fig. 2.2b). The land use changed strongly due 

to the continue and exponential population growth (Fig. 2.2d), as well as the urban and 

economic development of Naples metropolitan area (Salvati, 2014; Mazzeo, 2009). At the 

basin scale, from 1956 to 2015 the urbanized zones increased from 11% to 41% of the total 

territory, while agricultural lands decreased from 88.7% to 59%. At the municipality scale, 

from 1943 to 2015 the urbanized zones increased from 2.6% to 67.2%, while rural areas 

declined from 97.4% to 32.8% (Figs. 2.2a and 2.2c). Furthermore, in the 1995-2010 period 

many industrial sites were dismissed and in the 1999-2007 period three great railway 
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viaducts of high-speed rail were constructed, with foundations characterized by deep 

piles with 1.20 m diameter and length up to about 41 m below the ground surface (Fig. 

2.2b). 

4. Data and methodologies 

4.1 Hydro-stratigraphic data 

Using a LiDAR dataset (http://sit.cittametropolitana.na.it/lidar.html), a Digital Elevation 

Model (DEM) of the study area, with 1×1 m cells, was implemented in a GIS environment 

and used for field surveys. A high-resolution 2D hydro-stratigraphic model of the 

pyroclastic-alluvial aquifer system was reconstructed based upon a considerable 

geological and hydrogeological database consisting of: i) deep stratigraphic data of wells 

available in literature (Coda et al., 2019a; Torrente et al., 2010), ii) new geological maps 

and cartographic data at 1:50.000 scale of Geological CARtography project (ISPRA, 2019), 

iii) stratigraphic data of wells and boreholes available in the Geoportal of Italian 

Geological Survey (http://portalesgi.isprambiente.it/en), iv) borehole records archive of 

Casalnuovo di Napoli and Volla municipalities.  

The geological and hydrogeological database is characterized by stratigraphic-lithologic 

logs of about 149 boreholes and 127 wells (Fig. 2.1c), with an average density around 11.0 

per km2, and depths variable between 10 and 450 m below the ground level (Table 2.1). 

All wells and boreholes data collected were organized in a georeferenced database, to 

manage stratigraphic features and to recognize the different stratigraphic units, marker 

horizons and lithofacies. For each borehole and well, a vertical log of hydraulic 

conductivity was obtained, assigning an average value for each lithofacies according to 

the Freeze and Cherry (1979), based on grain size and rocks types. This approach allowed 

to recognize the hydrogeological role of each lithofacies and geological formation, as 

aquifer, aquitard or aquiclude.  

Other information on geological and hydrogeological dataset used are summarized in 

Table 2.1. 

  

http://portalesgi.isprambiente.it/en
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Table 2.1 - Hydrogeological, meteorological and stratigraphic dataset. U.D. unavailable data; A, Agricultural; I, 

Industrial; D, Drinking.  

Hydrogeological and meteorological data 

Monitoring period Type Total 

number 

Density 

(No/Km2) 

Use Depth range 

(m) 

Source 

August, 1924 Well 85 6.07 A and D 4-12 Fiorelli (1926) 

February-

September, 1978 

Well U.D. U.D. A, I, D 

and D 

U.D. Celico (1983) 

March, 1989 Well 28 1.95 A, I, D 

and D 

10-60 Celico & De Paola 

(1992) 

January, 1993 Well 24 1.67 A, I and 

D 

10-70 Esposito (1998) 

February, 1994 Well 24 1.67 A, I and 

D 

10-70 Celico et al. (1995) 

February, 2002 Well 30 2.09 A, I and 

D 

10-70 Basin Authority of 

the North-Western 

Campania region 

(2004) 

November, 2013 Well 127 9.07 A, I and 

D 

10-60 Field campaign 

November, 2013 River head 28 1.95 \ \ Field campaign 

March, 2015 Well 127 9.07 A, I and 

D 

10-60 Field campaign 

March, 2015 - 

ongoing 

Piezometer 9 0.64 \ 10-30 Field campaign 

March, 2015 River head 28 1.95 \ \ Field campaign 

1924-2015 

(annual rainfall) 

2013-2015 

(monthly rainfall) 

Meteorologic

al station 

1 \ \ \ San Marcellino 

Meteorological 

Observatory (SMMO) 

Stratigraphic data 

Monitoring period Type Total 

number 

Density 

(No/Km2) 

Use Depth range 

(m) 

Source 

1980-2015 Borehole 148 10.34 Urban 

plannin

g 

10-60 Casalnuovo di Napoli 

and Volla 

municipalities 

database 

\ Borehole 1 0.07 Scientifi

c issues 

430 Torrente et al. 

(2010) 
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4.2 Hydrogeological data and drainage network density 

From November 2013 to March 2015, a six-month frequency hydrogeological monitoring 

of groundwater levels was carried out on 136 wells and piezometer and 28 river heads 

(Fig. 2.1d), using a water level meter. Furthermore, since March 2015 a high frequency 

data acquisition system by 9 monitoring stations with pressure sensors and data loggers 

was installed and used to carry out slug tests. To characterize GR phenomenon, a 

temporal comparison between historical groundwater levels, new piezometric 

measurements, annual and monthly meteorological data, and groundwater pumping 

data was performed. To such a purpose, multi-temporal maps of groundwater flow and 

maps of piezometric head variations were reconstructed by interpolation of piezometric 

levels (Table 2.1) using the Triangulated Irregular Network (TIN) method. Piezometric 

data of the whole dataset were plotted in temporal box-plot diagrams. Depth of water 

table maps were carried out for each period by subtracting the groundwater elevation 

raster from DEM. Finally, to analyze the modifications of the local micro-network 

drainage system during the last century, and its possible influence on GF phenomenon, 

a temporal comparison between historical image of the 1943 of the Italian Military 

Geographic Institute (Fig. 2.2e) and high resolution aerial photograph derived by 2015 

satellite image (Fig. 2.2f) was carried out, and for two periods the network drainage 

density was estimated.  

All the cartographic products were elaborated in GIS environment using ESRI’s ArcMAP 

software 10.1 version. 

4.3       Flood monitoring 

From November 2013 to March 2015, a six-month frequency monitoring and mapping of 

impacted agricultural soils and private building was carried out, using a citizen science 

approach. To map, detect the starting date and temporal recurrence of impact of GF on 

private buildings and agricultural soils, local population received a flooding online 

questionnaire sent by municipal administration. Subsequently, for each flooded building 

registered through the online questionnaire, coordinates, altitude, age and type of 

building, depth and type of foundation, and depth of flooded underground facilities was 

acquired, by cadastral municipality database and face-to-face interview with owners (Fig. 

2.3). In addition, temporal variations of water levels in the flooded structures, conditions 

of alteration and degradation and visual damage, as well as cracking pattern of structures 
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were detected. For flooded agricultural lands, coordinates, altitude and amplitudes about 

land parcel, as well as water levels above surface of flooded soils were measured. 

Moreover, type of active or passive protective measures aimed to flooding mitigation 

were detected. Finally, field data allowed to achieve multi-temporal maps of GF of 

private buildings and agricultural soils, producing the first municipal groundwater 

flooding GIS data-base. 

 

 
Figure 2.3 - Field schede for flooded buildings and agricultural soils. 
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5. Results 

5.1 2D hydro-stratigraphic model and groundwater flow pattern 

The 2D hydro-stratigraphic model allowed, for the first time, to represent the geometry 

and architecture of the aquifer system down to about −400 m b.s.l., defining the top and 

bottom of two different aquifers. Figures 2.4 and 2.5 show a heterogeneous aquifer 

system, characterized by a multi-layered discontinuous aquifer, which laterally evolves 

in a single aquifer. Starting from the northern sector (Figs. 2.4, 2.5a and 2.5b), an 

unconfined shallow aquifer, in the PF complex, and a deep semi-confined aquifer, in 

pyroclastic-alluvial deposits underlying CI horizon, occur. Both the aquifers have an 

average thickness of about 10 m and one 100 m, respectively, and they show small 

differences in terms of potential heads, although there are local variations of groundwater 

flow directions (Figs. 2.4 and 2.5). The central sector is characterized by a single deep 

semiconfined aquifer in pyroclastic-alluvial deposits underlying the CI horizon. In the 

southern sector, where CI is absent, a single phreatic shallow aquifer is observed, locally 

characterized by artesian groundwater flow condition due to shallows aquicludes (lens 

of silts, clays and peaty levels) within the PAP complex (Fig. 2.4). 

Figures 2.5a and 2.5b compare groundwater flow patterns of the deep and shallow 

aquifer system for November 2013 and March 2015, respectively. While Figures 2.5d and 

5e show groundwater flow scheme of the shallow unconfined aquifer for northern sector. 

For the deep semi-confined aquifer, in the northern and central sectors (Figs. 2.5a and 

2.5b) groundwater flow is about NE-SW, thus being consistent with groundwater scheme 

at basin scale. In the southern sector, the groundwater flow direction is mainly E-W, 

converging towards Cozzone and Volla rivers and Reale Lufrano channel, which locally 

are physically continuous with groundwater flow and behaving as gaining streams.  

For the shallow unconfined aquifer of northern sector (Figs. 2.5d and 2.5e), groundwater 

circulation is oriented towards N and S, bypassing thus the IC top, and Santo Spirito 

stream feeds only partially the underlying shallow aquifer, as the concrete stream bed is 

positioned at a level higher than the water-table. For the shallow aquifer, the hydraulic 

gradient varies between 5.9×10-4 and 2.0×10-2, whereas for the deeper water table it varies 

between 8.7×10-4 and 4.3×10-2.  
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Figure 2.4 - 2D hydro-stratigrafic model. 1) VA complex (sandy silts) with interbedded: a) pumiceous lapilli horizons; 

b) sandy horizons; 2) PF complex (sands, silts and sandy silts) with interbedded: a) pumiceous lapilli horizons; b) sands 

e pumiceous lapilli horizons; 3) PAP complex (sandy silts, silts and clays) with interbedded: a) pumiceous lapilli 

horizons; b) sands, paleosols, and peat levels, c) marshy clay-sands and clay-silts; 4) P complex (silty sands) with 

interbedded: a) pumiceous-scoriaceus lapilli horizons; 5) Somma-Vesuvius lavas; 6) Lithoid (a) and incoherent (b) CI; 

7) Deep semi-confined pyroclastic-alluvial aquifer (silty sands and sands); 8) Basal aquiclude (marine clays) 9) Phreatic 

(a) and semi-confined (b) piezometric level of the deep aquifer, and phreatic level of shallow aquifer (c); 10) Borehole. 
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For the 2013-2015 period, temporal variations of groundwater levels for both aquifers are 

shown in Figure 2.5c and 2.5f. Both water table levels display a generalized rise, with a 

magnitude variable at the municipality scale. For the deeper aquifer (Fig. 2.5c), the 

highest magnitude amounts to 2.44 m, and was recorded in the northern-western sector 

of the study area, whereas low values, smaller than 0.10 m, were observed in the south-

western sector, near the Cozzone and Volla rivers and Reale Lufrano channel, having the 

latter a fixed piezometric heads. For the shallow unconfined aquifer (Fig. 2.5f), the highest 

magnitude amounting to 1.54 m was recorded in the northern-eastern sector of the study 

area.  

Finally, in Figure 2.5g monthly rainfall trend is shown. Downward trend in the time 

series suggests that the rise of piezometric levels measured between 2013 and 2015 is not 

related to a change in the groundwater recharge rate.  
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Figure 2.5 - Groundwater flow pattern of the deep and shallow aquifer, for the period (a and d) November 2013, (b 

and e) March 2015, and piezometric head variations between these measurement periods (c and f). (g) SMMO’ monthly 

rainfall. 1) Piezometric contour line of the deep aquifer (m a.s.l.); 2) Piezometric contour line of the shallow aquifer (m 

a.s.l.); 3) Groundwater flow direction; 4) Aquifer type boundary; 5) Sector with shallow and deep aquifer; 6) Sector 

with deep semi-confined aquifer; 7) Sector with phreatic aquifer, locally confined; 8) Surface and groundwater drainage 

network; 9) Urban drainage system (culverts); 10) Railway infrastructures constructed in the 1999-2007 period; 11) Box 

of Figs. 2.5d, 2.5e and 2.5f; 12) Study area. 

5.2       GR characterization  

Figures 2.6a and 2.6b shown groundwater elevation (m a.s.l.) and groundwater depth (m 

b.g.s.) for eight hydrodynamic scenarios, respectively, each representative of the 

hydrogeological history of the aquifer system from 1924 to 2015. Here, the attention is 

focused on three scenarios, because they are particularly significant in explaining the 
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groundwater level evolution and indicative of two subsequent hydrogeological phases 

(1924-1989 and 1989-2015), which were characterized by declining and rising 

groundwater levels, respectively.  

The first one is the 1924 scenario, indicative of a hydrogeological equilibrium for the 

aquifer system. Groundwater was used for local agriculture and drinking needs for 

villages habitants, by shallow wells and manual abstraction methods. Water table levels 

vary from 22.45 to 9.68 m a.s.l., equal to 34.01 and 0-0.50 m b.g.s.. The second one is the 

1989 scenario, representative of a groundwater overexploitation period. Intense 

groundwater pumping (about 4.2 m3/s for drinking use, see Fig. 2.7b) by numerous public 

and private deep wells caused a considerable water budget deficit (Allocca & Celico, 

2008) and piezometric levels depletion up to -2.06 m b.s.l., equal to 42.47 m b.g.s.. The 

third one is the 2015 scenario, representative of present-day hydrogeological conditions, 

in which aquifer system has almost recovered 1924 hydrogeological equilibrium due to 

strong reduction of groundwater pumping. Piezometric level increased up to 21.58 and 

10.53 m a.s.l., equal to 36.49 and 0-0.50 m b.g.s.. 

In Figure 2.6c, the three scenarios are highlighted as piezometric profiles along a NE-SW 

oriented section to show the vertical lowering and raising of the water table in the study 

area.). 

In the box plot of Figure 2.7a, the temporal trends of piezometric levels are reported. Each 

trend shows that the GR phenomenon has started in 1990 and is widespread in the whole 

study area, with a magnitude up to maximum of 16.54 m. In agreement with Coda et al. 

(2019a), the 1990-2015 period was characterized by two subperiods, each one with 

different magnitude and rising velocity of the GR (Table 2.2). The 1990-2002 subperiod is 

characterized by a mean magnitude of about 4.10 m (up to a maximum of 14.43 m) and a 

mean velocity of 0.32 m/yr (up to a maximum value of 1.11 m/yr). In the 2002-2015 

subperiod, a reduction of the magnitude is observed, with mean values of about 3.49 m 

(up to a maximum of 6.51 m), and a mean velocity of about 0.27 m/yr (up to a maximum 

of 0.50 m/yr). The remarkable variability of the GR is strongly dependant on the distance 

from the abandoned Lufrano well field (Figs. 2.2b and 2.6), considered as the hypocentre 

of the piezometric deformation induced by Lufrano pumping, and observed at the local 

and basin scale. Therefore, the highest magnitude of piezometric rise is observed (Table 

2.2) in the central-western sector of study area, in correspondence of the eastern boundary 

of Lufrano well field, as this sector is closer to the area of the well field.  
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Figure 2.6 - Hydrodynamic scenarios in the period 1924-2015, in terms of (a) piezometric heads (m a.s.l.), (b) depth of 

water table (m b.g.l.) and (c) piezometric profiles (m a.s.l.). 
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Moreover, the comparison between the time series of groundwater levels, withdrawals 

(Fig. 2.7b) and annual rainfall (Fig. 2.7c) confirms that climate-induced changes have not 

played a significant role on GR at the decadal scale, in agreement with the downward 

sloping trend in the mean annual precipitation index observed at the regional scale (De 

Vita et al., 2012). Finally, data suggest that a not significant role on GR was played by 

deep foundations of railway viaducts constructed in the 1999-2007 period, since the rising 

groundwater levels were recorded both upstream and downstream of these civil 

engineering works (Figs. 2.2b, 2.5c and 2.6b). 

 
Figure 2.7 - a) Box plots of piezometric levels (m a. and b. s.l.) in the study area; b) Piezometric levels (m a. and b. s.l.) 

and withdrawals (m3/s) in Lufrano, Acerra and Ponticelli well fields; c) SMMO’ annual rainfall. Legend a): 1) Median 

piezometric head; 2) Median trend; 3) Maximum trend; 4) Minimum trend; 5) Outliers; Legend c): time series of: 1) 

piezometric levels Lufrano well-field; 2) Lufrano well-field withdrawal; 3) Acerra well-field withdrawal; 4) Ponticelli 

well-field withdrawal.    
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Table 2.2 - Magnitude (m) and rising velocity (m/yr) during GR period (1990-2015). 

Period and 

Sub-period of 

the GR 

Magnitude (m) Rising velocity (m/yr) 

Minimum Mean Maximum Minimum Mean Maximum 

Period  

1990-2015 
3.50 7.88 16.54 0.13 0.30 0.64 

Sub-period 

1990-2002 
0.47 4.10 14.43 0.04 0.32 1.11 

Sub-period 

2002-2015 
0.29 3.49 6.51 0.02 0.27 0.50 

5.3 GF features 

Flooding online questionnaire data, field surveys and mapping display that GF 

phenomena affect private buildings and agricultural lands. By contrast, there are no 

public structures, infrastructures and cultural resources impacted by GF, as occurs in 

other sectors of the Naples metropolitan area (Stellato et al., 2020). 

In the study area, the first GF episodes of private buildings and agricultural lands 

respectively, in 2007 and 2010 was registered, with a time delay variable from 17 to 20 

years in comparison to the beginning of the GR, started in 1990. In a “cause-effect” 

perspective, the GF episodes observed are the consequence of piezometric levels rise 

induced by stop of groundwater pumping for public and private use. However, unlike 

the GR process, widely distributed at the municipality scale (Figs. 2.5 and 2.6), the GF 

phenomenon shows a sectorialized pattern, with a distribution spatially and temporally 

inhomogeneous, as a typical leopard spots-shape (Figs. 2.8 and 2.10). Indeed, the private 

buildings and agricultural soils affected by flooding are only located in the northern and 

southern sectors of the study area. In particular, in the northern sector only few private 

buildings (Figs. 2.8b and 2.8c) are impacted by shallow unconfined water table, with 

flooding episodes of garages, cellars and lift shafts. Conversely, no flooded agricultural 

lands were detected in this sector. Moreover, collected field data by citizen’s participatory 

survey shows that these private buildings were constructed in the 1990-2000 period, 

when groundwater levels of aquifer system, affected by groundwater pumping for 

drinking, industrial and agricultural use (Figs. 2.2b and 2.6), were locally characterized 

by depth variable between about 9 and 6 meters from ground surface (Fig. 2.6b). 
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Similarly, in the southern sector, only few private buildings (Figs. 2.8d and 2.8e) reveal 

flooded underground structures (garages and cellars) and flooded ground-floors of 

private buildings. These underground structures were constructed in the 1985-1995 

period, when stressed piezometric levels by pumping for drinking, industrial and 

agricultural use, were locally characterized by depth about 6 meters below ground 

surface (Fig. 2.6b). In addition, in this sector, unlike the northern one, some agricultural 

lands are affected by flooding episodes, with local outcropping of the shallow water table 

(Figs. 2.8d and 2.8e) near drainage channels of Cozzone, Volla and Lufrano rivers 

 
Figure 2.8 - Maps of the groundwater depth (m b.g.l.) in the deep (a, d and e) and in the shallow aquifer (b and c), and 

spatio-temporal distribution of GF episodes in the period November 2013-March 2015. 1) Flooded buildings; 2) Flooded 

agricultural soils; 3) Boundary of aquifers reported in Fig. 2.5. 

In Table 2.3 the temporal variability of GF phenomenon observed at the municipality 

scale is shown. In 2013, 44 private buildings have been flooded (with a total buildings 

surface equal to 61898 m2), among which 6 are located in the northern sector, and 38 in 

the southern sector (Figs. 2.8b and 2.8d). In 2015, flooded buildings increased to 52 (with 

a total area of flooded buildings of about 66000 m2), among which 10 are located in the 

northern sector and 42 in the southern sector (Figs. 2.8c and 2.8e). From 2013 to 2015, the 

number of private buildings and surface of agricultural soils flooded has increased of 

about 15 and 20%, respectively (Table 2.3). 
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Table 2.3 - Number and area of buildings and agricultural soils affect by GF. 

Period 

Private buildings 
Agricultural 

soils 

No. 
Area                 

(m2) 

Area                

(ha) 

November 

2013 
44 61898.16 20.60 

March 2015 52 65916.85 25.36 

Δ           

(2015-2013) 

8        

(+15.38%) 

4018.68           

(+6.10 %) 

4.76         

(+19.77%) 

The inhomogeneous spatial distribution of GF episodes observed during the monitoring 

period is linked to the local hydrostratigraphic and geomorphological characteristics of 

aquifer system. In the northern sector, shallow aquifer hosted within in PF complex is 

very flat (Fig. 2.1d) and it’s characterized by unconfined groundwater flow, with a water 

table oscillating between 3,5 and 5,7 m below surface. Consequently, the private 

buildings with underground structures (garages, cellars and lift shafts), located at a depth 

greater than 3.5 m from surface, are constantly flooded, with greater impact in the winter 

period, during intense and prolonged rains that recharge the shallow pyroclastic-alluvial 

aquifer. 

In the central sector, where outcrop the P complex (Fig. 2.1d), the aquifer is characterized 

by a single deep semiconfined aquifer in pyroclastic-alluvial deposits underlying the CI 

horizon (Figs. 2.4 and 2.5). Despite the presence of numerous private and public buildings 

with underground structures (garage, cellars, and ancient underground cavities dug into 

the tuff horizon) located at greater depths up to 15-20 m from ground surface, in this 

sector there aren’t groundwater flooding phenomena due to the presence of a 

semiconfined groundwater flow condition (Figs. 2.4 and 2.5). 

In the southern sector, the complex floodplain aquifer hosted within the PAP complex 

(Fig. 2.1d) is phreatic, with a shallow water table oscillates between 0,0 and 1,5 m below 

soil surface. Consequently, the private buildings with underground structures (garages, 

cellars and lift shafts), located at depth greater than 1.5 m from ground surface, are 

constantly flooded, especially during winter recharge phase of shallow floodplain aquifer 

when groundwater table increase. The unconfined groundwater table morphology is 
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controlled by floodplain hydrographic network, driving groundwater flow toward 

Cozzone, Volla and Reale Lufrano rivers (Figs. 2.5a and 2.5b). At the local scale, artesian 

flow conditions are caused by the presence of discontinuous lenses of low permeability 

of silts, clays and peaty horizons within the PAP complex. 

Moreover, the map of spatial distribution of GF episodes, observed during the 

monitoring period, shows that, with respect to the local groundwater flow (Figs. 2.5a, 

2.5b, and 2.5c), the impacted private buildings and agricultural lands are located 

upstream and downstream of civil engineering structures (Figs. 2.8 and 2.10). 

Consequently, the “barrier effect” of the impervious deep foundation on the 

groundwater flow, that in some cases may occur (Attard et al., 2016), is absent or 

negligible in the study area at the municipality scale. Therefore, field evidences show that 

a not significant role, in terms of triggering causes of GR and GF dynamics, was played 

by deep foundations of the three great railway viaducts of high-speed rail constructed in 

the 1999-2007 period (Figs. 2.6 and 2.8). The time variability of GF, i.e. the increase in the 

number of buildings and the extension of the flooded ground surface between 2013 and 

2015 period, is attributable to the fact that groundwater levels rising was in progress 

during the monitoring period (Figs. 2.5c, 2.5f and 2.7b). 

As shown in Figure 2.9, GF phenomena is causing tangible and intangible damages: i) on 

private buildings and its facilities (garages, cellars and lift shafts) due to the structural 

deformations (vertical and horizontal cracks), groundwater infiltration and deterioration 

of foundations and pillars (photo a, b, c, d, e, f, g and h); ii) on rural environment, because 

of the scarce healthiness of the flooded territory and total loss of agricultural soils (photo 

i, j, k, l, m and n). Moreover, among possible socio-economic impacts of the above 

described damages, it is possible to envisage loss in the local estate market, due to drop 

of buildings and rural soils prices, but also consequences for the health of flooded 

populations, due to poor conditions in terms of environmental hygiene in water-

damaged buildings 
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Figure 2.9 - Anthropogenic and natural factors controlling GF. a) Impacted buildings with depth of the flooded 

underground structures; b) Local condition of artesian aquifer; c) Drainage density modification of network system 

from 1943 to 2015 (Figs. 2.2e and 2.2f) and current maintenance state with occlusion of channels. 1) PF complex; 2) PAP 

complex, 3) CI tuff horizon; 4) Confined (a) and unconfined (b) piezometric levels (red number in the box a): maximum 

piezometric level p.l. (m b.g.l.); 5) Groundwater flow direction; 6) Surface and groundwater drainage macro-network 

system; 7) Agrarian drainage micro-network system; 8) Surface water flow direction; 9) Study area. 

6. Discussion 

The floodplain aquifer of the study area, although relatively small in terms of extension, 

shows significant heterogeneity in the geometry of the aquifer and groundwater flow.  

By comparing the map of groundwater level rise with the one of groundwater flooding, 

it is recognizable an apparent mismatch between the location of flooded sites and rate of 

rising groundwater levels (Figs. 2.10a, 2.10b and 2.10c).  

For the northern sector, the flooded private buildings are located away from Santo Spirito 

stream (Fig. 2.10b), in an area where the unconfined shallow aquifer is characterized by 

a medium rate of rising piezometric levels, ranging from 0,7 to 1,3 m, and a flat surface 

morphology, with slopes less than 1%. In the same sector, the deep semiconfined aquifer 

(Fig. 2.10a) does not impact private buildings, although it’s characterized by of 

groundwater rise up to 2,5 m. 

For the southern sector, the flooded private buildings and agricultural soils are located 

near Cozzone, Volla and Reale Lufrano drainage channels, where the unconfined shallow 
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aquifer is characterized by a low rate of rising groundwater levels, ranging from 0,1 to 

0,4 m (Fig. 2.10c), and land morphology is flat, with slopes less than 1%. 

 
Figure 2.10 - Damages on buildings and agricultural soils. 1) Flooded buildings; 2) Flooded agricultural soils; 3) 

Maximum height reached by piezometric level; 4) Height reached by efflorescence and deterioration of pillars and 

walls; 5) Vertical and horizontal cracks. 

The heterogeneities in the geometry and structure of flood plain aquifer, hydro-

geomorphological and anthropogenic factors acting at the local scale may explain 

inhomogeneous distribution of the GF episodes, with this typical leopard spots-shape, 

that certainly is not random. Based on field evidence, a hydrogeologically-based 

interpretation of the GF phenomenon has been proposed, highlighting the natural and 
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anthropogenic factors that locally control the GF spatial distribution of private buildings 

and agricultural soils. Among the anthropogenic factors facilitating GF it is possible to 

quote: i) an erroneous design of private buildings, built in the period 1985-2000, 

performed with non-waterproofed underground structures deeper than current 

groundwater levels (see Fig. 2.11a); ii) the total disappearance of the ancient agricultural 

drainage micro-network system due to urbanization, infrastructuring and abandonment 

of agricultural lands, as it is well recognizable from the strong downsizing of the local 

drainage density from 45.1 to 8.7 km/km2 (Fig. 2.11c) and drainage capacity of the local 

phreatic aquifer-river system; iii) the loss of hydraulic efficiency of the main drainage 

system of Cozzone, Volla e Reale Lufrano river, due to the poor maintenance state of 

channels and total occlusion by spontaneous vegetation (Fig. 2.11c) that locally causes a 

water flow blockage effect.  

As to the natural factors, lithology and structure of the aquifer have a key control on GF, 

shaping the spatial distribution of GF according to the presence of a shallow phreatic 

water table and thickness of unsaturated zone.  

In the northern sector of the study area, the interaction between the anthropogenic 

facilitating factors and thickness of unsaturated zone lower than 4 meters has been 

observed to be associated with GF of private buildings.   

In the southern sector, where GF has involved buildings and agricultural soils, a 

thickness of unsaturated zone lower 1,5 meter has been observed to be associated to GF 

of private buildings (Fig. 2.11a). Differently, the presence of low permeability shallow 

lenses (silts and/or peat lenses), that locally cause permanent artesian conditions of 

groundwater (up to +0.20÷0.40 m a.g.s.), is a mitigating factor for GF of soils, as observed 

in some not flooded soils (Fig. 2.11b) characterized by the presence of artesian wells; 

similar evidences has been observed in other alluvial aquifers including lowland and 

upland floodplains (Dochartaigh et al., 2019; Cloutier et al., 2014). 

The findings here discussed innovate the existing literature by providing new evidences 

for the study area, based on an intensive effort in data monitoring, that has never been 

undertaken in previous literature. This allows a better understanding of the triggering 

mechanisms and anthropogenic/natural factors that locally control groundwater flooding 

of private building and agricultural lands in Naples’ periurban area. Moreover, the 

hydrogeological monitoring has allowed to define two safe piezometric thresholds for 

both sector impacted. These piezometric thresholds, equal to about 3,5 m and 1.5 m b.g.s., 

for northern and southern sector respectively (Fig. 2.11a), correspond to maximum 
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thickness of the unsaturated medium to be considered in future designs of underground 

structures, in order to prevent interactions with groundwater and floodings for non-

waterproofed buildings. 

 
Figure 2.11 - Piezometric head variations in the period November 2013 March 2015 for the deep semi-confined aquifer 

(a and c) and the shallow one (b), and spatio-temporal distribution of GF in the northern (b) and central (c) impacted 

sectors. 1) Aquifer type boundary; 2) 2013’ flooded agricultural soli; 3) 2015’ increment of flooded agricultural soil; 4) 

2013’ flooded building; 5) 2015’ increment of flooded building; 6) artesian well; 7) surface and groundwater drainage 

network; 8) urban drainage system (culverts); 9) linear infrastructure. 
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7. Conclusions 

In an experimental site of the Naples’ periurban area, the cause, spatio-temporal 

evolution and structures of GR phenomenon were analyzed and characterized by 

hydrogeological monitoring of 136 wells and piezometers in the 2013-2015 period, as well 

as analysis of hydro-stratigraphic and historical hydrogeological data starting from 1924. 

Moreover, by a citizen participatory monitoring approach and detailed field surveys on 

private buildings and agricultural soils, the GF phenomenon induced by GR was 

characterized and mapped, for the 2013-2015 period, creating the first flooding inventory 

map at the municipal scale. 

By the field investigations and monitoring, the following findings and major conclusions 

were obtained:  

- Starting from second half of the 20th century and until 1989, an extraordinary 

modification of groundwater flow pattern was observed, due to mismanagement 

and overexploitation of the pyroclastic-alluvial aquifer system, causing 

groundwater levels depletion, up to –2.06 m b.s.l.; 

- Conversely, from 1990 to 2015 a remarkable and widespread GR phenomenon was 

registered, with values up to +16.54 m, triggering an unexpected groundwater 

flooding of agricultural soils and private buildings constructed in the 1985-2000 

period; 

- First GF episodes started in 2007 and 2010 for private buildings and agricultural 

soils, respectively, indicating a considerable time delay variable from 17 to 20 

years, in comparison to the beginning of GR process; 

- Despite GR measured from 1990 to 2015 encompasses the entire study area, with 

different magnitudes and velocity, the GF phenomenon occurs only in the 

northern and southern sectors, showing a typical leopard spots-shape and an 

inhomogeneous distribution as it is locally controlled by anthropogenic and 

natural factors; 

- For both sectors impacted, a safeguard piezometric threshold have been identified 

to consider in future for new underground structures designs, in order to avoid 

direct interactions with water table or flooding of non-waterproofed structures; 

- At the municipality scale, a not significant role on GR and GF phenomena was 

played by annual and monthly precipitation variations and deep foundations of 

railway infrastructures constructed in the 1999-2007 period in the study area. 
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These findings were not reported and discussed by previous studies because of the 

absence of monitoring data, and allow a better understanding of mechanisms and 

anthropogenic/natural factors that locally control groundwater flooding phenomena. 

The methodological approaches used to characterize GR and GF phenomena in the 

Naples’ periurban area can be applicable and exportable to other urban and rural 

environments in southern Italy, as well as to other Italian floodplains and cities, that are 

currently experiencing similar urban groundwater problems. The obtained results are 

important to identify structural and non-structural measures aimed at increasing urban 

resilience and enhancing safety of local communities, and to develop groundwater 

flooding susceptibility maps, as new tools for the prevention of the risk and correct 

urbanization planning in the Naples metropolitan area. 
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Supplementary Material 

Table S1 – Natural (a) and anthropogenic (b) causes of groundwater level rising (GWLr) and some of main case studies 

reported in literature. 

a) GWLr causes 

 Triggering mechanisms Case studies References 

N
at

u
ra

l 

Increase of seawater level 

induced by climate change and 

glacial isostatic adjustment. 

Lagos city (Nigeria); Osaka 

(Japan); coastal zones of 

Bangladesh; Ganges-

Brahmaputra-Meghna Delta 

(India); Oahu (Hawaii); 

Chesapeake Bay region 

(Maryland and Virginia, 

USA). 

Vink et al. (2007); Yasuhara et al. 

(2007); Oyedele et al. (2009); 

Shamsudduha et al. (2009); Stocchi 

& Spada (2009); Singh et al. (2010); 

Eggleston & Pope (2013); Habel et 

al. (2017). 

Natural consolidation of 

compressible sediment layers 

or bradysismic/volcano-

tectonic land subsidence in 

coastal area, with consequent 

local sea-level increase. 

Upper Adriatic shoreline and 

archaeological site of Cumae 

(Italy). 

 

Gambolati et al. (1998); Todesco et 

al. (2014); Stellato et al. (2020). 

Seasonal variations of the 

rainwater infiltration and 

groundwater recharge by 

channel network, during and 

after heavy flash flood 

phenomena. 

