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• Salinization in Lerma Basin was controlled by the dissolution of soluble salts.
• Water salinization and nitrate pollution were found to be independent processes.
• High NO3, fresh groundwater evolved to lower NO3, higher salinity surface water.
• Inverse and direct geochemical modeling confirmed the hypotheses.
• Salinization was a natural ongoing process slightly enhanced by land use.
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Salinization of water bodies represents a significant risk in water systems. The salinization of waters in a small
irrigated hydrological basin is studied herein through an integrated hydrogeochemical study includingmultivar-
iate statistical analyses and geochemicalmodeling. The study zonehas twowell differentiated geologicmaterials:
(i) Quaternary sediments of low salinity and high permeability and (ii) Tertiary sediments of high salinity and
very low permeability. In this work, soil samples were collected and leaching experiments conducted on them
in the laboratory. In addition, water samples were collected from precipitation, irrigation, groundwater, spring
and surface waters. The waters show an increase in salinity from precipitation and irrigation water to ground-
and, finally, surface water. The enrichment in salinity is related to the dissolution of soluble mineral present
mainly in the Tertiary materials. Cation exchange, precipitation of calcite and, probably, incongruent dissolution
of dolomite, have been inferred from the hydrochemical data set. Multivariate statistical analysis provided infor-
mation about the structure of the data, differentiating the group of surfacewaters from the groundwaters and the
salinization from the nitrate pollution processes. The available information was included in geochemical models
inwhich hypothesis of consistency and thermodynamic feasibilitywere checked. The assessment of the collected
information pointed to a natural control on salinization processes in the Lerma Basin with minimal influence of
anthropogenic factors.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Salinization of water bodies represents a significant risk in water
systems regarding suitability for irrigation (Tanji, 1990), other human
uses (Peck and Hatton, 2003) or ecosystem health (Nielsen et al.,
2003). There are many processes which can cause water salinization.
For instance, the main sources of groundwater salinization in the US
are natural saline groundwater, sea-water intrusion, halite dissolution,
oil- and gas-field activities, saline seep, road salting and agricultural
techniques (Richter and Kreitler, 1991).
ail.com (D. Merchán).
Groundwater salinization by agricultural practices has been widely
reported all around the world (e.g., Koh et al., 2007; Stigter et al.,
2006; Yuce et al., 2006). Specifically, irrigated agriculture represents
an enhanced pressure on the hydrological system receiving irrigation
return flows, with in general higher salinization rates under irrigated
areas in comparison with rainfed areas (Johansson et al., 2009). Some
examples of the reported processes that increase water salinity include
the recirculation of irrigationwater (Stigter et al., 2006), the application
of agrochemicals (Kume et al., 2007), or the enhanced weathering of
existing materials in the area (Kim et al., 2005; Koh et al., 2007). In
some cases, natural salinization processes of water bodies are enhanced
by irrigated agriculture, either by the transport of solutes in the water
(Johansson et al., 2009) or by the depletion of aquifers and consequent
concentration of salts (Chaudhuri et al., 2014). Irrigated agriculturemay
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induce salinization not only in groundwater, but also in surface waters
(e.g., Duncan et al., 2008; Isidoro et al., 2006). In any case, the interac-
tion between ground and surface waters adds complexity to the behav-
ior of these hydrological systems. However, salinization in irrigated
areas may be related to natural ongoing processes which may be, to a
certain degree, enhanced by the addition of irrigation water (Carreira
et al., 2014; Chaudhuri and Ale, 2014; Isidoro et al., 2006; Tedeschi
et al., 2001) or a direct consequence of the irrigation itself (Stigter
et al., 2006), since the dominating salinization processes are very site-
specific (Duncan et al., 2008). For instance, irrigation water enhances
salinization processes in areas with available salts in the geological
substrate, which are mobilized by the extra available water. In other
cases, the continuous use of groundwater for irrigation may cause
salinization due to the evapotranspiration that the groundwater body
is suffering in successive pumping–irrigation–recharge cycles.

Thus, a deep knowledge of the local hydrogeological conditions and
processes controlling salinization is required to understand the feasible
actions to take in order to mitigate impacts on water resource systems.
In linewith this idea, two of themost useful tools to increase the knowl-
edge of complex systems with several variables are multivariate statis-
tical analyses (Hair et al., 1999) and geochemical modeling
(e.g., Edmunds, 2009; Zhu and Anderson, 2002). Applications reported
in the literature include the use of multivariate analysis to understand
the main factor explaining the chemical evolution of waters in regional
alluvial aquifers (Acero et al., 2013; Lorite-Herrera et al., 2008). For
geochemical modeling, some examples of application are the use of
inverse modeling approaches to elucidate the net geochemical reac-
tions occurring in a water flow line from irrigation water to drainage
water (Causapé et al., 2004a; García-Garizábal et al., 2014) or the use
of direct modeling approaches to reproduce observed patterns in
groundwater and to develop simulations in which different hypotheses
can be tested (Kim et al., 2005; Stigter et al., 2006). However, both ap-
proaches are seldom applied to the same study area, which could im-
prove the knowledge on the processes controlling the hydrological
system.
Fig. 1. Location, simplified geology, main hydrological and irrig
In this context, the objective of the present study is to identify the
main geochemical processes related to the salinization of waters in a
headwater agricultural basin through the use of both multivariate
statistical analysis and geochemical modeling. Specifically, the main
aim is to elucidate if the processes controlling salinization of Lerma
Basin waters (Merchán et al., 2013, 2014) are related to natural or to
anthropogenic factors.

2. Study site description

The Lerma Basin is a small hydrological basin (7.38 km2, Fig. 1), with
48%of its surface area under irrigation. It is located inside themunicipal-
ity of Ejea de los Caballeros (Zaragoza, Spain) and is representative, re-
garding geology, hydrology and agronomy, of a wide range of land–
water connected environments in the region (Causapé et al., 2004b).

According to the Spanish National Agency of Meteorology (AEMET,
2014), the climate in the area is Continental to Mediterranean, charac-
terized by extreme temperatures and irregular and scarce precipita-
tions. Temperatures may vary from below zero during winter to as
high as 40 °C during summer, with an average temperature of 14 °C.
Average annual precipitation during the hydrological years 2004–2011
was around 402 mm and concentrated in spring and autumn
(Merchán et al., 2013). Summer and winter are generally dry, only
wetted by occasional storms.

The geology in the Lerma Basin is represented by Tertiary and
Quaternary materials (Fig. 1). The Tertiarymaterials appear as a bottom
layer (66% of its surface) several hundreds of meters thick, composed of
alternating gypsum, clay and silt materials of brown and gray colors,
with occasional intercalations of fine limestone layers associated with
gypsum (Causapé et al, 2004a; ITGE, 1988). This unit is locally covered
by a Quaternary glacis (34% of the surface) up to 10m thick, dominated
by detrital sediments composed of gravelswith some Tertiary limestone
clasts, alternating with sands, silts and clays (ITGE, 1988). Tertiary ma-
terials are exposed due to the erosive effect of a network of gullies de-
veloped over the glacis.
ation features, and sampling locations of the Lerma Basin.
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Soils developed on Quaternary glacis (Calcixerollic Xerochrepts, Soil
Survey Staff, 2014) display stony loamy textures, 60–90 cm of effective
depth, low salinity and small risk of erosion (slope b 3%). On the other
hand, soils developed on Tertiary materials (Typic Xerofluvent, Soil
Survey Staff, 2014) have 30–45 cm of effective depth, high salinity and
significant risk of erosion (slope N 10%). These characteristics identified
Quaternary soils as suitable for conversion to irrigated land (Beltrán,
1986) and, in consequence, the irrigated area coversmainly the Quater-
nary surface (Fig. 1).

