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High ammonium (NH4), arsenic (As) and boron (B) concentrations are found in aquifersworldwide and are often
related tohuman activities. However, natural processes can also lead to groundwater quality problems. HighNH4,
As and B concentrations havebeen identified in the confined, deep portion of theNiebla-Posadas aquifer, which is
near the Cobre Las Cruces (CLC) mining complex. Themine has implemented a Drainage and Reinjection System
comprising two rings of wells around the open pit mine, were the internal ring drains and the external ring is
used for water reinjection into the aquifer. Differentiating geogenic and anthropogenic sources and processes
is therefore crucial to ensuring good management of groundwater in this sensitive area where groundwater is
extensively used for agriculture, industry, mining and human supply. No NH4, As and B are found in the recharge
area, but their concentrations increase with depth, salinity and residence time of water in the aquifer. The in-
creased salinity down-flow is interpreted as the result of natural mixing between infiltrated meteoric water
and the remains of connate waters (up to 8%) trapped within the pores.
Ammonium and boron are interpreted as the result ofmarine solid organicmatter degradation by the sulfate dis-
solved in the recharge water. The light δ15NNH4 values confirm that its origin is linked to marine organic matter.
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Dissolution FeOOH
Geogenic origin
High arsenic concentrations in groundwater are interpreted as being derived from reductive dissolution of As-
bearing goethite by dissolved organic matter. The lack of correlation between dissolved Fe and As is explained
by themassive precipitation of siderite, which is abundantly found in themineralization. Therefore, the presence
of high arsenic, ammonium and boron concentrations is attributed to natural processes. Ammonium, arsenic,
boron and salinity define three zones of groundwater quality: the first zone is close to the recharge area and con-
tains water of sufficient quality for human drinking; the second zone is downflow and contains groundwater
suitable for continuous irrigation but not drinkable due to high ammonium concentrations; and the third zone
contains groundwater of elevated salinity (up to 5940 μS cm−1) and is not useable due to high ammonium, ar-
senic and boron concentrations.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Increasing demand and conflicting water uses worldwide are lead-
ing to groundwater quality changes caused by variations in physical
water management (e.g.: Currell et al., 2011 and 2013). The difficulty
of managing groundwater lies in its sensitivity to (1) direct anthropo-
genic pollution (Belkin et al., 2000; Sapek, 2005), (2) indirect pollution
due to abstraction induced chemical changes (Cendón et al., 2014;
Harvey et al., 2003), and/or (3) geogenic causes related to water inter-
actionwith the host aquifer (both rocks andwater) or along groundwa-
ter flows (Swartz et al., 2004; McArthur et al., 2001). Differentiating
natural and anthropogenic sources is therefore crucial to ensure good
management of groundwater. However, it can be very difficult in
some instances to ascertain the source and/or processes associated
with contamination (Sancha and Castro, 2001; Harms-Ringdahl, 2007;
Williams et al., 1998).

Numerous aquifers worldwide have groundwater quality problems
related to elevated concentrations of arsenic. High mining-related As
concentrations (200–1700 μg L−1), often associated to dewatering ac-
tivities, have been identified in many parts of the world such as
Thailand (Williams et al., 1996; Williams, 1997), Greece (Wilson and
Hawkins, 1978), Ghana (Smedley, 1996), Alaska (Welch et al., 1988)
and Canada (Azcue et al., 1994), among others. However, high arsenic
concentrations can also be due to natural processes at many sites
around the world. Thus, arsenic can be mobilized by weathering reac-
tions (Manning and Goldberg, 1997b; Nicolli et al., 1989; Welch et al.,
1988; Savage et al., 2000; Wang et al., 2006; Mukherjee and Fryar,
2008), geothermal processes (Yokoyama et al., 1993; Robinson et al.,
1995; Ellis and Mahon, 1977; Criaud and Fouillac, 1989; Thompson
and Demonge, 1996), or reductive dissolution of iron oxides (Nickson
et al., 2000; Berg et al., 2001; Smedley and Kinniburgh, 2002; Halim
et al., 2010).

Ammonium contamination is often described as being due to agri-
cultural practices such as water irrigation returns and the use of fertil-
izers and manure (Kohl et al., 1971; Aravena et al., 1993; Chen et al.,
2004; Tang et al., 2004, among many others). In some cases, however,
ammonium concentrations as high as 390mg L−1 have also been attrib-
uted to geogenic processes. In all cases, ammonium in pore water is re-
lated to high concentrations of organic matter in sediments
(Ortega-Guerrero, 2003; Hinkle et al., 2007; Mastrocicco et al., 2013).
In the Pearl River Delta, China, Jiao et al. (2010) observed concentrations
as high as 290 mg L−1 in the aquifer, with a Holocene-Pleistocene
aquitard being even richer in ammonium. In all cases, ammonium is at-
tributed to the decomposition of organic matter under reducing geo-
chemical conditions.

Anthropogenic boron contamination in aquifers has been attributed
to leaking septic systems (Massmann et al., 2008) and borate mining in
Turkey (Gemici et al., 2008). Unlike ammonium and arsenic, high boron
concentrations of geogenic origin have beenmore rarely reported in the
literature, andmost of them are related to geothermal activity (Bernard
et al., 2011; Grassi et al., 2014) and Na-Cl brines (Wunsch et al., 2013;
Palmucci andRusi, 2014). High boron concentrations have also been de-
scribed in deep aquifers in Bangladesh and Michigan (Ravenscroft and
McArthur, 2003; Halim et al., 2010), and they are associated with
chloride and Ca/Na cation exchange and are attributed to the mixing
of fresh water with displaced ancient seawater.