Dresden (Germany); Brno 

(Czech Republic); Sacramento 

(California, USA); Fairbanks 

(Alaska, USA); Wisconsin 

(USA); Alberta (Canada); 

Rome (Italy); England and 

Wales (UK). 

Nelson (1978); Cobby et al. (2009); 

Kreibich & Thieken (2009); 

Hughes et al. (2011); Gotkowitz et 

al. (2014); Abboud et al. (2018); 

Julínek et al. (2020); Mancini et al. 

(2020). 
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b) GWLr causes 

 Triggering mechanisms Case studies References 

A
n

th
ro

p
o

g
en

ic
 

Artificially increased 

groundwater recharge within 

the urban aquifers due to 

infiltration of imported water 

for domestic, irrigation and 

industrial consumption. 

Las Vegas (Nevada, USA); 

San Josè (California, USA); 

Riyadh (Saudi Arabia); 

Kuwait City (Kuwait); 

Aswan City (Egypt). 

Rushton & Al-Othman (1994); Al-

Rashed & Sherif (2001); Dean & 

Sholley (2006); Selim et al. (2014). 

Increased recharge to seepage 

from septic tanks systems or 

leakages from sewage 

systems, as well as increased 

recharge from leaking water 

mains and over-irrigation of 

parks and gardens, irrigation 

canal leakage, irrigation 

return. 

Jeddah (Saudi Arabia); 

Yuma (Arizona, USA); 

Greely and Fort Collins 

(Colorado, USA); Doha 

(Qatar), Cairo (Egypt), 

Saudi Arabia; Tabrik (Iran); 

Azerbaijan. 

Nelson (1978); George (1992); Abu-

Rizaiza (1999); Al-Sefry & Şen (2006); 

Alekperov et al. (2006). 

Underground constructions 

(e.g. tunnels, deep 

foundations, underground 

parks, subway stations, 

basements of buildings) in 

saturated zones of urban 

aquifers. 

Barcelona city (Spain). 
Pujades et al. (2012); Font-Capo et al. 

(2015); Attard et al. (2016). 

Anthropogenic land 

subsidence in coastal and 

estuarine area and 

consequent local sea-level 

rise. 

Chesapeake Bay region 

(Maryland and Virginia, 

USA). 

Eggleston & Pope (2013). 

Reduction of abstraction of 

groundwater (i.e. GR). 

London, Birmingham, 

Nottingham, Liverpool (UK); 

Barcelona (Spain); New York 

city, Buffalo city (New York, 

USA); Louisville (Kentucky, 

USA); San Bernardino 

(California, USA); Buenos 

Aires (Argentina); Milan 

metropolitan area and Naples 

city (Italy); Tokyo Bay area 

(Japan); north-eastern Ukraine.     

Soren (1976); Nelson (1978); Henton 

(1981); Whitesides et al. (1983); Wilkinson 

(1985; 1994); Blower (1987); Brassington & 

Rushton (1987); Hernández & González 

(1997); Adams & Younger (2001); 

Jakovljev et al. (2002); Vázquez-Suñé et al. 

(2005); Dean & Sholley (2006); Allocca & 

Celico (2008); Celico et al. (2001); Corniello 

et al. (2003); Hayashi et al. (2009); Kusaka 

et al. (2016); Gattinoni & Scesi (2017); La 

Licata et al. (2018). 
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Table S2 – Natural and anthropogenic causes of groundwater flooding (GF) and some of main case studies reported 

in literature. 

 GF causes 

 Triggering mechanism Case studies References 

N
at

u
ra

l 

Flooding in alluvial lowland related to the 

water table rising above the land surface in 

response to extreme high intensity and/or 

prolonged extreme rainfall in unconfined and 

consolidated aquifers. 

UK’s major 

floodplains. 

Macdonald et al. (2012); 

Hughes et al. (2011). 

Flooding in small alluvial flatlands related to 

the rapid response of groundwater levels to 

precipitation and limited storage capacity in 

shallow and unconsolidated sedimentary 

aquifers with a good hydraulic connection 

with river networks. 

Oxford floodplain 

(UK). 
Macdonald et al. (2008). 

Flooding from groundwater in alluvial 

deposits by-passing or circumventing river 

channel flood defence structures. 

Kisalföld 

(Hungary). 
Vekerdy & Meijerink (1998). 

Flooding in lowland karst systems induced by 

ephemeral karst lakes (turloughs), or 

groundwater-induced flood occurs when 

intense groundwater discharge via springs 

and highly permeable shallow horizons 

discharges to the surface water, causing 

overbank flooding. 

Ireland karst plains. Naughton et al. (2012; 2017). 

Flooding in coastal lowland areas, driven by 

sea-level rise under climate changes or during 

and following severe storms. 

Coastal areas of 

California (USA). 
Hoover et al. (2017). 

A
n

th
ro

p
o

g
en

ic
 

Flooding of underground structures creating 

barriers to groundwater flow. 

Barcelona city 

(Spain). 
Font-Capo et al. (2015). 

Flooding, induced by GR, of basements of 

buildings, and subsurface structures and 

infrastructures, in urban centres and 

abandoned mine zones. 

England (UK); Barcelona 

(Spain); New York city, 

Buffalo city (New York, 

USA); Louisville 

(Kentucky, USA); San 

Bernardino (California, 

USA); Buenos Aires 

(Argentina); Italy; Tokyo 

Bay area (Japan); north-

eastern Ukraine. 

Soren (1976); Nelson (1978); Henton 

(1981); Whitesides et al. (1983); 

Wilkinson (1985; 1994); Blower 

(1987); Brassington & Rushton (1987); 

Hernández & González (1997); 

Adams & Younger (2001); Jakovljev 

et al. (2002); Vázquez-Suñé et al. 

(2005); Dean & Sholley (2006); 

Allocca & Celico (2008); Hayashi et 

al. (2009); Kusaka et al. (2016); 

Gattinoni & Scesi (2017); La Licata et 

al. (2018). 
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2.2 

Coupled ground uplift and groundwater rebound in the 

Metropolitan City of Naples (southern Italy) 

Coda S.1, Tessitore S.1, Di Martire D.1, Calcaterra D.1, De Vita P.1, Allocca V.1 

1 Department of Earth Science, Environment and Resources, University of Naples Federico II, 

Naples, Italy 
Corresponding author: vincenzo.allocca@unina.it        

Abstract 

Subsidence and ground uplift are phenomena that may have natural or anthropogenic 

origin and cause strong socioeconomic and environmental impacts, especially in urban 

areas. In this paper, the coupling between ground uplift and groundwater rebound in a 

complex multi-layered aquifer system in the metropolitan city of Naples (southern Italy) 

has been investigated. By an integrated use of hydrogeological and DInSAR monitoring 

data covering the periods 1989–2013 and 1993–2010, respectively, the spatio-temporal 

evolution of natural ground deformation following the strong reduction and   

interruption of groundwater pumping has been analysed. Hydrogeological monitoring 

data have shown large-scale groundwater rebound, with the highest amplitude of 

approximately 16 m and a groundwater rising velocity up to approximately 1.0 m/yr. 

DInSAR data show a general ground uplift with a magnitude of approximately 40 mm  

on average, except for the southern sector of the study area where some local natural and  

human-induced subsidence has been identified. A comparison between trends of 

groundwater level and ground displacement indicates that the ground uplift is linked to  

a poro-elastic rebound mechanism in the porous aquifer system, which is triggered by 

the increase of pore pressure, while the rate of ground displacement is controlled by the  

hydrostratigraphic characteristics of the multi-layered aquifer system. The results 

improve the knowledge of man-induced deformation in complex urban aquifers affected 

by groundwater rebound and highlight that the implementation of an appropriate hydro-

mechanical deformation model is a necessary step to correctly model and manage a new  

geohazard in a highly urbanized environment. 

mailto:vincenzo.allocca@unina.it
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Key words: groundwater rebound, aquifer deformation, ground uplift, subsidence 

hydrogeology, DInSAR, Naples, Italy. 
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1. Introduction 

Ground deformation is a global phenomenon, acting on different space and time scales 

and with natural or anthropogenic genesis (Szostak-Chrzanowski & Chrzanowski, 2014; 

Galloway et al., 2016), the measurement and study of which have been strongly fostered 

in recent decades by satellite interferometric techniques. Among the wide range of land 

deformation types, vertical displacement of the ground, related to human-induced 

variations of groundwater levels, can be considered as a major threat to urbanized areas 

and an additional effect of inefficient aquifer management (Le Mouélic et al., 2002; Teatini 

et al., 2005; Gambolati et al., 2005; Ishitsuka et al., 2014). Such phenomena, usually 

involving wide areas, can lead to heavy socioeconomic and environmental impacts, 

especially if affecting urbanized and coastal areas where structures and infrastructure 

can be damaged even more by flood and seawater intrusion (Abidin et al., 2001; Teatini 

et al., 2005; Phienwej et al., 2006; Aldiss et al., 2014; Kusaka et al., 2015; Zhang et al., 2015). 

In these cases, stopping groundwater overexploitation can result in groundwater 

rebound, which, depending on the type of aquifer and water table depth, can trigger 

ground uplift (Colombo et al., 2017). In such a case (Madrid aquifer, Ezquerro et al., 2014; 

Santa Clara Valley, Chaussard et al., 2017), characterized by multiphase materials, the 

coupling between pore fluid and the soil skeleton can be considered elastic, thus 

respecting the basic model first proposed by Biot (1941). Consequences on built-up areas 

can be unpredictably severe if the cause-effect mechanisms have not been previously 

analysed by means of hydrogeological (Giudici et al., 2000; Teatini et al., 2011; Zhang et 

al., 2015; Gattinoni & Scesi, 2017) and geotechnical models (Tomàs et al., 2011; Tessitore 

et al., 2015; Chaussard et al., 2017; Pujades et al., 2017). Therefore, especially in shallow 

porous aquifers, integrated and effective monitoring of groundwater level and ground 

deformation is essential to manage inherent hazards and risks. Several studies have dealt 

with the importance of integrated monitoring to correctly analyse the effects of 

groundwater level variations on ground vertical movements (e.g., King et al., 2007; Jacob 

et al., 2010; Amoruso et al., 2014), which also hinged on satellite-based (InSAR) 

deformation measurements (Galloway & Hoffmann, 2007; Herrera et al., 2009; Cigna et 

al., 2012; Modoni et al., 2013; Tessitore et al., 2016; Béjar et al., 2016; Boni et al., 2016; Notti 

et al., 2016; Fiaschi et al., 2017; Mateos et al., 2017). In this framework, satellite 

technologies give breakthrough advantages, as compared to in situ measurements, 
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allowing scientists to accomplish regional-scale mapping and monitoring of ground 

deformation with lower costs (Tomás et al., 2014). In addition, satellite technologies turn 

out to be very useful in knowing the spatial extent and the temporal development of the 

phenomenon. 

In the present work, ground uplift and groundwater rebound, due to strong reduction of 

groundwater exploitation of a multi-layered porous shallow aquifer system, have been 

identified, for the first time, as affecting two municipalities of the metropolitan city of 

Naples (Italy). The study has been based on a coupled analysis of multi-temporal 

hydrogeological and Differential Interferometry Synthetic Aperture Radar (DInSAR) 

data, covering the periods of 1989-2013 and 1993-2010, respectively. 

Hydrogeological characteristic and groundwater level evolution in this area have been 

widely studied during the last couple decades (Allocca & Celico, 2008; 2010; Allocca et 

al., 2016). The principal outcome of these studies has been the recognition of a gradual 

recovery of piezometric levels since 1990, which was caused by a drastic reduction of 

groundwater exploitation (ended in 1989) of the pyroclastic-alluvial aquifer (Allocca & 

Celico, 2008). Since 2007, the aftermath of this groundwater rebound has caused serious 

problems with groundwater flooding of agricultural soils and underground 

structures/infrastructures (Allocca et al., 2016), such as basements, underground parks, 

and subway tunnels, which were built while considering the preceding phase of low 

groundwater level. 

The hydrogeological dataset available for the 1989-2013 period has been used to obtain 

high-resolution, multi-temporal mapping of the groundwater levels and circulation 

patterns, as well as time-lapse piezometric-head increase and rising-velocity maps. 

DInSAR data, covering the monitoring periods of 1993-2000 and 2002-2010, were 

processed through a PS-InSAR technique (Ferretti et al., 2000) in the framework of the 

Italian First Not-ordinary Plan of Environmental Remote Sensing project (Costabile, 

2010). Such data have been used to obtain cumulative ground deformation maps for the 

aforementioned periods that can be compared with groundwater level variations. In this 

paper, a hydrogeologically based interpretation of the ground deformation 

measurements will be presented, demonstrating that: i) the ground uplift is consistently 

correlated to the spatial and temporal evolution of groundwater rebound; and ii) local 

patterns of vertical ground movement, diverging from the general uplift trend, are 

controlled by other anthropogenic and natural processes. 
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The paper is structured as follows. Section 2 provides additional information on the 

geological setting of the study area, previously described in Chapter 2.1. Section 3 shows 

the monitoring time-series used for the analysis and the methods applied, whereas the 

Section 4 exposes the results obtained. Finally, in Sections 5 and 6 the discussion and 

conclusions are presented, respectively.  

2. Further geological information about the study area 

From a geological point of view (Fig. 2.12a), the study area is located in the south-central 

sector of the Campanian Plain, a large alluvial plain formed in the Pliocene-Pleistocene 

by the filling of a regional semi-graben structural depression, which originated along the 

western side of the southern Apennines during the opening of the Tyrrhenian Sea 

(Patacca et al., 1990). In detail, the study area is delimited to the west by the Phlegraean 

Fields volcanic system, to the east by the carbonate massif of Avella-Pizzo d’Alvano and 

to the south by Somma-Vesuvius volcano (Fig. 2.12a). The deep structural setting is 

characterized by a subsiding tectonic depression, the Sebeto Valley, set on Quaternary-

active faults (Bellucci, 1994; 1998; Cinque et al., 2011; Lanari et al., 2002), such as the 

deeply buried Magnaghi-Sebeto fault zone (Magnaghi-Sebeto FZ) and the deeply buried 

faults on the northern edge of Somma-Vesuvius volcano (Figs. 2.12a and 2.12b). Locally, 

these fault systems, trending NE-SW and NW-SE, engender one of the most seismically 

active fault zones in the Neapolitan area. Moreover, they give rise to an extensional 

tectonic stress field and gravitational sliding around the base of the Somma-Vesuvius 

edifice (Figs. 2.12a and 2.12b), as evidence of ground deformation processes from 

seismological, mesostructural, interferometric, petrochemical and micropalaeontological 

data show (Bianco et al., 1998; Bruno et al., 1998; Cinque et al., 2000; Lanari et al., 2002; 

Bruno et al., 2003; Marturano et al., 2013). 
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Figure 2.12 - a) Geological map of the Campanian Plain, b) Schematic geological cross-sections A-A’ and B-B’ (Celico 

et al., 1998 modified) and c) Hydrogeological map of the eastern plain of Naples. 1) Quaternary epiclastic deposits; 2) 

Quaternary volcanic deposits; 3) Quaternary-Miocene deposits; 4) Miocene deposits; 5) Mesozoic Apennine platform 

carbonates; 6) normal fault (modified after Orsi et al, 1996 and Bruno et al., 1998); 7) groundwater contour line (m a.s.l.; 

Esposito, 1998); 8) groundwater flow direction; 9) groundwater divide; 10) hydrographic network; 11) drinking-water 

well field of Acerra (1), Lufrano (2) and Ponticelli (3); 12) industrial well field;  13) ring-style subsidence area (Lanari et 

al., 2002); 14) cross-section lines A-A’ and B-B’; 15) Rain gauge station of the San Marcellino Meteorological 

Observatory; 16) study area. 

3. Data and methodologies 

3.1 Hydrogeological data 

Stratigraphic data from 148 boreholes (Fig. 2.1d) with depths variable between 10 and 60 

m (Table 2.4) were collected and filed into a Geographical Information System platform. 

To reconstruct a 2D hydrostratigraphic model of the aquifer system (Fig. 2.4), hydraulic 

conductivity was estimated for each stratigraphic interval of all boreholes with Freeze & 

Cherry (1979) empirical relationships, which are based on grain size for porous aquifers 

and lithology for rock aquifers (Allocca et al., 2018). Moreover, the role of the aquifer or 

aquitard/aquiclude was assigned to each sediment lithofacies and geological formation. 

Piezometric measurements have been carried out in wells and boreholes during a long-

term monitoring period from 1989 to 2013 (Table 2.4). In particular, piezometric data from 

1989 to 2003 were collected during field surveys carried out by private companies, public 

agencies and researchers and then published in scientific or technical papers (Celico & de 
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Paola, 1992; Esposito, 1998; Autorità di Bacino Regionale Nord Occidentale della 

Campania, 2004). The most recent hydrogeological data, from 2013, came from a field 

measurement campaign carried out on approximately 130 wells (Fig. 2.13d) by a research 

project developed under an agreement signed by the Casalnuovo di Napoli and Volla 

municipalities (Allocca et al., 2016). Furthermore, annual rainfall data recorded by the 

rain gauge station at the San Marcellino Meteorological Observatory were collected from 

1946 to 2013 (Table 2.4). 

The hydrostratigraphic and hydrogeological database has been managed in a QGIS 

environment, allowing the reconstruction of multi-temporal maps of groundwater level, 

groundwater level change, mean velocity of groundwater level rise and groundwater 

circulation models by the kriging geostatistical method (Oliver & Webster, 1990). The 

following outcomes have been created: i) four water-table contour maps (Fig. 2.13), ii) 

two maps of the spatio-temporal variation of the piezometric head (Figs. 2.15a and 2.15b), 

and iii) two maps of the mean velocity of groundwater level rise (Figs. 2.15c and 2.15d). 

The piezometric head variation maps (Δh, m) were reconstructed by overlapping 

piezometric data for the years 1989, 2002 and 2013. Starting from these datasets, the two 

maps of spatio-temporal variation of the piezometric head have been calculated by a 

respective comparison of 2002 with 1989 and 2013 with 2002 data. Then, maps of 

groundwater rise velocity (m/yr) were generated by dividing the piezometric head 

variation observed in each of the two time-spans by the time lapse of each period. 

Figure 2.13 shows groundwater level evolution in the study area for the period of 1989-

2013. In 1989, (Fig. 2.13a), due to strong groundwater withdrawal of up to 5-6 m3/s 

(Allocca & Celico, 2008), the water-table suffered a strong piezometric lowering, reaching 

values as low as –2.0 m below sea level, and a deviation of the groundwater flow 

directions oriented towards the Lufrano well-field (Fig. 2.12c). Since 1990, as consequence 

of a drastic reduction in groundwater pumping, a gradual rise of the piezometric level 

began (Allocca & Celico, 2008; Allocca et al., 2016), which is clearly recognizable on the 

groundwater level maps of 1994 and 2002 (Figs. 2.13b and 2.13c). The rising groundwater 

level continued until 2013. The map from that year (Fig. 2.13d) is well comparable with 

those related to the beginning of the last century (Allocca & Celico, 2008; Allocca et al., 

2016) when no groundwater pumping was being carried out, showing an almost 

complete recovery of groundwater levels. Moreover, the piezometric contour pattern 

shows that groundwater circulation converges towards the drainage axis represented by 

the Sebeto River and its tributaries (Cozzone and Volla rivers, see Fig. 2.1c). 
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Table 2.4 - Principal sources of hydrostratigraphic, hydrogeological and meteorological data. n.d.: not detected. 

Type 
Total 

number 

Density 

(No/km2) 

Monitorin

g period 
Use 

Depth 

range 

(m) 

Screen 

typology 
Source  

Wells 28 1.95 
March, 

1989 

Drinking 

and 

Agricultu

ral 

40-60 
Open at 

bottom 

Celico & de 

Paola (1992) 

Wells 24 1.67 
February, 

1994 

Industrial 

and 

Agricultu

ral 

40-70 
Open at 

bottom 

Esposito 

(1998) 

Wells 30 2.09 
February, 

2002 

Industrial 

and 

Agricultu

ral 

40-70 n.d. 

Autorità di 

Bacino Nord 

Occidentale 

della 

Campania 

(2004) 

Wells 108 7.55 
December, 

2013 

Domestic 

and 

Agricultu

ral 

30-60 
Open at 

bottom 

Allocca et al. 

(2016) 

Boreholes 148 10.48 \ \ 10-60 
Open at  

bottom 

Bellucci 

(1994); 

Allocca et al. 

(2016)  

Meteorologi

cal station 
1 \ 1946-12013 \ \ \ 

San 

Marcellino 

Meteorologic

al 

Observatory 
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Figure 2.13 - Groundwater level maps for the years: a) 1989; b) 1994; c) 2002; d) 2013. 1) groundwater contour line (m 

a.s.l.); 2) groundwater flow direction; 3) monitoring network; 4) buried deep Sebeto fault; 5) groundwater drainage 

network; 6) hydrogeological complex boundary; 7) sector with buried CI; 8) sector with buried lava rocks. 
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3.2 DInSAR data 

DInSAR data consist of ground deformation measurements for each satellite acquisition 

date projected along the Line of Sight (LoS) direction, which allows displacement maps, 

profiles and time series (TS) to be produced. 

In the present work, SAR data gathered and processed by the Italian First Not-ordinary 

Plan of Environmental Remote Sensing project have been used under a specific 

agreement with the Italian Ministry of Environment (MATTM). Specifically, 139 images 

taken by the ERS-1/2 (67 and 72 images in ascending and descending geometry, 

respectively) and 92 by the ENVISAT satellite (52 and 40 images in ascending and 

descending geometry, respectively), covering the monitoring periods of 1992-2000 and 

2002-2010 (Table 2.5), were processed through the PS-InSAR technique (Ferretti et al., 

2000). A cumulative LoS-projected displacement varying between −100 mm and +50 mm 

(1993-2000) and between −120 mm and +40 mm (2002-2010) was measured (Table 2.5). 

DInSAR mean velocity maps are shown in Figure 2.14, where for the 1993-2000 period, a 

general uplift (approximately 1.6±1.1 mm/yr on average) in the northern sector of the area 

and an extended subsidence in the southern one (approximately 3±12 mm/yr on average) 

were observed. Then, for the second observation period (2002-2010), a drop in the 

displacement rates for both sectors was observed. Specifically, the maximum uplift rate 

(projected along the LoS) of approximately 1 cm/year, detected in the first monitoring 

window by ERS satellite, decreased by approximately 50% in the second time-span as is 

also confirmed by the ENVISAT measurements. A small area affected by a localized 

subsidence with a maximum mean rate of -12.4 mm/year was also recognized in the 2002-

2010 period (Figs. 2.14c and 2.14d). 

Table 2.5 - DInSAR LoS measurement statistics referred to the whole area. 

 ERS asc ERS desc ENVI asc ENVI desc  

 
Jan 1993-

Dec 2000 

Nov 1992-

Dec 2000 

Nov 2002-

Aug 2010 

June 2003-       

June 2010 
 

Max velocity 6.4 8.7 3.6 5.4 mm/yr 

Mean velocity 0.5±1.8 1.0±1.7 -0.6±1.2 -0.1±1.3 mm/yr 

Min velocity -11.4 -10.8 -12.7 -12.4 mm/yr 

Max deformation 37.6 49.6 33.6 41.9 mm 

Mean deformation -1.5±16.5 -7.7±18.2 -5.8±11.7 -1.1±11.8 mm 

Min deformation -95.6 -104.2 -123.3 -99.3 mm 
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Figure 2.14 - LoS velocity maps (mm/yr) of the study area. a) ERS-1/2 data in ascending geometry; b) ERS-1/2 

descending; c) ENVISAT ascending; d) ENVISAT descending. 1) Buried deep Sebeto fault; 2) hydrogeological complex 

boundary; 3) sector with buried CI; 4) sector with buried lava rocks. 
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4. Results 

4.1 Groundwater rebound assessment 

Post-pumping groundwater level increments (Δh) (Figs. 2.15a and 2.15b) and 

groundwater rise velocity maps (v) (Figs. 2.15c and 2.15d) have been reconstructed. The 

results show that groundwater rebound, following the interruption of pumping, was 

widespread throughout the study area in the period from 1989 to 2013. In particular, for 

the 1989-2002 period (Phase 1 in Fig. 2.15a), the water table showed a general rise, 

although spatially variable, ranging from a minimum of 0.5 m to a maximum of 14.0 m. 

The groundwater rebound with the highest magnitude (approximately 14 m) was 

recorded in the west-central zone of the study area (western side of P and PAP sectors, 

in Fig. 2.15a), closer to the Lufrano well field (Fig. 2.12c) where pumping ceased in 1989 

(Fig. 2.7). Inversely, the minimum piezometric head increments (approximately 1 m) 

were observed in the southern sector where groundwater levels are constrained by the 

hydraulic potential boundary of the Sebeto River and its tributaries as well as by the 

greater distance from the Lufrano well field. 

Water table increment values for the 2002-2013 period (Phase 2 in Fig. 2.15b) highlight a 

reduction in the groundwater rise, with values ranging from a low of 0.0-1.0 m to a peak 

of 6.0 m. The highest values were recorded in the south-eastern side, in an area distant 

from the Lufrano well field, whereas the minimum piezometric head increments were 

observed in the west-central zone (western side of P and PAP sectors, in Fig. 2.15a), which 

is close to the Lufrano well field. 

Furthermore, groundwater rise velocity maps (Figs. 2.15c and 2.15d) reveal that rates as 

high as 1.0 m/yr were observed in the 1989-2002 period (Phase 1). The highest velocities 

(even higher than 2.2 m/yr), occurring between 1989 and 1994 (data not shown), were 

observed in the west-central portion of the study area (Fig. 2.15a), close to the deactivated 

Lufrano well field.  

In the period spanning from 2002 to 2003 (Phase 2), groundwater rise velocity decreased, 

with maximum rates of approximately 0.6 m localized in the north-eastern sector of the 

study area.  

Comparing the mean groundwater rise velocities of the two phases, a general 

deceleration of approximately 30% was registered. These results allow us to conclude 

that the rising groundwater levels, recorded from 1989 to 2013, can be considered to be 
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groundwater rebound caused by the drastic reduction of groundwater pumping in the 

surroundings of the study area (Fig. 2.12c). Furthermore, the spatio-temporal variability 

of the groundwater rebound was recognized to be strongly dependant on the distance 

from the abandoned Lufrano well field. In addition, given the absence at a local scale of 

significant changes in annual rainfall regime (Fig. 2.7), it is possible to consider (Allocca 

et al., 2017) the “precipitation variable” as insignificant when explaining the groundwater 

rise observed, which is consistent with the downward sloping trend of the mean annual 

precipitation index observed at a regional scale (De Vita et al., 2012). 
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Figure 2.15 - Piezometric level variation (m) (a and b) and groundwater rising velocity (m/yr) (c and d) in the periods 

1989-2002 (a and c) and 2002-2013 (b and d). 1) buried deep Sebeto fault; 2) hydrogeological complex boundary; 3) 

sector with buried CI; 4) sector with buried lava rocks. 
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4.2 Satellite-based deformation maps 

The cumulative LoS displacement maps (Displ) of the study area for the periods of 1993-

2000 and 2002-2010 have been reconstructed (Figs. 2.16a and 2.16b). All the DInSAR 

measurements in ascending geometry have been interpolated through the Inverse 

Distance Weighted (IDW) technique to obtain spatially continuous maps that have been 

very useful for analysing the spatial variability of the phenomenon and profiles of 

deformation along assigned alignments. 

The interpolated maps obtained from the ERS and ENVISAT data (in the ascending 

acquisition mode) for the whole study area have a mean cumulative LoS deformation 

of -0.9±13.4 mm and of -6.2±9.2 mm, respectively. 

As it is possible to observe in Figure 2.16a, a widespread ground uplift can be observed 

in the northern and north-central portions of the study area, reaching the highest 

magnitude in its upper left corner (approximately 30 mm along the LoS; see also Table 

2.5). Such observation matches well with the post-pumping hydrogeological changes 

observed (Figs. 2.15a and 2.15b). Furthermore, due to the slowing of the groundwater 

level rise in the period 2002-2010, the whole ground uplift seems to have been reduced in 

intensity in the same period (<15 mm/yr). 

Several subsidence phenomena were recognized (Fig. 2.16) that affect the southern sector 

of the study area where composite interactions with other natural and anthropogenic 

factors occur.  

The first phenomenon, identified in the southern margin of the study area from both the 

ERS and ENVISAT satellites, has a maximum cumulative LoS deformation, respectively, 

of -90 mm and -40 mm (ERS and ENVISAT ascending). Accordingly, such subsidence 

seems to have registered as a decrease of approximately 50% across the two time-spans, 

as also observed by Bonano et al. (2012). This local land subsidence is due to natural 

processes, attributable to volcano-tectonic dynamics recognized as occurring around the 

Somma-Vesuvius volcano (Lanari et al., 2002). 

A more recent subsidence area has been identified for the 2003-2010 period from the 

ENVISAT satellite (Fig. 2.16b) and has turned out to be related to construction in the 2006-

2008 period of the CAAN (Agri-Food Centre of Naples), a large structure extending over 

approximately 362.000 m2 (Fig. 2.16b) used as a wholesale market and considered to be 

one of the largest in Italy.  
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Figure 2.16 - LoS cumulated deformation maps (mm) and of the study area for the periods: (a) 1993-2000; (b) 2002-

2010. Bottom graphs: a focus on the temporal distribution of the dwellings between 1988 and 2012 for the southern 

sector of the study area. 1) Buried deep Sebeto fault; 2) hydrogeological complex boundary; 3) sector with buried CI; 

4) sector with buried lava rocks. 
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5. Discussion 

By comparing the trends of groundwater level rise, ground deformation and annual 

precipitation (Fig. 2.17) during the post-pumping period (1989-2013), several interesting 

correlations have been observed. Thus, a hydrogeologically based interpretation of the 

deformation mechanisms has been proposed, highlighting the hydrostratigraphic factors 

that control rates of ground displacement. 

For the northern sector of the study area (PF graph, in Fig. 2.17), a positive global trend 

for both groundwater level rise and ground uplift is recognizable, with a piezometric 

variation of up to approximately 7 m observed from 1989 to 2013 (Figs. 2.15a and 2.15b) 

and a deformation of up to +20 mm (Figs. 2.16a and 2.16b) recorded in the period from 

1993 to 2010. The link between the observed phenomena can be ascribed, reasonably, to 

the elastic rebound of the aquifer under the unloading of effective stress caused by the 

increase of pore pressure, which is related to the recovery of groundwater levels in the 

unconfined shallow aquifer (graph PF, Fig. 2.17; Fig. 2.1d). This interpretation is known 

as pore-elastic rebound of an aquifer (Biot, 1941; Waltham, 2002; Ishitsuka et al., 2017) 

and originated from the relaxation of elastically compressed aquifers when pore-water 

pressure is recovered. It is also consistent with experimental results of water injection 

programmes carried out at the subsided site of the Wilmington oilfield in California 

(Allen & Mayuga, 1969; Teatini et al. 2011), although other authors (Vilardo et al., 2009) 

interpreted this phenomenon as an increase in pore-water pressure in agricultural soils 

inducted by flood episodes from artificial channels and tributaries of Regi Lagni river, in 

the Somma-Vesuvius northern sector (Figs. 2.12a and 2.12c). 

Furthermore, in the north-central sector (P graph, Fig. 2.17), similar positive trends for 

both phenomena can be recognized. However, although in this sector there has been a 

piezometric level rise of approximately 14.5 m from approximately 1.0 to 15.0 m a.s.l. 

(Figs. 2.13, 2.15a and 2.15b), the ground uplift measured is about +40 mm (Fig. 2.16). In 

this case, the smallest ground uplift rate observed in the north-central sector can be 

related to the involvement of groundwater rebound, mainly in the deep semi-confined 

tufaceous aquitard (Figs. 2.4 and 2.17), which it is characterized by a lower elastic 

deformability than incoherent pyroclastic-alluvial deposits. Such observation confirms 

that ground uplift is not just related to rising groundwater levels, but also dependent on 

other hydrogeological and geotechnical factors (i.e., aquifer type, permeability 

heterogeneities, elastic properties). 
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In the southcentral sector (graph PAP, in Fig. 2.17), the piezometric level rise was 

approximately 5.0 m, recovering the pyroclastic-alluvial-palustrine aquifer (Figs. 2.4 and 

2.16), while heterogeneous ground deformation behaviour was observed by: a) ground 

uplift of about +25 mm in the northern margin related to piezometric level rise; and b) 

land subsidence of about −80 mm on average along the southern sector due to volcano-

tectonic dynamics of Somma-Vesuvius or settlement and consolidation caused by new 

local buildings (Figs. 2.16 and 2.17). The ground uplift resulting from pore-water pressure 

increase and pore-elastic rebound would have probably affected a more extensive area if 

there was no interaction with other contrasting phenomena. In fact, beyond the human-

induced ground subsidence resulting from an intense urbanization in the 1990s (Fig. 

2.16a) and the construction of the CAAN (Fig. 2.16b) during the 2006-2008 period, another 

natural process affects the southern margin of the PAP sector. In fact, according to Lanari 

et al. (2002) this local ground subsidence is characterized by a peculiar annular shape 

(Terada, 1929) occurring around the northern foot of Somma-Vesuvius (Fig. 2.12a). This 

peculiar style of ground deformation is caused by gravitational loading of the volcanic 

edifice coupled with extensional tectonic stress along Quaternary-active faults, such as 

the Sebeto deep fault (Fig. 2.12), which showed evidence of activity in the late Pleistocene-

Holocene (Cinque et al., 2000). This phenomenon is analysed in the VA graph (Fig. 2.17) 

where despite the positive trend of groundwater levels equal to approximately 6.0 m, a 

continuous subsidence of up to −85 mm was registered.  

