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The rise of groundwater levels (GWLYr) 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 ltaly). These areas are the central sector of the eastern plain of Naples and th&€umae
archaeological site in the western coastal sector of Phlegraean FieldsThe 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 volcanetectonic subsidence of coastal areas.

In the eastern plain of Naples, the interruption of pumping for public and pr ivate purposes
occurred in 1990 leading to a progressive increase of piezometric levelswith 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 analysedrfan experimental building of
study area, in which a sharp increment of expenditures has been registered. Thesecosts 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
aguifer system, reaching an uplift magnitude up to 40-50 mm. In the 19892017 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

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

In the western sector of Phlegraean Fields, the naturaly triggered GWLr has caused GF in the
Cumae archaeological site for the last decade, threatening safeguard and conservation of tle
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 an thropogenic sources of
contamination.
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Lastly, a novel methodology for groundwater flooding susceptibility (GFS) assessment has been

developed by using machine learning technigue sand tested in the eastern plain of Naples. Points

of GF occurrence have been onnected to environmental predisposing factors through Spatial
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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. Resultsshow EQw Ox UDOEOQWEOUUI Ux OOEIT OEIl wEI UP
and the highest clas®s(93% of GFpoints fall sinto high and very high classes).

The results of this research provide new knowle dge on the GWLr phenomenon that hasimpacted
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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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 severd dangerous and damaging
consequercesfor 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 Il , presentsthe results of athorough study about GWLr
and its effectsin 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 coastd 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 ofthe
different aspects of the main issue have been presented toltalian and international
conferences andpublished in scientific journals. Part of the scientific production has been
selected and reorganized for the writing of th is 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 easterplain 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 trigg ering
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 da ta.
In Chapter 2.3 variations of groundwater hydrochemical characteristics, associated to
GWLr, are explained. In Chapter 2.4, a socioeconomic analysisof 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. Ahydrogeological, 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 prosp ects for
research are reported in Chapter 6. Lastly, the whole scientific production is listed in
Chapters 7.
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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 astudy EEUUD 1 E wO U U uperdnodn breaw - E x O
(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 yeas, 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 offernew x | UUx 1 EUDPYIT UwUOwWOEOI w- ExOl Uz wxi UDI
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.
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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 socieeconomic, 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., 200),
EOEwl UOUOEPEUI Uwi O nhééni@dnce qigytamdwater Gtith® graurd surface
away from perennial river channels or the rising of groundwater into the-mmshe ground,
including basements of buildings and other subsuriiaftastructure? (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 damges 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 drasic 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 GRnduced 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

Ol YI Owp" OEEwl UWEOS Ow!l YRUNEAS w' ObI ¥l oicsingg®d UT DO
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

~ N s A AN

perspective, based on longtime 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
agricult ural 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 ad 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 thenain 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, wih consequent local sealevel 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 ofbuildings) in saturated zones of urban aquifers;

- anthropogenic land subsidence in coastal and estuarine area and consequent local
sealevel rise;

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

In accordance with Macdonald et al. (2008), Hughes etal. (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 po ssible 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 horizo ns 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,

asobd UYI EwbpDUTI POwWUT T wOEUT 1 wlOl UUDPUOUA wOi wlT 1 w-
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3. Description of the study area

3.1 Geology and geomorphology

The study area, extended over about 14 kn?¥, corresponds to the municipalities of
Casalnuovo di Napoli and Volla, located w ithin 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 CampanianPlain 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 10063000 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 kyrs; 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 characteized
by a tuff horizon, corresponding to the Campanian Ignimbrite (Cl), in a zeolitized yellow
facies, dated 39.28+0.11 ¥yrs (De Vivo et al., 2001). This tuff horizon does not crop out in
the study area, being only recognizable in boreholes, with a thickn ess variable up to 40
m. Specifically, in the central-southern and southern sectors of the study area (Fig.2.1d),
Cl is absent due to erosion of paleoSebeto river and locally substituted by silt and clay
deposits, as well as by lenses of peat and volcant 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 byCozzone and Volla rivers and Reale Lufrano
channel, is lowland floodplain of subsiding tectonic depression, the Sebeto Valley (Fig.
la) set on Quaternary-active faults such as the buried deep Magnaghi-Sebeto fault. In

18



Rising groundwater levels ithe Neapolitan area and its impacts on civil engineering structures,
agricultural soils and archaeological sites

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 awatershed 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., andlopes up to 4%.

