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Abstract
The use of renewable resources alternative to fossil fuels, thus contributing to the reduction of  CO2 emissions, requires 
the assessment of eventual negative impacts on the environment. This study was devoted to the characterization of low-
enthalpy geothermal resources and the potential contamination of geothermal effluents into the aquatic system. Thirty-five 
groundwater samples were collected in the Campidano (southern Sardinia, Italy), an area showing heat flow anomalies and 
thermal occurrences. Hydrogeological features inferred by literature were implemented by data acquired at each sampling 
site. Physical–chemical parameters, major, minor and trace components in groundwater were determined, together with 
the isotopic composition of the water. Six hydrogeological units with variable permeability were identified. According 
to geological and hydrogeological modeling, four of the six units appeared hydraulically connected, although not every-
where. The predominant groundwater flow was seen from north-east to south-west. The water temperature was in the range 
17–42 °C, pH ranged from 6.7 to 8.6, dissolved oxygen varied from < 0.2 to 7.8 mg L−1 and electrical conductivity from 0.8 
to 10 mS cm−1. Predominant cations were  Na+ and  Ca2+, predominant anions were either  Cl− or  HCO3

−. The more saline 
waters showed anyhow a marked  Na+–Cl− chemical composition. Most waters were found either at near equilibrium with 
respect to calcite or slightly saturated, but under saturated with respect to gypsum. Isotopic values of δ2H and δ18O in the 
water samples indicated a meteoric origin. Particular attention was paid to potential contaminants, which should be evaluated 
when thermal waters are used in spa treatments and balneology. Concentrations of  NO3

− and  NH4
+ above the Italian limits 

established for drinking water (50 mg L−1 and 0.5 mg L−1, respectively) occurred in one oxygenated groundwater and five 
reduced groundwater samples, respectively. Fluoride concentrations exceeding the Italian limit of 1.5 mg L−1 were observed 
in three groundwater samples. The mean value of As was 3.2 µg L−1, with one groundwater exceeding the 10 µg L−1 of the 
legal value. The groundwater with the highest temperature (42 °C), an artesian well, was characterized by relatively high 
concentrations of  Cl−,  F−, Li, B, Ge, Rb, Mo, Cs, W, Sc and Ga. Overall results allowed to identify the area most suitable 
for geothermal exploitation. Deep fluids, probably located at a depth > 1 km, would rise up along faults or fractured zones 
in the granitic–metamorphic Paleozoic basement. Maximum temperatures of 90 °C in the thermal reservoir were estimated 
by silica and Na–K–Ca geothermometers. The δ18O enrichment shift occurring at high temperature was not observed. Due 
to high concentrations of some contaminants (e.g. Mo, W, B,  F−), geothermal effluents derived from exploitation should be 
either re-injected or treated before discharge for avoiding the contamination of aquatic systems.

Keywords Thermal water · Hydrogeology · Geochemistry · Trace elements · Contaminants · Sardinian resources

1 Introduction

Due to the increasing demand for renewable and clean 
energy resources, the geothermal energy is attracting rel-
evant attention worldwide because it can provide energy 
24-h-a-day (Li et  al. 2018), and can allow significant 
reduction of  CO2 emissions, as compared to the use of 
fossil fuel power plants (Yousefi et al. 2019). An estima-
tion of worldwide applications of geothermal energy for 
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direct utilization at the end of 2014 was 70,885 MWt, cor-
responding to a 46.2% increase over the 2010 data (Lund 
and Boyd 2016). Direct use of geothermal energy—such 
as heating/cooling of buildings, balneology, aquaculture, 
heat supply for greenhouse and factories—can be some-
times limited due to legal, economic and social issues. 
Limiting factors may include: lack of adequate legisla-
tion, development risk and cost, inability in technology 
transfer and social acceptance (Minissale 2018; Yasu-
kawa et al. 2018; Noorollahi et al. 2019). Developments 
of geothermal energy may have either positive or negative 
environmental consequences in specific areas (Manzella 
et al. 2018). Among negative effects, geothermal effluents 
released into the environment may pose human health at 
risk, frequently due to high concentrations of toxic and/or 
harmful components, such as As, B, Hg and  F− (Shortall 
et al. 2015). Therefore, geothermal energy projects should 
be developed together with a sustainability assessment 
plan, for which several tools and frameworks currently 
exist (Strategic Environmental Assessment EU Directive 
2001/42/EC; Shortall et al. 2015). Geochemical studies of 
thermal waters provide an effective tool for investigating 
potential impact on the environment due to geothermal 
exploitation, thus providing useful information to improve 
social acceptance (Yasukawa et al. 2018). Therefore, this 
research was focused on the characterization of ground-
water chemical parameters for assessing environmental 
impacts in areas with potential exploitation of geothermal 
energy.

