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A B S T R A C T

The integrated use of multi-isotopic (87Sr/86Sr, δ13C-DIC, δ2H-H2O, δ18O-H2O) and hydrochemical data was ap-
plied in the highly anthropized Guadalhorce river basin, southern Spain, to improve the knowledge about water
contamination sources and processes and to achieve improved water resource management. The results obtained
highlight the importance of the use of isotopes as tracers of pollutants. DIC, δ2H-H2O, δ18O-H2O and δ13C-DIC al-
lowed differentiating two water recharge end members: direct rainwater, infiltrated into the upper and lower de-
tritic aquifers of the sub-basins, and the Guadalhorce dam system, which act as a source in some groundwater
and surface waters of the lower sub-basin. 87Sr/86Sr data supported the existing conclusions in relation to pollu-
tion sources in the study area. The Triassic basement (evaporites) of the carbonate and detritic aquifers of the
basin generally controls the natural 87Sr/86Sr composition in waters of the upper sub-basin. Only one groundwa-
ter sample reflects the influence of a human organic source (sewage) in its composition. On the other hand, mix-
ing of human inorganic (fertilizers and detergents) strontium sources is required to explain the 87Sr/86Sr contents
of the lower sub-basin waters. Discriminating the use of domestic detergents as another anthropogenic source of
strontium and sulphate in waters is a novel finding in this research. The conclusions reached can be extrapolated
to other anthropized basins.

1. Introduction

Groundwater is a strategic but scarce resource in the Mediterranean
Basin because of the arid and semi-arid climatic conditions and the
drought periods occurring periodically in this region (Durán Valsero,
2007). In this framework, climate change and related extreme events
indeed exacerbate the negative trend in water quality (Barbieri et al.,
2021). This area is an agricultural zone par excellence, in addition to one
that is experiencing growth in tourism and urban development, which
increases the water demand needed to satisfy these new uses. Ground-
water is as well an important geological agent and constitutes one of the
fundamental pillars for the maintenance and existence of natural land-
scapes and terrestrial aquatic ecosystems. It is a fundamental element in

the hydrological cycle and plays a key role as the base flow of wetlands
and rivers (Winter, 1999). As a result of this close relationship, deterio-
ration of groundwater quality directly affects surface water and depen-
dent terrestrial ecosystems, making its preservation of utmost impor-
tance from an environmental standpoint.

In the Guadalhorce River Basin (GRB) (Fig. 1), a basin in southern
Spain representative of the Western Mediterranean, aquifer water is the
main supply for different uses. In this area, the presence of different
lithogenic sources (carbonate detrital and evaporitic materials) and the
existence of potential diffuse and point anthropogenic sources (Fig. 2)
are both responsible for the ultimate chemical quality of water bodies.
Human pressure results from the existence of multiple economic activi-
ties in the area, facilitated by the geographic, geomorphologic, climatic
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Fig. 1. Location map of the Guadalhorce River Basin (GRB) (DEM:: Digital Elevation Model in meters above sea level -m a.s.l.-).

Fig. 2. Main diffuse and point pollution sources in the Guadalhorce River Basin (GRB) (data from Sánchez-García, 2010, 2013; BOJA, 2013).
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and socio-cultural context coupled with its proximity to major popula-
tion centers, including the city of Malaga. As the main source of water
demand in the GRB, agricultural activities use 75% of the total volume
of this resource (approximately 255 million m3 per year), while urban
water supply accounts for the remaining demand (85 million m3 per
year) (BOJA, 2013). The widespread use of chemical fertilizers (con-
taining NH4NO3, NH4NO3SO4, KNO3, H3PO4 and (NH4)2SO4, among
other salts) and pig manure are the main impacts identified, which are
responsible for the nitrate and sulphate input. Other impacts are evi-
denced by the presence of pesticides, salinization (by marine intrusion
or groundwater over-exploitation) and pollution from urban or indus-
trial origins (wastewater) (Sánchez-García et al., 2007; Carrasco-Cantos
et al., 2008; MAGRAMA, 2012; Sánchez-García, 2010, 2013; Urresti-
Estala et al., 2015, 2016).

The identification of possible contamination sources (natural and/
or anthropic) and the interpretation of hydrological and biogeochemi-
cal processes linked to pollution scenarios can be achieved through the
use of isotopic techniques (Clark and Fritz, 1997; Mook, 2002). The po-
tential impact of some existing pollutants in water can be recognized
due to the presence of isotopes either directly (δ34S-SO4, δ18O-SO4,
δ15N-NO3, δ18O-NO3, δ13C-DIC, 87Sr/86Sr), indirectly (δ2H-H2O, δ18O-
H2O) or in combination with chemical parameters (Cl−, NO3−, SO42−).
In particular, water stable isotopes (δ2H-H2O and δ18O-H2O) are em-
ployed as tracers to understand water dynamics, including groundwa-
ter-surface water interactions, recharge and discharge estimations, wa-
ter mixing, flow lines and water residence times in aquifers (Clark and
Fritz, 1997; Kendall and McDonnell, 1998; Cook and Herczeg, 1999;
Geyh, 2000; Mook, 2002; Vitvar et al., 2005; Awaleh et al., 2022). Car-
bon-13 of dissolved inorganic carbon (δ13C-DIC) is another environ-
mental stable isotope with diverse applications in hydrological studies.
DIC and carbon dioxide gas (CO2(g)) sources contributing to waters can
be assessed using δ13C-DIC and δ13C-CO2(g) (Aravena and Robertson,
1998; Vitòria et al., 2008; Otero et al., 2009). In addition, strontium
(Sr2+) is a divalent cation that can replace calcium (Ca2+) in the struc-
ture of minerals. The 87Sr/86Sr ratio is as well a very useful indicator in
hydrological systems, the analysis and interpretation of which can help
to understand and quantify mixing between different sources, whether
natural or anthropogenic (Négrel et al., 2001; Soler et al., 2002; Petelet-
Giraud et al., 2003; Tichomirowa et al., 2010; Clark, 2015; Glok-Galli et
al., 2020).

The main goal of this study was to improve the knowledge of conta-
mination sources and processes in groundwater and surface water of
the highly anthropized GRB, through the application of a multi-isotopic
approach (87Sr/86Sr, δ13C-DIC, δ2H-H2O, δ18O-H2O) coupled with hy-
drochemical data. This will allow to evaluate the use of these isotopes
as pollutant tracers and to improve water resource management, which
is of paramount importance in this Mediterranean basin.

