Journal of Geochemical Exploration 155 (2015) 14-25

Contents lists available at ScienceDirect
JOURNAL OF
GEOCHEMICAL

u EXPLORATION
H P —

Journal of Geochemical Exploration

journal homepage: www.elsevier.com/locate/jgeoexp

Using ion and isotope characterization to delimitate a hydrogeological
macrosystem. Sierra de Gador (SE, Spain)

@ CrossMark

A. Vallejos **, M.A. Diaz-Puga ?, F. Sola ?, L. Daniele ¢, A. Pulido-Bosch @

2 Water Resources and Environmental Geology, University of Almeria, Spain
b Department of Geology, FCFM, University of Chile, Chile
€ Andean Geothermal Center of Excellence (CEGA), Fondap-Conicyt, Chile

ARTICLE INFO ABSTRACT
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from Sierra de Gador, hence the interest in understanding this aquifer system. The highly variable precipitation
in the area is characteristic of the arid conditions. The aim of the study presented in this paper was to define
the principal hydrogeochemical and isotopic characteristics of the area and to characterize the different types
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zégmﬁse. aquifer of freshwater, some of which are affected by the process of mixing with saltwater - particularly those at the
Hydrogeochemistry east and west extremes of the Sierra de Gador. The hydrogeochemical analysis enabled the principal geochemical
Local meteoric water line processes occurring in the aquifer to be established. The waters can be grouped into four categories, each defined
Isotopes by a distinctive solute. Dissolution of dolomite determines the chemical composition of less mineralized water.

Dedolomitization (dolomite dissolution together with calcite precipitation caused by dissolution of gypsum) be-
comes predominant when the water flows through interbedded gypsum. Marine intrusion results in highly-
mineralized waters and leads to base exchange reactions. The variation of 6'80 content with altitude
(—0.19%0/100 m) allows the main recharge areas to be determined: 2000-1500 m a.s.l., 1500-900 m a.s.L.,, and
below 900 m a.s.1,, according to the different hydrodynamic characteristics of each area. In some sectors, it is pos-
sible to detect the current recharge from rainwater infiltration or seawater intrusion, based on its tritium content.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A common characteristic of karstic aquifers is the complexity of their
preferential flow pathways. Accordingly, it is necessary to look for tools
that can help interpret these systems. Hydrogeochemical and isotope
analyses can be used to test and fine-tune a conceptual hydrogeological
model. Hydrochemistry and isotope composition of groundwater pro-
vides critical information about the sources of groundwater recharge,
timing of recharge, water-rock interactions along the flow paths, and
mixing of different groundwater bodies (Kanduc et al., 2012; Kohfahl
et al.,, 2008; Pu et al.,, 2013; Wu et al., 2009).

The geochemical processes in carbonate aquifer systems have been
well documented for many sites worldwide (e.g., Daniele et al., 2013;
Hanshaw & Back, 1979; Hunkeler & Mudry, 2007; Lépez-Chicano
etal, 2001; Plummer et al., 1990; Wicks & Herman, 1996). The degree
of hydrochemical evolution is largely determined by residence time
of water within the aquifer, which determines the duration of the
water-rock interaction (Moral et al., 2008). Sometimes, variations in
hydrogeochemistry result from tectonic control of different catchment
areas (Prtoljan et al., 2012). Dedolomitization, induced by gypsum
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dissolution, can be an important influence on the evolution of ground-
water chemistry (Capaccioni et al., 2001; Cardenal et al., 1994; Ma
et al, 2011; Plummer et al,, 1990).

Environmentally stable, radiogenic isotopes - especially 620,
§%H, §'3C, 84S values and '*C and 3H activity - act as invaluable
tracers of regional-scale hydrogeological processes (Clark & Fritz,
1997; Herczeg et al., 1997, Liotta et al., 2013; Mazor, 1991). Spatio-
temporal isotope monitoring can allow the groundwater flowpaths
and hydrodynamics in fissured and karstic aquifers to be defined,
by taking into account the hydrogeological and hydrogeochemical
settings (Barbieri et al., 2005). The stable isotope composition of
rainfall (6H and 6'0) is determined by climate and can be used as
a groundwater tracer in hydrological studies (Clark & Fritz, 1997;
Gat, 1996; Kendall & McDonnell, 1998; Lee & Krothe, 2001). Changes
in isotopic composition along groundwater flow paths reflect the or-
igin and history of the water (e.g., recharge and discharge processes,
salinization and evaporation prior to recharge). Therefore, to deter-
mine the likely processes controlling groundwater recharge, it is es-
sential to consider the amount and isotopic signature of individual
rainfall events throughout the year (Gat, 1996; Gat & Airey, 2006;
Ladouche et al., 2009).

Water in karstic aquifers can be classified by its 5!>C. There are
several sources of carbon dioxide contributing to the DIC in karstic
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waters. Important sources include atmospheric CO,, CO, from carbon-
ate rock dissolution, biomineralization of soil organic matter and plant
root respiration (Nhan et al., 2013).

The Sierra de Gador mountain range in south-eastern Spain extends
to 2250 m above sea level. The associated aquifer system is currently
exploited to irrigate some 20,000 ha of highly profitable early-season
greenhouse crops. Proliferation of greenhouses has led to a flourishing
local economy, generating two billion dollars per year. In addition,
the aquifer supplies more than 200,000 people with drinking water
throughout the year, and more than double this number during the
summer months. The area is characterized by a wide variability in
annual precipitation, indicative of the arid conditions. The geometry of
the system is highly complex.