The study area is located in the southern Campidano, 
Sardinia, Italy. In this area, anomalous values of heat flow 
have been recognized (Loddo et al. 1982; D’Amore et al. 
1987; Cataldi et al. 1995; Angelone et al. 2005), suggest-
ing favorable conditions for the development of geother-
mal energy. In fact, the Sardinian Region has recently 
received several requests for a permit of geothermal explo-
ration in the southern Campidano. The study area is close 
to the metropolitan city of Cagliari hosting some 500,000 
inhabitants, which represent a good pool of potential uses 
of geothermal energy. In the study area, detailed studies 
on groundwater resources were not undertaken so far, 
characterization being limited to one artesian well with 
water temperature of 40 °C. Specific objectives of this 
study were: (i) the assessment of local hydrogeological 
conditions, (ii) the hydrogeochemical characterization of 
groundwater samples located nearby the thermal well, (iii) 
the characterization of isotopic composition of waters, (iv) 
the occurrence of trace elements including toxic/harmful 
species and (v) the evaluation of temperature in the deep 
aquifer. Information derived from this study will result 
useful for considering the use of geothermal resources in 
south Sardinia.

2  Study area

2.1  Geology

Superimposed extensional and trans-tensional events in 
the Miocene resulted in the formation of the Sardinian 
Rift, which extends from the Gulf of Cagliari to the Gulf 
of Asinara (Faccenna et al. 2002). The southern part of 
the Sardinian Rift is defined Campidano Graben (Cherchi 
and Montadert 1982; Carmignani et al. 2001), hereafter 
Campidano. It extends from the Gulf of Cagliari to the 
Gulf of Oristano, as shown in Fig. 1, and shows boundary 
faults with maximum throws up to 3000–4000 m (Balia 
et al. 1984). The N–S trending faults bounding the north-
ern Campidano and the offshore Sardinian basin could be 
directly related to the opening of south Tyrrhenian basin; 
the NW–SE trending master faults in the southern Campi-
dano are related to the reactivation of structures developed 
from late Paleozoic to the Oligo-Miocene (Cocco et al. 
2012, 2013).

The Campidano basement is made up of predomi-
nant Paleozoic granitic–metamorphic rocks, whereas the 
depression is filled by sedimentary and volcanic forma-
tions of Tertiary and Quaternary age (Pala et al. 1982; 
Balia et al. 1984; Egger et al. 1988; Casula et al. 2001). 
The Campidano underwent a subsiding cycle in the Mid-
dle Pliocene, with the southern part being filled by sand, 
mud, conglomerate, lacustrine clay and fluvial deposits 
(Angelone et al. 2005 and references therein).

2.2  Thermal manifestations

Climate is Mediterranean with warm dry summers and 
mild rainy winters. The mean annual temperature is 
15.9 °C and annual precipitation is 537 mm, the latter 
mostly concentrated between October and March.

Detailed geothermal investigations in the Campidano 
were carried out in the 1980s, in the framework of projects 
funded by the European Community and the Italian National 
Research Council (e.g. Bertorino et al. 1982a, b; Pala et al. 
1982; Caboi et al. 1983; Balia et al. 1984, 1991; D’Amore 
et al. 1987). In the Campidano Graben, the main thermal 
manifestations occur at Santa Maria Is Acquas Sardara 
(60 °C, Balia et al. 1985), S’Acquacotta Villasor (46 °C, 
Bertorino et al. 1982a), Su Campu Monastir (43 °C, Frau 
1994) and Sa Guardia Uta (34 °C, Bertorino et al. 1982a), 
which locations can be seen in Fig. 1. Results of geophysical 
investigations indicated that the thermal occurrences corre-
spond to local manifestations, related to the rise up, from the 
granitic–metamorphic complex, of deep fluids along fault 
segments or fractured zones (Angelone et al. 2005).

Author's personal copy
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Heat flow anomalies were recognized in the Campidano 
Graben (Loddo et al. 1982; D’Amore et al. 1987; Cataldi 
et al. 1995). A mean value of 188.4 mW/m2 was observed 
at Sardara and the thermal gradient was estimated at 1 °C 
per 15–20 m (Angelone et al. 2005). The calculated quartz 
equilibrium temperature at undefined source depth was 
120 °C in the Central Campidano (Bertorino et al. 1982b). 
In the regional gravity map, the western part of the Cam-
pidano Graben shows a regular trend of positive anomalies 

and fault systems on both sides throughout its length: the 
iso-contour lines are elongated parallel to the main axis 
and form a positive gravity trend from the centre towards 
SW (Guerra 1981; Egger et al. 1988). The Bouguer map 
is dominated by a negative anomaly, extending approxi-
mately NW–SE from Oristano to Decimomannu (nearby 
Uta in Fig. 1), that was correlated with magnetometric 
data, and may be related to the Tertiary filling of the 
Campidano, made up of Miocene–Pliocene sediments 

