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SUMMARY

The Niebla-Posadas (NP) aquifer in southern Sgaone of the main groundwater sources for
the lower Guadalquivir Valley, a semiarid regionpgarting an important population,
agriculture and industry. To contribute to the enstinding of this aquifer the assessment of
sustainable use of groundwater, the residence dfnggoundwater in the NP aquifer has been
estimated usingH, “C and®*Cl. Along the flow paths, recharged groundwatekesiwith
NaCl-type waters and undergoes calcite dissoludiwh is further modified by cation exchange
(Ca-Na). Consequently, the water loses most otalsium and the residuaCpc in the
groundwater is isotopically enriched. Further midifions take place along the flow path in
deeper zones, where depleté’dCD.c values are overprinted due to S0and iron oxide
reduction is triggered by the presence of organatten Dating with®H, **C and*°Cl has
allowed the differentiation of several zones: reghazone (<0.06 ky), intermediate zone (0.06-
20 ky), deep zone 1 (20-30 ky), and deep zone 3Q0(ky). An apparent link between the
tectonic structure and the groundwater resideroe tonation can be established. Regional
faults clearly separates deep zone 1 from thenditfiolder age (>30 ky) deep zone 2. From the
estimated residence times, two groundwater areafiffgient behavior can be differentiated

within the aquifer.
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1. Introduction

With a surface of 60,000 Kinthe Guadalquivir basin is a major geological &agdrological
unit in southern Spain, sustaining a populatiomofe than 4 million. It is a semiarid region
where the distribution of water resources betwaendn use and the environment is a challenge
(CHG, 2012). The Niebla-Posadas (NP) aquifer isairtee main groundwater resources of the
lower Guadalquivir basin. It supports traditiongtiaulture and is a drinking water reserve for
many localities, including Sevilla. Further comgeti for water resources in recent years in the
area has arisen from the expansion of irrigatiarcaljure, with an increase of 64% of irrigated
crop area in the 2000-2011 period (CHG, 2012),exgdorations and the opening of two major
open-pit mines. The Cobre Las Cruces (CLC) and kpflar mines (now in the process of
reopening after a serious environmental incideouali5 years ago) exploit ore bodies located
in contact within the Niebla-Posadas (NP) aquifdihe CLC mining complex is one of the
largest open pit mining in Europe. To drain therop#, a world-class Drainage and Reinjection
System (SDR) has been implemented. The SDR is fiblspewo rings of perimetral wells, one
of drainage wells and the other of reinjection sellhe function of this system is to prevent
groundwater head drawdown and pollution of the N&ifar outside the mining project. Farther
to the south, the deeper NP sands below the DoRatianal Park (>2000 m depth) host gas
reserves and the feasibility of temporary G@rage in the sands has been studied.

The hydrogeochemistry of the NP aquifer is comptgrundwater salinity increases with depth
following characteristic pattern discussed by T¢1/999) and common in many aquifers
worldwide (e.g.: Frengstad et al. 2001; Wen e2@05; Cloutier et al. 2006; Su et al. 2013; and
many others). Moreover, the complex regional gdokig structure complicates the
identification of flow paths and the assessmentrader travel times. Therefore, groundwater
availability and uses in the region are conditionbyg the complex hydraulic and
hydrogeochemical NP aquifer zonation. This gensrgteundwater management uncertainties
that include key issues such as the definitionselsywater quality, reserves estimation, induced
chemical degradation by mixing of different watehse to pumping, pollution risk, etc. In
summary, the increasing demand for mining and aljue and the rising public opinion
concerns require a clearer assessment of groundwate

Despite the described setting, no scientificallgdthassessment of water reserves is available.
To respond to these questions, a hydraulic andoggadrchemical conceptual model is needed.
The objective of the present work is to define ahwmdology based on a combination of
hydrogeochemical and dating techniques to identityich part of the aquifer contains
groundwater that can be regarded as a renewaldlercesand which part is mostly composed of

fossil groundwater. This will enhance the undeditag of the groundwater system dynamics
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and become a support for sustainable managemenpraekction of groundwater resources,

which likely can be generalized and influence o8ienilar studies.

To achieve the defined objective, a hydrogeochdnaind groundwater dating study has been
carried out. The use of hydrochemistry and enviremial isotopes is an effective method to
differentiate water-rock interactions and define d¢inigin of groundwater, in order to construct a
conceptual model of transfer processes betweerrdiff aquifer waters (Dogramaci and
Herczeg 2002; Edmunds et al. 2002; Andre et al528d@munds 2009; Cartwright et al. 2010;
among many others). On the other hand, residenoe ¢istimation will be used, employing
radioisotopes such a#l, **C, *Cl. This will be crucial to identify the volumes afon-
renewable groundwater. A number of studies havd agioisotopes’H, “C, **Cl) to identify
ancient and modern recharge and to estimate tialessof groundwater renewal (Bentley et al.
1986; Guendouz and Michelot 2006; Cartwright eRall2; Meredith et al. 2012; Plummer et
al. 2012).