Regarding the hydrological behavior, Quaternary materials have
medium to high permeability (hydraulic conductivity between 1 and
10m day−1), constituting free intergranular perched aquifers, whereas
Tertiary materials have low permeability. Precipitation and irrigation
water infiltrate through Quaternary materials down to the contact
with the Tertiary unit, where they flow horizontally over it. Groundwa-
ter seeps to the surface through the contact between Quaternary and
Tertiary and it feeds a network of gullies. Before irrigation started,
these streams flowed mainly during spring and autumn, i.e., the more
rainy seasons (Abrahão et al., 2011a) while, after the implementation
of irrigation, the Lerma Gully has become a perennial stream.

The Lerma Basin receives water from the Aragón River Basin, via the
Bardenas Irrigation Canal, during spring and summer (Fig. 2). Crops
cultivated are typical of the Middle Ebro Valley: maize, winter cereal
and vegetables. Associated with irrigated agriculture is the application
of synthetic fertilizers, mainly through liquid and compound (NPK)
fertilizers. It is important to mention the increase in Mg2+ in fertilizer
applications experienced in recent years in the area, as a consequence
of the decrease in this nutrient observed in soils (local fertilization advi-
sors, pers. com.).
3. Methods

3.1. Sampling and chemical analysis of the Lerma Basin waters

Samples of the Lerma Basin waters were collected for chemical
analysis in 2011, February the 10th (I) and July the 27th (II), and in
2012, January the 10th (III) and July the 31st (IV) (Fig. 2, Table 2),
representing two non-irrigated and two irrigated seasons, along with
two low water and two high water seasons, respectively. High waters
in the gullies and the Quaternary aquifer took place in the late summer,
at the end of the irrigated season. The sampling dates were selected to
avoid taking samples in the week after any rainfall event. Sixty-three
water samples were collected from the Lerma Basin throughout the
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Fig. 2. Precipitation and irrigation in the Lerma Basin during the hydrologica
study period: groundwaters (GW, 31 samples), spring waters (SpW,
8) and surface waters (SW, 24). These monitoring points were selected
after some preliminary analyses were carried out in a broader monitor-
ing scheme. The piezometers were drilled in 2008 in the Quaternary
materials to a depth between 6 and 8 m to reach the Tertiary materials
and penetrate them around 50 cm further. The Tertiary materials were
always dry 20 cm below the contact with the Quaternary materials,
which is a proof of their low permeability, since the Quaternary mate-
rials just above were saturated. The screened interval covered the
whole piezometer.

Groundwater samples were collected using a high density polyeth-
ylene bailer, whereas spring or surface water samples were collected
manually. In some of the piezometers and sampling campaigns, it was
not possible to obtain enough water for analysis since the saturated
thickness was lower than the bailer length.

Additionally, all available data of precipitation (P, 11 samples) and
irrigation (I, 6 samples) waters, corresponding to samples collected
between 2007 and 2012 (Table 2), were included in this study.

Field parameters (electrical conductivity corrected to 25 °C [EC],
temperature [T], pH and alkalinity) were measured in situ just after
sample collection, with previously calibrated instruments. EC-meter
CRISON CM35, and pH-meter CRISON T25 were used for EC, T and pH.
Alkalinitywasmeasuredusing aHACH alkalinity test kit andwas similar
to that obtained in the laboratory analyses. The filtered samples
(0.45 μm) were analyzed within a month of collection. The dissolved
ionic concentrations (Na+, K+, Ca2+, Mg2+, CO3

2−, HCO3
−, SO4

2−, Cl−,
NO3

−) were analyzed by standard analytical methods at the Geological
Survey of Spain (IGME) laboratories. Cations were determined by
inductively coupled plasma-atomic emission spectrometry (ICP-AES),
and anions were analyzed by high performance liquid chromatography
(HPLC) technique. The charge balance was cross-checked as follows:

Charge balance %ð Þ ¼ 200

X
meq cation−

X
meq anion

X
meq cationþ

X
meq anion

:

(Weight, 2008)
Absolute charge balances averaged 2.5% (maximum 6.6%) in precip-

itation and irrigation waters and 4.4% (maximum 5.8%) in ground,
spring and surface waters.

The interpretation of the water quality data was based on the use of
indicators of water quality for irrigation purposes (sodium adsorption
ratio and Kelly's ratio, related to irrigation water salinity) along with
the hydrochemical interpretations (e.g., Piper diagram, ionic ratios).
Oct11 Dec11 Feb12 Apr12 Jun12 Aug12
th Year

III IV

l years 2010–2012. Sampling campaigns are indicated by black arrows.

image of Fig.�2
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The Kruskal–Wallis Test, a non-parametric method for testing whether
the samples originate from the same distribution, was used to detect
significant differences between groundwater, spring and surface water
samples. The statistical package used was Statgraphics Centurion XVI
(StatPoint Technologies, 2009).

3.2. Soil leaching experiments

In order to investigate the chemical components that the soils can
supply to the waters, a soil sampling campaign was performed in
2013 January 28th. Eight soil samples (stars in Fig. 1) were collected
from Tertiary and Quaternary materials in unirrigated and irrigated
soils (with two samples in each combination, i.e., Tertiary unirrigated
[1 and 2], Tertiary irrigated [3 and 4], Quaternary unirrigated [5 and 6]
and Quaternary irrigated soils [7 and 8]), covering all the representative
soils and characteristics in the study zone. The samples were collected
from the topsoil (up to 25 cmdepth). Theywere treated in the following
way: after removing the fraction N2mm, 100 g of dry samplewasmixed
with 250 ml of distilled water during 24 h. After this time, the water
fraction was extracted, filtered (0.45 μm) and analyzed following the
procedure described in the section above. In the preliminary stage,
different mixing proportions (250 ml or 500 ml) and mixing times
(24, 48 and 96 h) were tested to ensure a complete dilution of the
soluble fraction. Results of these preliminary tests were compared
through Sign and Signed-Rank Matched Tests (Helsel and Hirsch,
2002) and no significant differences were found what suggests that
any of the used amounts of water and experimented contact times
were enough to dissolve all the soluble fraction of the materials.

Additionally, mineralogical determinations were performed in the
eight soil samples by X-ray diffraction. After removing the fraction
N2 mm, around 5 g of dry sample was ground in an agate mortar and
pestle and then sieved through 63 μm. X-ray diffraction was performed
with XPERT PRO MPD equipment (PANanalytical), and the data were
processed using the software HighScore 3.0.4 (PAN analytical). Samples
were prepared in the Geochemistry Laboratory of the Earth Sciences
Department at the University of Zaragoza, and the X-ray diffraction
determinations were performed in the Geological Survey of Spain
Laboratories.

3.3. Multivariate statistical analyses

Two multivariate statistical procedures were used to obtain a better
understanding of the variety in the data set and the processes involved.
The statistical package used was Statgraphics Centurion XVI (StatPoint
Technologies, 2009) and the analyses included Principal Components
and Hierarchical Cluster. Both were performed on the standardized
(Z-scores) hydrochemical data of the 80 water samples from the
Lerma Basin (precipitation, irrigation, groundwater, spring and surface
waters). The variables included in these analyses were Na+, K+, Ca2+,
Mg2+; HCO3

−, SO4
2−, Cl−, NO3

−and pH. EC was not included for being a
proxy of salinity, represented by the specific cations and anions. The dis-
solved concentration of CO3

2−was excluded from multivariate analysis
since itwas belowdetection limit inmost of the samples. For those com-
ponents occasionally below detection limit, 1/2 of the detection limit
value was used.

Principal component analysis (PCA) was performed to infer the
controlling variables (components) of the water chemistry. PCA has
been widely applied to understand hydrological data (e.g., Morán-
Tejeda et al., 2011) and, particularly, hydrogeochemical data: in surface
waters (e.g., Cameron, 1996; Evans et al., 1996), groundwater
(e.g., Adams et al., 2001; Koh et al., 2007) or both (Lorite-Herrera
et al., 2008). PCA summarizes the data set in theminimum components
that explain most of the variance. The Varimax method (Davis, 1986)
was applied to maximize the variance explained by each component.
Each of the new components is a lineal combination of pre-existing
standardized variables with different loadings depending on the
influence of the variable in that component. For component loadings,
an approach similar to that of Evans et al. (1996) or Koh et al. (2007)
was selected. A high loading was defined as higher than 0.75, and a
moderate loading was defined as between 0.40 and 0.75. Loading of
less than 0.40 was considered negligible.