The Niebla-Posadas (NP) aquifer (S Spain) is an example where am-
monium, arsenic and boron levels are high within the confined, deep
portion of the aquifer. This aquifer is part of the Guadalquivir Basin
and contributes part of the total resources for supply of drinking
water and for agricultural, industrial and mining activities in a highly
populated area of southern Spain. Concentrations of these three com-
pounds locally exceed current World Health Organization guidelines
for drinking water (WHO, 2008) and recommended values by the U.S.
Environmental Protection Agency for continuous irrigation (USEPA,
2012). The Spanish regulations for drinking water (RD140/2003), ac-
cording to the European Water Framework Directive (WFD), have
values close to the WHO values, which are more restrictive for some
compounds. High concentrations of these contaminants have alerted
the public opinion and numerous environmental groups have drawn at-
tention to the main anthropogenic activities in the zone, especially the
mining exploitation of Cobre Las Cruces (CLC), as well as Aznalcollar
past and projected activities.

The CLC complex is one of the largest open pit mining exploitations
of copper in Europe, and it is located in the centre of the study area. The
mining project has implemented a Drainage Reinjection System (DRS)
for groundwater comprising two rings of wells around the mine perim-
eter, where the internal ring drains and the external ring is used for
water reinjection. Themain objective of this system is to prevent the de-
crease in the piezometric level in areas outside of the mining complex.
The rate of pumping/reinjection is approximately 1.2 hm3/year.

This paper presents a detailed hydrogeochemical and isotopic study
suggesting the natural origin of high ammonium, arsenic and boron
concentrations in the deeper sections of the aquifer. The aim of this re-
search is to provide an assessment of a set of tools to differentiate the
geogenic/anthropogenic sources and processes, with particular atten-
tion to processes controlling ammonium, arsenic and boron concentra-
tions. To reach this objective, was necessary to: a) characterize the
sources of solutes; b) investigate the spatial distributions of solutes in
relation to sources, local geology and potential mobilization mecha-
nisms; and c) identify the geochemical processes that control the pres-
ence of these solutes. This approach can be applied to other sites where
elevated concentrations of ammonium, arsenic and boron are found and
more generally tomine siteswherewater-rock interactions at a regional
level are a concern.

2. Material and methods

2.1. Hydrogeological setting

TheGuadalquivir Basin,with an area of 56.978km2,was formeddur-
ing the Neogene and is part of a foreland basin developed between the
Betic range (active margin) and the Iberian massif (passive margin)
(Fig. 1A).

The study area is located approximately 20 km North of Seville, and
it is limited by Sierra Morena (Iberian massif) to the north and by the
Cortijuelos creek along the southern boundary. Thewestern and eastern
limits are defined by the Guadiamar and the Ribera de Huelva rivers,
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respectively. The Niebla-Posadas (NP) aquifer extends across the study
area fromN to S, with the Cobre Las Cruces (CLC) open pit mine located
in the central part of the study area (Fig. 1B).

The climate is characterized as temperate-warm Mediterranean
with influences from the Atlantic Ocean and the surroundingmain relief
units. Current average annual temperatures are 15–18 °C in the valley
region, and the precipitation is characterized by both spatial and tempo-
ral irregularity, with an average annual precipitation of 500–600 mm/y
and an annual average evapotranspiration of 991 mm/y (CHG, 2012).

The surface geology ismainly covered by Quaternarymaterials asso-
ciated with river deposits. The underlying Cenozoic Gibraleón
Fig. 1. A) Regional map and location of the studied area, B) geological map of the ar
Formation (Fm) is composed of bluish marls. These marls are of marine
origin and are rich in planktonic, benthic microfauna and organic mat-
ter. These form awedge that thickens southwards from0mnear the re-
charge zone to over 110 m close to the CLC mine and up to 800 m at
20 km south of the mine (Fig. 1C). These marls have been prospected
for gas at ~15 km south of the studied area. Sandwiched between the
bluish marls and the underlying Palaeozoic basement, the Niebla For-
mation hosts the main part of the NP aquifer, and it is formed by con-
glomerates, detrital limestone and sandstone with abundant marine
micro and macrofauna. The Niebla Fm outcrops to the north in the re-
charge area and dips southward towhere it is confined by the overlying
ea and CLC location, and C) general cross section. ETRS_1989_UTM_Zone_29N.
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blue marls. The Palaeozoic basement (Culm Fm) is made of quartzite,
schists, granite and volcanogenic massive sulfide deposits (Blake,
2008; Capitán, 2006 and Fernández-Caliani and Galán, 1991). Major
faults with a SW-NE orientation and secondary faults with a NW-SE ori-
entation affect the basement materials (Fig. 1B and C).

The detrital strata of the Niebla Fm, together with the weathered
portion of the upper Palaeozoic basement, form theNP aquifer. This het-
erogeneous aquifer is 10 to 30 m thick and gradually dips southward
with a 4–6% slope. It is confined in close proximity to the recharge
area by the low transmissivity (b5 m2/d) marls. Transmissivity values
of the NP aquifer range between 10 and 500 m2/d, with storage coeffi-
cient values on the order of 10−2 within the unconfined zone and be-
tween 10−3 and 10−5 in the confined areas (CHG, 2012). Recharge of
the aquifer is by rainwater infiltration in the outcropping area and
from Palaeozoic materials and recharge from ephemeral streams also
must be considered. The total estimated annual recharge is 32 hm3

(25 mm/y) for an area of 1300 km2 between the towns of Gerena and
Posadas. The discharge is 34 hm3/y and corresponds to agricultural
and consumption extractions,without regard to the extractions formin-
ing use (CHG, 2012; Navarro et al., 1993).

