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Hydrogeochemical characterization of the urban coastal aquifers of

Napoli (southern Italy): an overview

Caratterizzazione idrogeochimica degli acquiferi urbani costieri dell’area di Napoli (sud Italia):

sintesi preliminare

Alfonso Corniello, Daniela Ducci

Riassunto: I fenomeni di intrusione marina nelle falde idriche
di zone costiere urbanizzate rappresentano un serio problema in
relazione al regime di utilizzo della risorsa. Lo studio ha preso
in esame 'estesa fascia costiera del Comune di Napoli (Italia me-
ridionale) il cui territorio & compreso tra le aree vulcaniche del
Somma-Vesuvio (ad est) e dei Campi Flegrei (ad ovest). In questa
fascia costiera sono stati individuati e analizzati tre diversi setto-
ri: la piana di Bagnoli-Fuorigrotta (BF), l'area di Monte Echia (E)
e la piana ad oriente di Napoli (EN). I dati chimici hanno posto
in risalto nei tre settori l'assenza di intrusione marina principal-
mente per il basso utilizzo delle falde locali. Tuttavia in que-
sti tre settori le caratteristiche chimiche delle acque sotterranee
sono risultate assai diverse. Tale diversita ¢ legata, per le prime
due aree, al ruolo delle faglie che, anche in relazione al contesto
vulcanico generale, favoriscono la risalita di gas profondi (pre-
valentemente CO,). Questi, aumentano la reattivita delle acque
sotterranee verso le rocce serbatoio determinando, nella zona di
Monte Echia, l'origine di acque minerali sulfureo-ferruginose;
nella piana di Bagnoli-Fuorigrotta la risalita di gas interagisce
invece con 'interfaccia acqua dolce/acque marina causando, nella
prima, anche una contaminazione marina non di origine antro-
pica. Infine, nella piana ad oriente di Napoli, la diffusa presenza
di lenti di torba, che a luoghi agiscono anche da aquiclude, de-
termina nel sottosuolo ambienti riducenti con acque sotterranee
caratterizzate da alte concentrazioni di Fe e Mn.
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Abstract: The presence of phenomena of salt water intrusion in aqui-
fers located in coastal urbanized areas, especially depended on the use
of groundwater, is a widespread problem in the world. The study deals
with the large coastal belt of the Municipality of Naples(southern Italy),
located between the volcanic areas of the Somma-Vesuvius (East) and the
Phlegrean Fields (West). Three different coastal sectors were analysed:
the plain of Bagnoli-Fuorigrotta (BF), the area of Mount Echia (E)
and the area of Eastern Naples (EN). Acquired chemical data allowed
of the identification of three different groundwater chemical features and
the prevalent absence of sea water contamination, mainly due to the low
use of these waters. The study highlighted the chief role of the presence of
Jaults in this volcanic area, favouring the upwelling of gases (prevalently
CO,). These gases increase the groundwater reactivity causing, in the
Mount Echia sector, the presence of sulphurous mineral waters and, in
the Bagnoli-Fuorigrotta sector, determining the alteration of the natural
relationship between freshwater and saltwater. Moreover, in the Eastern
Naples sector, the occurrence of lenses of peat, which play an important
hydrogeologic role as aquiclude, can determine reducing condition in the
aquifers, with high concentrations in Fe and Mn.

Introduction

The territory of the city of Napoli, stretched for about
117 km?, is mainly hilly and it consists of tuffs and loose
pyroclastics linked to the Phlegrean volcanism. The municipal
area intercepts three groundwater bodies (GWBs — 2000/60/
EC, Italian Law: D. Lgs: 152/2006). The volcanic Phlegrean
Field GWB (Campi Flegrei - FLE) covers the 67 % of the
Municipality, while the Eastern Plain of Naples GWB (Piana
ad Oriente di Napoli - P-NAP) the 26 % and the Somma-
Vesuvius GWB (Somma Vesuvio - VES) only a small part
(7 %) (Fig. 1).