Some recent works also combine hydrogeochemicabatidg techniques to estimate recharge
sources and resident times to assess the sustiynalbi regional aquifer water resources
development (Bouchaou et al. 2008; Mahlknecht.e2@06; Sukhija et al. 2006; Douglas et al.
2007; Cresswell et al. 2001; Wallin et al. 2005yr€ll et al. 2013; Atkinson et al. 2013). The
recent proliferation of mining activities foreseBalnakes these techniques the most likely

immediate application of the methodology and cosidios of the present paper.

2. Hydrogeological setting

The Guadalquivir depression was formed during teedéne due to the compression of Africa
against Eurasia. It constitutes a foreland bagiatkd between an active edge, the Betic Range,
and the passive edge of the old Iberian (HespeNtsksif (Fig. 1). The northern margin of the
Guadalquivir Basin is in contact with materialstire Hesperian Massif; it is known as the
South Portuguese area. This area is formed by Ratecocks that form the base of Cenozoic
and Quaternary materials that fill the Guadalgubasin in its passive margin. Geologically, it
consists of three major stratigraphic units defirfed the whole South Portuguese area
according to the dominat lithology: slates and tgit@s group, volcano-sedimentary complex,

and Culm Group.

The study area is located in the northern edgehef Guadalquivir basin, in the South
Portuguese area, approximately 20 km North of &evilhe area limits are the Guadiamar
River and Aznalcollar mine to the west and the Rivde Huelva stream to the east, and include



the CLC open pit mine. The northernmost margin éked by contact with the reliefs of Sierra
Morena and the southern boundary by the Cortijuelesk (Fig. 1).

The climate is temperate-warm Mediterranean dutnhéoinfluence of the Atlantic Ocean and
the Sierra Morena range elevations. Annual preaipih is 500-600 mm/y with an irregular
intra-annual and inter-annual pattern. Current ayeryearly temperatures are 9-10 °C in

mountainous areas and 15-18 °C in the valley region

The study area is mostly covered by Quaternary niadgeassociated with river deposits.
Underlying Cenozoic bluish marls of marine origina wedge that thickens toward the south
consisting in conglomerates, detrital limestonesd aandstones with abundant marine
microfauna form the base of the Cenozoic, whichdseto deepen southwards. The detrital
materials outcrop on the northern margin of tharbasd become confined below the bluish
marls. The basement is made of Paleozoic matéaatsing a paleorelief, mostly composed of
quartzite, schists, granite and volcanogenic massilfide deposits. This basement is affected

by a series of SW-NE oriented fractures and otb&s televant NW-SE fractures (see Fig. 2).

The NP aquifer unit is formed by the detrital sirat the base of the Cenozoic formation. The
aquifer is 10 to 30 m in thickness and graduallysdsouthward with a gentle slope (4-6%),
being confined by the very low transmissivity (<S/a) marls, up to 2000 m thick. The
Paleozoic basement is fractured and weatheredsinpper part, thus constituting a zone of
relatively high permeability. The NP sandstone sredupper part of the basement underlying it
define the relatively high transmissivity aquifef the region. Transmissivity values range
between 10 and 500 d and storage coefficient values are of the orferl0? in the
unconfined zone and betweeri®1and 10 in the confined areas (CHG, 2012). Recharge of the
NP aquifer takes place by rainwater infiltratiortlie northern outcropping area. Total estimated
recharge in the outcropping narrow strip is Sfyrand the main discharge is pumping, about
40 hnily (CHG, 2012; Navarro et al., 1993). Groundwategional flow, prior to mine
operations, was dominantly northwest to southéakkbwing the topography, although there is
an abnormal change of gradient in the area ardumdhine site. This anomaly is attributed to an
elevation of the basement paleorelief, where thealyfer disappears and the marl layer rests
directly on the Paleozoic (Fig. 2).

3. Sampling and analytical methods
3.1. Groundwater sampling

Groundwater level and physicochemical values weeasured in 50 wells during two field

campaigns. Samples for chemical and isotope asalysie collected at 42 points (Fig. 3). The



majority of wells are screened within the NP aquibeit others extract water from the Paleozoic
aquifer and some extract water from both aquifeftie distribution of sampling points is as
homogeneous as possible, but the area occupietiebynining activity has a higher density.
Toward the south of the studied area, the numberetls is very limited due to the increasing
depth of the aquifer-R00 m) and the declining groundwater quality. Befsampling, all wells
were purged to remove three well volumes. TempegafiC), specific electrical conductivity
(EC, uSecril), pH, Eh, and dissolved oxygen (DO, mgjlwere measured in situ inside a
closed flow cell after obtaining the stability ofeasured magnitudes. Total alkalinity was
determined in the field by acid-base titration gsiine Aquamerck Alkalinity Test.

