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Abstract. Throughout the Mediterranean, salinization threat- rainwater and seawater. TB&0 andsD data indicate that
ens water quality, especially in coastal areas. This salinizamost of the waters fall between the regional meteoric water
tion is the result of concomitant processes related to botHine and the global meteoric water line, supporting the con-
seawater intrusion and water—rock interaction, which in someclusion that they are meteoric in origin. A significant conse-
cases are virtually indistinguishable. In the Nurra regionquence of the meteoric origin of the Na-Cl-type water stud-
of northwestern Sardinia, recent salinization related to ma-ied here is that the Br/Cl ratio, extensively used to assess the
rine water intrusion has been caused by aquifer exploitationorigin of salinity in fresh water, should be used with care in
However, the geology of this region records a long history carbonate aquifers that are near the coast. Ovéf4l and
from the Palaeozoic to the Quaternary, and is structurallys80 levels in dissolved S suggest that water—rock inter-
complex and comprises a wide variety of lithologies, includ- action is responsible for the Na-Cl brackish composition of
ing Triassic evaporites. Determining the origin of the salinethe water hosted by the Jurassic and Triassic aquifers of the
component of the Jurassic and Triassic aquifers in the NurrdNurra, and this is consistent with the geology and lithologi-
region may provide a useful and more general model forcal features of the study area. Evaporite dissolution may also
salinization processes in the Mediterranean area, where thexplain the high Cl content, as halite was detected within the
occurrence of evaporitic rocks in coastal aquifers is a com-gypsum deposits. Finally, these Na-Cl brackish waters are
mon feature. In addition, due to intensive human activity andundersaturated with respect to the more soluble salts, imply-
recent climatic change, the Nurra has become vulnerable ting that in a climate evolving toward semi-arid conditions,
desertification and, in common with other Mediterranean is-the salinization process could intensify dramatically in the
lands, surface water resources periodically suffer from severaear future.
shortages. With this in mind, we report new data regarding
brackish and surface waters (outcrop and lake samples) of
the Na-Cl type from the Nurra region, including major ions
and selected trace elements (B, Br, |, and Sr), in addition tal  Introduction
isotopic data including®0, 5D in water, and34S ands180
in dissolved SQ@. To identify the origin of the salinity more In the Mediterranean, the demand for good quality water is
precisely, we also analysed the mineralogical and isotopidapidly increasing, but the process of salinization (e.g. Peta-
composition of Triassic evaporites. The brackish waters havdas and Lambrakis, 2006; El Yaouti et al., 2009; Ghiglieri
Cl contents of up to 2025mg1! , and the ratios between et al., 2012; Sdao et al., 2012) threatens the exploitation
dissolved ions and Cl, with the exception of the Br/Cl ratio, of additional water resources such as groundwater. Salin-
are not those expected on the basis of simple mixing betweeization of aquifers in coastal areas is the result of con-
comitant processes related to both seawater intrusion and
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water—rock interaction, which in some cases are almost inand isotopic compositiong3*S ands180) of Nurra Triassic
distinguishable. In Sardinia, the Nurra region (in the north-evaporites.

west of the island) has a coastline that stretches for up to

80 km (Fig. 1), and salinization due to seawater intrusion has

recently been identified, resulting from aquifer exploitation 2 Geological setting and groundwater circulation

(Ghiglieri et al., 2012). The geology of the Nurra records

a long history from the Palaeozoic to the Quaternary, re-The structural framework of northwestern Sardinia is de-
sulting in its complex structure and varied lithologies, in- rived mainly from its Mesozoic and Tertiary tectonic evo-
cluding Variscan low-grade metamorphic basement consistlution (Combes et al., 1993; Mameli et al., 2007), and is re-
ing of phyllites, quartzites, and metabasites, Lower—Middlelated to the Bedoulian movements, the Pyrenean phase, and
Permian continental sediments and volcanites, Middle Triasthe North Apennine collision followed by the opening of the
sic to Cretaceous evaporites and shallow-marine carbonatéd,jgure—Provencal back-arc basin (Carmignani et al., 2004;
Lower Miocene ignimbrites, alluvial deposits of Messinian Mameli et al., 2007; Oggiano et al., 2009). The cover rocks
age, and alluvial and eolian Quaternary deposits (Mameli etire affected by folds and thrusts that trend NE-SW. Evap-
al., 2007; Mongelli et al., 2012). orites commonly occur asedollement horizons and are ex-