The hierarchical cluster analysis (HCA), commonly applied in hydro-
logical data (e.g., Abrahão et al., 2011b; Causapé et al., 2004a; Menció
et al., 2012), was performed here to generate groups of similar samples.
Several similarity measurement and linkage methods were tested and
the groups obtained were fairly similar. The square Euclidean distance
and the Ward method were used to obtain hierarchical associations,
since theymaximize the homogeneity inside the clusters andmaximize
heterogeneity between clusters (Hair et al., 1999).

3.4. Geochemical modeling

The USGS software PHREEQC (Parkhurst and Appelo, 1999) with its
database phreeqc.dat was used for the geochemical modeling as it has
been widely applied in all kind of hydrogeochemical problems
(e.g., Carol et al., 2009; Edmunds, 2009; Han et al., 2011; van Asten
et al., 2003; Zhu and Anderson, 2002). First, speciation-solubility calcu-
lations were performed to obtain the saturation indexes (SI) of the
different water samples with respect to the mineral phases of interest,
particularly, calcite, dolomite, gypsum and halite. Additionally,
CO2(g) partial pressures were also computed based on the alkalinity
and pH of the samples (e.g., Kehew, 2001; Appelo and Postma, 2005).
Second, an inverse modeling approach, mass balance, was applied
between selected water samples considered representative of the
variety observed in the data set. Based on the variations in the water
chemistry and the observedmineralogy, this approach allowed estimat-
ing the net geochemical reactions between samples assumed to be
connected by a flow line. Finally, a forward modeling approach was
applied using feasible chemical reactions to reproduce the evolution of
the system. All the information provided by these geochemical model-
ing exercises was used to discard or confirm the hypotheses of the
different processes inferred throughout the study.

4. Results and discussion

4.1. Soil leaching experiments

Tertiary marly soils (sample 1-T-U) provided the greatest dissolved
Na+ and Cl− concentrations, 100 and 112 mmol L−1, respectively
(Table 1, Fig. 3). Soils over marls with nodular and tabular gypsum
(sample 2-T-U) showed the highest dissolved SO4

2−, Ca2+ and Mg2+

concentrations, 9.6, 4.9 and 8.9 mmol L−1, respectively. The presence
of soluble minerals such as halite (NaCl) and gypsum or epsomite
(CaSO4·2H2O, MgSO4·7H2O) may explain these results. The samples
of Tertiary age thatwere irrigated (3-T-I and4-T-I) had values compara-
ble with those of the Quaternary soil samples, probably as a conse-
quence of the different amendments performed by farmers in these
irrigated soils (addition of loamy textured soil, plowing, successive
wash out of soluble fraction by irrigation water, etc.). Finally, samples
from the soils over the Quaternary glacis (5-Q-U, 6-Q-U, 7-Q-I and
8-Q-I) showed the lowest concentrations for the different analyzed
ions, with averages of 1.4 mmol L−1 for Cl−, 0.5 mmol L−1 for SO4

2−,
0.4 mmol L−1 for Na+, 2.0 mmol L−1 for Ca2+ and 0.6 mmol L−1 for
Mg2+ (Fig. 3). Thus, the salinity of the waters appears to be mainly
controlled by the interaction between the recharge waters (precipita-
tion and irrigation) and the Tertiary substrate.

The X-ray results (Table 1) indicated the predominance of calcite,
quartz and clay minerals (mainly illite and chlorite) in all the samples.
In fact, these minerals were the only ones detected in the samples
from the Quaternary glacis (with the exception of traces of feldspar in
some of them). Dolomite, ankerite and gypsum were also identified in
the samples taken in the soils over the Tertiary marls and clays



Table 1
Selected soil samples results. Sample: A-B-C where A is the sample ID (1-8), B is a letter presenting the age (T for Tertiary and Q for Quaternary) and C is a letter presenting the land use (I
for irrigated and U for unirrigated).

Sample Description Stones
(wt.% N2 mm)

Water attacks (mmol L−1) X-ray diffractionsa

Cl− SO4
2− Na+ Ca2+ Mg2+

1-T-U Marls 0 100.4 3.2 112.3 0.5 1.0 Cal, Qtz, C.M., Dol, Fsp (t)
2-T-U Marls gyps. 1 50.4 9.6 47.0 4.9 8.9 Cal, Qtz, C.M., Dol/Ank, Gp, Fsp (t)
3-T-I Marls 2 0.6 1.0 2.1 1.4 0.5 Cal, Qtz, C.M., Dol/Ank, Fsp (t)
4-T-I Marls 5 0.7 0.4 1.4 1.3 0.6 Cal, Qtz, C.M., Dol/Ank, Fsp (t)
5-Q-U Glacis 32 0.1 0.1 0.2 1.3 0.5 Cal, Qtz, C.M., Fsp (t)
6-Q-U Glacis 33 5.0 0.8 0.6 3.3 0.7 Cal, Qtz, C.M.
7-Q-I Glacis 34 0.3 0.6 0.4 1.5 0.5 Cal, Qtz, C.M., Fsp (t)
8-Q-I Glacis 45 0.3 0.6 0.5 1.7 0.4 Cal, Qtz, C.M., Fsp (t)

wt.%: percentage in weight.
a Cal: calcite; Qtz: quartz; C.M.: clay minerals (illite + chlorite); Dol: dolomite; Fsp: feldspar (t: trace, low intensities); Ank: ankerite; Gp: gypsum.
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(Table 1). Despite the useful qualitative information obtained from the
X-ray diffraction technique, it was unable to detect soluble mineral
phases that could explain Cl− and Na+, contents in the waters. Howev-
er, after a detailed revision of the difractograms, the presence of halite
could not be discarded since its signal in diffractograms would overlap
with that of other minerals detected. However, epsomite was not
detected even after the detailed revision of the diffractograms.
Taking the concentrations obtained in sample 1-T-U, the maximum ob-
tained in the soil samples, a fraction of halite of maximum 6% can be es-
timated from total Na+ and Cl− leached and mass of soil used.
Consequently, depending on the specific combination of minerals in
the sample, it might remain undetected by X-ray diffraction. Similar as-
sumptions can be done with other soluble minerals. In addition, the
presence of halite and other soluble minerals is supported by the fact
that the Tertiary materials were deposited in a saline lake environment
(ITGE, 1988), where the presence of evaporitic minerals is common.

4.2. Hydrogeochemical characterization

Precipitation and irrigation water are the main input waters in the
Lerma Basin (Table 2). They have a very low salinity, with typical EC
values under 0.05 mS cm−1 for precipitation water and under
0.4 mS cm−1 for irrigation water. According to their positions in a
Piper diagram (Fig. 4), precipitation and irrigation waters are mainly
of Ca2+-HCO3

− type. Both, their low salinity and their water type,
indicate a high quality for irrigation purposes, as indicated by several
water quality indicators commonly used for irrigation waters. For
instance, Sodium Adsorption Rate (SAR) values ranged from 0.04 to
0.55, with an average of 0.23, which indicates a very low sodiumhazard
in thesewaters (e.g., Fetter, 2001). Kelly's Ratio (KR) values ranged from
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0.07 to 0.58, with an average of 0.19, indicating the good quality of the
water for irrigation (Kelly, 1963).