® @ Caivano

. L]
Frattamaggiore

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) Grou ndwater divide; 9) Watershed boundary; 10) Isopach (thickness meters) of the ashfall deposits

of Avellino eruption (Rolandi et al., 1998); 11) Hydrographic network system; 12) Bolla aqueduct; 13) San Marcellino
Meteorological Observatory rain gauge (SMMO) O whiK Aw- Ex O UWEDOE W5 OOOEwWUPEOx Uz wUi EOE
15) Study area. Legend of1d): 1) VA complex; 2) PF complex; 3) PAP complex; 4) P complex; 5) Sector with buried

Campanian Ignimbrite (Cl); 6) Sector with buried lava rocks; 7) Drainage networ k 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
O00O0PUOUDOT wxOPOUOWHKAW, OOPUOUDPOT WUUEUDOOO WK Ade; 18)JGrdsDEOw b i ¢
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 (16061700) the hydrographic system
of the Regi Lagni was artificially created: an ancient work of hydraulic reclamat ion,
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 drai nage 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 20 t century (Fiorelli, 1926). The Bolla
UxUDOT OWOOEEUI EwWwEDOB® WO B Wue O B toitiuofd @O E 1 w C
the ancient homonymous aqueduct system serving the city of Naples (Figs. 2.1c and2.1d).
Due to its swampy features, the central-southern sector of the study area was interested
by different hydraulic recl amation since 139 century and a complex natural and artificial
drainage network was established to control surficial and groundwater drainage toward
the Sebeto river. Oher drainage works were carried out later on, since 1917, with the
institution ofthe - Ex Ol UWEOQE w5 OOOEWUPEOx Uz wUl EOEOEUDPOOL
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
ground surface, with slight slopes to facilitate water drainage laterally. Starting from the
second half of the 20" 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 Cozz one 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

I OUU0UUT EwOOwWUT T w- ExOl UWEOEwW5 OO0O0E2aa)PEOXx Uz wUI
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 -/ Da a4 Ow E z ar€amdO Ow O
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 a., 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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the 19952010 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/km? among

I PTTTUUOwWPOWSUUOXxT wasOUPOWUT T wst YUWOT wOT T wodEU
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
EOQOEDPI OUw UEEPEwUaUUI OwOE OlakimaR.Sidde Ehe poSdd Y 1 E w
War Il, 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 kny
(Figs.22aand2l EAOwUOwWOI I OwbpEUI UwWwET OEQCEwWOI wUT T webU
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/km?2.