In the Nurra, notwithstanding the importance of local posed in the cores of anticlines and/or cgcdllement sur-
groundwater as the main source of good quality water, exfaces. Since the Burdigalian, the area has been subjected to
ploitation has been uncontrolled, and, due to intensive humamn extensional tectonic regime related to the opening of the
activity and recent climatic change, the area has become vultiguro—Provencal Basin, followed by moderate uplift during
nerable to desertification (Ghiglieri et al., 2006). As a conse-the Pliocene (Malinverno and Ryan, 1986).
quence, increasing demand for water has resulted in periodic As a whole, the Nurra region consists of a structural high
shortages in surface water resources, in common with othethat represents the uplifted section of a wide block, tilted to
Mediterranean islands (Ghiglieri et al., 2009). Chemical datathe east. To the west, the Nurra borders the eastern passive
available for the Nurra aquifers (Ghiglieri et al., 2009) show margin of the Liguro—Provencal back-arc basin, while to the
that these groundwaters are affected by significant chemieast it abuts the edge of a N-S trending Miocene half-graben,
cal variability (e.g. TDS (total dissolved solid) values from i.e. the Porto Torres half-graben (Thomas and Gennessaux,
600 to 4000 mg L1, Cl concentrations from 3 to 76 mgk 1986; Funedda et al., 2000). The Mesozoic and Cenozoic
, and SQ concentrations from 0.2 up to 40mg?l) . This structural evolution of the region resulted in thin-skinned
variability indicates that various geochemical processes mayleformation, with the Mesozoic cover represented by a se-
affect the composition of the resource. Ghiglieri et al. (2009)quence of limestones, dolostones and, to a lesser extent,
suggested that the initial chemical composition of source wamarlstones and evaporites, which deformed independently
ter was conditioned by water—rock interactions, including ionfrom the Palaeozoic basement that outcrops in the western-
exchange with hydrothermal minerals and clays, and inconmost part of the region. Overall, the older rock sequences are
gruent dissolution of dolomite. progressively exposed westwards.

These findings, in addition to the importance of the wa- The Middle Triassic succession in the Nurra rests on red
ter resource and its role as a strategic reserve in a climatbeds of Permo-Triassic age and consists mainly of pure dolo-
evolving towards semi-arid conditions, indicate the need forstones and limestones, with clay-rich beds occurring within
a detailed study of the processes that determine the hydrahe Triassic deposits as marly limestones and clayey gyp-
geochemistry of the Nurra groundwater and its quality, basedsum deposits. Marls also occur in the Early and Late Juras-
on identification of the sources of the ions responsible forsic strata, the former associated with dark Liassic limestone
the high salinity. It may then be possible to use the Nurrawith euxinic facies, and the latter with the typical lagoonal—
case study as a model for coastal aquifers hosted in Mesdacustrine Purbeckian facies (Pecorini, 1969). The majority
zoic carbonate—evaporite platforms. In fact, the origin of theof the Jurassic succession consists of limestones and dolo-
saline component of groundwaters is difficult to assess usstones with a thickness exceeding 700 m. The Jurassic beds
ing only chemical data, whereas combining chemical andhost the most important aquifer in the area (Ghiglieri et
isotopic composition data can enhance our understanding odl., 2009). The Lower Cretaceous is represented by pure
the processes that cause salinization of continental watergrgonian limestones, while the Upper Cretaceous lies un-
(e.g. Faye et al., 2005; Bouchaou et al., 2008; Gattaccecaonformably on the Urgonian calcarenites along a baux-
et al., 2009). With this in mind, we report here new data onite layer, and consists dfippuritesbearing limestones and
brackish waters of the Na-ClI type from the Nurra, includ- marls of Late Cretaceous age (Coniacian to Maastrichtian).
ing major ions and selected trace elements (B, Br, |, and Sr)Jrhe whole Cretaceous sequence has a maximum thickness of
and isotopic data, includingt0 andsD in water, ands34S about 400 m and locally hosts perched aquifers outside of the
and 580 in dissolved S@. To determine the origin of the study area.
salinity more precisely, we also analysed the mineralogical Within the study area, the Mesozoic rocks are locally

capped by Tertiary pyroclastic flows and by alluvial deposits
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Fig. 1. Digital terrain model (DTM)-based geological map of investigated area. The localization of sampling sites and code of the analysed
water and rock sample are shown. The limits of hydrogeological basins are from Ghiglieri et al. (2009). See text for further details.