A clear evolution from low salinity Ca2+-HCO3
− type in the input

water to Na+-mixed-to-Cl−water type (Fig. 4) with increasing salin-
ity can be observed using the 63 water samples collected in the
Lerma Basin (Table 3). Samples with low salinity (an upper stream
gully and some piezometers during the irrigation season) belong to
the water types closer to precipitation and irrigation waters. There
were significant differences (Kruskal–Wallis Test, p b 0.05) between
the salinity of the groundwaters (average 1.75 mS cm−1) and the
salinity of the surface waters (average 2.63 mS cm−1) while spring
waters had intermediate salinity values. Thus, the quality of water
for irrigation purposes decreases between recharge waters and
water in the outlet of the basin, presenting slight restriction for
irrigation purposes (EC N 0.7 mS cm−1

, Ayers and Westcost, 1992).
In fact, some surface waters and the groundwater point GW12 in
2012 presented severe restriction for irrigation purposes
(EC N 3 mS cm−1). This decrease in quality is also indicated by the
SAR values from 0.45 to 10.77, with a medium value of 5.76 (low to
medium sodium hazards, e.g., Fetter, 2001) and KR values from
0.15 to 2.47, with an average value of 1.34 (waters with values
higher than one are considered unsuitable for irrigation purposes,
Kelly, 1963).

Additionally, significant differences (Kruskal–Wallis Test,
p b 0.05) were observed in the physicochemical parameters and
the major ions median content between ground and surface waters
(Table 3). Significantly higher values in pH, Cl−, SO4

2−, Na+, Ca2+,
and Mg2+, and lower values in NO3

− were observed in surface waters
compared with groundwater. Spring waters showed values generally
closer to those of groundwater except in the case of pH that they are
-I 5-Q-U 6-Q-U 7-Q-I 8-Q-I

Irrigated/Unirrigated)

Cl SO4 Na Ca Mg

and distilledwater (250 g). Sample codification:A-B-CwhereA is the sample ID (1–8), B is
er presenting the land use (I for irrigated and U for unirrigated).



Table 2
Precipitation and irrigation hydrochemical data available from the Lerma Basin.

Sample Date EC
mS cm−1

pH Ca2+ Mg2+ Na+ K+ CO3
2− HCO3

− SO4
2− Cl− NO3

− C.B.
%

mmol L−1

P 16/11/2009 0.053 7.08 0.10 0.25 0.20 0.05 b.d.l. 0.38 0.06 0.14 0.00 4.0
P 15/12/2009 0.041 6.32 0.10 0.25 0.07 0.03 b.d.l. 0.29 0.05 0.06 0.03 2.3
P 19/01/2010 0.015 5.38 0.05 0.08 0.04 0.01 b.d.l. 0.11 0.03 0.03 0.01 −2.8
P 15/03/2010 0.048 5.58 0.45 0.08 0.04 0.00 b.d.l. 0.41 0.04 0.03 0.08 3.2
P 13/05/2010 0.045 5.43 0.40 0.08 0.06 0.01 b.d.l. 0.29 0.10 0.04 0.10 3.3
P 21/11/2011 0.008 5.03 0.10 b.d.l. 0.01 b.d.l. b.d.l. 0.07 0.03 0.01 0.01 −6.6
P 17/11/2011 0.007 4.86 0.10 b.d.l. 0.02 b.d.l. b.d.l. 0.07 0.03 0.02 0.01 −1.5
P 03/05/2012 0.029 6.56 0.10 0.16 0.03 b.d.l. b.d.l. 0.21 0.03 0.02 0.03 −0.3
P 23/05/2012 0.032 5.15 0.05 0.25 0.10 0.01 b.d.l. 0.20 0.05 0.13 0.02 1.9
P 22/10/2012 0.027 7.50 0.10 0.16 0.02 b.d.l. b.d.l. 0.25 0.01 0.01 0.00 5.3
P 08/11/2012 0.015 6.39 0.05 0.08 0.01 b.d.l. b.d.l. 0.11 0.01 0.01 0.01 3.1
Average 0.039 5.71 0.15 0.13 0.05 0.01 – 0.22 0.04 0.05 0.03
SD 0.017 0.76 0.14 0.09 0.06 0.02 – 0.12 0.02 0.05 0.03
I 22/10/2007 0.360 n.a. 2.40 0.72 0.63 0.03 b.d.l. 2.56 0.55 0.66 n.a. 0.1
I 12/11/2007 0.380 n.a. 2.48 0.72 0.64 0.03 b.d.l. 2.64 0.48 0.78 n.a. −0.9
I 24/07/2008 0.330 n.a. 2.87 0.48 0.27 0.02 b.d.l. 3.05 0.29 0.30 n.a. 0.0
I 17/09/2008 0.280 n.a. 2.40 0.64 0.30 0.03 b.d.l. 2.62 0.34 0.40 n.a. 0.1
I 27/07/2011 0.318 8.10 1.95 0.74 0.64 0.03 0.08 2.38 0.35 0.44 0.02 3.0
I 31/07/2012 0.318 8.10 2.30 0.16 0.43 0.01 b.d.l. 2.38 0.29 0.32 0.02 −3.5
Average 0.334 2.40 0.58 0.49 0.02 – 2.60 0.38 0.48 –

SD 0.039 0.30 0.22 0.18 0.01 – 0.25 0.11 0.19 –

SD: standard deviation. n.a.: not available. b.d.l.: below detection limit. C.B.: charge balance.
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closer to those of surface waters. No significant differences were
detected for HCO3

− and K+ values.

4.3. Ionic ratios

Ionic ratios in hydrochemical data have been useful in providing an
insight into the hydrogeochemical processes controlling the changes
in water quality. The molar ratio Na+/Cl− ranged from 0.75 to 4.91
(Fig. 5A), with low values for precipitation and irrigation waters
(0.75–1.62) and also for surface waters (1.07–1.76), slightly higher
Fig. 4. Piper diagram showing the situ
values for springs (1.36–2.31) and the highest values in some ground-
waters (0.90–4.91). A trend towards values close to 1.00 was observed
with increasing salinity, which can be attributed to halite dissolution
although in the samples with the lowest salinity an additional source
of sodium is required. Ionic exchange could provide sodium to these
low salinity samples (e.g., Lorite-Herrera et al., 2008), especially consid-
ering that irrigation water with low salinity and significant Ca2+

concentrations is added to soils, which favors the ionic exchange in
this direction (Na+ enters the solution, Ca2+ leaves the water solution,
Appelo and Postma, 2005).
ation of the Lerma Basin waters.



Table 3
Surface (gullies, G), spring (S) and groundwater (wells, W) hydrochemical data available from the Lerma Basin.

