
Vol.:(0123456789)1 3

Environmental Earth Sciences          (2023) 82:144  
https://doi.org/10.1007/s12665-023-10816-3

ORIGINAL ARTICLE

Hydrogeochemical characterization of the alluvial aquifer of Catania 
Plain, Sicily (South Italy)

S. Morici1 · E. Gagliano Candela1 · R. Favara1 · L. La Pica1 · C. Scaletta1 · G. Pecoraino1

Received: 26 September 2022 / Accepted: 18 February 2023 
© The Author(s) 2023

Abstract
A hydrogeochemical study was carried out on the shallow Catania Plain alluvial aquifer, in eastern Sicily to reconstruct 
its hydrogeological structure, the meteoric recharge and to assess the influence of human activities on groundwater. To 
characterize the geochemistry of the shallow aquifer, two sampling campaigns were carried out, August–October 2004 and 
April–May 2005 in 47 sites distributed throughout the plain. The samples were collected and analyzed for physical–chemi-
cal parameters and major ions, as well as stable isotopes (δ18O and δ2H). Alluvial deposits with heterogeneous grain sizes 
constitute the aquifer. Varying conditions of vertical and horizontal permeability lead to the presence of a multilayered aquifer 
with different conditions of confinement and partial interconnection among layers. The sampled waters were separated into 
four groups of different compositions due to the water–rock interaction with the different lithologies present in and around 
the study area. Maps of electrical conductivity and sulfate show a systematic control of land use, in correspondence with 
the biggest farms. High sulfate concentration is due to both the natural interaction between local meteoric waters and Etna’s 
plume and the mixing with groundwater coming from the area where evaporitic rocks of the Gessoso Solfifera formation are 
present. In addition, anthropogenic contamination cannot be ruled out. A rain gauge network, consisting of 3 sites located at 
different altitudes, was installed to collect rain waters to determine isotopic data (δ2H and δ18O) and to measure the monthly 
rainfall amount. Based on the isotopic composition of sampled waters, it has been established that beyond the direct meteoric 
recharge, the recharging areas are in the North (Mt. Etna) and the South (Hyblean Plateau).
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Introduction

Catania Plain (CP) is an alluvial plain located in eastern Sic-
ily (Fig. 1) with an area of about 430  km2. Mt Etna borders it 
to the North, the Ionian Sea to the East, the Hyblean Plateau 
to the South and the Erei Mts to the West-Northwest. The 
CP is constituted by recent and present Simeto River and its 
tributaries (Dittaino and Gornalunga) fluvial deposits. The 
thick alluvial deposits are interrupted to the South by calcar-
eous and igneous reliefs of the Hyblean Plateau.

The most important economic activities are factories and 
agriculture (mainly citrus orchards, and animal husbandry). 
During the last 50 years, urban and industrial development 
has led to a sharp increase in the demand for water resources 

in Italy, which, in turn, has led to a rise in the exploitation of 
groundwater located in alluvial aquifers (Capaccioni et al. 
2005). In the CP, irrigation is provided by the presence of 
rivers, irrigation canals and hundreds of wells.

Many studies exist about CP hydrogeology (Ferrara and 
Marchese 1977; Ferrara 1979, 1998, 1999; Ferrara and 
Pappalardo 2004; Guastaldi et al. 2014) and institutional 
researches were funded (Cassa per il Mezzogiorno 1982; 
Regione Siciliana-INGV 2005). Nowadays, few studies 
exist on the geochemical characterization of groundwater. 
Furthermore, the published papers have been based on data 
taken in very small areas (few  km2) near factories, agricul-
tural and industrial areas and/or in a few wells (Battaglia 
et al. 1991; Capaccioni et al. 2005).

This work aims to carry out a hydrogeochemical char-
acterization of the CP shallowest alluvial groundwater, to 
detect water–rock interaction processes and the presence of 
anthropogenic pollutants.
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Fig. 1  Simplified geological 
map of the Catania plain. The 
yellow square represents the 
investigated area by Battaglia 
et al. (1994), and the light green 
square represents the investi-
gated area by Capaccioni et al. 
(2005)



Environmental Earth Sciences          (2023) 82:144  

1 3

Page 3 of 18   144 

In addition, through water isotopic data (δ2H and δ18O), 
it was possible to identify possible recharge areas and 
related hydrologic circuits, allowing to protect them from 
potential sources of pollution in an attempt to preserve the 
quality of the water supply. Geological, hydrological and 
geophysical (Vertical Electrical Surveys) data as well as 
stratigraphic data from deep and shallow wells have been 
re-interpreted to redraw the hydrogeological structure of 
the alluvial aquifer. Finally, in an attempt to estimate the 
recharge time, the correlation between rainfall and ground-
water level was investigated.

The geochemical characterization of the study area 
was determined based on sampling campaigns carried out 
between 2004 and 2005. These data may be useful to study 
the geochemical variations in the CP aquifer almost two 
decades later to understand the impact of climatic varia-
tions in the Mediterranean area on water resource quality.