This study employs geochemical and isotope approaches to de-
vise an initial hydrogeological model for the Sierra de Gador
hydrogeological macrosystem, which encompasses groundwater re-
charge, circulation, chemical evolution and subsurface residence
time. The specific objectives were: (1) to characterize the isotopic
composition of the groundwater (5'20, 62H, 6'3C, 3H); (2) to deter-
mine sources and mechanisms of recharge; (3) to determine the
dominant geochemical processes that influence groundwater chemis-
try; and, (4) to schematize groundwater flow patterns in this important
hydrogeological region.

2. Hydrogeological setting

The study was carried out on Sierra de Gador, situated in the prov-
ince of Almeria in the extreme southeast of Spain (Fig. 1). The surface
area of this coastal mountain chain is close to 1000 km?. The climate is
Mediterranean characterized by warm, dry summers and mild winters.
The amount of water available depends on the rainfall regime - and
it rains seldom and irregularly. The semiarid character of the area
arises due to the combination of a lack of precipitation (400 mm on
the southern slopes of Sierra de Gador), strong insolation (around
2900 h year—!), interannual variability in precipitation (22-35%) and
high potential evaporation (about 900 mm year~!). Temperature in-
creases from a mean of 16 °C on the top of the mountains to 18.7 °C

on the foot, where January is the coldest month (10 °C) and August is
the hottest (27.2 °C) (Martin-Rosales et al., 2007). The inflows that con-
tribute to the aquifers are basically infiltration of rainfall over the unit, as
well as runoff from the face of the Sierra de Gador. Current outflows are
almost exclusively a result of pumped abstractions.

Geologically, it belongs to the Internal Zones of the Betic Cordillera
(Alpujarride Complex). The structure of the Alpujarride Complex is
characterized by the superposition of a number of tectonic units or
nappes. The entire superimposed nappe structure has been subject to
important tensional and strike-slip events (Sanz de Galdeano et al.,
1985), which have led to the development of basins, now filled with
Neogene and Quaternary detritic material.

Two tectonic units have been identified in the area: Gador and
Felix. The Gador unit consists of a basal layer of phyllite with quartz-
ite intercalations, which has been assigned to the Permian-Triassic.
The transition from this underlying formation to the limestone-do-
lomite layer above is usually a layer of calcoschist and marly lime-
stone (Martin-Rojas et al., 2009). The upper part of the series is
dolomitic, with limestone predominating towards the top. The
whole series is approximately 1000 m thick. The formations of the
Felix unit, like those of the Gador one, consist of a basal metapellitic
layer with a carbonate layer above. The carbonate layer is much thin-
ner than its Gador counterpart, normally less than 100 m. It is also
Middle-Upper Triassic in age. The Gador unit covers almost all the
whole of Sierra de Gador, exposing small klippen of the overlying
Felix unit.

Above these materials are the Miocene deposits, made up of
calcarenite in the outcropping sectors, and marl and gypsum beneath
a Plioquaternary infill (Rodriguez-Fernandez & Martin-Penela, 1993).
Quaternary deposits are present along the whole of the base of the
southern face of the Sierra, making up large alluvial fans that occasion-
ally exceed 150 m in thickness. In the western sector, the Berja intra-
mountain basin is filled with Neogene and Quaternary deposits. The
carbonates of the Gador and Felix units are highly permeable. The schist,
phyllite and quartzite of both Alpujarride units are practically imperme-
able. With respect to the post-orogenic materials, the Miocene and Pli-
ocene calcarenite and the Quaternary materials, are also permeable.
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Fig. 1. Location of the study area and sampled points (red dots: hydrochemical analysis; red dots + square: tritium analysis; green square: D and '®0 from rainfall).
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The Sierra de Gador aquifers are geometrically complex as a conse-
quence of the intense alpine compressional tectonics of the region.

Numerous reconnaissance boreholes have provided evidence of
their structural complexity by revealing the variable thicknesses of qua-
ternary materials and the faulting, which has resulted in substantial ver-
tical and horizontal compartmentalization of the carbonate rocks.

The intense exploitation to which the Sierra de Gador and Berja
Basin have been subject is reflected in the aquifer units by falls in the pi-
ezometric level, deterioration in water quality and seawater intrusion
(Molina et al., 2002, 2003).

3. Materials and methods

A sampling survey was carried out to monitor water quality and as-
sess the main physicochemical processes in this aquifer. In July 2009, 78
samples of groundwater were collected from springs and wells (Fig. 1).
Temperature, electrical conductivity (EC), and pH were determined in
situ. Alkalinity (as HCO3) was determined by titration at the time of
sampling. Samples were taken in duplicate, filtered using a 0.45 pm
Millipore filter and stored in polyethylene bottles at 4 °C. For cation
analysis, one bottle of each sample was acidified to pH <2 with environ-
mental grade (ultra-pure) nitric acid to avoid problems of absorption or
precipitation. Sample composition was determined by means of an
ICP-Mass Spectrometer at Acme Labs (Vancouver, Canada). The detec-
tion limits for Ca, Na, K, Mg, Cl, and S of the ICP-ES/ICP-MS method
are: 1.24E1073, 2.17E1073, 1.27E1073, 2.05E10™ 3, 2.82E10™ 2, and
1.04E10~2 mmol/L, respectively. The analytical results obtained are
summarized in Table 1.