In the 19701989 period, an intensive use ofgroundwater 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 deteriorati on 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). Theland 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, from1956 to 2015 theurbanized 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% (Figs2.2a 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
pil es 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 1x1 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.isp rambiente.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 (Fig2.1c), with an average density around 11.0
per km?, and depths variable between 10 and 450 m below the ground level (Table2.1).
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 rockg/pes. 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.
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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 Density Use Depth range Source
number | (No/Km 2) (m)
August, 1924 Well 85 6.07 A and D 4-12 Fiorelli (1926)
February- Well uU.D. uU.D. A l,D uU.D. Celico (1983)
September, 1978 and D
March, 1989 Well 28 1.95 A l,D 10-60 Celico & De Paola
and D (1992)
January, 1993 Well 24 1.67 A, land 10-70 Esposito (1998)
D
February, 1994 Well 24 1.67 A, land 10-70 Celico et al. (1995)
D
February, 2002 Well 30 2.09 A, l and 10-70 Basin Authority of
D the North -Western
Campania region
(2004)
November, 2013 Well 127 9.07 A, l and 10-60 Field campaign
D
November, 2013 River head 28 1.95 \ \ Field campaign
March, 2015 Well 127 9.07 A, land 10-60 Field campaign
D
March, 2015- Piezometer 9 0.64 \ 10-30 Field campaign
ongoing
March, 2015 River head 28 1.95 \ \ Field campaign
19242015 Meteorologic 1 \ \ \ San Marcellino
(annual rainfall) al station Meteorological
20132015 Observatory (SMMO)
(monthly rainfall)
Stratigraphic data
Monitoring period Type Total Density Use Depth range Source
number | (No/Km 2) (m)
198032015 Borehole 148 10.34 Urban 10-60 Casalnuovo di Napoli
plannin and Volla
9 municipalities
database
\ Borehole 1 0.07 Scientifi 430 Torrente et al.
c issues (2010)
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4.2  Hydrogeological data and drainage network density

From November 2013 to March 2015, a sixmonth 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.

OOwUT I WEEUUOT UExT PEwxUOEUEUUwWPI Ul wi OEEOUEUI
software 10.1 version

4.3  Flood monitoring

From November 2013 to March 2015, a sixmonth 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 o
private buildings and agricultural soils, local population received a flooding online
guestionnaire 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 stru ctures, 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 fboded 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

|ID: B12/A7 | IMPACT FIELD SCHEDE Date:  3/3/15

B12 Building A7 Rural soil

WGS84 - UTM 33N WGS84 - UTM 33N

X: _444619.00 y: 4527603.00
GW depth (mb.g.l.):___ 2.70

X: _444680.00 Y: _4527550.00

GW elev, (masll): 15.50 GW depth (mb.g.l.):____-0.10
Year of impact occurance: ﬂ ) GW elev. (m as.l): 14.90
Type of building: __townhouse Type of impacted structure: Flooding mitigation intervents:
Type of foundation: mat 0 Garage Year of impact occurance: _2008
. X cellar - Q Raising of ground level
Year of construction: 1990 i il ——
evator sha .
Depth of impacted structure 8 Land use: anman O Excavation of drainage
e 3.00 Q Only foundation
mb.g.l): i . )
impacted surface(m2): 150 Flooding mitigation intervents: Elevation (ma.s.l): 1480 channels
Max water height above floor O Raising of basement Impacted surface (m2): __1700 T —
(m): 0.80 floor —_
Structural damage: B:Basement . Max water height a.g.l. {(m): _+0.20 pumping well point
waterproofing
X Yes: 0 Single or multiple Photo: Q Other: ___
X Efflorescence pumping well point
X Cracking Q Other:

Photo:

*m a.s.l. {meters above sea level); m b.g.|. (meters below ground level);
m a.g.l. (meters above ground level).

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
EOQOEWEUET PUI EVUUUI wOi wOT 1T we@gUBIi 1 UwUauUl OwEOGPOu
bottom of two different aquifers. Figures 24 and 2.5 show a heterogeneous aqufer
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 gro undwater
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. | n the
southern sector, where Cl 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 25a and 2.5b compare groundwater flow patterns of the deep and shallow
aquifer system for November 2013 and March 2015, respectively. While Figures2.5d and
5e show groundwater flow scheme of the shallow unconfined aquifer for northern sector.
For the deep semiconfined 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 | ocally
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 5.9x10* and 2.0x1®, whereas for the deeper water table it varies
between 8.7x10* and 4.3x102.
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horizons; b) sands, paleosols, and peat levels, ¢) marshy claysands 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) Cl;
7) Deep semiconfined 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 20132015 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 2013ral 2015 is not
related to a change in the groundwater recharge rate.
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Figure 25 - Groundwater flow pattern of the deep and shallow aquifer, for the period ( a and d) November 2013, p

and e) March 2015, and piezometric head variations between thesemeasurement periods (cand f). @A w2 , , . z wOOOUT O

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 sh allow 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 1999-2007period; 11) Box
of Figs. 2.5d, 2.5e and 2.5f; 12) Study area.