The Palaeozoic basement outcrops to the north of the recharge area
coinciding with increased elevation (up to 500 m). Very little informa-
tion exists on the groundwater potential of the Palaeozoic basement
or weather a deeper regional system may be possible within the frac-
tured interconnected Palaeozoic shales (Gómez de las Heras et al.,
2001).

Based on groundwater residence times and hydrogeochemical indi-
cators, four zones (Recharge, Intermediate, Deep 1 and Deep 2) have
been proposed for the NP aquifer (Scheiber et al., 2015). Thus, residence
times for each zoneof b60 (Recharge), ~20,000 (Intermediate), ~30,000
(Deep 1) and N30,000 (Deep 2) years were obtained from 3H, 14C and
36Cl analyses, respectively.

2.2. Groundwater sampling and analysis

Groundwater samples were collected from a total of 40wells and pi-
ezometers, distributed throughout the study area butwith a higher den-
sity of sampling points in the deep aquifer zone (Fig. 1B). Wells were
sampled during two field campaigns carried out in February 2012 and
September 2013.Wellswere purged and samples collected after remov-
ing three well volumes or once field parameters had stabilized. The
physico-chemical parameters such as temperature (°C), pH, specific
conductance (SC, μS cm−1), Eh and dissolved oxygen (DO, mg L−1)
were measured in situ inside a closed flow cell. Total alkalinity was de-
termined in thefield by acid–base titration using anAquamerckAlkalin-
ity kit.

Groundwater samples for general chemistry were collected in high-
density polyethylene, 25 mL bottles for anions and 50 mL for cation-
trace samples, previously filtered through a 0.22 μm nylon filter.
Cation-tracer samples were acidified with 1 mL of 20% diluted nitric
acid for sample preservation. Anions were analysed by High Perfor-
mance Liquid Chromatography (HPLC) and cations by Inductively
Coupled Plasma Atomic Emission Spectrometry (ICP-AES). The total
trace elements concentrations were measured by inductively coupled
plasma and mass spectrometry (ICP-MS). In order to differentiate arse-
nite (As (III)) from arsenate (As(V)) field speciation cartridges were
used (Meng andWang, 1998). DissolvedOrganic Carbon (DOC) samples
were collected in 30mL glass bottles previously muffled. These samples
were filtered through a 0.45 μm and acidified with 1 mL of HCl (2N).
Bottles were sealed with Parafilm® to minimize any contact with air.
DOC was analysed by the catalytic oxidation method at 680 °C using a
Shimadzu TOC-V CSH instrument, with a detection limit of
0.05 mg L−1. NH4

+ and I− concentrations were analysed with ion selec-
tive electrodes Orion 9512, with an error of ±2%.

Twelve samples for CH4 and H2S gas analysis were collected in
250 mL glass bottles, with septum cap and stored in an upside-down
vertical position according with Capasso and Inguaggiato (1998). The
CH4 in the gas phase was determined using a Trace GC Ultra
ThermoFisher Scientific chromatograph, with a detection limit of
0.58 mg L−1 and analytical error from ±0.001 to ±0.009 mg L−1. The
CH4 dissolved in water was calculated by the liquid gas partition coeffi-
cient (Alberto et al., 2000). The H2S content in the liquid phase was
analysed by ionic chromatography with a DIONEX model IC5000, and
with a variable wavelength detector with a detection limit of
0.005 mg L−1 S2 and an analytical error of 5%.

The samples were collected in high-density polyethylene bottles of
250 mL capacity, previously filtered through a 0.22 μm nylon filter and
preserved by addingH2SO4 (10%) to keep pH below 5.5. At the laborato-
ry, over the water sample a filter-pack is placed by the ammonia trap.
Filter-packs consist a 1 cm-diameter GF/D filter (WHATMAN) acidified
with 30 μL of 8N H2SO4, sandwiched between two 2.5 cm diameter
10 μm pore-size Teflon membranes. Two mL of Na(OH) 5N solution
was added in order to increase pH to a value above 12 pH units causing
NH4

+ to convert to NH3. The bottle was quickly sealed and placed in an
orbital shaker during 7 days at room temperature in order to favour
the NH3 diffusion into the headspace. NH3was then trapped into the fil-
ter and converted to (NH4

+)2 SO4. After one week the filter-pack was
placed in an acid-washed glass bottle and placed in a freezer-drier dur-
ing 2 h to remove any water from the filter. Then the GF/D filter was re-
moved, placed in a silver-cup and analysed immediately in an EA-IRMS.
The δ15NNH4+ were analysed by a diffusion method based on protocols
by Sebilo et al. (2004) and Holmes et al. (1998).

Geochemical modelling of aqueous speciation and solubility calcula-
tion were performed with PHEEQC code (Parkhurst and Appelo, 2013)
using the WATEQ4F thermodynamic database (Ball and Nordstrom,
2001). Additionally, the code was used to calculate solution charge bal-
ance as a Quality Assurance and Quality Control (QA/QC) measure for
solution composition.