An extensive spatial network of sampling points was established to
study the isotopic composition of the groundwater (for oxygen 18 and
deuterium; Table 2). Samples were taken on two occasions (July 2008
and March 2010). Eight rain gauge stations were installed at different
altitudes, ranging from 447 to 1455 m a.s.l,, and rainwater samples
were collected from July 2008 to February 2010 using homemade pre-
cipitation collectors. Each collector consisted of a funnel and a plastic
container, adding paraffin oil (liquid petroleum) to avoid evaporation
loss. After measuring the amount of meteoric water in the collector,
the samples were stored in polyethylene bottles for later analysis at
the Laboratory of Stable Isotopes in the Interdepartmental Research
Service (SIDI), at the Universidad Auténoma de Madrid (Spain). Isotopic
ratios were measured using an IRMS (Isotope Ratio Mass Spectrometer).
Results, expressed as isotopic deviation & (%.), were calculated accord-
ing to the following equation:

8(%0) _ (Rsam;ljzle_RVSMOW) « .103
V SMOW

where Reampre is the isotopic ratio (?H/'H, '80/'°0) of the sample and Ry
smow is the isotope ratio of the international standard reference
(Gonfiantini, 1981). The standard used was the Vienna Standard Mean
Ocean Water (VSMOW; Gonfiantini, 1978). Analytical uncertainty was
+0.2 for §'%0, and + 0.5 for §*H.

The mean weighted 80 and deuterium (*H) composition of rainfall
at each rain gauge was determined according to Paternoster et al.
(2008):

n
> PoX;
=l
mw n
Py
i=1

R

where P; is the precipitation of the ith day, n is the number of days and
6X; refers to either 62H or 680 composition.

Twenty-three groundwater samples were collected for >H analysis
in July 2007 in 1 L high-density polyethylene bottles. The samples

were analysed at the University of Miami Tritium Laboratory (USA).
Tritium was measured by internal Gas Proportional Counting of H2-
gas made from the water sample. Low-level water samples go through
an electrolytic enrichment step whereby tritium concentrations are in-
creased about 60-fold by means of volume reduction. Accuracy of the
low-level measurement with enrichment is 0.10 TU (0.3 pCi L™ of
H,0).

For the analysis of the carbon-13 composition of the dissolved inor-
ganic carbon component (DIC), 72 water samples were taken in plastic
bottles, which were fully filled to avoid carbon exchange between atmo-
spheric carbon dioxide and bicarbonate in the water. '3C isotope
measurements were determined using a Finnigan Mat 251 at the Stable
Isotope Laboratory of the Zaidin Experimental Station (Granada, Spain).
The delta notation for °C is:

R
13 ~ /o, o sample_ 3
8°C (%) = (rvm 1) x 10

where Rgampie and Ry ppg are, respectively, the ratio of 13C isotope abun-
dance in the DIC of the water samples and in the Pee Dee Belemnite
standard of Vienna, V PDB. The experimental error found was 4-0.1%..

The mineral saturation indices (SI) indicate the degree of saturation
in a particular mineral phase compared to the aqueous solution in
contact. Based on this SI value, the trend of precipitation or dilution of
the mineral phases can be deduced. The SI was obtained using the
PHREEQC code, version 3 (Parkhurst & Appelo, 2013). According to
the characteristics of the study plot, the phases analysed were calcite,
dolomite, gypsum, and halite.

4. Results and discussion
4.1. Hydrochemical characterization

The analytical results obtained are summarized in Table 1. Water in
this aquifer displays a wide range in salinity, as indicated by the electri-
cal conductivity (EC), which varies from 259 pS/cm to 3380 pS/cm. The
samples with the highest salinity were taken close to the coastline, on
the eastern and western limits of the study area. Groundwater temper-
ature ranged between 8.9 °C and 42.5 °C. The highest thermal anomalies
are probably due to deep flows related to intense fracturing (Morell
et al,, 2008). The pH ranged from 6.6 to 9.1, with the highest values cor-
responding to spring water.

Analytical data were plotted on a modified Durov diagram. In this ver-
sion of the diagram, the cation and anion triangles are recognized and are
separated along the 25% axes so that the main field is conveniently divid-
ed into nine subfields (Al-Bassam & Khalil, 2012; Al-Bassam et al., 1997).
This diagram shows also the main chemical processes that can affect to
water as ion exchange, dissolution or mixing water. Four groups are
identified corresponding to four different hydrochemical types in the
samples (Fig. 2). Group G-1 is characterized by calcium bicarbonate sam-
ples with low mineralization. G-2 contains samples that are more
magnesic than in G1, apparently affected by a process of dolomite disso-
lution. The calcium-magnesium-bicarbonate facies from groups (G-1
and G-2) indicates recharge from limestone and dolostone. Group 3
shows the influence of sulphate dissolution and samples have a higher
saline content than G-1 or G-2. G-4 contains the samples with the
highest saline content, some of which have a sodium chloride facies
(due to marine intrusion). Samples in this group indicate water that
has undergone reverse ion exchange. The spatial distribution of the sam-
ples shows that both G-1 and G-2 occur throughout the Sierra; G-3 is
centred on the western sector of the Sierra, with the majority of sampling
points falling in the Berja basin. Samples from G-4 come from the south-
ern edge of the Sierra, from areas relatively close to the coastline.

The groups identified from the Durov diagram are shown on the
Piper diagram (Fig. 3). It would have been difficult to establish these
groups based solely on a Piper diagram: group G-1 members lie parallel
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Table 1
Results of chemical and isotopic analyses of water samples. Water samples for chemical analyses were taken in July 2009. EC: electrical conductivity. Location of sampling points in Fig. 1.
Sample T EC pH cl S04 HCO; Na Mg Ca K 513C %o T 5'%0 %  8D% 5'%0% D%
Q) pS/em meq/L TU July 2008 March 2010 Group