Fig. 1  Geological features of 
Sardinia (modified after Casula 
et al. 2001) showing the Campi-
dano Graben and main thermal 
water occurrences. Legend: 
(1) Paleozoic basement; (2) 
Permian-Mesozoic rocks; (3) 
Paleocene-Eocene sediments; 
(4) Oligo-Miocene volcanic 
rocks; (5) Oligocene to Neogene 
deposits; (6) Pliocene conti-
nental deposits; (7) Pliocene–
Quaternary volcanic rocks; 
(8) Quaternary sediments; (9) 
faults; (10) thermal waters

Author's personal copy
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(Balia et al. 1984, 1991). Gravity highs correspond pre-
dominantly to outcrops of the Paleozoic crystalline base-
ment and to the Tertiary andesitic rocks. A remarkable 
correspondence between high gravimetric–magnetometric 
gradients and thermal springs was observed (Balia et al. 
1984). Favorable conditions for geothermal exploitation 
likely occur in the southern Campidano: a relevant fault 
system and a thermal gradient of 68 °C/km was recognized 
nearby Uta (Loddo et al. 1982); high geophysical hori-
zontal gradients, 222Rn values up to 251 Bq/L and recent 
seismicity were observed in the Capoterra sector, south of 
Uta in Fig. 1 (Angelone et al. 2005).

3  Sampling and analytical methods

For this study, an area located in the southern Campidano 
was identified taking into account literature results on heat 
flux (Loddo et al. 1982; Caboi et al. 1983; Balia et al. 1984; 
Angelone et al. 2005) and the occurrence of thermal water 
(Frau 1993, 1994). A total of 35 groundwater samples were 
collected during a survey carried out in June 2011. Their 
location is shown in Fig. 2. The depth of wells ranged from 
70 to 220 m below ground level (b.g.l., Table 1). Those 
wells not in use under the survey were purged 20 min before 
sampling.

Fig. 2  Schematic geological map of the study area (modified after www.sarde gnage oport ale.it; Casula et  al. 2001) showing locations of the 
groundwater sampling sites and the piezometric contour lines
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The hydrogeological features of the study area were 
inferred by the official 1:25,000 map of Sardinia, available 
in digital form at www.sarde gnage oport ale.it. The strati-
graphic data of wells were elaborated from literature (CAS-
MEZ 1976; Pala et al. 1982; Casula et al. 2001) and from 
unpublished works carried out by the Authors. At each well, 
technical data, elevation and geographical coordinates using 
a Garmin global positioning system, and piezometric lev-
els using an Electric Contact Meter Type KLL Seba GmbH 

Instrument, were acquired. The data were inserted into a 
digital database and GIS, using the ArcGIS v10.0 program.

Groundwater flows were reconstructed on the basis of 
the piezometric data acquired during the survey (Table 1) 
creating a contour line map as shown in Fig. 2. According 
to the hydrogeological model, the piezometric data were 
attributed to the hydrogeological unit of the Plio-Quaternary 
sediments. The hydraulic head values were computed by 
subtracting the observed water levels from elevations, then 
mapped using geostatistical interpolation techniques (Krig-
ing process).

At sampling sites, temperature, pH, redox potential 
(Eh), electrical conductivity (EC), dissolved oxygen (DO) 
and alkalinity were measured. The Eh was measured with 
a platinum electrode and values were corrected against 
the ZoBell’s solution (Nordstrom 1977). Alkalinity was 
measured both in the field and in the laboratory by titra-
tion with HCl (using methyl orange as indicator) and the 
Gran function plot method, respectively. The  CO3

2− ion 
was < 1 mg L−1, thus was not reported. For both chemical 
and isotopic determinations, the water was filtered through 
0.22 μm pore-size filters immediately upon collection and 
stored in pre-cleaned high-density PE bottles. Samples were 
cooled in situ using a portable refrigerator. A filtered aliquot 
was used for the determination of major cations, anions and 
the nitrogen species  (NO3

−,  NO2
−,  NH4

+) by ionic chro-
matography (IC, Dionex ICS3000). Two filtered aliquots 
were acidified (supra pure  HNO3 1% v/v) on site for major 
and trace analyses by inductively coupled plasma optical 
emission spectrometry (ICP-OES, ARL3520) and ICP mass 
spectrometry (ICP-MS, PerkinElmer SCIEX ELAN DRC-e), 
respectively. One filtered aliquot was acidified (supra pure 
HCl 0.5% v/v) on site for the determination of As by hydride 
generation ICP-MS (Cidu 1996).