Finally, Figure 2.17 clearly shows that the significant upward trend in the piezometric 

level and vertical ground deformation observed in the 1989-2002 period was not 

triggered by a change in the local precipitation’s regime since this does not display any 

substantial change during the same interval of time. 
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Figure 2.17 - Comparison between annual precipitation, representative trends of groundwater levels and vertical 

ground deformations for four sectors of study area (1989-2013). In the graphs, blue lines indicate the average 

piezometric levels, for the whole sector, while the whiskers the minimum and the maximum ones. 1) VA complex 

(sandy silts) with interbedded: a) pumiceous lapilli horizons; b) sandy horizons; 2) PF complex (sands, silts and sandy 

silts) with interbedded: a) pumiceous lapilli horizons; b) sands and pumiceous lapilli horizons; 3) PAP complex (sandy 

silts, silts and clays) with interbedded: a) pumiceous lapilli horizons; b) sands, paleosols, and peat levels, c) marshy 

clayey-sands and clayey-silts; 4) P complex (silty sands) with interbedded: a) pumiceous-scoriaceus lapilli horizons; 5) 

Somma-Vesuvius lavas; 6) lithoid (a) and incoherent (b) CI tuff; 7) deep semi-confined pyroclastic-alluvial aquifer (silty 

sands and sands). 
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6. Conclusions 

Integrated use of hydrogeological and DInSAR data has allowed the investigation of 

coupling between groundwater rebound and ground deformation in the multi-layered 

pyroclastic-alluvial aquifer of the Casalnuovo di Napoli and Volla municipalities 

(metropolitan city of Naples, Italy). By means of approximately 20 years of 

hydrogeological and DInSAR monitoring data covering the period of 1993-2010, the 

spatio-temporal evolution of ground deformation has been analysed for the period 

following the strong reduction of groundwater pumping. 

Hydrogeological monitoring data show that groundwater level rise occurred extensively 

throughout the study area in the 1989-2013 period (Figs. 2.15a and 2.15b) with a 

maximum amplitude of 16 m observed in the west-central sector, where the highest 

velocities of groundwater rise have been recorded with a magnitude of up to 

approximately 1.0 m/yr (Figs. 2.15c and 2.15d). 

DInSAR data show general ground uplift during the time span of 1993-2010 (Figs. 2.16a 

and 2.16b). Such a phenomenon has turned out to have a magnitude of approximately 40 

mm on average, except for the southern sector of the study area where some local natural 

and human-induced subsidence (with a maximum magnitude of 130 mm) have been 

identified.  

Comparisons between trends of groundwater level and ground displacement (Fig. 2.17) 

indicate that the ground uplift is linked to a probable poro-elastic rebound mechanism in 

the aquifer system. Such a phenomenon was caused by piezometric level rise following 

groundwater pumping interruption, related effective stress unloading and deformation 

recovery. 

The obtained results advance the knowledge of the complex and often unforeseen 

interactions between human actions and geohazards, allowing for more effective urban 

planning. In particular, the study area is a relevant example of urban planning that was 

carried out by taking into account a non-natural groundwater level condition, kept low 

for decades by strong groundwater exploitation. A consequence of this difficult-to-

predict scenario is groundwater flooding hazards among other geohazards affecting the 

study area, such as those due to coastal, fluvial, volcanic and earthquake phenomena. 

Another related hazard to be studied are the effects of the interaction between 

groundwater and foundations on the stability of buildings, which were designed for low 

groundwater table conditions. In conclusion, the results of this study open new 
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perspectives in the management of such a type of geohazard, which would need the 

implementation of an appropriate coupled hydro-mechanical model for correct risk 

management. 
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Extended Abstract 

Groundwater has always played a strategic role in the development of human activities. 

Therefore, its appropriate management represents a crucial node in order to avoid aquifer 

overexploitation, which can lead to deterioration of groundwater qualitative and 

quantitative status.  

In 1980s, the pyroclastic alluvial aquifer of the eastern plain of Naples has been an 

example of mismanagement. At the end of the 80s, the withdrawals for drinking, 

industrial and agricultural purposes reached a maximum value of about 6 m3/s, 

exceeding the mean annual water budget of the aquifer of approximately 2,65 m3/s 

(Allocca & Celico, 2008). This overexploitation has caused the progressive decline of 

piezometric levels reaching, locally, lowering up to 15 m and extraction of highly 

mineralized waters coming from deeper parts of the aquifer characterized by slow 

circulation and redox conditions, with consequent increase in Fe, Mn and fluoride 

concentrations of natural origin. In addition, high NO3 values were found in water, 

coming from the use of nitrogen fertilizers in agricultural activity as well as from urban 

and industrial waste (Celico et al., 1997). High contamination values of groundwater 

caused the drastic reduction of drinking water abstractions and groundwater pumping 

for industrial and rural use, the latter favoured also by deindustrialization processes and 

mailto:silvio.coda@unina.it
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land use change, from rural to semiurban, of the study area. Consequently, since 1990 the 

groundwater rebound phenomenon has occurred (Allocca & Celico, 2008), which has had 

strong socio-economic and environmental impacts. In the last decades, the piezometric 

level rising has caused groundwater flooding in subway tunnels, buildings, agricultural 

land and archaeological sites, as well as ground uplift with consequent damage to 

structures and infrastructures (Coda et al., 2019a).   

The present study aims to investigate, for the 1992-2017 period, a third effect of 

groundwater rebound in addition to flooding and uplift, that is the variation of 

contamination from Fe, Mn, NO3 and fluoride in an experimental area of 14 km2 in the 

eastern plain of Naples. 

The study was carried out by: i) sampling of water on 15 wells and chemical analyses to 

determine the concentrations of Fe, Mn, NO3 and fluorides, in November 2017; ii) 

comparison between piezometric levels in the period 1989-2017 and the areal distribution 

of the aforementioned contaminants in the period 1992-2017, to identify the variations in 

relation to the increase in piezometric levels.  

The preliminary results show a strong contamination of groundwater, both natural and 

anthropogenic, with values of Fe, Mn, fluorides and NO3 exceeding the thresholds 

imposed by Italian legislation for human consumption. Nevertheless, the comparison 

with historical hydrogeochemical data shows a slight improvement in natural 

contamination (Fe, Mn and fluorides), as proof of the reactivation of a faster circulation 

in the aquifer deriving from the increase in saturated thickness. The reduction of the 

vadose zone has favoured the achievement of groundwater contaminants coming from 

the surface, in fact the concentrations of nitrates, coming mainly from the agricultural 

activity in the study area, have strongly increased.  

In conclusion, from these results emerge the need to implement an appropriate 

hydrogeological and hydrochemical monitoring of the aquifer, to preserve and improve 

the quality of this strategic water resource. 

Key words: groundwater rebound, aquifer deformation, ground uplift, subsidence 

hydrogeology, DInSAR, Naples, Italy. 

Coda, S., De Tommaso, G., Iuliano, M., Jantáková, N., Villani, R., 2019. Variation of groundwater 

contamination related to groundwater rebound in the eastern plain of Naples. Proceedings of the 

XI Convegno Nazionale Dei Giovani Ricercatori in Geologia Applicata. 19-21 September 2019, 

Matera (Italy). 
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1. Data and methodologies 

To analyze the piezometric and hydrochemical variations in the period 1993-2017, the 

only historical series available in the scientific literature (relative to the years 1993 and 

2003) and the data coming from a hydrogeological campaign carried out in 2017 were 

used. 

 
Figure 2.18 – Hydrogeological complexes and ubication of groundwater samples. 1) VA complex; 2) PF complex; 3) 

PAP complex; 4) P complex; 5) Sector with buried Campanian Ignimbrite (CI); 6) Sector with buried lava rocks; 7) 1993 

(I), 2003 (II) and 2017(III) sampling networks; 8) Acerra (1) and Lufrano (2) well-fields; 9) study area. 
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1.1 Piezometric data 

• 1993’s piezometric contour map: Celico et al, 1997; Esposito 1998; 

• 2003’s piezometric contour map: AdB, 2004;  

• 2017’s piezometric head of 101 wells included in a monitoring network (Coda et 

al, 2019a).  

 

2017’s data have been interpolated through Kriging geostatistical method to elaborate a 

piezometric contour map. 

1.2 Hydrochemical data 

• 1993’s isoconcentration contour map of nitrates, fluorides, Fe and Mn: Celico et al 

1997; 

• 2003’s hydrochemical analysis of 8 groundwater samples (Fig. 2.18 - AdB, 2004); 

• 2017’s hydrochemical analysis of 15 groundwater samples taken from monitoring 

network wells (Fig. 2.18). 

 

2003’ and 2017’ data have been interpolated through Natural Neighbor method to obtain 

isoconcentration contour maps of nitrate, fluoride, Fe and Mn. 
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2. Results 

2.1 Piezometric levels variation 

Results show a progressive increase of piezometric head for the whole period considered 

(Fig. 2.19).  The entity of the groundwater levels increase is summarized in Table 2.6. The 

maximum median value of piezometric head is 16,4 m a.s.l., reached in 2017, increasing 

of about 4,4 m from 1993 to 2003 and 2,8 m from 2003 to 2017. The rising rate decrease 

from 0,44 m/yr (in the first period) to 0,20 m/yr (in the second period). This deceleration 

of groundwater rebound phenomenon is in according to previous studies conducted in 

the same area (Coda et al., 2019a). 

 

Table 2.6 - Piezometric head variation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 – Piezometric contour maps and box plot. 
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2.2 Variation of contamination   

In the period 1993-2017, the hydrochemical characteristics of groundwater have 

undergone two different trends of variation in the compounds considered. For the 

nitrates (Tab. 2.7 and Fig. 2.20a), it was recorded a median increment of about 25% (~20 

mg/l). Instead flourides, Fe and Mn occurred an inverse trend (Tab. 2.7 and Figs 2.20b, 

2.20c and 2.20d) with a median value of decrement of about 33% (1 mg/l), 67% (0,04 mg/l) 

and 50% (0,01 mg/l) respectively.  The results of the raster analysis are summarized in 

Table 2.7. 

 

Table 2.7 - Hydrochemical variation. 
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Figure 2.20 - Isoconcentration contour maps and boxplot of Nitrates (a), Fluorides (b), Iron (c) and Manganese (d). 

a) b) 

c) d) 
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3. Discussion and conclusions 

From the comparison between the variation of piezometric levels and the concentrations 

of the chemical compounds, a relation emerged. Piezometric and nitrates variations had 

a positive trend. The nitrates produced by the human activity coming from the surface 

and the reduction of the water table depth increased the concentration of this pollutant 

which reach groundwater (reducing the time travel).  

A negative trend is observed in the natural contamination. The 80’ high concentration of 

fluorides, Fe and Mn, caused by the mobilization of highly mineralized water and an 

anoxic environment, have suffered an average sharp reduction. This can be attributed to 

the lack of mobilization of deep fluids due to interruption of pumping. In addition, the 

increase of the aquifer thickness and the reactivation of faster horizontal flows have led 

to a greater oxygenation of groundwater and dilution of these natural pollutants.  

The results, despite the heterogeneity of the dataset used, allowed to detect a direct 

relation in the piezometric and nitrates trends, and an inverse one between piezometric 

and flourides, Fe and Mn trends.  These evidences show another effect of the 

groundwater rebound phenomena in the study area, in addition to flooding and ground 

uplift. 

  



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

79 

 

  



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

80 

 

2.4 

Integrating hydrogeological and economic analyses of 

groundwater flooding in an urban aquifer: the plain of 

Naples (Italy) as a case study  

Allocca V.1*, Castellucci L.2, Coda S.1, Caromaldi M.3, De Vita P.1, Marzano E.4  

1 Department of Earth Science, Environment and Resources, University of Naples Federico II, 

Naples, Italy  

2 University of Rome Tor Vergata and Niccolò Cusano, Rome, Italy 

3 University of Rome Niccolò Cusano, Rome, Italy 

4 Department of Economic and Legal Studies, University of Naples Parthenope and CESifo, 

Naples, Italy 
Corresponding author: vincenzo.allocca@unina.it 

  

Abstract 

The economics of groundwater resources management has been concerned mostly with 

the issue of overexploitation of water resources. However, in recent decades many urban 

and rural areas have experienced the negative effects of a rise in the groundwater level 

all over the world and in Europe. Making use of geological and hydrological features 

information, we propose the coastal alluvial plain of Naples as a case study to investigate 

and model the phenomenon of groundwater flooding in alluvial/flood plains in an 

economic setting. We also provide an estimate of the economic impact of groundwater 

flooding on property values by using the defensive expenditure method. Our results 

show that for the management of groundwater to be efficient is fundamental to know 

and to take into account the natural dynamic of the groundwater reserve involved, either 

in the direction of quantity depletion (the overexploitation regime) and in that of 

groundwater rebound (the rebound regime). Since the level of each groundwater reserve 

moves according to its long run natural laws, the short-sight decisions taken with respect 

to land uses imply increasing economic costs in the medium and long terms.  
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Key words: groundwater management, groundwater rebound/flooding, land use, 

defensive expenditure, Naples, Italy. 
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1. Introduction 

The economics of groundwater resources management has been concerned mostly with 

the issue of overexploitation of water resources. However, in recent decades many urban 

and rural areas have experienced the negative effects of a rise in the groundwater level. 

All over the world and in Europe phenomena of groundwater flooding (GF) have 

increased (Wilkinson, 1985; Vasquez-Sune et al., 1997; Robinson et al., 2001; Beretta et al., 

2004; Pinault et al., 2005; Kreibich et al., 2009; Macdonald et al., 2012; Lamé, 2013). The 

GF phenomenon can be associated with various causes. First, it can emerge as a response 

of large aquifers in floodplains to prolonged extreme rainfall. Second, it may be produced 

by a substantial reduction in water abstraction due to anthropogenic events such as a 

deindustrialization process which entails an unforeseen reduction in the withdrawals.  

Third, the deterioration of water quality due to the reaching of a low water table 

following persistent overdraft, may make the public authority to stop pumping the wells.  

The latter two causes are at the origin of the phenomenon usually referred to as 

groundwater rebound (GR) which is the object of our analysis.  According to the scientific 

literature, an important cause in the rising of groundwater level in urban areas is actually 

a strong reduction in the anthropogenic withdrawals for either reasons above. This is the 

case   with the municipality of Casalnuovo di Napoli, located in the eastern plain of 

Naples, which is our study area (Allocca and Celico, 2008; Colombo et al., 2018).   To the 

best of our knowledge, a fully comprehensive analysis of the phenomenon and of its 

socio-economic consequences is still lacking. Only in recent years the European legislator 

has become acquainted with the need of regulating flooding phenomena (Directive 

2007/60/EC) but still it does not explicitly consider the rise of groundwater level as a cause 

of flooding. On the other hand, there is scant evidence about the economic impact of   GF, 

since most of the existing research has been so far focused on valuing the economic 

damages of flooding caused by extreme precipitations and/or river inundations (Merz et 

al., 2010; Kunreuther, et al., 2020; Dobrovicová et al., 2013). Little attention has been given 

to both the theoretical approach to address the GR issue and the actual events of 

inundations caused by an aquifer regaining its natural level.  Moreover, when addressing 

the economic problems of optimal groundwater management, the perspective is in 

general that of avoiding the “depletion” of the reserve as it is in fact an important and 

often crucial source of water provision to satisfy urban and rural demand for water 
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(Vaux, 2011; Jakeman et al., 2016).  In other words, to avoid depletion appears to be the 

target and the possibility of GR is overlooked. In our view this lack of attention may be 

explained in two ways.  The concern for the serious problem of facing water scarcity may 

easily imply to forget even the possibility of facing an opposite event while the need to 

address such a problem through an interdisciplinary approach is historically 

undermined and not met. In fact, a hydrogeological analysis can provide a realistic 

picture about the changing level of an aquifer in response to the combination of natural 

and man-made causes. Any aquifer’s water level responds to  its long-term natural laws 

and  to the anthropogenic activities.  Once this interaction is taken into account, GR 

phenomena can be predicted and their economic costs estimated. The purpose of this 

article is threefold.  First, we choose the coastal alluvial plain of Naples as a case study 

for identifying the basic features necessary to investigate and model the phenomenon of 

GF in alluvial/flood plains.  Second, we attempt to develop a methodology for addressing 

our research question on the basis of a truly interdisciplinary approach. Third, we 

provide a conservative estimate of the impact of groundwater flooding on property 

values. To this scope, we use the defensive expenditure method (Bartik, 1988; Abdalla et 

al., 1992; Champ et al., 2017) to empirically estimate the elasticity of monetary damages 

of rising water table.  

The article is structured as follows. Section 2 describes the data and methods, including 

an historical reconstruction of the dynamics of groundwater levels influenced by 

socioeconomic drivers in the study area. In section 3 we propose a theoretical model of 

the GR/ GF phenomena, provide an econometric estimate of the economic costs for the 

study area and give our results. Discussion and concluding remarks are reported in 

Section 4. 
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2. Data description and methods 

2.1 Study area 

The study area is located in the central sector of eastern plain of Naples and corresponds 

to the municipality of Casalnuovo di Napoli (Fig. 2.21). In this municipality, located in 

the Metropolitan City of Naples and extended about 7.30 km2, live nearly 50.000 

inhabitants giving place to a quite high population density of about 6.849 

inhabitants/km2. The study area is delimited, to the west, by the Phlegraean Fields 

volcanic system, to the east by the carbonate massif of Avella-Pizzo d’Alvano and to the 

south by the Somma-Vesuvius volcano (Figs. 2.21a and 2.21b). The territory of 

Casalnuovo di Napoli municipality is included in two river basins, the Sebeto in the 

south, and the Regi Lagni in the north (Fig. 2.21b). The territory, whose altitude ranges 

from 12 to 45 m a.s.l., is characterized by a flat morphology, slightly sloping toward the 

course of the Sebeto river, which was known since Greek-Roman times. By a geological 

point of view, the study area is located in the central-southern sector of the Campanian 

Plain (Fig. 2.21a), a large alluvial plain formed in the Pliocene-Pleistocene by the filling 

of a regional semi-graben structural depression, which was originated along the western 

side of the southern Apennines, during the opening of the Tyrrhenian Sea (Patacca et al., 

1990). By a hydrogeological point of view, the territory is characterized by a porous multi-

layered aquifer system (Allocca and Celico, 2008; Allocca et al., 2016; De Vita et al., 2018; 

Coda et al., 2019a; 2019b; 2019c).   In the northern and central-northern sectors, the aquifer 

system consists of a shallow unconfined volcanoclastic-alluvial aquifer and by a deep 

semi-confined pyroclastic-alluvial aquifer underling the CI horizon (Fig. 2.21c). In the 

central-southern and southern sectors, the aquifer system is characterized by 

semiconfined and phreatic aquifers, respectively, although at local scale in the southern 

sector the groundwater flow can be confined by shallow lower-permeability lens of 

clayey-sands, clayey-silts and peats. The water table deep is about 4 meters in the 

northern sector and about 0,5 m in the southern one. The groundwater is flowing overall 

from north-east toward south-west, contributing to Cozzone and Volla river discharge 

(Fig. 2.21c). The aquifer system is recharged by direct effective infiltration (Allocca and 

Celico, 2008; Allocca et al., 2014) and by lateral groundwater flow coming from the 

adjoining aquifer sector, whose groundwater basin is extended up to the carbonate 

Avella-Pizzo d’Alvano and volcanic Somma-Vesuvius aquifers (Fig. 2.21b). 
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Figure 2.21 - a) Geological map of the Campanian Plain, b) Hydrogeological map of the eastern plain of Naples, and c) 

Hydrogeological complexes outcropping in the study area. 1) Quaternary epiclastic deposits; 2) Quaternary volcanic 

deposits; 3) Miocene deposits; 4) Mesozoic Apennine platform carbonates; 5) VA complex (volcanic and alluvial 

deposits); 6) PF complex (pyroclastic-fluvial deposits); 7) PAP complex (pyroclastic, alluvial, palustrine and marine 

deposits); 8) P complex (pyroclastic deposits); 9) sector with buried Campanian Ignimbrite (CI) tuff horizon; 10) sector 

with buried lava rocks 11) normal fault; 12) groundwater contour line (m a.s.l.; Esposito, 1998); 13) groundwater flow 

direction; 14) groundwater divide; 15) boundary of type of aquifer (I multi layered, II single semi-confined, III single 

phreatic) 16) Bolla spring; 17) drinking-water well field of Acerra (a) and Lufrano (b); 18) IV century Bolla aqueduct; 

19) Metropolitan City of Naples boundary; 20) study area.   

According to data provided by Corine Land Cover inventory1, the land use in the 

Casalnuovo di Napoli municipality is characterized mostly by urbanized zones which 

cover about 65% of the territory.  The agricultural zone, extending over the rest 35%, is 

especially found in the southern sector of the municipality and only marginally in the 

 
1 https://land.copernicus.eu/pan-european/corine-land-cover, last accessed November 23rd 2019. 

https://land.copernicus.eu/pan-european/corine-land-cover
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northern sector (respectively green and cyan shaded areas in Figure 2.21c). Historically, 

the southern sector of the study area was characterized by a typical swampy-flat 

morphology, and by a complex hydrographic micro network and numerous water 

springs, such as the Bolla spring (Fig. 2.21c) which was tapped since the IV century by 

the “Bolla” aqueduct for feeding the city of Naples (Celico et al., 1995) and has been active 

until the beginning of the twentieth century (Fiorelli, 1926).  

2.2 Hydrogeological data 

In order to analyze the groundwater dynamics in the study area, we exploit two different 

time series dataset. The first one, yearly collected, helps to frame the problems connected 

with GF detected in the study area (Fig. 2.22). This is our original hydrogeological dataset 

of manually-recorded water level measurements and pumping rates and covering the 

period 1946-2013 (Allocca and Celico, 2008; Coda et al., 2019a; 2019b). The data refer to 

the Lufrano well fields (Figs. 2.21b and 2.21c) and thus show the dynamic relationship 

between groundwater level and withdrawals in the study area, but they are also 

representative of the groundwater dynamics in the Naples eastern plain (Allocca and 

Celico, 2008).  

 
Figure 2.22 - Time series of groundwater levels 1) (meters a. and b.s.l.) and pumping rates 2) (m3/s) for the Lufrano 

well-field. 

The Lufrano well field was developed soon after WWII to supply drinking water to the 

Naples city and its hinterland. Therefore, the dynamics depicted in Figure 2.22 were 

influenced by socio economic drivers originated in the metropolitan area of Naples. In 

Figure 2.22, the existence of negative co-movement between the two-time series is 
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evident, and we find that the turning points of the piezometric level and withdrawals are 

almost perfectly synchronised. As expected, a more intense exploitation of the wells in 

the Lufrano area is associated to a decline in the recorded level of the groundwater. A 

first inspection to the data depicts a scenario characterized by four different periods: 

1. 1946-1960: in this period piezometric data indicate a falling aquifer level due to the 

increase in pumping rates; 

2. 1961-1983: notwithstanding ample volatility in the withdrawals, this phase was 

characterized by a stabilization of the piezometric levels around 9,0 m a.s.l. on 

average; after a peak in 1976, a decline in the pumping rate has brought an increase 

of the piezometric levels to about 12 m a. s. l.; 

3. 1984-1990: in this period overexploitation has occurred due to a sharp increase in 

withdrawals peaking up to 3 m3/s in 1989. A decline in the annual rainfall regime 

observed in those years added to the high withdrawals. A severe drought is in fact 

documented by Allocca and Celico, (2008). As a consequence, a downward jump 

in the piezometric levels, which brought the level down to -1,5 m below sea level, 

was registered;  

4. 1991 onward: since the early ‘90s the groundwater table started to rise at an 

average rate of about 1,0 m per year. Only in the more recent period 2013-2015, the 

average rising rate of piezometric levels was limited to around 0.16 m per year 

(Allocca et al., 2016). 

The second hydrogeological dataset consists of piezometric measurements systematically 

recorded during the period 2015-2020, by monitoring and automated equipment, in the 

Casalnuovo di Napoli municipality (Coda et al., 2019a). This is again our original 

hydrogeological dataset for the study area, of automatically-recorded water level 

measurements at daily frequency, by means of monitoring piezometers.  

Finally, in order to depict the actual scenario of groundwater levels and flooding in the 

study area, we refer to two maps of the groundwater level depth provided by Allocca et 

al. (2016). These maps are the result of an intense program of hydrogeological monitoring 

of groundwater levels carried out during the period November 2013-March 2015. The 

monitoring has involved 83 wells, with the support of 3 monitoring stations of 

groundwater table levels. 

The maps in Figure 2.23, compare the sectors affected by GF in November 2013 (map 

2.23a) and in March 2015 (map 2.23b), namely the northern sector named S1 and the 
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southern one named S2 in Figure 2.23. Albeit the impact of flooding is similar in the two 

sectors, the local characteristics are very different. 

 
Figure 2.23 - Groundwater depth maps (m b.g.l.) for the period November 2013 (a) and March 2015 (b) and location of 

the experimental building (EB). 1) Flooded private buildings; 2) Flooded agricultural lands; 3) Study area. 

Actually, the piezometric level is about 4 meters below ground surface in S1 while it 

ranges from 0 to about 1 meter below ground surface in S2, where flooding is affecting 

also agricultural lands. In the northern sector (S1), the recorded flooding episodes are 

only related to private properties, amounting to 6 private buildings in 2013. In the 

southern sector (S2), characterized by a typical swampy-flat morphology, the recorded 

flooding episodes are affecting either private buildings amounting to 7 ones in 2013 and 

agricultural land namely 11.99 ha in the same year. The map clearly shows that the impact 

has widen in 2015, either in rural areas, bringing the flooded area to 15.15 ha (S2) or in 

private properties, affecting 10 buildings in the northern sector (S1) and 8 buildings in 

the southern sector (S2). The important message we get from these figures is that the GF 

phenomenon is not a static one.   
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2.3 Economic data 

Two different time series datasets were used for the sake of our economic analysis. The 

first dataset, yearly collected, is taken from the National Accounts, and includes, for the 

period 1952-2008, the time series of the monetary rate of growth of GDP in the Campania 

region.  

Socio-economic drivers, namely urbanisation and economic development, have certainly 

shaped the pattern in withdrawals and consequently the water table levels as displayed 

in Figure 2.22 above. It is therefore interesting to compare the time series of the 

piezometric level with that of the GDP growth rate in the Campania region as we do in 

Figure 2.24. 

 
Figure 2.24 - Time series of the piezometric levels (meters a. and b.s.l.) for Lufrano well-field 1) and the rate of growth 

of GDP in Campania region 2). 

We observe that the latter is characterized by three different regimes. During the period 

1951-1967 the average growth rate was about 6%, but later it halved in the period 1968-

1990, and continued to decline at a pace of 0.5% on average after 1990 and onward. This 

confirms the idea that the years characterized by a lowering of groundwater table were 

those showing a rising rate of growth of the Campania economy. The downsizing phase 

of the economic performance, instead, is coincident with a stabilization of the piezometric 

levels, whereas the decades starting with the ‘90s have witnessed a severe slowdown of 

the economic performance of the Campania region and a coexisting rise in the 

piezometric level. Of course, these stylized facts, differently from those reported in Figure 

2.22, do not imply any kind of causality relationship. Nonetheless, they may signal the 
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existence of possible interlinkage worth to be further investigated, although this goes 

beyond the scope of the present analysis.  

The second economic dataset, related to the period from January 2015 to July 2018, is a 

time series of bi-monthly expenditure for electricity consumption in a representative 

building of the study area, namely the one referred to as “La Palma building”. This 

experimental building (EB in Figure 2.23) is located in the Northern sector of the 

Casalnuovo di Napoli municipality (see area S1 in Figure 2.23).  

It is a private construction, built in 1995. It is a quite large construction:  6 floors, 40 

apartments, and 24 shops at the ground level. Each apartment has its own underground 

garage and a total of 43 garages are located in the basement of the building. At the 

construction stage, as shown in Figure 2.22, the piezometric levels recorded in the plain 

of Naples around the study area, was about 9 m a.s.l., compared to the current 

piezometric level of about 16 m a.s.l. in the Casalnuovo di Napoli territory. Starting from 

2010, flooding episodes were suffered by the underground structure of the building: 

elevator foundations and garages. As it is shown in Table 2.8, since then the 

administration of the building has undertaken important interventions to mitigate the 

impact of underground flooding2. All the intervention can be classified as private reactive 

adaptation or defensive expenditures (Grothmann and Reusswig, 2006; Bartik, 1988; 

Abdalla, et al., 1992; Champ et al., 2017). 

All the expenditures listed in Table 2.8 are classified as “extra ordinary ones” in the 

bookkeeping of the building administration meaning that they come from unusual 

causes. 

The typologies of expenditures include geological and hydrogeological surveys reports, 

construction and maintenance/substitution of micro-pumps plant, maintenance of 

damaged elevators, electricity consumption and expenditure for legal and technical 

support (solicitors, geologists, engineers). A brief history of the extraordinary 

expenditures tells us that in 2010 the first intervention concerned a mitigation initiative 

aimed at restoring the use of the elevators, followed by the appointment of a group of 

technicians to assess the origin of the flooding. Later, starting from 2011, an increasing 

number of pumps were installed. The electricity expenditure has grown considerably 

after the installation of the well point system, as shown in Table 2.8. The expenditure 

ranges from a minimum of 2,748 euros in 2011 when the pumping system was installed, 

 
2 The data are taken from the bookkeeping records provided by the administration of the building. 
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to a maximum of about 12,000 euros in 2015, when the full set of micro-pumping plants 

were working.  

Table 2.8 - Total expenditure for the experimental building EB, current euros (Source of data: Our elaboration on data 

provided by the building administration).  

Expenditures typology  

 

2010  2011  2012  2013  2014  2015  2016  2017  2018  

Construction of micro-pumps plant  0 3143 1212 13095  0 4210 0  0  0 

Maintenance / substitution of pumps  0 1000 1000 1000 1000 1000 1000 1000 1000 

Maintenance of damaged elevators  3024  0 0   0 0   0 0   0 0 

Electricity consumption for the use of 

pumps  
 0 2748 3114 2807 11239 11832 9354 7122 9070 

Expenditure for legal and technical 

consulting (geologists, engineers,…)  
1094 2385 0  0   0 0  0  0  0 

Total expenditure 4118 6528 2212 16902 12239 17042 10354 8122 10070 

 

By matching hydrogeological data with the consumers bills for electricity consumption, 

we get a bi-monthly dataset of 22 observations, spanning from January 2015 to July 2018. 

In Figure 2.25, we show the time series of the piezometric level in Casalnuovo di Napoli 

municipality over the last four years and the electricity expenditures related to the 

building under investigation. Figure 2.25 clearly shows that there is a time mismatch 

between the piezometric levels and the electricity bills: the turning points of the electricity 

expenditure (the red line) are lagging behind those of the piezometric levels (the blue 

line). We take note of this time mismatch in our estimation. 
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Figure 2.25 - Comparison between time series of piezometric levels (m a.s.l.) and electricity bills (euros) for the 

experimental building (EB; location in Fig. 2.23).  

2.4 Methodology 

As we have documented in the data Section, the flooding affecting the territory of the 

study area is originated by a sudden stop in the withdrawals and therefore the flooding 

episodes that followed are a good example of a groundwater rebound phenomenon 

(Allocca et al., 2019). Making use of this hydrogeological setting and resorting to a 

hydrogeological theoretical model, we are able to arrive at an estimation of the economic 

costs of the groundwater flooding due to a rebound effect. 

2.4.1 A theoretical dynamic analysis of groundwater 

The hydrogeological model by Gisser and Mercado (1973) is our starting point as we 

share their purpose of integrating hydrogeological and economic analyses. We depart 

from them under several aspects and first of all for the sector considered. A simple 

scheme of groundwater management in a single-cell aquifer model is provided by these 

authors who integrate economic and hydrologic analysis in the agriculture sector. We 

borrow this approach to model, in a single scheme, groundwater overexploitation and 

groundwater rebound/flooding events with reference to an urban area.  

The single‐cell aquifer model used by Gisser and Mercado (1973) assumes a uniform 

headwater throughout the basin allowing to model the water table dynamics as follows: 
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                                             𝐴𝑆
𝑑𝐻

𝑑𝑡
= 𝑅 + 𝑅𝑎 + (𝛼 − 1)𝑊 −  𝑊𝑛                                         (1) 

where AS is the storativity of the aquifer given by the product of the area A and the storage 

coefficient S. R and Ra, are the recharge volumes, respectively, natural and artificial 

(supposed to be zero), and W and Wn are withdrawals, anthropic and natural ones. The 

parameter 𝛼 controls for the share of return flow. Assuming natural discharge, Wn, to be 

a linear function of the water table level, H: 

                                                          𝑊𝑛 = 𝑎 + 𝑏𝐻                                                               (2) 

one gets the steady state level of the water table HS by substituting [2] into [1] and solving 

for the water table.  

The solution of the dynamic equation for given level of withdrawals, W, is: 

𝐻 = [𝑅 + 𝑅𝑎 + (𝛼 − 1)𝑊 − 𝑎] 𝑏⁄ + {[𝑏𝐻0 − 𝑅 − 𝑅𝑎 + (𝛼 − 1)𝑊 + 𝑎] 𝑏⁄ } exp {
−𝑏

𝐴𝑆
𝑡}    (3) 

where the first term in square brackets is the steady state level of the water table, HS. The 

larger the anthropic withdrawals W, i.e. the water demand for irrigation in the model, 

the lower is, coeteris paribus, the water table level. In addition, Equation 3 clearly shows 

that when an excess of pumping occurs at time 0, the water level dynamic is negative and 

the water table decline will continue unless a reduction in withdrawals will take place or 

an artificial recharge is implemented. Figure 2.26, reproducing Figure 2.22 of Gisser and 

Mercado (1973), provides the graphical representation of the model for the case of Hm >Hs 

(panel a) and for the case of Hm <  Hs  (panel b) were Hm represents the minimum allowable 

level of water. Overcoming it implies “unacceptable damage for a long time period” 

(Gisser and Mercado, 1973). This is represented by the reaching of the point A in Panel a. 