1 26 1549 744 11,42 1,34 4,10 6,00 543 399 0,09 —933 —713 —47,11 G4
2 254 1115 7,55 6,77 1,28 4,20 3,62 4,29 338 0,08 —8,65 —7,58 —46,63 G4
3 253 782 7,88 2,00 1,58 4,80 1,78 3,25 3,18 0,07 —9,38 —8,10 —51,32 G2
4 24,1 827 7,53 3,47 1,23 4,70 2,15 3,64 3,16 0,08 —8,06 —8,13 —53,25 G2
5 27,4 1080 7,71 6,43 1,11 4,70 4,41 3,53 2,77 0,14 —7,59 —8,30 —54,63 G4
6 242 1040 7,85 5,16 0,86 4,10 2,32 4,07 3,78 0,05 —981 —8,13 —51,65 G4
7 22,8 557 7,7 0,37 0,89 4,60 0,77 2,69 271 003 —1055 —824 —52,71 G2
8 24,2 670 7,54 2,71 0,81 4,20 1,48 3,13 2,56 0,07 —8,02 —821 —52,68 G2
9 218 403 7,66 0,76 0,42 3,40 0,56 2,08 194 0,02 —8,94 —7,88 —50,53 G2
10 21,6 460 7,72 1,21 0,40 3,60 0,91 2,18 2,08 003 —10,19 —781 —49,39 G2
11 215 419 7,63 0,76 0,44 3,60 0,59 2,18 2,07 0,03 —942 —8,13 —51,87 G2
12 20,9 459 7,6 0,90 0,38 3,90 0,67 2,34 230 0,02 —7.87 —8,19 —52,15 G2
13 20,5 453 7,56 0,79 0,52 4,00 0,60 2,41 2,24 0,02 —9,70 —8,14 —51,05 G2
14 26,1 502 7,44 0,59 0,73 4,60 0,53 2,89 2,52 0,05 —713 —841 —52,96 G2
15 22,8 548 7,62 0,93 0,70 4,90 0,71 2,47 2,72 0,14 —10,18 —8,34 —52,85 G2
16 22,7 570 7,46 0,73 1,06 4,90 0,60 3,17 290 0,05 —5,97 —8,.26 —53,65 G2
17 233 664 7,64 1,69 0,84 4,60 1,20 2,93 266 017 —10,03 —822 —52,12 G2
18 21,5 1046 7,91 6,46 0,84 4,20 3,09 3,38 4,00 0,03 —938 —897 —56,88 G4
19 20,7 1579 7,58 9,28 1,20 4,20 6,09 3,93 527 0,15 —8,56 —893 —56,59 G4
20 225 1072 7,35 5,95 1,05 5,00 2,39 3,85 432 003 —1029 —8,52 —54,61 G3
21 159 3380 749 22,09 2,06 350 17,24 6,49 742 0,08 —891 —57,58 G4
22 16,8 541 742 0,73 0,18 5,70 0,45 2,29 3,50 0,02 —-939 243 —749 —48,05 G1
23 17,3 326 8,17 0,31 0,12 3,20 0,30 2,10 157 0,01 517 G3
24 189 449 7,7 0,62 0,75 4,10 0,52 2,11 242 013 —11,58 431 —728 —46,39 G2
25 16,3 390 7,76 0,34 0,16 4,30 0,29 2,43 201 001 —1060 251 —7,68 —49,49 G2
26 174 394 7.8 0,48 0,41 4,40 0,36 2,51 180 001 —1140 577 —729 —45,99 G2
27 22,6 2930 755 2144 6,09 520 16,15 7,86 572 0,18 —749 —6,29 —44,03 G4
28 27,8 1266 7,55 7,22 1,87 5,20 6,64 3,76 225 024 —8,68 —6,62 —44,74 G4
29 42,5 915 7,03 0,54 4,53 6,30 0,84 3,51 6,18 0,11 —2,50 —841 —55,07 G1
30 30,9 932 7,36 0,42 4,68 7,30 0,39 3,93 637 024 —5,88 —8,46 —54,98 G1
31 289 839 7,19 0,42 2,93 7,30 0,47 4,06 527 0,18 —4,80 —842 —55,11 G1
32 22,7 939 6,98 0,71 193 10,10 0,41 5,79 624 0,12 —3,03 —3831 —55,52 G2
33 22,7 980 7,08 0,45 2,51 9,20 0,36 512 648 0,03 —3,65 —8,36 —52,40 G1
34 24,1 967 7,01 0,34 3,79 8,40 0,32 4,92 6,13 0,08 —3,38 —849 —55,64 G1
35 18,2 561 7,55 0,28 0,73 6,20 0,21 2,88 3,16 009 —1042 —844 —55,97 G2
36 20,1 599 7,68 0,28 1,13 6,00 0,30 3,24 3,53 0,03 —9,74 —8,09 —52,75 G2
37 16,7 538 8,44 0,25 1,66 4,65 0,27 2,47 387 002 —11,19 —891 —57,31 G1
38 19,1 765 7,85 0,48 3,56 5,70 0,67 2,96 575 0,03 —8,77 —54,78 G1
39 15,2 368 7,58 0,17 1,28 3,10 0,16 1,35 2,74 0,06 —9,.22 —9,02 —56,95 G1
40 12,1 259 8,18 0,11 0,07 3,60 0,06 1,47 154 001 —1126 505 —939 —60,11 G1
41 144 271 7,97 0,20 0,28 2,65 0,14 1,47 154 001 —12,02 —8381 —56,31 G2
42 23,2 859 7,16 0,48 3,75 6,80 0,78 4,31 566 0,07 —8,36 —8,59 —54,75 G1
43 20,6 676 7,95 0,68 2,35 5,00 1,01 3,18 3,76 0,04 —9,66 —8,35 —52,68 G2
44 24,1 740 8,71 1,27 3,18 4,05 1,79 3,13 3,64 0,08 —9,36 —7.95 —5382 —986 —7024 G3
45 89 301 8,07 0,08 0,37 3,10 0,06 1,23 193 0,06 —832 —7,54 —5191 G1
46 171 345 8,42 0,14 1,36 2,70 0,16 1,63 190 001 —10,78 2,56 —8,04 —5734 Gl
47 178 356 8,12 0,25 0,88 3,40 0,32 1,93 210 001 —1020 1,93 —8,70 —60,15 G2
48 23,4 844 7,41 1,21 2,55 6,10 1,27 4,41 3,62 0,10 —6,04 —38,09 —55,58 G2
49 23,7 384 8,43 0,23 0,69 3,30 0,32 1,86 2,07 001 —10,90 —8,74 —6058 G2
50 16,7 483 8,09 0,20 2,26 3,30 0,12 2,23 292 0,09 —530 0,90 —9,42 —6529 Gl
51 16,7 302 7,93 0,14 0,22 3,50 0,09 1,65 180 001 —1033 092 —951 —5949 —935 —63,68 Gl
52 15,2 300 8,13 0,14 0,27 3,80 0,08 1,68 1,77 0,01 —-928 055 —957 —60,87 —940 —6435 G2
53 20,6 536 7,75 0,39 1,72 4,00 0,50 2,49 2,76 003 —1099 067 —859 —5359 —825 —5724 G2
54 241 1735 74 9,79 1,51 4,70 6,21 4,94 571 0,06 —8,69 G4
55 18,5 553 7,71 0,17 2,75 3,40 0,18 2,14 3,06 0,06 —752 069 —959 —63,14 —935 —6447 Gl
56 18 557 7,87 0,23 2,94 3,40 0,15 2,47 3,58 0,12 —-9,16 077 —9,63 —61,90 —953 —64,88 Gl
57 171 542 7,85 0,28 2,83 3,30 0,16 2,74 3,54 0,02 —7,96 —9,42 —6531 Gl
58 179 611 7,69 0,42 2,62 3,90 0,62 2,80 336 0,02 —6,12 —831 —5832 G2
59 21,1 1072 747 147 2,65 6,50 1,76 6,15 381 008 —-9,17 G2
60 20,3 761 7,47 0,45 3,50 5,90 0,50 3,53 455 0,13 —446 0,68 —898 —62,10 G4
61 20,3 734 7,52 0,39 3,60 4,60 0,41 3,40 443 0,14 —9,08 —9,24 —6322 Gl
62 203 1479 7,26 1,18 9,52 1,90 1,00 1030 697 041 —10,01 —8,55 —5942 G3
63 242 1428 7,46 3,55 6,69 5,60 2,71 6,96 6,18 0,09 —875 0,63 —8,40 —5940 G3
64 224 1464 7,48 4,32 3,81 4,78 0,96 5,10 434 141 —7,65 G3
65 22,7 1228 7,34 3,07 4,54 5,30 2,94 5,52 483 0,111 —6,90 —773 —5481 G3
66 21,9 1155 7,45 2,99 4,46 4,40 2,82 4,65 493 0,13 —740 047 —8,32 —5850 G3
67 20,1 1556 7,27 183 10,73 6,10 141 9,55 8,09 0,18 —9,30 G3
68 21,5 1478 73 1,33 7,59 6,60 1,45 8,85 792 010 —11,31 G3
69 192 2260 7,18 341 13,84 7,60 2,10 1572 1082 020 —10,39 —7,48 —53,73 G3
70 204 1782 7,17 192 1022 7,60 189 11,15 917 017 —10,69 G3
71 19,7 1853 7,23 197 9,68 7,80 197 1191 9,16 0,14 —9,57 G3
72 20,2 1701 7,1 2,12 10,61 7,30 1,71 10,60 9,15 0,09 —7,82 —56,28 G3
73 20,3 974 7,5 0,35 4,45 525 1,17 5,08 528 0,15 —877 1,00 —8,50 —59,70 G3