3.2.Major/minor ions and gas analysis

Groundwater samples collected for general chemistse filtered through a 0.22 pm nylon
filter and collected in high-density polyethyle@®, mL bottles for anions and 50 mL for cation-
trace samples. The latter were acidified with 1 ©BfL20% diluted nitric acid for sample
preservation. Anions were analyzed by High Perforeea_iquid Chromatography (HPLC) and
cations by Inductively Coupled Plasma Atomic EngesSpectrometry (ICP-AES), with an
analytical error between 5 and 7.5%. A volume ofn30 was collected for DOC (Dissolved
Organic Carbon) analysis in glass bottles previouslffled. These samples were passed
through a 0.45 pum nylon filter and acidified withnL of HCI (2N); the bottles were sealed
with Parafiln? to minimize any contact with air. DOC was analybgdthe catalytic oxidation
method at 680 °C using a Shimadzu TOC-V CSH instntmwith a detection limit of 0.05
mg/L. NH," was analyzed with a selective electrode Orion 9%dth an error of +2%.

Twelve samples for gas (GHind HS) analysis were collected in 250 mL glass bottiéh
septum cap and stored in an upside-down verticsitipn (Capasso and Inguaggiato, 1998).
The CH, in the gas phase was determined using a Trace [B& ThermoFisher Scientific
chromatograph, with an analytical error from +0.001+0.009 mg/L and a detection limit of
0.58 mg/L. The ChHdissolved in water was obtained by the liquid gasition coefficient. The
H,S content in the liquid phase was analyzed by ichiomatography with a DIONEX model
IC5000, and with a variable wavelength detectohwitetection limit of 0.005 mg /L, &nd an
analytical error of 5%.

3.3. Stable isotoped?H/5'%0, 9*'S/6'%0 in sulfate and *Cp/c

Water samples were collected &H and§'®0 analysis in 50 mL high-density polyethylene

bottles. Samples fa**Cp,c were stored in 25 mL muffled glass bottles withbeadspace and



sealed with Parafilfhto minimize any contact with air. All of them wefitered with 0.45 pm
nylon filters. A Wavelength Scanned Cavity Ringdo&pectroscopy (WS-CRDS) instrument
was used fob’H and3'®0 in water. A gas-bench system using the conveatiblgPO, method
was used foB"*Cpc analysis (Torres et al., 2005). Isotopic resul&s given ind notation
against V-SMOW and V-PDB standards. The analyfizetision is +0.8 %o fo6’H and 0.3
%o for 5°0 ands°Cp/c.

To determines®'S ands'®0 in sulfate, 2L samples in polyethylene tereplatea(PET) bottles
were collected, acidified with HCI, with an excest barium chloride solution added to
precipitate BaSQ The precipitation was carried out at elevatedpenature £100 ° C) to
prevent the formation of BaGOAfter settling, the precipitate was recovered flilyation
through a 3-um filter and dried at room temperatiitee 5**Sso, was analyzed in a Carlo Erba
Elemental Analyzer (EA) coupled in continuous fltma Finnigan Delta C IRMS$®0s04 was
analyzed in duplicate with a ThermoQuest TC/EA (high temperature conversion elemental
analyzer) with a Finnigan Matt Delta C IRMS. Thealytical error is 0.1 to 0.6 fé*'S and 0.1
to 0.8 fors'®0.

3.4. Radioactive isotopesH, **Cp,c and**Cl

Samples forH, “*Cpc and**Cl analysis were taken in 1 L glass bottles andra®t45 um
filtration were sealed with Parafiffrto minimize any contact with air,. The tritiurfH) content
of the samples was analyzed by liquid scintillatiafier electrolytic enrichment at the
Universitat Autonoma de Barcelona (UAB). Tfté concentrations are given in tritium units
(TU) with a quantification limit of 0.3 TU. The swmles for*C were analyzed at the
Australian Nuclear Science and Technology OrgaitisgANSTO). For the analysis 6fC, the
dissolved inorganic carbon (DIC) was liberated fribra samples with phosphoric acid as,CO
which was captured using online extraction. The, @@s transformed quantitatively into
graphite by reduction with hydrogen gas in the @nes of an iron catalyst. TH&C activities
were measured by accelerator mass spectrometry JAMIBg the 2MV ANSTO Tandetron
accelerator STAR and expressed as a percentageodérm carbon (pMC) according to
convention (Stuiver and Polach, 1977), with eramging between + 0.03 and +0.4. FeEl
determination, Clwas precipitated with silver chloride and theniftedt to minimize sulfur
content. The precipitate was pressed into silvemimle masks in copper holders, and @
isotope content of water samples was analyzed by 1#hUD tandem accelerator at the
Australian National University (Fifield et al., 1BB Analytical error ranged between + 1.7 and
+2.2 (x10™).