Date EC
mS cm−1

pH T
°C

Ca2+ Mg2+ Na+ K+ CO3
2− HCO3

− SO4
2− Cl− NO3

− C.B.
%

mmol L−1

GW1-I 10-02-2011 1.43 7.9 10.1 2.59 2.88 10.20 0.21 b.d.l. 5.74 3.21 3.62 2.45 5.6
GW3-I 10-02-2011 1.48 7.8 10.8 3.04 3.37 14.42 0.08 b.d.l. 5.90 3.90 8.06 2.13 4.5
GW4-I 10-02-2011 1.39 8.0 13.0 1.95 2.30 10.48 0.09 b.d.l. 4.36 3.09 3.79 2.82 5.3
GW5-I 10-02-2011 1.67 7.8 13.4 3.39 3.87 11.49 0.15 b.d.l. 5.90 2.43 5.53 4.08 5.0
GW10-I 10-02-2011 1.63 7.8 11.6 2.79 5.76 10.48 0.21 b.d.l. 6.29 3.77 5.85 2.32 5.4
GW11-I 10-02-2011 1.52 7.6 13.4 4.04 7.49 5.53 0.17 b.d.l. 6.23 3.63 5.94 1.85 −2.4
GW12-I 10-02-2011 2.53 7.7 11.9 3.49 6.34 17.99 0.09 b.d.l. 6.39 7.62 10.92 1.54 5.3
SW1-I 10-02-2011 2.49 8.4 6.5 5.14 5.92 17.25 0.19 b.d.l. 6.88 8.41 10.70 1.20 4.7
SW2-I 10-02-2011 4.25 8.4 6.1 9.58 12.51 23.74 0.15 b.d.l. 6.72 15.29 21.52 1.18 2.8
SW3-I 10-02-2011 3.14 8.4 6.1 5.84 9.13 19.45 0.14 b.d.l. 7.05 10.30 14.10 1.23 5.6
SW4-I 10-02-2011 3.17 8.5 6.2 5.64 9.13 19.78 0.15 b.d.l. 7.18 10.31 14.19 1.22 5.3
SW5-I 10-02-2011 0.46 8.5 5.7 2.50 0.99 1.39 0.04 b.d.l. 3.02 0.72 0.93 0.03 4.8
SW6-I 10-02-2011 2.66 8.5 5.2 6.39 7.74 15.92 0.14 b.d.l. 6.72 10.88 10.85 0.13 5.4
GW1-II 27-07-2011 1.32 7.6 19.0 3.19 2.63 11.90 0.18 0.12 7.93 2.99 3.81 2.19 5.0
GW4-II 27-07-2011 1.31 7.6 16.8 2.45 2.63 10.14 0.11 0.16 5.70 2.59 3.56 2.66 4.3
GW5-II 27-07-2011 0.49 7.4 16.9 3.44 0.74 0.65 0.10 0.16 3.18 0.43 0.50 0.56 −0.4
GW6-II 27-07-2011 1.40 7.9 21.6 3.44 4.85 9.16 0.06 0.04 8.06 4.06 3.30 1.15 5.3
GW10-II 27-07-2011 1.64 7.5 17.6 2.99 6.09 10.44 0.22 0.20 7.31 3.38 5.73 2.27 4.4
GW11-II 27-07-2011 1.15 7.4 16.4 3.24 5.27 4.33 0.14 0.16 7.08 3.09 0.88 1.28 3.9
GW12-II 27-07-2011 2.79 7.5 17.7 4.24 6.91 18.26 0.10 0.08 5.11 7.38 14.17 1.61 4.0
SpW1-II 27-07-2011 1.81 7.5 21.1 2.94 4.11 13.36 0.13 0.12 8.29 3.26 5.77 2.10 5.0
SpW2-II 27-07-2011 1.78 8.2 18.9 3.19 5.60 12.12 0.20 0.08 6.56 4.29 6.33 2.73 5.5
SpW3-II 27-07-2011 2.63 8.2 21.4 5.14 5.18 18.53 0.07 b.d.l. 7.08 4.97 11.34 3.90 5.8
SW1-II 27-07-2011 2.60 8.2 18.8 4.64 6.50 17.30 0.17 b.d.l. 6.88 7.94 11.15 1.25 5.0
SW2-II 27-07-2011 4.28 8.2 16.5 7.69 10.86 32.78 0.14 b.d.l. 9.67 16.54 21.56 0.92 5.5
SW3-II 27-07-2011 3.30 8.3 17.4 6.14 8.89 20.74 0.16 b.d.l. 6.69 11.44 15.62 1.12 3.0
SW4-II 27-07-2011 3.32 8.2 16.5 5.99 9.13 20.16 0.16 b.d.l. 6.88 11.37 15.72 1.12 1.0
SW5-II 27-07-2011 0.36 8.3 22.6 2.30 0.82 0.78 0.03 0.08 2.72 0.42 0.57 0.01 3.2
SW6-II 27-07-2011 1.83 8.2 20.7 5.74 5.02 10.70 0.17 b.d.l. 7.08 7.15 6.10 0.09 5.7
GW1-III 10-01-2012 1.60 7.9 10.5 2.74 1.81 10.15 0.21 b.d.l. 3.82 3.30 4.04 2.95 5.6
GW3-III 10-01-2012 2.11 7.7 10.8 3.29 2.96 13.96 0.12 b.d.l. 4.51 3.90 9.08 1.77 5.4
GW4-III 10-01-2012 1.45 7.8 14.0 2.50 1.81 8.57 0.08 b.d.l. 3.05 2.64 3.79 2.76 5.7
GW5-III 10-01-2012 1.49 7.7 13.8 3.44 2.80 8.28 0.11 b.d.l. 3.82 2.43 3.84 3.74 5.6
GW6-III 10-01-2012 2.86 7.9 9.0 3.94 8.72 16.39 0.10 b.d.l. 6.29 8.06 11.41 1.90 5.2
GW10-III 10-01-2012 2.22 7.8 12.4 2.64 5.84 14.87 0.16 b.d.l. 4.74 4.68 10.72 2.18 5.2
GW11-III 10-01-2012 2.27 7.6 13.7 3.69 5.76 12.64 0.13 b.d.l. 5.08 5.69 8.29 1.97 5.5
GW12-III 10-01-2012 3.03 8.0 13.4 3.94 7.24 18.82 0.09 b.d.l. 3.46 8.32 14.73 2.00 5.4
SpW2-III 10-01-2012 2.04 8.4 9.5 3.19 5.02 11.48 0.17 b.d.l. 4.62 5.20 7.21 2.06 5.8
SpW3-III 10-01-2012 2.84 8.4 6.8 4.94 4.61 17.54 0.07 b.d.l. 4.31 6.19 11.51 3.74 5.3
SW1-III 10-01-2012 2.96 8.2 3.8 4.04 5.60 15.45 0.11 b.d.l. 4.75 7.82 9.92 1.36 5.5
SW2-III 10-01-2012 3.33 8.3 2.9 5.54 7.90 17.40 0.09 b.d.l. 4.03 10.46 13.99 0.87 5.2
SW3-III 10-01-2012 2.95 8.3 2.8 4.79 6.25 16.56 0.10 b.d.l. 4.54 8.87 11.63 1.17 5.6
SW4-III 10-01-2012 2.97 8.3 2.2 4.74 6.50 16.72 0.10 b.d.l. 4.39 9.06 11.93 1.15 5.6
SW5-III 10-01-2012 0.40 8.4 3.7 2.10 0.41 0.72 0.03 b.d.l. 2.03 0.50 0.58 0.02 4.0
SW6-III 10-01-2012 2.08 8.3 2.5 4.99 4.20 9.81 0.10 b.d.l. 3.39 8.01 6.65 0.05 5.3
GW1-IV 31-07-2012 1.70 7.5 18.6 3.49 2.47 10.89 0.21 b.d.l. 6.42 3.07 4.40 2.98 0.3
GW2-IV 31-07-2012 1.17 7.8 19.6 2.45 2.22 7.43 0.13 b.d.l. 5.57 2.24 2.40 1.63 3.2
GW3-IV 31-07-2012 1.35 7.5 18.9 4.39 1.97 1.38 0.03 b.d.l. 6.36 0.55 0.65 0.28 −0.8
GW4-IV 31-07-2012 0.90 7.6 18.7 3.04 3.21 2.32 0.08 b.d.l. 4.10 1.64 1.67 1.36 −1.2
GW5-IV 31-07-2012 0.49 7.9 18.5 2.55 0.74 0.74 0.07 b.d.l. 2.67 0.52 0.58 0.45 −3.8
GW6-IV 31-07-2012 1.64 7.5 20.0 5.84 6.42 4.92 0.09 b.d.l. 5.77 3.10 5.44 2.65 1.6
GW10-IV 31-07-2012 2.42 7.6 18.1 2.94 5.60 18.05 0.18 b.d.l. 5.47 5.00 12.87 2.01 5.4
GW11-IV 31-07-2012 2.42 7.5 17.3 3.29 6.67 15.08 0.12 b.d.l. 5.01 5.20 12.07 1.54 5.5
GW12-IV 31-07-2012 3.25 7.8 23.5 4.59 8.56 20.67 0.11 b.d.l. 4.02 10.99 17.80 1.44 0.9
SpW1-IV 31-07-2012 1.80 7.9 27.3 3.64 5.43 9.81 0.21 b.d.l. 5.44 3.69 7.10 1.84 5.5
SpW2-IV 31-07-2012 2.20 8.2 23.1 3.44 6.75 13.35 0.18 b.d.l. 5.38 5.50 9.80 1.91 4.9
SpW3-IV 31-07-2012 2.58 8.0 23.3 5.14 5.35 17.22 0.07 b.d.l. 9.18 4.78 9.15 3.18 5.5
SW1-IV 31-07-2012 2.25 8.2 18.6 4.44 5.27 13.99 0.17 b.d.l. 6.82 4.35 8.31 3.07 5.7
SW2-IV 31-07-2012 4.23 8.2 16.7 9.28 12.01 23.51 0.13 b.d.l. 7.57 16.47 22.00 0.86 -4.3
SW3-IV 31-07-2012 3.31 8.1 17.2 7.09 8.64 19.14 0.16 b.d.l. 7.01 10.30 15.08 1.94 2.0
SW4-IV 31-07-2012 3.36 8.2 17.5 7.29 8.64 19.34 0.15 b.d.l. 7.11 10.40 15.02 1.89 2.8
SW5-IV 31-07-2012 1.03 8.1 22.6 3.84 1.97 4.58 0.06 0.12 5.38 1.44 3.37 0.16 −0.2
SW6-IV 31-07-2012 2.48 7.9 20.0 8.98 7.24 13.01 0.12 b.d.l. 6.52 13.28 7.38 0.54 5.7