of Messinian age, consisting of alluvial sequences 30 to 80 nhydrogeological unit represented by the metamorphic base-
thick composed mostly of clays and matrix-supported con-ment rocks, and located on the west coast of the Nurra
glomerates. This deposit constitutes an important hydrogeodistrict, acts as a partial recharge area for these aquifers.
logical unit for the northwestern part of the Nurraregionasit The area sampled was mostly within the Porto Torres
acts as an aquitard that seals the confined aquifers hosted thdrogeological basin, where the Jurassic aquifer has ei-
the Mesozoic succession (see the cross section labelled A—Aher reduced thickness in comparison with the Calich basin
in Fig. 2). (Ghiglieri et al., 2009), or is absent to the west. The ground-
Within this geological framework, several hydrogeologi- water flow in this basin is towards the northern shore (Asi-
cal units were identified by Ghiglieri et al. (2009). In partic- nara Gulf), whereas in the Calich basin it is to the south. The
ular, in the study area, the main aquifers occur in the thicktwo hydrogeological systems are separated by a structural
Jurassic carbonate sequence that corresponds to the Juraskigh towards which the axes of the main structures converge
aquifer proposed by Ghiglieri et al. (2009), and within the (B-B' in Fig. 2).
carbonate and evaporitic succession of Triassic age that cor- Detailed geological mapping of the area identified an-
responds to the Triassic aquifer of Ghiglieri et al. (2009). A other structural high between Monte Zirra and Rocca della
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Fig. 2. A-A, B-B’, C—C’ and D-D’ geological sections of Fig. 1. See text for further details.

3 Sampling and analysis

Water samples from 19 springs and wells, and 2 further sam-
ples from Baratz Lake, were collected in September and Oc-
tober of 2011 in the coastal areas of the Nurra district (Fig. 1).
In addition, a seawater sample was collected from a site
0.1 km from the Porto Ferro coastline, and a rainwater sam-
ple was collected in September 2011 near the Baratz Lake
site (in the south of the Nurra region). Many of the sampled
springs and wells supply drinking water and irrigation. We
used a high-resolution multiparametric probe (Hach HQ 30d)
to measure the pH, temperature, and electrical conductivity
(EC) of each sample. All water samples were filtered through
0.45 um MF-Millipore membrane filters in the field, and then
stored in high-density polyethylene bottles (50 and 100 mL).
Prior to their use, these bottles were cleaned with nitric acid
(HNO3) and then rinsed with deionized water. The bottles
were filled to the top with water, capped without leaving any
head space, stored in a refrigerated container (¢@) 4lur-

Fig. 3. Relative amounts of major ions analysed in sampled watersing transportation to the laboratory, and then kept cool until
plotted in a Piper plot. Filled diamonds indicate rainwater; filled analysis.

stars indicate seawater. At each sampling site, two water samples (for cation anal-
yses) were collected and acidified with Supr&bttNO3

B hich logical hed b (1% v/v) after filtration to prevent metal precipitation. For
agassa, which acts as a geological watershed between the,i,, analysis, an unacidified 100 mL sample was collected.

Calich basin to the (_aast a“O_' a Sm&,‘” hydrogeological baSir]A\Ikalinity was determined in the field by titration with HCI
(Baratz hydrogeological basin) flowing towards the western(ol1 M). Cation concentrations (Ca, Mg, Na, K, and Sr) were

coast of the Nurra (Porto Ferro gulf). Water samples Wereanalysed using inductively coupled plasma—optical emission

collected f_rom the_ western section of the Porto Torres h_V'spectroscopy (ICP-OES) at the Activation Laboratory of
drogeological basin and the Baratz hydrogeological bas'nActlabs (Canada) with a precision better thas %. An-

within the Triassic aquifer hosted in the carbonate rocks, caliyn concentrations were determined for Cl, SO0, and

aclastic evaporites, and red sandstone (red beds). These sy using ion chromatography (Dionex CX-100), and mi-
urated deposits are recharged by both the Palaeozoic metao, elements (I and B) were determined using inductively
morphic basement to the west and by the Jurassic carbona&upled plasma—mass spectrometry (ICP-MS). lonic bal-

hills to the east. ance was computed for each sample taking into account ma-
jor species. All samples exhibited imbalances of less than
5%. Several certified reference materials (NIST 1643e, NIST
1640E, and SLRS-5) were processed and analysed along
with the samples to assess the accuracy of analyses, and the
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Table 2.sotopic data and saturation indexes for a few mineralogical phases.