Geological and hydrogeological settings

The CP is located (Fig. 2) in the foredeep area originating 
from the collapse of the North-Western and Northern parts 
of the Hyblean foreland dipping under the most external 
Appeninic-Maghrebian chain thrust (Lentini 1982). In this 
geodynamic contest, since about 600 ka the active vol-
canic system of Mt. Etna has developed north of the CP. 
The plain is bounded to the East by 300 km, NNW–SSE 

trending Hyblean-Maltese continental slope (Torelli et al. 
1998).

The CP consists of the deposits of the three main riv-
ers that cross it in the W–E direction: Simeto, Dittaino 
and Gornalunga. These deposits are formed by a Mid-
dle–Upper Pleistocene foredeep sequence:

–  Marine blue marly clays, outcrop near the towns of Cat-
ania, Paternò, Fiumefreddo and Vena (Lower-middle 
Pleistocene);

–  Sandstones and gravels belonging to S. Giorgio Forma-
tion, outcrop to West of Catania town (Middle Pleisto-
cene);

–  Gravel and conglomerates, Mt. Tiritì Formation, South 
of Misterbianco and Paternò (Terreforti Hills) (Middle-
Upper Pleistocene)

–  Marine, deltaic and alluvial deposits (fine sands, silts 
and grey muds with gravel) of the Simeto River, southern 
sector of CP (Holocene-Present).

To the North, ancient alluvial terraces, constituted by the 
alternation of more or less coarse clays and sands, probably 
originated by the flowing of torrential apparatus coming 
from Mt Etna, bound the CP.

To the South, the plain is bordered by hills constituted 
mainly by tuffs, breccia and basalts (originated by the Mt 
Lauro volcanic activity), locally covered by arenaceous 
limestones, and as a whole covered by recent CP clays. To 
the West and North-West, hill relief is constituted by the 

Fig. 2  Tectonic sketch map of 
Sicily (redraw from Catalano 
et al. 2000, 2004): (1) Pelagian 
Block (Hyblean foreland); (2) 
Gela thrust wedge; (3) Appen-
inic-Maghrebian thrust belt 
units; (4) Calabrian arc units; 
(5) Mount Etna vulcanites; (6) 
Gela-Catania foredeep deposits: 
a Middle–Upper Pleistocene 
deposits on allochthonous units. 
b Quaternary deposits on the 
Hyblean sequences; (7) main 
thrust fronts; (8) normal faults. 
The blue square is the study 
area
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Gessoso Solfifera evaporitic sequence (Tripoli-Calcari di 
Base-Gessi, Grasso and Manna 1990) and Miocene clays 
(Fig. 1) borders the CP.

Alluvial deposits constitute the CP aquifer with heteroge-
neous granulometry partially interconnected due to varying 
vertical and horizontal permeability that lead to the pres-
ence of multilayered aquifers with different conditions of 
confinement. The highly variable horizontal and vertical 
porosity, permeability (5 ×  10–2 to  10–4 m/s) and transmis-
sivity (1 ×  10–3 to 5 ×  10–3  m2/s) influence the water flow 
inside the aquifer (Ferrara 1999; Ferrara and Pappalardo 
2004).

Sampling and analytical methods

To characterize the shallow aquifer, 47 sites, distributed 
over the whole plain, have been sampled in the period 
August–October 2004. From April to May 2005, 41 of 
them have been re-sampled. Many wells have a diameter 
lower than 1 m and a maximum depth of 35 m. Three 
samples along the Dittaino River have been sampled for 
comparison (Fig. 1). Temperature, pH, electric conduc-
tivity (EC), and Eh of sampled waters were measured 
directly in the field by Orion 150 (EC, T) and 205 (pH 
and Eh) portable instruments and specific electrodes. 
The alkalinity was determined by titration with HCl 0.1 
N in the laboratory. Water samples were collected and 
stored in a low-density polyethene flask. Major constitu-
ents were analyzed using a DIONEX DX 120 ion chro-
matograph, on separate unfiltered and un-acidified  (Cl−, 
 NO3

− and  SO4
2−) and filtered (0.45 µm), acidified  (Na+, 

 K+,  Mg2+ and  Ca2+) sample aliquots. Analytical precision 
was always better than ± 3%. A Dionex CS-12A column 
was used for the determination of cations and a Dionex 
AS14A column for anions.

A rain gauge network, consisting of three sites located at 
different altitudes (0–285 m asl), was monthly collected. The 
rain gauges were bulk samplers and the collectors were filled 
with pure mineral oil to form a film of about 5 mm thickness 
to avoid water evaporation.

Rainwater and groundwater samples were analyzed for 
their oxygen and hydrogen isotopic composition, using 
Analytical Precision AP 2003 and FinniganMAT Delta 
Plus spectrometers, respectively. The isotope ratios are 
expressed as the deviation per mille (δ‰) from the refer-
ence VSMOW standard. The uncertainties are ± 0.1‰ for 
δ18O and ± 1‰ for δ2H (one standard deviation).

Table 1 reports the chemical composition of the major 
component. Tables 3 and 4 report the values of δ18O and 
δ2H of rainwater and groundwater.