3. Results

Groundwater temperatures vary from 14.7 to 37.5 °C, with an aver-
age value of 25.5 °C. Cooler temperatures are found in the recharge
zone, and temperatures increase towards the deeper zone. The pH
values range between 6.8 and 10.6, with the highest pH values found
in the deeper SE zones. Specific conductance (SC) values are between
388 and 5940 μS cm−1, also increasing with depth. Eh values, while
taken with caution, ranged between 177.7 mV in the recharge zone to
−297 mV in the deeper areas (Table 1).

Major ion compositions (Fig. 2) differentiate fourmain composition-
al types. Groundwater in the recharge zone is of the Ca–HCO3-type, and
it transitions to Na–(Ca)–HCO3 in the intermediate zone and to Na–
HCO3 in the Deep zone 1. Samples from the Deep zone 2 are of the
Na–Cl-type and represent the most evolved compositions in the study
area. In general, Na and Cl show a high correlation of R2 = 0.92
(Table A1 of supplementary information), adapting to a seawater mix-
ture line but with sodium excess.

Nitrate concentrations are only found close to agricultural and farm
areas in the recharge zone, with concentrations ranging from 16.4 to
97.2 mg L−1. Samples number 42, 40 and 41 (Fig. 1B) have nitrate con-
centrations that exceed or are close to the drinking water guidelines
(WHO). Nitrite has not been detected, but high ammonium concentra-
tions ranging from 0.04 to 12.8 mg L−1 are found in 70% of the wells
(Table 1). Sulfate concentrations are generally low, ranging from
0.1 mg L−1 to 115 mg L−1 (Table 1). Concentrations of H2S are 0.1 ±
0.01 mg L−1 and are only present at samples sites with the lowest sul-
fate concentrations and where a H2S-smell was identified in the field.
Methane concentrations were mostly below the detection limit
(0.58mg L−1), except for one sample with a value of 1.09mg L−1 (sam-
ple 5, located in the Deep zone 2).

Arsenic generally occurs as As (III), with concentrations ranging
from below the limit of detection to 0.18 mg L−1, with a mean value



Table 1
Groundwater parameters of the studied area (concentrations in mg L−1). SD (standard deviation). Recommended limits for drinking water (WHO, 2008) and for frequent irrigation
(USEPA, 2012).

MIN. MAX. AVE MEDIAN SD WHO (2008) USEPA (2012)

pH 6.8 10.6 7.9 7.7 0.9 6.5–8.5 −
Eh (mV) −297 177.7 −8.2 44.7 166.6 − −
SC (uS·cm−1) 388.0 5940.0 1611.1 1189.2 1065.8 1500 4000
T (°C) 14.7 37.5 25.5 25.3 5.2 − −
DOC 0.2 15.9 3.5 4.2 3.3 − −
Cl− 12.6 1581.3 276.4 149.9 315.5 250 −
NO3

− b0.1 97.2 11.0 0.1 24.8 50 −
SO4

−2 b0.1 115.3 16.5 9.5 24.2 250 −
HCO3

− 158.5 570.9 365.6 365.8 100.3 − −
Ca 0.6 177.0 45.3 24.0 51.0 200 −
K b0.1 43.4 5.5 4.1 6.5 30 −
Mg b0.001 50.6 7.2 3.9 9.5 150 −
Na 14.6 1061.8 238.0 218.6 220.0 200 −
NH4 0.04 12.8 2.6 2.3 2.7 0.2 −
I− b0.01 0.67 0.11 0.1 0.13 − −
Br− 0.09 5.25 0.90 0.5 1.15 − −
Fe b0.002 0.89 0.211 0.09 0.220 0.3 5
Mn b0.001 0.43 0.03 0.01 0.07 0.5 0.2
B 0.02 3.48 0.94 0.63 0.94 0.5 0.75
As b0.00003 0.18 0.006 0.002 0.03 0.01 0.1
F 0.15 6.79 2.46 1.64 2.12 1.5 −
δ18O −5.1 −3.8 −4.7 −4.8 +0.26 − −
δ2H −30.3 −20.4 −28.0 −28.4 +1.72 − −
δ15NNH4 −3.9 0.7 −1.4 −1.2 +1.6 − −
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of 0.006 mg L−1. Of the 40 points measured, four have As (III) values
N0.01 mg L−1 (above the WHO guideline), six points have As (III) con-
centrations between 5 and 0.01 mg L−1 and the remaining points have
concentrations b0.0005 mg L−1.

Boron concentrations in the study area range between 0.02 and
3.48 mg L−1, with an average value of 0.94 mg L−1. Approximately
55% of sampled points have boron concentrations that are above the
WHO limit for drinking water, and ~50% of the points do not meet the
USEPA recommendations for frequent irrigation water (Table 1).
Fig. 2. Piper diagram showing major ion chemistry of the samp
Similarly, ammonium concentrations vary between 0.04 and
12.82 mg L−1, with an average value of 2.61 mg L−1. This average
value is above the guideline value set by the WHO (0.2 mg L−1) for
drinking water, and the standard limit is exceeded in 76% of the sam-
pled points (Table 1).