Code  83%s-sQy §180-sOy 8180 sD Sl Sl Sl Sl
%0 V-CDT %0 V-CDT % VSMOW % VSMOW Gypsum Halite Anhydrite  Sylvite
Pz2 17.4 12.2 -6.2 —34 -17 -50 -18 -6.0
PZ10 20.3 13.0 —6.4 -35 -17 -43 -19 -54
PZ14 14.9 12.7 -56 —34 -21 -55 —22 -64
PZ17A 17.0 13.3 -5.9 -36 ~19 -48 —21 62
PZ18 18.6 14.0 -5.0 -30 -17 -50 -19 -63
PZ20 15.5 10.2 -6.3 —36 -18 -47 -19 -59
Pz22 20.5 13.9 -5.1 -32 -1.9 -47 —21 -61
Pz23 19.5 13.0 -6.1 -36 —16 —44 -18 -58
Pz24 15.5 10.7 6.4 -39 -15 -51 -17 -64
PZ26 16.2 10.7 -5.8 —34 -17 -58 -19 -71
SG3 20.2 13.7 -65 —38 —22 —44 —23 -59
CS1E 18.4 12.0 -5.7 -33 —12 -49 -14 -68
cs2 15.6 10.2 -6.6 —36 -19 -58 —21  —-67
cs4 18.0 13.2 -6.1 —34 —14 —44 -16 57
CS5 18.9 11.8 —6.4 —36 -17 -53 -19 -67
CS5A 20.9 14.1 —-6.0 -35 —11 —45 -12 -58
RB 14.5 9.6 —-6.0 -33 -18 -54 -19 -64
SP4 18.9 12.7 -3.3 —25 —14 —46 -16 -59
SP6 15.8 9.8 -31 —22 -23 -57 —24  —66
LB2 15.5 10.9 —24 -18 -19 -53 —21 -6.3
LB1 15.3 12.2 —21 -16 -19 -52 -21 -63
RW 3.7 10.0 -55 —-29 - - - -
SW 215 10.1 1.1 5 - - - -
GG 14.4 11.6 n.m. n.m. - - - -
GB 14.9 11.2 n.m. n.m. — — — —
GR 15.4 10.4 n.m. n.m. - - - -

Note: n.m.= not measured; saturation indexes were performed using GWB®8.0 with the thermodynamic database thermoddem.dat.

results from these reference materials agree with the certifietbllows: VSMOW for 180 and?H, and V-CDT for34S and
values. 180 in dissolved S@ (Gonfiantini et al., 1995).

For oxygen isotopic analysis, about 2 mL of each sample Finally, to properly evaluate the water—rock interaction
was equilibrated with C®by shaking for 6 h at 25C (Ep- processes, three evaporites were sampled and analysed for
stein and Mayeda, 1953). For the hydrogen isotopic analy-mineralogical and isotopic composition. The mineralogy of
sis, metallic zinc was used to produce hydrogen gas by thdulk samples was obtained by X-ray powder diffraction
zinc reduction method (Coleman et al., 1982). Stable isotopgXRPD) using a Rigaku Rint 2200 diffractometer with CuK
ratios were measured on a dual inlet Finnigan Delta Plugadiation at 40 kV and 30 mA.

IRMS with an analytical precision of better than 0.2 %0 for

oxygen and 1 %o for hydrogen. Five water samples calibrated ) _

with respect to the VSMOW (Vienna Standard Mean Ocean? Reésults and discussion

Water) and GISP (Greenland Ice Sheet Precipitation) inter- . . . .
nation)al standards( were used as working star?dards.)For th‘é‘1 Mmera}ogmal and isotopic features of the Nurra
sulfur isotopic analysis, dissolved @as precipitated as evaporites