b.d.l.: below detection limit. C.B.: charge balance.

336 D. Merchán et al. / Science of the Total Environment 502 (2015) 330–343
The Cl− vs. SO4
2− plot (Fig. 5B) shows the strong correlation between

both solutes, suggesting an origin from the same source, i.e., high salin-
ity Tertiary materials, as inferred in the soil leaching experiments. The
molar ratio Ca2+/SO4

2− (Fig. 5C) ranged from 8.0 to 0.4, showing a
clear decrease with salinity. Since average values in precipitation and
irrigation water were around 4.9 either supplementary sulfate sources
apart from gypsum or Ca2+ sinks (or both) are required to
explain such a decrease. A similar pattern was observed for the
ratio (Ca2+ + Mg2+)/SO4

2− (not shown), which also decreases
with increasing salinity towards a value of 1.0. In fact, the
plot SO4

2− vs. (Ca2+ + Mg2+) (Fig. 5D) presented a strong
correlation coefficient (R2 = 0.89) with a better fit equation of
(Ca2+ + Mg2+) = 1.14·SO4

2− + 2.51. This indicates that similar
amounts (in molar ratios) of Ca2+ + Mg2+ and SO4

2− (slope of



Fig. 5. Ionic ratio evolution with the increase in salinity, indicated by both chloride and sulfate. The gray line represents the geochemical evolution simulated with PHREEQC. Legend: P:
precipitation; I: Irrigation; GW: groundwater; SpW: spring water; SW: surface water. When two lines are presented, they cover a range of partial pressures of CO2 (from 10−2.5 to 10−3)
used in the simulations.
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1.14) are being added to the water. The value for zero sulfate (in-
tercept of 2.51) responds to the high Ca2+ low SO4

2− irrigation or
precipitation water.
Themolar ratio (Ca2++Mg2+)/HCO3
− (not shown) ranged from 0.7

to 3.3, and it increased with salinity, which indicates a supplementary
source of Ca2+ +Mg2+ with respect to HCO3

−, probably the dissolution

image of Fig.�5
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of non-carbonate minerals rich in Ca2+ and Mg2+ (e.g., gypsum,
epsomite). The enrichment in these components may also be related
to the addition of mineral fertilizers, as Ca2+ and Mg2+ are reported to
suffer significant increases in areas under extensive application of syn-
thetic fertilizers (Moussa et al., 2011; Stigter et al., 2006).

The plot (Ca2+ + Mg2+ − SO4
2− − HCO3

−) vs. (Na+ + K+ − Cl−)
(not shown) examines the excess of Ca2+ and Mg2+ gained or lost
from gypsum, calcite and dolomite dissolution/precipitation, and the
excess of Na+ and K+ gained or lost from sodium and potassium chlo-
rides dissolution/precipitation, respectively. When dissolution of these
minerals is enough to explain the hydrochemical composition,
the samples plot around the origin. In the Lerma Basin waters,
the samples presented a distribution so that a decrease in (Ca2+

+ Mg2+ − SO4
2− − HCO3

− ) was observed with increases in (Na+

+ K+ − Cl−), what suggests the existence of important cationic ex-
change or silicate weathering processes (Jalali, 2005, 2007).

The plot SO4
2− vs. (SO4

2− − Ca2+) (Fig. 5E) displays the amount of
SO4

2− exceeding Ca2+ contents. Assuming that all the SO4
2− has its

origin in gypsum dissolution, this plot represents the amount of Ca2+

removed by either ionic exchange or calcite precipitation. In waters
with very low salinity, the negative values belong to the high Ca2+

low SO4
2− Ca2+-HCO3

− irrigation water type. A slope of ca. 0.6 with
increasing salinity suggests that around half of the Ca2+ incorporated
in gypsum dissolution may be lost through exchange reactions, calcite
precipitation or both.

The evolution of previous ratios could be explained by the dissolu-
tion of gypsum in waters previously saturated with respect to calcite,
with the consequent incongruent dissolution of dolomite (Kehew,
2001). The addition of Ca2+ will produce the precipitation of calcite
(removing part of the Ca2+ added) and the concomitant dissolution of
dolomite (adding Mg2+ to the water). Another explanation can be
related to the hypothetical presence of Mg2+-bearing mineral
(e.g., epsomite) or the addition of Mg2+ through fertilization.

Finally, the plot SO4
2− vs. NO3

− (Fig. 5F) showed a lack of relationship
between these two solutes, which may suggest different sources for
them(Li et al., 2006).Many earlier studies have relatedhigh SO4

2− levels
to agricultural activities (e.g., Moussa et al., 2011; Kim et al., 2005;
Sánchez et al., 2007) by means of its relationship to nitrate pollution,
although there are cases in which this pattern is not present. However,
the amount of sulfate originated in agricultural activities in the Lerma
Basin waters seems to be negligible in comparison with that provided
by the geological materials in the study area.

Thus, through the use of the ionic ratios the main processes
controlling the evolution of the Lerma Basin water have been inferred.
Cation exchange processes are probable, especially in the first phases
of the geochemical evolution, i.e., the percolation through soils and
the early stages of circulation in the Quaternary aquifers. After this, a
pattern controlled by the dissolution of both halite and gypsum may
explain the later phases in the geochemical evolution. Dissolution of
gypsum probably triggers calcite precipitation and the concomitant
dolomite dissolution, although dolomite dissolution kinetics is slow in
comparison with the remaining processes and other magnesium
sources can participate. The information generated in this section will
be used later (saturation indexes and geochemical modeling) to test if
these processes are thermodynamically feasible.

4.4. Speciation-solubility calculations

Speciation-solubility calculations provided the saturation indexes
(SI) of several mineral phases (calcite, dolomite, gypsum and halite)
and the CO2(g) partial pressure in the different water samples of the
Lerma Basin (Fig. 6).

Precipitation waters were highly undersaturated (SI b 0) with
respect to all the consideredmineral phases. However, irrigationwaters
were oversaturated (SI N 0)with respect to calcite and dolomite (Fig. 6A
and 6B) whereas they were undersaturated (SI b 0) with respect to
gypsum and halite (Fig. 6C and 6D). Irrigation waters came from a
surface water reservoir in the Pyrenean Range with many carbonate
aquifers in its recharge area. The conveyance of these waters in surface
canals favors its degasification, which explains the oversaturation of
these waters with respect to the carbonate minerals.