Several contributions exist as background information regarding the
GRB that relate to many of the aspects considered. The integrated use of
δ34S-SO4 and δ18O-SO4 isotopes was considered by Vadillo-Pérez et al.
(2006) to characterize possible sulphate sources (natural or anthro-
pogenic) and their contribution in different sectors of the catchment
area. Sánchez-García et al. (2007) have studied contamination from
agricultural activities present in the GRB and have considered the
analysis of chemical data for the evaluation of nitrogen compound con-
tents in groundwater together with their spatial distribution. Carrasco-
Cantos et al. (2008) and Urresti-Estala et al. (2013) have interpreted the
available hydrochemical information for the application of the Euro-
pean water framework directive within the GRB and for the determina-
tion of background levels of groundwater quality of groundwater bod-
ies in this basin, respectively. In addition, the joint application of chem-
ical data analysis and the use of environmental isotopes was reflected in
the works of Urresti-Estala et al. (2015) and Urresti-Estala et al. (2016).
In the former case, the use of δ34S-SO4, δ18O-SO4, δ15N-NO3 and δ18O-
NO3 isotopes was highlighted and the natural background and contami-

nation sources in the basin were determined. In the latter case, the au-
thors have evaluated hydrochemical trends in the GRB, in terms of com-
pliance with the European groundwater directive for 2015, considering
the analysis of δ2H-H2O and δ18O-H2O content. More recently, Llamas-
Dios et al. (2020, 2021) have evaluated the occurrence and distribution
of a wide range of Contaminants of Emerging Concern (CECs) and regu-
lated organic pollutants in the studied basin, with the support of hydro-
chemical and isotopic (δ2H-H2O and δ18O-H2O) tools. In these previous
studies, the interpretation of δ13C-DIC and 87Sr/86Sr analyses in waters
of the GRB has not been performed. As a result, this work becomes a
novel approach in this research, one of potential interest to local re-
source managers.

2. Study area

The GRB located in southern Spain has an area of 3200 km2, repre-
senting over 40% of the total surface of the province of Malaga
(7308 km2). The Guadalhorce River is the most important fluvial course
of the province with a total length of 166 km and an average flow of 8
m3/s. It begins in the northeast of the basin and flows into the Mediter-
ranean Sea, to the southwest of the city of Malaga (Fig. 1). The climate
in the area is characterized by mild temperatures, with an annual mean
value varying from 13 to 18 °C. The wet season, with frequent extreme
rainfall events, lasts from October to February and the driest season
lasts from June to September. Rainfall values range from less than
400 mm/year in the southern sector of the basin to 1100 mm/year in
the northern part (mountainous areas) (Carrasco-Cantos et al., 2008;
Urresti-Estala et al., 2015, 2016; Llamas-Dios et al., 2020, 2021).

From a practical point of view, the GRB is divided into two sections
due to the presence of a mountain range located in the center: the
northern (upper) sub-basin, whose flatlands are located at a higher alti-
tude (300–600 m a.s.l.), and the southern (lower) one (0–200 m a.s.l.,
as the altitude of its flatlands; Sánchez-García, 2010) (DEM in Fig. 1).
The hydrological dynamic of the lower sub-basin is influenced by three
dams collecting water from the entire upper basin: Guadalhorce,
Guadalteba and Conde de Guadalhorce, which conform the Guadal-
horce dam system (Fig. 1). These reservoirs are located at the conflu-
ence of the Guadalhorce River with its two larger tributaries (Turón and
Guadalteba rivers) and sit in the NE foothills of the Ronda Mountain
Range. The Conde de Guadalhorce dam is located in the Turón River,
which drains the karstic area of the Ronda Mountain Range. The
Guadalhorce dam, situated in the river bearing the same name, has its
catchment area in the endorheic zone of Antequera and receives an av-
erage flow of 20 L/s of dense saline water (80–140 g/L) in its deep part
from the Meliones spring, which is occasionally submerged. Lastly, the
Guadalteba dam sits in an intermediate position, its drainage basin also
lying in the endorheic area of Antequera and receiving some deepwater
coming from the Guadalhorce reservoir (Armengol et al., 1990).

Groundwater bodies are associated with three types of aquifers: cal-
careous, detrital and evaporitic (Fig. 1). Carbonate aquifer springs feed
the main surface watercourses. These are formed by Mesozoic lime-
stones, dolostones and marbles of the External and Internal Zones of the
Betic Cordillera. The Malaguide Complex, a tectonic unit included in
the Internal Zone, lies on the right bank of the Guadalhorce River, near
the city of Malaga, and contains greywackes and phyllites (shales) with
disseminated pyrite and organic matter (Galvez and Orozco, 1979;
Herbig, 1985).

As regards detrital aquifers, there are three water systems (referred
to as groundwater bodies by the basin authority) situated in the flat-
lands of the basin: the Lower Guadalhorce (sector A), located in the
lower part of the basin; Vega de Antequera-Archidona (sector B) and
the Teba-Almargen-Campillos area (sector C), both of them located in
the upper sub-basin (Fig. 1). In sector A, the Quaternary and uncon-
fined aquifer consists of alluvial sediments such as gravels, sands, silts
and clays. The underlying rocks are Upper Miocene calcareous sand-
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stones and conglomerates, and Pliocene conglomerates, marl and sand
layers. Pliocene sediment thicknesses can reach 300 m and conglomer-
ates form a discontinuous confined aquifer at the bottom of the series,
which underlay the marls. At a shallower level, interrupted sand layers
form a semiconfined aquifer (Linares et al., 1995). In sector B, Neogene
and Quaternary deposits such as calcareous sandstones and alluvial sed-
iments constitute the unconfined aquifer (Carrasco-Cantos, 1986). Fi-
nally, sector C consists of two detritic aquifers and one carbonate
aquifer that are hydrologically connected. The detritic aquifers consist
of calcarenites, conglomerates and marls (Miocene) and detrital materi-
als of fluvial origin (Quaternary), while the carbonate aquifer is formed
by Jurassic limestones (Carrasco-Cantos et al., 2007).

The only evaporitic aquifer is in the northern sub-basin and com-
prises Triassic outcrops of clays, sandstones and evaporative materials
(gypsum and halite). These materials also constitute the basement of
the carbonate and detritic aquifers of the basin (Sánchez-García, 2010).

River-aquifer interactions take place throughout the basin, with
some areas behaving as gaining rivers and others as losing ones. The
Guadalhorce River in sector B is hydraulically connected with the
porous aquifer, whereas the Venta River, in sector C, recharges the
aquifers which ultimately drain through the Torrox spring outflowing
into the dam. Surface water is eventually released downstream toward
sector A through irrigation channels and to the Guadalhorce riverbed,
where this river displays both a gaining and losing behavior (Durán
Valsero, 2007; Urresti-Estala et al., 2015; Llamas-Dios et al., 2020).