BaSQ, by the addition of BaGl The sample was then acid- The mineralogy and isotopic composition of three samples

e . . . 34

ified to.pH< 2to dissolve any prec[pltated BaG(rors™'s from the Upper Triassic evaporites were analysed (Table 2
gnaly5|s, SQ gas was prepare_d using the meth_o_d of Yanag-pq samples GR, GG, and GB in Fig. 1). The rocks were col-
isawa and Sakai (1983). The isotopic composition of SUIfWlected at the transition between the Muschelkalk carbonates

was determined using continuous fiow—elemental analyssand the Keuper evaporites, where the sequence comprises al-
isotope ratio mass spectrometry (CF-EA-IRMS) at the ISO'ternations of grey, white, and red evaporite deposits. All of

tope Science Labpratory (_Jf_the Universoity of Calgary (ISL- the evaporites were composed of gypsum; in the case of the
UOfOC)' Thelgnalytlcal precision was 0.3 % #¥'S-SQ, and ., 9rey deposits, XRD analysis revealed the presence of halite
0.5%o for 7°0-SQ. Isotopic results were expressed as %o 5 quartz as minor components. The evaporites &
deviation § notation) relative to international standards as SO, values betweent14.4 and-+15.4%., ands'80-SQ
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Fig. 5. 8180 vs. 5D diagram. The regional meteoric water line
(RMWL, Chery, 1988; Celle et al., 2004) and the global meteoric
water line (GMWL; Craig, 1961) are drawn for comparison. The
equation describing the line produced by evaporation effects is also

Fig. 4. Binary plots between chlorine and selected ions (expressec

in mmolL™Y) in the analysed water samples. The lines indicate

mixing between marine and rainwater samples.

values between-10.4 and+11.6 %.. These values are in the

range covered by the isotopic composition of marine evap-

orites of Upper Triassic age, i.¢-10.9 to+18.3 %o (Krouse

and Grinenko, 1991, and references therein).

4.2 Water chemistry

Temperature, pH, EC (at 2&) values, and the chemical

tion of the Baratz Lake samples (LB1 and LB2) that have

displayed.
2
| SW
1 4
0 1
1]
€ ]
S 2] .LB2
b5 1 LBl ¢
2 ]
3 enriched in SP4 o SP6
1 130 isotope
4 A
1 PZI8
=59 o,
1 (850 =-5.5%0)
{1 7 0% o
-6 1 RW o ©
1 ' (380 =-6.6%0)
(@]
1,E+00 1,E+01 1,LE+02 1,E+03 1,LE+04 1,E+05
Cl (mg/L)

Fig. 6. §180 vs. Cl mixing lines between values of rainwater
~ ) - (—5.5 %o, this work, and-6.6 %o, mean value by Celle et al., 2004)
composition of the water samples are provided in Table 1.and seawater (SW, this work) are shown. The symbols are as in
The pH values range between 6.2 and 8.5, with the exceprig. 5.

higher values (9.2 and 8.2, respectively). Water temperature

was between 16.5 and 208 with the exception of sample
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Fig. 7. Binary plot of Cl vs. distance from coastline.

SP4, which had a value of 26°T. Values of EC ranged from
1240 to 7046 uS cmt. Total dissolved solid (TDS) was typ-
ically in the range 1-20 gt!, with the exception of samples 16
SP6 (0.92gLtY) and CS2 (0.98 gt1); consequently, these 141
water samples are brackish according to the classification of
Drever (1997).

The concentrations of major ions in the samples are plot-
ted on a Piper diagram in Fig. 3, which identifies the chem-

534S-S04 (%0)
=

ical composition of the water as Na-Cl type. In the plot of 6] Keuper

anion concentration (Fig. 3), the samples are roughly dis- 4 T
tributed along the HC&-CI boundary between the rainwater 51 RW — - scawater

and seawater points, and fall close to the Cl apex. In the plot . ¢ LCOwaten

of ions vs. Cl (Fig. 4), both the data from the Na-Cl water 0 100 200 300 400 00

samples and the rainwater—seawater mixing line (hereafter
RSML) are plotted to evaluate the extent of possible seawater
intrusion. The Ca/Cl, SgY Cl, and Sr/Cl ratios in the water  Fig. 8. Plot of §34S-SQ, and SQ concentrations for the investi-
samples are much higher than expected on the basis of simplgited waterga). The mixing lines (solid curve) between rainwater
mixing between rainwater and seawater, which suggests thaind Triassic evaporites are sho@). The displayed isotopic and
SOy dissolution contributes to the increased dissolved com-<hemical data of rainwater (RW34S = +3.7 %o; SQ =24 mg L™ 1)
ponent. The Na/Cl ratio generally falls above the RSML, refer to September 2011 sampling carried out near the Baratz Lake
suggesting that dissolution of mineral phase(s) may add Ndsee Fig. 1), while the data on Triassic evaporites are from Krouse
to the water. The K/Cl value is generally below the RSML, and Grinenko (1991_) and references theréﬁﬁ‘$:+15.4 %o_is the
suggesting that K is derived from silicate dissolution only. M€an value for marine sulfates of Keups?!'S=+19.6 % is the
The variation in the B content is not correlated with the vari. Me&1 value for marine sulfates of Muschelkalk ais=20.6 %