(continued on next page)
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Sample T EC pH cl S04 HCO; Na Mg Ca K 81%C% T 5'%0 %  6D%. 5'%0%  6D%.
Q) ¥S/em meq/L TU  July 2008 March 2010 Group
74 244 2530 801 1041 11,78 560 1000 666 1264 021 -759 247 —847 —5689 —919 —6415 G3
75 165 415 662 045 044 390 047 221 1,56 0,111 -765 507 —758  —4920 G2
76 183 329 805 031 027 330 019 1,60 155 011 —1210 4,66 -721  —4713 G2
77 179 343 83 037 045 320 026 216 1,07 013 —8,02 442 —-721  —4738 G2
78 203 331 912 045 0,33 330 028 1,68 139 018 —1180 441 —701  —4652 G2

to one edge of the diagram as a result of their sulphate content, although
some samples are concentrated in the vertex corresponding to the bi-
carbonate ion. That is to say, not all samples in group G-1 are affected
by sulphate dissolution. Group G-2 demonstrates a more magnesic
cation content. Group G-3 is characterized by a spread of anion compo-
sition, although the sulphate concentration is generally higher in these
samples. As commented above, group G-4 is characterized by it mostly
sodium-chloride facies.

lonic ratios were examined in an attempt to establish the hydrogeo-
chemical processes that influence the physico-chemical composition of

the samples. Fig. 4a shows the Ca + Mg-SO, versus bicarbonate ratios.
The goal of this relationship is to observe the carbonate dissolution
processes (limestone and dolostone). Removing the groundwater SO4
concentration, the sulphate dissolution interference can be avoided.
Samples with the lowest concentrations are aligned with a 1:1 ratio, indi-
cating dolomite dissolution, but at concentrations greater than 5 meq/L
HCO3 the samples (G-3 and G-4) deviate from the theoretical line.
Other processes also affect the position of these samples on the
graph. Fig. 4b shows that group G-3 lies close to the 1:1 straight line on
a graph of HCOs; + SO4 against Ca + Mg. The carbonate and sulphate