Pressure on groundwater bodies of the GRB (Fig. 2) was considered
similar as for surface water, in addition to abstraction and marine intru-
sion. The main pressures affecting groundwater bodies in carbonate
aquifers derive from the pumping of water to supply nearby towns and
villages. This process leads to important falls in piezometric levels.
Other localized pressures are caused by urban solid waste landfills,
petrol stations and campsites. Groundwater bodies located in evaporite
aquifers are subjected to very few pressures except agricultural activity,
which usually occurs without any irrigation and is less developed here,

as well as local sources of pollution, such as petrol stations and light in-
dustry. Water bodies located in detrital aquifers are subjected to pres-
sures caused by agricultural activity and by significant livestock farm-
ing in the northwestern sector, which generates pollution by nitrates
and organic components, as mentioned. The numerous pumping ab-
straction points in these areas for irrigation purposes also generate falls
in piezometric levels. In coastal areas, pumping may enable marine in-
trusion (Carrasco-Cantos et al., 2008).

3. Materials and methods

A summary of the proposed methodological framework and the in-
novative conclusions of this new study are displayed in Fig. 3.

A compilation of pre-existing data and information related to the
study area (climatological, topographical, geological, hydrogeological,
land use, hydrochemical, isotopical, CECs) was done. In order to update
the hydrochemical and water isotopes data and improve the knowledge
of contamination sources and processes in waters of the GRB, a sam-
pling campaign was conducted in June 2017. This year, temperature
mean values varied between 6.3 and 26.7 °C, and monthly accumulated
rainfall values ranged from 0 to 78 mm (November) and 123.2 mm
(February) in the northern and southern part of the basin, respectively
(see location of weather stations in Fig. 1). The null precipitation value
corresponded to the month in which samples were collected. These cli-
matic conditions and the current ones are similar (https://
www.juntadeandalucia.es/agriculturaypesca/ifapa/riaweb/web/).

Two samples from springs draining carbonate aquifers and outflow-
ing into the main water courses were collected in the upper sub-basin
(sample G1 from the 100 Caños spring in sector B -~825 m a.s.l.- and
sample G9 from the Torrox spring in sector C -~365 m a.s.l.-). Most
groundwater samples belonging to detrital aquifers were collected from
fourteen private irrigation wells (<40 m deep), directly after continu-
ous pumping or using a submersible sampler: seven samples were col-
lected in the upper sub-basin (samples G2–G7 in sector B and sample G8

Fig. 3. Summary of the proposed methodological framework and the main conclusions of the present study (GRB: Guadalhorce River Basin; CECs: Contaminants
of Emerging Concern; T: temperature; DO: dissolved oxygen; EC: electrical conductivity. See location of sampling points in Fig. 1).
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in sector C) and seven in the lower one -sector A- (samples G10–G16).
Moreover, six surface water samples were collected: three from the
dams in sector C (samples S17, S18 and S19) and three from rivers/
channel in sector A (samples S20, S21 and S22) (Fig. 1). All water sam-
ples were filtered through a 0.45 μm Millipore® (Merck KGaA, Darm-
stadt, Germany) filter. Samples for hydrochemical (Ca2+, Mg2+, Na+,
K+, Cl−, HCO3−, CO32−, SO42−, NO3− and Sr2+) and isotopic (δ2H-H2O,
δ18O-H2O and δ13C-DIC) analyses were stored in sterile high-density
polyethylene bottles (120 mL) sealed with inverted cone caps. Samples
for 87Sr/86Sr analyses were collected in new 1 L polyethylene bottles
with double cap. All bottles were rinsed before sampling, carried in a
cool-box and stored in a fridge (<4 °C) until analysis, generally per-
formed within 24 h after sampling. A portable multi-parameter probe
(Hach-Lange HQ40d; Hach, Loveland, CO, USA) was used to measure in
situ physico-chemical parameters: pH, temperature, dissolved oxygen
(DO) and electrical conductivity (EC).

Chemical and isotopic (δ2H-H2O, δ18O-H2O, δ13C-DIC) analyses
were conducted at the laboratory of the Center for Hydrogeology of the
University of Malaga, Spain. Major and minor water ions were deter-
mined using a 881 Compact IC Pro (HPLC), with a precision of
±0.1 mg/L. A variation coefficient of <5% was considered. DIC con-
tent was determined from the sum of HCO3− and CO32−.

δ2H-H2O and δ18O-H2O analyses were determined in a Picarro Wa-
ter Isotope Analyzer L2120i (laser spectroscopy). The results were ex-
pressed as δ values permill (‰), defined as: δ = 1000 (Rs − Rp)/Rp ‰;
where δ is the isotopic deviation in ‰; S is the sample; P is the interna-
tional reference; and R is the isotopic ratio (2H/1H and 18O/16O in this
case), in accordance with the Vienna Standard Mean Oceanic Water (V-
SMOW) international standards (Gonfiantini, 1978). The accuracy of
isotope measurements was ±0.1‰ for δ18O and ±1‰ for δ2H. The lo-
cal meteoric water line (LMWL) obtained by Barberá Fornell et al.
(2018) was considered in this work. This LMWL was obtained for a pe-
riod extending from 1961 to 2009 by means of orthogonal regression
analysis from 252 monthly precipitation composite samples from the
Gibraltar rainfall station (36°09′00″ N, 5°21′00″ W; 5 m a.s.l.), taken as
the closest reference (~136 km from Malaga city) for the lower sub-
basin. This is included in the Global Network of Isotopes in Precipita-
tion (GNIP) (IAEA, 2017).

The δ13C-DIC analyses were performed using a GasBench-II head-
space autosampler in line with a Delta V Advantage mass spectrometer
(Thermo Scientifics, Bremen, Germany). Laboratory standards were
calibrated against NIST Standard Reference Materials (NBS-19, NBS-18
and LSVEC). The analytical error was ±0.1‰.

The 87Sr/86Sr isotopic ratios were analyzed at the Geochronology
and Isotope Geochemistry Unit at the Research Support Center of the
University of Madrid, Spain, using a TIMS-Phoenix mass spectrometer.
The Sr isotope standard was NBS 987 (87Sr/
86Sr = 0.710248 ± 0.000003, NBS1982, National Bureau of Stan-
dards Certificate of Analysis Standard Reference Material 987). The an-
alytical error was ±0.01%.

3.1. Codes and modelling

PHREEQC 2.8 software (Parkhurst and Appelo, 1999) was used for
the calculation of the calcite and strontianite saturation indexes (SIcal
and SIstr, respectively). On the other hand, an inverse model was pre-
pared for the sector of the lower sub-basin located near the coast using
the NetpathXL code, Version 1.5 (Plummer et al., 1994; Parkhurst and
Charlton, 2008), considering that this is a useful tool for analyzing sea-
water intrusion, which is one of the pressure vectors acting on ground-
water bodies in the southern part of sector A (Carrasco-Cantos et al.,
2008).