L - refers to marine sulfates of Buntsandstein). FAES value of sea-
_atlon in Cl content, and the B/Cl ratio of the water samplesWater is 21.6 %. The symbols are as in Fig. 5.
is generally lower to much lower than that of the RSML. Low
values of the B/ Cl ratio are associated with water—rock reac-
tions, since Clis preferentially leached with respect to B, and
B is adsorbed onto clays (Leybourne and Goodfellow, 2007) may not be a useful discriminator of marine and non-marine

Halogens are particularly useful when investigating the sources of salinity (Leybourne et al., 2007).
saline component of groundwater (e.g. Boschetti et al.,, Finally, the NG concentration of three water samples
2011). In the plot of | vs. Cl, the water samples have a scat{PZ24=127mg L1, PZ26=74mgL"1, CS5=91 mgL™1)
tered distribution, and most are characterized by a high I/ Clexceeds the maximum admissible concentration of
ratio, which departs significantly from the RSML. Only in 50mgL~! defined under European and ltalian laws
the Br vs. Cl binary diagram do the water samples follow the (Directive 98/83/EC, 1998; D.L. 31/2001, 2001). This
RSML, which supports the hypothesis of seawater intrusionindicates the need for more detailed future studies concern-
However, it has been stressed previously that the Br—Cl relaing environmental factors that influence the water quality.
tionship in groundwaters is complex, and that the Br/ Cl ratioMore generally, the lack of any significant (and positive)

Sulphate (mg/L)
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15 topic data from the rainwater endmember is in the range be-
tween—5.5 %o (this work) and-6.6 %o (the mean value of
o Celle et al., 2004). LCO waters do not fall on the mixing
o lines, which confirms that the enrichment of the heavy O iso-
tope in these samples is due to evaporation effects (Rozansky
131 oo and Frohlich, 2001).
The other samples are consistent with a model involving
12 | ° *, the mixing of rainwater and seawater. However, this assump-
° tion is not consistent with (1) the positive linear relationship
that exists between the Cl and S contents 0.60) shown in
o % evaporitic rock Fig. 4, (2) the lack of any correlation between distance from
the coastline and CI content (Fig. 7), and (3) the fact that
109 RW R W most of the samples are meteoric in origin (Fig. 5). These
° considerations, together with the ratios between dissolved
ions and CI (with the exception of the Br/Cl ratio), con-
firm that the simple mixing of rainwater and seawater can
be discounted. The presence of halite within the gypsum de-
810, e e o posits, as demonstrated by the XRD analysis, suggests that
Sulphate (mg/L) dissolution of evaporites could be responsible for the high Cl
concentration in the Nurra waters.

$180-50, (%0)

Fig. 9. Plot of818O-Sq and SQ concentrations with mixing lines
between rainwater and seawater and rainwater and collected evapr 4 The origin of salinity
orites (mean value af180-SQy is 10.6 %o).

As previously stated, both the elemental chemistry and iso-
topic ratios §10 andsD values) of the Nurra groundwa-
correlation of NQ with Cl (- = —0.26) and S@Q(r =—0.14)  ters point towards an ambiguous origin for the saline com-

excludes a nitrate origin for the salinization processes. ponent. The concentration and isotopic composition of dis-

solved SQ in groundwater is related to both its source and

4.3 Isotopic composition of water and dissolved mechanism of formation, and the S isotopes of dissolved
sulfate SOy can be used to identify the origin of Q@ water, and