Table 2
Results of '®0, 8D, and D-excess of each rainfall station. P: Precipitation in mm.
Date
Sample From To P (mm) 5'%0vsmow 5Dvsmow Altitude (m) D-excess
MP1 08-Jul-08 02-Oct-08 76,4 —6,48 —45.2
02-Oct-08 25-Feb-09 1273 —9,40 —63,8
25-Feb-09 23-Apr-09 87,9 —8,78 —61,3
23-Apr-09 29-Jul-09 22,3 —3,38 —30,2
29-Jul-09 23-Oct-09 1114 —8,74 —60,3
23-0Oct-09 10-Feb-10 1273 —9,32 —67,6
Mean weighted —8,50 —59,6 1383 8,38
MP2 08-Jul-08 02-Oct-08 70,0 —5,17 —343 920 7,28
17-Dec-08 25-Feb-09 1273 —9,31 —61,7
25-Feb-09 23-Apr-09 57,3 —7,66 —56,6
23-Apr-09 29-Jul-09 19,1 —-1,97 —21,0
29-Jul-09 23-Oct-09 63,7 —753 —54,6
23-Oct-09 10-Feb-10 1273 —8,38 —61,3
Mean weighted —7,68 —54,2
MP3 04-Dec-08 18-Feb-09 1273 —735 —50,2 447 3,06
18-Feb-09 16-Apr-09 40,7 —6,98 —51,0
16-Apr-09 28-Jul-09 12,1 —1,20 —23,6
28-Jul-09 24-0Oct-09 57,3 —6,97 —554
24-Oct-09 06-Feb-10 1273 —6/41 —515
Mean weighted —6,72 —50,7
MP4 04-Dec-08 18-Feb-09 1273 —8,03 —53,1 702 5,25
18-Feb-09 16-Apr-09 58,6 —754 —56,1
16-Apr-09 28-Jul-09 20,4 —2,97 —29,8
28-Jul-09 24-Oct-09 72,6 —7,01 —55,7
24-Oct-09 03-Feb-10 1273 —7.81 —58,1
Mean weighted —745 —54.4
MP5 04-Dec-08 18-Feb-09 1273 —9,50 —63,9 1208 9,21
18-Feb-09 22-Apr-09 52,2 —-9,17 —64,9
22-Apr-09 28-Jul-09 7,0 —3,96 —37,7
28-Jul-09 24-Oct-09 66,2 —8,74 —63,1
24-Oct-09 06-Feb-10 1273 —7.84 —54,0
Mean weighted — 8,66 —60,1
MP6 12-Dec-08 18-Feb-09 1273 —8,38 —55,9 527 5,78
18-Feb-09 22-Apr-09 41,4 —7.28 —539
22-Apr-09 31-Jul-09 10,2 —0,62 —19,7
31-Jul-09 23-Oct-09 47,7 —7,16 —56,0
23-Oct-09 10-Feb-10 1273 —7.83 —584
Mean weighted —7,67 —555
MP7 12-Dec-08 25-Feb-09 1273 —8,96 —60,1 1005 8,26
25-Feb-09 29-Apr-09 56,0 —7,61 —55,7
29-Jul-09 23-Oct-09 7,6 —8,10 —61,5
23-0ct-09 10-Feb-10 1273 —8.22 —59,1
Mean weighted —8,21 —574
MP8 12-Dec-08 25-Feb-09 1273 —9,94 —66,0 1455 10,40
25-Feb-09 04-May-09 58,6 —8,72 —60,4
29-Jul-09 23-Oct-09 76,4 —9,47 —67,0
23-0Oct-09 10-Feb-10 1273 —8,65 —60,4
Mean weighted —9.24 —63,5
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Fig. 2. Expanded Durov diagram corresponding to groundwater samples.

dissolution processes can be detected using this plot. Samples of group
G-4, characterized by their basically sodium chloride composition, are
distributed all along the Ca + Mg axis. This excess in Ca + Mg is
consisted to the deficit in Na observed in Fig. 4c. The plot of Cl vs. Na re-
lated to marine influence on the processes under study (Fig. 4c), shows

[l Group1
A Group 2
- Group 3
O Group 4

Fig. 3. Piper diagram. Samples have been grouped according to the groups identified in
Durov diagram.

how the most saline samples in group G-4 lie below the line of 1:1 mixing,
indicating a deficit in Na related to the reverse ion exchange
(CaX + 2Na™ — 2NaX + Ca®™).

The saturation indices (SI) give a quantitative description of the de-
viation of the water away from equilibrium with respect to dissolved
minerals. The changes in saturation state can be used to distinguish dif-
ferent stages of hydrochemical evolution, as well as to identify the geo-
chemical reactions that determine water chemistry. Approximately
95% of the Sl values for calcite and dolomite in the groundwater sam-
ples were greater than zero. The samples that are both saturated
with respect to calcite and dolomite imply a greater dissolution
and stronger mineralisation. Fig. 5a shows this relationship, SI calcite
vs. SI dolomite. It indicates a linearity. This linear relationship ex-
cludes extensive gypsum dissolution process which should have al-
tered the saturation levels of both minerals. Slight oversaturation
of many of the waters with respect to calcite is expected under con-
ditions of dedolomitization, necessary to cause precipitation of
calcite (Plummer et al., 1990). The Sls are lower in calcite than in do-
lomite, probably because calcium is being precipitated, while the so-
lution continues being saturated in dolomite. The dominant process
affecting all samples, regardless of group (G-1 to G-4), is carbonate
dissolution. The saturation of gypsum evolves simultaneously with
SO, contents (Fig. 5b). However, the SI values of gypsum and anhy-
drite are less than zero, indicating that these minerals remain sub-
saturated. Similar results have been found in the karstic basin,
southwest China (Wu et al., 2009), where gypsum does not reach
its saturation point, and thus the dedolomization in the aquifer con-
tinues in the study area. Group G-3 gives the highest values, due to
the dissolution of sulphate salts. The samples from G-4 have a higher
salinity being less subsaturated in halite than the others (Fig. 5c¢).
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Fig. 4. Hydrochemical relationships between selected ions in groundwater. Dissolution
line has been included.