The reactant phases included in the model were: calcite, CO2(g), iron
sulphide (Fe-S), K-montmorillonite, the ionic exchange of Ca2+, Mg2+

and Na+, and strontianite (mass transfers indicated in mmol/L). These

were selected from the analysis of the chemical data: 1) a CO2(atm) open
system can be assumed from the unconfined nature of the Quaternary
aquifer; 2) the clay-size particle percentage in the sediments, which
triggers a higher exchange capacity; 3) the presence of calcareous sedi-
ments in the geological units under study; 4) sulphate reduction, which
is a typical reaction in some saltwater/freshwater mixing zones in ma-
rine intrusion areas; and 5) the previous investigations conducted in the
area (Luque Espinar et al., 2003; Urresti-Estala et al., 2016; Llamas-Dios
et al., 2020, 2021).

The mixture of seawater and a groundwater sample (G13; Fig. 1),
taken as freshwater due to its lowest EC value (and low Cl− content),
was considered as the initial solution and the groundwater sampling
point situated nearest to the coast (G16; Fig. 1), as the final one. The
conservative Cl− ion that was not included in any of the phases was
used to calculate the fraction of seawater in sample G16 (fsw = 4%) ac-
cording to the formula (Appelo and Postma, 2005): fsw = CCl,sam − CCl,f
/CCl,sw − CCl,f; where CCl,sam, CCl,f and CCl,sw refer to the Cl− content in the
mixing water (sample G16), freshwater (sample G13) and seawater, re-
spectively.

The isotopic data was inserted in the NetpathXL files database.
These inputs were not used as constraints in the mass balance models
because it is known that several phases (calcite, Fe-S, strontianite) can
precipitate in a seawater/freshwater mixing context (Nadler et al.,
1980; Bosch and Custodio, 1993; Martínez and Bocanegra, 2002), being
both sources and sinks for isotopes along the water flow path. There-
fore, it is usually not valid to include isotopes as constraints in the mass
balance, regardless of the value of the fractionation factor (Plummer et
al., 1994). The problem was then treated as a Rayleigh distillation prob-
lem and computed and observed isotopic values could be compared to
examine differences between the fractionating differential problem of
isotopic evolution and the mass-balance result. Seawater stable isotopes
composition was taken from the works of Spooner (1976), Clark and
Fritz (1997), Mook (2002), Seal (2006) and Cheng et al. (2019).

Finally, in the absence of measurements, the NetpathXL code was
also employed for the calculation of δ13C-CO2(g) values of water sam-
ples, taking into account a completely open system (gas-solution equi-
librium). Samples information and the results of hydrochemical (plus
the SIcal and SIstr calculation) and isotopic analyses (plus δ13C-CO2(g)
values obtained by the NetpathXL code) are shown in Tables A.1 and
A.2 of the Supplementary material, respectively.

4. Results

4.1. Hydrochemical characterization

For all analyzed samples, pH values ranged from 6.2 to slightly alka-
line. The maximum value of 9.6 was recorded in sector A, sample G16
(located near the coastline), where the minimum value of DO (1.5 mg/
L) was also measured. EC values obtained were up to 3610, 1772 and
3980 μS/cm in sectors A (sample G10), B (sample G7) and C (sample
S17), respectively. For Sr2+, mean contents in waters were 1.5 mg/L in
sector A, 3.0 mg/L in sector B and 2.4 mg/L in sector C (Table A.1). The
hydrochemical facies analysis conducted using a Piper diagram (Back,
1961) (Fig. 4) revealed the presence of mixed types of waters in all sec-
tors under study. In particular in sector A, the chemical composition of
G16, located near the mouth of the Guadalhorce River (as mentioned
above), and S20, collected from an irrigation channel located in its up-
per part, is of Cl−-Na+ type. Conversely, sample S22, collected from the
Grande River, is of HCO3−-Mg2+ type. This sampling point showed the
lowest Sr2+ content (0.5 mg/L; Table A.1). Groundwater in this sector
is characterized by the highest K+ mean concentration (8.1 mg/L) and
the lowest Ca2+ average content (163.4 mg/L) (Table A.1). Most sam-
ples from Sector B reveal SO42−-Ca2+ facies, except for sample G1
(spring), whose chemical composition is of HCO3−-Ca2+ type, and sam-
ple G2, of HCO3−-SO42−-Ca2+ type. Regarding sector C, the only
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Fig. 4. Piper diagram of monitored spring waters, groundwater and surface waters in the three target areas (sectors A, B and C) of the Guadalhorce River basin.

groundwater sample collected, G8, is of SO42−-Ca2+ type and showed
the highest Sr2+ concentration (6.2 mg/L; Table A.1). Sample G9
(spring) is of HCO3−-SO42−-Ca2+ type and surface water in dams S17
and S19 are of Cl−-Na+ and HCO3−-Ca2+ types, respectively (S18 show-
ing an intermediate chemical composition).

Threshold values for SO42− and NO3− in groundwater (250 and
50 mg/L, respectively; EU, 2006) were exceeded in most of the ground-
water samples of all sectors. These anion maximum values (923.5 and
491.8 mg/L for SO42− and NO3−, respectively) were observed in
groundwater sample G8 in sector C. Spring and surface water samples
were characterized by low NO3− contents in the three target areas. The
highest SO42− concentration in surface water was observed in sample
S17 in sector C (collected from the Guadalhorce dam) (Table A.1).

4.2. Isotopic characterization

4.2.1. Hydrogen and oxygen isotope variations
Results of water stable isotopes determinations were plotted on a

conventional δ2H-H2O vs. δ18O-H2O diagram (Fig. 5.1), together with
the Global Meteoric Water Line (GMWL) (Craig, 1961), the trendlines
of groundwater and surface waters and the LMWL, all of which were
obtained through orthogonal regression. The LMWL is given by the
equation: δ2H ‰ = (6.57 ± 0.14) δ18O + (5.23 ± 0.68) ‰
(R2 = 0.87) (Barberá Fornell et al., 2018; IAEA, 2017). For the Gibral-
tar rainwater, the weighted isotopic composition ranges from −78.0 to
8.0‰, with a mean value of −25.8‰ for δ2H-H2O, and from −11.49 to
0.97‰, with an average value of −4.76‰ for δ18O-H2O.

As can be observed in Fig. 5.1, most water sampling points fall along
the GMWL and the LMWL (in the case of samples from sector A) lines.
Waters from the upper sub-basin (sectors B and C) are generally more
depleted in δ2H-H2O vs. δ18O-H2O than waters from the lower one (sec-
tor A) (Table A.2). The isotopic composition of sector A waters varies

from −35.6 to −23.8‰, with an average value of −29.3‰ for δ2H-H2O,
and from −5.98 to −3.21‰, with a mean value of −4.61‰ for δ18O-
H2O. An evaporation water line is formed by water samples from this
area. This trendline equation is equal to: δ2H ‰ = (4.10 ± 0.22) δ18O
+ (−10.37 ± 1.04) ‰ (R2 = 0.97). On the other hand, the isotopic
content of waters in sector B range between −43.4 and − 36.7‰, with
an average value of −38.4‰ for δ2H-H2O, and between −7.46
and − 5.55‰, with a mean value of −6.00‰ for δ18O-H2O. These wa-
ters also fall along an evaporation line, whose equation is: δ2H
‰ = (3.48 ± 0.19) δ18O + (−17.53 ± 1.17) ‰ (R2 = 0.98). The two
spring samples located in sectors B and C show the more depleted iso-
tope content, while the dam samples (specially samples S17 and S18)
from sector C have more enriched water isotope concentrations.