Results and discussion

Hydrogeology

In this work, with the support of re-analyzed stratigraphy 
of deep wells and Vertical Electrical Sounding (VES) 
(Fig. 3a–d; Breusse and Huot 1954; Cassa per il Mezzo-
giorno 1982), and in agreement with Ferrara and Pappalardo 
(2004), three different interposed aquifers, sometimes inter-
connected with each other both vertically and horizontally, 
have been recognized, according to the following hydrogeo-
logical scheme (Table 2):

– A shallow unconfined aquifer, 3–35 m in thickness, in 
present and recent alluvial deposits and in continental 
and marine alluvial terraces. The water table is a few 
meters in depth.

– An intermediate semi-confined aquifer, 3–43 m thick, 
constituted by clayey–sandy layers, sand and sandy-
gravels levels belonging to recent alluvial deposits. The 
water level is at about 13–15 m depth (Ferrara 1999; 
Capaccioni et al. 2005).

– A deep semi-confined aquifer with a 20 m maximum 
thickness constituted by sands, sandstones and conglom-
erates of Medium Pleistocene age. The water level is at 
about 30–40 m depth (Ferrara 1999; Capaccioni et al. 
2005).

Vertical and horizontal interconnections among these 
aquifers are recognizable mainly in the southern area 
(Fig. 3b–d). The existence of other aquifers, isolated or 
hydraulically interconnected with the main aquifers, cannot 
be excluded. The aquifer system is fed by local meteoric 
waters, by rivers crossing the plain and by recent and ancient 
streambeds coming down from neighboring hills (Ferrara 
1999).

The main direction of groundwater flow in the plain is 
W–E along the hydrographic network (Ferrara 1999). To 
the North, close to Mt Etna, the shallower aquifer consists 
of marine and continental alluvial terraces in hydraulic con-
nection with the Etnean aquifer and the intermediate and 
deep alluvial aquifers (Fig. 3; Ferrara 1999; Capaccioni et al. 
2005).

In this study, the stratigraphic data of a large number of 
drilled wells, most of which reach the lower confining clayey 
bed, and the data deriving from geophysical surveys (VES) 
were correlated (Breusse and Huot 1954; Cassa per il Mez-
zogiorno 1982) for the elaboration of the stratigraphic sec-
tions in Fig. 3. In particular, the section of Fig. 3a highlights 
the morphology of the top of the lower confining clayey 
bed characterized by many depressions roughly trending 
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Fig. 3  Geological cross-sections 
as in Fig. 2: a A–A′ (azimuth 
near 76°); b B–B′ (azimuth 
near 1°); c C–C′ (azimuth near 
358°); d D–D′ (azimuth near 
353°). Cross-line sections and 
legend are in Fig. 1
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in the West–East direction, influencing the groundwater 
circulation.

Correlating the values of the piezometric level, recorded 
at the “Iunghetto” phreatimeter, (depth 52  m; Sicilian 
Regional Hydrographic Office) with our data of “Catania” 
rain gauge (Fig. 4), a statistical analysis was performed to 
calculate the lag time using cross-correlation. A ground-
water “recharging delay” of about 4 months was obtained, 
defined as the time difference between the maximum rain-
fall and the consequent maximum groundwater level. This 
recharging delay is due to the pathway length of groundwater 
reaching the deepest aquifer.

Geochemical characterization of groundwater

The sampled waters show great variability in electrical 
conductivity ranging from 1000 to 10,500 μS/cm. Tem-
perature values range from 15 to 33.5 °C with most of 
the samples showing slight differences between the two 
samplings. The pH values vary from slightly acidic (6.74, 
sample Zoo) to slightly basic (7.92, sample Sigona).

The representative hydrochemical classes of waters are 
Cl–SO4–earth alkaline (75% of samples), Cl–SO4–alkaline 
(17%) and bicarbonate–earth alkaline (8%) (Fig. 5).

In particular, two main assemblages can be recognized, 
one in the Tyrrhenian marine and continental alluvial sedi-
ments (group b in Fig. 5), and the other in the Holocene 
recent alluvial deposits (group a in Fig. 5), including the 
majority of sampled waters. Two minor groups include 
samples from the northern part (on the slope of Etna, 
group c in Fig. 5) and samples from the southern part 
(laying on Holocene alluvial deposits and Hyblean cal-
carenites and vulcanites, group d in Fig. 5) of the Plain.

Regarding group c, it is possible to assume a mixing 
with groundwater coming from Mt Etna characterized by 
high  HCO3

− concentration due to the interactions with 
magmatic  CO2 (Parello et al. 2001; Liotta et al. 2016).

The geochemical properties of groundwater are related 
to the drained lithological units and the mixing with natural 
waters of different origins (e.g., seawater, surface waters or 
other groundwater). Finally, these properties can hardly be 
altered by the presence of pollutants of anthropogenic origin.

Table 2  Hydrogeological 
scheme of the Catania Plain

Age Lithology Reservoir

Upper Pleistocene–Holocene Alluvial-deltaic and coastal deposits Shallow unconfined
Middle–Upper Pleistocene Gravel with sandy conglomerate intercalations 

(Mt. Tiritì Formation)
Semi-confined

Middle Pleistocene Sandstones and gravel (S. Giorgio Formation) Semi-confined
Lower–Middle Pleistocene Marine blue marly clay Impermeable bedrock

Fig. 4  Correlation between 
rainfall and groundwater level 
of Iunghetto phreatimeter
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In the plain, the contribution of seawater to the mixing 
processes, in areas near the coastline, is well known in the 
literature (Battaglia et al. 1991; Capaccioni et al. 2005). 
Seawater intrusion enhancement was attributed to the over-
exploitation of deep wells located in correspondence with 
industrial areas (Battaglia et al. 1994; Capaccioni et al. 
2005).