4, Reaultsand discussion

4.1.General hydrochemistry

The study area has been divided into 4 zones: rgehmtermediate, and deep (1 and 2) zones.
This zonation corresponds to geochemical and isotifferences and clearly correlates with
the main geological features (i.e., the principailfs), as explained below (Fig. 3).

Field determinations and complete chemical andofsotdata of each water sample are
recorded in table Al of supplementary information.

Groundwater temperatures range between 17.8 aBd°@6.the lowest values are for shallow
groundwater in the recharge area while higher teatpees correspond to deep samples toward
the southeast. A vertical temperature profile olgdialong 80 m shows a high geothermal
gradient of 12 °C/100m, well above the averagénefdarth crust (3 °C/100m). These values are
consistent with the thermal anomaly described ia #iea (IGME, 1983) and are associated
with the presence of faults with SW-NE orientatiamjch bring up the deep water contained in
the Paleozoic materials.

The pH values measured ranged between 6.9 and dfidlthe electrical conductivity (EC)
ranged between 607 and 2800 uS/cm, in both casemasing from NW to SE. The alkalinity
shows values between 75 and 427 mg/L Ca@ater from the recharge zone is characterized
by a high content of dissolved oxygen, with valbetveen 5.5 and 8.7 mg/L. As water moves
downgradient becomes depleted in oxygen (<1 md#bjlowing the flow direction, the NP
aquifer shows a clear evolution of Ca-HE@pe water toward Na-Cl-type water, with
intermediate compositions (Na-HGQFig. 3).

The CI/Br molar ratio (Rien) clearly shows two end points, one correspondingréaindwater

of the recharge zone {R, = 220-550) and the other g, = 640-680) corresponding to deep
wells in the Paleozoic. The CI/Br and Cl/Na relatbip shows a mixture between infiltration
water and a more saline end member, probably mfimtlepositional water trapped in the pores
(Fig. 4 and Fig. 5). The CI-Na molar ratio showattmost of the analyses are shifted to higher
Na concentrations, indicating the existence of smaeNa source. This is interpreted as the
result of cation exchange with the clayish form@giavith the consequent replacement of Ca by
Na in the groundwater (Appelo, 1994; Custodio ataimas, 1976; Custodio and Bruggeman,
1980). This is a well-known process when pore watemmaterials deposited in marine
environments is slowly replaced by fresh water. Taet that cation exchange is still taking

place points to a very slow penetration of contiakfiesh water into the aquifer.



Saturation indices (SI) were calculated using th(RPEQC code (Appelo and Postma, 2005)
with the WATEQA4F thermodynamic database. Most sem@re slightly supersaturated in
calcite, with SI values between 0.13 and 0.8, vilte exception of the recharge zone.
Supersaturation is attributed to €@egasification during sampling. Indeed, this igenevident

in samples collected from a high pumping rate (b&). Gas bubbles appeared when the bottle
was opened in the laboratory. By re-equilibratihg Bnalyses with calcite, the finakd?
calculated with PHREEQC varies betweerf-iatm and 1&2atm, and the new recalculated pH
values decreased between 0.3 and 0.7 units.

4.2. Stable isotopes

= WATER ISOTOPES

Groundwater samples show isotopic contents rarfgamg -21.5 to -30.0%. fo8?H and -2.9 to -
5.2%o0 for 3'°0 (V-SMOW). As shown in Fig. 6, the values follohetGlobal Meteoric Water
Line (GMWL; Craig (1961)), indicating recharge bginwater infiltration . The samples that
correspond to the recharge area (NW) show heaViér ands°H values when compared to
samples taken further south. The coincidence ofetlshd’H and 8*°0 values with longer
residence times (see below) suggests that thergerlod these samples could have occurred in
colder climates than recent samples. The excesdewoferium, defined by d $°H-8 §'%0
(Dansgaard, 1964), varies between 9.5 and 11.6k&sd& values are close to 10%. and suggest
an Atlantic origin and are consistent with thosgistered in Dofiana National Park (d =
10.9+3.1) (Iglesias, 1999; Jimenez and Custodi68R0There is a trend to lower d (< 10%o) for
the fresher waters toward higher d (>10%.) as sglincreases. This may reflect for the more

saline water different atmospheric conditions @harge (colder climate with dryer air) (Fig. 6).

= SULFATE ISOTOPES

The isotope values of the S and O of the sulfatleoute have been determined in 24 samples.
Thed*'S range between -17.2 and -20.4%. (CDT), andtf@ values between 0.05 and 16.9%0
(V-SMOW).