the sources of salinity in coastal aquifers (e.g. Schwarcz and
The results of analyses 6t20, sD, and oxygen and sulfur Cortecci, 1974; Gaye, 2000; Krouse and Mayer, 2000).
isotopes of dissolved SCare presented in Table 2. Theiso-  The §3S-SQ values and S@ concentration (Fig. 8a)
topic compositions of the water samples range frefi6 to  show that samples with the highest Sncentration have
—2.1 %o for§180, and from—39 to—16 %o for SD. The sea-  the highest34S values but low isotopic variability, whereas
water sample gave a value-fl.1 %o for 5180 and+5 %. for samples with lower SQconcentration have a broader range
8D, while the rainwater sample shows values-&.5 %o for of isotopic compositions. These data indicate a distribu-
8180 and 29 %o fosD. Sulfate in the investigated groundwa- tion compatible with a mixing process. Different mixing
ter samples is characterized by posith#éS-SQ ands180- lines between rainwater and evaporites of different Trias-
SOy values ranging betweeR15 and4-21.2 %o, and between  sic ages (Buntsandstein, Muschelkalk, and Keuper), and be-
49 and+14.1 %o, respectively. Most of the waters in the tween rainwater and seawater, were calculated and plotted
8180 vs. 5D diagram (Fig. 5) plot in a relatively tight clus- with the measured data (Fig. 8b). The results indicate that the
ter between the regional meteoric water line (RMW.L; Chery, dissolution of evaporitic rocks could be the major source of
1988; Celle et al., 2004) and the global meteoric water lineSQy in waters of the study area, although for a few samples
(GMWL; Craig, 1961), which suggests a meteoric origin. with highers34S values the contribution of seawater cannot
Lake water (LB1 and LB2) and outcrop waters (SP6, SP4 be ruled out.
PZ18, PZ22) are enriched in the heavy O isotope and form a The §180-SQy values provide further insights into the
distinct subset (the LCO waters). These samples fall on a linesources of S@ Figure 9 shows$'80-SQ, values and S@
with a slope of 4.96 (Fig. 5), which is considerably shallower concentrations with mixing lines between rainwater and sea-
than that of the RMWL (about 8). Such a shallow slope canwater, and between rainwater and collected evaporites (the
be produced by evaporation effects (Rozansky and Frohlichaverages'80-SQ; is 10.6 %o0). A few samples fall along the
2001), or the mixing of groundwater and seawater. mixing lines, while the majority do not match either mixing

In the CI-$*80 diagram in Fig. 6, the mixing lines be- model. This situation may be due either to bacterial 89

tween values of rainwater (RW) and seawater (SW) are plotduction (Clark and Fritz, 1997) causif§O enrichment, or
ted with the measured chemical and isotopic data. The isoto a re-equilibration of the sulfaf®O isotopes with those in
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Fig. 10.634S-SQ vs.6180-SO4. The isotopic composition data of various sources in the diagram are from Clark and Frits (1997). Additional
data from Krouse and Grinenko (1991) have been used for the zoom of the diagram. The symbols are as in Fig. 5; the crosses represent th
isotopic values of the Nurra evaporitic samples.

the water. The latter reaction would result in $1€0-SQ, high Eh values, and the presence of dissolved@higlieri
values becoming more positive until equilibrium is attained et al., 2009, and references therein) exclude the possibility
(McKenzie and Truesdell, 1977; Chiba and Sakai, 1985). that these waters were affected by microbialk$&duction.
However, it is known that the rate of O isotope exchangeTherefore, a contribution from an isotopically heavier source
between S@ and water is very slow at low temperatures is conceivable, possibly due to interaction with the Muschel-
and normal pH levels (Chiba and Sakai, 1985). The dual-kalk and/or Buntsandstein evaporite deposits (Fig. 10). In ad-
isotope §120-SQ1—34S-SQy) approach has been used with dition, the saturation indexes for gypsum, anhydrite, halite,
considerable success in both surface water (e.g. Hitchomand sylvite are less than one (Table 2), suggesting that the
and Krouse, 1972; Robinson and Bottrell, 1997; Krouse andlissolution of soluble salts is an ongoing process. Finally,
Mayer, 2000) and groundwaters (Moncaster et al., 2000¢this in turn suggests that the salinization of the Nurra region,
Gunn et al., 2006; Li et al., 2006; Bottrell, 2007). It is known in a climatic regime that is evolving towards drier conditions,
that SQ derived from dissolved evaporites always has posi-is a phenomenon that could be dramatically accentuated in
tive §34S-SQ ands180-SQy values that range betweearl0  the near future.
and+30 %o, and+12 and+20 %o, respectively (Claypool et
al., 1980), whereas SQlerived from the oxidation of sul-
fides or from biogenic emissions may have strongly negative® Summary
§34S values (Yang et al., 1997).
The seawater sample ha$*S ands'80 values similar
to those of dissolved marine evaporates (Krouse and Maye
2000). In Fig. 10 £3%S-SQ, vs. §180-SQy), all investigated
samples, including the LCO waters, fall within the marine
evaporites field (Clark and Fritz, 1997). Moreover, most of
the samples show!®0 values higher than the seawater end-
member. A few samples are characterized by isotopic value
consistent with the Upper Triassic evaporites (fretv.4 to
+15.4 %o for§34S-SQ values and from+10.4 to+11.6 %o
for §180-SQy values), while other samples show higher val-
ues. The enrichment in measur8D and3*S may reflect
fractionation due to bacterial S®@eduction (Clark and Fritz,
1997) or a heavier isotopic source. The lack ofSithe