Significant differences were observed between ground- and surface
waters.Most of themwere in equilibrium or oversaturatedwith respect
to calcite and dolomite (Fig. 6A and 6B), although SI valueswere slightly
higher for surface waters (e.g., calcite SIaverage is 0.27 for groundwater
and 0.93 for surface water). The same happens with respect to gypsum
and halite, although both, ground- and surface waters, are undersatu-
rated (SI b 0) the SI values were higher for surface waters
(e.g., gypsum SIaverage is −1.6 for groundwater and −1.2 for surface
waters; Fig. 6C and 6D). Calcite and dolomite SI were independent of
EC, whereas gypsum and halite SI tend to increase with EC, pointing to
the dissolution of these minerals as one of the reasons for the increase
of salinity. In both cases, spring waters had an intermediate value
between ground- and surface waters.

The partial pressure of CO2(g) (pCO2) shows significant differences
between ground- (pCO2-average = 10−2.3), spring (pCO2-average = 10−2.6)
and surface waters (pCO2-average = 10−2.9) (Fig. 6E). As expected, the
values were higher in the groundwaters due to the presence of
organic matter in soils, roots respiration and microbial decomposition
(Kehew, 2001). A pattern of lower CO2 with higher SI for calcite was
inferred (Fig. 6F) suggesting degasification of the water in the flow
from ground- to surface waters. Surface waters show values closer to
equilibrium with atmospheric CO2 but still higher than those of the
atmospheric partial pressure, indicating that these waters will still
lose CO2 and, probably, precipitate calcite.

In summary, the results obtained for the saturation indexes and the
pCO2 supported the geochemical processes inferred previously,
especially regarding gypsum and halite dissolution and calcite precipi-
tation, which are thermodynamically favored.

4.5. Multivariate statistical analysis

4.5.1. Principal component analysis (PCA)
PCA results indicated that two components explained most of the

variance (82%, Fig. 7). Component 1 had high loadings for SO4
2−, Cl−,

Mg2+, Ca2+ and Na+, while it had moderate loadings for HCO3
− and

pH. It had insignificant loadings for NO3
− and K+. Component 1 can be

interpreted as indicating the salinization occurring in the Lerma Basin
waters, mainly through the dissolution of minerals bearing the above
mentioned components. This component explained 68.8% of the dataset
variance.

Component 2 appeared to be related to nitrate contamination as the
NO3

− loading was clearly higher than any other (Fig. 7). Also high load-
ings were detected for K+, which can be related to the join application
of nitrogen and potassium fertilizers (NPK, Otero et al., 2005). In
addition, Component 2 presented moderate loadings of HCO3

−, pH and
Na+. This factor explained 13.2% of the dataset variance. Those variables
that presented high loadings for Component 2 presented low values for
Component 1, and vice versa. This suggested independence in the
processes controlling the geochemical evolution.

Thus, the main conclusion obtained after the PCA application was
the isolation of the processes regarding the main problems in the
study area, i.e., the salinization and nitrate pollution processes.Whereas
the salinization process explained most of the variability in the dataset,
it was not related to nitrate pollution and, as a consequence, to fertil-
izers applied in agriculture. Thus, nitrate pollution does not seem to
affect the contents of dissolved solids in this study zone. These results
contrast with those of Nakano et al. (2008) or Moussa et al. (2011),
among others, who reported a relationship between salinization and
nitrate pollution processes in agricultural areas in Japan and Tunisia,
respectively. However, Lorite-Herrera et al. (2008) reported a case for
the hydrogeochemistry of a regional alluvial aquifer in the Guadalquivir



Fig. 6. Evolutionwith salinity (indicated as electrical conductivity) of saturation indexes of calcite (A), dolomite (B), gypsum (C), halite (D) and partial pressure of CO2 (E). Partial pressure
of CO2 against calcite saturation index (F). Legend: P: precipitation; I: irrigation; GW: groundwater; SpW: spring water; SW: surface water. The shaded areas indicate the ranges of
uncertainty for the calculated saturation indexes; ±0.22 for gypsum (Langmuir and Melchior, 1985), ±0.35 for calcite and ±0.5 for dolomite (Plummer et al., 1990).
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River Basin (Spain) where salinization processes were not related
to nitrate pollution. Thus, the relationship between salinization and ni-
trate pollution seems to depend on the specific characteristics of the
study zone, with the expected influence of the natural salinity of the
area. Apparently, the higher the natural salinity, the lower the influ-
ence of agriculture in the salinization of water bodies. However, the

image of Fig.�6


Fig. 7. Component loading diagrams for variables obtained after principal component analysis for Component 1 and Component 2. Variance of dataset explained, variables with high
loading and moderate loading (in brackets) and main related process.
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influence of salts provided by agriculture should be considered in low-
salinity water bodies.

4.5.2. Hierarchical cluster analysis (HCA)
HCA results allowed the association of the Lerma Basin samples in

two different branches (Fig. 8). Branch 1 grouped the recharge waters,
and was divided into two sub-branches. Branch 1.1 included all the
samples of the precipitation water (P) whereas Branch 1.2 included all
the samples of irrigation water (I) along with several samples of
groundwater and a sampling point of surface water. These ground-
and surface water samples were highly influenced by the recharge
water. The SW5 sampling point is located in an area dominated by
low salinity Quaternary materials and it is close to the irrigation canal,
probably receiving some seepage from it (Fig. 1). Samples in branch
Fig. 8. Simplified results fromhierarchical cluster analysis (HCA). For a better visualization, only
shown. Sampling point names surrounded by a rectangle are the ones for which every single s
1.2 of wells GW3, GW4 and GW5 correspond to the irrigated season,
when the aquifer is highly influenced by the recharge of irrigation
water (Fig. 8).

Branch 2 grouped most of the collected samples (69%) and it had
two different subgroups. Branch 2.1 included most of the groundwater
samples collected and all the spring samples, which was coherent
since non-significant differences were detected between these two
groups and non-significant changes in the water chemistry were
found in the groundwater flow lines. Branch 2.2 included most of the
surface water samples, which had a higher salinity in general, along
with several groundwater samples (locations GW12 and GW6). These
wells were located in the vicinity of the more gypsum-rich layer in the
basin, which can explain its enrichment in salts and its similarity to
the surface water (Fig. 1).
clustering of similarities above 200 and sampling points (instead of individual samples) are
ample falls into the displayed grouping.
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The cluster analysis provided several important results regarding the
hydrological behavior of the Lerma Basinwaters. The existence of irriga-
tion canal seepage was detected by the identification of a surface water
location in a grouphighly influenced by irrigationwater.Moreover, high
hydrochemical similarity was detected between ground- and spring
water, which was in agreement with other observations in the ion–ion
ratios or in the statistical comparisons. Groundwaters in some areas of
the study zone, mainly southern glacis water body, where the nodular
gypsum strata severely affects water quality, presented higher salt
contents, providing a higher salinity to the waters in these areas of the
basin. This fact is in line with the main hypothesis, which suggests
that the geological set up controls the salinization processes in this area.

4.6. Geochemical modeling

4.6.1. Inverse modeling
Taking into account all the feasible mineral phases inferred in the

previous sections, mass balance calculations were performed using
PHREEQC software. The global uncertainty of analytical results was
limited to 5%. The more simplistic models coherent with the observa-
tions made in previous sections of the studywere selected. The possible
processes considered in the mass balance include:

• Evapotranspiration of water with no dissolved content (only in those
balances in which the initial water was precipitation or irrigation
water).

• Dissolution of halite, gypsum and epsomite.
• Calcite precipitation.
• Dolomite dissolution.
• CO2(g) exchange.
• Cation exchange.
• NO3

− sources/sinks.

Mass balance calculations were performed between water samples
located in feasible flow lines, i.e., from precipitation and irrigation
waters to groundwaters, from ground- to springwaters and from spring
to surface waters. This approach assumes that surface water origin is
mainly from springs and seepages coming from groundwater, which
can be justified since intermittent streams became perennial streams
after the implementation of irrigation in the Lerma Basin (Merchán
et al., 2013). In most of the flow lines, the results gave the dissolution
of either gypsum or epsomite to fit the sulfate concentration in the
mass balance (Table 4). When gypsum was used, the addition of Ca2+

made necessary that higher amounts of calcite precipitate and dolomite
dissolve to fit the concentrations of Ca2+ and Mg2+. When epsomite
was used, lower calcite precipitation and dolomite dissolution were
required. A situation between these two extremes is probably happen-
ing in the Lerma Basin waters.