The model proceeds by modelling the water demand for irrigation as a linear function of 

water price and were the costs of pumping increase with the lowering of the water table 

and by integrating these economic aspects with the hydrogeological ones.  Under these 

circumstances as far as withdrawals increase and pumping costs and water price rise, the 

demand for water decreases thus restoring the hydrological balance.   

This mechanism applies to two cases depicted in Figure 2.26 panel a) and b). When the 

steady state level HS is above the minimum allowable one Hm as in panel b), no policy is 

needed to mitigate the falling dynamic in water table level. When instead the critical 

threshold Hm is reached earlier than the steady state HS (point A in panel (a)), a policy is 
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necessary to avoid the unacceptable damage stemming from overcoming Hm. Various 

policies can be suited to this end such as artificial recharging or demand restrictions. We 

use this setting for our analysis. 

 

Figure 2.26 - Source: Gisser and Mercado, 1973. 

 

2.4.2 The defensive expenditure analysis 

In the theoretical economic literature, groundwater is mainly considered as a depletable 

resource and frequently a common property one, where entry is restricted by land 

ownership. For these reasons, the scarcity rent should be paid by current users and 

included in the efficient pricing of the resource (Koundouri, 2004; Koundouri et al., 2017 

for a survey of dynamic models in groundwater management).  When the management 

of groundwater is not inspired by optimal rules, social negative effects follow as in our 

study area.    

From an empirical point of view, we aim to model the economic damages suffered by 

residents in the study area. Flooding is producing serious damages with remarkable 

impacts and economic consequences in the vast area of the eastern plain of Naples. The 

hydrogeological hazard of the flooding is related to underground structures and 

infrastructures (e.g., building foundations, underground car parks, tunnels and 

subways), since it produces an increase in the hydrostatic stress exerted on buildings, the 

corrosion of foundations and a groundwater pollution arising from the saturation of 

polluted soils (Colombo et al., 2018). In order to assess the economic impact of flooding 

in our study area, we adopt a defensive expenditure approach. This method, which is 

less data demanding compared to others, allows us to estimate the impact of the flooding 
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through the willingness to pay by the residents for protecting themselves against such 

events. In other words, we take as monetary damage the actual costs bore by residents 

and arising from groundwater pumping installations necessary to prevent the negative 

effects. These expenditures represent a lower bound on the costs imposed by 

environmental deterioration and thus the willingness to pay to prevent it.  

By using expenditure and hydrogeological data as described in Section 2, we estimate the 

following model: 

                                                       𝑙𝑛𝐸𝑡 = 𝛼 + 𝛽𝑙𝑛𝑃𝑡−2 + 𝜀𝑡                            (4) 

where 𝐸𝑡 is electricity expenditure at time t and  𝑃𝑡−1 is piezometric level at time t-2. 

Electricity bills are bimonthly as customers are charged for consumption in the 2 previous 

months. For this reason, the explanatory variable, the piezometric level, is two months 

lagged. All variables are log transformed. Adopting OLS method to estimate eq. (4), may 

lead to spurious results when selected variables are non-stationary. To overcome this 

issue, a VAR model of the first-differenced series is estimated. 

3. Results 

3.1 Water table dynamics when the pumping regime changes 

The Gisser and Mercado (1973) model, as reported in Figure 2.26, is our starting point to 

frame in a single picture groundwater overexploitation and groundwater rebound. Two 

remarks are necessary to explain how we depart from it besides the sector, already 

mentioned. First, we extend the model to include groundwater rebound and second, as 

our study area suggests, we take into account the reasons for a sudden and unforeseen 

stop in the withdrawals and their consequences. 

First, even when the steady state water table level Hs, is higher than the minimum 

allowable water table level, Hm, it can happen that ever-increasing withdrawals push the 

trajectory of water exploitation toward the threshold level Hm. This is the case when water 

abstraction is driven by socio macroeconomic drivers, such as the rate of growth of GDP 

and the rate of growth of population, leading to a continuous increase in withdrawals to 

meet a growing water demand for multi purposes. Under these circumstances, what we 

observe is a repeated shift of the steady state level of the water table as shown in the 
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graphical analysis reported in Figure 2.27. The shift is triggered by the increase in the 

water demand, W: 

                                     𝐻𝑆 =
𝑅+𝑅𝑎−(𝛼−1)𝑊−𝑎

𝑏
    for t<tb                                        (5) 

𝐻𝑆 =
𝑅−𝑎

𝑏
   for t>tb 

 
Figure 2.27 - The dynamic evolution of the water table representing groundwater depletion, groundwater rebound 

and groundwater flooding. 

The downward movement of the HS locus can be also summarized by the trajectory AB in the 

water table level. The downsizing in the steady state water table finds a lower bound when the 

minimum allowable water table level, Hm is reached. 

Second, when water table reaches the Hm threshold, a change in the regime of water exploitation 

is likely to occur on the base of the water quality deterioration that follows. The local authority 

changing strategy is what originates the groundwater rebound: the regime of withdrawals changes 

so dramatically to bring the water abstraction to a rate, 𝑤, lower than the recharge, R, and possibly 

down to zero in extreme cases.  

In our modified setting two different regimes are identified. The first one is the pattern starting 

from point A on the Hs water table level. When pumping exceeds recharge, groundwater stock is 

depleted down to the level Hm in B and we refer to it as overexploitation regime. This is a clear 

example of short-sighted, inefficient exploitation of the natural resource. But this is not the end of 

the story because a short-sighted groundwater management may cause further problems in the 

presence of an abstraction regime change, given by a sudden slowdown in withdrawals. The 
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sudden interruption in the withdrawals originates a GR, represented, in our scheme, by a jump into 

the trajectory of the water table, characterized by 𝑊 = 𝑤 < 𝑅 + 𝑅𝑎 − 𝑊𝑛. In this case, according 

to Equation (5), the water table level starts to rise. The trajectory moving from point B towards C 

and above is the graphical representation of the groundwater rebound regime. In this case, the risk 

of flooding becomes a serious threat that is more likely to occur when: 

a) the interval of time during which water table level has been low is long lasting (tA – tC in 

Figure 2.27);  

b) land uses have completely ignored the natural regime of water table level, taking for 

granted that the “true” water table level was the lowest one observed during the 

overexploitation regime.   

This suggests that quantity depletion impact, i.e., the overexploitation regime, and quality 

deterioration effects can interact to shape a likely scenario of GF. Albeit quantity and quality 

concerns arising from abstraction of groundwater have been addressed in the economic literature, 

to the best of our knowledge, no analyses are provided for valuing the economic costs produced 

by a groundwater regaining its natural level (i.e., groundwater rebound regime).  In the next 

section we document how the hydrogeological dynamics observed in the study area implies the 

economic costs suffered by local residents. 

3.2 A conservative estimate of the economic costs of groundwater flooding 

As shown in Table 2.9, the electricity costs vary according to the number of pumping plants as 

well as to a function of the hydrogeological conditions triggering the flooding. To investigate this 

relationship, we estimate the elasticity of electricity expenditure to the piezometric level as 

described in equation (4). When selected variables are non-stationary, estimating equation (4) with 

OLS method could return spurious results. Durbin Watson test statistic and Breusch-Godfrey LM 

test for autocorrelation indicate the potential for the residuals to be non-stationary, as we reject the 

assumption of no serial correlation. The test results are also confirmed by the autocorrelation and 

partial autocorrelation plots as shown in Figures 2.28 and 2.29. A linearly declining autocorrelation 

functions can be noted in the case of piezometric level while less regular pattern is highlighted in 

the case of electricity expenditures. In each case we have a high value of the first partial 

autocorrelation function, indicating non-stationarity (Fig. 2.28). 
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Table 2.9 - A Comparison of Time Series Models (dependent variable electricity expenditures).  

Variables  OLS Detrended Regression First Differences 

Piezometric level (t-2) 4.191*** 
  

 
(1.314) 

  

Piezometric level (residuals) 
 

4.843** 
 

  
(2.273) 

 

Piezometric level (differentials) 
  

6.213** 

   
(2.776) 

Constant -4.630 0.0108 0.00230 

 
(3.937) (0.0306) (0.0339) 

Observations 24 24 23 

R-squared 0.316 0.171 0.193 

Standard errors in parentheses 
  

*** p<0.01, ** p<0.05, * p<0.1 

 
   

 
Figure 2.28 - Autocorrelation functions for electricity expenditure and piezometric level. 
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Figure 2.29 - Partial Autocorrelation functions for electricity expenditure and piezometric level. 

In order to test for stationarity of the series, we apply Augmented Dickey-Fuller (ADF) (Dickey 

and  Fuller, 1981) test for unit root and we choose the lag lengths that reflect the best fit to the 

variables by using different selection-order criteria. Akaike’s information criterion (AIC), 

Schwarz's Bayesian information criterion (SBIC), and the Hannan and Quinn information criterion 

(HQIC) suggest to use two lags for electricity expenditures and three lags for piezometric level.  

The ADF test with two lags is -2.915, greater than the critical value -3.592 by significant level of 

5%. So the null hypothesis of unit root cannot be rejected for electricity expenditures. We fail to 

reject the null hypothesis of a unit root, also in the case of piezometric level because the ADF test 

with three lags is -3.562, slightly greater than the critical value -3.600, the significant level of 5%. 

Since time series variables appear to be non-stationary in variable levels, the first differences of 

the variables are considered. It is found that the null hypothesis of unit root is rejected at 1% 

significance level. Hence, the differences become stationary and consequently the related variables 

are integrated of order one. To deal with this problem, we could detrend the variables and check 

for the presence of a cointegrating relationship between electricity expenditures and piezometric 

level. After detrending the variables from a deterministic trend, ADF test is performed to check 

stationarity. In each case, we fail to reject the null hypothesis of a unit root. Moreover, the two 

variables may share a common trend. Johansen tests for cointegration reveals that the presence of 

a cointegrating relationship is rejected. At maximum rank zero, the trace statistic (13.8) does not 

exceed critical values (15.41). Therefore, it accepts the null hypothesis so that the time series 

variables electricity expenditures and piezometric level are not cointegrated. Thus, we estimated a 

VAR model of the first-differenced series. The results are reported in Table 2.9. 

The estimated elasticity of electricity expenditure to the piezometric level is quite high in the first 

differences model, 6.2 meaning that for one point percentage increase in the piezometric level, 

electricity expenditure will grow by 6.2 per cent. In the reasonable assumption that in the future 

https://www.sciencedirect.com/science/article/pii/S0739885912000534#bib8
https://www.sciencedirect.com/science/article/pii/S0739885912000534#bib8


Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

100 

 

the piezometric level will reach its historical level of 21.45 m a.s.l as measured in August 1924 

(Fiorelli, 1926) from its average present one of 20.33, we calculate that the electricity expenditure 

will rise by 34.1 per cent.  One can expect an analogous increase in such expenditures also for all 

the other buildings affected by the inundation whose number has already grown from 13 in 2013 

to 18 in 20153. The lesson one may learn is that with the rise of groundwater level, the defensive 

expenditure will grow and will continue to grow until a decision is taken by the municipality to 

permanently counteract the effects of the reduction in the withdrawals due to the 

deindustrialization of the area and to the changes in agricultural land use. 

 

4. Discussion and conclusions 

There are several studies addressing groundwater risk of depletion while very few, if 

any, addressing the case of water rebound, not to mention the GF.  Our research meant 

to contribute to fill this gap, showing that the study of GR and GF in an economic 

perspective can add important insights in the analysis of dynamically efficient use of 

groundwater resources.  

The story of the study area we investigate tells that a crucial issue is the degree of 

awareness of local stakeholders.  As we have stated since the beginning of this article, the 

issue of GF is a quite new one in the hydrogeological literature, it is almost neglected by 

the environmental legislation and it is completely unknown to the local policy makers. 

In addition, as our dynamic scheme shows, GR and GF are triggered by a regime change 

from a phase of overexploitation to a phase of sudden decline in water abstraction. 

Therefore, the occurrence of GF can be consistent with a hydrological scenario 

characterized by an history of low risk of GF, as well pointed out by Beltran et al. (2018) 

through a meta-analysis of the impact of flood risk on property prices in floodplains. 

These authors find that the risk perception of individuals declines with the time elapsed 

since the last flood event. A similar result is found by Bin and Landry (2013) for North-

Carolina (USA), suggesting that the low frequency of events implies that individuals take 

their decision in a fashion that could seem irrational depending instead from their 

experience of a limited number of information. A similar experience is observed in the 

 
3 In addition to the estimation of defensive expenditure, we found that for a representative apartment of this 
building the market price in two different instants of time, namely 2010 and 2020 shows that the property value has 
declined sharply from 1800€ per m2 in 2010 to 1400 € per m2 in April 2020. In a hedonic price setting, this 
information gives an idea of the market consequences of the environmental deterioration caused by groundwater 
flooding. 



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

101 

 

eastern plain of Naples, where the tendency of the groundwater body to recover its long 

run equilibrium was overlooked by individuals, who usually look only at the most recent 

history when undertaking their economic activities. The nature of “mean reverting 

process” that characterizes the groundwater body in the Casalnuovo di Napoli area, 

jointly with the lack of land use planning and a faded memory of the past 

hydrogeological history of the territory, has shaped the current scenario of GF. Things 

may change if the economic damages were valued and known by the stakeholders. For 

this reason, we attempted to estimate such damages. In fact, we have documented a non-

negligible wealth loss associated to GF of a representative private building in the study 

area, and a quite high elasticity of the cost of defensive/adaptation expenses. The current 

scenario is signalling that defensive costs are ever increasing with time until a permanent 

solution is found, with negative consequences on property values. These concerns are 

reinforced by considering that the top piezometric level historically recorded, has not 

been recovered yet. Differently from private precautionary-adaptation expenditures to 

mitigate “standard” flood damages, such as inundation by a river due to exceptional 

rainfall, here the private mitigation effect is only temporary as the cause of flooding 

comes from a groundwater rising to its natural level. We expect similar conclusions from 

addressing the damage costs valuation for the other affected buildings and probably for 

the other damaged items in the plain of Naples. In fact, documented flooding events have 

been reported with respect to underground public transportation infrastructures, 

agricultural zones, business zones such as parking space and commercial activities, and 

even archaeological sites.  

A clear policy recommendation follows as well as a warning. Before taking decisions in 

terms of land use and land use changes in a mixed environment, mostly urban but not 

only, a scientific investigation on the natural long-term cycle of the aquifer involved is 

indeed necessary and functional for an efficient use. For the best possible management of 

land and water, integration between hydrological and economic aspects is necessary. 

Finally, it may be worth warning about how difficult and costly are remediation policies 

when damages have been produced. This is to say that overlooking the possibility of GR, 

and therefore GF, is extremely dangerous in terms of medium and long run effects and 

moreover, it can be avoided. 
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1 Department of Earth Science, Environment and Resources, University of Naples Federico II, 

Naples, Italy  
Corresponding authors: diego.dimartire@unina.it;  vincenzo.allocca@unina.it           

Abstract 

Aquifer mismanagement is a common anthropogenic cause of subsidence and uplift 

phenomena in alluvial plains, representing one of the main natural hazards in urban 

areas due to related damage to urban structures and infrastructures. In this work, the 

groundwater rebound phenomenon occurred in the last decades of the 20th century in 

Lufrano area (Metropolitan area of Naples, Southern Italy) has been studied by 

integrating geological data, hydrogeological continuous monitoring and spaceborne SAR 

information derived from ERS-1/2 and ENVISAT satellites. In the period 1989-2006, 

Lufrano area, which hosts an important well field made up of 180 wells extracting 

groundwater for drinking use, suffered an initial over-exploitation of the aquifer which 

was followed by a sudden and severe decrease of the volume abstraction, resulting this 

last in a rapid ground uplift. The coupled analysis of hydrogeological and DInSAR data 

have shown a correspondence between piezometric level rise (up to 15 m) and ground 

uplift (up to 50 mm) trends in the period 1989-2006. In order to examine the spatio-

temporal evolution of the phenomena and the cause-effect relationships, showing the link 

between the two phenomena and their rates, longitudinal cross-sections were carried out 

and comparisons between piezometric level rise and time-series of displacements were 

reconstructed. The obtained results represent a first contribution to the definition of 

ground deformation related to groundwater level rise phenomena, providing a basis for 

future studies focused on the modelling of the hydro-mechanical properties of the 

aquifer. 
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1. Introduction 

The study of ground vertical deformations is particularly difficult in geologically 

complex areas, especially where volcano-tectonic processes are predominant, because 

causes of deformation are not clearly recognizable, being subject to composite temporal 

variabilities. 

In addition to natural processes such as long-term tectonic movement (Perrone et al., 

2013; Chen & Liu, 2020), or earthquakes occurrence (Meltzner et al., 2006; Chini et al., 

2008), anthropogenic factors can contribute to ground deformation phenomena. In urban 

and rural areas, a common cause of vertical displacement is related to human-induced 

changes of water table (Galloway et al., 1999).  Several studies have shown the strong 

correlation between groundwater abstractions and subsidence (Amin & Bankher, 1997; 

González-Morán et al., 1999; Carminati & Martinelli, 2002). In particular, drastic 

piezometric lowering causes pore pressure decreases leading to consolidation in cohesive 

deposits and compaction in incoherent ones (Lofgren & Klausing, 1969).  

In many cases, a drastic decrease or cessation of the withdrawal lead to a progressive 

recovery of piezometric levels (Wilkinson, 1994). According to the geological setting and 

changes in water table depth, surface ground deformation, both negative and positive 

(subsidence and uplift, respectively) can be induced. Groundwater level changes can 

modify the stress state of the aquifer-system materials, triggering different deformation 

mechanisms, such as the hydrocompaction of sandy deposits, inducing subsidence 

phenomena (Amin & Bankher, 1997; Terranova et al., 2015), or the volume increase in 

porous deposits, generated by the elastic recovery during the increase of pore-water 

pressure, whether a plastic component can couple the predominant elastic behavior (Biot, 

1941; Allen & Mayuga, 1969); furthermore, also an increase of the pore water pressure in 

heavily fractured rock mass, leading to uplift due to expansion of the rock matrix, may 

be induced (Donnelly, 2009). 

Subsidence and uplift triggered by anthropogenic groundwater level fluctuations affect 

the structures and infrastructures, representing one of the most damaging geohazards in 

metropolitan areas. Therefore, monitoring and quantitative assessment of surface 

displacements is of paramount importance for local administrations responsible for land 

and risk management, being them committed to locate and estimate the source and the 

amount of deformation and thus providing fundamental information to mitigate the risk. 

In this sense, a Remote Sensing technique, such as Spaceborne Differential Interferometry 

SAR (DInSAR) is a worldwide-known tool capable to provide precise information over 

wide areas, by overlying a stack of SAR images and generating interferograms. Such 

features are able to provide a deformation measurement over definite targets on the 

ground. DInSAR techniques have been largely implemented on large metropolitan areas, 

such as Mexico City (Strozzi & Wegmuller, 1999; Osmanoğlu et al., 2011), Murcia (Tomás 

et al., 2010), Rome (Zeni et al., 2011), London (Bonì et al., 2016; 2018; Milillo et al., 2018). 
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One of the most common advantages of using SAR-based systems is the opportunity of 

having a detailed picture of the situation over wide areas and across a long time span: 

when available, a dataset of more than 26 years (1993-actual), covered by different 

satellite acquisitions, may be used to analyze a given area, with a detail not-comparable 

with other techniques. This may allow to correlate short deformation periods to single 

man-induced events (such as fluid withdrawal or injection). 

In this paper, the hydrogeological behavior of Lufrano area (metropolitan city of Naples, 

southern Italy) has been investigated through an accurate reconstruction of past 

hydrodynamic scenarios, linked to a deformation trend reconstructed by spaceborne SAR 

data. 

The pyroclastic-alluvial aquifer of this sector of the Campanian Plain has undergone an 

intense phase of over-exploitation in 1980s. Drinking water abstractions from about 180 

wells of Lufrano and Acerra well fields have led to a deficit in the mean annual water 

budget of the aquifer (Allocca & Celico, 2008), inducing a rapid decline of the 

groundwater level (up to 16 m) and a deterioration of groundwater quality (Celico et al., 

1994). In 1989, this latter issue led to a partial and/or total abandonment of withdrawals 

followed by a groundwater recovery started in 1990 (Allocca & Celico, 2008; Allocca et 

al., 2016; Coda et al., 2019a). 

To analyze the phenomenology under consideration, piezometric levels from 1989 to 2006 

and the cause-effect relationship with deformations, measured by ERS and ENVISAT 

data (1993-2006) have been analyzed, showing an overlap of the two phenomena in 

several time intervals. Since 1990, a first period, , characterized by a general subsiding 

trend in the whole Neapolitan plain and an uplift in Lufrano area was recognized. The 

latter may be induced bytue rapid recovery of the piezometric levels, as a consequence 

of the groundwater exploitation drastic reduction of the pyroclastic-alluvial aquifer 

(Allocca & Celico, 2008). Following 2000, a mild deceleration of the groundwater rebound 

and consequently of the uplift is identified. Moreover, a geological interpretation has 

been given in those areas where the uplift and the piezometric rebound showed different 

behavior in the time-span considered. 

The integration of interferometric data and piezometric levels thus provided a better 

definition and characterization of the hydrogeological setting and its interference on 

ground deformation phenomena, assisting the development of well-tailored mitigation 

measurements. 
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2. Study area 

The study area, extending about 40.6 km2, is located NE of the city of Naples (southern 

Italy) over the central sector, of the structural depression of the Campanian Plain (Fig. 

3.1), a large coastal pyroclastic-alluvial plain. Such depression, formed during the Upper 

Pliocene along tectonic ridges belonging to the regional tectonic extensional phase, was 

filled during the Quaternary by volcanic deposits from the intense volcanic activity of the 

Phlegraean Fields and Somma-Vesuvius volcanoes, started 300 k-yrs ago (Rolandi et al., 

2003), and by alluvial and marine sediments, in the last 25 k-yrs.  

 
Figure 3.1 - a) Hydrogeological map of Campanian Plain (De Vita et al., 2018). Legend: 1) study area; 2) hydrogeological 

basin of eastern plain of Naples; 3) drinking-water well fields of Lufrano (a), Acerra (b), Lufrano and Ponticelli (c); 4) 

ring-style subsidence area (Lanari et al., 2002); 5) groundwater flow direction; 6) piezometric contour line (m a.s.l.); 7) 

hydrographic network; 8) normal fault; 9) lake; 10) alluvial-coastal complex; 11) epiclastic continental complex; 12) 

travertines complex; 13) ash-fall pyroclastic complex; 14) ash-flow pyroclastic complex; 15) volcanic rock complex; 16) 

arenaceous-conglomeratic complex; 17) carbonate complex of the Matese-Mount Maggiore and Mount Alpi Unit; 18) 

carbonate complex of the Picentino-Taburno Unit; 19) dolomite-marly complex of the Picentino-Taburno Unit; 20) 

clayey-calcareous complex of the Sicilian Units. b) Lufrano and Acerra well field area. Legend: 1) borehole; 2) 

hydrostratigraphic section trace; 3) drinking-water well; 4) well fields area; 5) Sebeto Valley (Volla depression) northern 

boundary; 6) municipal boundary. 

The carbonate bedrock lies beneath a cover of marine, alluvial and pyroclastic deposits, 

at a maximum depth of 3000 m (Bellucci, 1994). It is dislocated by fault systems, mainly 

with extensional component (Ortolani & Aprile, 1985; Costanzo & Nunziata, 2014). The 

buried Magnaghi-Sebeto and Somma-Vesuvius faults have created locally an extensional 

tectonic field, as shown by the evidences in the late Pleistocene-Holocene activity (Cinque 

et al., 2000; Santangelo et al., 2017) and by a gravitational sliding around the base of the 
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Somma-Vesuvius edifice (Bianco et al., 1998; Lanari et al., 2002), leading to a subsiding 

tendency of the plain (Fig. 3.1a). 

Figure 3.1a resumes the hydrogeological setting and groundwater flow scheme of 

Campania plain, elaborated by different authors (Celico et al., 1994; Esposito, 1998; De 

Vita et al., 2018), The central-eastern sector of Campania plain is occupied by the 

hydrogeological basin of the eastern plain of Naples. The study area represents a 

drainage zone for the groundwater of this sector, which is recharged both by the direct 

contributions of precipitations and by the groundwater seepage from the surrounding 

carbonate aquifers from NE and E (De Vita et al., 2018).  

 
Figure 3.2 - 2D hydrostratigraphic model of the aquifer system. Legend: 1) shallow pyroclastic-alluvial-lacustrine 

complex; 2) Neapolitan Yellow Tuff (NYT); 3) Campanian Ignimbrite (CI) in incoherent (a) or lithoid (b) facies; 4) deep 

pyroclastic sandy complex; 5) phreatic (a) and semi-confined (b) piezometric level; 6) borehole. See Figure 3.1b for the 

location of section traces and boreholes. 

The groundwater circulation is conditioned by the stratigraphic heterogeneity of the 

alluvial plain, which results in a multi-layered aquifer system (hydrostratigraphic 

sections, A-A’ and B-B’, in Fig. 3.2). Thus, three main complexes may be recognized: a 

phreatic shallow aquifer hosted in the pyroclastic-alluvial deposits, a tufaceous aquitard 

layer, attributable to the Phlegraean eruption of the Campanian Ignimbrite (CI, dated to 
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39.28 ± 0.11 k-yrs; De Vivo et al., 2001) and a deep semi-confined aquifer, hosted in the 

coarse pyroclastic deposits pre-CI. In the southern sector, defined Sebeto Valley (Fig. 

3.1b) (Bellucci, 1994), the tufaceous horizon is absent and the aquifer is characterized by 

a unitary phreatic aquifer, consisting of pyroclastic, lacustrine and marine deposits. 

After the World War II, the study area of Lufrano has hosted a wells field for abstraction 

of drinking water from the pyroclastic-alluvial aquifer of the eastern plain of Naples. In 

1989 the Acerra well field was constructed to accommodate the growing demand for 

water. At this time a total number of about 180 wells were in operation (Fig. 3.1b), with 

pumping rates up to 4,0 m3/s (Fig. 3.3). This generated a deficit in the mean annual water 

budget of the aquifer of approximately 2,65 m3/s (Allocca & Celico, 2008).  

This mismanagement of groundwater resources caused the overexploitation of the 

pyroclastic-alluvial aquifer, with a rapid decline of the groundwater level, reaching a 

maximum piezometric decrease value of 16 m in 1989 (Allocca & Celico, 2008).  The 

extraction of highly mineralized waters coming from deeper parts of the aquifer, 

characterized by slow circulation, has led to an increase in Fe, Mn and fluoride 

concentrations (elements naturally contained in deposits of volcanic origin) (Celico et al., 

1994; Esposito, 1998). The groundwater quality deterioration led to the withdrawals 

drastic reduction of Lufrano well field. Therefore, starting from 1990, a continuous 

groundwater rebound has occurred, observed both at the whole hydrogeological basin 

and at local scales (Allocca & Celico, 2008; Allocca et al., 2016). In different zones of the 

eastern plain of Naples, environmental effects of groundwater rebound were noticed, as 

groundwater flooding events affecting basements, railway tunnels, agricultural lands 

and archaeological sites (Allocca & Celico, 2008; Allocca et al., 2016), and ground 

deformation related to the increase of water pore pressure (Coda et al., 2019a). 

 
Figure 3.3 - Piezometric level and pumping rates. 1) Lufrano well-field piezometric level; 2) pumping rate of the 

Lufrano well field, 3) pumping rate of the Acerra well field. 
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3. Data and methodologies 

3.1 Hydrogeological data 

Stratigraphical data of 9 boreholes (Figs. 3.1b and 3.4a) were used to reconstruct the 

aquifer structure of the study area, correlating the lito-stratigraphical information to the 

corresponding role in the groundwater flow. Therefore, two orthogonal 

hydrostratigraphic cross-sections were created (A-A’ and B-B’ in Fig. 3.2) to characterize 

the 2D structure of the aquifer. The stratigraphical dataset derives from the database of 

Italian Higher Institute for Environmental Protection and Research (ISPRA, 2019). 

 
Figure 3.4 - Location of boreholes and long-term piezometric monitoring wells (a), and groundwater flow scheme for 

the years: 1989 (b), 2002 (c), 2006 (d). Legend: 1) borehole; 2) trace of hydrostratigraphic cross-section; 3) long-term 

monitoring well; 4) water table contour (m a.s.l.); 5) groundwater flow direction; 6) drinking-water well; 7) wells field 

area. 

To analyze the dynamics of groundwater rebound in the period 1989-2006, the spatio-

temporal variations of piezometric head were reconstructed by overlapping piezometric 

data for 1989, 2002 and 2006. These data were collected during field surveys carried out 
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by private companies, public agencies and researchers (Celico & De Paola, 1992; Esposito, 

1998; AdB, 2004; Dati, 2006). Piezometric contour maps were digitalized in GIS 

environment, (Figs. 3.4b, 3.4c and 3.4d) to calculate two piezometric head variation maps 

(Δh, m) for the periods 1989-2002 and 2002-2006. The piezometric contour map of 1989 

(Fig. 3.4b) shows the historical minimum groundwater levels, corresponding to the 

groundwater maximum over-exploitation period. In this case, values below the sea level 

have been reached in the central sector of the Lufrano well field. In 2002-2006 maps (Figs. 

3.4c and 3.d), an increase in piezometric head is observed as well as the depression cone 

absence induced by groundwater withdrawal previously detected.  

Furthermore, the hydro-stratigraphic conceptual model and additional piezometric data 

obtained by the long-term monitoring (for the period 1985-1998, deriving by a survey of 

the A.M.A.N. aqueduct company) of three wells of Lufrano wells field (Fig. 3.4a) were 

used to observe the possible spatial and temporal correlation between water table rise 

and ground deformation. 

3.2 DInSAR data 

SAR dataset belongs to the Italian First Not-Ordinary Plan of Environmental Remote 

Sensing project (PST-A-1 in Italian) (Costabile, 2010; Di Martire et al., 2017), and it was 

released for scientific use in the framework of an agreement with the Italian Ministry of 

Environment. In detail, the PSInSAR (Ferretti et al., 2001) and PSP-DifSAR (Costantini et 

al., 2008) techniques were implemented to process 139 ERS-1/2 (67 acquired over 

ascending orbit) and 92 ENVISAT (52 in ascending orbit) images, covering the time-span 

1992-2000 and 2002-2010. In this work, only ascending data have been used. All the PSs 

maps contain information about velocities of displacement, coherence, cumulated 

displacement and standard deviation. The assumption of the PSInSAR basic technique is 

the capability of identifying individual radar reflectors, the so-called permanent 

scatterers, which are targets that remain coherent over long time intervals, thus allowing 

to measure a displacement time series. A detailed description of the PS technique can be 

found in Ferretti et al. (2001). The basic assumption, on the other hand, of the PSP 

technique is that every PS is identified and analyzed only working with pairs of points 

called arcs; for further details about the algorithm interested readers can refer to 

Costantini et al. (2008). In this work, PSs have been interpolated by means of Inverse 

Distance Weighted (IDW) algorithm. 
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Figure 3.5 shows the PS velocity maps related to the two time-span considered: in Figure 

3.5a, ERS data highlights a general uplifting trend for the study area distributed among 

7465 PSs, with highest and lowest values of displacement rate of 12.25 and -15.44 mm/yr, 

respectively. In Figure 3.5b ENVISAT data display a general stable pattern except for 

subsidence phenomena registered in the SE and SW areas. Here, highest and lowest 

values of deformation rates are, among the 7816 PSs, of 5.4 and -16.2 mm/yr. Stability 

ranges of the two PSs velocity maps have been calculated multiplying 1.5 times the 

standard deviation of stable points, which is, for ERS and ENVISAT data, 0.62 and 0.65, 

respectively. In Table 3.1 the PSs main figures are resumed. 

 

Table 3.1 - DInSAR LoS measurement statistics referred to the whole area. 

Displacement  

rate 
ERS1/2 

1993-2000 

ENVISAT 

2002-2006 

Highest value 12.25 mm/yr 5.40 mm/yr 

Lowest value -15.44 mm/yr -16.20 mm/yr 

Mean value 0.87 mm/yr -0.62 mm/yr 

Standard 

deviation 
0.62 0.65 

PS density 183.8 PSs/km2 192.5 PSs/km2 

 

 
Figure 3.5 - LoS velocity maps (mm/yr) of the study area by ERS1/2 (a) and ENVISAT (b) data. Legend: 1) long-term 

monitoring well; 2) trace of hydrostratigraphic cross-section; 3) wells field area. 



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

115 

 

4. Results 

4.1 Piezometric head variation maps 

The groundwater recovery is clearly recognizable in the piezometric head variation maps 

(Figs. 3.6a and 3.6b).  A significant rise, in the period 1989-2002, with values up to 13 

meters in the central sector of the study area may be recognized (Fig. 3.6a). In the same 

sector, during the following five years (period 2002-2006), the groundwater recovery 

continued with a slower trend and with values between few centimeters and 3 meters 

(Fig. 3.6b).  

 
Figure 3.6 - Piezometric level variation (m) in the period 1989-2002 (a) and 2002-2006 (b). Legend: 1) drinking-water 

well; 2) well fields area. The piezometric variation values were classified using a constant interval of 2 m. 