From the hydrogeological point of view, the groundwater 
of CP are fed by meteoric waters (rw), rivers and groundwa-
ter coming from Etna and Terreforti Hills reliefs to the North 
and Hyblean Mts to the South (Ferrara 1979).

The chemical composition of groundwater is strongly 
influenced by water–rock interaction. In particular,  Ca2+ and 
 Mg2+ (and  Na+ +  K+) can be originated by weathering of Sil-
icate. In this case, the balance is controlled by  HCO3

− alone. 
An excess in  HCO3

−  (Mg2+ and  Ca2+ depletion) is indica-
tive of silicate weathering or cation exchange reactions. In 
the studied area, few samples show this kind of behavior. 
More samples, on the contrary, show enrichment in  Ca2+ or 
 Mg2+. Such enrichment in  Ca2+ and  Mg2+ over  HCO3

− and 
 SO4

2− may indicate reverse ionic exchange processes, very 
common in the interaction between groundwater and clays.

Our samples show, in some cases, an excess in  Na+ +  K+ 
with respect to  Cl− (Fig. 6), in other cases the opposite, 
further suggesting ion exchange reactions. In the cation 
exchange reaction, clays release  Na+ and  K+ to groundwa-
ter and adsorb  Ca2+ and  Mg2+. In the reverse ion exchange, 
clays adsorb  Na+ and  K+ and release  Ca2+ and  Mg2+ in water 
according to the relation:

In Fig. 6, ion exchange processes are illustrated. The 
abscissa represents excess  Na+ and  K+ from sources other 
than halite dissolution, or seawater intrusion, and the ordi-
nate represents  Ca2+ and/or  Mg2+ from processes unrelated 
to carbonate or gypsum dissolution. Water samples that are 
not altered by the above reactions are in the center (0, 0 
coordinate) of the graph. The lower right corner of Fig. 6 
indicates ion exchange occurring according to Eq. (1),  (Na+ 
would be high and  Ca2+ would be low), while the upper 
left corner may be due to reverse ion exchange or other 
processes.

Looking at the geographic distribution of the EC 
(Fig. 7b), it is evident that seawater is probably not the cause 
of high ion concentrations in the water samples.

In fact, the  Na+/Cl− ratios in groundwater with high 
ionic concentrations differ from the ratio of the sea, being 
closer to the 1/1 ratio of halite (Fig. 7c). Furthermore, as 
evidenced in Fig. 7d, the concentrations of  Ca2+ and  Mg2+ 
at the sampled sites rule out contamination due to marine 
ingression.

In particular, the highest EC and  Na+ and  Cl− concen-
trations (but also of other major constituents, Table 1) are 
located in the central part of the Plain. Moreover, they show 
an opposite trend from the coastline to the inner of the Plain 
and in particular along the Dittaino river banks (Fig. 7a, b) 

(1)
Na(K+) - Clay + Ca2+(Mg2+) ⇒ 2Na+(K+) + Ca2+(Mg2+) Clay

Fig. 5  a Square classification diagram of the investigated waters 
(after Langelier and Ludwig 1942). b Anion and cation triangular 
plot. Red bold line represents the  SO4

2−/Cl− in the Etna plume. Blue 

circles represent first campaign, red circles second campaign. For 
groups a, b, c, d sees the text



Environmental Earth Sciences          (2023) 82:144  

1 3

Page 11 of 18   144 

and in the proximity of farms. Direct involvement of Dit-
taino water in these high EC values can be excluded due 
to its relatively low EC (< 3000 μS/cm) with respect to 
the anomalous areas (Table 1). Samples taken at sites near 
streams show higher  SO4

2−,  Na+ and  Cl− contents, respec-
tively, due to the interaction of surface water with evaporite 
lithologies (Gessoso Solfifera formation).

Almost all samples on the western side of the plain show 
a  Ca2+/SO4

2− ratio typical of gypsum dissolution. Gypsum 
outcrops occur only in a very little portion of the NNW of 
the plain. Due to the W–E flow direction, it is possible to 
hypothesize a mixing with groundwater coming from the 
area at the west of the plain, where gypsum is present (Ges-
soso Solfifera formation).

Water–rock interaction phenomena can strongly affect 
groundwater chemistry and therefore  Ca2+,  Mg2+ and 
 HCO3

− can be originated from carbonate rock dissolution 
and  Ca2+ and  SO4

2− from gypsum and anhydrite. In the lat-
ter case, samples should plot on or close to the 1:1 ratio line 
(Fig. 8a).