Sulfate isotope values also show a distinct vanmatirom the recharge to the deep zones.
Samples in the recharge area have $0WO values and a wide range &f'S values (Fig. 7).
This is compatible with oxidation of sulfides eithe granites or in massive sulfide deposits, or
with its dispersal in sedimentary materials. Thegeofs *0s04 values obtained in the recharge
zone is compatible with **Oso4 values of atmospheric sulfates (Mook, 2002). Tlibes*'S
values obtained are consistent with those betw&grand 10%. reported for the Iberian Pyrite



Belt (Saez et al., 1999). The contribution of othaelfate sources such as those contained in

fertilizers or sewage are clearly ruled out.

Samples from the intermediate and especially fioendeep zones show a distinct trend toward
heavier values of sulfa®®0 and5*'S (Fig. 7), thus indicating a sulfate-reductionqasses.
Thode and Monster (1970) demonstrated that sulfdrsalfides originated by biological sulfate
reduction are characterized by heavier isotopiaesl following slopes between 0.22 and 0.28
in a plot of 5'%0 vs. §*'S. Sulfate-reduction is consistent with clear diémhe of sulfate

concentration in samples from intermediate and deeps.

= CARBON ISOTOPES

Seventeen samples have been analyzed'fer of dissolved inorganic carbon (DIC). Values
increase from -11.5%. (V-PDB) in the recharge zome38%. in the intermediate zone and
decrease again to -9.8%o in the deep zone. Thiati@miis attributed to inorganic C from water-
rock reactions that must be quantitatively assessecbrrect the'’C values for subsequent
dating (Fig. 8).

Theoretical values are calculated and compared thighanalytical value from a hypothetical
recharge, considering the water-rock reactions riest above, according to Coetsiers and
Walraevens (2009):

Csoil ('2 3 %0) +Cca1cite (0%0) + Cexchange (0%0) +CFe ('2 7%0) +CSO4 ('2 7%0) (1)

Ctotal

13 —
8 CCALCULATED -

Csoi: C concentration resulting from G@issolution and bicarbonate speciation.
Ceacite C concentration resulting from calcite dissolatio

Cexchange C concentration resulting from additional calcitissolution as a result of cation

exchange.

Cre C concentration resulting from Fe(lll) reduction.
Csos C concentration resulting from $@duction.

Ciota the C sum of concentration from all above proeess

It is assumed that soil water initially containsCHerived from atmospheric GOThe
photosynthetic activity of C3 type plants generad&€ values of approximately -27%o in



vegetal matter (Vogel, 1993). When this processwhrelms atmospheric GQliffusion, the
respiration of C3 type plants increases the avevalye of6*°C in soil CQ to -23%o (Cerling et
al., 1991). A theoretical value of the soil carli@3o) concentration was computed from the
chemical composition of the samples located inréeharge zone, eliminating the dissolution of
calcite. It accounted for the Ca concentration €ise modeling). Thus, s, values between
0.0015 and 0.0027 mol/L were obtained for the sampf the recharge zone (Table 1). Then,
CsoiL concentration of 0.0019 mol/L, the average valtighe range obtained in the recharge

zone, was assumed for the intermediate and deegszon

Following the flow line toward the SE**C becomes enriched. This fact is related to thangtr
increase of inorganic carbon from the dissolutiérearbonate rocksst°’C~0 %o for marine
carbonates). The G Value was calculated from the amount of Ca medsimravater and is
attributed to calcite dissolution according to sheichiometry of equation 2. This dissolution is
enhanced by the Ca-Na cation exchange that oaculgiclay materials, causing high calcium
consumption. The calcite dissolution because tibicaexchange was calculated from the
excess of Nawith respect to the theoretical fresh-seawateringixine (Fig. 5) and the molal

stoichiometry of equations 2 and 3.

CaCQ+H'—>Ca&*+HCO, 2)

Ca+2X-Na—X,-Ca+2Nd 3)

The oxidation of organic matter provides dissolreatganic carbon to groundwater that must
also be taken into account. Thus, the analysisisfotled HS (0.095-0.113 mg/L), the QO

depletion and th8Ss04— 50504 clearly indicate the existence of sulfate reducpoocess.

2CH,0+SQ2 — H,S+ 2HCQ 4

The carbon resulting from S@eduction was computed from the loss of,$@ncentration with
respect to the recharge value and the stoichioneétrgaction (4). The S{roncentration in the
recharge water was estimated as the average coatbemtin the samples from the recharge
zone (Gos = 4- 10 mol/L).