The maximum groundwater recovery, for the whole period considered, is of 15 m, thus 

reaching values of piezometric head height similar to 1946 (see Fig. 3.3).The calculated 

piezometric rising values are consistent with previous studies carried out in the 

surrounding areas (Coda et al., 2019a). Those works also showed that the rise is not 

induced by an increase in the precipitation regime but rather by the drastic reduction of 

the groundwater abstraction. 
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4.1 Satellite-based deformation maps 

Two different cumulative displacement maps were elaborated, starting from the ERS-1/2 

and ENVISAT data, for the time-spans 1993-2000 and 2002-2006, respectively. The 

interpolation has been carried out by means of IDW algorithm, obtaining a continuous 

map of 50 m-cell resolution. Such value has been chosen according to the ERS and 

ENVISAT resolution (20x4 m) and to the PS density of the area. The interpolation process 

enables the examination of the whole area of interest, measuring values surrounding the 

prediction location for any unmeasured location. Hence, the interpolation has permitted 

to generate spatial profiles of deformation, providing precise information on 

displacement rates in different areas. The 1993-2000 ERS1/2 data map (Fig. 3.7a) shows a 

general uplifting deformation pattern in Lufrano area, with maximum values of 

displacement of 38 mm in the time-span considered (Tab. 3.2). Moreover, more than 20 

PSs have displacement value higher than 20 mm and about 270 PSs are characterized by 

displacement higher than 10 mm. Their distribution is mostly concentrated in the Lufrano 

area, in the inhabited area adjacent to the wells field. It is worth to point out also a 

subsiding trend in the area located to SE of Lufrano area, falling within the ring-style 

subsidence areas (see Fig. 3.1a) (Lanari et al., 2002), with values of displacement ranging 

from -20 to -60 mm for about 100 PSs. Other subsiding bowls are located in the western 

sector of the study area, with values of deformation up to -50 mm. 

ENVISAT data ranging from 2000 to 2006 (Fig. 3.7b) also shows both uplifting and 

subsiding trends However, the distribution of PSs showing uplift is slightly different 

from the previous dataset: the area of Lufrano, indeed, shows a generally reduced trend 

of uplift, with many PSs characterized by lower values of deformation, with average 

values of about 10 mm at the last time period considered (2006). On the other hand, the 

subsiding trend in the SE area shows a general slowdown, unless some PSs showing 

values of deformation up to -100 mm all distributed over the Agrifood Centre of Napoli 

(CAAN) of Volla town. Such deformation can be related to the consolidation of the 

terrains after the beginning of the building, completed in 2008, extending for more than 

350.000 m2. The western sector of the study area also confirms a subsiding trend, over the 

same areas identified in the previous dataset. 
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Figure 3.7 - DInSAR-derived displacement maps: a) ERS-1/2, 1992-2000 period; b) ENVISAT, 2002-2006 period. Legend: 

1) Agrifood Centre of Naples (CAAN); 2) wells field area. 

Table 3.2 - DInSAR LoS measurements referred to the whole area. 

Vertical displacement 
ERS1/2 

1993-2000 

ENVISAT 

2002-2006 

Highest displacement 63.60 mm 19.81 mm 

Lowest displacement -73.58 mm -95.39 mm 

Mean displacement 7.94 mm -5.11 mm 

Standard deviation 2.7 2.6 
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5. Discussion 

In this work, a coupled analysis of hydrogeological and interferometric data was carried 

out in order to find a cause-effect relationship between the rise of piezometric levels and 

the ground uplift.   

The spatial comparison between the piezometric and ground deformation profiles, 

calculated along the cross-sections A-A 'and B-B' (Fig. 3.8), shows that the deformation 

behavior depends on the local structure of the aquifer. In detail, along the A-A' cross-

section (Fig. 3.8a), in the periods 1989-2002 (referred to piezometric data) and 1993-2000 

(referred to interferometric data) an average piezometric rise of about 7.7 meters and an 

average uplift of 14.4 mm was recorded. In the period 2002-2006, the groundwater 

rebound was lower (1,6 m) and no appreciable soil deformation was detected, being this 

trend generally recognizable throughout the whole study area, as shown in Figures 3.6 

and 3.7. For the entire cross-section, the piezometric changes concern the deep semi-

confined aquifer leading to an increment of the potential head rather than a rise of the 

water table. The homogeneity of the aquifer system influences the deformation profile 

pattern, which shows up slightly rough. 

Along the B-B’ cross-section, for the stretch characterized by a multi-layered aquifer 

system, the piezometric rise affected the shallow phreatic aquifer (Fig. 3.8b), with values 

of about 8 m (first period) and 5 m (second period), and a maximum value of average 

vertical displacement of about 16 mm was recorded. The sector characterized by a strong 

heterogeneity in the aquifer’s structure shows the greater spatial irregularity of the 

vertical displacement (Fig. 3.8c); the piezometric rise (up to 16 m in the entire period) has 

involved the deep aquifer, in the first period in phreatic condition and then partially 

semi-confined with the tufaceous aquitard in incoherent facies. The last sector (Fig. 3.8d) 

is characterized by an unconfined aquifer, in which a piezometric rise of about 5 m (in 

the first period) correspond to an average uplift of about 10 mm.  

Therefore, the integrated monitoring and analysis of piezometric rise and deformation 

highlighted the different behavior of different sectors of the plain, being characterized by 

extremely heterogeneous structures. The shallow phreatic aquifer of the NE multi-

layered system showed the highest displacement values (Fig. 3.8b), while the unconfined 

aquifer of the S sector the lowest values (Fig. 3.8d). The strongly heterogeneous sector in 

the central sector is characterized by an irregular displacement pattern (Fig. 3.8c). 
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The radius of influence of the wells field during the recovery period has been also 

analyzed, by plotting together piezometric head variations and displacement rates (Fig. 

3.9). Piezometric head variations have been compared with ERS data, for the first period 

(see Figs. 3.5a and 3.6a), along four profiles, starting from the maximum piezometric rise 

area and towards NW, NE, SW and SE directions. Such comparison shows very similar 

decreasing trend in all four directions, both for displacement and for piezometric change 

entities. Higher displacement rates can be found in proximity of the area interested by 

the maximum piezometric recovery, while they decrease moving away from this sector. 

This further analysis confirms the relationship between recovery of the piezometric level 

and vertical displacements, showing how the distance from the wells field influences 

surface deformation. 

 
Figure 3.8 - Groundwater levels and ground vertical deformations along the section traces A-A’ (a) and B-B’ (b, c and 

d). Legend: 1) shallow pyroclastic-alluvial-lacustrine complex; 2) Campanian Ignimbrite (CI) in incoherent (a) or lithoid 

(b) facies; 3) the deep pyroclastic sandy complex; 4) piezometric level (m a.s.l.) for the years 1989 (a), 2002 (b) and 2006 

(c); 5) vertical displacement (mm) in the period 1993-2000; 6) vertical displacement (mm) in the period 2002-2006. 
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Figure 3.9 - Scheme of the radius of influence of the wells field during the recovery period. In the middle, study area 

with profile traces. On both sides, ERS (period 1992-2000) displacement rates (see Fig. 3.5a) vs piezometric head 

variation (period 1989-2002, see Fig. 3.6a) along the section traces. 

The correlation between the piezometric level rise and the vertical displacement can be 

observed not only along spatial profiles, but also over the whole analysis period, by 

interpreting the time-series related to three wells of Lufrano wells field (Fig. 3.10). 

Comparing the deformation data to the piezometric data, the strong correlation between 

the trends can be observed. Two different phases are recognizable (Figs 3.10a and 3.10b).: 

a first one (until 1997) is characterized by a piezometric rising rate of about 1,5 m/yr and 

1,3 m/yr, and an average displacement rate of about 2,5 mm/yr and 3,2 mm/yr for the 

wells 22A and 119 respectively, followed by a second phase characterized by a stable 

trend both for piezometric and for displacement data. Nevertheless, in the well sn2 (Fig. 

3.10c), ground deformations show a non-linear trend, being characterized by average 

displacement rate of 1,5 mm/yr in the first period and by a stable trend in the second one. 

Conversely the rate of piezometric rise is constant for both periods (1,2 m/yr). 

It must be stated also that, in a general uplifting trend of Lufrano area, also some 

subsiding areas are recognized in the two investigation periods. On one hand, the 

subsiding area of the SE sector might be reconducted to the volcano-tectonics dynamics 

of Somma-Vesuvius complex, as documented by Lanari et al. (2002), which is 

characterized by a peculiar annular shape, along the northern footslope of the volcano. 

Such phenomenon is more evident in the 1992-2000 period, being characterized by higher 

deformation, with respect to the following time-span (2002-2006). Furthermore, the 

values of ERS displacement rates and cumulative deformation of this work are in 
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agreement with those calculated by Lanari et al. (2002): the average PS velocity of such 

sector is -0.4 while the cumulative deformation average is 52 mm, being thus consistent 

with the ranges of Lanari et al. (2002). 

 On the other hand, the area where the CAAN was constructed most likely suffered local 

settlements phenomena and consolidation of the terrains during the building period. This 

trend can be observed only in the ENVISAT analysis. 

 

 
Figure 3.10 - Piezometric levels and vertical displacement of the wells 22A (a), 119 (b) and sn2 (c). Legend: 1) 

piezometric level (m a.s.l.); piezometric level interpolated (see Figs. 3.3c and 3.3d) (m a.s.l.); 3) vertical displacement 

(mm); 4) trends in the first phase; 5) trends in the second phase. 
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6. Conclusions 

Aquifer mismanagement has always been a main triggering cause for ground 

deformation, as testified by numerous authors (Lofgren & Klausing, 1969; Amin & 

Bankher, 1997; Galloway et al., 1999; González-Morán et al., 1999; Carminati & Martinelli, 

2002; Bonì et al., 2018; Coda et al., 2019a), with different mechanisms according to the 

type of aquifer involved. In this work, a pyroclastic-alluvial aquifer has been 

investigated, analyzing the cause-effect relationship between groundwater level rise and 

ground deformation. Lufrano area is characterized by a well field intensely overexploited 

in the 70-80s. Because of water quality deterioration, a sudden reduction of the 

groundwater pumped volumes occurred, causing the so-called rebound of the 

piezometric level. Such event has had consequences on the ground, causing a significant 

uplift phenomenon, which was detected by the SAR satellites, such as ERS-1/2 and 

ENVISAT, in the period 1993-2006. The spatio-temporal evolution of ground 

deformation, covering the period of 1993–2006, was analyzed by means of DInSAR data, 

linking this phenomenon to the significant reduction of groundwater pumping, started 

1989, as observed by hydrogeological data. 

Hydrogeological monitoring data show, for 1989–2006 period, that groundwater level 

rise was widespread throughout the study area, with a maximum amplitude of 14 m in 

the central sector and a piezometric rising rate up to 1.5 m/yr. During the time span of 

1993–2006, DInSAR data show general ground uplift, even though characterized by a 

non-linear trend with a magnitude up to 50 mm following a piezometric rising rate up to 

1.5 m/yr. Moreover, the radial influence of the study area has been analyzed, showing 

how the deformation is mainly located in the range of Lufrano well field. Temporal 

comparisons between groundwater levels and ground displacement trends indicate that 

the land uplift may be due to poro-elastic rebound mechanism (Biot, 1941; Allen & 

Mayuga, 1969) in the multi-layered aquifer system, triggered by piezometric level rise 

following the groundwater pumping interruption. 

The obtained results increase the knowledge on the effects induced by groundwater 

rebound affecting the study area, characterized by a high fluvial and groundwater 

flooding susceptibility. Therefore, to a consistent analysis of complex and interactive 

phenomena, such as those observed in the study area, where groundwater rebound, 

ground uplift and groundwater flooding coexist, the implementation of appropriate 

hydrogeological and hydro-mechanical models and groundwater flooding susceptibility 
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assessment methods are needed for a correct management of different hydrogeological 

risks. 
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Abstract 

Archeological sites close to coastal volcanic-sedimentary aquifers are threatened by 

groundwater contaminated by natural and anthropogenic processes. The paper reports 

on a hydrogeological, chemical (major, minor and trace elements) and isotopic (δD-H2O, 

δ18O-H2O, δ15N-NO3, δ18O-NO3, δ11B, 222Rn) survey of groundwater at the Cumae 

archaeological site, which is located in the coastal north-western sector of the volcanic 

district of Phlegraean Fields (southern Italy), where groundwater flooding phenomena 

occur. Results show the presence of a complex coastal volcanic-sedimentary aquifer 

system where groundwater quality is influenced mainly by: (i) aquifer lithology and 

localized ascent of magmatic fluids along buried volcano-tectonic discontinuities, (ii) 

mixing of groundwater, deep mineralized fluids and seawater during groundwater 

pumping, and (iii) nitrate contamination >50 mg/L from non-point agricultural sources. 

Moreover, δD and δ18O point toward fast recharge from seasonal precipitations, while 

the isotopic ratios of N and O in nitrate reveal the contribution of mineral and organic 

fertilizers as well as leakage from septic tanks. Results can assist the local archaeological 
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authority for the safeguarding and management of the archaeological heritage of the 

Cumae site. 

 

Key words: coastal volcanic-sedimentary aquifer; natural and anthropogenic 

contamination; 222Rn; water isotopes; nitrate isotopes; archaeological site; Phlegraean 

Fields; southern Italy. 
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1. Introduction 

Coastal aquifers are generally used to supply freshwater, especially in arid and semiarid 

areas (Zepeda Quintana et al. 2018). More than 60% of the global population is 

concentrated in coastal areas comprising only 10% of the Earth’s surface. This percentage 

is expected to rise to 75% (Unsal et al., 2014; Chatton et al., 2016). Water use for anthropic 

activities is a key driver in the hydrologic regime of coastal aquifers (Ferguson & Gleeson, 

2012) and demand for both human consumption and agricultural/industrial uses (Renau-

Pruñonosa et al., 2016) threatens water resources. This is even more dramatic in arid and 

semiarid areas where periods of higher demand for freshwater coincide with those of 

greater water scarcity (Unsal et al., 2014). According to the Intergovernmental Panel on 

Climate Change (IPCC) (IPCC, 2007), the vulnerability of a coastal aquifer is the degree 

of being influenced or coping with sea-level rise and/or groundwater abstraction. Hence, 

coastal aquifer water quality can be endangered by high groundwater demand related to 

population growth and climate changes leading to a change of the dynamic equilibrium 

between fresh groundwater and seawater intrusion (Russak & Sivan, 2010; Ferguson & 

Gleeson, 2012; Werner et al., 2013; Colombani et al., 2016). 

In coastal aquifers, salinization induced by seawater intrusion and human activities are 

the most important cause of groundwater degradation (Vengosh, 2003; Custodio, 2010). 

Therefore, an effective and targeted management is needed in order to preserve water 

resources in such complex systems (Kim et al., 2003; Custodio, 2010; Carreira et al., 2014). 

Among anthropic activities, agricultural practices (use of mineral and/or organic 

fertilizers and groundwater abstraction) are the more frequent causes of groundwater 

quality deterioration (Kim et al., 2003). In fact, fertilization and irrigation increase 

nutrient concentration in groundwater above threshold values, especially for dissolved 

nitrate, released mainly by the use of synthetic and natural fertilizers (91/676/CE EU 

Directive). Nitrate is especially dangerous for children and old people because it interacts 

with hemoglobin, hindering oxygen flow to cells (methemoglobinemia) (Pastén-Zapata 

et al., 2014), and can also form nitrosamine, which is considered to be a carcinogenic 

compound (Lin, 1990; Tricker & Preussmann, 1991). Septic tanks and sewage systems can 

also release total inorganic nitrogen to groundwater bodies (Aravena et al., 1993; Zhang 

et al., 2018). Moreover, nitrogen compounds can also promote, together with 

phosphorous, eutrophication of freshwater bodies of rivers, lakes and marshy areas of 

coastal zones (Braun, 2007; Kitsiou & Karydis, 2011; Zhou et al., 2020). In sedimentary-
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volcanic aquifers proximal to an active volcanic system, as in the present study, the 

upwelling highly mineralized fluids can also cause groundwater mineralization and, as 

a consequence, have an impact on archaeological artifacts and infrastructure (Nord et al., 

2005; de Beer & Matthiesen, 2008; Kreyns et al., 2020). 

The major concern of local authorities in charge of managing water resources in such 

complex systems is the identification of the sources of pollution and the comprehension 

of processes influencing the concentration of contaminants in groundwater, aimed at 

planning effective countermeasures for groundwater bodies’ quality protection and 

restoration (Werner et al., 2013). However, the identification of pollution sources is not 

an easy task because of the presence of: (1) more than one source, (2) point and diffuse 

sources and (3) several biogeochemical processes which can alter contaminant 

concentration (Kendall, 1998). The management of water resources in a coastal area 

requires an accurate characterization of aquifers’ recharge, groundwater pathways and 

identification of groundwater contamination sources which can be effectively carried out 

by an integrated hydrogeological, hydrostratigraphical, hydrochemical and isotopic 

assessment (Custodio, 1987; Petelet-Giraud et al., 2016; Zhao et al., 2017; Abu Al Naeem 

et al., 2019). In many cases, the use of stable isotopes of elements allows the identification 

of sources characterized by different isotopic compositions (Vengosh et al., 1999; Pastén-

Zapata et al., 2014; Stellato et al., 2010; De Giorgio et al., 2018; Martinelli et al., 2018; Ducci 

et al., 2019). In particular, the measurement of natural and anthropogenic isotopic tracers 

can provide information about groundwater recharge and mixing (δD and δ18O) (Wood 

& Sanford, 1995; Gonfantini et al., 1998; Thyne et al., 1999; Coplen et al., 2000), help 

identify groundwater hydro-facies and seawater intrusion (major ions and trace 

elements) (Richter & Kreitler, 1993; Herczeg & Edmunds, 2000; Genereux et al., 2002; 

Petelet-Giraud et al., 2016), can give information about the upwelling of mineralized 

fluids as well as aquifers’ homogeneity (222Rn, δ11B) (Stellato et al., 2008; 2013; Wu et al., 

2016; Liu et al., 2019) and identify nitrate pollution sources (δ15N and δ18O of nitrates, δ11B) 

(Vengosh et al., 1994; Kendall, 1998; Widory et al., 2004; Xue et al., 2009; Ducci et al., 2019). 

In recent years, archaeological research carried out in coastal plains of southern Italy 

(Allocca & Celico, 2008; Allocca et al., 2016; Coda et al., 2019c) and archaeological sites of 

the Mediterranean region (Abdallah & Abd El-Tawab, 2013) has seen a setback including 

reburial of some artefacts, due to rising groundwater and consequent flooding, as 

observed in the Cumae archaeological site (in the province of Naples) which is among the 

most important and visited in southern Italy. It is located within the Phlegraean Fields 
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Regional Park, which hosts a large supervolcano situated to the west of Naples (Caputo 

et al., 2010) and in 2006 has been included in the World Heritage sites of UNESCO. The 

Cumae archaeological site hosts the partially buried ruins of the Greek to medieval city of 

Cumae. The site includes different artefacts, cultural remains and ancient monuments, 

dating back to the Greek, Roman and Byzantine epochs (Capano et al., 2015). In 

particular, the Monumental Roman Necropolis, a small sub-flat coastal plain area, has 

been studied since 1809 and archaeological research still continues. 

Given the relevance of this archaeological site, the conservation and protection of ancient 

ruins is a principal task. The deterioration of in situ archaeological deposits (Holden et 

al., 2006) can be accelerated by environmental and hydrogeological changes. Moreover, 

the conservation and management of archaeological resources, especially in rural areas, 

is threatened by the use of fertilizers and pesticides, irrigations, tillage and drainage. In 

particular, the lithology of the buried artifacts can be damaged by corroding compounds 

bearing groundwater (Van der Noort, 1996; Van der Noort et al., 2001). 

Considering the interference between groundwater and archaeological structures, a 

multidisciplinary approach based on a hydrogeological, hydrogeochemical and isotopic 

monitoring has been adopted in order to characterize the natural and anthropogenic 

processes affecting groundwater quality in the Cumae coastal aquifer. The measurements 

concerned water levels, temperature, pH, electric conductivity, major and minor ion 

concentrations, trace elements and isotopes (δD-H2O, δ18O-H2O, δ15N-NO3, δ18O-NO3, 

δ11B, 222Rn). The analysis of the temporal and spatial distributions of each parameter and 

the identification of natural and anthropic sources of groundwater contamination are 

central to assessing the potential threat to these ancient ruins. 
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2. Description of the Study Area  

The Cumae archaeological site extends over about 3.0 km2 and is located in the north-

western coastal sector of the active volcanic district of the Phlegraean Fields bordering 

the Tyrrhenian coast of southern Italy (Figs. 4.1a and 4.1b). It is part of the Phlegraean 

wetlands area and of Mount Cumae’s coastal Forest, both belonging to the Phlegraean 

Fields Regional Park. It includes the ancient city of Kyme, the first Greek colony in Italy 

founded in the 730 B.C. and inhabited until 1207 A.C. (Caputo et al., 2010). 

During the Holocene, primary and secondary volcanism of the Phlegraean Fields 

controlled the geological and geomorphological evolution of this coastal sector (Fig. 4.1b). 

Caldera forming eruptions produced typical circular landforms and buried normal fault 

zones. In addition, eustatic sea-level fluctuations modified the coastline leading to 

lacustrine and palustrine environments in the coastal plain (Sacchi et al., 2014). 

From a geological point of view, the Cumae archaeological site is located directly adjacent 

to the western edge of the Campanian Ignimbrite (CI) caldera, dated 39 ka BP (De Vivo 

et al., 2001) (Figs. 4.1a and 4.1b). Several buried normal faults, fractures and deep crater 

rims characterize this sector of the Phlegraean Fields. The study site is characterized by a 

complex coastal volcaniclastic-sedimentary sequence, formed by sandy silts, silts, clays 

and peats of marine, alluvial and lagoon–palustrine environments, laterally passing into 

aeolic sands next to the shoreline (Bravi et al., 1996; ISPRA, 2015). This sedimentary 

coastal complex has unconsolidated ash-fall pyroclastic deposits formed by fine ashes 

and pumices and consolidated yellow tuffs. The transition from a volcanic to coastal 

environment produced a strong lithostratigraphic heterogeneity (Figs. 4.1b, 4.2a and 

4.2b). 

The local geomorphology is typical of a coastal plain, with altitudes between 0 and 16 m 

a.s.l. (Fig. 4.1c). From the sea toward the inland area, the site is characterized by a dune 

system and a wetland in the retro-dunal zone (Fig. 4.1c). The Cuma Mount, a 85 m a.s.l. 

high remnant of a pre-CI volcanic building older than 39 ka (ISPRA, 2015), rises from the 

flat morphology of the coastal plain (Figs. 4.1b and 4.1c). 
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Figure 4.1 - (a) Geological map of Campanian Plain and (b) hydrogeological map of the eastern sector of Phlegraean 

Fields (after ISPRA, 2015 modified). Legend: (1) Quaternary epiclastic deposits; (2) Quaternary volcanic deposits; (3) 

Miocene deposits; (4) Mesozoic Apennine platform carbonates; (5) buried fault; (6) Campanian Ignimbrite (CI) caldera 

boundary; (7) Neapolitan Yellow Tuff (NYT) caldera boundary; (8) buried caldera boundary; (9) Eolic deposits; (10) 

Pyroclastic-fluvio-palustrine deposits; (11) Pyroclastic deposits; (12) Baia’s tuffs; (13) Gauro’s eruption deposits; (14) 

Neapolitan Yellow Tuff; (15) Museum Breccia; (16) Cuma Mt lavas; 17) groundwater contour line (m a.s.l.); (18) 

groundwater flow direction; (19) groundwater divide; (20) hydrogeological basin of study area; (21) Licola 

pluviometric station; (22) Licola draining station; (23) study area. (c) Geomorphological setting, hydrographic network 

and (d) land use of the hydrographic and hydrogeological basin of study area. (1) Reclamation draining channel; (2) 

surface water channel; (3) open-air (i) and underground (ii) Cuma wastewater treatment plant discharge channel; (4) 

underground wastewater channel; (5) beach; (6) Mediterranean bush and pinewood; (7) agricultural land; (8) urban 

area; (9) Licola drainage station; (10) Cuma wastewater treatment plant; (11) hydrogeological basin of study area; (12) 

study area. 
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From the hydrogeological point of view, the groundwater flow system is unitary (Fig. 

4.1b) at the basin scale (Celico et al., 1992; De Vita et al., 2018), although it is locally 

influenced by hydraulic heterogeneity of volcano-sedimentary succession, groundwater 

pumping and reclamation drainage channel system. The hydrogeological basin which 

includes the study site (Fig. 4.1b) extends for about 1.7 km2 with a groundwater flow 

oriented toward the coastline in the west (Fig. 4.1b). It is characterized by a grade of 

vulnerability to pollution from medium to high (Tufano et al., 2020). At the small scale, 

the study site hosts a porous multilayered aquifer system (Figs. 4.2a and 4.2b) formed by 

a shallow phreatic aquifer in the pyroclastic and pyroclastic-alluvial-lacustrine sediments 

(pyroclastic (P) and pyroclastic-alluvial-lacustrine (PAP) complexes) and a semiconfined 

deep aquifer in the older pyroclastic deposits (DPs complex), separated by a deka-m thick 

lithic tuffaceous aquitard (YT). In the coastal zone, this YT aquitard is absent resulting in 

one single unconfined shallow aquifer (Fig. 4.3a), hosted in the dune complex (Allocca et 

al., 2018). 

The surface hydrography is controlled by a reclamation drainage system of micro-

channels, which locally crosses the whole retro-dunal zone of the coastal plain and whose 

altitude is very close to the sea level or just below it (Fig. 4.1c). It was built during the last 

two centuries, draining surface and groundwater either to the sea directly or through the 

Licola mechanical pumping station. In addition, open-air and underground channels 

carry wastewater to the Cuma wastewater treatment plant and to the sea (Figs. 4.1c and 

4.2a). 

Land use consists prevalently of agricultural lands, corresponding to about 70% of the 

study area (Fig. 4.1d), in which intensive cultivation is practiced by applying pesticides 

and chemical and organic fertilizers. About 30% is covered by Mediterranean bush and 

pinewood ending with a narrow stretch of beach. Moreover, within the hydrogeological 

basin, sparsely urban areas are present, which are partially covered by a sewage network 

and, where it is locally absent, septic tanks are used. The climate is of Mediterranean type, 

characterized by hot dry summers and moderately cool and rainy winters. The range of 

mean annual air temperatures is approximately 13–15 °C and the average annual rainfall 

is about 700 mm/year (Allocca et al., 2014). 
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Figure 4.2 - (a) Geological map of study area and hydrogeological monitoring network. Legend: (1) Eolian deposits; (2) 

Pyroclastic-fluvio-palustrine deposits; (3) Pyroclastic deposits; (4) NYT; (5) Museum Breccia formation; (6) Cuma Mt 

lavas; (7) buried fault; (8) CI caldera boundary; (9) groundwater flow direction; (10) single unconfined aquifer (sa) and 

multilayered aquifer system (ma) sectors; (11) groundwater draining channel; (12) Cuma plant discharge channel; (13) 

underground wastewater channel; (14) borehole; (15) shallow well; (16) deep well; (17) groundwater flooding (GF) 

area; (18) archaeological site of Necropolis (GF impacted in (d)–(g)); (19) trace of hydrostratigraphic section; (20) study 

area. (b) 2D hydrostratigraphic model of the aquifer system. (1) Dune complex; (2) silts; (3) clays and peaty deposits; 

(4) pyroclastic-alluvial-lacustrine (PAP) complex; (5) pyroclastic (P) complex; (6) tuffaceous aquitard (YT) aquitard; (7) 

pyroclastic deposits (DPs) complex; (8) piezometric level of shallow unconfined aquifer; (9) piezometric level of deep 

semiconfined aquifer; (10) groundwater flow direction; (11) vertical groundwater flow direction; (12) Fw-Sw interface; 

(13) saline groundwater flow; (14) high mineralized fluids rising; (15) shallow well; (16) deep well; (17) borehole. 
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Finally, in the last two decades, the study area has been recognized as affected by hydro-

environmental criticalities which endanger the state of conservation of artefacts, cultural 

remains and ancient monuments of the Cumae archaeological site (Figs. 4.2a, 4.2d–g). 

Indeed, as observed in other sectors of the Metropolitan City of Naples (Allocca et al., 

2016; Coda et al., 2019a; 2019b; 2019c), the rising of groundwater level and related 

Groundwater Flooding (GF) phenomena have been registered, causing damage to 

structural and decorative features of buried archaeological artefacts. Both hydrological 

processes are mainly attributed to the rising of sea levels from the Roman period to the 

present in the central area of Mediterranean basin (Lambeck et al., 2004) and to local 

volcano-tectonic land subsidence (Todesco et al., 2014). Consequently, since the early 

2000s numerous GF episodes, with groundwater levels up to +1.20 m at the base of some 

archaeological remains, have been observed in the retro-dunal zone, at the Monumental 

Roman Necropolis of the Cumae archaeological site (Figs. 4.2a, 4.2e–g), despite the local 

presence of a man-made micro-channel reclamation drainage system (Fig. 4.2a). 

3. Materials and Methods 

Eleven field campaigns were carried out from December 2013 to February 2015. Water 

table level was monitored and groundwater samples were collected in thirteen domestic 

and agricultural wells: 6 shallows wells (P2, P4, P5, P6, P11, P13, up to 15 m depth, Fig. 

4.2a) and 7 deep wells (P1, P3, P7, P8, P9, P10, P12 up to 80 m depth, Fig. 4.2a) on a 

monthly frequency. The wells P1, P3, P7, P8, P10 and P12 were equipped with 

submersible pumps used for purging and sampling while the wells P2, P4, P5, P6, P9, 

P11, and P13 were sampled by bailer, after rinsing it three times with sample water. 

Physico-chemical parameters (i.e., temperature, pH, electrical conductivity, alkalinity) 

were measured by field analysis. Hydrochemistry (i.e., major ions and trace elements), 

isotopic ratios (i.e., δ18O and δD in water, δ15N–NO3 and δ18O–NO3, δ11B) and 222Rn specific 

activity was determined in groundwater samples in the laboratory. Results of 

hydrogeological, hydrochemical, and isotopic monitoring are listed in Table S3 in the 

supplementary materials. 

3.1 Hydrogeological Survey 

In order to analyze groundwater flow and the spatio-temporal variation of the 

piezometric levels, a groundwater monitoring network was reconstructed inside the 
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Cumae archaeological park (Fig. 4.2a). The piezometric levels were monitored monthly 

from December 2013 to February 2015 in 6 shallow wells (P2, P4, P5, P6, P11, P13, up to 

15 m depth) and in 7 deep-wells (P1, P3, P7, P8, P9, P10, P12 up to 80 m depth). 

Monitoring was performed by a water level meter (BFK-100 model, PASI, Italy). The 

ground elevation of the wells was measured by the DGPS technique (K9 Series RTK, 

KOLIDA Instrument, China) and verified through the reconstruction of a Digital 

Elevation Model (DEM) derived from a LiDAR survey (Città Metropolitana di Napoli, 

2020) with 1 × 1 m2 cells, implemented in a GIS environment. Multitemporal maps of 

groundwater table elevations were constructed for both the shallow and the deep 

aquifers, through the Triangulated Irregular Network (TIN) interpolation method 

applied to the piezometric levels in March and July 2014, representative of recharge (Rc) 

and recession (Rs) periods, respectively. Daily pluviometric time series were recorded by 

Regional Civil Protection at the Licola (Naples, Italy) gauge station (Fig. 4.1a). 

3.2 Hydrochemical Sampling and Analysis 

Physico-chemical parameters as pH, electrical conductivity (Electrical conductivity (EC), 

μS/cm) and temperature (T, °C) were measured in situ by a multiparametric probe (Mod. 

Sea Bird Electronics 911 Plus CTD; Sea-Bird Electronics). Alkalinity was determined in 

the laboratory by a titrimetric method. 

In order to determine major anions and cations (i.e., HCO3−, SO42−, Cl−, Br−, F−, Ca2+, Mg2+, 

Na+, K+) and trace elements (i.e., As, B, etc.), water samples were collected in 1 L high-

density polyethylene (HDPE) bottles avoiding air bubbles and stored at +4 °C. The 

samples for trace elements determinations were filtered (0.45 μm) and acidified in the 

field. Anions and cations were determined by ion chromatography (IC Metrohm 850 

Professional). Cations were separated by a Metrosep C4 250/4.0 column using 3.0 mM 

HNO3 as eluent and a flow rate of 0.9 mL/min, whereas anions were separated by a 

Metrosep A supp7 250/40 column using 3.6 mM Na2CO3 as eluent at a flow rate of 0.7 

mL/min. The accuracy of the analyses was checked by the ionic balance; analyses with an 

ionic balance within ±5% range were considered acceptable. For trace element 

determinations, the filtered samples were acidified with a 3% v/v HNO3 solution and 

analyzed by inductively coupled plasma with mass spectrometry (ICP-MS, Aurora M90, 

Bruker Daltonics, Billerica, MA, USA). Hydrochemical analyses were conducted at the 

Chemical Science Department, University of Naples Federico II. 
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3.3 Isotopic Monitoring 

Water samples for 222Rn determinations were sampled by means of a 10 mL plastic 

syringe, avoiding contact with air according to the sampling procedure suggested by the 

U.S. Environmental Protection Agency (US EPA, 1978) and modified by Belloni et al. 

(1995) to perform liquid scintillation counting (LSC) measurements and were analyzed 

at least 3 h after the collection to allow equilibrium to be reached between 222Rn and its 

daughters; counting time was 15 min; blank samples and a certified 226Ra reference 

sample were counted together with the water samples at every counting session at the 

Center for Isotopic Research on Cultural and Environmental heritage (CIRCE) of the 

Department of Mathematics and Physics, University of Campania “Luigi Vanvitelli” (San 

Nicola la Strada, Italy). The lower detectable level was 0.5 Bq/L. Three replicates were 

sampled at each site. 

Water samples for δ18O and δD analyses were collected in 50 mL narrow neck HDPE 

bottles, leaving no headspace to avoid contact with air and horizontally stored at 4 °C 

(Clark and Fritz, 1997). δ18O and δD isotopic ratios of 0.45 μm filtered samples, reported 

as permil (‰) relative to Vienna Standard Mean Ocean Water, were analyzed by a 

TC/EA-ConfloIII-IRMS system (DeltaV, Thermo Fisher) at CIRCE. The precision of the 

measurements was 0.1‰ and 1‰ for δ18O and δD, respectively. 