Water stable isotope data from previous campaigns (Scheiber et al.,
2015) have been complemented with new results (see Table A2 of sup-
plementary information). Groundwater isotopic ratios range between
−20.4 to −30.3‰ for δ2H and between −3.8 to −5.1‰ for δ18O (V-
led points. The arrows follow the NW–SE flow direction.
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SMOW). The deuterium excess, defined as D-excess = δ2H–8 δ18O
(Dansgaard, 1964), has an average of 11.1 ± 1.6‰. These values are
close to 10‰ and suggest a major Atlantic source for rainfall recharge
when compared with the typical deuterium excess values of ~13.7‰
determined for modern western Mediterranean rainfall (Celle-Jeanton
et al., 2001). Groundwater deuterium excess values are also consistent
with other regional groundwater values from Doñana National Park
(D-excess = 10.9 ± 3.1) (Iglesias, 1999; Jiménez and Custodio, 2008).

A limited number of samples (n= 8) have been analysed for δ15N of
dissolved ammonium to assess nitrogen sources. The δ15NNH4 values
range between −3.9 and +0.7‰, with an average value of −1.4‰.

4. Discussion

4.1. Origin of major solutes

The NP aquifer has a well-defined recharge area and an overlying
confining layer of increasing thickness as the aquifer dips south along
the flow direction. Groundwater salinity increases along the flow direc-
tion,withmajor ion compositions varying fromCa–HCO3-type in the re-
charge area to Na–Cl-type in the deeper samples recovered. The
increasing salinity could be due to: (1) dissolution of evaporites,
(2) evapotranspiration processes in the recharge water or (3) mixing
between meteoric water and connate marine water. There is no evi-
dence of the existence of evaporites dispersed within the marls. More-
over, the dissolution of evaporites would lead to Cl/Br ratios much
higher than those observed (Cendón et al., 2004). The low chloride con-
centrations found in wells located within the Palaeozoic recharge zone
rule out evapotranspiration in the soil as a significant source of ground-
water salinity. Finally, the Cl/Br ratio values approach those of seawater
(RCl/Br 600) in samples from the deepest zones suggestingmixingwith a
marine contribution. However, depleted water stable isotopes (Fig. 3)
seem to constrain a significant mixing with seawater. Samples with
higher chloride concentrations generally show the most depleted
water isotopic values, with all groundwater samples plotting along the
modern precipitation weighted least square regression lines PWLSR
(Hughes and Crawford, 2012) for Seville and Gibraltar (Fig. 3). D-
excess values in groundwater samples adjusts betterwith rainfall values
derived fromAtlantic fronts and are similar to those fromGibraltar. This
could be due to the relatively limited rainfall water stable isotope data
set available for Seville (six years). Similar isotopic ratios to those ob-
tained in groundwater have been found in others regional studies,
Fig. 3. δ18O vs. δ 2H plot for
such as in Doñana (Manzano et al., 2001) and the southwest of
Portugal (Fernandes and Carreira, 2008).

The depleted δ2H/δ18O values in the deepest groundwater are con-
sistent with palaeo-recharge under different climatic conditions.
Palaeoclimatic studies based on nobles gas recharge temperatures
(Edmunds et al., 2004) and speleothems (Valsero and José, 2002 and
Jiménez de Cisneros and Caballero, 2013) conclude that the Late Pleisto-
cene recorded climatic periodswith temperatures up to 5 °C colder than
the current annual average temperature. This coincides with the find-
ings of Scheiber et al., 2015, where the groundwater travel time from
the recharge zone to the deepest zone was N30,000 years. These differ-
ences in associated groundwater recharge temperatures could explain
the depleted δ2H/δ18O values in the deepest zones.

Cenozoicmarine sediments overly the Palaeozoic substrate, andma-
rine water is expected to have occupied the porosity. Once the marine
conditions receded, continental fresh waters progressively pushed and
displaced the relict marine waters (Abad de Los Santos, 2007). Consid-
ering that the salinity originated from mixing between meteoric and
relict marine waters, and based on the Cl/Br ratios, a maximum seawa-
ter contribution of up to 8% would explain the salinity of the deepest
zones. The small seawater contribution would not produce any signifi-
cant displacement of water stable isotope ratios based on the δ18O vs
Cl relationship, which is not shown.

A relative increase in Na concentrations with respect to expected
seawater ratios is observed from the intermediate zone and towards
deeper portions of the aquifer (Fig. 4). This effect can be explained by
a Na-Ca exchange process that takes place within dispersed clay layers
in the aquifer or within the overlying formation (blue marls). The ex-
change of Ca for Na can also be observed in the Piper diagram, where
Na increases and Ca decreases while the HCO3 concentration remains
constant (Fig. 2). This process has been identified in coastal aquifers
when continental waters flush marine water (Appelo, 1994; Custodio
and Llamas, 1976; Custodio and Bruggeman, 1987).

NO3 is the only major solute detected that is of anthropogenic origin
and it has concentrations reachingup to 102mg L−1 in localized areas of
the recharge zone, with an average concentration of 41.7 mg L−1 (n =
6). These local high NO3 concentrations are due to agricultural practices
andmay be from sewage/septic tank leaks from the town of Gerena. Ni-
trate in the intermediate and deep zones is generally below the detec-
tion limit (Table A2 of supplementary information). This effect could
be due to: (1) nitrate only originating from recent recharge that has
not yet affected down-gradient concentrations, or (2) nitrate reduction.
groundwater samples.



Fig. 4. Plot of Na vs. Cl in groundwater (concentration in mg L−1). SW= Seawater 8%.
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However, the absence of 3H in intermediate groundwater suggests that
the nitrate plume has not yet reached the deeper zones.