2CH,0+4FeO0H+7H— 4F€?+ HCO,+6H,0 (5)

Dissolved organic matter (DOC) can also be oxidibgdFe (Ill) oxides present in the host
rocks according to reaction (5). The inorganic oarlgenerated (&) could be computed from
the Fe(ll) dissolved in water. However, the Fe¢idncentration is always below the detection

limit (4-10* mol/L). Low Fe(ll) concentrations in water coul@ biue to the precipitation of
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Fe(ll) phases such as Fe sulfides and carbonatgsed, siderite and small amounts of pyrite
are described to replace Fe-oxides extensively. Oblere Las Cruces ore deposit is a unique
mineralization, where initial Fe-oxides of the gmssare replaced by siderite from Miocene to
recent times (Yesares et al., 2014). Consistetitty,Fe(ll) concentration predicted in water in
equilibrium with siderite is below the detectiorvée in all samples. Therefore, the HEO

originating from organic matter oxidation by FeO@®@ddluction is not computed. Consequently,

the final3**C resulting from calculations will be overestimated

The production of Clfrom existing organic matter is another process ttan potentially
increase theé'C values of groundwater dissolved carbon (Coetsiads Walraevens, 2009).
However, CH concentrations were below the detection limit 80rhg/L) for all samples.
Therefore, methanogenesis has not been incorpoesed process modifying th#3C of

residual dissolved inorganic carbon.

Applying equation 1, thé"*C is calculated and incorporates all carbon coutigin from each
chemical processes identifieGalculated and measur8C are similar in recharge, deep 1 and
deep 2 groundwaters. However, some samples lodéat#ite intermediate and deep zone 1
calculations result i3'*C values distinctly more depleted (Table 1). Savéypotheses to
account for these differences have been considéjeddditional calcite dissolution triggered
by Ca exchange by Sr and Mg. The unusually highceomations of Mg and St in this
groundwater suggest this process could be viabtamrporation of this process into the carbon
mass balance improves the calcula&€ but not enough to explain the observed difference
2) Dissolution of gypsum intercalations. This woakplain the increase of $0concentrations
observed in these samples; however, this would@isduce an increase in Ca&oncentration
leading to precipitation of CaGO This hypothesis can be ruled out, as this woutd b
accompanied by a decrease of HC@at was not observed. 3) Sample degassing during
sampling. This was observed, particularly for thessls extracted with a high flow (10L/s)
pump. It is believed that the sample could not dpgildrated with atmospheric GQluring the
sampling and the opening of the bottle in the labmy produced sample degassing. The CO
degassing would cause isotopic fractionation inHE ; — CG;, system and, consequently, the
sample would be enriched (Wendt, 1968). THE value considering this isotopic fractionation

was calculated as:

sBCirxi= sBCHXf+ §°Cco*Xco, (6)
where,
Xi, Xs and XcQq are, respectively, the initial, final and €@olar concentration.

513C, ands™3C; are the initial and finad**C values of HC@
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3'%Cco, is the CQ isotopic composition. This value depends on thmperature and is

calculated from the expression of Mook et al. ()9a4 the isotopic fractionatioscozmcos
138C02/HC03= -9483/T + 23.89%o (7)

These calculations lead 86°C values with a maximum enrichment of 2%, but righfenough
to match the analyses.

Therefore, a consistent explanation for the anousad&’C values measured in these samples
has not been found.

4.3. Dating

= TRITIUM (*H) IN GROUNDWATER

The evolution of the tritium activity in rainfalhithe area over the last 50 years is recorded from
the values registered at the GNIP Gibraltar statkssuming a piston flow model, the activity
(A) for every year is calculated and then compatedgroundwater activity obtained
analytically.

The tritium concentrations in precipitation neag gtudy area in the past 50 years are over 3
TU, with a maximum of 597 TU for 1963, which copesads to maximum of atmospheric
nuclear bomb tests that took place during that.tifréhese tritium concentrations are corrected
for radioactive decay, some of this tritium coulel found in the actual concentration in recent
groundwater (Custodio and Custodio-Ayala, 2013itiuin content in current rainfall is close to
natural values since a few years ago, with somdl snfluence of the small increase in the

ocean and the possible influence of evaporatingntegroundwater in irrigated fields.

Tritium was measured in 9 groundwater samples fnaifs of different depths and screened in
both the NP and the Paleozoic. Tritium activity groundwater ranged from 2 TU in the
recharge zone to less than the quantification lif@i8 TU) in the rest of the studied area.
Therefore, the tritium values registered in thénagge zone indicate that most of this water was
recharged after 1952. However, the null tritiumueal of the rest of the study area indicate that

the water recharge was produced prior to 1952.