52 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 theyare particularly significant in explaining the
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groundwater level evolution and indicative of two subsequent hydrogeological phases
(19241989 and 19892015), which were characterized by declining and rising
groundwater levels, respectively.

The first one is the 1924 scenario, indicative of a hydrogeobgical 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-0.50m b.g.s.. The second one is the
1989 scenario, representative of a groundwater overexploitation period. Intense
groundwater pumping (about 4.2 m /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 presentday 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-0.50 m b.g.s..

In Figure 2.6¢, the three scenarios are highlighted as piezometric profiles alorg 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 1990and 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 199015 period was characterized by two subperiods, each one with
different magnitude and rising velocity of the GR (Table 2.2). The1990-2002 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 20022015
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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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 signifi cant 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, 2.5¢c and 2.6b).
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Table 2.2 - Magnitude (m) and rising velocity (m/yr) during GR period (1990 -2015).

Period and Magnitude (m) Rising velocity (m/yr)
Sub-period of o , - .
Minimum Mean Maximum | Minimum Mean Maximum
the GR
Period
3.50 7.88 16.54 0.13 0.30 0.64
19902015
Sub-period
0.47 4.10 14.43 0.04 0.32 1.11
19902002
Sub-period
0.29 3.49 6.51 0.02 0.27 0.50
20022015

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
al EUUWwDPOWEOOXxEUDUOOWUOWUTT wElI T DOODPOI wdi i w
perspective, the GF episodes observed are the corsquence 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 spotsshape (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. h 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 inthiU wUT EUOUG w, OUI OYI UOQWEOOOI EUI Ewi BI
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
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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 ), 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 m?), 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 agr icultural soils flooded has increased of
about 15 and 20%, respectively (Table2.3).
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Table 2.3 - Number and area of buildings and agricultural soils affect by GF .

, o Agricultural
Private buildings .
) soils
Period
Area Area
No.
(m?) (ha)
November
44 61898.16 20.60
2013
March 2015 52 65916.85 25.36
W w w 8 4018.68 4.76
(20152013) | (+15.38%)| (+6.10 %) (+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
table oscillating between 3,5and 5,7 mbelow surface. Consequently, the private
buildings with underground structures ( garages, cellars and lift shaftg, 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 ClI
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 UT 1 Ul wEUI OzOw T UOUOGEPEUI Uw i OOOEDOT w xT1 OC
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 nbelow
soil surface. Consequently, the private buildings with underground structure s (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 m orphology 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 lov 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,
25b, and 25c), the impacted private buildings and agricultural lands are located
upstream and downstream of civil engineering structures (Figs. 2.8 and 2.10).
"OO0UI U1 OUGEUWW VD Wwu RPETI EU»> w O w UTT w HOxI UYDOU
groundwater flow, that in some casesmay 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-speedrail constructed in
the 19992007 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 scarcehealthiness of the flooded territory and total loss of agricultural soils (photo

i, j, k, I, 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 (Figs2.2e and2.2f) and current maintenance state with occlusion of channels.1) PF complex; 2) PAP
complex, 3) ClI 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 direct ion; 6) Surface and groundwater drainage macro-network
system; 7) Agrarian drainage micro-network system; 8) Surface water flow direction; 9) Study area.

0. Discussion

The floodplain aquifer of the study area, although relatively small in terms of extensio n,
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 and2.10c).