The detection limits (DL) were calculated at 10 times the 
standard deviation (SD) value calculated on several analyses 
of the blank solution (ultrapure water MILLI-Q with supra 
pure  HNO3 1%, v/v). Field blank solutions were prepared 
daily and analyzed for assessing eventual contamination dur-
ing sampling. The standard reference solutions SRM1643e 
(supplied by the US National Institute of Standard & Tech-
nology, Gaithersburg, Maryland), EnviroMAT ES-L-2 and 
EP-H-3 (supplied by SCP Science, St. Laurent, Quebec) 
were used to estimate analytical errors, which were < 5% 
at mg L−1, < 10% at µg L−1 and < 20% at ng L−1 levels. The 
ionic balance calculated by the code DIAGRAMMES (Sim-
ler 2012) was below 4%, except one sample showing 7%. 
Major and trace elements were determined at the Depart-
ment of Chemical and Geological Sciences, University of 
Cagliari, Italy. Concentrations of potential contaminants 
were evaluated with respect to limits established in drinking 
water, a precautionary principle for the reduction of hazards 

Table 1  Coordinates, well depth and level of water in the Campidano 
samples

m b.g.l. meters below ground level, nd not determined

Sample UTM Coordinates Depth Water table

No Nord East m b.g.l m b.g.l

1 39° 21′ 31.9ʺ 9° 03′ 26.0ʺ 116 6.0
2 39° 23′ 11.1′’ 9° 07′ 21.4′’ 100 2.3
3 39° 23′ 40.07ʺ 9° 04′ 52.3ʺ 220 13.0
4 39° 24′ 49.1′’ 9° 05′ 09.0′’ 86 0.3
5 39° 24′ 50.6ʺ 9° 05′ 15.8ʺ 83 4.3
6 39° 23′ 01.3′’ 9° 07′ 58.2ʺ 130 13.4
7 39° 23′ 01.6ʺ 9° 07′ 08.7ʺ 100 21.6
8 39° 22′ 27.7′’ 9° 07′ 29.6ʺ 197 29.2
9 39° 22′ 26.9ʺ 9° 06′ 58.4ʺ 180 50.2
10 39° 21′ 40.4ʺ 9° 02′ 21.9ʺ 200 0.0
11 39° 24′ 33.7′’ 9° 03′ 32.8ʺ 100 0.8
12 39° 24′ 36.1ʺ 9° 09′ 54.4ʺ 100 nd
13 39° 25′ 31.8ʺ 9° 09′ 21.0ʺ 70 19.3
14 39° 25′ 35.6ʺ 9° 08′ 59.7ʺ 85 10.5
15 39° 25′ 59.4ʺ 9° 08′ 55.2ʺ 100 3.2
16 39° 26′ 19.5ʺ 9° 08′ 22.3ʺ 115 8.8
17 39° 26′ 29.9ʺ 9° 06′ 30.7ʺ 100 nd
18 39° 24′ 39.9ʺ 9° 09′ 11.0ʺ 100 28.6
19 39° 24′ 00.1ʺ 9° 08′ 30.0ʺ 80 0.0
20 39° 22′ 09.1ʺ 9° 06′ 10.8ʺ 205 57
21 39° 24′ 51.1ʺ 9° 05′ 09.8ʺ 90 0.5
22 39° 22′ 07.7ʺ 9° 00′ 26.8ʺ 100 nd
23 39° 24′ 09.6ʺ 9° 07′ 43.6ʺ 100 nd
24 39° 23′ 54.1ʺ 9° 07′ 40.4′’ nd nd
25 39° 22′ 18.3ʺ 9° 09′ 25.2ʺ 190 nd
26 39° 20′ 49.2ʺ 9° 03′ 18.1ʺ 130 24.5
27 39° 23′ 43.6ʺ 9° 06′ 10.0ʺ 200 17.6
28 39° 21′ 08.0ʺ 9° 09′ 00.2ʺ 152 17.4
29 39° 25′ 38.3ʺ 9° 04′ 13.0ʺ 100 nd
30 39° 23′ 13.4ʺ 9° 04′ 24.3ʺ 160 3.0
31 39° 21′ 37.9ʺ 9° 05′ 36.4ʺ 200 nd
32 39° 23′ 12.9ʺ 9° 11′ 46.7ʺ 140 nd
33 39° 23′ 03.9ʺ 9° 09′ 49.6′’ 180 20
34 39° 22′ 46.1ʺ 9° 08′ 39.4ʺ 160 20
35 39° 26′ 16.0ʺ 9° 04′ 04.8ʺ 120 nd
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to the human health (WHO 2011), especially when thermal 
waters are used in spa treatments and balneology.