The coastal strip, with the exception of the tufaceous hills
of Posillipo (Figs. 1 and 2) and San Martino (Fig. 3), is formed
by plains, more or less wide, in which loose pyroclastics
(eroded by the hilly sector), alluvial and / or marine sediments
are present and often host the final part of the wider three
groundwater bodies.
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Fig. 1 - The Municipality of Naples (in yellow). In red the three groundwater bodies and in the green squares the three studied coastal areas. In blue, the groundwater levels contonr

lines (m a.s.1.) of the year 2003.

Fig. 1 - Il Comune di Napoli (in giallo). In rosso i tre Corpi Idrici sotterranei e nei riquadri verdi le tre aree costiere studiate. In blu i livelli delle acque sotterranee

nell’anno 2003 (m s.l.m.).

Unlike what happens in other coastal urbanized areas
(Gangopadhyay and Das Gupta 1995; Bocanegra et al. 2010;
Custodio 2010; Werner 2010; Di Sipio and Zezza 2011,
Thorn 2011; Dentoni et al. 2015), groundwater does not
show phenomena of salt water intrusion, above all due to the
low use of these waters (Comune di Napoli 1993; Ducci and
Sellerino 2015).

The aim of this paper is the preliminary identification and
the hydrogeochemical characterization of the urban coastal
aquifers of Napoli, highlighting the differences between the
three coastal zones.

Hydrogeological Settings of the Study Area

The investigated area is very complex from the geological
point of view. There are many papers describing the geology
and the volcanological history of the Neapolitan area. A
recent summary is in Carlino (2019). The hydrogeology of
the area is detailed in local and specific studies (Celico et
al. 2001; Corniello et al. 2000; Ducci and Sellerino 2015;
Sellerino et al. 2019).

In the Municipality of Naples, despite the presence of three
groundwater bodies, the groundwater flow seems uniform,
from N toward the coast. The differences among the three
groundwater bodies are more evident upstream, where FLE
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and VES, both constituted by volcano-pyroclastic deposits,
present a radial groundwater flow (respectively at West
and East), while in the P-NAP, prevalently alluvial, the
groundwater flow direction is NE-SW, originating at the foot
of the carbonate mountains.

The study is focused on three areas (Fig. 1), two plains

(Bagnoli-Fuorigrotta BF and Eastern Naples EN) and the final
part toward the sea of the hilly part of the city (Mount Echia E).

The plain of Bagnoli-Fuorigrotta

The plain of Bagnoli-Fuorigrotta falls in the FLE
groundwater body and it stretchs for about 4 km (from
SW to NE) in the western sector of the city of Napoli; the
tuffaceous Posillipo hill is its southeastern border.

The area falls into the caldera of the eruption of the
Neapolitan Yellow Tuft (NYT - 15 ky b.p.; Deino et al.
2004). The Posillipo hill represents the outcropping border
of the caldera and at its base the NYT is lowered by faults
(Russo et al. 1998 - Fig. 2).

The pyroclastics ejected from the Agnano-Monte Spina
eruption (4.1 ky b.p.), in the north-western area of the plain,
were reworked in different times in continental or marine
environments.
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Fig. 2 - Hydrogeological setting of the Bagnoli-Fuorigrotta plain. 1) Coroglio-Tren-
taremi tuffs; 2) Neapolitan Yellow Tuff: 3) Nisida volcano tuffs; 4) Astroni volcano
pyroclastics; S) marshy deposits and post roman age pyroclastics; 6) pyroclastics and al-
luvial deposits; 7) loose debris; a) fanlts; b) drillings; c) groundwater levels contonr lines
(m a.s.l., May 2009; from DIGA 2009); d) groundwater sampling points (Tab. 1).

Fig. 2 - Assetto idrogeologico della piana di Bagnoli-Fuorigrotta. 1) Tufi di
Coroglio-Trentaremi; 2) Tufo Giallo Napoletano; 3) Tufi del vulcano di Nisida;
4) depositi di palude e piroclastiti di eta post-romana; 5) piroclastiti e depositi
alluvionali; 6) detriti di versante; a) faglie; b) perforazioni; ) livelli delle acque
sotterranee (in m s.l.m.; Maggio 2009; DIGA 2009); d) punti di campionamento
delle acque sotterranee (Tab. 1).