Battaglia et al. (1994) supposed a sulfate origin asso-
ciated with shallow biochemical reactions. Moreover, as 
observed by Aiuppa et al. (2001) and Liotta et al. (2016), 
the composition of meteoric waters in the southern side of 

Mt Etna, is enriched in  Cl− and  SO4
2− due to interaction 

with the plume, influencing the composition of groundwater 
(Fig. 5b). Instead, the high concentrations of  SO4

2− shown 
in Fig. 8a (yellow area) compared with  Ca2+ concentrations 
are probably due to depletion in  Ca2+ consequent to the pre-
cipitation of calcium carbonate minerals. Indeed, almost all 
the samples are oversaturated in calcite, dolomite and arago-
nite (SI > 1), while they are undersaturated with respect to 
gypsum and anhydrite. Only the westernmost samples are 
almost saturated with gypsum, so a dissolution of this solid 
phase can be assumed. It is therefore possible to hypothesize 
that the input of gypsum-derived  Ca2+ induces the oversatu-
ration of carbonate minerals and the consequent precipita-
tion of  Ca2+ and possibly  Mg2+ in the form of Calcite and 
Dolomite (Fig. 8b, c). This could explain the high concentra-
tions of  SO4

2− in solution and a  SO4
2+/Ca2+ ratio higher than 

1 in most sulfate-rich waters (Fig. 8a).
The rather uniform behavior of all investigated param-

eters during wet and dry sampling periods could indicate 
the stability in the “non-punctual contaminant source” 
(natural or anthropogenic). In contrast, a clear “punctual 
pollutant source” could be identified in the Bernardello, 
Magazzinazzo and Panni samples, where large differences 
in  NO3

− concentrations are observed between the two 

Fig. 6  Relationship 
between  (Ca2+ +  Mg2+)–
(HCO3

− +  SO4
2−) and 

 (Na+ +  K+)–(Cl−) reflecting the 
cation exchange processes. The 
deficit or excess of  (Na+ +  K+) 
over  Cl− ions is compensated 
by the corresponding changes 
of  (Ca2+ +  Mg2+) over the 
 (HCO3

− +  SO4
2−) ions. Blue 

circles represent first campaign 
samples, red circles represent 
second campaign samples
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samplings. Nitrogen-based fertilization, of the extensive 
citrus groves in the CP, is carried out in the spring period. 
The difference in concentration of elements, normally used 
in agriculture as fertilizer  (K+,  NO3

−,  SO4
2− rich), sug-

gests pollution linked to this kind of land use (Amano 
et al. 2016).

In almost all samples,  NO3
− concentrations exceed 

the WHO limit (50 mg/l) for drinking water. The high-
est concentrations are found in D’Agati (> 300 mg/l) and 
Galermo (> 400 mg/l) samples. In the central part of the 
CP, nitrate pollution is under the WHO limit. Sulfate 
does not follow the same distribution as  NO3

−. The more 
intense  NO3

− polluted areas do not coincide with the more 
elevated  SO4

2− concentrations. The cause of that differ-
ence is the multiple origins of sulfate in CP: one, natural 

coming from both the Gessoso Solfifera evaporites and 
the Etna plume, and the other anthropogenic, according 
to Ferrara (1999), coming from agriculture.

Isotopic composition of groundwater

The isotopic composition of groundwater is a useful tool to 
comprehend the main physical processes leading to its ori-
gin (meteoric, marine and/or mixing with other groundwa-
ter) and to recognize water–rock interaction phenomena. 
If the isotopic composition of local rainwater is known, 
it is possible to identify approximately the source (alti-
tude) and pathway of groundwater recharge. The lack of 
important reliefs inside the plain and the presence of Mt. 
Etna to the North and Hyblean Mts to the South affect 

Fig. 7  a Electric conductivity (EC in μS/cm),  Cl− and  SO4
2− concen-

trations vs distance to the cost line. b Electric conductivity (EC in μS/
cm) distribution map during the first sampling campaign. c Sodium 
vs chloride concentration in the sampled waters. d Calcium + magne-

sium vs sulfate concentration in the sampled waters. Blue circles rep-
resent first campaign samples, red circles represent second campaign 
samples
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the isotopic composition of the meteoric water about to 
the origin of the air masses. Mt. Etna (3320 m asl) has 
climatic conditions different with respect to the surround-
ing areas and it is characterized by more negative δ2H and 
δ18O values than the rest of Sicily (δ2H −43‰ and δ18O 
−7.00‰, D’Alessandro et al. 2004; Liotta et al. 2013). 
Due to its altitude, it represents a morphological barrier 
for clouds and rain and induces an isotopic fractionation 
(more negative δ2H and δ18O values) of rainwater coming 

from its northern and eastern sectors. On the contrary, the 
Hyblean plateau is characterized by low rainfall compared 
to the northern areas of Sicily and by the highest average 
values of the annual temperatures. The isotopic composi-
tion of rainwater coming from the Hyblean plateau is more 
positive also due to evaporation during rainfall or runoff 
(Grassa et al. 2006) (Fig. 9).