The isotopic values of δ2H and δ18O of waters were 
determined by isotope ratio mass spectrometry at the Ital-
ian Research Council (CNR) facilities in Pisa (Italy). Results 
were expressed in terms of delta notation per mil (Coplen 
2011) relative to the Vienna Standard Mean Oceanic Water 
(V-SMOW). Analytical errors calculated using interna-
tional and internal laboratory standards were ± 1 ‰ for δ2H 
and ± 0.2 ‰ for δ18O.

The computer program PHREEQC (Parkhurst and Appelo 
1999) was used to calculate the saturation index (SI) values.

4  Results and discussion

4.1  Hydrogeology

Results of hydraulic head surveys carried out in this study, 
and the parameters permeability, saturated thickness and 
specific yield inferred from the stratigraphic well logs and 
unpublished technical reports, allowed to transform the geo-
logical information into hydrogeological parameters. Six 
hydrogeological units (HU) were identified and described, 
from the top to the bottom, as follows.

1. HU-PLQ. This unit is represented by a multi-layer aqui-
fer hosted in the Plio-Quaternary sedimentary sequence 
(clastic deposits, sand, clay). Alluvial sediments occupy 
the river valleys and often lie above ancient alluvial ter-
races. Thickness is greater at the centre of the Campi-
dano Graben reaching several hundred meters. Alluvium 
deposits are made up of fan fluvial and alluvial sedi-
ments, in turns composed of conglomerates, gravels and 
sands, with different degree of compaction, sometimes 
interbedded with silt-clayey levels. This variability, 
extending both laterally and at depth, resulted in differ-
ent permeability values, from  10–3 to  10–7 m s−1.

2. HU-OM. This unit is represented by a multi-layer aqui-
fer, sometimes confined, hosted in the Oligo-Miocene 
marl, sandstone and conglomerate. The average thick-
ness is 200 m. The average permeability was  10–7 m s−1, 
but increased  (10–4 m s−1) where low-cemented con-
glomerate levels occur.

3. HU-EO. This unit is represented by a multi-layer aquifer, 
sometimes confined and hosted in the Eocene–Oligo-
cene sandstone and conglomerate. The average thickness 
is 200 m and average permeability is  10–4 m s−1.

4. HU-OQ. This unit is hosted in a volcano-clastic 
sequence. Several volcanic events affected the evolu-
tion of the Sardinia Cenozoic Graben system (including 
the Campidano), starting from the Oligo-Miocene with 
calc-alkaline volcanism (gabbro- tonalitic- bodies, ign-

imbrites interbedded with andesite) to Plio-Quaternary 
with alkaline volcanic events (mainly basalt lava flows). 
The permeability occurs in the fractured part of this unit 
allowing a good groundwater circulation.

5. HU-PC. This unit hosts a granite fractured aquifer. Gra-
nitic rocks are indeed extensively fractured and show 
secondary permeability at the transition to piedmont 
deposits, laminated on the top areas and significantly 
altered even at depth. The presence of faults can promote 
deep groundwater circulation or act as impermeable bar-
rier.

6. HU-P. This unit is hosted in a metamorphic complex, 
namely meta-sandstones and quartzite interbedded whit 
phyllites and mica schist, and shows low permeability 
 (10–7 m s−1).

Figure 2 shows the hydrogeological sketch map. Accord-
ing to the geological and hydrogeological interpretation we 
can assert that the units HU-PLQ, HU-OM and HU-EO are 
here hydraulically connected, although not everywhere. 
Groundwater flows were reconstructed on the basis of the 
piezometric data acquired during the field survey. The piezo-
metric contour lines indicate a predominant groundwater 
flow direction from the NE to the SW sector of Fig. 2.

4.2  Hydrogeochemical features

Analytical results are reported in Tables 2 and 3, and in 
the Supplementary material S1. During the survey the air 
temperature was in the range of 20–32 °C with a mean of 
25 °C. The water temperature was in the range of 17–42 °C 
(Table 2) and showed poor correlation (R2 = 0.24) with the 
well depth. Values of pH ranged from 6.7 to 8.6, Eh from 
0.03 to 0.46 V, DO from < 0.2 to 7.8 mg L−1 and EC from 
0.8 to 10 mS cm−1 (Table 2). The EC values ≤ 1 mS cm−1 
mainly occurred in the NE sector of the study area (i.e. sam-
ples Nos. 12 to 18), whereas high EC values were observed 
in the SW (i.e. samples Nos. 10, 26, 30, 31; Fig. 2). The 
water N. 10 Su Campu showed physical–chemical charac-
teristics and concentrations of dissolved components similar 
to those observed in 1990 (Frau 1994), indicating that it is a 
water with deep circulation poorly affected by seasonal vari-
ations. The Piper diagram in Fig. 3 shows the relative pro-
portions of major ions. Predominant cations were  Na+ and 
 Ca2+, whereas  Mg2+ was generally subordinate. Predomi-
nant anions were either  Cl− or  HCO3