In the subsoil are present volcanites and, in the SW part,
alluvial and marshy deposits and post-Roman pyroclastics
(Fig. 2). The NYT is the bedrock in the eastern and central
sector of the plain while, in the western sector, it is absent,
probably due to the Agnano-Monte Spina eruption.

Therefore, granulometry varies frequently together with
the permeability, and continuous and impervious layers of
significant thickness are not present (Corniello and Nicotera
1982; Celico et al. 1991; Comune di Napoli 1993; Autorita di
Bacino nord-occidentale della Campania 2004). Groundwater
flows within the deposits of greater permeability, from NE
(Fig. 2) (Bagnoli Futura S.p.A. 2002; Celico et al. 2001;
DIGA 2009).

The freshwater is overlying saline water and, under
undisturbed conditions, the freshwater-salcwater interface
reaches, at 600/800 m from the coastline, 60-70 m below
the sea level, according to the Ghyben-Herzberg assumption.
That was also verified measuring, in two piezometers, the
electrical resistivity variation from the ground level to the
depth of 68 m b.g.l. (Bagnoli Futura S.p.A. 2002).
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Mount Echia

Mount Echia (Fig. 3) is a small tufaceous hill that falls
in the FLE groundwater body and it stretches, from the sea
towards N'W, up to the San Martino hill, separating the area
where is the Royal Palace of Neaples (Palazzo Reale) from
the plain on the west (Riviera di Chiaia - BB’ in Fig. 3). At
the southern foot of Mount Echia, near the coastline, the
sulphurous Spring of Chiatamone S.P.A. (E3 in Fig. 3) was
present and it has been closed in 1973, due to water pollution
(Corniello et al. 2000).

Anthropogenic deposits
from low to high permeability

Recent marine deposits
high permeability

Loose pyroclastics
low permeability
Meapolitan Yellow Tuff (NYT),
unwelded (a) or welded (b)
fram moderate to low permeability
Pro-NYT wifs and loose

roclastics

permeability

Coarse loose pyroclastics
high permeabiiity
Sedimentary deposits
Riviera di Chiaia
oas)

Fig. 3 - The area of Mount Echia. Hydrogeological sections and the map of the area
showing the traces of the sections and the groundwater sampling points (blue dots, in red
[for mineral water; Tab. 1).

Fig. 3 - Larea del Monte Echia. Sezioni idrogeologiche e pianta con le tracce di
sezione e i punti di campionamento delle acque sotterranee (punti blu, rossi per
le acque minerali; Tab. 1).

Mount Echia consists of pre-NYT tuff which lies on coarse,
loose pyroclastics. The same tuff forms the lower part of the
San Martino hill (Fig. 3), where, on the top, outcrops the NYT.
The contact between basal pyroclastics and tuff is about 80 m
below the sea level at Mount Echia, while, in the plains near
Mount Echia, this contact is between 100 and 120 m below
the sea level (Fig. 3). In the plains, above the tuff, there are a
few tens of meters of loose marine/pyroclastics deposits.

The geological setting of the area is strongly influenced
by tectonic phases that have displaced the same materials to
different elevations (Vitale and Isaia 2014).

The detailed stratigraphic data derive from the drilling of
a well (E1 in Fig. 3) located in the Royal Palace gardens. The
construction of the well, ordered by the King FerdinandolI to
increase the availability of drinking water in Napoli, begun
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in 1846 and finished in 1859, reaching the depth of 465 m
(D’Erasmo 1931; Corniello et al. 2000). However, the found
groundwater resulted unsuitable for drinking because it
was sulphurous, with high TDS and CO, (Lambertini and
Mondelli 1961).