4.2.2. Carbon isotope variations in DIC and CO2(g) and strontium isotope
ratio

δ13C-DIC and δ13C-CO2(g) values for waters in sector A vary between
−17.8 and −9.3‰, with a mean value of −13.8‰, and between −25.3
and −16.8‰, with an average value of −21.3‰; respectively. In sector
B, values range from −14.2 to −12.3‰, with an mean value of −13.1‰
for δ13C-DIC, and from −21.9 to −15.6‰, with an average value of
−20.4‰ for δ13C-CO2(g). In sector C, δ13C-DIC and δ13C-CO2(g) values
vary between −13.7 and −7.1‰, with a mean value of −9.5‰, and be-
tween −21.4 and −14.1‰, with an average value of −16.8‰, respec-
tively. Minimum values (−17.8‰ for δ13C-DIC and −25.3‰ for δ13C-
CO2(g)) were recorded in sample G16, where also the minimum value of
DIC (74.9 mg/L) was measured (Table A.1). Maximum values (−7.1‰
for δ13C-DIC and −14.1‰ for δ13C- CO2(g)) were recorded in dam sam-
ple S18 (Guadalteba reservoir).

For the 87Sr/86Sr ratios determined in waters of the study area, val-
ues vary between 0.708263 and 0.709892 in sector A, between
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Fig. 5. (1): Water stable isotope composition (δ2H-H2O (‰) vs. δ18O-H2O (‰)) of spring waters, groundwater and surface waters in the three target areas (sectors A,
B and C) of the Guadalhorce River basin (the dam system isotope composition was not considered when performing the box plots of sector C); (2): Relation of Cl−

(mg/L) and δ18O-H2O (‰) of monitored water in sectors A, B and C.

0.708024 and 0.708528 in sector B and between 0.708107 and
0.708358 in sector C (Table A.2).

5. Discussion

5.1. Hydrochemical characterization and water isotope variations

In the GRB, there is a close relationship between the use of devel-
oped land, the hydrogeological characteristics and the distinct types of
water chemistry (Figs. 2, 4). Mixed types of waters, together with high
EC values and SO42− and NO3− concentrations, were observed in most of
the samples of the target sectors (Table A.1). This fact indicates that wa-
ter composition results from different processes: rock-water interaction,
especially in the upper sub-basin, and water chemistry alteration by an-
thropogenic activities, principally in the lower one (Llamas-Dios et al.,
2020, 2021). The natural contribution of the evaporitic basement to
groundwater in the upper sub-basin ranges between around 70 to 85%
of the total dissolved SO42− (Urresti-Estala et al., 2015). This is reflected
by the chemical composition of groundwater in sectors B (samples G3-
G7) and C (sample G8).

While the composition of the spring samples collected in sector B
(G1) and C (G9) supports their carbonate nature, the Triassic sediment
fingerprint is evidenced by the chemical content of this last sampling
point. Regarding sector B, this gypsum signal is less marked in sample
G2, which displays low SO42− content (56.2 mg/L; Table A.1) unlike the
other samples, where SO42− concentrations exceed threshold values, in-
dicating a source from sewage discharge. This is because many loca-
tions throughout the basin lack wastewater treatment plants and are
not connected to the sewer system. All groundwater samples from this
sector show NO3− concentrations above the recommended limit. These
were collected in areas with herbaceous crops like wheat, barley,
legumes or tubers, where NH4+ fertilizers (mainly (NH4)2SO4 and
NH4NO3SO4) are very common and are the source of this anion in
groundwater. The presence of NO3− in sample G8 of sector C, with a
value also exceeding the threshold limit, is due to manure, given the in-
tensive pig farming and pig slurry irrigation typical of this zone
(Urresti-Estala et al., 2015) (Fig. 2).

Variability in the chemical composition of surface waters in sector C
(dams) (Fig. 4) is a consequence of the hydrological influence of two
very different areas. The higher dissolved mineral content of the

Guadalhorce dam sample (S17), dominated by Na+, Cl− and SO42− ions
and with the highest EC value (Table A.1), is due to its location in an en-
dorheic zone and to the Meliones spring contribution from the evapor-
itic aquifer (Carrasco-Cantos et al., 2007). The dominance of Ca2+ and
HCO3− ions and a low EC value (Table A.1) in the Conde de Guadal-
horce dam sampling point (S19) comes from the dissolution of calcite
and dolomite of the Ronda Mountain Range. The intermediate composi-
tion of the Guadalteba dam sample (S18) is due to its drainage basin
also lying in the Antequera endorheic area, coupled with an accumula-
tion of saline water in its bottom originating from the Guadalhorce dam
(Armengol et al., 1990).

The effect of surface water flowing from dams into the waters of sec-
tor A is reflected by their chemical and isotopic composition. As can be
seen in Fig. 5.1, most groundwater samples of the target sectors plot
along the GMWL, showing a source of aquifer recharge from rainwater
(Barberá Fornell et al., 2018), which represents an end member; evapo-
ration during dam storage generates δ2H-H2O and δ18O-H2O enrich-
ment, revealing a second end member. This acts as a groundwater and
surface water source in the lower sub-basin. For this reason, surface wa-
ter sampling point S20, which receives water directly from these reser-
voirs to meet agricultural demand, shows the highest evaporation value
and, therefore, a composition dominated by Na+, Cl− and SO42− ions
(Table A.1; Fig. 4). Water use for irrigation infiltrates into the aquifer
and is evaporated and salinized, and is then pumped back to the surface
and further reused. The effect of these return flows and continuous
pumping is mainly reflected by the high Cl− content and δ18O-H2O val-
ues, which are characteristic of groundwater samples G10 and G12, as
opposed to the values that would be typically found in the direction of
flow. The chemical (high Na+, Cl− and SO42− content; Table A.1; Fig. 4)
and water isotope composition of surface sample S21 indicate the exis-
tence of groundwater-surface water exchange processes (Durán
Valsero, 2007; Urresti-Estala et al., 2015; Llamas-Dios et al., 2020).

Surface water sample S22 (sector A; Fig. 1) is characterized by a dis-
tinct chemical composition (predominance of HCO3− and Mg2+ ions
and low SO42− concentration; Table A.1; Fig. 4) and isotopic finger-
print, having the most depleted water isotope content in this sector
(Fig. 5). This is due to the Grande River, before its confluence with the
Guadalhorce River, receiving waters from rivers draining the northern
edge of the carbonate Sierra Blanca massif (Fig. 1), resulting in the
prevalence of the calcite and dolomite dissolution fingerprint. On the
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other hand, the evaporation water line formed by water samples from
sector B (Fig. 5.1) is also potentially attributed to irrigation return flows
(Vadillo-Pérez et al., 2019). In this area, sample G1 shows the most de-
pleted δ2H-H2O and δ18O-H2O content as a consequence of this spring
recharge source from precipitation at the highest altitude (altitude ef-
fect).

