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H I G H L I G H T S

• 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 Published by Elsevier B.V.

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).

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

Science of the Total Environment 502 (2015) 330–343

⁎ Corresponding author.
E-mail addresses: d.merchan@igme.es, eremad@hotmail.com (D. Merchán).

http://dx.doi.org/10.1016/j.scitotenv.2014.09.041
0048-9697/© 2014 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2014.09.041&domain=pdf
http://dx.doi.org/10.1016/j.scitotenv.2014.09.041
mailto:d.merchan@igme.es
mailto:eremad@hotmail.com
Unlabelled image
http://dx.doi.org/10.1016/j.scitotenv.2014.09.041
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


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.

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.

Fig. 1. Location, simplified geology, main hydrological and irrigation features, and sampling locations of the Lerma Basin.
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