−, but sample No. 31 
showed a predominant  SO4

2− composition. Water samples 
with high values of EC showed a marked  Na+–Cl− chemical 
composition. Concentrations of  Cl− in groundwater located 
in the SW sector were above the estimated background range 
for groundwater interacting with Tertiary and Quaternary 
sediments of the Campidano (Biddau et al. 2017). Positive 
correlation (R2 = 0.91) between  Na+ and  Cl− was observed 
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(Fig. 4a). Many samples showed Na enrichment with respect 
to seawater, indicating  Na+ contributions from the dissolu-
tion of Na-silicate minerals. The No. 10 groundwater was 
an exception, being  Na+ depleted with respect to seawa-
ter (Fig. 4a). This behavior may suggest cation exchange 
between  Na+ and  Ca2+, which is consistent with the rela-
tive  Ca2+ abundance in the No. 10 groundwater (Table 2). 
Positive correlation (R2 = 0.99) between  Br− and  Cl− was 
observed and waters were generally aligned along the dilu-
tion line of seawater (Fig. 4b).

The waters were either at equilibrium or slightly saturated 
with respect to calcite, but the No. 5 water was unsaturated 
(Fig. 5a). The No. 10 groundwater was characterized by a 
very low value of pCO2, whereas the No. 26 and No. 31 
samples showed the highest pCO2 values (Fig. 5a). Most 
of waters were unsaturated with respect to gypsum, except 
the No. 26 and No. 31 waters that were close to equilibrium 
(Fig. 5b).

Assuming a precautionary principle for the reduction of 
hazards to the human health (WHO 2011), concentrations 
of potential contaminants were compared with limits estab-
lished in drinking water. Concentrations of  NO2

− and  PO4
−3 

were below 0.1 mg L−1 (not reported). Dissolved  NO3
− and 

 NH4
+ reflected the redox conditions in the water system. 

Relatively high concentrations of  NO3
− (up to 55 mg L−1) 

occurred in oxygenated waters characterized by  NH4
+ below 

1 mg L−1. The highest value of  NH4
+ (9.2 mg  L−1) was 

observed in the No. 26 groundwater, which is consistent 
with the low values of DO and Eh observed in this sample 
(Table 2). Fluoride was in the range from 0.1 to 4.1 mg L−1. 
Values exceeding the Italian limit of 1.5 mg L−1  F− (G.U.R.I. 
2006) were observed in the No. 3, No. 10 and No. 11 
groundwater samples (Table 2).

4.3  Isotopic composition of waters

The isotopic composition of the Campidano waters is 
reported in Table 2. Values of δ18O ranged from − 7.1 
to − 4.9 ‰, δ2H from − 41 to − 32 ‰ and deuterium in 
excess (Dansgaard 1964) from 4.5 to 18.7 (Table 2). Fig-
ure 6a shows the plot of δ2H versus δ18O values in the 
waters, together with the isotopic composition of local sea-
water (Cidu et al. 2001). The δ2H and δ18O values of the 
Campidano waters lay between the global meteoric water 
line (GMWL; Craig 1961) and the Italian meteoric water 
line (IMWL) proposed for the southern Italy (Giustini et al. 
2016). Isotopic values in the Campidano waters were within 
the range of meteoric waters observed in the north and south 
Sardinia (Caboi et al. 1993; Cidu et al. 2008) and in Sicily 
(Giustini et al. 2016). Figure 6b shows chloride concentra-
tions versus δ18O values in the waters, together with the mix-
ing line between freshwater and local seawater (Cidu et al. 
2001). The chloride-rich waters (i.e. samples 10, 26 and 30) Ta
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do not appear significantly affected by mixing processes with 
modern seawater.

4.4  Trace elements

Concentrations of Be, Sc, Ti, V, Cr, Co, Ga, Se, Ag, Cd, Sb, 
Te, Tl, Bi and Th were found either below or slightly above 
detection limits (Supplementary material S1). Elements Al, 
Ni, Cu, Zn and Pb usually occurred at very low concentra-
tions (Supplementary material S1), i.e. all samples showed 
values of these elements much below limits established for 
drinking water (G.U.R.I. 2006; WHO 2011).