Sulfate in the recharge zone can be as high as 115 mg L−1, but it de-
creases below the detection level (0.1 mg L−1) in the intermediate and
deep zones, with H2S concentrations reaching up to 0.1 mg L−1 in some
wells. The isotopes of the SO4 molecule clearly confirm the existence of
sulfate reducing processes, with remnant sulfate in groundwater from
the intermediate and deep zones showing a distinct trend towards
heavier δ18O and δ34S values (Scheiber et al., 2015). Although methane
has only been detected in one sample, the possibility of reduction pro-
cesses progressing up to themethanogenesis stage cannot be ruled out.
4.2. Origin of minor solutes (As, B and NH4)

Of all minor and trace elements/compounds analysed in groundwa-
ter, only ammonium, arsenic and boron have anomalously high concen-
trations that are one order of magnitude higher than those commonly
found in average surface water (Gaillardet et al., 2004). Ammonium
concentrations of up to 12.8 mg L−1 have been found in the Deep
zone 2, and concentrations of 0.18 mg L−1 for arsenic and
3.48 mg L−1 for boron have also been found within this zone. Several
natural sources can explain the high ammonium, arsenic and boron
concentrations observed in the groundwater. The natural origin is sup-
ported by the following: (1) the recharge zone of the aquifer has low
ammonium, arsenic and boron concentrations, and high concentrations
are only found in the deepest zones located to the SW of the study area;
(2) the transit to deeper parts of the aquifer is confined by a thick marl
layer (N 200 m) with low permeability, which seals the aquifer system
(Fig. 1B and C); and (3) groundwater residence times N20 ky have
been identified in groundwater containing the higher concentrations
(Scheiber et al., 2015).

The arsenic mobilization is interpreted as related to the reductive
dissolution of Fe-oxyhydroxides. This natural process is well-known
and has been observed in reducing aquifers (Berg et al., 2001;
McArthur et al., 2001; Ahmed et al., 2004; Halim et al., 2010). Generally,
Fe-oxyhydroxides are characterized by a very high specific surface area
of ±300 m2/g (Davis and Leckie, 1978) and a high adsorption capacity,
which is capable of adsorbing large amounts of arsenic (van der Zee
et al., 2003; Wang et al., 2012). Thus, the reductive dissolution of
these minerals involves the release of any arsenic present in groundwa-
ter. Instead of mining operations, several observations indicate a
geogenic origin in the case of theNP aquifer: 1) goethite gossandeposits
are scattered on the surface of the Palaeozoic series below the NP strata,
with the CLC ore deposit being themost representative; 2) goethite con-
tains up to 0.8% As (CLC, unpublished data); 3) Dissolved Organic Car-
bon (DOC) concentrations are above the typical values in groundwater
(N1 mg L−1), indicating the important role of organic matter in the hy-
drogeochemical evolution of these waters; 4) arsenic is mostly As(III),
which is characteristic of reducing environments; 5) the higher concen-
trations are scattered across the studied area, and are not directly linked
to mining; and (6) historical data obtained before the mining activity
show higher As and NH4 concentrations of up to 0.1 and 5 mg L−1, re-
spectively (CLC, 2005).

In many studies where the reductive dissolution of FeOOH has been
associatedwith high arsenic concentrations amoderate relationship be-
tween DOC, As and Fe is observed (Anawar et al., 2003; Ahmed et al.,
2004; Halim et al., 2009). However, no correlation is found in the stud-
ied area (Table A1 of supplementary information). This has been ex-
plained in some instances as a non-simultaneous reduction of As and
Fe (Islam et al., 2004), or as re-adsorption of As (Nickson et al., 2000).
However, the lack of correlation in this case is attributed tomassive pre-
cipitation of siderite in the NP aquifer. Thermodynamic calculations in-
dicate that groundwater in the Deep zones 1 and 2 are supersaturated
and very near to equilibrium with respect to siderite. Moreover, the
goethite-made gossan is massively replaced by siderite (Yesares et al.,
2014a; Yesares et al., 2014b). The siderites exhibit light δ13C values (be-
tween −13.4 and −47.95‰) that are typical of C from organic origin
(Capitán Suárez, 2006) and have been interpreted as the largest docu-
mented occurrence of a microbially derived ore assemblage (Tornos
et al., 2014).

The strong correlation of B with NH4 (R2 = 0.91, Table A1 of supple-
mentary information) suggests a commonprocess controlling their con-
centrations in groundwater. Similarly, the weak correlation observed
betweenAs and B and betweenAs andNH4 indicates that these process-
es are at least in part different from those concentrating As. Indeed, NH4

and B show a clear positive correlation with Cl (Fig. 5A and B).
Several samples have ammonium, boron, iodide and fluoride con-

centrations higher than seawater (Fig. 6A). Taking into account the
modern seawater concentrations for NH4, B, I and F, the expected contri-
bution from a maximum of 8% of seawater mixing, and the concentra-
tions found in groundwater samples, enrichment factors of 3200, 9,
140 and 85 are found (Table 2). This suggests that an extra source and
additional processes are associated with these compounds.

Nitrogen is a fundamental nutrient and is a constituent of multiple
organisms, so it is generally associated with organic matter in C:N pro-
portions of 16:106 (Redfield, 1934). Iodine is also assimilated bymarine
organisms, and organic matter is an important source of iodine for this
reason (Price and Calvert, 1973; Kennedy and Elderfield, 1987;
Worden, 1996). Strong correlations of iodine with ammonium (R2 =
0.86) and boron (R2 = 0.83) (Table A1 of the Supplementary informa-
tion) suggest organic matter degradation as the source for both species
in groundwater (Fig. 6A and B). In the case of fluoride, the correlations
are not so clear, but there is a strong correlation with boron (R2 =
0.82) and weaker correlations with ammonium (R2 = 0.57) and iodide
(R2 = 0.39).