Groundwater sample G16, the nearest to the coastline (sector A; Fig.
1), shows a predominance of Cl− and Na+ ions in its composition (Table
A.1; Fig. 4), suggesting seawater influence (Luque Espinar et al., 2003;
Urresti-Estala et al., 2016; Llamas-Dios et al., 2020, 2021). The inverse
model obtained validated the plausibility of this hydrochemical obser-
vation and provided some insights on the processes affecting the major
ion composition and isotopic fractionation. The strong increase of the
Cl− content toward sample G16 is explained by the mixing of waters,
seawater having about 19 g/L of Cl−. Sample G13 was used as the other
extreme member representative of non-salinized groundwater. As can
be seen in Table 1, ion contents increase (and consequently ionic
strength) and carbonates precipitate. Seawater-freshwater mixing pro-
duces an increase in SIcal and SIstr values (Table A.1), and this leads to
the precipitation of calcite (and consequently CO2(atm) outgassing) and
strontianite (in a smaller proportion). K+ is removed through K-
montmorillonite formation. However, it is possible that K adsorption
occurs, but this process cannot be simulated using the Netpath code.
Cation exchange explains an important proportion of the composition,
being noticeable the sense of the Ca/Na exchange, with Na+ adsorption
and Ca2+ release, which is typical of seawater intrusion processes
(Martínez and Bocanegra, 2002). Mg2+ exchange is a secondary
process, with this ion being adsorbed and Na+ being released.

Additionally, sample G16 is characterized by a very low SO42− con-
tent (11.5 mg/L; Table A.1), the source of this anion being attributed to
fertilizer input and untreated wastewater (Urresti-Estala et al., 2016).
In a seawater/freshwater mixing context, water becomes less oxidant
due to a change in oxidation-reduction conditions, as evidenced by the
highest pH and the lowest DO values of sample G16. In this reducing
environment, the Fe-S formation (Nadler et al., 1980; Bosch and
Custodio, 1993) is one of the processes that can control the decline in
the SO42− concentration toward sample G16. Fe-S precipitation was an
imposed condition at the moment of modelling, considering the exis-
tence of disseminated pyrite in the Paleozoic shales of the Malaguide
Complex tectonic unit (Galvez and Orozco, 1979; Herbig, 1985) (Table
1). As regards isotopic data, when comparing the carbon and strontium
isotopes contents of this final water G16 calculated by the Rayleigh
model (−13.5‰ and 0.7088 for δ13C-DIC and 87Sr/86Sr, respectively)
with those observed (−17.8‰ and 0.7093 for δ13C-DIC and 87Sr/86Sr,
respectively; Table A.2. See detailed discussion in Section 5.2), it can be

Table 1
Reactant phases values in millimoles per litre (mmol/L) obtained as result in
NetpathXL code output for the sector A of the GRB (southern sector). (−):
precipitated/outgassed/Ca2+ and/or Mg2+ released and Na+ adsorbed; (+):
dissolved/Ca2+ and/or Mg2+ adsorbed and Na+ released.
Mineral phase Model

ISa FSb

Mixture seawater: sample G13 (0.04:0:96) sample G16

Calcite −4.0
CO2(atm) −0.8
Fe-S −3.1c

K-montorillonite −0.8
Ca/Na exchange −1.6
Mg/Na exchange 0.4
Strontianite −0.003
a IS: initial solution.
b FS: final solution.
c Precipitation as an imposed condition.

seen differences between them (slighter in the case of 87Sr/86Sr). These
may be a consequence of the mass balance model uncertainties when
calculating the carbonates precipitation. Lastly, although the chemical
composition of sample G16 suggests seawater intrusion, its water iso-
tope content (−30.4‰ for δ2H-H2O and −4.77‰ for δ18O-H2O; Table
A.2) approaches that of the Gibraltar rainwater (weighted mean values:
−25.8‰ for δ2H-H2O and −4.76‰ for δ18O-H2O) (Fig. 5.1). This is be-
cause of a negligible contribution of seawater to groundwater (calcu-
lated value of 4%) and a source of aquifer recharge from precipitation.

Except for sample G16, groundwater sampling points of sector A
show high concentrations of SO42− (Table A.1), most of which exceed
the threshold value. This is the opposite of what would be expected in
these samples as they approach the coastline, due to the absence of the
Triassic basement and the dilution effect as a result of water contribu-
tion from tributary rivers in the lower reach of the Guadalhorce River.
Urresti-Estala et al. (2015) have concluded that the main aquifer from
where these samples were collected receives only around 10–30% of
the total SO42− derived from natural inputs, which means that, input
from fertilizers represents over 80% in this lower sub-basin. Likewise,
these authors have also demonstrated that the NO3− presence in
groundwater of this sector comes from mixing processes between NH4+

fertilizers and other pollution sources like manure (both in relation to
the presence of citric crops) or sewage from residential areas (Fig. 2).
Finally, NO3− concentrations of springs (sectors B and C) and surface
waters (sectors A and C) sampling points did not reflect the existence of
the widespread nitrate pollution problem affecting groundwater sam-
ples throughout the three study areas.

5.2. Carbon isotope variations in DIC and CO2(g) and strontium isotope
ratio

The carbon isotope of DIC and CO2(g) and 87Sr/86Sr results have sup-
ported the previously proposed results (Fig. 3). In Fig. 6, waters from
the target sectors were represented in a δ13C-DIC vs. DIC diagram, as-
suming that: 1) the current atmospheric CO2 (CO2(atm)) has δ13C-DIC
~−8.4‰ (Graven et al., 2017); 2) the biogenic soil CO2 (CO2(soil)) δ13C-
DIC is within the range of −25.0 to −23.0‰ in soils hosting Calvin or
C3 vegetation (Clark and Fritz, 1997; Mook, 2002), as is the case of the
GRB upper (herbaceous crops) and lower (citric crops) sub-basins; 3)
the CO2(atm) incorporation into waters mainly takes place in an open
system (unconfined nature of the Quaternary aquifer) and at pH values
under 8 in almost all water sampling points, in which most of DIC oc-
curs as HCO3− (Table A.1); and 4) the δ13C-DIC is close to 0‰ for car-
bonate minerals (Clark and Fritz, 1997; Mook, 2002).