» YC ISOTOPE IN GROUNDWATER

A decrease in th¥C activity is observed along the carbonate disgmiuand cation exchange
line, as well as an increase in 81&C values (Fig. 9). There is a line marked by repimcesses
where the"’C activity is close to 0 andf*C values tend to decrease. Finally, there is athae
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represents the aging groundwater where'tBeactivity decreased and th€C values remain

more or less constant. Following a flow line: 1) tbomposition of the samples of the
intermediate zone is dominated by the processeliseblution of carbonate rocks and cation
exchange. 2) The deep zones exhibit [8& activity ands**C values are lightest due to the

dominance of the redox reactions.

The activity of**C of 14 groundwater samples decreases downgradieng a NW-SE flow
line. Activities range from 93 pMC to <1 pMC (TabB, with three different ranges that
broadly correspond to the groundwater zones. Thasges are differentiated as follows: (1)
values between 93 and 84.pMC in the recharge z(®)eyalues from 82 to 9 pMC in the
intermediate zone; and (3) activities lower thgpVRC found in the deep saline waters to the SE

of the study area.
Assuming a piston flow, théC age is calculated from the following equation:

A
t= q*Ag
-A

where, A is the measurétC activity, q is the dilution factor, As the initial**C concentration

andJ is the decay constarit € In2/ty,), being {,, is the half-life.

The value of the initial concentration BE (A) is affected by the processes that modify the C
content in the water, as explained in the discussib*C. The dominant processes are the
dissolution of carbonate rocks and organic matiédation. During the transit in the aquifer,
these processes modify the inittdC content in groundwater because the ancient rdoksot
contain'“C. Hence, a correction must be applied to bettpraximate the Avalue in carbonate
rich aquifers. Here, the chemical correction (Tan&®75) and the isotopic correction (Pearson,
1965) in its simpler forms are considered.

The dating of these waters using both correctidrasners and Pearson) is in Table 2. The
measured and calculatef}’C values have been used for the Pearson correctionthe
intermediate zone, significant differences in age abtained between the two types of
corrections. Samples that show these differen@thase that have inconsistencies between the
8" CcaLcuraten and thed™*Cyeasuren Values, as already mentioned in Carbon Isotopetiose
The Pearson correction using $1&Cca cuiaten Values results in ages very close to those from
the Tamers correction. Therefore, age data us&aheers correction because it is independent

of thed**C values.

Four zones can be distinguished: (1) recent wasr <0.06 ky) where the values calculated of
C coincide with significant values of tritium andnsequently affected by post-nuclear
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recharge; (2) water of intermediate age area (@® ky); (3) old water (20 to 30 ky); and (4)
very old water (>30 ky).

» 3C| ISOTOPES IN GROUNDWATER

Seven groundwater samples have been analyzed,ynsedéicted from the deeper zone and
expected to have ages beydfi@ dating range. They are subjects for the apptioatif *°Cl..
While the ideal range fofCl is for samples between ~40 ky and 3000 ky (FebiMartin et
al., 1987), there are important limitations to besidered: (1) variable input of tA%I/Cl ratio
through time and under prevalent climatic condgior(2) in-situ**Cl production by secular
equilibrium with formation rocks; and (3) mixing ofaters with differenf°Cl (Kulongoski et
al., 2008). The local rainfall weighteCl/CI values in Sevilla, estimated to be ~30%, are
affected by the arrival of dead (A1) chloride from the sea (Santos et al., 2004).

Evapotranspiration effects during recharge are eepeto modify further the®Cl/Cl of
recharge; however, these cannot be quantified. cAllthese combined effects make the
estimation of the initiai®CI/Cl of recharge to groundwater problematic, paitrly for samples
with CI" concentration higher than 75-150 mg/kg (Park et2802). However, to estimat&Cl
residence times, a simple piston flow regime isiaegl. It is a valid concept if it is considered
that no significant contribution to the NW aquifeames from the Paleozoic basemelnt.this
case, it has been used in the model of Bentlely £&1386):

o Ly R

)\36 RO'Rse

where R is the®Cl/Cl ratio measured in the sample, B the **CI/Cl initial relationship or
meteoric water, and Ris the**CI/CI relationship under secular equilibrium witihetmaterials

that form in this case the NP aquifer.

A value of 38 (x16°) has been selected as an initial rat@l/Cl (Ry), which is slightly greater
than the average value (32XfD According to Fabryka Martin et al. (1987), theationship
%CI/Cl under secular equilibrium (& with Paleozoic materials is 13 (x1J); in the Cenozoic
materials it is 5 (x1%). An intermediate value of 10 (xI® has been selected for the NP

aquifer.

An apparent age of approximately 30 ky has beeainéd for the younger waters, consistent
with that obtained fromi*C, and from 100 to 150 ky for the rest of the deepe areas (Table
3). However, most of the samples have a Cl conagotr greater than 150 mg/L. Therefore, the
ages obtained are probably an overestimation.
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5. Conclusions

The study area was divided into four zones: re@yargermediate, and deep (1 and 2) zones.
This zonation corresponds to geochemical and isotifferences and clearly correlates with
the primary geological features.