This suggestion is confirmed by light δ13C and δ15NNH4 values found
in the groundwater of the deepest zones. The light δ13C values obtained
in the deepest zones (from−6.63 to−11.43‰) suggest that the organ-
ic matter degradation has an important role in the groundwater chem-
istry (Table A2). A detailed and quantitative discussion of the chemical
processes affecting the δ13C values can be found in Scheiber et al.
(2015). The nitrogen in the sedimentary rock is accumulated as organic
matter during the sedimentation process and is incorporated during the
diagenesis process as ammonium. It has been suggested that the δ-
15NTOTAL values of sedimentary rocks are representative of δ15NNH4

values (Holloway and Dahlgren, 2002). Under reducing conditions, the
organicmatter degradation can release high ammonium concentrations
(reaction 1). Aweak correlation betweenNH4 andHCO3 is observed, but



Fig. 5. Plots of A) boron and chloride and B) ammonium and chloride. SW= Seawater 8%.
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this can be affected by siderite precipitation in the vicinity of the ore.

NO�
3 þ H2Oþ 2CH2O↔NHþ

4 þ 2HCO�
3 ð1Þ

The δ15N fractionation under laboratory conditions between sedi-
mentary organic matter and pore water ammonium has been investi-
gated by Prokopenko et al., (2006). The results show that pore water
δ15NNH4 values (b0.7‰) are generally lighter than those of the sedimen-
tary material (≈5‰) due to a small isotope fractionation associated
with organic matter degradation (Ԑ = −0.7‰ ± 0.2‰). However, the
δ15NNH4 values of porewater and sedimentarymaterial in some samples
can be quite similar due to the low fractionation factor. There are several
aspects that can vary the isotopic ratios, such as depth, N content, bacte-
rial activity and degree of organic matter degradation (Prokopenko
et al., 2006). The groundwater of the NP aquifer has δ15NNH4 values be-
tween −3.9 and 0.7‰ (Fig. 7), which are similar to those of the marl-
stones recovered from North Atlantic cores (Rau et al., 1987), where a
range between −2.7 and 2.3‰ is observed. Borowski and Paull (2000)
reported heavier values of δ15NNH4+ (+3.6 to +4.9‰) in pore water
produced by microbial fermentation reactions in deeper marine sedi-
ments under sulfate reducing conditions. The similarity between the
δ15NNH4 values in groundwater and in marl organic matter found else-
where suggests that high ammonium concentrations could be derived
from organic matter degradation of the bluish marls in the “Gibraleon
Fm”.
Fig. 6. Plots of A) boron and iodid
High boron contents can be attributed to sorption–desorption pro-
cesses where seawater B is sorbed onto the surfaces of sediments. De-
sorption and release to groundwater takes place during the
freshening-up stage when fresh continental water displaces seawater
in aquifers. The competitive action of HCO3/CO3 could drive desorption
from mineral surfaces, producing a B/HCO3 correlation as observed in
aquifers in Bangladesh and Michigan (Ravenscroft and McArthur,
2003). However, no positive correlation between B and HCO3 has
been observed in the studied area, but HCO3 concentrations are strongly
buffered by the dissolution of calcite and precipitation of siderite in the
deep zones of the NP aquifer. Therefore, B sorption–desorption cannot
be ruled out.

An alternative, although similar, explanation for B origin is to assume
sorption into solidmarine organicmatter. Thus, B sorption in the organ-
ic matter of soils has been demonstrated to be one order of magnitude
more efficient than on mineral surfaces, such as clays and Fe-oxides
(Goldberg, 1997). Moreover, oil reservoir brines are commonly
enriched in B, so organic matter maturation seems to be a possible
source of B during thermal maturation (Williams, 2000). The degrada-
tion of organic matter by SO4 from recharge water would account for
the release of B to the pore water of the NP aquifer (Fig. 8).

Defining groundwater quality for each defined zones is essential for
good management of the NP aquifer. In addition to mining, the main
consumption of the groundwater is for agriculture and drinking water
associated with the surroundings villages. Moreover, the aquifer also
e, B) ammonium and iodide.



Table 2
NH4, B, I and F concentrations in seawater,mixedwaterwith an 8% contribution of seawa-
ter, and groundwater samples (mg L−1). The enrichment factor is calculated under the as-
sumption that groundwater mixes with a maximum of 8% of seawater. Seawater
concentrations for NH4 and B are from Yuan-Hui, 1991, those of I and F are from Truesdall
et al., 2000 and Berner and Berner, 1987, respectively.