Around Mount Echia, the geological setting determines
two overlapping aquifers. The shallow, phreatic, is inside the
loose pyroclastics above the tuff (and partly also in the tuff)
and represents the final part of the groundwater flow, directed
from the hills towards the sea (Fig. 1) (Viparelli 1967; Celico
et al. 2001; Autorita di Bacino N-occidentale della Campania
2004). In this aquifer the water table is about 1.7 - 1.8 m a.s.l.,
as measured in two wells in the area (Corniello et al. 2000).

The deeper aquifer, located in the coarse loose pyroclastics,
is confined by a significant thickness of tuff and its piezometric
surface is several meters higher than sea level (Celico et al. 2001).

The eastern part of Naples

The area is located to the east of the city of Napoli and is
the final part, toward the sea, of the larger groundwater body
of the Eastern Plain of Naples (P-NAP) (Fig. 1).

The plain is filled (thickness 20 - 100 m) by pyroclastic
deposits originating from Vesuvius and the Phlegraean
Fields reworked in a coastal, fluvial and marsh environment
with the presence of peats. All these sediments constitute a
single multi-layered aquifer with two impermeable units (the
welded facies of the Somma-Vesuvius pyroclastic sand the
NYT), playing the role of locally confining bed (Ducci and
Sellerino 2015). At large scale the aquifer can be considered as
a single-layer and unconfined (Fig. 4). In this area the water
table is very shallow and the flow is directed toward the sea.

Materials and methods

The hydrochemical dataset used in this study is composed
of 21 sampling points, described in Table 1, considered as
more representative of a wider data set (almost 50 groundwater
points) coming from previous studies (Lambertini and Esposito
1960; Lambertini and Mondelli 1961; Nota d’Elogio 1979;

b)
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Comune di Napoli 1993; Corniello et al. 2000; Piscopo et al.
2000; Aiuppa et al. 2003; Autorita di Bacino N-Occidentale
della Campania 2004; Adamo et al. 2007; Ducci and Sellerino
2012) and from unpublished studies for the remediation of
the areas of Bagnoli (for the steelworks activities carried out
from 1910 to 1990) and of the contaminated industrial sites
located in the past in the Eastern part of Naples (Comune di
Napoli - CU.G.RIL 2001)

Some groundwater was analyzed by the laboratories of the
University of Napoli Federico II, while groundwater samples
reported in Adamo et al. (2007) was analysed by the ARPAC
(Regional Agency for Environmental Protection of Campania)
laboratories.

Temperature, pH, and EC were generally measured on site,
using a multi-parameter water quality probe. The error in the
ion balance is always less than 5%.

Results and discussion

The analyses of the three areas have been plotted in the
Piper diagram of figure 5. This diagram highlights the
differences among the three areas, that fall in different sectors
of the diamond, becoming more alkaline from East (Eastern
Naples), where they are of magnesium bicarbonate type, to
West (Bagnoli - Fuorigrotta plain), where they are of sodium
chloride type.

Close to the coastal line of the Bagnoli - Fuorigrotta
plain, numerous mineral waters are present, even with high
temperatures (~ 50 °C), used in the past as S.P.A.s (Nota
d’Elogio 1979; Rasulo 1996) (Tab. 1 and Fig. 2). In the same
plain, a groundwater sample taken at a depth of 40 meters
(Bagnoli place) had temperatures exceeding 40 °C, a high
content of chlorides and was of iron-magnesium type (Di
Pastena 2007). Towards the south, still in the coastal area and
at the foot of the Posillipo hill, there are a) a spring with high
iron content and b) a well in the Cementir plant with water
rich in CO, and with high chloride content (Lambertini and
Esposito 1960) (Tab. 1).

it
\‘3‘3
W .
o Fig. 4 - The area of Eastern
Naples. a) trace of the hydro-
geological section (in black) and
sampling  points (black circles;
Tab. 1). b) Hydrogeological sec-

tion (modified from Comune di
Napoli - C.U.G.RL 2001).