δ15N and δ18O of dissolved nitrate, reported as permil (‰) vs. AIR and VSMOW, 

respectively, were measured in groundwater samples by means of the silver nitrate 

method (Silva et al., 2000) and analyzed by a TC/EA-ConfloIII-IRMS system (Delta V, 

Thermo Fisher, Waltham, MA, USA) CIRCE. The precision of the whole procedure 

involving the preparation protocol of aqueous samples, reference materials and the IRMS 

analysis of solid AgNO3 salt was 0.7‰ and 1.2‰ for δ15N and δ18O, respectively. 

Water samples for δ11B determination were collected in two shallow wells (P5 and P11) 

and in five deep wells (P1, P3, P7, P8, P10) in April (recharge phase) and July (recession 

phase) 2014 in 1000 mL narrow neck HDPE bottles, leaving no headspace to avoid contact 

with air and stored at room temperature. The chemical procedure for boron isotope 

measurement was based on the GAMA method (Eppich et al., 2011): all samples were 

filtered on nylon membrane filters (0.45 µm) to remove particles and loaded on a boron-

specific ion exchange resin, Amberlite IRA743 (Ying‐Kai et al., 2003; Baek et al., 2007). In 

each procedural batch, about 20 boron samples, blanks (1 machine plus 1 procedural), 1 

boric acid reference material (NIST SRM951: 1 processed and 1 unprocessed), and 1 
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internal boric acid standard as a Quality Check (QC) were prepared loading about 50 µg 

of dissolved boron onto the resin. Boron isotopic measurements were performed by a 

Thermo Fisher Scientific Neptune Plus (High Resolution Multicollector) ICP-MS at the 

CIRCE (Centre for Isotopic Research on Cultural and Environmental heritage) laboratory, 

Dept. of Mathematics and Physics, University of Campania “Luigi Vanvitelli” (Caserta, 

Italy). The analysis procedure involved data calibration through procedural reference 

materials (SRM951) and internal standards measurements applying Quality Assurance 

(QA) rules. The instrumental precision was about 0.15‰ for signals >1 V. 

222Rn specific activity in groundwater was measured to infer information about aquifer 

heterogeneity and deep fluid rise to the surface. The stable isotopes of the water molecule, 

18O and 2H, were used to study groundwater origin, recharge and mixing processes since 

they are incorporated within the water molecule and are hydrologically conservative. 

Nitrogen and Oxygen isotopic ratios of dissolved nitrate and isotopic ratios of Boron 

stable isotopes were studied to identify possible groundwater contamination sources and 

their attenuation processes as well as groundwater origin. 

4. Results 

Maps of groundwater flow and spatial distributions of the physico-chemical parameters 

were carried out, for March 2014 and July 2014, considering representative of recharge 

(Rc) and recession (Rs) hydrological periods, respectively. The temporal variation of each 

analyzed parameter was reported in box plot diagrams of the shallow and deep wells for 

each campaign. In addition, cross-plots of molar ratios and isotopes allowed us to identify 

clusters in samples and sources of groundwater contamination and salinization. 

Results were interpreted to implement a conceptual hydrogeological–hydrogeochemical 

model of the study area, highlighting the natural and anthropogenic processes 

influencing the hydrochemical characteristics of the volcano-sedimentary aquifer. 

4.1 Hydrogeology 

Figure 4.3 shows the piezometric maps of the shallow and the deep aquifers in the Rc and 

Rs periods. 

The shallow phreatic aquifer flows in the pyroclastic (P), pyroclastic-alluvial-lacustrine 

(PAP), and Dune complexes (Fig. 4.2b) with a generalized W-E orientation. In the central 

sector, a groundwater divide splits the flow in a northern and a southern circulation in 
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correspondence with the volcanic relief of Cuma Mt. Piezometric heads in shallow 

piezometers varied between 0 and 3.68 m a.s.l with a mean gradient of about 3.0 × 10−3 in 

March 2014 (Fig. 4.3a), and between 0 and 3.58 m a.s.l. with a mean gradient of about 2.9 

× 10−3 in July 2014 (Fig. 4.3c). The difference between the level maximum during the 

recharge period (March) and level minimum during the dry season (July) is 0.1 m. 

Piezometric contour maps show a similar pattern in both considered periods. 

Nevertheless, minor local differences are observed in the retro-dunal zone. During 

recharge, highest water table elevation is reached, and the reclamation micro-channel 

system partially drains groundwater (Fig 4.3a). This evidence is not registered during the 

Rs period (Fig. 4.3c), in which the piezometric levels are below the channel base not 

influencing groundwater flow. No influence on the Pozzuoli and Bacoli underground 

wastewater channels that pass through the study area (Figs. 4.1c and 4.2a) on the 

piezometric contours (Figs. 4.1a and 4.1c) was observed. 

The deep aquifer flows into the DP complex under semiconfined condition, and then joins 

the shallow aquifer in the coastal Dune complex, where lithic tuffaceous aquitard (YT) is 

absent. In March 2014 (Fig. 4.3b), groundwater flow was oriented W-E with a split due to 

the Mt. Cuma solid rock basement, similarly to what happens for the shallow aquifer. 

Piezometric levels ranged between 0 and 3.82 m a.s.l. with a gradient of 2.8 × 10−3. In the 

vegetation period, the deep aquifer was affected by abstraction for irrigation and a 

significant depression of hydraulic heads—down to −2.3 m a.s.l. in early October 2014 in 

well P3 (Table S3) and to −0.76 m a.s.l. in July 2014 in well P1 (Table S3 and Fig. 4.3d). 

Median values of piezometric levels (PLs) measured in shallow wells were quite constant 

for the whole monitoring period with a maximum variation of 0.34 m (1.16 m in April 

and 0.82 m in July 2014) (Table S3). Median values of PLs measured in deep wells are 

generally higher than those in shallow wells throughout the monitoring year, indicating 

an upward flow which is inverted only during the Rs, when pumping induces a sharp 

decrease in PLs (e.g., P1 and P3). 
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Figure 4.3 - Groundwater flow patter in March 2014 ((a) and (b)) and July 2014 ((c) and (d)) for the shallow ((a) and (c)) 

and deep ((b) and (d)) aquifer. Legend: (1) Deep well; (2) shallow well; (3) hydrogeological limit between the single 

phreatic (sa) and the multilayered (ma) aquifer; (4) groundwater flow direction; (5) groundwater divide. 

The comparison between the piezometric levels observed in the two seasons shows that 

the deep aquifer has higher hydraulic head in the Rc period, causing an upwards oriented 

vertical flow recharging the shallow aquifer. This relation is locally reversed in the Rs 

period, when pumping draws the deep aquifer down. 

4.2 Hydrochemistry 

Physical and chemical parameters determined for groundwater samples taken from the 

Hydrochemical facies of samples were identified by a Langelier–Ludwig diagram 

(Langelier & Ludwig, 1942) and mapped for Rc and Rs periods (Fig. 4.4).  

Physico-chemical parameter values (electrical conductivity, EC, and temperature, T) and 

concentration of major ions and trace elements ([SO42−], [Cl−], [F−], [NO3−], [As] and [B]) 

were plotted in box-plot diagrams considering separately all shallow and deep wells for 

each campaign, in order to analyze their temporal variation. The same parameters and 

analytes were mapped through bubbles sized proportionally to their value or 
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concentration for the month of March and July 2014, in order to analyze their spatial 

distribution and to highlight local anomalies. In addition, cross-plots of molar ratios, in 

detail r[SO4/Cl] vs. [Cl], r[Mg/Cl] vs. r[Br/Cl], r[B/Cl] vs. [B] and r[B/Cl] vs. r[Br/Cl], were 

represented to identify sample clusters and to compare their trend with the sources 

values (i.e., agricultural drainage, sewage, hydrothermal waters, etc.) (Vengosh, 2003). 

monitoring network (Fig. 4.2) are listed in Table S3. 

 
Figure 4.4 - Spatial distribution of hydrochemical facies of shallow and deep wells, for the period (a) March 2014 and 

(b) July 2014, and (c) Langelier–Ludwig diagram. Legend: (1) CaMg-ClSO4 type; (2) CaMg-HCO3 type; (3) NaK-HCO3 

type; (4) NaK-ClSO4 type; (5) sea water; (6) shallow wells in March 2014; (7) shallow wells in July 2014; (8) deep wells 

in March 2014; (9) deep wells in July 2014. 
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Figure 4.5 - Box plots of climatic, hydrogeological, and hydrogeochemical parameters for the whole monitoring period, 

with indication of recharge (Rc), recession (Rs), fertilization (Ft) and pumping (Gp) phases; (a) rainfall and air 

temperature; (b) piezometric levels; (c) groundwater temperature; (d) electric conductivity; (e) concentration of NO3−, 

(f) SO42−, (g) B, (h) Cl−, (i) 222Rn, (j) F−, (k) As and (l) δ18O isotopic ratios. Box plots represent the distributions measured 

in shallow (red) and deep (blue) piezometers. 

Groundwater of shallow and deep aquifers prevalently belong to the NaK-ClSO4 type 

both in the Rc and Rs periods, as shown in the Langelier–Ludwig diagram (Fig. 4.4). 

Exceptions are represented by P1 and P3 agricultural deep wells, which belong to CaMg-

ClSO4 and CaMg-HCO3 types in the Rc period, respectively. Because they are affected by 

pumping, their hydrochemical facies (temporarily) change toward the NaK-ClSO4 type, 

along the geothermal and seawater–groundwater mixing lines, indicating advection from 

the freshwater seawater interface. 
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The spatial and the temporal distribution of selected physical and chemical parameters 

are reported in Figures 4.5 and 4.6. In Figure 4.5, box plots of climatic, hydrogeological 

and hydrogeochemical parameters for the whole monitoring period, with indication of 

the recharge (Rc), depletion (Rs), fertilization (Ft) and pumping (Gp) phases. The 

parameters are rainfall in mm and air temperature, groundwater level, groundwater 

temperature, EC, [NO3−], [SO42−], [Cl−], 222Rn specific activity, [F−], [As], δ18O. In Figure 4.6 

the spatial distribution of the selected parameters is represented for Rc and the Rs in 

shallow and deep wells by means of bubbles with the radius proportional to parameter 

values. 

Groundwater temperature presents slight differences between the shallow and the deep 

aquifers. The groundwater temperature trend (Figs. 4.5a and 4.5c) mirrors that of the air 

temperature, even if the shallow wells show a wider range of variation (between 9.0 °C 

in December 2014 and 25.9 °C in June 2014) with respect to the deep ones (between 14.2 

°C in December 2014 and 25.5 °C in July 2014). This indicates that groundwater 

temperature of the shallow phreatic aquifer is more influenced by air temperature than 

the deep semiconfined aquifer. The spatial distribution of groundwater temperature 

confirms the minor differences between the two aquifers in the Rc and Rs periods (Figs. 

4.6a and 4.6b). 

Electrical conductivity (EC) remains almost constant during the whole monitoring period 

(Fig. 4.5d). Minimum values are slightly higher for the deep aquifer (423 μS/cm compared 

to 375 μS/cm of shallow aquifer), and maximum values show strong differences locally 

(Figs 4.6c and 4.6d). In fact, P1 and P3 wells register maximum values during the Rs 

period (EC up to 5930 μS/cm reached in P3 in early October 2014; showed in Fig. 4.5d), 

in which they are affected by pumping and characterized by the lowest piezometric 

levels, highlighting a significant increase compared to the Rc period (Figs. 4.6c and 4.6d), 

as already showed in paragraph 4.1 for P1 and P3. 
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Figure 4.6 - Bubble maps of values of physico-chemical parameters (T (a) and (b) and -EC (c) and (d)), concentrations 

of major ions and trace elements (NO3− (e) and (f), Boron (g) and (h), SO42− (i) and (j), Cl− (k) and (l), F− (q) and (r) and 

Arsenic (o) and (p)) and isotopes (222Rn (m) and (n) and δ18O (s) and (t)) in Rc and Rs periods for the shallow (in red) 

and deep (in blue) wells. Radius of bubbles is proportional to the value of each parameter. 
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The concentrations of major ions and trace elements, indicators of contamination sources 

and interactions between groundwater and deep fluids, show higher average 

concentrations in deep wells, consistently. This can be observed in the concentrations of 

Cl− (Figs. 4.5h, 4.6k and 4.6l), F− (Figs. 4.5j, 4.6q and 4.6r), Boron (Figs. 4.5g, 4.6g and 4.6h), 

Arsenic (Figs. 4.5k, 4.6o and 4.6p) and 222Rn (Figs. 4.5i, 4.6m and 4.6n). As previously 

shown for the EC, P1 and P3 deep wells present consistent differences also in the 

concentration of athe bove solutes. In detail, they have lower concentrations than the 

other deep wells in the Rc period. In the Rs period, P1 and P3 are affected by pumping 

and fluorides increase up to 5.6 and 7.0 mg/L, respectively, approaching the mean of the 

other deep wells (8.3 mg/L); Boron (1167 and 1888 μg/L), Cl− (492 and 832 mg/L) and 

Arsenic (66 and 60 μg/L) reach the highest concentrations. (Table S3). 

During the whole monitoring, nitrate concentrations present high values in the deep 

wells (Figs. 4.5e, 4.6e and 4.6f), with a median value of 82.4 mg/L compared to only 6.3 

mg/L in shallow wells. Nevertheless, maximum values are registered in P11, an 

agricultural shallow well (Fig. 4.6f), which reaches a concentration above 140 mg/L in the 

Rs period. A similar behavior was observed regarding sulphate (Figs. 4.6i and 4.6j), where 

the highest concentration was measured in the P11 agricultural well (≥130 mg/L in Rs 

period). High sulphate concentrations were almost homogeneously distributed both in 

shallow and deep wells (Fig. 4.5f). 

In synthesis, major ions and trace elements highlight significant differences between 

shallow and deep wells showing recurring site-specific behaviors. Among shallow wells, 

two main areas can be identified along groundwater flow from upstream wells (P11 and 

P2, Figs. 4.3 and 4.7) characterized by lower chloride and boron concentrations and 

higher sulphate concentrations at a sub-zero sea level, i.e., a temporarily submerged area, 

where the drainage system catches groundwater diffuse outflow (wells P4, P5, P6 and 

P13; Figs. 4.7a and 4.7c), which is characterized by higher concentrations of solutes, likely 

influenced by the mixing with mineralized groundwater upwelling (Fig. 4.7a). P11 shows 

[SO42−]>1 meq/L (equivalent about 50 mg/L), likely due to fertilizer leaching, as [NO3−] 

also suggests (annual average: 2.4 ± 0.1 meq/L, equivalent to about 150 mg/L) (Table S3 

and Figs. 4.6e and 4.6f). The deep wells show very variable solute concentrations and, in 

particular, upstream wells (P10 and P12, Figs. 4.3 and 4.7) are characterized by lower 

values of chloride and boron (Figs. 4.7a and 4.7c) while higher values are found in the P1, 

P7, P8 and P9 wells and in P3 in the abstraction phase which promotes the rise of 

mineralized groundwater. 
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In Figure 4.7b, the molar ratio of [Mg/Cl] is reported vs. r[Br/Cl] to show the origin of 

shallow and deep groundwater. The molar ratios show a narrow range of variation for 

shallow groundwater while deep groundwater is characterized by a greater dispersion 

of the r[Mg/Cl] values. They are far below the ratio of seawater, making a mixing with 

hydrothermal waters and a small or null interaction with seawater likely (Cox et al., 

1979). Similar trends are highlighted in Figure 4.7c where r[B/Cl] vs. [B] is plotted with 

[As] as an additional independent variable, as a tracer of groundwater affected by 

hydrothermal fluids in the volcanic region (Aiuppa et al., 2006). In general, all the wells 

(except P1 and P3) are characterized by a linear relation between r[B/Cl] and [B], covering 

a wide range of mineralization conditions showed by the different slopes (i.e., 

r[B/Cl]/[B]). In particular, the shallow wells group into two main areas: an upstream 

(wells P2 and P11) and a central area corresponding to the retrodunal depression where 

flooding is observed (Fig. 4.2a; wells P4, P5, P6 and P13)—both characterized by [As] < 

100 μg/L. On the contrary, deep wells (P1, P8, P9 and P10) are characterized by higher 

[As] in the recharge period and a variable mineralization, which is higher in the 

drawdown period (Table S3). It is worth noting the behavior of well P3, which has low 

[As] both in the recharge and the recession periods, while r[B/Cl] significantly decreases 

in the recession periods indicating a mixing with more mineralized water. Well P12, 

upstream of the study area, is characterized by lower [As] and [B], similar to the shallow 

P11 well. The hypothesis of a hydrothermal origin of the groundwater in the study area 

is further confirmed by the relation between r[Br/Cl] and r[B/Cl] reported in Figure 4.7d, 

where both shallow and deep groundwater fall into the box of the hydrothermal waters, 

characterized by r[Br/Cl] ranging from 6 × 10−4 and 2 × 10−3 and r[B/Cl] ranging from 2.5 × 

10−3 and 1 × 10−1 (Vengosh, 2003). Again, wells P1 and P3 in the recession period during 

pumping showing a trend toward lower r[B/Cl] values, suggesting mixing with more 

mineralized groundwater. 
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Figure 4.7 - Plots of (a) r[SO4/Cl] vs. [Cl], (b) r[Mg/Cl] vs. r[Br/Cl], (c) r[B/Cl] vs. [B] and (d) r[B/Cl] vs. r[Br/Cl] in 

shallow (red circles) and deep (blue circles) wells; the pink star represents seawater (SW). In (c), the area of the circles 

is proportional to [As] and the dashed lines represent trends of the values measured in each well. In (d), the boxes 

represent the sources values (i.e., agricultural drainage, sewage, hydrothermal waters, etc.) (after Vengosh, 2003). 

4.3 Isotopic Survey 

Hydrological isotope data presented in this work refer to the shallow and deep aquifers 

explored during the 2014 monthly field campaigns. In Figure 4.8a, the dual isotope 

diagram δ18O vs. δD reports groundwater measured in shallow and deep wells during 

the recharge and the dry periods. A Local Meteoric Water Line (MWL; Mt. Vesuvius; 

Madonia et al., 2014) has been also reported as a reference for the study area samples and 

the Global MWL (Rozanski et al., 1993) and the East Mediterranean MWL (Gat & Carmi, 

1970) as a comparison. Usually, groundwater has a constant isotopic signature 

throughout a hydrological year, reflecting the mean isotopic composition of local 

precipitation. Nevertheless, in the study area there is a significant difference between the 

Rc and the Rs periods, the former presenting more depleted isotopic ratios (Figs. 4.5l, 4.6s 
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and 4.6t) in both deep and shallow wells. This significant difference indicates the 

presence of short travel time of groundwater from the area of recharge. In general, 

isotopic values of shallow and deep wells are quite homogeneous in each hydrological 

period showing no appreciable differences, likely due to a common origin of the recharge 

water. Nevertheless, during the depletion period, and in particular in the two campaigns 

of October 2014 (Table S3 and Fig. 4.8a), both shallow and deep wells show an enrichment 

trend. The observed horizontal shift from the Mt. Vesuvius MWL toward more enriched 

δ18O values is likely due to recharge by evaporated water or to a more evident mixing 

with hydrothermal waters due to the dry period (D’Amore at al., 1987; Cartwright et al., 

2000; Pauwels et al., 2007; Caliro et al., 2011; Karolytė et al., 2017). 

 
Figure 4.8 - (a) δ18O vs. δD diagram in shallow and deep wells during the recharge (closed circles) and the depletion 

(open circles) hydrological phases in shallow (red circles) and deep (blue circles) wells. (b) Monthly variations of d-

excess in shallow (red circles) and deep (blue circles) wells; the circles represent the mean values with 1 sigma standard 

deviation. In the plot, the daily rainfall amounts (light blue bars) are reported. 

In Figure 4.8b, the variation of d-excess measured in shallow and deep wells is reported. 

The deuterium excess (d-excess = δD − 8 × δ18O; Dansgaard, 1964) is a proxy to infer 

information about the physical conditions at the time of water vapor formation which 

influences the isotopic signature of the precipitation (Merlivat & Jouzel, 1979; Froehlich 

et al., 2002; Pfahl & Sodermann, 2014). In the study area, there are no significant 

differences between shallow and deep wells in all sampling campaigns, indicating a 

common recharge for the two aquifers. Nevertheless, a seasonal variation of the d-excess 

can be observed during the recharge and the depletion phases. In particular, in October 

2014 (Rs) the lower d-excess values may indicate a recharge likely from less fractionated 
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rainwater from air masses formed in conditions of high relative humidity (RH) typical of 

the Mediterranean basin during summer months when evaporation is at its maximum. 

Moreover, during the recharge period, the d-excess is higher, indicating a recharge 

occurring from rains originating from the western Mediterranean basin, as can be also 

observed from the vicinity of the shallow and deep wells’ isotopic signatures regarding 

the Mt. Vesuvius MWL (Fig. 4.8a). 

The recharge altitude of shallow and deep groundwater can be roughly estimated 

applying the empirical equation for the δ18O altitude gradient (δ18O = −5.74 − 0.0026z + 

1.144 × 10−6z2) found by Madonia et al. (2014) for Mount Vesuvius, which is close to the 

study area (Fig. 4.1a). The mean recharge altitude of groundwater in the Cumae 

archeological site has been estimated to be about 200 m a.s.l. considering an average 

annual δ18O value (n = 93) of −6.22 ± 0.8‰, which confirms the local recharge of the aquifer 

inferred by the seasonal isotopic variations observed. 

In order to study the impact of agriculture, which is the prevalent anthropic activity in 

the study area (see Fig. 4.1d), the distribution of nitrate was measured in deep and 

shallow wells and is reported in the box plot of Figure 4.5e. Generally, groundwater in 

the study area has a nitrate concentration lower than 20 mg/L, regardless of whether 

sampled in deep or shallow wells. The exceptions are represented by P1, P3, and P7 

among the deep wells and P11 among the shallow wells, which have a concentration of 

nitrates above 50 mg/L (see Table S3 and Fig. 4.9a). In the study area, δ15N-NO3 

composition ranged from 0.6‰ to 23.4‰, while δ18O-NO3 composition ranged from 

−2.6‰ to 26.8‰. In Figure 4.9a, the δ18O-NO3 vs. δ15N-NO3 diagram (after Kendall, 1998) 

indicates that the major sources of nitrate are synthetic fertilizers and only to a minor 

extent manure and septic waste in both shallow and deep wells. In the diagram, a 

denitrification trend can be clearly seen for the depressed area of the plain, where 

groundwater flow slows down and the substrate is rich in organic matter typical for retro-

dunal environments (Fig. 4.3). The denitrification process affecting groundwater sampled 

in wells P5, P8 and P10 strongly attenuates nitrate concentration enriching the heavy 

isotope. This is further confirmed if the regression of δ15N-NO3 vs. ln[NO3] is a straight 

line and the slope quantifies the enrichment factor (ε) (Mariotti et al., 1988; Kendall, 1998). 

In particular, in Figure 4.9b the δ15N-NO3 vs. ln[NO3] regression analysis of shallow and 

deep wells indicates that during both the Rc and the Rs periods groundwater flows 

toward the denitrification area (Fukada et al., 2003). The denitrification process is more 
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evident during the Rs phase when the enrichment factor ε ranges from −6.5‰ to −4.6‰ 

with a regression coefficient R2 > 0.8. 

 
Figure 4.9 - (a) δ18O vs. δ15N of dissolved nitrate in shallow (red bubbles) and deep (blue bubbles) wells. The area of 

the bubbles is proportional to [NO3−]. The boxes represent the nitrate sources isotopic fingerprint (after Kendall, 1998). 

(b) Cross-plot of the δ15N composition of dissolved NO3 vs. the natural log of N-NO3 concentrations (in mg/L) in 

shallow (red) and deep (blue) wells in the recharge (23 April 2014) and the depletion (16 July 2014, 01 October 2014) 

periods. (c) δ11B vs. r[B/Cl] (after Vengosh, 2003) in shallow (red) and deep (blue) wells plot in the recharge (April 2014, 

closed circles) and the depletion (July 2014, open circles) periods. The boxes represent the typical sources values; the 

pink star is seawater (SW). (d) δ11B vs. r[Cl/Mg] in shallow (red) and deep (blue) wells in the recharge (April 2014, 

closed bubbles) and the depletion (July 2014, open bubbles) periods. The area of the bubbles is proportional to [F−]. 

In Figure 4.9c, the δ11B compositions measured in groundwater sampled in shallow and 

deep wells are plotted vs. the B/Cl molar ratios (after Vengosh, 2003) during the Rc and 

the Rs periods. The plot shows that groundwater in the study area is mostly mixed with 

hydrothermal waters influenced by the rise of magmatic fluids. The P11 well, localized 
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upstream of the study area, is characterized by more enriched δ11B values, which could 

indicate a diffuse fertilizer leaching to groundwater throughout the hydrological year 

due to agricultural drainage. It is worth noting the behavior of the P1 and P3 wells which 

during the wet period are characterized by more enriched δ11B values with respect to the 

dry period when pumping is enhanced (P1: from 4.00‰ to −0.19‰ and P3: from 7.15‰ 

to 2.66‰, respectively) showing a mixing with the hydrothermal component more than 

seawater (δ11BSW = 39‰). Hence, the salinization of the deep aquifer observed in the dry 

season (EC from 1.7 mS/cm to 2.4 mS/cm in P1 and from 1.0 mS/cm to 3.9 mS/cm in P3, 

see Table S3) is likely due to a mixing with deep waters which have been in contact with 

hydrothermal fluids. The latter hypothesis is further sustained by the plot in Figure 4.9d 

where δ11B is plotted vs. r[Cl/Mg], evidencing a mixing between two end-members: 

groundwater sampled in P11 and in P8/P10. P11 is located upstream of the study site 

where the aquifer is unconfined and not yet stratified (Figs. 4.2a and 4.2b). In the plot, 

shallow and deep wells are plotted between the end-members and are characterized by 

almost constant values of the considered parameters in the dry and the wet seasons, with 

the exception of P1 and P3. In addition, the plot reports the [F−] concentration measured 

in each well to support the hypothesis of the hydrothermal origin of the waters. In 

general, an increase in the [F−] values is observed from P11 and P8/P10 and P1 and P3 are 

characterized by a shift toward the more depleted δ11B values, and increased r[Cl/Mg] 

and [F−] from the Rc to the Rs phase. 

5. Discussion 

A conceptual model of natural and anthropogenic groundwater contamination processes 

observed in the archaeological site of Cumae is summarized in Figure 4.10. In Figure 4.10, 

the hydrogeological–hydrochemical isotope features in relation to local land use, coastal 

volcanic-sedimentary environment, and hydrogeological characteristics of the aquifer 

system are represented. 

The eastern sector is characterized by a single unconfined aquifer and a regional W-E 

oriented groundwater flow orthogonal to the shoreline (Fig. 4.10a), within fractured 

volcanic relief. Toward the coastal plain, at the site scale, a porous two-layered aquifer 

system has been found (Figs. 4.2a, 4.2b and 4.10a), formed by a shallow phreatic aquifer 

and a semiconfined deep aquifer, locally separated by a lithic tuffaceous aquitard (YT). 
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In the coastal zone, the groundwater circulation becomes unitary again within the 

shallow unconfined aquifer, with the YT aquitard missing. 

 
Figure 4.10 - Hydrogeological–hydrogeochemical isotope conceptual model of study area, in natural conditions (a) and 

during pumping (b). (c) Trends of parameters showed in Figure 4.5, reporting maximum and minimum values of 

shallow (in red) and deep (in blue) wells with reference to the Rc and Rs periods. The blue and red arrows depict the 

groundwater flow paths within the aquifer system. The blue arrows indicate shallow groundwater and the red arrows 

indicate deeper and mineralized groundwater, which interact with the hydrothermal fluids upwelling along deep 

fractured zone of the CI caldera boundary. Legend: (1) unsaturated (i), freshwater saturated (ii) and saltwater saturated 

(iii) dune complex; (2) clays and peaty deposits; (3) silts; (4) unsaturated (i) and freshwater saturated (ii) PAP complex; 

(5) unsaturated (i) and freshwater saturated (ii) P complex; (6) unsaturated (i) and freshwater saturated (ii) YT aquitard; 

(7) freshwater saturated (i) and saltwater saturated (ii) DP complex; (8) buried normal fault (i) and CI caldera boundary 

(ii); (9) shallow (i) and deep (ii) wells; (10) piezometric level of phreatic shallow aquifer (i) and deep semiconfined 

aquifer (ii); (11) groundwater draining channel; (12) groundwater flow direction; (13) mineralized (i) and highly 

mineralized (ii) groundwater flow direction; (14) vertical groundwater flow direction; (15) high mineralized fluids 

rising; (16) sulfates and nitrates infiltration from agricultural lands (i) and urban areas (ii); (17) Fw-Sw interface; (18) 

saline groundwater flow; (19) archaeological site of Monumental Roman Necropolis. 

Piezometric monitoring indicated that during the Rc period groundwater flow in the 

semiconfined aquifer is directed upwards, recharging the shallow aquifer. This 

hydrogeological evidence has been confirmed by hydrochemical and isotopic data which 

highlighted a common origin for the shallow and deep groundwater. In particular, 
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groundwater flowing in the two-layered aquifer is recharged locally (mean recharging 

altitude: 200 m.a.s.l.) and has a short residence time as indicated by water stable isotopes. 

Nevertheless, the semiconfined deeper aquifer, if compared with the shallow aquifer (Fig.  

4.10c), is characterized throughout the hydrological year by more mineralized 

groundwater with significantly higher EC and temperature as well as elevated 

concentrations of chloride, fluoride, boron, arsenic, and 222Rn (Fig. 4.10c), especially in the 

wells in the central sector of the coastal plain (see P7, P8, P9 and P10 in Fig. 4.10a). 

At the local scale, the mineralization observed in shallow and deep wells is strongly 

influenced by natural processes due to the rise along buried normal faults and deep 

fractured zones of the western edge of CI caldera boundaries of mineralized magmatic 

fluids (Fig. 4.10a). Moreover, in some shallow and deep wells (P5, P8, P10 in Fig. 4.10a) 

located in the drained retro-dunal area of the coastal plain, where groundwater flow 

slows down and the aquifer lithology is rich in organic matter, a denitrification trend has 

been highlighted by means of δ18O-NO3 and δ15N-NO3. 

The anthropic groundwater contamination is mostly due to non-point agricultural 

sources and leaking from local septic tanks. High concentrations of nitrate and sulphate 

have been found in the upstream and recharge areas (well P11) and in a few deep wells 

(wells P1, P3 and P7). The major source of nitrate is synthetic fertilizers and to lesser 

extent manure and septic waste in both shallow and deep wells. Finally, in the drawdown 

period (Fig. 4.10b), when pumping of groundwater used for irrigation lowers hydraulic 

head in the deep aquifer in correspondence to P1 and P3 agricultural wells, local vertical 

groundwater flow is reversed and the shallow groundwater leaks. The hydrochemical 

and isotopic data reveal that groundwater in the two deep wells is highly mineralized, 

reaching the highest values of EC, chloride, fluoride, boron, arsenic, and 222Rn (Fig. 4.10c), 

indicating a mixing with more mineralized groundwater of hydrothermal origin and to 

a minor extent to the mixing with seawater, clearly evidenced by the isotopic ratios of 

boron. 

6. Concluding Remarks 

The main purpose of the present study was to investigate, by means of a 

multidisciplinary approach, a whole hydrologic year to comprehensively assess for the 

first time the main natural and anthropogenic processes influencing, at the site scale, 

groundwater quality in the Cumae archaeological site with a catchment approach. 
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Hydrogeological monitoring confirms the presence of a complex coastal volcanic-

sedimentary system, whereas all the hydrochemical and isotopic observations show that 

the groundwater quality is affected mainly by: (i) aquifer lithology and localized rise of 

mineralized magmatic fluids along buried normal faults of the CI caldera boundary, (ii) 

interaction and mixing between shallow groundwater, deeper mineralized groundwater 

and saltwater intrusion during groundwater pumping, and (iii) contamination from non-

point agricultural sources. 

δD and δ18O data show a fast recharge from seasonal precipitations originating from 

evaporated and re-evaporated air masses. 

Chemical data evidence nitrate pollution (>50 mg L−1) occurring mainly in the deep 

semiconfined aquifer. Isotopic ratios of N and O in dissolved nitrates evidence the 

contribution of different possible sources: natural, mineral fertilizers and, to a minor 

extent, manure and possible leaks from septic tanks or sewage systems. 

Moreover, in the low lying and drained retro-dunal area of the coastal plain, 

denitrification processes are highlighted both in the shallow and the deep aquifers. 

In conclusion, this study can be considered a valuable contribution to the comprehension 

of the natural and anthropogenic dynamics of groundwater contamination in the 

complex coastal volcanic-sedimentary system which hosts one of the most visited 

archaeological sites in southern Italy. The results obtained are a useful tool to assist and 

help the local archaeological authority in addressing the problems deriving from 

groundwater flooding and in decision-making aimed to safeguard and manage the 

archaeological heritage of the Cumae site. 
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Abstract 

Many areas around the world are affected by Groundwater Level rising (GWLr). One of 

the most severe consequence of this phenomenon is Groundwater Flooding (GF), with 

serious impacts for human and natural environment. In Europe, GF has recently received 

specific attention with Directive 2007/60/EC, which requires Member States to map GF 

hazard and propose measures for risk mitigation. 

In this paper a methodology has been developed for Groundwater Flooding 

Susceptibility (GFS) assessment, using for the first time Spatial Distribution Models. 

These Machine Learning techniques connect occurrence data to predisposing factors 

(PFs) to estimate their distributions. The implemented methodology employs aquifer 

type, depth of piezometric level, thickness and hydraulic conductivity of unsaturated 

zone, drainage density and land use as PFs, and a GF observations inventory as 

occurrences. The algorithms adopted to perform the analysis are Generalized Boosting 

Model, Artificial Neural Network and Maximum Entropy. Ensemble Models are carried 

out to reduce the uncertainty associated with each algorithm and increase its reliability. 