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. 2HYEAwW EOT Uw OOUw POXxEEUwW xUDYEUI wEUDOEDOT UC
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 natur al 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 pe riod 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/km? (Fig. 2.11c) and drainage capacity of the local
phreatic aquifer-river system; iii) the loss of hydraulic efficie ncy 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 conditionsof
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
Ol wxUPYEUI wEUDPOEDOT wEOEwWET UPE U O UNbteaverutieE O E U u
hydrogeological monitoring has allowed to define two safe piezometric thresholds for
both sector impacted. These piezometric thresholds, equal to about 3,5 mand 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.
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Figure 2.11 - Piezometric head variations in the period November 2013 March 2015 for the deep semiconfined aquifer
(aand c) and the shallow one (b), and spatio-temporal distribution of GF in the northern ( b) and central (c) impacted
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network; 8) urban drainage system (culverts); 9) linear infrastructure .
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7. Conclusions

(OWEOwWI RxI UPOI OUEOwW UDPUI woOl wUT I w- Ete@dordlz w x 1 L
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 20132015 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 20" 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 startal 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 sty 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 municip ality 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 characterze GR and GF phenomena in the
environments in southern Italy, as well as to other Italian floodplains and cities, that are
currently experiencing similar urban groundwater pro blems. 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 preve ntion 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.

coastal area, with consequent
local sealevel increase.

a) GWLr causes
Triggering mechanisms Case studies References
Lagos city (Nigeria); Osaka
(Japan); coastal zones off Vink et al. (2007); Yasuhara et al.
Bangladesh; Ganges | (2007); Oyedele et al. (2009)
Increase of seawater level i
] ) Brahmaputra-Meghna Delta | Shamsudduha et al. (2009); Stocchi
induced by climate change and ] . )
o i ) (India); Oahu  (Hawaii); | & Spada (2009); Singh et al. (2010)
glacial isostatic adjustment. .
Chesapeake @ Bay region| Eggleston & Pope (2013); Habel et
(Maryland and  Virginia, | al. (2017).
USA).
Natural  consolidation  of
= compressible sediment layers | Upper Adriatic shoreline and
S|or bradysismic/volcano - | archaeological site of Cumae | Gambolati et al. (1998); Todesco et
©
Z | tectonic land subsidence in | (ltaly). 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);
Julinek et al. (2020); Mancini et al.
(2020).
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b) GWLr causes
Triggering mechanisms Case studies References
Artificially increased
o Las Vegas (Nevada, USA);
groundwater recharge within . o
) San Jose (California, USA);| Rushton & Al-Othman (1994); Al-
the urban aquifers due to ] ] ] ]
o i Riyadh (Saudi Arabia); | Rashed & Sherif (2001); Dean &
infiltration of imported water i ) ) )
L Kuwait City (Kuwait); | Sholley (2006); Selim et al. (2014).
for domestic, irrigation and ,
) . . Aswan City (Egypt).
industrial consumption.
Increased recharge to seepage
from septic tanks systems or | Jeddah (Saudi Arabia);
leakages from sewage| Yuma (Arizona, USA);
systems, as well as increased Greely and Fort Collins | Nelson (1978); George (1992); Abu
recharge from leaking water | (Colorado, USA); Doha | Rizaiza (1999); A2 1 | Ua wd w®©
mains and over-irrigation of | (Qatar), Cairo (Egypt), | Alekperov et al. (2006).
parks and gardens, irrigation | Saudi Arabia; Tabrik (Iran);
canal leakage, irrigation | Azerbaijan.
return.
Underground constructions
o (e.g. tunnels, deep
& | foundations,  underground )
2 i . ) Pujades et al. (2012); FonCapo et al.
o | parks, subway stations, | Barcelona city (Spain).
o o ) (2015); Attard et al. (2016).
£ | basements of buildings) in
C
< | saturated zones of urban

aquifers.

Anthropogenic land
subsidence in coastal and
estuarine area and
consequent local sealevel
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 (ltaly); 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); Hernandez & Gonzélez
(1997); (2001);
Jakovljev et al. (2002); VazquezSuiié et al.
(2005); Dean & Sholley (2006); Allocca &
Celico (2008); Celico et al. (2001); Corniello
et al. (2003); Hayashi et al. (2009); Kusakeg
et al. (2016); Gattinoni & Scesi (2017); Lg
Licata et al. (2018).