@
a)

Fig. 4 - Larea di Napoli Est

in Yellow tuff (low pe biliy) a) traccia della sezione idro-
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permeability)
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- Old lavas of the Somma Velcano (aguifer)

geologica (in nero) e punti di
campionamento (cerchi neri;
Tab. 1). b) Sezione idrogeolo-
gica (modificata da Comune di
Napoli - C.U.G.RL 2001).

Groundwater level in m a,s.1. (2003)
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Fig. 5 - PIPER diagram of the groundwater of the three areas.
Fig. 5 - Diagramma di PIPER delle acque sotterranee delle tre aree.

The Schoeller-Berkaloff diagram of figure 6 reveals that
the waters of the wells Cotroneo SPA (BF2), Tricarico SPA
(BF3) and Cementir (BF4), derive from a typical water of
pyroclastics (BF1) affected by seawater intrusion (in different
percentages) (BF5). The profiles BF2, BF3 and BF4 also show
the influence of a further factor revealed by the high values
of the HCO; ion, too high to be due to the mixing of the
two end members (waters BF1 and BF5). Taking into account
the geological context, it is possible a significant upwelling
of endogenous CO, through tectonic discontinuities which
have morphological evidences also in the south-western sector
of the Posillipo hill (Celico et al. 2001, Bagnoli Futura SpA
2002; Di Pastena 2007; Fig. 2). In this regard, it is significant
that the highest temperatures in local groundwater are close
the coastline (Fig. 7).

The CO, upwelling along the faults (parallel or orthogonal
to the coast line) increases the HCO; content in groundwater
and also determines the solution of Fe and Mn (Fig. 7) in
the intercepted aquifers. Moreover, the CO, and the faults
extension modify the natural relationship between freshwater
and saltwater, creating a natural sea water intrusion (see
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Fig. G - Schoeller-Berkaloff diagram of the groundwater of Bagnoli-Fuorigrotta plain
(Tab. 1).

Fig. 6 - Diagramma di Schoeller-Berkaloff delle acque sotterranee della piana di
Bagnoli-Fuorigrotta (Tab. 1).

Cl content in figure 7), whose importance is linked to the
extent of the upwelling, the use of the groundwater and the
proximity of the coastline.

In the Mount Echia area, in the center of Napoli, phreatic
groundwater does not show sea water contamination (Comune
di Napoli 1993); waters are sodium bicarbonate and with
about 890 mg/L of TDS (Tab. 1; n. E5-E8); the chemical
profiles of these waters are shown in the diagram of figure 8.

The deeper groundwater has been intercepted by three wells
(nn. E1, E2, E4 in Tab. 1) and it fed the Spring of Chiatamone
(n. E3); these waters do not show seawater contamination
but they are very mineralized and with similar chemical
characteristics shown by the diagram in figure 8. These waters
have high TDS (some g/L), high CO, and sometimes H,S.
Their temperatures are higher than those of the local phreatic
groundwater, as well as the content of the main ions with the

o 7
# Climg/L) | M
7

N
e
AN
P

Bagnoli

Fig. 7 - Contonr lines of Fe (mg/L), Cl (mg/L) and T (°C) in the Bagnoli-Fuorigrotta plain groundwater; for the symbols see Fig. 2 (circles: sampling points); data from Bagnoli

Futura 2002.

Fig. 7 - Curve isocone relative a Fe (mg/L), Cl (mg/L) e temperatura per le acque sotterranee della piana di Bagnoli-Fuorigrotta; i simboli sono quelli della Fig. 2 (i

cerchi indicano i punti di campionamento); dati da Bagnoli Futura 2002.
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Fig. 8 - Schoeller-Berkaloff diagram of Mount Echia area groundwater (Tab. 1).
Fig. 8 - Diagramma di Schoeller-Berkaloff delle acque sotterranee della zona di Monte Echia (Tab. 1).

exception of sulfates (<1 meq/L). These characteristics are due
to a strong reducing environment (Corniello et al. 2000), also
testified by the presence of sand with naphtha (found in the
well of Royal Palace at about 340 m b.g.l. - D’Erasmo 1931).
The anomalous temperatures, connected to the volcanism of
the area and CO, upwelling along the tectonic discontinuities,
favour this environment.