The most negative values of the rainwater collected in 
the study area were recorded in the winter with a minimum 

Fig. 8  a Calcium vs sulfate in the sampled waters. The straight line 
represents  Ca2+/SO4

− = 1. Blue circles represent first campaign sam-
ples, red circles represent second campaign samples. b Saturation 

index of calcite, aragonite and dolomite in sampled waters. c Satura-
tion index of anhydrite and gypsum in sampled waters

Fig. 9  Distribution map of 
 SO4

2− during the first sampling 
survey
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value of −10.7‰ and −69‰ for δ18O and δ2H, respectively, 
while the most positive values (−0.43‰ for δ18O and + 3‰ 
for δ2H) were observed in the summer season (Table 3).

The variability in the isotopic composition of precipita-
tion reflects the seasonal variation in air temperature. Fig-
ure 10a shows the monthly δ2H and δ18O isotopic compo-
sition of rainfall for the 2004/2005 hydrological year. The 
Global Meteoric Water Line (GMWL; Craig 1961) and the 
Eastern Mediterranean Meteoric Water Line (EMMWL; 
Gat and Carmi 1970) are plotted for comparison. Based on 
the weighted mean of the δ2H and δ18O (‰) isotopic com-
position of rainwater (Table 3), the Local Meteoric Water 
Line (δ2H = 6.47 δ18O + 6.37; LMWL) was determined. The 
slope (6.4) of the LMWL, lower than that of the GMWL 
and EMMWL, indicates that precipitations on the CP have 
a predominantly local origin (Liotta et al. 2008) suggest-
ing the occurrence of raindrops re-evaporation processes. 
The deuterium excess parameter d was computed accord-
ing to Dansgaard’s (1964) definition d = δ2H − 8 δ18O. The 
estimated deuterium excess value (d = + 16‰) is typical 
of the western Mediterranean regions (Celle 2000) where, 
moisture derives from prevailing disturbances from eastern 
Mediterranean (d-excess = + 22‰ Gat and Carmi 1970) to 
North Atlantic (d-excess = + 10‰ Craig 1961) provenance. 
An average d-excess value of + 14‰ was assumed to be a 
regional isotope signature of precipitation in the western 
Mediterranean (Celle 2000).

Groundwater samples (Fig. 10b) fall on the LMWL line 
indicating a predominantly meteoric origin. The slope of 
the groundwater line (not shows in Fig. 10) is less than that 
of rainwater, suggesting evaporation before its infiltration 
into the subsoil.

The recharge areas of the CP groundwater were identified 
from the estimation of the vertical isotopic gradient (Fig. 10c). 
In Fig. 10c, it was possible to recognize three groups of 
water. The groundwater belonging to group 1, (similar to 
group c of Fig. 5), in which samples located in the northern 
area of the plain are grouped, are characterized by the most 
negative values of δ18O and δ2H (Auto, δ2H = −43‰ and 
δ18O = −7.13‰; Walker, δ2H = −43‰ and δ18O = −7.05‰, 
see Table 3) typical of high altitude recharge areas. This 
deviation can be related to interactions/mixing with aquifers 
coming from the Etnean area, fed by heights compatible with 
those obtained from the graph in Fig. 10c (D’Alessandro et al. 
2004; Liotta et al. 2013). On the contrary, group 2 (simi-
lar to group d of Fig. 5), consisting of the sampling points 
located in the southern area of the CP, shows more positive 
isotopic values compared to the isotopic gradient related to 
their position (Arcimusa, δ2H = −25‰ and δ18O = −3.81‰; 
Arcimusa 2, δ2H = −25‰ and δ18O = −4.13‰; Arcimusa 
3, δ2H = −26‰ and δ18O = −4.24‰; Chiesa, δ2H = −28‰ 
and δ18O = −4.50‰, see Table 3). This characteristic may 
be due to secondary evaporative processes or to the exploita-
tion of groundwater from the northern flank of Hyblean Mts, 

Table 3  Description of the monthly values and weighted mean of the δ2H and δ18O (‰) isotopic composition of rain water

ND not detected

Name Pl Scordia Pl Catania Pl Ramacca

Elevation m asl 158 200 285
Latitude N UTM 4,127,555 4,153,726 4,137,764
Longitude E UTM 485,847 506,411 473,149
Distance from sea 23 km 3.5 km 35 km

Months δ2H δ18O P mm δ2H δ18O P mm δ2H δ18O P mm

Jun 2004 N.D N.D 0 N.D N.D 0 3 −0.43 3.11
Jul 2004 −15 −3.69 6.37 −16 −3.35 27.3 N.D N.D 0
Aug 2004 N.D N.D 0 N.D N.D 0 −7 −2.98 12.87
Sep 2004 −31 −5.47 57.58 1 −0.64 4.24 −25 −4.45 24.76
Oct 2004 −32 −4.5 13.72 −18 −3.61 36.92 −21 −4.18 49.09
Nov-04 −31 −5.6 162.27 −37 −6.47 119.54 −34 −6.74 161.98
Dec 2004 −31 −5.76 199.33 −30 −5.91 232.01 −35 −6.7 140.34
Jan 2005 −57 −9.22 51.64 −39 −7.26 118.13 N.D N.D N.D
Feb-05 −30 −6.77 125.91 −39 −7.34 84.88 −69 −6.76 55.46
Mar-05 −18 −4.9 65.08 −34 −7.15 38.2 −69 −10.72 103.98
Apr-05 −36 −5.8 33.25 −31 −6.05 81.35 −22 −5.5 61.26
May 2005 −24 −3.79 7.92 −30 −4.66 9.9 −38 −6.6 20.94
Weighted mean −32 −5.98 −32 −6.16 −40 −6.87
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characterized, as mentioned above, by more positive isotopic 
values (Fig. 10e). The most positive values of the Magazinazzo 
sample (δ2H = −15‰ and δ18O = −1.91‰, tab. 3) are instead 
related to evaporation processes inside the well, caused by the 
large diameter of the well itself. Finally, group 3 (similar to 
groups a and b of Fig. 5), represented by waters located in the 
central area of the plain whose average altitude is about 50 m 
asl, shows values of δ18O perfectly aligned with the vertical 
isotopic gradient calculated for the area of the CP. The aquifers 
belonging to this group are, therefore, fed by precipitations that 
fall within the area of the CP (Table 4).