Fig. 6. δ13C-DIC (‰) vs. DIC (mg/L) graph for spring waters, groundwater and
surface waters of the three target areas (sectors A, B and C) of the Guadalhorce
River basin.
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Distinct types of waters could be differentiated (Fig. 6). One is
groundwater from sample G16, with the lowest DIC, δ13C-DIC and δ13C-
CO2(g) contents (74.9 mg/L, −17.8‰ and −25.3‰, respectively: Tables
A.1 and A.2), showing a CO2(soil) dominance and revealing the direct
rainwater recharge as an end member. On the other hand, when rain-
water reacts with carbonate materials in an open system, CO2(soil) incor-
poration into water occurs, increasing the δ13C-DIC, δ13C-CO2(g) and
DIC values due to the dissolution of these geological materials present
in the area. Consequently, the relatively high (>200 mg/L) DIC values,
the δ13C-DIC (varying between −16.2 and −10.7‰) and the δ13C-CO2(g)
(ranging from −24.3 to −15.6‰) (Tables A.1 and A.2) released into
groundwater samples of the upper and lower sub-basins is a mixture be-
tween the isotopic signature of the CO2(soil) and that of carbonates. The
δ13C-CO2(g) composition reveals the dominant processes occurring in
the unsaturated zone, which are later translated to the shallow aquifer.
The dominance of the CO2 from the C3 plants, but with some enrich-
ment resulting from carbonates equilibrium, is evidenced. The DIC,
δ13C-DIC and δ13C-CO2(g) contents (307.1 mg/L, −14.9‰ and −22.1‰,
respectively; Tables A.1 and A.2) of surface water sampling point S21
sustain the existence of groundwater-surface water exchange processes.
In addition, carbonate weathering processes (calcite and dolomite dis-
solution) control the DIC, δ13C-DIC and δ13C-CO2(g) values characteris-
tic of surface sample S22 (221.0 mg/L, −10.1‰ and −16.8‰, respec-
tively; Tables A.1 and A.2). The second end member, the dam system, is

Fig. 7. δ18O-H2O (‰) vs. δ13C-DIC (‰) graph for spring waters, groundwater
and surface waters of the three target areas (sectors A, B and C) of the Guadal-
horce River basin.

characterized by a lower DIC content (average value of 155.8 mg/L)
and heavier δ13C-DIC and δ13C-CO2(g) values (mean values of −7.7‰
and −14.7‰, respectively). This evidences the isotopic exchange with
the CO2(atm). In the northern part of sector A, surface water sample S20
reflects the direct influence from these reservoirs on its composition
(172.4 mg/L for DIC, −9.3‰ for δ13C-DIC and −16.8‰ for δ13C-CO2(g);
Tables A.1 and A.2).

As shown in Fig. 7, the average δ18O-H2O values of groundwater
samples from the GRB lower sub-basin (−4.70‰) and precipitation in
the Gibraltar region (−4.76‰) (Fig. 5.1) are similar, evidencing the
aquifer recharge source from rainwater infiltration. A δ18O-H2O mean
value of −7.8‰ can be assumed for rainwater in the recharge zones of
sectors B and C. This value was calculated considering a depletion of
−0.5‰ per 100-rise in altitude (Clark and Fritz, 1997) and the 595 m
difference (DEM in Fig. 1) between the plain zone (weighted mean
δ18O-H2O value of −4.76‰ in the Gibraltar rainfall station) and the up-
per sub-basin's mountain areas (the average altitude value of the two
springs sampled was considered). The more enriched δ18O-H2O and
δ13C-DIC content of the dams sampling points and sample S20 evidence
the occurrence of CO2(atm) outgassing and the evaporation process, and
the direct influence from these reservoirs on this river water composi-
tion, respectively. In addition, the composition of groundwater samples
G10 and G12 reflects the irrigation return effect, while that of sample
S21 shows the existence of groundwater-surface water exchange
processes. Lastly, the distinct composition of sample S22 evidences the
carbonate material dissolution fingerprint characteristic of its tributary
rivers.

Regarding strontium concentrations and isotopes (Fig. 8.1), ground-
water and surface water samples from the upper sub-basin are charac-
terized by the highest mean content of Sr2+ (3.0 and 2.4 mg/L for sec-
tors B and C, respectively; Table A.1), which is consistent with waters
flowing through mainly evaporites (gypsum) bedrocks in an area of rel-
atively low rainfall (Palmer and Emond, 1989; Soler et al., 2002), as
Sr2+ readily substitutes in Ca-bearing rocks and minerals. Sr2+ is re-
leased to surface water and groundwater primarily through processes of
weathering, and studies have shown this cation to be highly soluble and
mobile (Middelburg et al., 1988; Borg and Banner, 1996; Banner,
2004). Evaporites and carbonates are potential sources of Sr2+ or are
likely associated with Sr2+ minerals (celestite, strontianite) (Hem,
1992). Evaporites can incorporate up to 3500 mg/L Sr2+ into their lat-
tices, while this concentration is averaging ~600 mg/L in carbonate
materials (Kinsman, 1969; Dean, 1978; Hem, 1992). Waters samples in
these sectors show the lowest 87Sr/86Sr values (between 0.708024 and
0.708528; Table A.2), which allow corroborating the contribution from

Fig. 8. (1): 87Sr/86Sr vs. 1/Sr diagram for spring waters, groundwater and surface waters and (2): 87Sr/86Sr vs. δ34S-SO42− (‰) (Urresti-Estala et al., 2015) graph for
spring waters and groundwater of the three target areas (sectors A, B and C) of the Guadalhorce River basin.
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the Triassic evaporites (between 0.707615 and 0.708114; Ortí et al.,
2014) and carbonates (~0.708; Faure, 1986) to their composition.

Specifically, the higher Sr2+ contents and the strontium isotope val-
ues of groundwater sampling points of sector B (except for sample G2),
groundwater sample G8 and dam sampling point S17, the last two lo-
cated in sector C (Tables A.1 and A.2), evidence the evaporitic material
signature domain. As explained previously, this gypsum signal is less
marked in sample G2 because of the influence of sewage in its composi-
tion, so the low Sr2+ concentration of this sampling point is reflecting
the carbonate dissolution predominance (SIcal: −0.9; Table A.1)
(87Sr/86Sr value explained below). On the other hand, the lower Sr2+

content and the 87Sr/86Sr value characteristic of dam sampling point
S19 (sector C) (Tables A.1 and A.2) are consistent with a carbonate dis-
solution fingerprint in its composition. The latter is also applicable to
spring sample G1 (sector B), considering its 87Sr/86Sr value (Table A.2)
and assuming a low Sr2+ content for this sampling point (no Sr2+ analy-
sis is available for this sample). A mixture between the contribution of
the Triassic basement and carbonates is corroborated by the intermedi-
ate Sr2+ content and the 87Sr/86Sr ratio of spring sample G9 and dam
sampling point S18 of sector C (Tables A.1 and A.2; Fig. 8.1).