The chemical features of groundwater of the Eastern
Naples area (Fig. 5 and Fig. 9) are typical of groundwater
flowing in pyroclastic aquifers, with primacy of the alkali
ions over Calcium and Magnesium, while the prevalent anion
is HCO;. Some groundwater (EN2, EN3, EN6 and EN7 in
Fig. 9) are very similar, but with low SO, content, due to a
reducing environment caused by the presence of wide peat lenses,
locally confining the aquifer (Fig. 4b). In this environment
there is dissolving of Fe and Mn, that become higher (see Tab.
1). Fluoride is always exceeding the law limit (Directive 98/83/
EC and Italian Legislative Decree 31/2001) of 1500 pug/L, due
to the natural features of the aquifers constituted by volcanic
and pyroclastic rocks. Arsenic exceeding the law limits (ENG
and EN7 in Tab. 1) is due to both, the volcanic origin of the
aquifers and the reducing conditions.

Conclusions

In the coastal part of the city of Napoli, three situations of
peculiar hydrogeological interest have been highlighted.

The first is related to the plain of Bagnoli - Fuorigrotta (BF)
where a groundwater body, towards the coast, floats on the
seawater. The presence of faults in this volcanic area makes
possible the upwelling of gases (prevalently CO,). These gases
and the high temperatures affect the natural relationship
between freshwater and saltwater, causing a natural seawater
intrusion in groundwater. This modifies the chemical
characteristics of groundwater, presenting high salinity, high
content in chloride, presence of Fe, etc.
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Fig. 9 - Schoeller-Berkaloff diagram of the groundwater of the Eastern Naples area.
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Fig. 9 - Diagramma di Schoeller-Berkaloff delle acque sotterranee della zona
orientale di Napoli (Tab. 1).
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The tuffaceous hill of Mount Echia (E) and the adjacent
plains are the other area of interest.

Here the situation is more complex due to the presence of
two overlapping aquifers. A shallow groundwater flows in the
outcropping and weathered part of the tuff; this aquifer does
not present sea water contamination and it is rarely used. The
deeper aquifer is in coarse and loose pyroclastics underlying
the tuff; the piezometric level in this aquifer is higher than
the phreatic level of the shallow aquifer. This deeper aquifer
is mineralized (sulphurous, sodium-bicarbonate type and
CO,-rich) for the presence of a reducing environment and
for the upwelling of endogenous gases (CO,). The tuff above
the deeper aquifer preserves it from sea water intrusion and
reduces the possibility of mixing with the shallow aquifer.
Near the sea, at the southern foot of the Mount Echia, the
deep waters reach the ground surface throughout some faults,
originating the mineral Spring of Chiatamone (E3 in Fig. 3),
once very famous but now completely unused. In this regard,
the faults that limit Mount Echia, towards South, in activity
from the late Pleistocene and Holocene (Amato et al. 2009),
are very significant.

The characteristics of the deep aquifer of Mount Echia are
peculiar in the hydrochemical panorama of the city of Napoli;
in fact, moving away from the Mount Echia area (which is a
few km? wide), mineralized waters are not more present, even
in depth.

In the past, the knowledge of these phenomena of
mineralized and gas-enriched groundwater has activated
municipal projects to enhance this groundwater resource and
to identify mineralized flowpaths, also including the old well
built in 1846.

The groundwater chemistry of the Eastern Naples area
is marked by the high content of Fe and Mn, due to the
reducing conditions, related to the presence of thick peat
levels, especially in the vadose zone, caused by the extensive
marshlands present in the past. Moreover, the volcanic nature
of the aquifers causes high Fluoride in groundwater and
sometimes high Arsenic, this last, lower than in the plain of
Bagnoli - Fuorigrotta.

The definition of the peculiar hydrogeological features of
the two last areas has produced interesting, useful results. In
these groundwater bodies, the Natural Background Levels
(NBL for Fe, Mn, As, and F) have been recognized far higher
than those indicated by law (Ducci and Sellerino 2012).
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