Furthermore, the relationship between δ18O‰ and the 
concentration of  Cl− (Fig. 10d) excludes a marine intrusion 
into the surface water of the CP.

Conclusions

Based on our elaborations and previous data (Ferrara 1999), 
it was possible to define typology, boundaries, geometry and 
a water circulation model of the study aquifer.

Present and recent alluvial deposits, continental and 
marine alluvial terraces and sands, sandstones and con-
glomerates of Medium–Upper Pleistocene with heteroge-
neous granulometry, 80–100 m in maximum thickness, 
constitute the alluvial aquifer. It is characterized by highly 
variable horizontal and vertical porosity, permeabil-
ity (5 ×  10–2 m/s ÷  10–4 m/s) and transmissivity (1 ×  10–3 
 m2/s ÷ 5 ×  10–3  m2/s) influencing water flow inside the 

Fig. 10  a Plots of δ18O‰ vs. δ2H of rainwaters and sampled ground-
water. LMWL local meteoric water line; GMWL global meteoric water 
line; MMWL Mediterranean meteoric water line; empty blue circles 
represent monthly isotopic values rain waters; data from Tables 3 and 
4. b Plots of groundwater δ18O‰ vs. altitude; empty blue circles rep-

resent weighted δ18O‰ rain water (June 2004–May 2005); data from 
Tables 3 and 4. c Distribution map of δ18O‰ of groundwater during 
the second campaign. d Plots of δ18O‰ vs  Cl− of groundwater. Full 
blue circles represent first campaign groundwater, full red circles rep-
resent second campaign groundwater
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aquifer (Ferrara 1999; Ferrara and Pappalardo 2004). 
The low permeability in recent alluvial deposits creates 
a decrease in the interconnection between deposits and, 
as a consequence, the creation of an alluvial multilayered 
aquifer formation. The blue Marly-clays (Low Pleistocene) 
constitute its impermeable substratum.

The aquifer is fed by both rainfall and sub-river bed 
aquifers draining the waters of the Dittaino, Gornalunga 
and Simeto Rivers. The main flow direction of groundwa-
ter in the area is W-E following that of the hydrographic 
network (Ferrara 1999). In agreement with Ferrara, the 
cross-section of Fig. 3a shows the morphology of the top 
of the confining clayey bed characterized by many depres-
sions roughly trending in the West–East direction, influ-
encing the groundwater circulation.

In the North, close to Mt Etna, the shallower aquifer, 
laid in the marine and continental alluvial terracing, a 
hydraulic connection exists with both the Etnean aquifer 
and the intermediate and deep alluvial aquifers as hypoth-
esized by Ferrara (1999) and Capaccioni et al. (2005) and 
confirmed by the present chemical and isotopic analyses.

Also in the south, there are hydraulic connections 
between the alluvial aquifer of the CP and the Hyblean 
aquifer, although limited by the presence of dense and 
uninterrupted clayey and clayey-sandy levels that partially 
obstruct the water flow.

Based on our pluviometric data and freatimetric 
data from the literature (Sicilia Regional Hydrographic 
Office) an aquifer recharge lag time of about 4 months was 
estimated.

From (i) geological and hydrogeological considerations 
and (ii) chemical and isotopic compositions of groundwa-
ter, the first model of groundwater circulation of the entire 
plain has been developed. In particular, it was possible to 
define the alluvial multilayer aquifer consisting of a shal-
low unconfined, an intermediate semi-confined and a deep 
semi-confined aquifer.

Four chemical assemblages have been recognized in CP 
water samples. Two major assemblages refer to waters circu-
lating in (i) the Holocene recent alluvial deposits (identified 
as group a), comprehending the majority of sampled waters, 
and (ii) the Tyrrhenian marine and continental alluvial 
(identified as group b). Two minor groups comprehending 
samples (iii) near the southern slope of Etna (identified as 
group c) and (iv) on the north of the Hyblean plateau laying 

Table 4  Descriptive of the isotopic δ2H and δ18O (‰ vs SMOW) 
composition of the groundwater

Name Elevation m 
asl

δ2H (I) δ18O (I) δ2H (II) δ18O (II)