The Nurra aquifers of Jurassic and Triassic age contain
rackish Na-Cl waters and have Cl contents of up to
2025 mg L1 . The ratios between dissolved ions and ClI, with
the exception of the Br/Cl ratio, are not those expected from
the simple mixing of rainwater and seawater. BA8O and
5D data indicate that most of the waters fall between the re-
gional meteoric water line and the global meteoric water line,
supporting the conclusion that they are meteoric in origin.
Due to evaporation, the LCO waters were enriched®@.
An important consequence of the meteoric origin of the stud-
ied Na-Cl-type water is that the Br/ Cl ratio, extensively used
to assess the origin of salinity in fresh water, and that in the
present case is compatible with a seawater—rainwater mix-
ing (thus erroneously supporting the hypothesis of a marine
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intrusion), should be used with care also in near-coastal car€elle, H., Gonfiantini, R., Travi, Y., and Sol, B.: Oxygen-18
bonate aquifers. variations of rainwater during precipitation: application of the

A dual-isotope approach, based 1S ands180 in dis- Rayleigh model to selected rainfalls in Southern France, J. Hy-
solved SQ, proved useful in assessing the origin of salinity _ drol., 289, 165-177, ddi0.1016/}.jhydrol.2003.11.012004.
in the Na-Cl brackish water hosted in some of the aquifers of "€, L. Essai de cardaisation @ochimique et isotopique
northwestern Sardinia. Al of the samples analysed here had 9 émergences de circulations profondes dans deux types de mas-
. . . L . . sifs granitiques: Auriat (Creuse) et La Sposata (Corse). Ph.D. dis-
isotopic compositions within the range of marine evaporites.

. . . _°  sertation, Universé de Paris-Sud, Orsay, 1988.
A few samples were characterized by isotopic values consisgpina H. and Sakai, H.: Oxygen isotope exchange between dis-

tent with those of the Upper Triassic (Keuper) Nurra evapor- - gojyed sulfate and water at hydrothermal temperatures, Geochim.
ites that, in this study, were analysed for the first time for their  cosmochim. Ac., 49, 993-1000, 1985.

isotopic and mineralogical composition. Others samples hadlark, 1. and Fritz, P.: Environmental Isotopes in hydrogeology,
a heavier isotopic composition, consistent with interaction Lewis Publications, Boca Raton, p. 328, 1997.

with the isotopic composition of older Triassic sediments Claypool, G. E., Holser, W. T, Kaplan, Y. R., Sakai, H., and Zak, I.:
(Muschelkalk and Buntsandstein) that also occur in the area. The age of sulfur and oxygen isotopes in marine sulfate and their
Overall, and in accordance with the geological and litholog- _ mutual interpretation, Chem. Geol., 28, 199-260, 1980.

ical features of the study area, tB&S ands'80 values in ~ Coleman, M. L, Stephen, T. J., Durham, J. J., Rousse, J. B., and
dissolved S@ suggest that water—rock interaction is respon-  “00re: G- R.: Reduction of water with zinc for hydrogen analy-
sible for the composition of the Na-Cl brackish water. The sis, Ann. Chem., 54, 993-995, 1982. ,

. . . . . ' Combes, P. J., Oggiano, G., and Temussi Eo@/namique des
dissolution _of evaporites alsq contributed to the hlgh Cl CON- o uxites sardes, typologie, gese et conble paBotectonique,
tent, as halite was detected in the gypsum deposits. Finally, ¢ r. Acad. Sci., 316, 403—409, 1993.
the waters are undersaturated with respect to the more solieraig, H.: Isotopic variations in meteoric waters, Science, 133,
ble salts, which indicates that, in a climate evolving towards 1702-1703, 1961.
semi-arid conditions, the salinization process could intensifyDirective 98/83/EC on the quality of water intended for human con-
significantly in the near future. sumption. Official Journal of the European Communities, avail-

able athttp://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=

CELEX:31998L0083:en:NO]T3 November, 1998.
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