Adams & Younger
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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

Flooding in alluvial lowland related to the
water table rising above the land surface in
response to extreme high intensity and/or

4* zUuw g

Macdonald et al. (2012);

abandoned mine zones.

(Argentina); Italy; Tokyo
Bay area (Japan); north
eastern Ukraine.

i i , floodplains. Hughes et al. (2011).
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 | Oxford floodplain
_ ] Macdonald et al. (2008).
shallow and unconsolidated sedimentary | (UK).
aquifers with a good hydraulic connection
with river networks.
‘S | Flooding from groundwater in alluvial o
= ] ) ) ) ) Kisalfold o
< | deposits by-passing or circumventing river Vekerdy & Meijerink (1998).
z (Hungary).
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 | Ireland karst plains. | Naughton et al. (2012; 2017).
and highly permeable shallow horizons
discharges to the surface water, causing
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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 198% 2013 and 19982010, respectively, the spatictemporal
evolution of natural ground deformatio n 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 implementati on of an appropriate hydro -
mechanical deformation model is a necessary step to correctly model and manage a new
geohazard in a highly urbanized environment .
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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 im pacts,
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 alQ15; 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). @nsequences on builtup areas
can be unpredictably severe if the causeeffect 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 geotechnidamodels (Tomas 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.,, 2@4), 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; Fiaschiet 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 (Tomas 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 (ltaly). The study has been based on a coupled analysis of multitemporal
hydrogeological and Differential Interferometry Synthetic Aperture Radar (DINSAR)
data, covering the periods of 19892013 and 19932010, 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 exp loitation (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/infrastruct ures (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 19892013 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 20022010, were
processed through a PSINnSAR 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 3shows
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/ Da a OwEz OYEO(
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 (MagnaghiSebeto 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. 2.2a and 2.12b), as evidence of ground deformation processes from
seismological, mesostructural, interferometric, petrochemical and micropalaeontolog ical
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 geologicalcross-sections A- 7z w E © EQelgo

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 contourline (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 (Lanar et

al., 2002); 14) crossection lines A- z w EGEWwW hk Aw 1 EDPOw T EUVUT T wUUEUPOOWOI wiOl | w2
Observatory; 16) study area.

3. Data and methodologies

3.1 Hydro geological 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 collectedluring 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; Autorita di Bacino Regionale Nord Occidentale della
Campania, 2004). The nost 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. 2.1 5c and 2.15d).
3T T wxbl 4001l UUPEwI Il EEwWYEUPEUDPOOWOExUw® | OwO
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. 2.3a), due to strong groundwater withdrawal of up to 5 -6 m®/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 | evel
began (Allocca & Celico, 2008; Allocca et al., 2016), which is clearly recognizable on the
groundwater level maps of 1994 and 2002 (Figs. 2.3b 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 contou r 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.

. o Depth
Total Density Monitorin Screen
Type . Use range Source
number (No/km 2) g period ™) typology
m
Drinking
March, and Open at Celico & de
Wells 28 1.95 . 40-60
1989 Agricultu bottom Paola (1992)
ral
Industrial
February, and Open at Esposito
Wells 24 1.67 . 40-70
1994 Agricultu bottom (1998)
ral
Autorita  di
Industrial Bacino Nord
February, and Occidentale
Wells 30 2.09 . 40-70 n.d.
2002 Agricultu della
ral Campania
(2004)
Domestic
December, and Open at Allocca et al.
Wells 108 7.55 . 30-60
2013 Agricultu bottom (2016)
ral
Bellucci
Openat  (1994);
Boreholes 148 10.48 \ \ 10-60
bottom Allocca et al.
(2016)
San
. Marcellino
Meteorologi .
. \ 194612013 \ \ \ Meteorologic
cal station
al
Observatory

56



Rising groundwater levels ithe Neapolitan area and its impacts on civil engineering structures,
agricultural soils and archaeological sites

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 ClI; 8) sector with buried lava rocks.
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