Apparently, in group G-3, the influence of carbonate dissolution is
not as strong, being masked by the presence of sulphates in the medium.
The 1:1 ratio for SO4-Ca suggests dissolution of CaSO,4 (gypsum).

Caso, — Ca** +50;~ M

Group G-3 fits fairly well to this straight line (Fig. 6a). The existence
of interbedded gypsum could explain the presence of sulphate waters.
This is not to say that the main process acting on the rock is not carbon-
ate dissolution. The excess of calcium is clearly obvious in groups G-1,
G-2, and G-4 but less so in samples from G-3. Carbonate dissolution is
important for producing G-1, G-2, and G-4 samples, while for G3 waters
gypsum dissolution plays an important role. Fig. 6b, which shows the re-
lationship between Mg and HCOs, allows us to clarify which processes
determine the ion distribution of the samples. A ratio of 1:4 indicates
congruent dissolution of dolomite, while a ratio below 0.25 would sug-
gest a simultaneous dissolution of calcite and dolomite. It is generally
agreed that dissolution of magnesium carbonates takes place signifi-
cantly within the saturated zone, under closed-system conditions
(Appelo & Postma, 2005; Clark & Fritz, 1997).

Groups G-1 and G-2 are slightly about the ratio 1:4. Nevertheless,
samples in group G-3 clearly have an excess of magnesium. The process
that could explain this is dedolomitization. An excess of dissolved
calcium is produced as a consequence of the dissolution of gypsum; it
provokes the precipitation of calcite, so increasing the quantity of dis-
solved magnesium (Back et al., 1983; Deike, 1990; Ma et al., 2011;
Saunders & Toran, 1994). The net result is that the dissolution of
gypsum induces the transformation of dolomite to calcite in the rock
and produces waters with increased Mg? ™, Ca? ™, and SO3 ™ concentra-
tions. In the case of group G-4, the samples are evenly distributed above
the 1:4 line, possibly due to the presence of magnesium from a marine
origin. Fig. 6¢ shows the ratio of Cl to Mg and indicates linearity between
these two for the samples in group G-4.

To decipher the processes affecting groups G-1 and G-2, slightly
affected by sulphate dissolution, Fig. 6d displays the ratio of the non-
gypsum sourced Ca>™ (Ca?T-S0Z ™) vs. HCO3. Samples in groups G-1
and G-2 lie close to the 1:4 straight line, corresponding to dolomite
dissolution, while higher values in this relationship would be a conse-
quence of calcite and dolomite dissolution. However, most of these sam-
ples are below this line. This Ca deficiency can be balanced with the Mg
excess detected in these samples (Fig. 6b). The dedolomitization is likely
affecting to these samples, though not forgetting that the main process
that affects groups G-1 and G-2 is dolomite dissolution.

4.2. Isotope geochemistry

During recent years, a number of isotope studies have been carried
out to characterize the hydrogeology of local aquifers in south-eastern
Spain (Andreo et al., 2004; Cerdn et al., 2000; Cruz-San Julian et al.,
1992; Frot et al., 2007; Vallejos et al., 1997; Vandenschrick et al.,
2002). The LMWL (Local Meteoric Water Line) obtained in the
study area is 8D = 5.28916'80 — 15.157 with R? = 0.967. Fig. 7a
and Table 2 illustrate the 6 values, which range from — 0.62%. to
—9.94% for 180 and — 19.7%. to — 67.6%. for deuterium (D). The iso-
topic values for precipitation are spread over a wide range, due
mainly to the high seasonal variability that is a well-known climatic
feature of the Mediterranean area (Grassa et al., 2006; Liotta et al.,
2006; 2013). That way, there are some variations in deuterium
excess from precipitation. It may be a consequence of evaporation
during precipitation and continental moisture recycling, regional
processes that control these variations (Froehlich et al., 2008). The
local meteoric water line, based on the mean weighted 80 and
deuterium (D) composition of rainfall (WLMWL, Weighted Local
Meteoric Water Line), is 8D = 5.07986'80 — 16.21 with R> = 0.984
(Fig. 7b).

In contrast, groundwater shows a narrower range of isotopic signals
(8'%0 from — 6.29%o to — 9.86%.; 6D from — 44.03%. to — 70.24%o). This
is explained by the hydrological characteristics of the aquifers, which
tend to favour the mixing of meteoric waters with different recharge
times. This feature is also reflected in a narrower seasonal variability
of groundwater. In Fig. 8, which shows the ratio '80/D, we can see
how the groundwaters are distributed between the global meteoric
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Fig. 5. (a) Saturation index (SI) of groundwater with respect to calcite and dolomite. (b) SI gypsum vs SO4. (c) SI halite vs Cl.

line (6D = 86'%0 + 10, GMWL; Craig, 1961) and the Mediterranean me-
teoric line (6D = 85'80 + 13.7, MMWL) established by Celle-Jeanton
et al. (2001). Based on this graph, three sectors can be distinguished ac-
cording to the isotope signal recorded. These are for 0 from — 8.98%.
to —9.86%. in Sector 1, from — 7.63%. to — 8.97%. in Sector 2 and from
—6.29%. to —7.88%. in Sector 3.