Conversely, waters from the lower sub-basin have the lowest aver-
age Sr2+ content (1.5 mg/L; Table A.1), which is consistent with the
lesser contribution/absence of the Triassic basement in the northern
and southern part of this sector, respectively. The presence of calcare-
ous sediments in the Quaternary aquifer of sector A explains the main
source of Ca2+ and also Sr2+. The lowest Ca2+ average content and the
highest K+ mean concentration characteristic of groundwater in this
sub-basin (Table A.1) could be evidencing the occurrence of silicates
(present in the alluvial sediments) weathering and ionic exchange
processes.

Sample S22 presents the lowest Sr2+ concentration observed in sur-
face water (Table A.1), which is in agreement with the calcite and
dolomite dissolution contribution in its composition (87Sr/86Sr value ex-
plained below). Except for river water sample S20, whose strontium
concentration and isotope composition reflect the evaporite signature
domain due to the direct influence of the dams, the presence of the
highest 87Sr/86Sr content (between 0.708748 and 0.709892; Table A.2)
in all groundwater and surface waters samples S21 and S22 of sector A
cannot be explained with natural sources. Considering the land use de-
veloped in this area (Fig. 2) and the one mentioned in previous para-
graphs, a mixing of anthropogenic sources is required to explain this
data (Antich et al., 2000; Soler et al., 2002). This is also applicable to
groundwater sample G2 (sector B) (Fig. 8.1).

Comparing 87Sr/86Sr vs. δ34S-SO42− values for groundwater samples
of the GRB (Fig. 8.2; Table A.2), the latter ones taken from the work of
Urresti-Estala et al. (2015) and considered as representative of the iso-
topic signal of SO42− in the study area (samples also collected at times
not corresponding with the wet season), it can be proved that two main
end members can be differentiated: the Triassic evaporites, on the one
hand, and the anthropogenic activities, on the other. Evaporitic base-
ment values were taken from Ortí et al. (2014), with typical ranges for
fertilizers (and local fertilizers: (NH4)2SO4 and NH4NO3SO4), mixed ur-
ban and industrial wastes and urban detergents (in powder form) taken
from Antich et al. (2000) and Vitòria et al. (2004, 2005). Groundwater
samples from sectors B (except sample G2) and C show a signal lying
close to the area defined by the isotopic range of the Triassic evaporites,
evidencing the strong influence of this natural source in their composi-
tion. However, groundwater sample G2 is reflecting the influence of
sewage.

For sector A, the composition of samples G11, G12, G13 and G15 re-
veals a contribution from fertilizers (Fig. 8.2). According to the
87Sr/86Sr ratios found in river water samples S21 and S22 (Fig. 8.1), the
influence of fertilizers on their composition can also be assumed. In this
area, sampling points G10, G14 and G16 are characterized by 87Sr/86Sr
ratios higher than those of fertilizers (Fig. 8.2). In the case of sample

G16, its isotope composition is attributed to the contribution of fertiliz-
ers and also of the powder detergents used in the region. Its more en-
riched δ34S-SO42− content with respect to samples G11, G12, G13 and
G15 is due to the occurrence of the sulphate reduction process men-
tioned previously.

Conversely, samples G10 and G14 show the most depleted δ34S-
SO42− content (Fig. 8.2), which could be linked to sulphide oxidation
processes (Urresti-Estala et al., 2015). However, these δ34S-SO42− con-
tent and the highest 87Sr/86Sr ratios characteristic of these sampling
points could indicate the existence of another anthropogenic source,
which could be the influence of urban detergents whose raw materials
have origins different from those used to manufacture powder deter-
gents, as is the case of liquid detergents, providing different isotopic
signatures as a result. In Spain, sodium sulphates (glauberite) used in
the manufacture of powder detergents have been replaced by other
components (like sodium laureth sulphate, among others) for the pro-
duction of liquid detergents (del Cura and Delgado, 1992). Although
the δ34S-SO42− signature of detergents in liquid form has not been stud-
ied in Spain, as neither has the 87Sr/86Sr fingerprint of this type of deter-
gents, neither in this country nor in other regions of the world, some
contributions related to the δ34S-SO42− composition of liquid detergents
in Asian cities exist (Hosono et al., 2007; Zhang et al., 2015; Wang and
Zhang, 2019). Hosono et al. (2007) have demonstrated that liquid de-
tergents clearly show lower δ34S-SO42− values (−3.2 to −2.1‰) than
powder detergents (+4.0 to +25.8‰). According to these authors, this
could be attributed to different sources of the raw materials providing
sulfur, that is, in the case of Japan, crude oils mainly imported from the
Middle East with variable δ34S-SO42− content (−5.0 to +10‰;
Grinenko and Grinenko, 1991; Pankina, 1991). Therefore, it is evident
that when raw materials used for manufacturing detergents have differ-
ent origins, the isotopic fingerprint is also different. Accordingly, an iso-
topic gap between the liquid and powder detergents used in Spain could
be assumed.

6. Conclusions

This multi-tracer study allowed taking a step further in accurately
determining contamination sources and processes in the Guadalhorce
River Basin. DIC, stable isotopes of water and carbon in DIC revealed
the existence of two groundwater and surface water recharge end mem-
bers. Direct rainwater infiltrated into the upper and lower detritic
aquifers of the sub-basins, with DIC values ranging from ~70 to
400 mg/L, the more isotopically depleted water (δ18O-H2O from
~−7.00 to 5.00‰), and δ13C-DIC (from ~−18 to −10‰) and δ13C-
CO2(g) (from ~−25 to −16‰) in the range of CO2(soil) interacting with
carbonates. The other end member is the dam system, with intermedi-
ate DIC content (mean value of 155.8 mg/L), isotopically enriched
(δ18O-H2O average value of −2.82‰) and high δ13C-DIC and δ13C-
CO2(g) (mean values of −7.7 and −14.7‰, respectively).

The difference between the strontium isotope composition of nat-
ural and anthropogenic sources is a powerful additional tool when
other isotopes used as water pollution tracers can no longer discrimi-
nate between closely overlapping results. 87Sr/86Sr data support the
previously results arrived to in relation to contamination sources in the
GRB waters. Triassic evaporites generally control the natural 87Sr/86Sr
composition in waters of the upper sub-basin. Only one groundwater
sample reflects the influence of a human organic source (sewage) in its
composition. On the other hand, mixing of human inorganic (fertilizers
and detergents) strontium sources is required to explain the 87Sr/86Sr
content of the lower sub-basin waters. Discriminating the use of domes-
tic detergents as another anthropogenic source of strontium and sul-
phate in water through the analysis of the 87Sr/86Sr ratios and δ34S-
SO42− values previously determined in the basin is a novel finding in
this research. The isotopic fingerprint analysis of the different types of
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synthetic detergents would allow for a better understanding of the role
these anthropogenic sources play in water pollution in the GRB.

The results obtained highlight the importance in the use of isotopes
as pollutant tracers. The conclusions arrived at are significant in terms
of water resource management in the study site and can be extrapolated
to other highly anthropized basins.
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