Manganese and Fe showed variable concentrations, up 
to 120 and 3000 µg L−1, respectively. The highest values of 
Mn and Fe were observed in the No. 21 and No. 26 ground-
water samples (Supplementary material S1), which were 
characterized by low values of Eh and DO, and relatively 
high concentrations of  HCO3

− and  NH4
+ (Table 2), thus 

suggesting a reductive dissolution of Mn- and Fe-bearing 
minerals, a process occurring in reducing environments rich 
in organic matter (Frau et al. 2019). Arsenic occurred in the 
range of < 0.4–30.7 µg L−1 (Table 3), with mean 3.2 µg L−1 
and median 1.8 µg L−1, and the No. 3 groundwater exceeding 

the 10 µg L−1 value established for drinking water (G.U.R.I. 
2006; WHO 2011).

Concentrations of U, Y and the rare earth elements 
(REE) were found in a wide range (Supplementary material 
S1). Values above 2 µg L−1 U were observed in oxygen-
ated groundwater; the highest concentration of 16 µg L−1 U 
occurred in the No. 22 groundwater and was associated with 
the highest concentration of Y + REE (0.27 µg L−1; Supple-
mentary material S1).

The No. 10 groundwater with the highest temperature was 
characterized by relatively high concentrations of Li, B, Ge, 
Rb, Mo, Cs and W (Table 3), Sc (5.9 µg L−1, Supplementary 
material S1) and Ga (0.26 µg L−1, Supplementary material 
S1). Indeed, the No. 10 groundwater belongs to the outlier 
samples in the B, Rb, Mo, W, Ge and Cs box-plots shown 
in Fig. 7. Among other outliers, the No. 30 and No. 26 were 
distinguished in the Li, B, Rb and Sr box-plots; the No. 3 
and No. 30 were distinguished in the As, Mo, and Ge box-
plots, as shown in Fig. 7.

Concentrations of B, Li, Rb and Sr, as well as  Cl−, were 
positively correlated with EC values (R2 = 0.680, 0.760, 
0.667, 0.590 and 0.927, respectively). This behavior may 
suggest either increasing concentrations as the time of 
interaction of water with rocks increases or increasing 

Fig. 3  Piper diagram showing 
the relative proportions of major 
ions in the Campidano waters. 
The size of circles represents 
the total dissolved solids (TDS), 
the larger size corresponding to 
7.4 g L−1
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contributions from marine derived sediments. The B/Cl, Li/
Cl, Sr/Cl and Rb/Cl molar ratios in the studied groundwa-
ter samples were generally higher than the corresponding 
values in seawater (Fig. 8), which is consistent with the Na 
enrichment shown in Fig. 4a. These findings indicate pre-
dominant sources from the dissolution of silicate minerals, 
rather than marine sediments and/or seawater, and suggest 
relatively long time of water–rock interaction.

4.5  Geothermometry

As well known, most of chemical geothermometers do not 
work properly in systems at low temperature (Ármannssòn 
2012). The main reason is because thermal occurrences 
rarely discharge directly from geothermal reservoirs with-
out re-equilibration and/or dilution by meteoric water while 
crossing shallower aquifers (Minissale 2018). According to 
the ternary diagram Na–K–Mg proposed by Giggenbach 
(1988), shown in Fig. 9, most of the Campidano waters 
resulted in the field of immature water, suggesting dise-
quilibrium with respect to host rock minerals. Groundwa-
ter samples No. 3 and No. 30 showed partial equilibrium, 
whereas the hot sample No. 10 at full equilibrium was an 
exception (Fig. 9). Taking into account the above findings, 

chemical geothermometers were only considered for the 
No. 10 groundwater. According to PHREEQC modeling, 
this water resulted saturated with respect to chalcedony and 
quartz. The temperature calculated by the chalcedony and 
quartz geothermometers (Fournier 1977) was 51 °C and 
92 °C, respectively. This result was in line with the tem-
perature shown by the Giggenbach triangular diagram of 
Fig. 9. It should be remembered that the temperature esti-
mated by the silica geothermometers may indicate only the 
average temperature of a relatively shallow aquifer, whereas 
deeper eventual aquifers at higher temperature may occur 
(Fournier 1977). Temperatures calculated by the Na–K–Ca 
geothermometer (Fournier and Truesdell 1973) were 60 °C 
and 88 °C, respectively assuming equilibration below 100 °C 
(i.e. β = 4/3) and above 100 °C (i. e. β = 1/3).