As an example, a flow line in the hydrological system is represented
by samples I→ GW11 → GW10→ SpW2→ SW3, i.e., irrigation water
Table 4
Inverse modeling results (PHREEQC) after a mass balance between sampled points in a represe
columns, results considering either gypsum (a), or both epsomite and gypsum (b), are present
and no value means no mass transfer.

Phases I → GW11 GW11 →

(mmol L−1) (a) (b)

Halite 4.85
Gypsum 0.65
Epsomite 0.64
NaX 1.76 1.74 1.01
CaX2 −0.88 −0.87 −0.51
CO2(g) 0.64 0.65
Calcite −1.18 0.00
Dolomite 1.08 0.49 0.43
NO3

− 0.68 0.67 0.84
H2O (mol L−1) −25.20a −25.54a

a Implies c.a. 46% evapotranspiration.
applied to the crops infiltrates and flows through the glacis until it
reaches the Tertiary materials, where it seeps out to the surface. There,
it follows a diffuse flow until it reaches the gullies (Fig. 9). Geochemical
mass balance results for this flow line are shown in Table 4. The calcula-
tions correspond to the data from the sampling campaign on July 27th
2011, during the irrigation season, but they are also representative of
those observed in other sampling dates.

According to these results, the groundwater chemical composition
(I → GW11 in the example in Table 4) could be explained by the
combination of the following processes: evapotranspiration of precipi-
tation or irrigationwater, cation exchange, halite and gypsum/epsomite
dissolution, CO2(g) input and dissolution of NO3

− from fertilizers.
Along the groundwater flow (GW11 → GW10 → SpW2 in the

example in Table 4), the net geochemical reactions include the dissolu-
tion of small amounts of halite and gypsum/epsomite, and the addition
of nitrate leached from agricultural soils. The degasification of CO2(g)-
enriched groundwater takes place at the inter-phase between ground-
waters and surface waters, which produces the precipitation of calcite.

Finally, when the seeped groundwater reaches the surface drainage
network (SpW2→ SW3 in the example in Table 4), the net geochemical
reactions include the dissolution of important amounts of halite and
gypsum/epsomite, with the consequent precipitation of calcite and
dissolution of dolomite. The losses of nitrate are also significant process-
es in this step.

The mass balance approach supported the processes exposed in the
previous sections. Thus, the main geochemical reactions required
included: the evapotranspiration of 64%–81% of irrigationwater (values
in the range of those reported for irrigation efficiency in the study area
by Abrahão et al., 2011a, 72%), the addition of CO2(g) (probably from
soil respiration processes, Kehew, 2001), the cation exchange (mainly
during the first part of the flow line) and the dissolution of halite and
gypsum/epsomite. The dissolution of gypsum triggers the concomitant
precipitation of calcite/dissolution of dolomite (e.g., Appelo and
Postma, 2005). The enrichment in CO2(g) produced in soils is partially
lost when the groundwater reaches the springs and gets into contact
with the atmosphere. Finally, nitrate increases during the whole
groundwater flow line and suffers a significant decrease in the surface
waters. Merchán et al. (2014), proposed a combination of dilution
with upstream waters and denitrification in diffuse surface flow paths
as a probable explanation for the lower NO3

− concentrations observed
in surface waters in the Lerma Basin.

4.6.2. Direct modeling
The geochemical evolution of irrigation water was simulated by

direct modeling with PHREEQC in order to confirm the main processes
detected. The steps followed in this simulation are reported in Fig. 9.
The simulations were performed with a fixed saturation index for
calcite (SIcalcite = 1.2) which is around the maximum observed in the
Lerma Basin waters. Additional tests were simulated using different
ntative flow line during the irrigation season (July 27th 2011). In mass balances with two
ed. Positive values means mass entering water, negative values means mass leaving water

GW10 GW10 → SpW2 SpW2 → SW3

(a) (b)

0.92 9.00 9.01
0.48 3.87 2.21

1.66

−1.30 0.78 0.78
−0.31 −4.05 −0.73

1.66 0.00
0.45 −1.61 −1.61



Fig. 9. Conceptual model with performed simulations in the Lerma Basin through PHREEQC. Diamond, circle, square and triangle indicate irrigation, ground, spring and surface waters
respectively.
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pCO2 conditions covering the range observed in the Lerma Basin waters
(10−2.0 and 10−2.5). The modeling steps start with the infiltration of
irrigation water in the aquifer (A, Fig. 9), then the enrichment in salts
in groundwater (B, Fig. 9), and finally a higher enrichment in salts
during the surface flow (C, Fig. 9). The proportions of solutes have
been selected to match the observations from the mass balance results.

The theoretical results of these simulations are included in the previ-
ously discussed ionic ratio plots with the real measured data (gray lines
in Fig. 5). They indicate that the combination of the processes inferred in
previous sections reproduces fairly well the geochemical evolution of
the dataset, underpinning confidence in the proposed processes.

Nitrification of non-nitrate fertilizers or denitrification have not
been considered in this simulation, although in some studies significant
changes in water geochemistry have been reported as a consequence of
these processes (e.g., Kim et al., 2005; Koh et al., 2007). However, the
fact that a rather good reproduction of the geochemical evolution can
be achieved without considering NO3

− pollution in the geochemical
model supports our hypothesis on the independence of the salinization
and nitrate pollution processes in this specific study case.

Consequently, our study suggests that the main factor controlling
water salinization processes is the geological setup, while the anthropo-
genic influence seems to play a negligible influence compared to the
natural processes. Therefore, the main possible remediation strategies
should be linked to an adequate management of irrigation water to
decrease the salt loads to downstream waters (Abrahão et al., 2011b;
Duncan et al., 2008; García-Garizábal et al., 2009). However, the enrich-
ment in inorganic ions (Na+, Cl−, Ca2+, Mg2+ and SO4

2−) is not the
major component of agricultural pollution. Those components provided
exclusively by agricultural pollution, such as NH4

+, organic carbon or
phosphate were not included in this study. Nevertheless, the influence
of these other components inwater salinity is expected to be negligible.

5. Conclusions

In this work, the geochemical processes affecting water salinization
in an irrigated basin were studied through amultidisciplinary approach
including laboratory and field data, statistics and modeling. All the
information collected pointed to the natural control of salinization
processes with non-significant influence of anthropogenic factors.
Among all the soils in the study zone, those developed over the
Tertiary materials are the main providers of salts to the waters. The
dissolution of halite and gypsum, along with cation exchange, are the
main processes that increase water salinity. They generate a significant
increase in salinity from recharge (precipitation and irrigation) to
discharge water (surface water at the outlet of the basin), with conse-
quent decrease in water quality.

Groundwater is in equilibriumwith calcite and dolomite, but highly
undersaturated with respect to gypsum and halite. Under these condi-
tions, the dissolution of gypsum probably forces the precipitation of
calcite and the concomitant dolomite dissolution. Surface water is
oversaturated with respect to both calcite and dolomite, as a conse-
quence of surface water degasification, but still undersaturated with
respect to gypsum and halite.

Multivariate analysis suggests independence of the processes
controlling water salinization and nitrate pollution, from natural and
anthropogenic controls, respectively. Apart from recharge waters, two
groups of waters are differentiated: ground- and spring water; and
surface waters, with lower and higher salinity, respectively.

Finally, the hypotheses about geochemical reactions and the inde-
pendence of nitrate pollution and salinization were confirmed through
the use of modeling tools, supporting the predominance of natural
processes controlling salinization in the Lerma Basin waters.
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