NH4 B I F

Seawater concentration 0.05 4.6 0.06 1
Concentration contribution from 8% of
seawater

0.004 0.368 0.0048 0.08

GW samples maximum concentrations 12.8 3.48 0.67 6.79
Enrichment factor 3200 9 140 85

Fig. 8. Correlation between Β and SO4.
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represents a drinkablewater reserve for the city of Seville and its conur-
bation in severe drought events. Therefore, the guideline defined by the
WHO(2008) for drinkingwater and theUSEPA recommendations for ir-
rigation have been used to assess the water quality of the aquifer based
on ammonium, arsenic, boron and salinity. The groundwater of the
studied area exhibits a clear increase in salinity and loss of quality
from NW to SE. Recharge area: In general, the groundwater in this
area has acceptable characteristics for drinkingwater (NH4, As, B and sa-
linity) and continuous irrigation, except in local cases where high ni-
trate concentrations related to agriculture has been detected.
Intermediate zone: Drinking water and high water quality are found
in the NW half of this zone. The intermediate SE half, however, has
NH4 concentrations above the drinking water standards. The salinity
and B concentrations allow the use of the water for continuous irriga-
tion of many types of crops. Deep zones 1 and 2: Groundwater from
these zones has high concentrations of ammonium, arsenic, boron and
salinity and is not suitable for drinking or for continuous irrigation use.

Based on the described water quality data, three different uses of
groundwater can be established: drinking and continuous irrigation, ir-
rigation only and none (Fig. 9). In this paper, only NH4, As, B and salinity
has considered for determining the groundwater quality. Other param-
eters or compounds not addressed here may affect the delineation of
the drinking and continuous irrigation water zone.

Beyond the description of water quality and the classification of
aquifer zones, correctmanagement requires the definition of amethod-
ology for discriminating anthropogenic from geogenic origins for the
solutes that constrain the water quality, such as As, NH4 and B. This is
particularly necessary in an area of water scarcity and aquifer exploita-
tion by various and often conflicting users. Here, we present evidence
that, rather than mining operations, arsenic is related to the reductive
dissolution of As-bearing goethite mineralization in a reducing
Fig. 7. Plot of δ15NNH4 vs. NH4.
environment, similar to the cases described for SW Asia (Smedley and
Kinniburgh, 2002). Evidence of such a process includes the low redox
potential, and the massive precipitation of siderite with light δ13C
values. Moreover, we also demonstrate that NH4, B, I and F are also of
geogenic origin and are correlated. Anomalous concentrations of all
such elements have also been previously referred to in an aquitard
from northern Mexico (Ortega-Guerrero, 2003), but the relationships
among them are not mentioned. A strong correlation of all of these ele-
ments with salinity is also observed. However, unlike similar aquifers in
Michigan and Bangladesh (Ravenscroft and McArthur, 2003; Halim
et al., 2010), the concentrations of these elements in the NP aquifer can-
not be explained by mixing with seawater, but they require another
source. An origin of marine organic matter degradation under a reduc-
ing environment is postulated for NH4, B, I and F. The evidence for or-
ganic matter degradation includes the light δ13C and δ15N values
measured in groundwater. This is in agreementwith the origin attribut-
ed by Jiao et al. (2010) for the NH4 and I of pore water in the Pearl
River Delta, China, although these authors did not supply direct
evidence.

5. Conclusion

Groundwater flows from NW to SE evolving from Ca–HCO3 to Na–
HCO3 and finally to Na–Cl typewaterswith increasing depth. In general,
the increased salinity down-flow is a natural characteristic of this sys-
tem, with two groundwater systems possibly being mixed in different
proportions: A) a shallower, faster system associated with recharge in
the Cenozoic portion of the NP aquifer, with slightly enrichedwater sta-
ble isotope values, lower Cl/Br ratios and an enrichment in Na due to
ion-exchange processes; and B) a deeper, slower system associated
with groundwater recharged at the coldest period during last 30 ky,
with some remains of marine pore waters of up to 8% and Cl/Br ratios
closer to marine-derived values.

High arsenic, ammonium and boron concentrations are found in the
deeper zone of the NP aquifer. None of these solutes are found in the re-
charge area, but their concentrations increase with depth. They appear
in zones already isolated from the surface by a thick sequence of low-
permeability marls and in groundwater with residence times N30 ky.
Therefore, the presence of high arsenic, ammonium and boron concen-
trations is attributed to geogenic processes.

The arsenic distribution follows a different pattern that is not strictly
linked to salinity. Arsenic in groundwater is interpreted as originated
from the reductive dissolution of As-bearing goethite by dissolved or-
ganic matter. Goethite was formed by the oxidation of original



Fig. 9. Map of groundwater quality from ammonium, arsenic, boron and chloride concentrations. The dashed lines mark the four zones: Recharge, Intermediate, Deep 1 and Deep 2.
ETRS_1989_UTM_Zone_29N.
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Palaeozoic ore exposed to atmospheric conditions during the pre-
Miocene age. Arsenic in groundwater depends, therefore, on the loca-
tion of goethite mineralization. The lack of the expected correlation be-
tween Fe and As is explained by the massive precipitation of siderite.

Ammonium and boron, together with iodide and fluoride, clearly in-
crease with chloride from NW to SE and are interpreted as being the re-
sult of degradation of marine solid organic matter by sulphate dissolved
in the recharge water. The light δ15NNH4 values confirm that its origin is
linked to marine organic matter.

Related to management implications, three zones of groundwater
quality were defined based on the ammonium, arsenic, boron and salin-
ity data: the first zone, which is closer to the recharge area, contains
water of human drinkable quality; the second zone downflow contains
groundwater suitable for continuous irrigation but not for drinking, due
to its high ammonium concentrations; and the third zone contains
groundwater of elevated salinity (up to 5940 μS cm−1) and high ammo-
nium, arsenic and boron concentrations not being usable.

The accurate investigation of the interactions between water,
organic matter and rock is indispensable for the correct determination
of the origin of water quality in areas with high human pressure on
aquifers.
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