3 Fontane 120 −42 −7.43 N.S N.S
Agnelleria 150 −38 −6.52 −36 −5.78
Alcalà 78 −34 −5.75 −33 −5.7
Archi 67 −31 −5.81 −32 −4.93
Arcimusa 37 −26 −4.32 −25 −3.81
Arcimusa 2 45 −24 −4.33 −25 −4.13
Arcimusa 3 44 −26 −4.42 −26 −4.24
Auto 131 −42 −7.54 −43 −7.13
Bernardello 37 −31 −5.52 −28 −4.55
Chiesa 40 −27 −4.83 −28 −4.5
Chiesa 2 51 −32 −5.13 −32 −4.2
Cisina 29 −37 −5.74 −35 −5.72
D'Agati 43 −31 −5.26 N.S N.S
D'Urso 13 −23 −4.56 −24 −4.69
Fondo 46 −27 −4.74 −28 −4.72
Galermo 22 −26 −5.23 −27 −4.78
Gelso 67 −29 −5.19 −30 −5.08
Gerbini 52 N.D −5.28 −31 −5.2
Grimaldi 10 −24 −4.61 −24 −4.63
Lembiso 56 −32 −5.71 −34 −5.24
Maddalena 40 −34 −5.71 −35 −5.88
Magazinazzo 28 −15 −1.91 −21 −3.59
Mazza 39 −33 −5.62 −30 −4.94
Messina1 36 −32 −5.58 −33 −5.78
Messina2 48 −33 −5.67 −32 −5.39
Oleificio 121 −37 −6.3 −36 −5.88
Ovo 58 −32 −5.52 −32 −5.09
Palazzello 35 −32 −4.91 −30 −5.06
Panni 42 −32 −5.59 −32 −5.5
Paternò 9 −26 −5.14 −26 −5.04
Portiere 

Stella
47 −31 −5.21 −30 −4.97

Rinazzi 92 −30 −5.02 N.S N.S
San Martino 61 −32 −5.05 −31 −5.11
Santa Lucia 105 −33 −5.34 −31 −5.23
Santonocito 29 −34 −5.33 −35 −5.71
Sarpietro 75 −30 −4.98 −31 −5.01
Sciara 55 −29 −5.55 −31 −5.2
Sferro 77 −33 −5.52 −30 −4.94
Sfondato 85 −32 −5.76 N.S N.S
Sigona 21 −30 −5.35 −30 −5.11
Sole1 10 −31 −5.31 −30 −5.58
Sole2 14 −31 −5.39 −30 −5.54
Stella 32 −32 −5.61 N.S N.S
Terre 

Bianche
74 −31 −5.62 N.S N.S

Vivaio 85 −30 −5.25 −29 −5.41
Walker 112 −41 −7.29 −43 −7.05

ND not detected; NS not sampled

Table 4  (continued)

Name Elevation m 
asl

δ2H (I) δ18O (I) δ2H (II) δ18O (II)

Zoo 38 −30 −5.06 −30 −5.25
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on Holocene alluvial deposits and Hyblean calcarenites and 
vulcanites (identified as group d).

The processes characterizing the CP water compositions 
are related to interactions with clay lithology present in the 
Plain and/or sediments of the Gessoso Solfifera series, out-
cropping in the reliefs located in the West of the area under 
study. This assumption is supported by the West–East flow 
direction of groundwater (Ferrara 1999). In addition, Mt. 
Etna plays a significant role in the composition of ground-
water in North of the Plain. For example, the presence of 
sulfates can be due to the interaction between local meteoric 
waters feeding groundwater and the Etna plume. The disso-
lution of  CO2 of magmatic origin in the groundwater justify 
the high content of bicarbonates.

The marine intrusion, highlighted near the coastal area in 
previous studies (Ferrara 1999; Battaglia et al. 1991; Capac-
cioni et al. 2005), is not observed in our samples. The rea-
son for that behavior is that the wedge of marine intrusion, 
caused by the over-exploitation of the aquifer, affects mainly 
the deeper aquifers and is limited to areas close to the coast, 
only partially investigated in this research.

Sulfate enrichment, especially in the western area of the 
CP, derives from the dissolution of evaporitic deposits of the 
Gessoso Solfifera Formation outcropping to the west of the 
CP. The  SO4

2+/Ca2+ ratios higher than that of gypsum are 
caused by calcite precipitation. The high concentrations of 
chlorides, nitrates, sulfates and potassium in some samples, 
are also linked to the anthropogenic pollution produced by 
the intense agricultural (use of fertilizers, pesticides) and 
zootechnical activity as well as by a large industrial area 
(industrial waste). EC values and major ion concentrations 
show a systematic control of land use characteristics and 
tend to increase mainly toward the biggest farms and zoot-
echnics. Therefore, their distribution of them reflects the 
dominant land use around each well and indicates the effects 
of anthropogenic contamination.

Based on the isotopic composition of water, in the same 
way as evidenced by the chemical composition, it was pos-
sible to distinguish three refill areas of the CP aquifer. One, 
on the North, was attributable to Mount Etna and is charac-
terized by mean meteoric recharge altitudes over 800 m asl, 
one on the South-West, is ascribed to the medium altitude 
Hyblean plateau and the hills around it and the third, in the 
central part of the CP, is ascribed to the local recharge of the 
CP (< 100 m asl).
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