GFS is mapped by choosing the ensemble model with the best predictivity performance 

and dividing occurrence probability values into five classes, from very low to very high 

susceptibility, using Natural Breaks classification.  

The methodology has been tested and statistically validated in an area of 14,3 km2 located 

in the Metropolitan City of Naples (Italy), affected by GWLr since 1990 and GF in 
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buildings and agricultural soils since 2007. The results of modelling show that about 93% 

of the inventoried points fall in the high and very high GFS classes, and piezometric level 

depth, thickness of unsaturated zone and drainage density are the most influencing PFs, 

in accordance with field observations and the triggering mechanism of GF. The outcomes 

provide a first step in the assessment of GF hazard and a decision support tool to local 

authorities for GF risk management. 

 

Key words: Groundwater Level rising, Groundwater Flooding Susceptibility, Machine 

Learning algorithms, Ensemble methods, mixed-land use aquifer, Metropolitan City of 

Naples. 
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1. Introduction 

Many areas around the world are affected by Ground Water Levels rising (GWLr) 

phenomena (Whitesides et al., 1984; Schirmer et al., 2013). Despite the different features 

of the affected territories, urban and rural, coastal and inland, archaeological sites and 

abandoned mines, a common factor is the management of groundwater resources. 

Actually, 60% of about 90 GWLr case studies recorded in the literature (Allocca et al., 

2021), is associated to Groundwater Rebound (GR) originated by the interruption of 

groundwater pumping, often following a period of aquifer overexploitation. GR often 

causes Groundwater Flooding (GF) phenomena, namely “the emergence of groundwater 

at the ground surface away from perennial river channels or the rising of groundwater 

into the man-made ground, including basements and other subsurface infrastructure” 

(Macdonald et al., 2012; 2008). Impacts of GF can be severe on the rural and urban 

environments, but also on cultural heritage, utility activities and human health, and can 

cause significant socio-economic damage and costs (Allocca et al., 2018; Abu-Rizaiza, 

1999; Aicha et al., 2020; Stellato et al., 2020). In England and Wales the economic loss due 

to GF is on average £530 million per year, approximately 30% of national annual 

economic loss due to flooding phenomena (ESI, 2016). In urban areas, flooding damage 

from groundwater often affected underground structures and infrastructures without 

necessarily the water table emerging to the ground surface. Unlike coastal, fluvial and 

pluvial flooding events, GF episodes show relatively long duration, typically lasting for 

months or years/decades and causing damage 2.5 times greater than those produced by 

the other flooding types (ESI, 2016). During the last decades, GF was wide-spread across 

the United States (Gotkowitz et al., 2014), northern and central Europe (Korkmaz et al., 

2009; Kreibich and Thieken, 2009; Wett et al., 2002), United Kingdom and Ireland 

(Hughes et al., 2011; Jerome Morrissey et al., 2020; MacDonald et al., 2014), and in some 

Italian cities (Beretta et al, 2004; Allocca et al., 2016; Coda et al., 2019a; Gattinoni and Scesi, 

2017; La Licata et al., 2018; Mancini et al., 2020; De Caro et al., 2020), in different geological 

and land use settings, and with various triggering mechanisms and processes.  

Macdonald et al. (2008) identifies three possible scenarios of GF triggered by the 

following mechanisms: i) flooding related to the water table rising above the land surface 

in response to prolonged extreme rainfalls in unconfined and fractured aquifers; ii) 

flooding related to the rapid response of groundwater levels to precipitation and limited 

storage capacity in shallow and porous sedimentary aquifers with a good hydraulic 
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connection with river networks; iii) flooding induced by GR, i.e. a strong reduction in 

groundwater abstraction from large aquifers underlying urban centres due to a decrease 

of industrial activities. 

In the current framework of global climate changes, GF is a geohazard to be evaluated in 

order to set urban areas more resilient and safer, although the associated risk remains 

disregarded from the general public and still little known in the scientific community 

(Kreibich et al., 2009). In Europe, flooding from groundwater has recently received 

attention because of Directive 2007/60/EC, the so-called EU Floods Directive. The EU 

Floods Directive, transposed into the Italian law Legislative Decree 49/2010, compels 

Member States to produce groundwater flooding hazard maps and risk mitigation 

measures, to reduce disasters and harmful effects to the environment and human health 

(Cobby et al., 2009). However, in the scientific literature there are still few methodological 

studies focused on this issue and they are mostly concerned with GF induced by extreme 

rainfall in shallow unconfined aquifer and river-aquifer interactions. These contributions 

are based on the identification of GF prone areas or, alternatively, on GF risk assessment 

using as tools GIS, “rule-based” and analytical approaches (Chebanov and 

Zadniprovska, 2011; Macdonald et al., 2012; McKenzie et al., 2010; Naughton et al., 2017; 

Plane et al., 2019). More sophisticated methods use frequency analysis (Fürst et al., 2015), 

hydrological and hydrogeological modelling (Colombo et al., 2018; García-Gil et al., 2015; 

Habel et al., 2017; Jerome Morrissey et al., 2020; Korkmaz et al., 2009; Mancini et al., 2020; 

Pinault et al., 2005; Sommer et al., 2009; Upton and Jackson, 2011; Yu et al., 2019) to 

estimate groundwater level response to rainfall, river-aquifer transfer, sea-level increase 

and other controlling factors. All authors agree on the difficulty to detect appropriate GF-

controlling parameters and probability of occurrence in certain time period for GF risk 

assessment, and most of the authors adopt a stochastic approach to model them.   

The methodology proposed contributes to the scientific debate by developing a new 

approach to the assessment of Groundwater Flooding Susceptibility (GFS) expressed as 

spatial distribution of GF probability, given a set of hydrological, hydrostratigraphic and 

geo-environmental local conditions (predisposing factors; PFs). In the field of 

susceptibility analysis, it is extremely important to recognize the areas most at risk, and 

this is recently accomplished with the use of Spatial Distribution Models (SDMs). In 

different research fields, such as landslide susceptibility mapping (Di Napoli et al., 2020a, 

2020b; Lombardo et al., 2016), flooding susceptibility assessment (Arora et al., 2021; 

Dodangeh et al., 2020), groundwater potential mapping (Rahmati et al., 2016), 
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groundwater contamination mapping (Barzegar et al., 2018; Pollicino et al., 2021; Sajedi-

Hosseini et al., 2018) and ecology (Carotenuto et al., 2020; Fourcade et al., 2014), these 

methods have already been widely used. SDMs are  statistical techniques that connect 

distribution data (occurrence/presence at known locations) with information on the 

environmental and/or spatial characteristics at those locations through the application of 

several Machine Learning Algorithms (MLAs) (Raes and Aguirre Gutierrez, 2018). SDMs 

can be used to understand and/or to forecast phenomenon distributed over the study area 

(Elith and Leathwick, 2009). However, uncertainty produced by predisposing factors and 

typical pros and cons of each SDM algorithm are some of the concerns of these 

techniques. As the outcomes of the susceptibility assessment, models should yield well-

founded scientific information that can help the identification of priority areas and to 

predict areas with different degrees of susceptibility. Ensemble methods (EM) have been 

proposed to combine the advantages of each model and to mitigate the effects of their 

drawbacks (Thuiller et al., 2009). Therefore, the aim of the present study is to evaluate 

and produce GFS map in the Metropolitan City of Naples (Italy) by using EM. To the 

authors’ knowledge, this is also the first attempt reported in the literature for GFS 

assessment and mapping through MLAs, considering Generalized Boosting Model 

(GBM), Artificial Neural Network (ANN) and Maximum Entropy (MaxEnt). A periurban 

area of about 14 km2 has been selected to test the methodological procedure. Since 1990, 

the test area that has a mixed land-use aquifer is affected by GR due to the groundwater 

pumping reduction by public and private wells (Allocca et al., 2016; Coda et al., 2019b, 

2019c), while since 2007 GF episodes for private buildings and agricultural soils have 

been registered, for a total of about 55 buildings and 0.25 km2. 

The remaining parts of the paper are structured as follows. Section 2 describes the 

hydrogeological conceptual model of the study area, as well as GR and GF phenomena 

features. Section 3 illustrates data, methodological procedure and MLAs used for the GFS 

assessment, whereas Sections 4 and 5 expose and discuss the results obtained and the 

comparison between different models. Finally, Section 6 presents the concluding 

remarks. 
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2. Description of the study area 

2.1 Geological and hydrogeological setting 

The study area, extended over about 14 km2, is located within the Metropolitan City of 

Naples (Italy), between 4530536 m latitude and 447470 m longitude (WGS84-UTM33N) 

(Fig. 5.1). It corresponds to Casalnuovo di Napoli and Volla municipalities and these 

sectors are among the most densely populated urban areas of Italy and Europe, with 

nearly 75,000 inhabitants and a population density of about 5,240 inhabitants/km2.  

 

 
Figure 5.1 - Hydrogeological map of eastern plain of Naples and GF inventory. 1) Quaternary epiclastic deposits; 2) 

Quaternary volcanic deposits; 3) Mesozoic Apennine platform carbonates; 4) groundwater contour line (m a.s.l.; De 

Vita et al., 2018, simplified); 5) groundwater flow direction; 6) groundwater divide; 7) hydrographic network system; 

8) GF impacted area; 9) study area. 

From a geological point of view, the study area is located in the central-southern sector 

of the Campanian Plain (Fig. 5.1), a large alluvial plain formed in the Pliocene-Pleistocene 

by the filling of a regional semi-graben structural depression (Patacca et al., 1990). 

Starting from 300 k-yrs the deposition of volcaniclastic products by intense volcanic 

activity together with sedimentation and erosional processes led to the filling of the 

structural depression by 1000-3000 m of pyroclastic, alluvial, marine and fluvial-

palustrine sediments.  
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Figure 5.1 - Hydrogeological and hydrostratigraphic dataset (a). b) 2D hydro-stratigraphic model of study area. Some 

flooded buildings (c and d) and agricultural soils (e and f) in the study area (locations are in Fig. 2a). Legend of a: 1) 

Sector with buried Campanian Ignimbrite (CI); 2) Sector with buried lava rocks; 3) Piezometric contour line (m a.s.l.) 

in March 2015; 4) groundwater flow direction; 5) Drainage network system; 6) Urban drainage system (culverts); 7) 

well; 8) borehole; 9) private and public (Agri-Food Centre of Naples – CAAN) flooded building; 10) flooded 

agricultural soil; 11) cross-section trace; 12) study area. Legend of b: 1) pumiceous lapilli horizons; 2) sandy horizons; 

3) marshy clay-sands and clay-silts; 4) Lithoid (I) and incoherent (II) CI; 5) Deep semi-confined pyroclastic-alluvial 

aquifer (silty sands and sands); 6) piezometric level; 7) groundwater flow direction. 

Four geological complexes outcrop in the study area (Fig. 5.2a): Holocene pyroclastic-

fluvial sediments (PF); ash-fall pyroclastic deposits (P), dated 39.3-39.8 k-yrs; Holocene 

pyroclastic, alluvial-marine and palustrine sediments (PAP), as well as late Holocene 

volcanic and alluvial deposits (VA). Borehole data revealed that the northern and central-

northern sectors are characterized by a buried tuff horizon, corresponding to the 
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Campanian Ignimbrite (CI), in a zeolitized yellow facies, dating back to 39.28±0.11 k-yrs 

(De Vivo et al., 2001). 

The study area is the lowland sector of the Sebeto Valley, a subsiding tectonic depression 

characterized by a typical floodplain environment. The landscape morphology is quite 

flat, with very gentle slopes, dipping up to 4% and its altitude varies from 10 to 45 m 

a.s.l.. The Volla and Cozzone rivers, Reale Lufrano channel and Santo Spirito stream 

represent the current surface and groundwater drainage systems (Fig. 5.2a).  

Concerning the hydrogeological setting, the study area hosts a mixed land-use aquifer 

(urbanized and rural area account for 67.2% and 32.8%, respectively) characterized by a 

heterogeneous and discontinuous multi-layered aquifer system recharged by direct 

effective infiltration (equal to about 300 mm/year; Allocca et al., 2014) and by lateral 

groundwater flow coming from the upstream aquifer sectors. Starting from the northern 

sector (Figs. 5.2a and 5.2b), an unconfined shallow aquifer and a deep semi-confined 

pyroclastic aquifer underlying CI horizon occur. The central sector is characterized by a 

single deep semiconfined aquifer formed by pyroclastic-alluvial deposits underlying the 

CI horizon. In the southern sector, where CI is absent, a single phreatic aquifer is 

observed, which is locally characterized by a semiconfined flow due to shallow and 

spatially discontinuous aquicludes (lenses of silts, clays and peat levels) within the PAP 

complex. Groundwater flow is approximately NE-SW oriented (Fig. 5.2a), being 

consistent with the general groundwater scheme at the basin scale (Fig. 5.1). In the 

southern sector of study area, the groundwater flow direction is mainly E-W oriented, 

converging towards Cozzone and Volla rivers and Reale Lufrano channel, which locally 

are physically continuous with the aquifer and behaving as gaining streams (Fig. 5.2a). 

2.2 Groundwater rebound and flooding 

During the period 1945-1989 , a progressively increasing use of groundwater resources 

by public and private wells occurred, causing a strong groundwater over-exploitation 

(Allocca and Celico, 2008) and decline of piezometric levels. Since 1989, public and 

private withdrawals for drinking water, rural and industrial use have been drastically 

reduced or suspended, due to groundwater quality deterioration, deindustrialization 

process and land-use change (Allocca et al., 2021; Coda et al., 2019b). Consequently, from 

1990 onward a remarkable and widespread GR has been registered, with values up to 

about +17 m (Fig. 5.3a; Allocca et al., 2021), Moreover, the comparison between the time 

series of groundwater levels, withdrawals and annual rainfall (Fig. 5.3) confirms that 

climate-induced changes have not played a significant role on GR at the decadal scale 

(Allocca et al., 2017), in agreement with the downward sloping trend in the mean annual 
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precipitation index observed at the regional scale (De Vita et al., 2012). Currently, GR is 

still active and the recovery does not take place entirely compared to the levels of 1920s, 

nevertheless, a slowdown of rate of rise has been recognized despite low withdrawals 

(Figs. 5.3a and 5.3b). In addition, a decrease of piezometric levels occurred in 2017, 

preceded by low annual rainfall in the period 2016-2017 (Figs 5.3a and 5.3c), showing a 

greater influence of precipitation on piezometric variation than the period 1990-2015.  

 
Figure 5.3 - a) Box plots of piezometric levels (m a. and b. s.l.) in the study area; b) Piezometric levels (m a. and b. s.l.) 

and withdrawals (m3/s) in Lufrano, Acerra and Ponticelli well fields; c) San Marcellino Meteorological Observatory 

annual rainfall. Legend a): 1) Median piezometric head; 2) Median trend; 3) Maximum trend; 4) Minimum trend; 5) 

Outliers; Legend c): time series of: 1) piezometric levels Lufrano well-field; 2) Lufrano well-field withdrawal; 3) Acerra 

well-field withdrawal; 4) Ponticelli well-field withdrawal. Source of data are listed in Table S4 in supplementary 

material. 
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In the last two decades, GR triggered a series of induced phenomena (Coda et al., 2019a; 

2019b; 2019c) at basin and local scale. In particular, an unexpected and geographically-

discontinuous GF occurred (Fig. 5.1), impacting agricultural soils, private buildings and 

underground infrastructures. In the study area, the first GF episodes started in 2007 and 

2010 for private buildings and agricultural soils respectively, indicating a considerable 

time delay varying from 17 to 20 years, in comparison to the beginning of GR (Fig. 5.3a). 

After mapping and monitoring GF in the period 2013-2020 through field survey and 

submitting a questionnaire to the local population (see Section 3.1), the most severe 

flooding episode of the last years occurred in the period 2012-2015 with great impact 

during the winter season (Allocca et al., 2021; Coda et al., 2019a). Flooded rural areas and 

underground structures (parking spaces, basements, foundations and cellars) have been 

recognized, up to 55 affected infrastructures concentrating in the northern and southern 

sectors of the study area (Figs. 5.2a, 5.2c, 5.2d, 5.2e and 5.2f). In particular, in the northern 

sector only few buildings, constructed in the period 1990-2000, are impacted by flooding 

in basements, cellars and lift shafts. Whereas, in the southern sector only some buildings, 

constructed in 1985-1995 period, reveal flooded ground-floors and underground 

structures. In this sector, unlike the northern one, also some agricultural lands are 

affected by flooding with outcropping of shallow water table. The GF triggering 

mechanism and the spatio-temporal variability of the impacted private buildings and 

agricultural soils are due to some anthropogenic and natural factors (Allocca et al., 2016; 

2021), i.e.: i) erroneous design of some buildings, with foundations and structures deeper 

than current groundwater levels; ii) disappearance of the ancient agricultural drainage 

micro-network system due to urbanization, infrastructuring and abandonment of 

agricultural activities, which converged in the principal drainage system (Volla and 

Cozzone rivers and Reale Lufrano channel); iii) poor maintenance state and partial 

occlusion of principal drainage channels causing a reduction of their hydraulic efficiency; 

iv) presence, in some not flooded agricultural soils, of low permeability shallow lenses, 

that locally cause conditions of artesian groundwater levels (up to +0.20 and +0.30 m 

a.g.l.). 
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3. Materials and methods 

The procedure employed in this research is the ensemble of MLAs, which included 

different steps. The methodology flowchart used in this paper is shown in Figure 5.4. It 

includes (i) creation of a GF inventory map, (ii) definition of appropriate flooding 

predisposing variables, (iii) modelling GFS map using GBM, ANN and MaxEnt, (iv) 

performing an accuracy assessment of the models, and (v) flood susceptibility map 

implementation using an EM approach. 

 
Figure 5.4 - Flowchart of developed methodology applied for GFS mapping. 
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3.1 Groundwater flooding inventory map and sample size problem 

Groundwater flooding inventory is a basic pre-requisite to define the relationship 

between flood occurrence and its predisposing factors (Rahmati et al., 2016). The 

reconstruction and analysis of historical and recent GF events are crucial to inform future 

expectation, considering that areas close to occurrence sites have a greater GF probability. 

An accurate flood susceptibility analysis requires a precise and reliable flood inventory 

map, with georeferenced observations (i.e., point locations). In this study, sites, in which 

flooding phenomena occurred, have been observed in the northern and southern sectors 

of the study area. In 2013, a questionnaire has been submitted to local population in 

which it was asked to report the presence of GF impact in the property (Allocca et al., 

2021). After that, from November 2013 to January 2020 a six-month frequency monitoring 

and mapping of GF impacts have been carried out, detecting several characteristics of 

impacts and their extents variation. A detailed form has been produced for each building 

and agricultural soil, reporting coordinates, altitude and amplitudes about land parcel, 

as well as water levels above flooded soils and man-made surface, and any presence of 

protective measures aimed at mitigating GF (e.g. well-points, waterproofing or lifting of 

ground/floor). All field data have been used to achieve multi-temporal maps of GF 

impacts, producing an updated municipal GIS database. This dataset integrated with 

historical information of flooding available in literature (Allocca and Celico, 2008), 

facilitates the first GF inventory for the Neapolitan area at basin scale (Fig. 1). The GF 

inventory map of the study area is shown in Figure 2a, with a total number of 55 buildings 

and 3 flooded areas, covering a total surface of about 0.25 km2. For modeling, GF 

occurrences map has been implemented creating a 100-m buffer around each impacted 

building (Fig. 5a). In this way, enlargement of the impacted building areas allowed to 

avoid the underestimation of impacts recognized by field survey only, including some 

buildings, in which detection was not possible, that presented similar piezometric and 

structural characteristics to the ones impacted.  

In order to realize trustworthy models of GFS’ distribution probability, SDMs need 

enough information on both the presence (i.e. locations where the event being studied is 

observed) and the absence (i.e. where the event is not observed) data. Many SDM 

algorithms require both presence and absence data, whereas other ones rely on presence 

records only. In some cases, like this research, the geological event has to be recorded as 

discrete polygons (areal data) over the study area. Unfortunately, this is not the kind of 
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data SDMs can handle, since they require any single event to fall into just one gridded 

map’s cell into which any of the predisposing factor is provided. Therefore, it is necessary 

to turn these polygon data into points, each one falling into a single distinct map’s cell 

and virtually representing an unbiased sample of the event occurring simultaneously on 

a vast area. There are many strategies to create point data and the less biased one is to 

randomly sample locations inside the polygons. This procedure involves the accurate 

choice of point locations’ number to be sampled, i.e. the sample size. It is widely 

recognized that, in susceptibility modeling, the prediction accuracy outcomes are heavily 

connected to the quality of the data used, conditioning factors and inventory (van Westen 

et al., 2008). In addition, both raster resolution and the number of presence and/or 

absence records in the training and the testing datasets play a meaningful part (Arnone 

et al., 2016; Shirzadi et al., 2019).  Many studies tested the effects of using different sample 

sizes on models’ performance (e.g., Arnone et al., 2016; Cama et al., 2017; Guisan et al., 

2007; Jiménez-Valverde et al., 2009; Shirzadi et al., 2019; Stockwell and Peterson, 2002; 

Thibaud et al., 2014; Wisz et al., 2008). Although performance generally gains by 

increasing information, cases of a plateau in model performance, or even decrease, are 

not rare in the scientific literature (Elith and Graham, 2009; Townsend Peterson and 

Cohoon, 1999). In this research twelve different sample sizes were tested with 10, 25, 50, 

75, 100, 250, 500, 1000, 2500, 5000, 7500 and 10000 points, respectively, randomly sampled 

inside the polygonal areas (concerning agricultural soils and private buildings). The 

contribution of all the tested sample sizes on the models’ predictive performance was 

lastly measured by means of accuracy indices, like the Area Under the Curve (AUC; 

Hanley and McNeil, 1982) and the True Skill Statistics (TSS; Allouche et al., 2006) (AUC 

and TSS detailed information have been included in the Section 3.3). In the end, the 

smallest sample size that generated the models with the highest predictive performance, 

were then used for all the following analyses and modelling procedures. As for the 

absence data, which simply represent the territories where the event did not occur, we 

simulated 10000 random locations, considered as pseudo-absences for all the SDM 

algorithms except MaxEnt (for which they are considered as background points, see 

details in section 3.3.3). 

3.2 Groundwater flooding predisposing factors and variables’ selection 

Predisposing factors (PFs) are pre-requisites for GFS mapping. Given the extreme 

complexity of this phenomenon, nowadays there is not a universal guideline to choose 
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the most suitable PFs (Cobby et al., 2009), as well as for other types of flooding (Dodangeh 

et al., 2020; Hosseini et al., 2020). Hence, the factors have been selected according to (i) 

literature reviews reported in Section 1, (ii) hydrogeological conceptual model of the 

study area reported in Section 2.1 and (iii) triggering mechanism of observed GF (Section 

2.2; Allocca et al., 2016; 2021). Therefore, six geo-environmental predisposing variables 

have been selected and applied in this methodological procedure (Figs. 5.4 and 5.5), 

including saturated Aquifer type (Atype), Piezometric Level depth (PLdepth), Unsaturated 

zone thickness (Uthickness), equivalent hydraulic conductivity of unsaturated zone 

(Kequivalent), Drainage density (Ddensity) and Land use (Luse).  

 
Figure 5.5 - Groundwater flooding occurrences (a) and Predisposing factors maps: b) Aquifer type (Atype); c) 

Piezometric Level depth (PLdepth); d) Unsaturated zone thickness (Uthickness); e) Equivalent hydraulic conductivity of 

unsaturated zone (Kequivalent); f) Drainage density (Ddensity); g) Land use (Luse). 

Using LiDAR dataset (http://sit.cittametropolitana.na.it/lidar.html), a Digital Elevation 

Model (DEM) with 1×1 m cells has been implemented in a GIS environment and it has 

been employed in order to obtain the PFs. Most of the variables have been realized from 
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the DEM layer resampled to 20 × 20 m resolution, and all the hydrogeological and 

environmental variables have been defined exactly to the same grid.  

Atype is a categorical predisposing factor that expresses the groundwater flow condition 

within an aquifer (Fig. 5.5b). It was derived from a high-resolution 2D hydro-

stratigraphic model of the pyroclastic-alluvial aquifer, based on a database of 149 

boreholes and 127 wells (Figs. 5.2a and 5.2b; Table S4 in supplementary materials; Allocca 

et al., 2021). As reported in Section 2 and shown in Figure 5.5b, phreatic and semi-

confined aquifers have been recognized in the study area.  

PLdepth and Uthickness are continuously distributing PFs (Figs. 5.5c and 5.5d), variable 

between 0 and 36.5 m b.g.l., and 0 and 51.4 m, respectively. The first one has been 

elaborated selecting maximum historical piezometric data for the 1924-2017 period 

(Allocca and Celico, 2008; Allocca et al., 2021), in which GF impacts have been registered, 

corresponding to the piezometry of March 2015 (Fig. 5.3a). The Inverse Distance 

Weighted (IDW) technique to interpolate point values at the municipality scale has been 

used. PLdepth has been obtained subtracting the maximum piezometry to DEM layer. 

Where the aquifer is phreatic, PLdepth corresponds to the unsaturated zone thickness. 

Where the aquifer is semi-confined or confined, Uthickness extends from ground surface 

down to bottom of aquitard or aquiclude layer. 

The Kequivalent factor (Fig. 5.5e) has been obtained from the hydrostratigraphic database and 

applying the method reported in Fusco et al. (2020). In detail, vertical logs of hydraulic 

conductivity of the unsaturated zone have been elaborated for each borehole, according 

to Freeze and Cherry (1979) classification. Equivalent hydraulic conductivity has been 

calculated for each log by the following formula:    

𝐾𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 =  
𝐷

∑
ℎ𝑖

𝐾𝑠𝑎𝑡.𝑖

𝑛
𝑖=1

                                                   (1) 

where D (m) is the depth to water table, n is the number of hydro-stratigraphic horizons, 

hi is the thickness (m) of the ith hydro-stratigraphic horizon, and Ksat.i is the saturated 

hydraulic conductivity (m/s) of the ith hydro-stratigraphic horizon. The calculated 

Kequivalent have been interpolated by IDW method to obtain a map at the distributed scale 

with values comprised between 4.5×10−8 and 1.5×10−4 m/s. 

The presence of surface water bodies, whether these are hydraulically connected to the 

aquifer or not, can play a major role in GF occurrence (Macdonald et al., 2008; Korkmaz 
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et al., 2009). Therefore, Ddensity factor (Fig. 5.5f), ranging from 0 and 45.7 km/km2, has been 

obtained by following the approach used in Allocca et al. (2021).    

Lastly, Luse factor (Fig. 5.5g) has been provided from Corine Land Cover (EEA, 2018), at 

the 1:100,000 scale, integrated with high-resolution Google Earth satellite imagery, 

dividing the study area in urban and agricultural land use. 

QGIS, version 3.10 ‘A Coruña’, has been used to implement the corresponding thematic 

layers and analyze groundwater spatial dataset in a GIS. 

Selection of predisposing variables should be evaluated to avoid multicollinearity issues 

during modelling. For this purpose, before the modeling, a selection process is essential 

to detect the correct variables. The Variance Inflation Factor (VIF) has been chosen as 

multi-collinearity analysis and to evaluate the possible correlations among the 

predisposing factors. VIF measures how much the variance of an independent variable is 

influenced by its interaction with the other independent variables. A high VIF indicates 

that an independent variable is highly collinear with the other variables (Cama et al., 

2017). Predisposing factors with VIF values greater than 10 should be considered affected 

by multicollinearity issues (Dormann et al., 2013; Guns and Vanacker, 2012). In this study, 

two different strategies were employed to exclude highly correlated variables: one that 

computes the correlation matrix between the variables and excludes one in the pair 

having a correlation higher than a pre-set threshold value (VIFCOR = 0.7, in this study) and 

another one that calculates the VIF considering all the variables and excludes all those 

variables increasing the total VIF over a pre-set VIF threshold (VIFSTEP = 3, in this study) 

(Guisan et al., 2017). Both the strategies were performed using the functions provided in 

the package usdm (Naimi et al. 2014). 

3.3 Models’ calibration and evaluation  

All statistical calculations have been executed using the free statistical programming 

language “R” (R Core Team, 2020). All models have been performed by applying of R 

library “biomod2” (Thuiller et al., 2016). Artificial Neural Network (ANN), Generalized 

Boosting Model (GBM) and Maximum Entropy (MaxEnt) algorithms have been 

employed, recognized for their high predictive performance (Elith et al., 2006) (see the 

following sections for a brief description of the MLAs employed in this study). Models 

were calibrated and evaluated by means of a 5-fold Cross-Validation procedure. This 

methodology consists in randomly dividing the original dataset into 5 portions and by 

using 4 portions of data (training data, 80%) for models’ calibration, whereas the 
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remaining set (testing data, 20%) is used as an independent record to measure model’s 

predictive performance. The overall procedure is then reproduced several times (50 in 

this study) for any of the considered algorithms and the average predictive accuracy is 

finally reported (Naimi and Araújo, 2016). During the 5-fold cross validation, the models’ 

predictive performances were measured by means of specific indices (see below for a 

detailed description of the indices). Once the models have been evaluated by the 5-fold 

cross validation, for any of the employed MLAs, a single model with the complete dataset 

(the full model), was trained and this one was finally used to the final ensemble 

procedures (described in Section 3.4). As regards the measures of the models’ predictive 

performance, two indices have been employed: the Area Under the Curve (AUC; Hanley 

and McNeil, 1982) and the True Skill Statistics (TSS; Allouche et al., 2006). In details, AUC  

is the measure of the area under the curve of sensitivity (i.e. the proportion of accurately 

predicted true presences) plotted against 1-specificity (the proportion of accurately 

predicted true absences) for the range of all the possible thresholds to discretise the 

probability values assigned to either predicted presences and absences, and hence it is 

“threshold independent” (Raes and Aguirre Gutierrez, 2018; Shabani et al., 2018). One of 

the main advantages of the AUC is its ability to be insensitive of prevalence (i.e. the 

proportion of observed sites in which the species were recorded as present) (McPherson 

et al., 2004; Somodi et al., 2017). AUC values range from 0 to 1, where values < 0.6 

indicates weak modeling accuracy, 0.6 – 0.7 shows moderate accuracy, 0.7 – 0.8 exhibits 

good accuracy, and > 0.8 indicates very good accuracy (Corsini and Mulas, 2017; Peterson 

et al., 2008; Yesilnacar and Topal, 2005). TSS is another widely used measure of model’s 

performance with the property of being independent of prevalence (Allouche et al., 2006). 

TSS is defined as “sensitivity + specificity – 1” and ranges from −1 to +1 (Allouche et al., 

2006). A TSS equal to −1 indicates that the model provides no better results than a random 

score to observed presences and absences. A TSS equal to 0 indicates model unable to 

discriminate between presences and absences. Values ranging from 0.2 to 0.5 are 

considered poor; scores higher than 0.5 but lower than 0.8 are useful; values larger than 

0.8 are considered good to excellent (Coetzee et al., 2009). 

3.3.1 Generalized Boosting Model 

Gradient Boosting Models (GBMs) are a family of powerful Machine Learning algorithms 

for continuous and categorical response variables and rely on decision trees. Given X as 

the matrix of some predictor variables and Y as the values of a response variable, a simple 
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decision tree starts from its root to splitting dichotomously the values of some randomly-

chosen predictor variables into subsequent nested-smaller clusters. This splitting 

produces some branches, and it continues until identifying a combinations of X values 

resembling those characterizing the observed Y. The X values are not to be splitted, until 

perfectly identifying the predictor values associated to the observed Y values, in order to 

avoid overfitting (i.e. a model standing too much on observations) and to create a model 

with predictive ability. A single decision tree is called “a weak learner” and a GMB 

algorithm is based on the idea that a combination of many “weak learners” has a higher 

predictive performance than a single “strong learner”. Indeed, a GMB algorithm starts 

by building a first decision tree relying on a random subset of X variables and then by 

measuring its performance in predicting the observed Y values. The algorithm carries on 

new different subsequent decision trees and a new tree is added to the previous one only 

if improving the predictive performance of the ensemble model. In order to reduce the 

overfitting issue, the best trees’ ensemble model is the one minimizing a “loss function”, 

which is represented by a combination of model’s prediction errors and complexity (i.e. 

number of trees) (Knoll et al., 2019). To sum up, a GBM consists of three simple steps 

(Natekin and Knoll, 2013): 

• an initial model F0 is defined to predict the target variable y. This model will be 

associated with a loss function L: 

                                                       𝐿 =  ∑ 𝑙(ý𝑖 − 𝑦𝑖) + ∑ 𝛺(𝑓𝑘)𝑘𝑖                                                    (2) 

where the first term (training loss) measures the difference between a predicted value 

achieved by the score at the terminal node (ýi) and its corresponding observed value (yi) 

in the training dataset; 

while, the second one (regularization) represent the complexity of the model; 

• a new tree h1 is fit to the residuals from the previous step; 

• F0 and h1 are combined to give F1, the boosted version of F0 and its loss function 

evaluated. 

This algorithm runs “n” times (iterations) until the loss function has been minimized as 

much as possible. 
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3.3.2 Artificial Neural Network 

Artificial Neural Network (ANN) is an attempt to simulate the network of biological 

neurons that make up a human brain so that the computer will be able to learn things 

and to process information (Zurada, 1992). ANN algorithm uses different layers of 

mathematical processing to find relationships between response and predictor variables. 