5  Conclusion

In the southern part of the Campidano Graben, hydrogeolog-
ical, isotopic and geochemical data and chemical modeling 
allowed to draw the groundwater paths described as follows. 
Rain infiltration and groundwater circulation at relatively 
shallow depth (100–200 m b.g.l.) would occur mainly in 

(a)

(b)

Fig. 4  Plots showing correlations between Na and  Cl− (a) and  Br− 
and  Cl− (b) in the studied waters. Dashed lines show the seawater 
dilution line
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the NE sector of the study area, as indicated by well depths 
(Table 1) and piezometric contour lines in Fig. 2. In this sec-
tor, the water interacts with the predominant silicate rocks 
of the outcropping Paleozoic basement and with Tertiary-
Quaternary sediments (sand and sandstone) derived from its 
alteration, and corresponding to the hydrogeological units 
PLQ, OM and EO. This interpretation was consistent with 
EC values ≤ 1 mS cm−1, relatively high DO, relatively low 
temperature and  Cl−, and very low concentrations of trace 
elements—such as Li, B, Ge, Cs—that usually increase 
with increasing temperature and/or the time of water–rock 
interaction. Underground circulation would deepen as the 
groundwater flows towards the SW sector, likely reach-
ing the Paleozoic basement underneath the Tertiary–Qua-
ternary formations. This interpretation was supported by 
relatively high temperature and high values of EC,  Cl− and 
trace elements observed in groundwater in the SW sector. 
The above findings are in accordance with results of pre-
vious studies carried out at the thermal water Su Campu 
(Frau 1993, 1994) that indicated a groundwater evolution in 

a  CO2-closed system, with infiltration and deepening into 
Paleozoic formations (mainly granitic rocks) or Tertiary 
sediments formed by granite alteration, and interaction of 
water with Oligo–Miocene volcanic rocks during the rising 
path to the surface.

The SW sector of the study area (municipalities of San 
Sperate and Monastir in Fig. 2) appeared the most prom-
ising for the low-enthalpy geothermal exploitation. At Su 
Campu (42 °C at the groundwater outflow), deep tempera-
tures calculated by silica and Na–K–Ca geothermometers 
were 51 °C and 60 °C, respectively assuming chalcedony as 
the controlling phase of silica dissolution and equilibration 
at temperature below 100 °C. Deep temperatures calculated 
by quartz dissolution and assuming equilibration at tempera-
ture above 100 °C were close to 90 °C. Much higher tem-
peratures appear unlikely to occur in the thermal reservoir. 
This consideration is consistent with δ18O values that do not 
highlight isotopic exchange between oxygen in water and 
oxygen in minerals, a process occurring at high temperature.

The depth of the thermal reservoir is unknown, however, 
some information might be inferred by some characteristics 
of the warmest water no. 10. A very low pCO2 value and 
reduced conditions suggest water circulation far from the 
atmosphere and soil influence. The chemical composition 
indicates the interaction of water with predominant sili-
cate minerals, which weathering requires long circulation 
time. Concentrations of major, minor and trace components 
appear nearly constant over the last 30 years, thus unaffected 
by recent climatic variations, which in turn also suggest 
long circulation time. Such observations appear consistent 
with literature results indicating thermal occurrences in the 
Campidano Graben as related to the rise up of deep fluids 
along faults or fractured zones in the granitic–metamorphic 
complex, i.e. the Paleozoic basement (Angelone et al. 2005). 
According to geological cross-sections drawn in the South 
Sardinia (Casula et al. 2001) and the geothermal gradient 
estimated by linear interpolation of temperatures measured 
in wells located nearby the study area (Loddo et al. 1982), 
the thermal reservoir might be located at a depth > 1 km.

To prevent negative impacts on the environment and the 
human health caused by geothermal exploitation, especially 
in the case of using the thermal water in spa treatments and 
balneology, the geothermal effluents should be properly 
managed. Results on hydrogeochemical characterization 
indicate that concentrations of toxic and/or harmful com-
ponents, such as As, B,  F− and  Cl−, may occur in ground-
water of the SW sector at concentrations higher than legal 
limits. Therefore, the geothermal effluents should be either 
re-injected into the thermal reservoir or adequately treated 
before discharge.

Fig. 6  a Plot showing the δ2H and δ18O values in the Campidano 
waters. GMWL is the global meteoric water line (Craig 1961); 
IMWL is the Italian meteoric water line proposed for the southern 
Italy (Giustini et  al. 2016); sw is the isotopic composition of local 
seawater (Cidu et  al. 2001). b Plot showing chloride concentrations 
and δ18O values together with the mixing line between freshwater and 
seawater
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Fig. 8  Plots showing relations between B/Cl−, Li/Cl−, Rb/Cl− and Sr/Cl− molar ratios in the studied waters as compared to the corresponding 
values in seawater (sw)
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