The mean isotopic gradient with altitude can be determined directly
from the rainwater samples collected at a series of sites located at differ-
ent altitudes (Table 2). The altitude effect has been used to estimate the
mean elevation of recharge over the whole of Sierra de Gador. The mag-
nitude of this effect on the isotopic composition of the precipitation de-
pends on the climate and local topography. The isotope gradients, as a
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Fig. 6. Hydrochemical relationships between selected ions in groundwater. Dissolution line has been included.

function of altitude, change seasonally and the correction has been con-
sidered for the distribution of the altitude within the recharge area
(Holdsworth et al., 1991). The value of the §'80-altitude gradient is
— 0.19%./100 m. This relationship is shown in Fig. 9. According to the
sectors identified from the 8'%0-8D graph (Fig. 8), the recharge
altitudes corresponding to each sector are: 2000-1500 m a.s.l.,
1500-900 m a.s.l., and below 900 m a.s.l. Sector 1 corresponds to
the highest recharge band (2000-1500 m a.s.l.), represented by sam-
ples taken from springs in the west of the Sierra, which is where the
highest mountains are. Samples from less than 900 m a.s.l. (Sector
3) correspond to springs that drain small tectonic klippen and bore-
holes located in the eastern part of the Sierra. The remaining samples
are from points distributed on both the northern and southern faces
of the Sierra de Gador, where recharge occurs at altitudes of between
900 and 1500 m a.s.l. (Sector 2).

Environmental isotopes (6'3C and >H) together with hydrochemical
parameters were used to understand the hydrochemical evolution and,
hence, the residence times of groundwater contained within the aquifer
of Sierra de Gador. The groundwater shows the greatest variation in
8'3Cpyc signatures, which vary from —2.5%. to —12.1%. (Table 1),
with an average of — 8.7%o 6'>Cpyc. In terms of tritium, many of the sam-
ples do not register any tritium, which indicates a long transit time be-
tween the moment recharge occurred and the moment the water is
taken from a boreholes or discharged from a spring. A number of aquifer
points were chosen where it was considered tritium could be detected

and the results are given in Table 1. The ratio 6'3C/>H allows samples
to be classified according to the reaction time (or residence time) in
the aquifer (Fig. 10). The pluviometric recharge has mixed completely
with the pre-existing water and stored water. This mixing frequently re-
duces the tritium concentration and masks the presence of modern re-
charge water. Samples with tritium concentrations of less than 1 TU
indicate a longer transit time in the aquifer, while higher tritium
values and values indicating impoverishment relative to 3C, indicate
shorter residence times. In general, these samples coincide with
water recharged at lower altitude and discharged via springs. In the
easternmost sector, high tritium values were detected and this
indicates the zone with the greatest influence of modern recharge,
i.e., there is a preferential circulation of groundwater corresponding to
present-day marine intrusion (Vallejos et al., 1997). As in Gran Sasso,
Central Italy, the isotopes provide additional information about ground-
water flowpaths and hydrodynamics in fissured and karstic aquifers
(Barbieri et al., 2005).

The relationship between groundwater flow, the main hydrogeo-
chemical processes, recharge altitude and transit time is summarized
in Fig. 11.

5. Conclusions

The hydrogeochemistry of the water samples from the Sierra de
Gador aquifer system indicates four different types, each was
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areas.

characterized by a series of hydrogeochemical processes and a particu-
lar location within the macrosystem (Fig. 11a). The reactions that occur,
due to the lack of equilibrium between the aqueous and solid phases in
the aquifer, correspond to processes of carbonate precipitation-dissolu-
tion, ion exchange as a consequence of seawater intrusion, and input of
sulphates. Group G-1 corresponds to low-mineralization waters and
calcium bicarbonate facies; group G-2 has a similar composition to G-
1 but is more magnesic, its waters having been affected by a process
of dolomite dissolution. Both G-1 and G-2 groups are the result of disso-
lution of carbonates; sampling points in these groups come from both
the northern and southern faces of the Sierra. Group G-3 is character-
ized by greater salinity, linked to sulphate dissolution (gypsum) and
an excess of magnesium. These characteristics can be explained by a
process of dedolomitization. That is to say, as a consequence of gypsum
dissolution, an excess of dissolved calcium is produced, which provokes
the precipitation of calcite and increases the quantity of dissolved mag-
nesium. Samples placed in this group come from the western part of the
Sierra. Lastly, group G-4 is an agglomerate of the most saline samples,
which mostly have a sodium chloride facies due to the fact that these
samples are affected by marine intrusion, in which the principal process
in operation is reverse ion exchange. This exchange requires the pres-
ence of a rock with exchangeable calcium and water higher in sodium;
effect generally observed with seawater intrusion. It results in the

release of calcium (and sometimes magnesium) and a decrease in sodi-
um. Sampling points falling in this group come from either the eastern
or western coastal boundaries of the aquifer, with their physico-
chemical composition being explained by the presence of marine intru-
sion at these points.

By means of the isotope composition of both precipitation and
groundwater samples, we have detected three main recharge areas in
the carbonate aquifer (Fig. 11b). The residence time of water in the
aquifer is several years, though in some cases more recent recharge is
detected, arising from rainwater infiltration or seawater intrusion.
In the sector corresponding to the highest recharge altitude (2000-
1500 m a.s.l.), two flow systems were identified — one deep and the
other shallower. The more superficial one, evinced from tritium con-
centrations, discharges via springs. The sector corresponding to re-
charge at altitudes lower than 900 m a.s.l. corresponds to springs
that drain small klippen, and to borehole samples from the eastern
sector of the Sierra, whose tritium content may be explained by sea-
water intrusion. The intermediate sector between these two corre-
sponds to recharge altitudes of 1500-900 m a.s.l., where the flow
may be deep or shallow and the residence time short or long. The
methodology applied in this study, using major ion chemistry and
isotope composition, provides an integrated understanding of this
groundwater carbonate system.
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