Typically, a neural network has dozens of artificial neurons, called units, organized in 

sequences of layers. The input layer contains the predictor data. From the input, data go 

through one or more hidden layers containing several unit neurons. The hidden unit’s 

job is to transform the input into something the output unit can use. On the other side of 

the network, there are the output units, i.e., the response variable. Connections between 

nodes and hidden layers may be characterized by specific weights that can be randomly 

assigned at the beginning of the process (the higher the weight, the greater influence one 

unit has on another), and later updated for algorithm optimization employing back-

propagation processes (Pijanowski et al., 2002). The neurons in each hidden layer 

represent different combinations of the environmental variables weighted by the 

weights’ sum of the previous neurons  (Peh et al., 2000):  

                                                         𝑐𝑗 =  ∑  𝑤𝑖𝑗𝑥𝑖

𝑝

𝑖=1
                                                                     (3) 

where wij is the weight from neuron i in the input layer to neuron j in the hidden layer, xi 

is the i-th input element and p is the number of neurons in the input layer. This calculation 

is performed for each neuron in the hidden layer. At each neuron, if the weighted sums 

coming from the previous layer neurons is higher enough for a so-called “activation 

function”, then that specific neuron, i.e. a specific combination of the input variables, is 

turned on and the signal passes to the following layer neurons up to the output layer. 

There are many different forms of activation functions and a commonly used one is the 

logistic function, which produces a sigmoid curve with an outcome between 0 and 1 (Peh 

et al., 2000): 

                                                      𝑜𝑗 =  
1

1+exp (−𝑐𝑗)
                                                                          (4) 

where oj is the output of the j-th node in the hidden layer. The outcome of the activation 

function is then passed to the output layer. 
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3.3.3 Maximum Entropy 

MaxEnt is a presence-only Machine Learning method (Phillips et al., 2006), currently one 

of the most popular algorithms for presence-only datasets. MaxEnt starts from the 

assumption that observed event’s occurrences are a restricted random sample of the 

actual event spatial distribution. This algorithm compares the observed probability 

density functions (PDFs) of environmental factors at the event’s occurrence sites with the 

PDFs of the same variables of a remaining landscape’s random sample (Elith et al., 2011). 

MaxEnt algorithm asses the predicted (actual) PDFs of environmental variables 

characterizing the events that approximate the PDFs on the landscape, i.e. by maximizing 

the entropy of information. This maximized-entropy model produces information to 

predict the event occurrence probability at unsampled locations. MaxEnt then calculates 

the ratio between these two probability densities, which gives the relative 

“environmental suitability” for the presence of an event for each location in the study 

area (the landscape) (Eq. 5) (Elith et al, 2011):  

                                           Pr(𝑦 = 1| 𝑧) = 𝑓1(𝑧) Pr(𝑦 = 1) /𝑓(𝑧)                                                  (5) 

Equation 5 shows that if the PDF of the environmental variables at the presence locations 

is known, f1(z), along with the density of the same variables across the study area f(z), it 

then only needs knowledge of the prevalence (proportion of occupied sites) Pr(y = 1) to 

compute the event’s occurrence probability at unknown locations. 

3.4 Ensemble methods and variables’ importance 

Ensemble techniques have been adopted for the first time by Burnham and Anderson 

(2002), who performed a simple average of several regression models. Ensemble models 

(EMs) approach, which produces a predictions integration of every stand-alone model, 

provides a solid contribution to minimize uncertainty and to improve the prediction 

accuracy (key parameter indispensable when working with susceptibility). Such EMs 

often result in better classification than individual ones (Di Napoli et al., 2021; 

Pourghasemi et al., 2017). In predictive modeling, a single model can have biases, high 

variability or inaccuracies that influence the reliability of its outcomes and modeling 

variability in SDM outputs has been widely described (Araújo and New, 2007; Elith and 

Graham, 2009; Pourghasemi et al., 2017). EMs help to minimize these issues as long as 

single-algorithms are different and independent.  
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In this research, the EM procedure consisted in firstly performing the stand-alone SDMs, 

considering the above mentioned algorithms. After this step, since all the performed 

models can have different prediction’s performances, only those models with AUC scores 

higher than 0.8 have been selected in the final ensembled model to produce GFS’ 

occurrence probability map. Then, the following ensemble procedures have been 

considered: mean, median, weighted mean and the committee averaging of the models. 

In the very special case of the weighted mean strategy, the models’ predictions are 

weighted by their respective AUC score before averaging. 

Both the stand-alone and ensemble GFS maps have been employed identifying five value 

ranges to discriminate the groundwater flood susceptibilities classes from very low to 

very high, using Natural Breaks classification (Jenks, 1967). Natural Breaks aims at 

defining the best data distribution in significant classes, taking advantage of the intervals 

naturally present in the data distribution and attempting to reduce the variance within 

each class and maximizing that between the classes themselves.  

For the committee averaging, the Natural Breaks subdivision was not applied, because 

this ensemble forecasting method is based on the binary classification of occurrence 

probability maps. The committee averaging method transforms any probability map 

coming from the stand-alone models (i.e. MaxEnt, GBM and Neural Network, separately) 

into binary maps using a threshold (the one maximizing both sensitivity and specificity). 

These binary maps are, then, overlayed and a cell-wise scores sum is performed. The final 

committee averaging map is the one in which any single map’s cell score is divided by 

the number of the original models. The interesting feature of this measure is that it gives 

both a prediction and a measure of prediction’s variation (Gallien et al., 2012). When the 

prediction is close to 0 or 1, it means that all models agree to predict 0 and 1, respectively. 

If the prediction is around 0.5, it means that half the models predict 1 and the other half 

0 (Thuiller et al., 2016). The best ensemble model has been chosen by comparing the 

validation performance (i.e. AUC and TSS) of each ensemble procedures. 

Lastly, to assess the contribution of each predictor variable in explaining the response 

variable’s variance, a variables' importance measure has been applied. Variable 

importance is defined as 1 minus the Pearson's correlation coefficient between the 

model’s prediction standing on all the predictor variables and the prediction made by 

randomly ruling out one single variable at time. The higher the correlation, the lowest 

the importance of the excluded variable. This variables’ importance index ranges 

between 0 (no importance) and 1 (high importance) (Lomba et al., 2010; Thuiller et al., 
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2016). The variables importance measure was computed by using the specific functions 

provided in the "biomod2" package. In addition, a further analysis about the spatial 

distribution of PFs have been carried out, to detect the value range of each PFs that 

determine the highest GFS class. 

4. Results 

4.1 Optimal sample size 

The performance analysis outcomes for different sample sizes are illustrated in Figure 6. 

The analyses highlighted that for all the algorithms used (i.e., GBM, ANN and MaxEnt), 

both with the AUC curves and with the TSS method, 500 occurrences are the minimum 

number of sampled observations that maximise the models’ accuracy. In Figure 5.6, 

magenta dotted line divides the trend into two subgroups: on the left the AUC and TSS 

values have a variable behavior, while on the right it is possible to observe a constant 

trend of accuracy values. Therefore, all the analysis carried out subsequently has been 

undertaken starting with a dataset composed of 500 points, generated randomly in the 

phenomenon occurrence area. 

 
Figure 5.6 - Optimal sample size identification (box in magenta) comparing AUC and TSS parameters for the stand-

alone models. 
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4.2 Multi-collinearity analysis of PFs 

VIF has been adopted to evaluate the possible correlations among each factor and this 

method helps to improve the models’ prediction performance (Arabameri et al., 2020). 

There is no well-defined and accepted threshold in the literature, the general rule of 

thumb is that VIFs exceeding 4 need more analysis, while VIFs exceeding 5 or 10 denotes 

serious multicollinearity issue, requiring revision (Hair et al., 2010). The calculated VIF 

are reported in Table 1. Both the VIF correlation strategies values of each PFs are smaller 

than 4. The highest VIF is 2.10 and the highest correlation is 2.16 (both associated to the 

Uthickness), thereby no multicollinearity problem was detected between independent factors 

in the current study. 

Table 5.1 - Multicollinearity analysis indices for all the predisposing factors used in the work; such scores represent 

the average of the various models obtained. 

 

 

 

 

 

 

 

 

 

4.3 GFS modeling 

4.3.1 Models validation 

The validation of the models’ predictions has been analyzed using AUC curves and TSS 

validation criterion, and the calculated values are reported in Table 5.2. 

Both evaluation metrics show very high values. When considering stand-alone models, 

the AUC and TSS scores are the average values computed with the 5-fold cross validation 

procedure, since the ensemble models are an ensemble of the full models calibrated with 

the complete dataset, the AUC and TSS scores represent the ability of the ensemble 

models in reproducing the training dataset. Among the stand-alone models, both the 

GBM (AUC = 0.93, TSS = 0.89) and MaxEnt (AUC = 0.95, TSS = 0.89) have higher average 

Predisposing 

factors 
VIFSTEP VIFCOR 

Atype 1.77 1.80 

PLdepth 1.85 1.80 

Uthickness 2.10 2.16 

Kequivalent 1.21 1.18 

Ddensity 1.24 1.35 

Luse 1.21 1.20 



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

186 

 

predictive accuracy, followed by the ANN model (AUC = 0.80, TSS = 0.86). On the other 

hand, in the case of EMs, Weighted mean probabilities (Wmean) (AUC = 0.96, TSS = 0.92) 

and mean of probabilities (mean) exhibit the highest values (AUC = 0.95, TSS = 0.91). They 

are followed by the median of probability (AUC = 0.94, TSS = 0.89) and, lastly, committee 

averaging (AUC = 0.92, TSS = 0.88). Despite small differences, all the ensemble models 

show high accuracy values. 

Table 5.2 - In blue, the AUC and TSS average scores of the stand-alone models. In magenta, the scores represent the 

ability of the ensemble of the full models to reproduce the training dataset. 

Models AUC TSS 

GBM 0.93 0.89 

ANN 0.80 0.86 

MaxEnt 0.95 0.89 

CA 0.92 0.88 

Mean 0.95 0.91 

Median 0.94 0.89 

Wmean 0.96 0.92 

 

4.3.2 Stand-alone and Ensemble models’ GFS maps   

Different GFS maps, as a result of Machine Learning algorithms (Fig. 5.7), have been 

generated by applying 50 different combinations between training (80%) and testing 

(20%) dataset, attempting to generate the best predicting models. Based on the Natural 

Break classification, the reconstructed susceptibility maps have been subdivided into 

very low, low, moderate, high and very high GFS classes. 

The most prone areas have been identified in the northern and south-western sectors. 

The full stand-alone model-based maps (Figs. 5.7a, 5.7b and 5.7c), show a high prediction 

variability. In particular, as shown in Figure 5.8a, all the stand-alone models highlight 

elevated variability in the high and very high susceptibility classes. In detail, GBM (5.7a) 

detects 6% of the total area falling into high class and 11% in very high susceptibility 

class. ANN GFS map (5.7b) is characterized by 21% in the high class while 8% falling into 

very high susceptibility class. Percentage susceptibility classes in the MaxEnt map (Fig. 

5.7c) are distributed as follows: 9% high and 5% very high susceptibility class. Such 

discrepancy helps to understand how the stand-alone models diverge from each other 
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and how the ensemble models are needed in order to obtain outcomes more reliable and 

accurate.  

Such high variability is confirmed by Committee Averaging (CA) ensemble model (Fig. 

5.7c), in which areas characterized by white and green colors represent sectors where all 

stand-alone models predict similar outcomes. On the other hand, the extreme models' 

variability is highlighted in the sectors with yellow and magenta colors.   

The ensemble models have improved on the stand-alones’ prediction variability, as 

shown in Figures 5.7e, 5.7f, 5.7g and 5.8b. In fact, by comparing the percentage of area 

falling into each GFS classes (Fig. 5.8b), maximum difference of 5% has been recognized, 

specifically in the lower susceptibility classes. Conversely, in the highest classes, this 

difference is reduced to a maximum of 2% in the high class and 1% in the very high one.  

 

Figure 5.7 - Stand-alone (a-c) and Ensemble models (d-g) maps: a) Artificial Neural Network (ANN); b) Generalized 

Boosting Model (GBM); c) MaxEnt; d) Committee Averaging; e) Weighted mean (Wmean); f) Mean; g) Median. 



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

188 

 

 
Figure 5.5 - Percentage of area attributed to each GFS class for the stand-alone (a) and ensemble models (b) after Natural 

Breaks classification. 

4.4 GFS final map 

Based on model validation, previously reported and commented in Section 4.3.1, Wmean 

ensemble model obtained the highest AUC and TSS scores (0.96 and 0.92 respectively), 

and it has been chosen for the final GFS map (Fig. 9a).  

The areas characterized by high and very high susceptibility involve 8.3% and 9.0% of 

total study area, respectively (Fig. 10). As previously mentioned, these areas are located 

in the northern and south-western sectors. Very low class covers 57% of the study area, 

falling into the central and south-eastern sectors. The remaining portions are assigned the 

low (12.1%) and moderate (13.6%) classes. 

Figures 9b and 9c show the spatial distribution of buildings and agricultural soils affected 

by GF. A good correspondence can be observed between the areas characterized by very 

high and high susceptibility and the location of impacted elements, both for buildings in 

the northern sector (Fig. 9b) and for buildings and agricultural soils in the south-western 

sector (Fig. 9c). An apparent anomaly is represented by CAAN (Agri-Food Centre of 

Naples) in the south-western sector (Fig. 9c), a large structure extending approximately 

over 362.000 m2 used as a wholesale market, that partially falls into moderate class. To 

support the accuracy of the prediction, in Figure 10 the percentage of occurrence points 

falling into the susceptibility classes is reported. 92.8% of occurrences has been assigned 

to high and very high susceptibility, while 0.4% and 6.8% to low and moderate ones. No 
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occurrence point is classified as very low susceptibility. It is possible to observe an 

increasing trend of the occurrence points falling into the different susceptibility classes, 

from the lowest to the highest. Conversely, concerning the areal extension of each class, 

it is possible to notice a decreasing trend, i.e., the areal extension decreases as the 

susceptibility class increases. 

 
Figure 5.9 - Final Groundwater Flooding Susceptibility map (a) and focus on flooded buildings and agricultural soils 

in the impacted sectors of study area (b and c). 
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Figure 5.10 - Comparison between percentage of area (in blue) and percentage of occurrence points (in red) falling in 

each GFS class. 

4.4.1 PFs analysis 

It is always hard to compare predictions from different models as they do not rely on the 

same algorithms, techniques and assumptions about the expected relationship between 

the input data and the environmental variables. In biomod2 package, it has been possible 

to examine the importance of the variables in the models. Table 3 presents the importance 

of each variable, expressed in values ranging from 0 to 1 (no influence and maximum 

influence, respectively). In particular, the results reveal that the highest conditioning 

variable is Ddensity with an absolute value of 0.62, while Atype presents the smallest value 

(0.10). Values of the others PFs are listed in order of their diminishing importance:  

Uthickness (0.39), PLdepth (0.32), Kequivalent (0.25) and Luse (0.11).  

Moreover, in the right column of Table 3 the values of each PFs in the areas attributed to 

high and very high GFS are reported. Therefore, it has been observed that the maximum 

GFS is reached, for the categorical variables (Atype and Luse), in condition of phreatic 

aquifer and both for urban and agricultural land use.  In addition, thickness of 

unsaturated zone, as well as the piezometric level depth, can vary between 0 and 5.2 m, 

with an equivalent hydraulic conductivity ranging from 4.5×10−8 and 1.6×10−4 m/s. Lastly, 

density drainage assumes values between 0 and 26.5 km/km2. 
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Table 5.3 - Variables’ importance and their variability in high and very high classes. 

Predisposing 

factors 

Variables 

importance 

Range values in 

high and very high 

classes 

Atype 0.10 Only phreatic aquifer 

PLdepth 0.32 0 – 5.2 [m b.g.l.] 

Uthickness 0.39 0 – 5.2 [m] 

Kequivalent 0.25 
4.5×10-8 – 1.6×10-4 

[m/s] 

Ddensity 0.62 0 – 26.5 [km/km2] 

Luse 0.11 
Both urban and 

agricultural 

 

5. Discussion 

GFS mapping could constitute an important tool for GF risk mitigation, particularly if 

executed rigorously and supported by an accurate dataset. Hence, statistical techniques 

represent an ideal synthesis, especially if applied to large areas. However, the uncertainty 

associated with every process greatly affects statistical techniques and a percentage of 

unpredictability is always closely linked to statistical modeling. In this work, stand-alone 

models (i.e. GBM, ANN, MaxEnt; Fig. 7) have been adopted for a GFS assessment. Results 

showed an elevated predictive variability (Fig. 8a). To reduce these effects, Ensemble 

models (i.e. Wmean, Mean, Median and CA; Fig. 7) have been accomplished, which are 

based on the assumption that running two or more related but different models and then 

merging the results into a single model, improves the accuracy of predictive analytics 

(Guisan et al. 2017). In particular, CA ensemble model (Fig. 7d) allowed to estimate the 

general variation (and thus uncertainty) of stand-alone models. This last ensemble 

methodology is widely adopted for its double functionalities of predictivity and 

uncertainty measurement (Hao et al., 2019; Thuiller et al., 2016). All EMs results appear 
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to be encouraging and perform better than stand-alone methods, with AUC and TSS 

values higher than 0.89, hence excellent according to the various classifications available 

in literature (Fressard et al., 2014; Hair et al., 2010). Wmean model obtained the best 

validation scores and it was chosen to the final GFS map (Fig. 9). Further validation 

analysis has been carried out intersecting the GFS map with flooding occurrences points 

(Figs. 9b, 9c and 10), the latter falling into high and very high classes of susceptibility in 

about 93% of the monitored points, notwithstanding the limited areal extension of these 

classes (17.3% of total area). The unique exception is found for the area where is located 

the CAAN (Fig. 9c), built in the period 2006-2008. This sector, affected by GF episodes 

before the period 2006-2008, is characterized, according to EMs results, by moderate 

susceptibility. This apparent discrepancy is related to the lifting of ground level surface 

realized to mitigate the GF, that changed the original ground elevation (Coda et al., 

2019b). Exploring PFs spatial distribution in the sector characterized by high and very 

high GFS (Table 3), it is possible to observe some common features. Firstly, the alluvial 

plain aquifer is locally phreatic (i.e. Uthickness is equivalent to PLdepth), and the alert 

piezometric threshold, i.e. the local surveillance level of water table below which GF of 

buildings occurs, is 5.2 m b.g.l.. Secondly, the Ddensity is low, with values ranging from 0 

to 26.5 km/km2, according to local drainage channel network (Allocca et al., 2021). This 

finding is in line with the hydrogeological conceptual model and with the GF triggering 

mechanism locally observed. Actually, in the areas of southern sector characterized by 

highest values of Ddensity, low susceptibility has been recognised, proving the GF 

mitigation effect of Cozzone and Volla rivers and Reale Lufrano channel. However, other 

case studies available in literature are characterized by different GF scenarios 

(Macdonald et al., 2008), showing that GFS is greater near surface water-bodies or where 

values of drainage density are high. These differences are strongly related to the GF 

mechanism type, the latter having a key-role of MLA methodology. Hydro-geo-

environmental predisposing factors have been selected: they are based on the specific 

hydrogeological conceptual model. Consistently with other susceptibility assessment 

methodologies, parameters for GFS assessment are not universally recognized, and, 

therefore, parameters must be determined based on the specific groundwater flooding 

phenomenon and its triggering mechanism. Furthermore, PFs computation represents a 

critical issue, such as the identification of the historical maximum level of water table, 

and knowledge about natural and anthropogenic factors that locally control GF 

occurrence and its spatio-temporal distribution. A robust hydrostratigraphic database, as 
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well as a long-period monitoring of piezometric levels and GF impacts, have been used 

to overcome this issue (Allocca et al., 2021). Poor data quality/quantity could invalidate 

the predictive performance of the models, requiring a refinement of input data. 

6. Conclusions 

In this paper a novel methodological procedure aimed at evaluating GFS associated with 

GWLr has been proposed. For the first-time, a combination and comparison of Ensemble 

methods based on different MLAs, including ANN, GBM and MaxEnt, has been 

employed for GFS mapping. The methodology proposed has been applied in a mixed 

land-use aquifer located in the Metropolitan City of Naples, affected by urban 

groundwater rebound since 1990 and groundwater flooding since 2007, where a 

considerable geological and groundwater database is available, as well as systematic 

hydrogeological monitoring of water table and flooding. 

The first step to produce GFS modeling has been the identification of the optimal number 

of points to insert as inputs to run the models. Flood predisposing factors were chosen 

according to the hydrogeological conceptual model and the triggering mechanism of the 

observed GF. The initial dataset was randomly divided into 80% as training and 20% as 

testing, the latter used for validation purpose, and for each model spatial maps were 

derived. The main results of this study can be listed as follows: 

1. according to Ensemble Modeling results, drainage density, unsaturated zone 

thickness, and depth of piezometric level are the most important conditioning 

factors, followed by equivalent hydraulic conductivity of unsaturated zone, land 

use, and saturated aquifer type;  

2. although the high variability and uncertainty characterizing the different stand-

alone models, the Ensemble models allowed to detect groundwater flooding 

susceptible areas with highest occurrence probability;  

3. the comparison between GFS map and groundwater flooding inventory data is 

encouraging, since most of the recorded flood events (about 93%) were located in 

the high and very high susceptibility classes. 

The application of this method can be extended to other urban and rural areas affected 

by GWLr-induced GF, at the basin as well as local scale, to investigate Groundwater 
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Flooding Susceptibility. The methodology here developed represents a first step to GF 

hazard and risk assessment and to forecast the spatial and temporal distribution of 

flooding prone areas, as required by Italian and European legislation. In addition, GFS 

maps provide a new tool to assist local government authorities, planners and water 

decision-makers in addressing the problems deriving from GF, supporting the design of 

measures to mitigate the risks and damages caused by GF, facilitating the construction of 

safe man-made underground structures. 
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Supplementary Material 

Table S4 - Hydrogeological, hydrological, stratigraphic dataset and GF inventory for the study area. U.D. unavailable 

data; A, Agricultural; I, Industrial; D, Drinking.  

Hydrogeological and hydrological data 

Monitoring 

period 

Type Total 

number 

Density 

(No./Km2) 

Use Depth 

range (m) 

 

Reference  

August, 1924 Well 85 6.07 A and D 4-12 Fiorelli (1926) 

February-

September, 1978 

Well U.D. U.D. A, I, D 

and D 

U.D. Celico (1983) 

March, 1989 Well 28 1.95 A, I, D 

and D 

10-60 Celico and De Paola 

(1992) 

January, 1993 Well 24 1.67 A, I and 

D 

10-70 Esposito (1998) 

February, 1994 Well 24 1.67 A, I and 

D 

10-70 Celico et al. (1995) 

February, 2002 Well 30 2.09 A, I and 

D 

10-70 Basin Authority of 

the North-Western 

Campania Region 

(2004) 

November, 2013 Well 127 9.07 A, I and 

D 

10-60 Field campaign 

November, 2013 River head 28 1.95 \ \ Field campaign 

March, 2015 Well 127 9.07 A, I and 

D 

10-60 Field campaign 

March, 2015 - 

ongoing 

Piezometer 9 0.64 \ 10-30 Field campaign 

March, 2015 River head 28 1.95 \ \ Field campaign 

February, 2017 Well 127 9.07 A, I and 

D 

10-60 Field campaign 

February, 2017 River head 28 1.95 \ \ Field campaign 

1924 - ongoing 

(annual rainfall) 

2013 - ongoing 

(monthly rainfall) 

Meteorological 

station 

1 \ \ \ San Marcellino 

Meteorological 

Observatory   
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Stratigraphic data 

Monitoring 

period 

Type Total 

number 

Density 

(No./Km2) 

Use Depth 

range (m) 

Reference  

1980-2015 Borehole 148 10.34 Urban 

planning 

10-60 Casalnuovo di 

Napoli and Volla 

municipalities 

unpublished 

database 

\ Borehole 1 0.07 Scientific 

issues 

430 Torrente et al. 

(2010) 

GF inventory 

Monitoring 

period 

Type Total 

number 

Density 

(No./Km2) 

Use Max 

Extension 

(m2 or ha) 

Reference  

November, 2013 - 

ongoing 

Private 

building 

55 3.84 Private 65916.85  

m2 

Unpublished online 

questionnaire and 

field survey  

November, 2013 - 

ongoing 

Agricultural 

soil 

3 0.21 Private 25.36 

ha  

Unpublished online 

questionnaire and 

field survey 
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6 

Conclusions and prospects for research 

This multi-disciplinary study allowed to characterize a complex phenomenon as the rise 

of groundwater levels (GWLr) and its effects in some representative areas of the 

Metropolitan City of Naples.  

In the eastern plain of Naples, causes and dynamics of the phenomenon were detected 

by reconstructing a comprehensive hydrogeological conceptual model of the aquifer and 

the evolution of piezometric levels, groundwater use and land use in the last 100 years. 

This made it possible to attribute piezometric rise to the groundwater rebound (GR) 

process, occurred since 1990 and caused by the drastic reduction of groundwater 

abstraction after a period of aquifer over-exploitation. The pyroclastic alluvial aquifer of 

the eastern plain of Naples can be considered as a representative example of 

mismanagement. At the end of the 80s, the withdrawals for drinking, industrial and 

agricultural purposes reached a maximum value of about 6 m3/s, exceeding the mean 

annual water budget of the aquifer of approximately 2,65 m3/s. The overexploitation 

caused the progressive decline of piezometric levels and extraction of highly mineralized 

waters coming from deeper parts of the aquifer. As a result of this, an increase in Fe, Mn 

and fluoride concentrations of natural origin occurred. In addition, high NO3 values were 

found in water, coming from the use of nitrogen fertilizers in agricultural activity as well 

as from urban and industrial waste. High contamination values of groundwater led to 

drastic reduction of drinking water abstractions and groundwater pumping for industrial 

and agricultural use, the latter favoured also by deindustrialization processes and land 

use changes (from industrial and rural to semiurban).  

In Casalnuovo di Napoli and Volla municipalities, the rise of piezometric levels occurred 

in the whole area reaching, in some sectors, a magnitude up to 16.54 m for the period 

1990-2015 with an almost total recovery of piezometric levels of early 1900s. No 

relationship between GWLr and rainfall has been recognised for that period. Conversely, 

the current piezometric oscillation is mostly influenced by the hydrologic regime, as 

observed in the period 2015-2017; a decrease of piezometric levels has been registered in 

2017 after the period 2016-2017 characterized by scarce precipitation. A rising trend is 

currently occurring due to precipitation increasing in the period 2017-2020, as emerges 
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from data of the piezometric monitoring stations, installed in March 2015 and still 

working today (data only partially published).    

A thorough analysis of the effects of GWLr was carried out and, for the first time in the 

Metropolitan City of Naples, it was demonstrated that ground deformation and 

groundwater’s hydrochemical variations can be GWLr-induced phenomena. However, 

the most impactful GWLr-induced process turned out to be the groundwater flooding 

(GF), with severe environmental and economic damage/costs for inhabitants and the 

cultural heritage. A first inventory of GF episodes has been created including detailed 

information about the impacted buildings and agricultural soils. It has been carried out 

through field survey and a citizen participatory approach. The flooding episodes showed 

inhomogeneous spatial distribution despite of a widely diffused GWLr. This aspect has 

been investigated to identify the natural and anthropogenic influencing factors of GF, 

based on the hydrogeological, hydrographic and hydraulic characteristics of the aquifer, 

as well as land use.  

The findings about the characterization of GR and GF represented preparatory data for 

the implementation of a novel methodology for GF susceptibility (GFS) assessment 

through, for the first time in this research field, machine learning techniques. Appling 

Spatial Distribution Models (SDM), GF occurrence data, coming from the GF inventory, 

have been connected to predisposing factor (PFs) to estimate the most prone areas’ 

distribution. Aquifer type, depth of piezometric level, thickness and hydraulic 

conductivity of unsaturated zone, drainage density and land use have been employed as 

PFs. The algorithms adopted to perform the analysis were Generalized Boosting Model, 

Artificial Neural Network and Maximum Entropy. Ensemble Models were carried out to 

reduce the uncertainty associated with each algorithm and increase its reliability. GFS 

has been mapped by choosing the ensemble model with the best predictivity 

performance and dividing occurrence probability values into five classes, from very low 

to very high susceptibility. The comparison between GFS map and groundwater flooding 

inventory data was encouraging, since most of the flood events recorded (about 93%) fell 

in the high and very high susceptibility classes.  

A further aspect of GR and GF has been analysed in Casalnuovo di Napoli area, as the 

economic impact on property values and costs of dealing with GF problem. Several 

typologies of expenditures have been analysed, referred to a representative building of 

the study area, including geological and hydrogeological surveys reports, construction 
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and maintenance/substitution of micro-pumps plant, maintenance of damaged elevators, 

electricity consumption and expenditure for legal and technical support (solicitors, 

geologists, engineers). The expenditure ranged from a minimum of 2,748 euros in 2011 

when the pumping system was installed, to a maximum of about 12,000 euros in 2015, 

when the full set of micro-pumping plants were working. In addition, a comparison 

between time series of piezometric levels and electricity bills has been employed for the 

period January 2015 - July 2018. From this analysis, an elasticity relationship of electricity 

expenditure to the piezometric level emerged, and it has been estimated to be of 6.2, 

meaning that for one point percentage increase in the piezometric level, electricity 

expenditure will grow by 6.2 per cent.   

Regarding the vertical displacement, in both the two investigated areas of eastern plain 

of Naples (Casalnuovo di Napoli and Volla municipalities, Lufrano and Acerra well-

fields), coupled analysis of piezometric variation and ground deformation allowed to 

identify cause-effect relationship between GWLr and uplift. DInSAR data of ERS-1/2 and 

ENVISAT satellites, processed by using the PS-InSAR technique, showed a general 

ground uplift with a magnitude up to 40-50 mm starting from the period of interruption 

of groundwater pumping. A comparison between trends of groundwater levels and 

ground displacement indicated that the ground uplift was linked to a poro-elastic 

rebound mechanism in the porous aquifer system, which was triggered by the increase 

of pore pressure. In addition, the rate of ground displacement was controlled by the 

hydrostratigraphic characteristics of the multi-layered aquifer system and the distance 

from the core of GR (Lufrano well-field area), with higher rate where the aquifer was 

phreatic and in proximity of pumping stations, respectively.  

The last GWLr-induced phenomenon considered was the variation of groundwater 

contamination in Casalnuovo di Napoli and Volla municipalities. Trends of the 

concentration of natural and anthropogenic contaminants, as Fe, Mn, NO3 and fluoride, 

have been reconstructed for the period 1992-2017. From the comparison between the 

variation of piezometric levels and the concentration of the chemical compounds, a 

relationship emerged. Piezometric and nitrates variations had a positive trend. The 

reduction of the water table depth increased the concentration of this pollutant produced 

by human activity coming from the surface (reducing the time travel). Conversely, a 

negative trend is observed in the natural contamination. The high concentration of 

fluorides, Fe and Mn in the pumping period, caused by the mobilization of highly 



Rising groundwater levels in the Neapolitan area and its impacts on civil engineering structures, 

agricultural soils and archaeological sites 

 

201 

 

mineralized water and by anoxic environment, have suffered an average sharp reduction. 

The interruption of pumping, the increase of the aquifer thickness and the reactivation of 

less deep horizontal flows led to a greater oxygenation of groundwater, as well as to the 

lack of mobilization of deep fluids and the dilution of these natural pollutants.  

The GWLr also occurred in some coastal areas of the Metropolitan City of Naples, as the 

western coast of Phlegraean Fields. The triggering mechanism has been attributed to 

natural subsidence of this sector due to volcano-tectonic deformation with relative 

increase of sea level and consequent lifting of groundwater levels. Consequences of 

GWLr have been recognised in the Cumae archaeological site, which has suffered from 

GF for the last decade. Flooding of the archaeological ruins led to a reduction of 

archaeological excavation activity and reburial of many of them. Another threat for the 

safeguarding of the cultural heritage from deterioration was represented by natural and 

anthropogenic contamination of groundwater. Therefore, the processes that influenced 

quality of groundwater have been investigated by means of a hydrological, 

hydrochemical and isotopic survey of the volcanic-sedimentary aquifer system. Results 

showed that the natural influencing factors were related to aquifer lithology and 

localized ascent of magmatic fluids along buried volcano-tectonic discontinuities, which 

explained high values and concentrations of EC, temperature, chloride, fluoride, boron, 

arsenic, and 222Rn. In addition, in the drained retro-dunal area of the coastal plain, where 

groundwater flow slowed down and the aquifer lithology was rich in organic matter, a 

denitrification trend has been highlighted by means of δ18O-NO3 and δ15N-NO3 ratios. 

Anthropogenic contamination was attributed to an increment of concentration of the 

natural compounds during the pumping period, mobilizing and drawing more the 

highly mineralized deep fluids. Other anthropogenic sources of contamination come 

from agricultural activity, recognizing high concentrations of NO3 (>50 mg L−1), which, as 

evidenced by isotopic ratios of N and O, were attributed to mineral fertilizers, as well as 

natural sources and, to a minor extent, manure and possible leaks from septic tanks or 

sewage systems.  

The results of the PhD research project, reported in this thesis, provide new knowledge 

on the GWLr phenomenon that is impacting a large territory of the Metropolitan City of 

Naples, defining its extent and dynamics. The methodological approach used highlights 

the importance of combining different techniques to characterize GWLr and to deal with 

GF and others GWLr-induced phenomena, and it can be exported in similar, as such as 
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different, geographical and hydrogeological contexts. The study can be understood as a 

guideline in the management of this widespread phenomenon and its effects.  

The topic of GF risk is currently developing, starting from the implemented GFS 

methodology. GFS maps already represent a new tool to assist local government 

authorities, planners and water decision-makers in addressing the problems deriving 

from GF. In particular, definition of the most prone areas provides support for designing of 

mitigation measures and new safe man-made underground structures. Furthermore, the 

hydrogeological monitoring of piezometric levels and GF impacted areas is still on going 

and enlarged at the whole basin. The development of a methodology for GF hazard 

assessment is underway, as well as the deepening of vulnerability and exposure factors, 

in order to obtain a complete evaluation of GF risk as required by Italian and European 

legislation. After that, the following step is going to individuate the best mitigation 

measures, both of passive and active defence (e.g., waterproofing or lifting of ground 

level and floor, surficial groundwater draining system, well-point systems), also 

simulating their effectiveness and sustainability by using numerical groundwater flow 

modelling.   
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