The groundwater from the NP aquifer shows a clegatudion of Ca-HCO3-type water toward

Na-Cl-type water.

The origin of the chloride in the samples collectedhe deep areas can be explained by the
Na/Cl and Br/Cl ionic relationships. Both relatibips suggest a mixture of fresh water with a

more saline end member, probably relict syndepstiwater trapped in the pores.

Sulfate isotope values indicate the existence alation of sulfides processes in the recharge
zone and sulfate-reduction processes in the deggszo

The *C isotope values have facilitated identificationhgirogeochemical processes occurring
in the NP aquifer: calcite dissolution, Ca-Na cataxchange, SG3 and iron oxide reduction.
Knowing the processes taking place in each areabled to carry out a correction 81°C
values of each of the sampled points. This cowadtias improved the results € dating of
the groundwater.

Based on the results obtained from isotopic di#ta,'*C and*°Cl, four age zones can be
established in the study area from NW to SE (F@). The first zone corresponds to young
waters (<0.06 ky); it has been defined using tritidating and corresponds to the recharge area.
The second (0.06 to 20 ky) and third zones (20Qtkyd correspond to the intermediate and
deep zone 1, respectively; both strips have beénediewith **C values and confirmed BYCI
dating results. The fourth zone (> 30ky) corresisoto very old water of deep zone 2, with
residence times of thousands of years. This wasddaging®®Cl, although the high CI content
makes precise dating difficult.

However, relatively high differences in age candiginguished along the flow. Thus, age
gradients appear to be highly conditioned by tleall@eology. The >30 isochrone coincides
with a SW-NE regional fault that constitutes onetloé main areas of the Paleozoic aquifer
discharge. Discharge zones are very difficult toaual in such deep aquifers and, therefore,
groundwater ages can be an indirect way to infeh sieep flow paths.

From the results obtained, particularly with radtbze isotopes, a strip zone with short turnover
time (renewable) groundwater and another with atretsady (nonrenewable) groundwater are

distinguished (Fig. 10). Therefore, anyone actinghie area defined as almost steady must
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consider this aspect to ensure the sustainabfiitgese groundwater resources that are probably
nonrenewable due to the slow transfer from thewabée area. Then any extraction of water
resources, such as draining operations in a minst meset the water pressures by artificial
recharge to avoid affecting the area defined aswable water. Other considerations refer the

possible poor water quality, which are not addre$sze.
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FIGURE CAPTIONS
Fig. 1. Regional map with major catchments boundasiand detail of main regional relief units.

Fig. 2. Geological map with piezometric contour &s before mine operation, in metres above mean sea
level and generalized cross section AA'.

Fig. 3. Modified Stiff diagram showing the general chenyisif the water samples. Zonification of the
study area according to geochemical and isotofffierdnces.

Fig. 4. Br-Cl molar ratios of analyzed groundwaterBashed line marks the marine CI/Br ratio) Most
of the analyzed samples plot along a line of comtimal values evolving toward more marine values as
salinity increases (Whittemore, 1988; Davis et al998; Herrera and Custodio, 2000; Alcala and
Custodio, 2008).

Fig. 5. Plot of Cl vs. Na in groundwater (values mg/L).

Fig. 6. 60 vs.d ?H content in groundwater.

Fig. 7. Representation of the isotopic content aflfates in groundwater. A: Sulfate derived from
sedimentary sulfide oxidation. B: Sulfate derivebi magmatic sulfide oxidation.

Fig. 8.4"C vs. HCQ of the groundwater samples analyzed
Fig. 9. A¥C vs. 6"°C .

Fig. 10. Map of groundwater dating (ky) fromH, **C (Tamers) and®*Cl. Zoning of renewable and
nonrenewable resources.

TABLE CAPTIONS

Table 1. Theoretical variation of the concentratioaf DIC (C in mol/L) involved in the different
geochemical processes. Valuesé!C calculated and™*C measured (%o).

Table 2. Dating of groundwater by*C with Tamers and Pearson correction (ky). The Psam
correction is calculated fromd**C measured and™*C calculated.

Table 3%Cl values obtained from 7 groundwater samples astiraation of their apparent age (ky).
ANNEX CAPTIONS
Table A 1.

Values of in situ measurements and general chenyistr
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*Highlights (for review)

HIGHLIGHTS

= Niebla-Posadas aquifer is an important water source in southwest Spain.

=  First groundwater dating for Niebla-Posadas aquifer.

= Complete assessment of hydrogeochemical processes that affects groundwater dating.
= Contribution to scientific-based aquifer management: clear distinction between

renewable and non-renewable groundwater resources.



